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Abstract

Electronic Structure of Solid Fyridine and Pyridine

Adsorbed on Polycrystal l ine Silver *

J.-H. Fock and J. Schmidt-May

JI. Insti tut für Experimentalphysik, Universi tä t Hamburg

D-2000 Hamburg 50, Germany

and

E . E . Koch

Hamburger Synchrotronstrahlungslabor HA5YLAB at DESY

D-2000 Hamburg 52, Germany
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The electronic structure of the valence bands of polycrystalline films of

pyridine (C,.H,N) including all valence levels extending from initial energies

of 4 eV down to 30 eV (E = 0) has been determined from photoclectron

energy distribution measureraents for photon energies 20 eV _< hv <_ 170 eV

using Synchrotron radiation. The valence bands showing a one to one correspon-

dence to the gas phase, a rigid relaxation shif t of AE = 0.3 eV for the

vertical binding energies and a considerable solid state broadening {> 0.5 eV)

are assigned in comparison to recent MO-calculations. By tuning the photon

energy and thereby achieving high surface sensit ivity for hy around 45 eV

we have also studied pyridine adsorbed at 120 K (6 Langrauir) on in situ pre-

pared polycrystalline Ag-substrates. Thus we were able to study in detail

the surface electronic structure in the ränge of the Ag 4d bands. Due to a

strong mijdng of subatrate 4d and pyridine 2b (TT ), l a , f n ) and 7 a j ( n ) energy

levels the surface electronic structure gets strongly modified in the upper

part of the 4d bands and a strong and sharp (0 .4 eV FWHM) surface resonance

at an energy of 3.7 e7 below E*g is observed which we at tr ibute to a 4 d - 7 a j ( n )

honding of the nitrogen lone pair orbital .

Work suppotted in part by Bundesministerium für Forschung und Technologie

(BMFT) from funds for research wi th Synchrotron radiation

now at: Max-Planck-Institut für Festkörperforschung, Heisenbergstr.

D-7000 Stuttgart 80, Germany
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Introduction

Organic molecules in the Condensed solid phase form molecular crystals with

weak van der Waals forces between the individual molecules const i tut ing

the crystal and in general the free molecular electronic structure largely

determines the electronic structure of tbe crystal . This view has now been

supported by a large number of photoemission experiments for monomolecular

organic solids [l ]. A d i f f e r en t Si tuat ion is encountered for thin films

or adsorbates of organic molecules on metal surfaces, where a strong substrate-

adsorbate interaction may be observed [2]. While no detailed study of the

electronic structure of solid pyridine is available several photoemission

studies for pyridine adsorbed on metal surfaces have recently been reported

(e .g . R e f . 3 -12) . These experiments include UPS studies of the valence band

region both in angle integrated [e.g. 8-10] and angle resolved modes e.g.

[3-7, l D äs well äs XPS carbon 1s and nitrogen Is studies [10,12] . An obvious

difficulty in these studies is the strong overlap of the high lying pyridine

l a . ( T r ) , 2b (n) and 7a (n) molecular orbitals (MO's ) with the meta l valence

bands which leads to d i f f icul t ies in resolving the structures with cer ta in ty .

In particular for silver there is an aloiost perfect overlap with the Ag

4d bands and hence most ly lower lying HO's (having larger binding energies)

of chemisorbed pyridine have been discussed [9,10], On the other hand the

adsorption of pyridine on nobel raetal surfaces such äs Ag, Cu and Au is

of par t icular interest in connection with surface-enhanced Raman scattering (SERS)

[13] and Information concerning the uppermost orbitals of adsorbed pyridine

is quite important in discussing the SERS-mechanism [14],

In the present paper we Start our discussion by presenting photoemission

results for Condensed solid pyridine. By comparing our results to gas phase

spectra f ! 5 , ! 6 ] and to recent MO calculations [17-20] we obtain an assignment

for the valence band features in the energy distribution curves. We show

that most calculations although they give the right "bunching" of Orbitals

f a i l to predict the correct binding energies for the whole valence band

region.

For pyrldini? ddsorbed at 120 K on polycrystalline Ag Substrates we ohserve

similar to the solid phase l i t t le differences to the free molecule behaviour
Afi

for pyridine derived bands wi th binding energies E >_ 7 eV ( E 6 = 0). However,

for the uppermost TT orbitals la and 2b and the lone pair nitrogen 7a MO

submitted to: J. Electr. Spectr. and Rel. Phen.
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which strongly overlap with the top of the Ag 4d bands ehe electronic struc-

ture gets strongly modif ied and a sbarp surface resonance (FUHH 0.4 eV)

at the Ag 4d band edge is observed at 3.7 eV below the Fermi energy. Thia

means that presumably for the low temperature pyridine adsorpt ion, where

the molecule has been shown to be N bonding to the Substrate [ 9 , 1 0 , 2 l ] ,

the molecule forms a chemical bond involving electronic Ag 4d s ta tes at

the surface . This view is supported by nur recent observation of surface

induced local d-band states in the upper 4d band between ~ 4 and 5.2 eV

below E for clean poylcrystalline silver fi lms [22] ,

Experiment

The experiments were performed in the Synchrotron radiation laboratory HASYLAB

at the 5 GeV DORIS II storage ring at DESY, Hamburg. Angle integrated photo-

electron energy distr ibution curves ( E D C ' s ) were measured with a commercial

double-pass cylindrical mirror analyzer (CMA) with the use of the FLIPPER

raonochromator [23] for excitation energies ranging from hv • 20 eV up to

170 eV. The overall resolution (monochromator and electron ana lyzer ) for

the pyridine valence bands was between 1 . 2 eV at h v = 170 eV and 0.3 eV

at hV - 20 eV, which was suff ic ient for an accurate determination of EDC

features which have typical widths of 1.0 - 2.0 eV (FWHH). The Ag films

were evaporated in situ onto stainless steel Substrates under UHV conditions

at room temperature, with a base pressure below 2 x 10 torr and about

5 x 10 torr during evaporation. The cryodeposited pyridine f i lms were

evaporated on the meta l surface cooled to liquid nitrogen temperature (~ 120 K)

uaing a small gas inlet tube in close proximity to the surface. In order

to avoid charging problems during photoemission the sample thickness was

limited to roughly 10 nm for the studies of solid pyridine. For the Ag/pyri-

dine adsorption experiments exposures of the cooled Ag surface of about
—6

6 L { l L - tO torr sec), were performed.Ion gauge readinga were divided

by a factor of 5.8 [9].

Results and Discussion

In Fig. l we show the photoelectron energy distribution curves for solid pyridine

for three photon energies of the exc i t ing l ight. Ini t ial energies are referred

to the vacuum level (E
VAC 0) of the silver Substrate asauming a work function

4.3 eV for silver. Five groups of baods labeled A to E canbe distin-
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guished in the binding energy ränge down to 30 eV. The group B extending

from 11 eV down to 18 eV consist at least of two peaks and a shoulder the

shape of which varies s l ightly with photon energy. The upper part of the

valence bands is in agreement w i th previous measurements [8,9], While the

shape of the spectra shows slight variat ions uith photon energy we observe

a remarkable increase of the relative intensities of the maxima C, D and

E (and part o£ B) with respect to peak A with increasing photon energy.

Thus for instance the intensity ratio l /l„ changes from l . 4 to 0.85 when

the photon energy is raised from 70 eV to 170 eV. This observation is in

agreement with expectations for the photon energy dependence of s-like versus

p or n atomic or molecular croas sections, where the partial p- (or TT) type

cross sections are known to fal l faster with increasing energy than the

s-type partial cross sections [24]. This behaviour identifies the maxima

C, D and E immediately äs derived mainly f rom carbon and nitrogen 2s M O ' s .

In Fig. 2 we compare the upper part of the valence band with a photoelectron

spectrum for gaseous pyridine L 1 6 ] . The gas phase spectrum has been shifted by

the solid state relaxation energy AE = 0.3 eV in the figure in order to align
K

it uith its solid phase analogue. In this way a clear one-to-one correspondence

of the main features in the solid state to the gas phase spectrum emerges, which

is typical for monomolecular van der Waals solids [l 3. Thus it is easy to assign

the peaks for solid pyridine. The binding energies of the valence bands together

with the aasignments are collected in table l where also the gas phase results [16]

are given for comparison. The resulting gas-to-solid shif ts are 0.3 eV for the

vertical ionization potentials. The adiahatic ionization potential of the upper-

most valence orbital is lowered by 1.3 eV compared to the gas phase.

A fea ture of the solid spectrum immediately obvious from Fig. 2 is the con-

siderable broadening in the order of 0.5 eV to !-0 eV of the peaks with

respect to the gas phase. Thus the individual bands contr ibut ing to peak

A and the structured band B can no longer be seperated. This hroadening

is related to the relaxation s h i f t [25 ,26] . Following the detailed model

and discussion given by Duke et al. [25] we note that the net shift arises

from the polarization of the surrounding molecules by the Charge localized

on the molecular cation. A large temperature independent contr ibut ion to

the widths in the solid state is generated pr imar i ly by spatial inhomogenei-

ties in the local environment of the cations in the buLk, at the surface

and at grain boundaries. These local var ia t ions cause f luc tua t ions in the

intermolecular relaxation energies. The E ( k ) dispersions in molecular crystals

which in a polycrystal l ine sample would also lead to a broadening are in



- 4 -

comparison with the magnitude of the broadening raechanistn described above,

roughly an order of magnitude smaller (0 .1 eV to 0.2 eV) because of the

weak van der Waals interaction and small wavefunct ion overlap between adjacent

In Fig. 3 we present a synopsis of sorae MO calculations for pyridine which

guided us in the assignment of the E D C ' s . Hithout going into a detailed

comparison wi th experiment we wish to point out a few major points: (i)

Most calculations agree in the rough ordering of the MO's , in par t icu la r

in the bunching of groups of orbitals. ( i i ) There is no caleulat ion which

describes simultaneously the whole valence band region sa t is factory , except

for the semiempirical calculation by A l m l ö f et a l . [ 19 ]. ( iii ) The ordering of

the uppennost three orbitals including two TT- and the nitrogen lone pair

n-orbital is at variance between d i f fe ren t calculat ions. We assumed for

table l the ordering which uas recently also adopted for the interpretat ion

of the high resolution gaa phase spectrum [!6] . Of course with accompanying

vibrational progressiona thete is considerable overlap between the uppermost

two bands .

B) Py.ridine_Adsorbed on_Poly_C£2Stalline_Silyer

As mentioned above the system pyridine/Ag has played a m a j o r role in the

recent discuasion of the SERS-mechanism [13 ,14] . Yet the detailed structure

of the uppermost M O ' s of pyridine adsorbed on Ag and the study of the inter-

action with the Substrate 4d bands has largely escaped experimental observation.

In the presenC experimcnt the surface sensitivity was tuned by Variation

of the photon energy. The escape depth A for Ag has only been determined

8, A35°öV = 8 8) [27] .for a few kinetic energies (A7eV - 38 S, A75eV

Nevertheless, it is clear that it has its minimum below 100 eV k ine t ic energy

w i t h only few 8 and hence experiments in this ränge are extremely surface

sensit ive- In fact out recent results for clean silver surfaces [22] suggested

an optinium surface sensitivity for hv around 45 eV. For organic f i lms a

s imilar behaviour is expected {see e.g. [ 1 , 2 8 ] } and hence photoemission

experiments with hV = 45 eV are highly surface sensi t ive.

In Fig. 4 the results are shown for a clean silver surface and for a thin

(6 L) layer of pyridine adsorbed and measured at 120 K. The energy scale

is referenced to E^g - 0. In the upper part we show the measured spectra,

while the d i f f e r e n c e curve is shown in the lower part together wi th a spectrum

for solid pyridine-
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M i t h i n our exper imenta l accuracy we see no change in the upper part of the 5s

bands of silver upon adsorption. The upper edge of the 4d bands is markedly

changed in that a d i s t inc t shoulder can he seen (marked S in Fig. 4). Strong

variations in the 4d bands are fo l lowed by features at larger binding energies

(Eg > ? eV) which c lose ly resemble the gas phase or the solid phase pyridine

spectra. In the ränge B (between ~ 7 eV and 13.5 eV) the features induced by

the adsorbed pytidine are s l igh t ly more structured than in the sol id phase .

The largest changes occur however at the upper edge of the 4d band in the

ränge A of the pyridine 2b ( J T > , l a ^ C i r ) and 7a (n) energy levels. The shoulder

in the adsorbate spectrum shows up äs a prominent peak in the d i f f e r ence

spectrum centered at 3.7 eV below E and only ~ 0.4 eV wide . A quali tat ive

similar absorption has already been reported in R e f . [8]. We note that other

normalizations and reasonable procedures to produce the d i f f e r e n c e curve

give essentially the same r e su l t äs can already be judged by the appearence

of the distinct shoulder in the EDC for the adsorbate. The photoemission

in the top part of the 4d bands is at tenuated causing the minimum in the

d i f fe rence curve around 4.2 eV. In this par t of the Ag 4d bands surface

induced local d band resonances associated with defect sites at the surface

(e .g . adatoms at steps) have been identified recently [22] (s ince these

states are degenerated with bulk 4d bands and are not expected to show dis-

persion we refer to these states äs resonances rather than sur face states).

We tentatively assign the sharp resonance to the sh i f t ed 7a (n) orbital

which takes part in a weak chemical bond of pyridine with the Ag surface.

This S i t ua t i on is depicted in Fig. 5 where we show an energy level diagraTn

with the me ta l l i c density of states N ( E ) [22] and the f i l led orbitals of

gaseous [ 1 6 ] and adsorbed pyridine äs obtained from photoemission experiments.

The Fermi level of the metal E and the highest occupied orbital of gaseous

pyridine have been a l igned in energy using the work function of clean silver

f, = 4.3 eV. In this way the relative sh i f t of the 7a (n) orbital for pyridine

on silver with respect to the 2b and l a - T T -orbitals finds a natural explana-

tion. The chemisorpt ion band apparantly involves the local Ag 1d band surface

states since they are heavily quenched whereas the remainder of the 4d band is

only l i t t le a f f e c t e d .

Our view is corroborated by the recent temperature dependent XPS and UPS

experiments for pyr id ine on polycrystall ine Ag by Inoue et al [10] who also

f i n d for low temperatures a dominant N-bonding. We also mention similar

recent experiments by Eberhardt and Plurtimer for CO on Ni [29] where the

weak chemical bond of CO on C u ( l l l ) involves the A , Cu surface state. We
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anticipate that angle resolved EDC's äs well es experiments with d i f f e r e n t l y

prepared Ag-substrates will fur ther c l a r i fy the Situation.
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Table l

Valence molecular o rb iCa l s t ructure o£ gaseous (Ref . 16} and solid pyr id ine

( this work) and assignments of the MO symmetry in C symmetry. Comparison

is also made to a recent MO ca lcu la t ion (Ref . 18). A L I energies are vertical

binding energies and are given in eV referred to the vacuum level of the

Ag-substrate. A work function of $ = 4 .3 eV has been used for Ag.

EXPERIMENT MO CALCULATION

Assignmenc

7a (n)

I a 2 ( n )

2b { (7l )

5b2
I b j t i r )

6a,

4bn2
5a, 1

» 12 J

A a l
3a 1

M2 -1

U>„ 1
22a.1 J

l a ,

Gas

R e f . [16]

9.66

9.35 1

10.51 J

I2 .454J

1 3 - 2 /

13.8 T

14.5 J

15.838

1 7 . 1

Adsorbed Solid

th i s work this work

a .o
9.6 1

9.9

12.3

13.7

15.4 15.3

16.8 16. 8_

A

,
B

19.4 19.4 C

23.5 23.5 D

27.8 27.8 E

Ref . [18]

9.59

9.57

10.24

12.87

13.43

14.18

15.1!

16.32

16.31 and

17.94 and

21.32 and

21 .29

2 6 . 1 and

27.50a)

a)
32.3 a J

16.05

18.40

21. 16

a)
26.2 '

a) Values ate taken froro a f igure in R e f . 18.

Figure Captions

Figure I Angle inCegcated photoelectron energy dis t r ibut ion curves for

polycryscall ine solid pyridine at 120 K for photon energies

70, 140 and 170 eV. Note the change of relative intensit ies

of the upper valence band (e.g. peak A) relative to the lower

valence band peaks ( e . g . peak C) with increasing photon energy.

Figure 2 Comparisön of the gas phase Hei photoelectron spectrum Ref . [ l ö l

to the EDC for solid pyridine. The gas phase specCrum has been

shif ted by AE » 0.3 eV in order to align the main peaks. For
K

ehe ayrametry assignment see table 1.

Figure 3 Comparison of several recent MO-calculaCions for pyridine (Ref .

17-20). While most calculat ions agree on ehe grooping of the

pyridine MO's into well seperated hunches they disagree con-

cerning ehe individual ordering of MO's and in part icular on

the values for Ehe binding energies for the low lying MO's

(E, > 20 eV) .
ü —

Figure 4 Photoelectron energy dis t r ibut ion cutves for hv = 45 eV for

a clean silver surface (cross marked curve) and the silver/pyri-

dine adsorbate System (upper panel) . In the lower panel the

dif ference spectrum (adsorbate minus Ag) is corapared to the

EDC of solid pyridine (see t en t ) .

Figure 5 Energy level diagrant showing schematically the densi ty of states

N ( E ) for Ag and the f i l led Orbitals of gaseous pyridine [16]

äs wel l äs the MO scheme for pyridine on Ag obtained from photo-

emission experitnents. The ränge of surface induced local 4d-states

in the upper part of the Ag 4d band is indicated by ehe hatched

area '22],
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