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Abstract

Ultraviolet photoelectron spectra were measured of solid sexiphenyl with

Synchrotron radiation and of gascous polyphenyls from biphenyl to sexiphenyl

with a Hei light source. The similarity of the apectrum from the solid with

the XPS spectrum of poly(p-phenylene) (PPP) shows the usefulness of sexlphenyl

äs a model compound of PPP. Examination of the f ine s t ructure observed in

the low binding energy region clearly shows how the electronic structure

of the p-phenylenea evolves from that of benzene, including the e f f ec t s

of deeper levels and of the non p lanar i tyof the mnlecu la r geometry. The

experimental E = E ( k ) energy band dispersion relation of a PPP chain can

be deduced by giving each energy level of the oligomers an appropriate k

value. An extrapolation for the total band width and the threshold photo-

emission energy of solid PPP yields 3.9,- eV and 6.6e- eV, respectively.



_[• __Tntroduc t ion

Recently the electronic structure of poly-p-phenylene (PPP) has a t t r ac t ed

conaidetable interest owing to its high conduct iv i ty in the presence of

dopants L l J • Several theorecical papers have been published on the band

st ructure of a PPP r.hain [2 -6 ] . Also several workers [6-9] reportccl calcu-

lations on oligomers such äs biphenyl, p - te rphenyl , and p-quarterphenyl ,

and discussed the change in the transit ion from benzene to ehe inf in i te

PPP chain. Riga et al. [9] used X~ray photoelectron spectroscopy (XPS) to

study the valence band s t ructure and the shake-up features of the core levels

for PPP and oligomers up to p-quarterphenyl - The XPS data for the valence

band were explained f a i r l y w e l l by the c a l c u l a t i o n s of Bredas et al. [ 5 ]

and Boutique et al . [ 7 j .

However, several problems s t i l l remain. The photoemiss ion cross sections

of C 2p derived Orbitals at XPS energies are sraall, and the decreased sensi-

t ivi ty has hampered a de ta i led a tudy of the uppermost n-levels of the. valence

bands, which are most important in discussing the electronic conduction.

This raises questions such äs ( 1 ) what is the degree of delocalization of

7T-electrons [9 ,10] , (2) how does the energy structure dcpend on the number

of the rings n [6 ,9 ] , (3) how does the suggested devia t ion f r o m a coplanar

molecular geometry a f f e c t the electronic s tructure [ 6 J , and even (4} can

the uppermostTT levels be resolved at all in photoelectron spectra from

solid samples [ 6 j ? As for ( 1 ) , Crecel ius et al. [10] reported angle-resolved

electron energy-loss spectra, but this technique pravides Information con-

cerning cxcitons (bound electron-hole pairs) and not on the delocal izabi l i ty

of valence electrons in the ground s ta te . Since ul traviolet photoelectron

spectroscopy (UPS) is more sensitive for C 2p derived Orbi ta ls and genoral ly

yie lds higher resolution than XPS, an UPS examination of the valence bands

is h i g h l y desirable [6 ].

Further, the physical characterization of PPP is d i f f i c u l t owing to pro-

blems charac ter i s t ic for polymers, e .g. cross-linking, chain branching [ l ! j ,

and incomplete knowledge of chain l e n g t h or molecular geometry. For tunate ly ,

Ford et al. [6l reported that there is no substantial change in electronir struc-

ture äs the chain is extended beyond p-quarterphenyl t n = 4 ) to an in f in i t e r.hain.

This suggests that we can use an oligomer oE reasonable length äs a wel l -def ined

model compound of PPP. Another advantage of oligomers compared to a polymer

in UPS experiments is that of ten thin and u n i f o r m f i lms can be
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prepared äs samples by vacuum evaporation or cast ing from solut ion, ne i t he r

of which is applicable to PPP. With such good samples, the absolute energy

of level s can be determined w i t h o u t problems of sample r.harging.

However, the UPS studies have so far been l imi ted to short molecules

such äs biphenyl ( n = 2 ) [ 1 2 ] and p-terphenyl (n-3) [13 ] . These raolecules

are not long enough to simulate PPP, a l though the analysis of their el ec-

tronic s t ruc tu rcs showecl how the n -levels of the benzene rings interact to

form the Orb i t a l s of these molecules.

In this paper, we report r e s u l t s from an UPS study of a lang mndel compound,

sexiphenyl (n=6) , in the solid and gaseous s t a t e , äs we l l äs gas phase spectra

of shorter öligomers. We analyze our results wi th the aid of theoretical

band structure calculat ions f 5 , 6 ] and in comparison to XPS resul ts [ 9 ] .

We were able to resolve the uppermost TT-bands clearly, even in the spectra

from the solid f i l m s . Their f ine structurc v iv id ly shows, how tt-bands are

formed f rom the ;r-orbitals of benzene. Thus we are ab le to deduce an ex-

perimental energy band dispersion re la t ion E = E ( k ) . Fur thermore, by com-

paring the gas phase and sol id s ta te resul ts , we assess (l) the e f f e r t s

of nonplanar i ty of the molecular geometry, and ( 2 ) the 1ower ing of the ioni-

zation energy by molecular aggregation (polar iza t ion energy ) [ 14] .

2 . Experiments! d e t a i l s

i l . m s o f

Sexiphenyl was purchased from K&K Co. Inc. . The m a t e r i a l was p u r i f i e d

by vacuum Subl imat ion . The sample was prepared äs a thin f i l m of — 7 nm

thickness by in s i tu evaporation on a Cu Subs t ra te in an ul t ra-high-vacuum

(UHV) preparation chamber wi th a base pressure of 5 x 10 Torr . It was

subsequently t rans fe r red to the photoelectron spectrometer under UHV. Eefore

evaporation the sexiphenyl was outgassed at elevated temperatures. The photo-

electron spectra were measured wi th a set-up described previnus ly [ 1 5 ] ,

consis t ing of a l m Seya-Kamioka monochtomator and a modif ied VG ADES 400

angle-resolving photoelectron spectrometer. Synchrotron radiation f r o m the

storage ring DORIS IT at DKSY was used äs the light sourr.e. The absolu te

bindiug energy relative to the vacuum level was calibrated by independent

measurements wi th hv ~ 8 eV, using a retarding-potential- type photoelectron

spectrometer described previously [16] .
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The Hei spectra were measured with a model "0078" Photoelectron Spcctrometer

of PES L t d . , High Hycombe, England, using a light source provided by Helec t ros

Developments, Beaconsfield, England. Calibrat ion of the spectra was performed

in situ äs described in r e f . [40]. The spectral resolution was set at 18 meV
2

for the Ar P , peak.

To monitor the possible occurence of impur i t ies , the spectra were re-

corded at slawly increasing teraperatures un t i l no further cbange was observed.

Biphenyl was s u f f i c i e n t l y volatile at room temperature , so that no heating

of the ionization chamber was required. Optimum temperatures for the higher

homologs were äs follows: p-terphenyl !20°C, p-quarterphenyl !95°C, p-quinque-

phenyl 250°C, p-sexiphenyl 294°C.

3. Results and Discussion

In Figure l ( a ) a wide scan UPS spectrum of solid sexiphenyl for a photon

energy hv = 33 eV is shown. The corresponding gas phase Hei spectrum of

sexiphenyl is shown in Fig. 2 (a ) , together with spectra of shorter mole-

cules ( b ) - C f ) . The two spectra are quite similar, although there are some

differences which will be discussed la ter . We wi l l f i r s t discuss the overall

structure of the valence band in the spectrum from the solid f i lm which

covers the whole valence band.

The spectrum in Fig. l ( a ) was measured w i t h a set t ing of a = 70° and

0 = 0 ° , where a is the angle of incidence of tbe photons and 0 is the emission

angle af electrons, both measured from the normal to the surface. The elec-

t r ic vector of the polarized Synchrotron radiation was in the plane of in-

cidence .

Ptevious spectra of oriented crystalline samples of another long-chain

molecule compound, n-CH (CH ) CH., sliowed a drastic dependence on hv , u ,

and ö , both in peak pos i t iotis and peak intensit ies [ 17, 18l , f rom which we

have detemiined the intramolscular energy band dispersion [18 ]. In the pre-

sent case, however, the spectra did not show any s igni f icant dependence

on these parameters except that the bands A-F became weaker for large values

of et . This insensitivity may be due to the random orientation of moleculcs

or microcrystallites in the specimen. As a resul t , we can regard the spectruro

äs re f lec t ing the density of the valence s ta tes (DOVS).
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For comparison, Fig. l also depicts (b) the previously rcported XPS spec-

trum of PPP by Riga et al. [9], (c) the DOVS for planar PPP and p-quarter-

phenyl calculated w i t h the CNDO/S3 method and broadened with a h a l f width

<5 = C . 7 eV to simulate the solid UPS spectrum [6], (d) the DOVS for a slightly

twis ted PPP calculated wi th the valence-cffect ive-Hamil tonian (VEH) method,

also broadened with 6 = 0.7 eV [5], and (e) the DOVS for p lanar p-quarter-

phenyl calculated with an ab-inito calculation, broadened w i t h Ö = 1.5 eV

[7 ] . Since the original binding energy scale of the XPS spectrum is relative

to the Fermi level, the spectrum is shif ted to align peaks D and F 1 . This

corresponds to a work funct ion of 4.5 eV The DOVS in (d) corrsponds to

the choice of two phenyl groups per un i t cell where adjacent phcnyl rings

are rotated by a twi s t angle of $ = 2 2 . 7 ° . This is the molecular conformation

suggested by the crystal s t ructure of p-quarterphenyl in the low-temperature

phase f 19]. It is fu r the r 1 .3 times contracted in energy scale and corrected

for the photoionizat ion cross section at the Al"^ X^S energy [5] . Tlie DOVS

in (d) is also l .34 times contracted and corrected for the photoionizat ion

cross section [6], For all calculations (c) - (e) , the energy scale is shifted

to a l ign the peak D in (a) with the corresponding peak in the DOVS.

Two comments are usc fu l in discussing Fig. 1. First , there is a d i f fe rence

due to the state of aggregat ion, between the observed solid s täte photoelec-

tron spectra Ca and b) and theoretical calculations on an isolated chain

(c to e). However, it is known that the photoelectron spectrum of a molecular

solid agrees wi th that of a molecule when al lowance is made for a sh i f t

in the energy scale [ 1 4 , 2 0 , 2 1 ] . Hence we can directly eompare the observed

spectra with calculated DOVS by adjus t ing the energy scales. Second, both

CNDO/S3 [6] and VEH [5] methods indicate that the DOVS does not change

drastically in the possible ränge of twist angles 0° £ 9 ^ 23" in the solid

polyphenylenes Thus we can neglect the effect of molecular geometry in

the discussion of the gross features of the valence bands ( f o r details of

the »-dependence see below)

The overall agreement of the peak energies in the UPS and XPS sper.Lra

Figs. l ( a ) and l ( b ) is f a i r l y good. This agreement ver i f ies the theoretical

predict ion that sexiphenyl is a good model compound for PPP, uhich is i l lustra-

ted by the smalt change in the DOVS between n = 4 and <" in Fig. l ( c )

[16] .The binding energies of thr peaks in both spectra are l i s ted in Table l,

together wi th the assignment of the XPS peaks by Bredas et al . [5]. For

the synunetry assignment the long axis and short axis have been chosen to

be z and y respect ively. The corresponding values for the gas phase spectrum

(Fig. 2 ( a ) ) are also listed.



We also note d i f f e r e n c e s between Figs. l ( a ) and l ( b ) : ( i ) the relative

peak in tens i t ies are very much d i f f e r e n t , and ( i i ) raore f ine s t r uc tu r e is

observed in ehe low binding energy region of Ehe UV-spectrum compared to

ehe X-ray spec t rum. The Variat ion in the re la t ive i n t e n s i t i e s is due to

the larger phn tn ion iza t ion cross section for the C 2p derived O r b i t a l s com-

pared to t ha t of C 2s derived o r h i t a l s at low excitat ion energies (UPS)

[ 5 , 9 l . The states at 1 o« binding energies derived f rom C 2p Orbi ta l s are

drast ical ly enhaneed in in tens i ty in UPS äs compared to XPS, while the highest

binding energy peak A1 in XPS, which corresponds to the bonding C 2s levels

[ 5 , 7 ] , could not be observed in UPS even at photon energies higher than

33 eV. A s imi la r disappearance of the C 2s bonding peak in UPS was also

observed in po lye thy lene and its model compounds [ l ? ] . The examination of

the in tens i ty V a r i a t i o n suggests that maxima N, K, and J have more C 2p

character than the maxima 0, L, and I, respectively. Riga et al . [9] also

noted the increasing 2p charac ter of peak K w i t h increasing chain length

of oligomers. The present resu l t s are consitent with the assignment by Bre-

das et al. [ s ] , except that the assignment of M is not c lear .

Having discussed the gross fea tures of the valence band, ve w i l l now

examine the lower binding energy region in more detail. Theoretical calr.u-

lat ions 1.5-7,9] assign this region to two pairs of n-bands. In Figure 3

solid and gas phase spectra of sexipheny] are shown in this region. The

gas phase spectrum is shifted by 1.0 eV towards lower binding energies in

order tu achieve a l i g n m e n t of peak D. This sh i f t corresponds to the polari-

zat ion energy | 15], uhich w i l l be discussed l a t e r .

We can assign the fea tures in the spectra displaye.d in Fig. 2 by using

the "composite molecule" model, which has already been applied successful ly

to biphenyl [ 12] and p-terphenyl L 13] . In this simple model, we t reat a

polyphenyl molec .u le äs consis t ing of n interac.ting benzene subunits wi th

the uppermost l eve ls detived from the degenerate le T-orb i ta l s of benzene.

That is, we neglect the e f f e c t of other (lower) orbitals for the moment ,

because the e. O r b i t a l s are f a i r ly wel l separated from the others in energy.

Assnming the carbon atoms of the polyphenyl s to l ie in the y , z plane, w i th

z being the long axis of the molecules, then one of the le orbitals ( !a_

in the reduced point group C, ) has a node and thus zero electron density

at the point of Subst i tu t ion . Consequeittly it remains unaffec ted in polypheny-

lenes , fotroing non-bonding states. The other TT-orb i ta l of benzene (2b

in C symmetry) brings about large inter-phenyl-moiety overlap leading

to a large Spl i t t ing [6 ,12 ,13 ,22] . When we take account of the nearest-neigh-

bnur interact ion only, the resultant energies of n in te rac t ing orbi tals

are given, in analogy to the wel l known [23] closed formula for l inear

polyenes, äs

E = a * 2ßcos (— ), m - l, 2, . . . . n (l)
m n+1

where a is the energy of an unperturbed e. s ta te , and S is the i n t e r a c t i o n

between neighbouring o r b i t a l s . When the linear chain is extended to i n f i n i t e

chain l e n g t h , we get a pair of non-bonding bands with energy a and a pair

of bands w i t h an energy dispersion

E ( k ) = 2ßcos ( a k / 2 ) , (0 ( 2 )

where a is the distance between the centers of the ne ighbour ing rings and

k is the wave vector. The resultant ir-energy level scheme is shown in Fig.

4. For la ter d i s cus s ion , we note that the orbital energies of a pair of

symmetr ica l ly split levels of an oligomer are obtained f rom Eq (2) by pu t t ing

k =
2-mn

(3)

where m runs f rom l to ttie maximum integer not exceeding n / 2 . Using this

re.lation, we can locate the energy levels of an oligomer in the E = E ( k )

dispersion of the polymer.

Comparison of Fig- 3 w i th Fig. 4 yields a s t ra igh t forward assignment

of the gas phase UPS spectrum of sexiphenyl. Inspection of f igure 4 shows

that the non-bonding orbi tals form a largc central peak in the DOVS. Peak

D corrcsponds to these o rb i t a l s . Peaks A, B, C, E, F, and G correspond to

the split orbitals. Similar assignments on bipheny] and p-terphenyl have

already been reported [ 1 2 , l 3]- Fürther , the complete set of peak energies

in the spectra of the free (gas phase) molecules f rom benzene to sexiphenyl

(in Fig. 2) is summarized in Fig. 5. There is an exce l len t agreement w i th

the da ta shown in Fig. 3, which c lear ly demonstrates the essential cnrrectness

of th is model. The sh i f t of the deeper- lying o levels with n can also be

seen. We ment ion in passing that a similar pair of cxperimental and theoreti-

cal d iagrams ,shouing the evolution of energy bands , has also been reported

for the C 2s orbitals of normal alkanes [25],
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In figure 6(a) we show a comparison of the simple model wi th the öbserved

energy levels of oligomers in the gas and solid phases. k-values for the

experimental results are given by Eq. ( 3 ) . The theoret ical curves were drawn

using Eq. ( 2 ) with parameters a = 9.1 eV and fl - 1.0 eV (sol id) or 0.8 eV

tgas) . The smooth curves given by the öbserved energy levels v e r f i f y the

basic idea of the simple model. However, the quantitative agreement is not

so good. I" part icular , only one level can be seen in the high-binding-energy

brauch of the solid spectrum, and the splitting i s larger in the solid state

than in the gas phase.

For discussing these points, we must take into account ( l ) the possible

nonplanarity in the molecular geometry, and (2) the e f f e c t s of deeper-lying

Orbi ta ls . The phenyl groups of p-phenylene oligomers in the gas phase are

considerably twiated ($ = 42° or 45" for biphenyl [ 2 7 J ) around the molecular

axis, owing to the repulsion between the ortho hydrogen atoms. In the crysta t l ine

state at room temperature, the molecule becomes approximately planar äs

a result of an averaging ef fec t of large-amplitude twisting thermal oscillations

in a double-uiinima potential [26-29]. At low temperature (- l 10 K), this

oscillation is frozen through a phase transit ion within one of these minima,

and adjacent phenyl rings are twisted by +> = 16 - 25° for p-terphenyl [30 ,3 l ]

and 17.1 - 22 .7° for p-quarterphenyl [19]. Hence we can expect that a sexi-

phenyl molecule is also nearly planar in the crystal l ine state at room tempe-

rature, while it is subatantial ly twisted in the gas phase, This kind of

twiat ing decreases the conjugation and Spl i t t ing among i t-orbitals of phenyl

moieties.

The effects of nonpolarity and of deeper-lying orb i t a l s on the uppermost

valence levels can be examined by MO calculations including all valence

electrons for various geometries. Unforcuna te ly , such calculations

are not available for long oligomers.

Nevertheless, we can discuss these e f fec ts by u s i n g the band calculations

of an infini te polyraer chain for various values of 4 - Such an analysis also

sheds light on the correlation of the electronic s tructure of the polymer

with that of oligomers. In figures 6{b) and 6 (c ) the E = E(k) d ispers ion

relations of PPP are shown äs calculated by CNÜO/S3 ($ - 0° and 23°) [6]

and VEH ($ = 0°, 22.7", and 4 2 ° ) [5 j , r espec t ive ly- The uni t cell contains

two phenyl groups. Dif ferent from Fig. l ( d ) , the energy scale of the VEH

calculation is not contracted- The numbering of the bands is the same äs

in ref. [5]. The bands 13 - 13' and 14 - 14' correspond to the n-states

discussed in the simple model-
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For locating the öbserved energy levels of oligomers in these E = E ( k )

diagrams, we assume that we can still use Eq. ( 3 ) . This method was also

used for deducing the E = E ( k ) relation of the Tt-band of polyacetylene from

the calcula ted orbital energies of polyene oligomers [32] . The validity

of this method is i l lus t ra ted by plotting the ca lcu la ted CNDO/S3 energy

levcls of biphenyl {$ = 0° and 23°) [ fc ] in F ig . 6 ( b ) . The agreement including

the ^ dependence is exce l len t .

In Fig. 6{c) , the experilnentally observed energy levels including the

C-levels are plot ted with appropriate energy s h i f t s for the best fit for

the gas phase and solid s tate , respectively. We can regard this plot äs

the exper imenta l ly observed E = E ( k ) dispersion relation. One can see from

Fig. 6(c) that the trend of this relation is well reproduced even with the

data of sexiphenyl only. Since the qualitative trend of both the CNDO/S3

and the VEH band calculation is similar, we wi l l f i r s t analyze the experimental

resul ts using the VEH calculation, which gives a s l igh t ly better quant i ta t ive

agreement. We w i l l compare other calculations later.

The data of solid sexiphenyl are well descrihed by the E - E(k) curve

for A = 0° in Fig . 6 ( b ) . Tbis is consistent with the nearly planar moLecular

geometry äs discussed above, although ic is d i f f l c u l t to evaluate the precise

value of <$ from the present data. The observed spectral features A, B, C,

and F fit fa i r ly well with the curve. The absence of E can be ascribed to

the overlap wi th the intense peak D (of the band 14 - 14 ' w i th the band

13 + 13' at k = n /a). Note that the FWHM of the solid spectrum is - 0.5 eV

and that C is bavely resolved from D. Similarly, G is obscured by the overlap

with H, which also overlaps wi th deeper levels in band 10' and 12' to form

the t a i L at the low binding energy side of peak I in Fig. l ( a ) .

The good agreement w i th theory and experiment allows us to extrapolate

the experimental data of band 13' to k = 0, which corresponds to the highest

occupied state of PPP. This gives a value of 6 . 1 0 eV on the solid state binding

energy scale. The widths of the delocalized Ti-bands 13 and 13' can be est imated

to be l 9 ^ 0 . 1 and 2.0 +_ 0.3 eV, respectively. The large estimated error

in the l a t t e r value is due to the d i f f i c u l t y in extrapolating band 13

The width of band 13 corresponds to the lowering of the ionization energy

from benzene due to the interaction of phenyl rings. For hexacene [33] and

diphenylethanc I 3 4 J , the corresponding values derived from UPS are 2 .81 eV



and 0. l eV, respectively. Comparison of these values wich the presenC value

of 1.9 eV ö f t e r s quant i ta t ive conf i rmat ion £or the conclus ion of Riga et

al. ( 9 ] hased an XPS resu l t s that. the degree of delocal izat ion in polyphenyle-

nes is intermediate between the polyacenes and po lys ty rene . A more deta i led

discussion of polystyrenc will be reported elsewhere [35] .

The agreemcnt of the gas phase data w i t h the curves in Fig. 6 ( c ) is not

äs good äs t ha l for solid sexiphenyl. This may be due to the d i f f e r e n t mole-

c u l a r geotnetry assumed in ehe calculat ion versus the prevai l ing Situation

in a gas phase experiment, Random t w i s t i n g w i l l occur at each single bond

connect ing the phenyl groups in the gas phase, while a regulär repeat of

a un i t ce l l , conta in ing two phenyl groups, was assumed in the c a l c u l a t i o n .

Never the less , important trends of the gas phase spectra can be explained

by the curves for $ ^ 0° in Fig. 6 ( c ) . As § increases, the width of both

bands 13 and 13' decreases. This expla ins the observed smallec Spli t t ing

for sexiphenyl in the gas phase compared to the solid s tate . The larger

decrease in 13 than in 13' and the sh i f t of the band 14 - 14 ' frora the loca-

tion of 13 + 13' at k - TT /a result in an asymmetry relat ive to band 14 - 14 '

(pcak D ) . Für the r , the decrease of the bandwidth of band 13 removes the

ove r l ap w i t h band 10' and leads tn a gap between these bands. It is clearly

seen in the gas phase spectrum in Fig. 2 ( a ) . As a result , peaks G and H

can be observed dis t inct ly .

The Extrapolation of the observed values ol~ hand 13' to k = 0 indicates

thaL thp dev i a t i on from p lana r i ty increases the b ind ing energy of the highest

occupied level of PPP by about 0.2 eV.

A f t e r the discussion of the intramolecular delocalization us ing ad-

justecl energy scale.s, we w i l l now consider the absolute binding energies

and the i r dependence on the ring nutnber n. The peak energies of gas phase

spectra are compiled in Fig. 5. It is interesting to note that the energy

of the cen t r a l peak due to bands 14 -t 14' is constant frora benzene to sexi-

phenyl w i t h i n 0.2 eV, äs predicted by the simple theory, the extended Hucke 1-

[9 j , CNDO/S3- [6] , and VEH- [5] calculations. Since the energy of this peak

is insensit ive to twis t ing (sec Figs 6 (b ) and 6 ( c ) ) , we can sa fe ly say

that the b ind ing energy of this peak does not depend on the ring number

or on the molecular geometry.
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In Table 2 the binding energies of thresholds and peaks of so]id henzene

[36 J, p-terphenyl [13], and p-sexiphenyl are compared wi th the rorrespond ing

data for the gas phase. The gas to solid shifts of the adiabatic ionization

energies P and those of the peak energies R

are a lso l isted. We note that the energy of the main peak for the so l id

phase is again f a i r l y constant .

As mentioned above, the lowering of the ionieation energy in going from

the gaseous to the solid state is m a i n l y caused by the e lec t ronic po la r iza t ion

of surrounding molecules to screen the photoionized molecule in tbe solid.

We discussed previously that P ra ther than R should be used äs the esperi-

mental value for the po la r iza t ion energy of a molecule in the solid [ 14] .

Tn going from benzene to p-sexiphenyl the value of P in Table 2 changes

from 2.1 to 1.3 eV, while the change of R is much smaller. The observed

va lues of P for benzene and sexiphenyl deviate from the common va lue of

- 1 . 7 eV |"H ] found for a wide. ränge of aromatic hydrocarbons, but the value

of R is comparable wi th tbe value of - 1.1 eV for o ther compounds [ 1 4 ] -

For sexiphenyl , the long molecular shape may be the reason for the STnall

P va lue .
+

In Table 2 are also l i s t e d est imated values for the highest occupied

s ta te of PPP. The peak energies of the coplanar sol id and the twis ted free

m o l e c u l e uere estimated by the extrapolat ion shown in Fig. 6 ( c ) äs out l ined

above, and those of the c.oplanar free molecule and the twis ted solid were

deduced by assuming a cont r ibut ion of 0.2 eV due to nonplanar i ty . The thres-

hold values were calculated using the peak-threshold di f ferences of Kex ipheny l .

The estimated solid threshold agrees f a i r l y well with the es t imate of

Shak le t t et al . for PPP (5 .5 eV) c i t ed in r e f . [5 ] , This va lue is larger

than the threshold of trans-polyacetylene (5.28 eV) [37] . This d i f f e r e n c e

is consistent with the observat ion that trans-polyacetylene hecomes conduct ing

on doping with a weak acceptor such äs iondine [38], while PPP needs stron^er

acceptors [l l

Final ly we wil l examine the agreement of various theore t ica l methods

w i t h the experimental resul ts . In Table 3 are l i s t e d the uppermost n-band-

width (13 + 1 3 ' ) and the energy of the highest occupied state of PPP obtained

by various methods of c a l cu l a t i on , which give reasonable resul ts for the

TT-bands The values of the ab-initio calculat ion were est imated from the

results for p-quarterphenyl by m u l t i p l y i n g with a factor according to the
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simple model i l l u s t r a t e d in F ig . 4. In Table 3 are also l i s ted the experi-

mental ly e s t ima ted values of PPP äs discussed above.

One can see {hat the VKH method w i c h the or iginal energy scale yields

good agreement with "observed" values for bolh ihc bandwidth and the abso lu te

energy of the r-band [18l, although a contrf .ction of the energy scale by

a fac tor of 1.3 and a s h i f t are required for a gond overall fit of all valence

states {see Fig. l ( d ) ) . The CNDO/S3 me thod gives also a f a i r l y good agreement

once a 0.7 eV reduc t ion ui the. ca lcula ted b ind ing energies is applied. This

shif L i s required for a good f i t wi th the e x p e r i m e n t a l r esu l t s for benzene

[6]. The ab~in i t io ca lcula t ion produces a large i~bandwidth u n c o n s i s t e n t

uith experiment, Ilpon contract ing the energy scale by a factor of 1 .34 and

applymg an appropriate s h i f t a f a i r l y good descr ip t ion of the shape of the

DOVS over the whole valence region is obtained (F ig . l ( c ) ) . The siirr.ess

of these c a l c u l a t i o n s , although w i t h some raodifications, is encourag ing

for investigating the elect .ronic s t ructures of o ther polymers.

4. Concluding Remarks

In the present work UPS spectra of p-sexiphenyl and shorter ol igomers

have been presented. The gooif overall corrspondence of the sexiphenyl spcntrum

with the reported XPS spectrum of PPP ve r i f i e s that sexiphenyl is a good

model compound for PPP. The observed fine s t ruc ture caused by the levels

derived frotn the benzene e. ^-orbital have been successfully analysed in

a detai led way with the aid of theoretical band calculat ions by the VEH-

and the CNDO/S3-method. In p a r t i c u l a r , the assignuient of k-values to the

observed energy levels by app ly ing Eq. ( 3 ) a l lowed us to deduce experiraental

E = E(k) dispersion relations for the uppermost n-bands of a PPP chain.

The bandwid th of these bands and the ionizat ion threshold energy for solid

PPP were es t imated to be 3.9^ eV and "i-öj eV, respectively. The e f f e c t of

nonplanari ty in the m o l e c u l a r geometry on the elect .ronic s t ruc: ture was eluci-

dated by comparison to theoret icnl calculations.

We wish to etnphasize tha t the technique of intramolecular band ntapping

described here uhich is based on the use of d a t a f rom oligomers is alraost

"iique to organic polymers. The molecules in the spec imen need not to be

oriented, but they should have the same number of un i t s . Fur ther , the inter-

unit interaction should be one-dimensional and f a i r l y well l imited between

the nearest neighbours. These condi t ions are of ten met in organic Systems.

For inorganic cciinpounds such äs tne ta l s or semiconductors, ii is d i f f i c u l t

to prepare and cha rac t e r i ze an aggregation of c lus ters w i th the same number

of un i t s . Fur ther raore , the in tera tomir . interact ion in inorganic Systems

is usua l ly nei ther one-diaiensional nor of short ränge. Consequently, for

inorganic S y s t e m s , band mapping usually requi res single crystals and angle

reso lved pholoemiss ion [39] .

Of course, angle resolved pliotoemission from oriented samples can also

be applied s u c c e s s f u l l y to investigate the int ramolecular band dispersion

of a po lyme t , äs we have recently shown for n-CH ( C H ) - CH which is a good

model compound of polye thylcne [ l 8 l . The advantage of the present technique

is that it does not require an or iented sample nor a sophisticated ARUPS

I n s t r u m e n t , provided tha t there is no o v e r l a p w i t h o ther bands and t h a t

a f a i r l y long oligomer is ava.i lable. We a n t i c i p a t c that these techniques

applied to o ther polymers , with proper choi.ce of the method for each com-

pound, wi l l soon give us a detailed understanding of their in t ramolecular

band dispers ion and how the energy bands evolve from those of shorter com-

pounds. Fur thermore , the role of solid state polar iza t ion e f f c c t s can be

quant i ta t ively assessed.
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Table

Exper imenta l

level (in eV)

Feature
in the UPS
spectrum

Threshold

A

B

C

D

E

F

G

H

I

J

K

L

M

N

0

P

ainding

Sexi-
phcnyl
Solid
(UPS)

5-9o
6.35

6.9Q

7-V,
S 1 d ).:%
a-v

e)

_ _ _ e >

10.3

1 1 . 0

13.0

14.4

16.0

17.6

18.9

2 1 . 4

energies for sexiphenyl and PPP relative to the vacuum

Sexi- Feature" ' Pl'P ' Assignment
phenyl in the XPS Solid by VEH h )

Gas spectrum (XPS) caLr.ulation
(UPS)

7 .2

7 .62 l ,

s . i i j G ' 6 '5 n ( 2 b i ) C

8.6 '

9.09

9.4 c )
9 9 l F ' 8 . 1 7 r ( l a 2 )

10. I

10.9

11 .71 r )

12 ! t E ' 10.3 a + i r d b , ) 0 '

1 4 . 0 ) 13.4 Q

15.4 f D ' 1 4 . 7

1 -} 1 7 . 5 o

B ' 2 1 . 9 2so

A' 25 .0 2s(T

a)

b)

e)

R e f . | 9 j . A work funcciön uf 4.5 eV is assumed for the. convetsion of the

energy scalc (see t ex t )

Ref . [ 5 ] .

O r i g i n a l bcnzene Orb i ta l s label led in C group syrmnetry . The long

axis and short axis are z and y respect ive ly .

C^onta ins sotne contr ibut ion f rom E.

Observed on ly in the gas phase.
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Table 2

Binding energies of the highest ocrupied orb i ta l and the dominating raain

peak in the UPS spectra of p-polyphenylenes. P and R denote the gas to

solid s h i f t s of the th reshold- and peak-energies, cespectively.

highes t «ccupied st ate

Corapound threshold peak

solid

-, > a 'Benzens 7 . 1

p-Terphenyl 6 . 1

p- Sexiphenyl 5 . 9

PPPC ) (5 .65)
(coplanar)

PPPC) (5 .85)
(twisted)

gas solid gas

a)
9.25 8. 1 9 .25 2 . 1 1 . !

7.8 6.6b J 8.04 1.7 1.4

7.2 6 .35 7 .62 1.3 1.3

( 6 . 7 5 ) ( 6 . 1 0 ) ( 7 . 2 ) ( l . l M l - l )

( 6 . 9 5 ) (6 .30 ) ( 7 . 4 ) ( 1 . 0 ( 1 . 1 )

main peak

R
so! i<l gas

8. 1 9 .25 1 . 1

7.85b) 9 .03 1 . 2

8.13 9.09 1.0

a) Ref . S . 2 1 J and [36] .

R e f . L 13].

Est imated from experimentally observed va lues . See tex t
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table 3

Comparison of Ehe calr.ulated and observed bandwidth of the uppcrmost U-band

and ehe energy of the highest occupied orbital in eV for PPP.

Method width of theTr-band ( 1 3 + I 3 1 ) HOMO energy

a)
VEH3'

CNDO/S3b)

c)
ab i n i t i a

d )
observed

3.9

3.3

4.80

3.9

7 .45

8.5

5.62

7 . 2

a )Re£ . [ 5 J -

b ) R e f . [6].

R e f . [7].

Estimated from experimental values . See text ,
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Figure Captions

Figure l Photoelectron spectra of sexiphenyl and PPP compared wi th theore-

tical density of the valence s tates (DOVS). (a) spectrum of

sol id sexiphenyl taken w i t h a photon energy of 33 eV. (b) XPS

spectrum of solid PPP by Riga et a l . [ 9]. The energy axis is

ad jus ted to fit the spectrum in ( a ) , (c) DOVS of planar p-quarter-

phenyl (broken line) and PPp (solid line) by the CNDO/S3 method

[6]. (d> DOVS of twisted (t = 2 2 . 7 ° ) PPP by the VEH method [5].

The in tens i ty is corrected for the atomic photoinization cross-

section at the Al-K XPS excitation energy. The energy axis

is 1 . 3 times contracted and sh i f t ed in order to obtain an optimal

fit wi th ( a ) , (e) DOVS of planar p-quarterphenyl by ab-initio

calculation [7]. The in tens i ty is corrected for the XPS cross-

section effects. The energy axis is 1..34 times contracted and

shi f t ed in order to obtain an optimal fit with (a) .

Figure 2 Gas phase Hei photoelectron spectra of p-sexiphenyl (a) , p-quinque-

phenyl (b ) , p-quarterphenyl (c ) , p-terphenyl ( d ) , biphenyl (e ) ,

and benzene ( f ) .

Figure 3 Lou-binding-energy region of the photoelectron spectrum for

gas phase and solid sexiphenyl.

Figure 4 Evolution of the ^-banös of p-phenylenes from the e. orbi ta ls

of benzene in the simple model. : one of the degenerate e.

orb i ta ls (energy a) splits by the inter-ring interact ion $.

The origin of the energy scale is set at a. : The other orb i ta l

does not interact , r esu l t ing in a large dens i ty of valence s ta tes

at a. At the right hand, the E = E(k) dispersion relation of

an i n f i n i t e PPP chain is shown.

Figure 5 Energy levels of benaene and p-phenylene oligomers observed

by gas phase Hei photoelectron spectroscopy. — ' — : intense

nonhonding n-electron peak ( l a „ ) , : spli t n-electron peak

( 2 b , } and :o level.

Figure 6 Experimental and theoret ical E = E(k) energy band dispersion re-

lation for Dolyphenylenes. (a) Comparison of the experimental

da ta wi th the simple model ( E q . ( 2 ) ) . Parameters a - 9 .1 eV
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and ß = 1.0 eV ( s o l i d ) or ß - 0.8 eV (gas ) are used, (b) CNDO/S3

calcula t ion £or a PPP polymer ($ - 0° and 23°) and a biphenyl

molecule (f = 0°, 20°, and 4 2 ° ) [ 6 ] . (c) Comparison of ehe ex-

perimental data w i t h the VEH ca lcu la t ion Eor a PPP chain ( ^ =

0°, 22 .7° , and 4 2 ° ) [ 5J .

CALCULATION
(Boutique et al.)

20 15 10 S

BINDING ENERGV |50LID|/eV
37194

Fig . l



Solid (hv^35eV)
Gas (hv*21.2eV)
(IQeVshiftet)

BINDING ENERGY (SOLlD)/eV

vac

37192
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