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Near edge r-ray absorption fine structure (NEXAFS) measurements were 

employed to investigate the temperature dependent geometry of pyridine 

chemisorbed on the Pt(111) surface. At saturation coverage a. low temperature 

~ state with an apparent angle between the ring plane and the surface plane of 

S2±6° was observed. This state converts (at T ~ 300K) to a high temperature 

state with an angle between the ring plane and the surface plane of 74±10o• 

An alpha pyridyl surface state that drives the. transformation is proposed. 

# deceased 
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IN'IRODUCfION: 

There have been many recent investigations of pyridine chemisorption on 

well defined surfaces of group 8 metals.I - IS motivated by interest in surface 

enhanced Raman spectroscopy of pyridine. and the suitability of pyridine as a 

model compound for studies of the relative importance of n verses lone pair 

bonding on metal surfaces. The literature includes studies of pyridine 

chemisorption on well characterized surfaces of nickell - 4• copperS- 6• 

rhodium'. palladium8- 9• silveriO-II. iridiuml2 • and platinumI3- 1S• Here we 

report the geometry of pyridine chemisorbed on Pt(III). derived from Near gdge 

!-ray Absorption ~ine ltructure (NEXAFS) measurements. 

Previous studies of pyridine chemisorption have revealed a dependence of 

the angle between the pyridine ring plane and the metal surface with both 

coverage and temperature. On both Ag(111)11 and NHIOO)4 surfaces 

. temperature and coverage dependent orientations have been found: parallel to 

the surface for low temperatures and coverages but tilted with respect to the 

surface at higher temperatures or coverages. Tilted or perpendicular pyridine 

chemisorption states have in fact been suggested for all the surfaces 

studied1- 1S• However. the structural assignments are generally based on the 

observation of quenching of electronic transitions (such as n-n. excitations). 

valence level shifts. vibrational assignments (i.e. HREELS). or symmetry 

arguments and as such are approximate or ambiguous i.e. they generally 

indicate whether the observed state is in a high symmetry state or (perhaps 

slightly) perturbed from a symmetric state. In contrast. for unsaturated 

molecules weakly perturbed by chemisorption the analysis of the polarization 

dependence of NEXAFS transitions of n symmetry allow the determination of the 

relative angle of the unsaturated system in a straightforward manner. 

The NEXAFS technique has been described in detail previouslyl6. Briefly. 

the sample is exposed to a monochromatic. linearly polarized beam of variable 
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energy X-rays. The X-ray absorption coefficient is measured as a function of 

both the X-ray energy and the angle between the electric field vector! and 

the surface in the energy region near the K edge of an atom (e.g., C or N) in 

the adsorbed molecules. Absorption in this region is dominated by transitions 

into states localized on the molecule - generally antibonding n* states (n 

resonances) and pseudobound states of a symmetry (a resonances). 

The energy position of the near edge resonances contains information as 

to the intramolecular potential of the molecule while the polarization 

dependence gives molecular orientation. The energy dependence of the near 

edge structures has been previously described in terms of the intramolecular 

bond distance17• Here we examine the polarization dependence of the 

absorption coefficient. Figure 1 presents the coordinates utilized in the 

following discussion. It has been shown16 ,18 that for linear molecules such 

.as CO the polarization dependence for dipole allowed transitions from an s 

initial state into a pure n* state shows. a sin2& dependence on the angle & 

between the electric field vector and the molecular axis. In general, for 

dipol e allowed trans! tions from a spherically symmetric initial state to a 

final state with a nodal plane through the center of the initial state the 

absorption coefficient goes as cos2& of the angle. &. between the electric 

vector and the normal to the nodal plane. The polarization dependence of the 

dipole allowed transitions can be obtained by examining the spherical harmonic 

components centered on the initial state of the dipole matrix element 

integral. The initial state is a 1s orbital and thus has ~ symmetry. The 

dipole operator has ~. symmetry. Thus only final state components with ~ 

symmetry will contribute to the absorption. If a node goes though the final 

state then only one ~ is nonzero and thus the absorption coefficient goes as 

the C08
2 of the angle between i and the normal to the nodal plane. 

Thus for transitions into bound molecular states NEXAFS shows an 
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absorption maximum when the electric field vector (and thus the initial p-wave 

of the excited 1s electron if this were a photoemission event) is directed 

along the atomic p orbital component (centered on the excited atom) of the 

final state molecular orbital. 

We shall consider two typos of unsaturated center. Many molecules with 

sp hybridization (e.g. carbon monoxide) have (local) CCllv symmetry. and 

excitations into the n* final states are equivalent in the plane perpendicular 

to the bond axis. The n* orbitals of sp2 hybridized molecules (e.g. pyridine) 

by contrast. are made up of the atomic p orbitals perpendicular to the a 

*' bonding plane (there are sp hybridized molecules with inequivalent n states 

[e.g. ketene ~CCO] and the n* resonances are treated independently similarily 

to sp2 centers). Thus the expression describing the observed polarization 

* dependence of the n transition must be modified from that used for 1 inear 

molecules. Adsorbates chemisorbed on well defined crystal surfaces exist as 

domains that have the same rotational symmetry as the crystal substrate. i.e. 

for an fcc (111) surface there are 6 equivalent possible dOmains for the 

adsorbate. Thorefore * in figure 1 will be found in 6 different directions. 

rotated by 600 about the z axis. It can be shown for crystals with threefold 

symmetry or greater that the sum of cos26 with I rotated into the equivalent 

directions is invariant under rotation of the crystal about the z axis16 •19• 

Thus the sum over the domain directions can be replaced by an integral over & 

* and so the expression describing the transition probability for 1s to n 

transitions is (using definitions from figure 1)19.20: 
2n 2n 

AI sin2 (6)d" = AI (1-(!·1)2)d" = An(2-2cos2(6)cos2(a)-sin2(6>Sin2(a» Eq.l 
o 0 

for sp hybridized molecules (e.g. CO) and 
2n 2n 

B/ cos2 (6)d" = B/ (1·,)2d" = Bn(2cos2(6)cos2(a)+sin2(6>Sin2(a» Eq.2 
o 0 

for sp2 hybridized molecules (e.g. pyridine) where A and B are constants 

describing the· absol ute transi tion intensity. 
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For aromatic molecules we have found that the NEXAFS spectra of the 

adsorbed molecule are only weakly perturbed in the energy position of the 

peaks relative to the spectra of the condensed multilayer (Figs. 4 and 6). We 

therefore will use the oriented free molecule model and the cos2& relation of 

the rr* transition to determine' the angle (1 of the ring with respect to the 

surface. This involves integrating the rr* peak intensity at normal photon 

incidence and dividing by the integral of the rr* intensity at grazing (in our 

experiments 200
) photon incidence. The spectra were normalized by dividing by 

clean Pt(111) spectra at the appropriate angle and the intensity before the 

onset of 1s excitation. i.e. the lowest scanned energy. was set to 1. The 

observed peak ratio is compared with the theoretical ratio presented in figure 

2. The theoretical peak intensity ratio R for the rr* transitions for a photon 

angle &1 divided by that for a photon incidence angle &2 for sp2 hybridized 

systems is given by: 

R = (2 cos2 JJ!.1) co~2 i(1)+s in2.!ftl~2i(111. 
(2cos2 (&2)cos «1)+sin2 (&2)sin «1» 

For 9 1 = 90 0 and 9 2 = 20 0 we obtain: 

R = (s in2 i(111. 
(0.177+1.6949cos2 «1» 

Eq.3 

Eq.4 

In accord with previous work and in agreement with what is found for 

pyridine coordination complexes we will consider only those possible pyridine 

geometries with the nitrogen atom coordinated to the metal surfaco21• 

EXPERIMENTAL : 

The Pt(111) crystal was cleaned by exposure to 10-7 torr oxygen at 870K 

followed by annealing under vacuum to 1200K with argon ion sputtering when 

required. The sample's cleanliness and order were monitored with Auger and 
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low energy electron diffraction spectrometry. Thermal desorption curves were 

obtained utilizing a heating rate of 25 degrees/second and mass spectrometric 

detection. The NEXAFS spectra were taken at beam line 1-4 at the Stanford 

Synchrotron Radiation Laboratory using a grasshopper monochromator and partial 

electron yield detection was used to determine the absorption coefficient. 

The energy calibration of the monochromator was checked by monitoring the 

position of adsorption features· due to carbon and nitrogen contamination of 

the optics and was found to be consistent. to ±O.5eV. The base. pressure of the 

system before the experiment was - 1.10-10• 

RESULTS: 

The thermal desorption curves of perdeuterated pyridine are shown in 

figure 3. Three deuterium22 desorption peaks were observed with area ratios 

of approximately 1:2:2. similar to that reported for Ni(100)2. Pyridine 

multilayer desorption occurred at -200K with a tail on the pyridine desorption 

peak extending to 370K. These results will be discussed with the associated 

NEXAFS spectra. 

The pyridine cnemisorption states were prepared by condensing a 

multilayer ice on the Pt(111) surface and annealing to sequentially higher 

temperatures. Deposition of a multilayer ensures that the sample is dosed to 

saturation coverage. By sequentially annealing to higher temperatures one can 

observe intermediates while eliminating the ambiguity introduced by preparing 

new samples for each measurement. Since many of the molecules investigated do 

not have x-ray absorption spectra available for the gas phase. the spectra of 

the multilayer state also offer the advantage that they can serve as pseudo 

gas phase "standards" since they are generally close to the spectra observed 

for the gas phase23• 

The multilayer NEXAFS spectra for pyridine are shown in figure 4. Both 
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carbon K edge and nitrogen K edge spectra were recorded. The sample was 

prepared by condensing 6*10-6 torr-seconds (6 Langmuir or 6L) on the Pt(lll) 

surface held at 90K. The spectra show almost no .PQlarization dependence. 

suggesting that the orientation of the pyridine molecules in the ice is 

isotropic. Peaks A and Bare n* transitions. and the peaks C and D are a 

transitions. The n resonances are sharper than those for the subsequent 

monolayer states due to the longer lifetime of the resonances for molecules in 

the multilayer matrix, with small overlap with the metal states (equivalently 

the broadening for molecules chemisorbed on metal surfaces is due to mixing of 

metal states into the molecular states). This also explains why for aromatic 

rings with the n system coordinated to the surface the n resonance width is 

greater than when the n system is tilted away from the surface (see for 

example the spectra in reference 14). 

Annealing the multilayer (6L) sample shown in figure 4 to 240K 

momentarily and cooling to 90K yields the spectra shown in figure S. This 

case shows a n* resonance that predominates at grazing photon incidence (l 
near normal). Analysis of the n* region gives a ratio of 190/120 of 0~7 for 

the carbon edge and 0.83 for the nitrogen edge. A smooth background was 

subtracted to generate the peak areas. This and the uncertainty in the degree 

of polarization of the photon beam (effective polarization from 8$% along the 

plane of the synchrotron ring16 and up) gives an uncertainty of 2~ (±OJI 

for the carbon edge ±O~S for the nitrogen edge) in the ratio and an apparent 

til t angle (I of S2±6 degrees (averaged over mul tipl e determinations of anglo) • 

Previously, several geometries have been suggested for pyridine chemisorbed on 

group 8 metals. On Ag(lll) a low temperature. high coverage. state with a 

tilt angle (I of approximately SSO to the surface has been proposed10,11. 

However, we have investigated a number of different annealing schemes and find 

that the conversion from the tilted to the perpendicular state occurs as low 
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as 240K (albeit slowly). Thus the spectra at 240K may show some degree of 

conversion to the perpendicular state so the actual tilt angle a of the ring 

for the low temperature form may be smaller than S2±6° 24. Note that 240K 

is in the region of the desorption tail of molecular pyridine from Pt(lll) and 

thus there may be some contribution due to coverage in the observed ring tilt. 

Figure 6 shows spectra from pyridine dosed at room temperature to 

saturation (-24L) _ followed by a momentary anneal to 320K_ with the spectra 

taken at roam temperature. * The large n resonance at normal photon' incidence 

(! parallel to the surface) and large a resonance at grazing incidence (l 

near normal to the surface) are consistent with a perpendicular orientation 

for the ring. Analysis of the n* resonance gives a ratio of 6.0±SO% (±3.0) 

for the carbon edge and 9.3±So., (±4.7) for the nitrogen edge giving an angle 

a of SS±10 degrees. 

Figure 7 shows the sample of figure S after annealing to 410K (past the 

first hydrogen desorption) and cooling to 90K. A state very similar to figure 

6 is observed_ i.e. a perpendicular coordination state. Analysis. gives a 

ratio of 3.0'±30., (.1:0.9) for the carbon edge and 2.S'±30., (.:to.S) for the 

+ nitrogen edge which indicates an angle a of 74-10 degrees (averaged over 

multiple determinations of angle). 

DISCUSSION: 

The question of the reversablity of the transformation from the tilted to 

the perpendicular state has been of interest3 •4• When spectra were taken at 

elevated temperatures (for example. figure 6) they systematically indicate 

ring angle a closer to perpendicular. This increase in apparent angle would 

be produced by a reversible conversion of about 10% of the perpendicular form 

to a tilted form at 90K. which is at the limit of the reliability of the 

measurement and data analysis. 

S 



• 

• 

The thermal desorption of pyridine shows the loss of one hydrogen 

equivalent at 370~ The desorption temperature of hydrogen adsorbed on clean 

Pt(111) is 3S0-370~ We infer that the observed low temperature hydrogen peak 

is desorption limited and thus the C-H cleavage that generates it occurs at or 

below room temperature. This leads to the assignment of the high temperature 

pyridine chemisorption state shown in figures 6 and 7 to the previously 

suggested13 alpha pyridyl form. Thus we propose that the conversion to the 

perpendicular form at higher temperatures is motivated by the formation of a 

metal carbon bond. 

In Fig. 8 we present a dynamic picture of pyridine chemisorption on 

Pt(111) as a function of temperature.. Pyridine forms a disordered multi! ayer 

on chemisorption at 90~ On annealing the multilayer to progressively higher 

temperatures the multilayer evaporates and. a monolayer with a tilted (a~S20) 

pyridine ring is formed. Slowly at 240K and more rapidly at higher 

temperatures the alpha C-H bond is cleaved and the pyridine is converted to an 

alpha pyridyl state characterized by the ring becoming perpendicular to the 

surface. This transformation may be reversible to an extent of approximately 

1ow,2S • 
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21. We observe a shift in the position of the n* resonance at the nitrogen 
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22. The thermal desorption curves of perdeuterated pyridine rather than normal 

pyridine are presented to obviate the concern over background hydrogen 

contamination. We have found for pyridine that the hydrogen peaks shift by no 

more than 12 degrees. on deutera tion. 

• 23. We have prepared ices of benzene and compared them to the gas phase 

electron scattering results (see Hitchcock. A. P. and Brion, C. E. J. 

Electron Spectrom. and Rel. Phenom. 10, 317, (1977» and found close 

agreement. This is expected to be generally true (see for example Dehmer, J. 

L •• Dill. D. and Parr, A. C. in "Photoionization Dynamics of Small Mol ecul es" 

in Photophysics ~ Photochemistry ~!h! Vacuum Ultraviolet edited by McGlynn 

et. a1.) 

24. If the chemisorption state of figure 5 were not mixed then one would 

expect that the Tf* transition would have the same~ width at all electric field 
J 

vector directions. The observed greater width of the resonance with grazing 

photon incidence suggests a mixed state. but the possible overlap of peak B 

with peak A precludes further analysis. 

25. It is interesting to note that for high coverages a pyridine desorption is 

evident at higher temperatures (-470K) and thus disporportionation of the 

pyridine might be invoked to provide for a. small degree of reversibil i ty of 

the formation of the alpha pyridyl. More detailed thermal desorption studies 

and EELS results will be presented by Grassian, V. and Muetterties, E. L. (in 

preparation) • 

26. The gas phase Is binding energy relative to the vacuum level of carbon in 

pyridine is not known but should be between 290.2eV (C Is for C6H627a) and 
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404~eV27c. Resonances below the binding energy are bound state resonances. 

For chemisorption states the onset of absorption corresponds to excitation to 

the Fermi level of the metal. Thus the region from the onset of absorption to 

the onset plus the work function are resonances below the photoemission 

threshold and correspond to the bound molecular resonances. The work function 

of pyridine covered Pt(lll) for saturation coverage at 278K is approximately 3 

vol ts13 • 
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and Siegbahn. K. Phys. Scripta. !. 237 (1971) b:Davis. D. W.; Hollander. J. 
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Thomas. T. D. and Shaw. Jr •• R. W. J. Electron Spectrosc. and Relat. Phenom •• 

~. 1081 (1974) c:Brown. R. S.; Tse. A.; and Vederas" J. C. J. Am. Chem. 

Soc •• 1Q.!. 1174 (1980) and Brown. R. S. and Tso. A. Can. J. Chom •• 58. 694 

(1980) 
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FIGURE 1. 

Coordinate system for the analysis of the polarization dependence of 

NEXAFS spectra of unsaturated molecules. In the case of pyridine the 

mOlecular symmetry axis (I vector) is along the ring normal. In general, for 

excitations at unsaturated centers the molecular symmetry axis is along the 

~ bond axis for sp hybridized systems and perpendicular to the bonding plane for 

sp2 systems. 

FIGURE 2 

The theoretical peak ratio of the intensity of the n* transitions for normal 

and 200 photon incidence for sp2 hybridized systems. 

FIGURE 3. 

Thermal desorption spectra of perdeutero-pyridine. Pyridine was dosed at 

170K and 0.33*10-6 torr-second (0.33 Langmuir or 0.33L) background pressure 

with a needle doser and thus the coverage is approximately half of saturatio~ 

FIGURE 4. 

The NEXAFS spectra for an approximately 6 layer multilayer of pyridine on 

Pt(111) (assuming sticking coefficient of 1). Section I is the carbon Kedge 

and section II is the nitrogen K edge. Peaks A and Bare n* transitions, and 

the peaks C and D are a transitions26• These spectra were taken with normal 

incidence photons. 

FIGURE S. 

NEXAFS spectra of pyridine chemisorbed on Pt(111). The sample was 

prepared from the multilayer of figure 4 by momentarily heating to the 

indicated temperature. Note the strong n* transition at grazing photon 

incidence (near normal electric vector) and strong a transitions at normal 
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photon incidence (parallel electric vector) for both carbon and nitrogen K 

edges. consistent with a pyridine tilt angle a of S2±6 with respect to the 

surface. 

FIGURE 6. 

The NEXAFS spectra of 24L of pyridine deposited on Pt(lll) at room 

temperature and momentarily annealed to the indicated temperature. Note the 

strong n* transition at normal photon incidence (parallel electric vector) 

and the strong a transitions at grazing photon incidence (electric vector 

near normal). consistent with a pyridine ring perpendicular to the surface. 

FIGURE 7. 

NEXAFS spectra of pyridine chemisorbed on Pt(lll). Preparation was as 

for figure S. with an added anneal to 4l0L Note the similarity with figure 

6. 

FIGURE 8 

Proposed chemisorption states for pyridine on Pt(lll). The diagrams on 

the left show the electric field direction that yield the NEXAFS spectra 

presented earlier. State I corresponds to Figure 4. State II corresponds to 

Figure S (asslDlling an UlUIli%ed state). State III corresponds to Figures 6 and 

7. * Thus. for example. the alpha pyridyl state of III should have a large n 

transi tion for parall el electric field vector (diagram a) and we should see a 

* 1 arge n peak for figures 6a and 7a. 
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