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This dissertation presents an outlines my investigations of static and dynamic properties 

of adsorbed cyanide (CN) and isocyanate (-NCO) species as well as some of their 

chemistries. Surface bound CN-containing species have not previously been studied 

extensively, partially due to the inapplicability of fundamental e-beam based surface 

analysis techniques for investigations. I had the opportunity in my studies to employ 

multiple surface probing techniques, i.e. HAS, XPS, NEXAFS, TPD and RAIRS, to 

compile and cross-examine information from CN, –NCO, and derived species, adsorbed 

on the Cu(001) surface. 

 

While angle resolved He atom scattering (HAS) was employed to identify and investigate 

the ordered superstructure of CN/Cu(001) surfaces, TOF-HAS was employed to 

investigate its dynamic properties. The CN/Cu(001) surface induced unprecedented 



 iii 

simultaneous coherent He diffraction with a large “classical” multiphonon backscattered 

He intensity. A superstructure is implied that contains both rigidly bound CN species, 

which maintain the long range c(10x6) translational symmetry, together with bound 

highly-dynamic CN species that exhibit large thermally induced displacements. The 

NEXAFS measurements suggest multiple spatial binding configurations for the adsorbed 

CN moieties. In addition, TPD spectra of C2N2 desorption from CN/Cu(001) surface were 

analyzed, using my newly developed method, to determine the activation energies for 

desorption as a function of CN coverage.   

 

There are two reactions of NCO species examined in my studies. The first is the newly 

discovered mutual reaction between NCO species. This type of interaction had not been 

seen before, as it is essentially difficult to prepare pure NCO/metallic surfaces. Copper 

was chosen as a substrate as HNCO exposures of Cu(001) at RT, followed by 

spontaneous H2 desorption, do produce NCO only surfaces. A thermal treatment of the 

surface, at 573K, leads to a bimolecular decarboxylation of NCO, leaving a carbodimide 

species (NCN) on the surface. The sp-hybridized linear NCN moieties, which are bound 

nearly parallel to the substrate, show high thermal stability. The second reaction of NCO, 

which I have studied, is its oxidation. In particular, the effect of CN coadsorbates on the 

oxidation of NCO was studied. It was found that the presence of CN catalyzes a 

dissociation reaction of NCO species on Cu(001). 
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CHAPTER 1 

General Introduction 

 

1.1 Motivation 

 

My initially planned Ph.D. research included investigations of a group of representative 

CN containing molecules and moieties (e.g. CN, NCO, CH3CN, Pyridine, (CH3)3CNC, 

HCN and cyclopentadiene) adsorbed on a Cu(001) surfaces.  While I have addressed all 

of these systems, barring HCN, in this dissertation I will report primarily on the major 

results from our investigations of CN/Cu(001) and NCO/Cu(001) samples.  I have 

focused on the single adsorbate samples and their thermally activated reactions as well as 

of O+CN/Cu(001), NCO+O/Cu(001) and NCO+CN+O/Cu(001) surfaces.  CN is a potent 

ligand and pseudohalogen with a strong affinity for forming ionic compounds or 

complexes with many transition metals. With this property, cyanides have a number of 

uses in a large number of industries, especially in mining and electroplating.[1]  

Similarly, a large number of NCO containing chemicals, especially alky and aryl 

isocyanates and diisocyanates are produced, globally on the scale of multiple million 

metric tons annually.  NCO containing chemicals are utilized in a broad range of 

industrial activities including the production of cellular materials, elastomers, and 

adhesives, as well as in medical applications.[2]   

 

In spite of the sheer importance of these molecules and moieties in industrial chemistry, 

we find only a relatively small number of published surface studies on these moieties. 

The simple reason behind this imbalance ought to be related to the inapplicability of 
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many e-beam-using experimental techniques (e.g. LEED, AES, etc.). I shall show 

explicitly that a LEED e-beam damages the long range ordering of CN adsorbed on 

Cu(001).  More generally this is believed to be true also for many CN-containing 

adsorbates on single crystal metal surfaces, especially on low corrugation fcc (001) and 

fcc (111) surfaces.  Therefore, one of our aims was to employ Helium Atom Scattering 

(HAS) in conjunction with other applicable surface probing techniques to study static and 

dynamic properties of these CN-containing adsorbed species.  For example, angle 

resolved HAS [3], employing nearly monochromatic thermal helium atoms, which has no 

destructive effect on CN covered surfaces, will be used to detect ordered super structures 

of the surfaces where low energy electron diffraction (LEED) fails to do so.  Or, energy 

resolved inelastic HAS [4-6] can be used to probe low energy vibrations like frustrated 

translational and frustrated rotational modes instead of electron energy loss spectroscopy 

(EELS).  

 

We have two main goals in our studies on adsorbed CN moieties.  The first goal is to 

understand the static and dynamic properties of CN species adsorbed on copper.  CN
-
 is 

isoelectronic with CO.  CO, which is arguably the most studied adsorbate molecule in the 

history of surface science, is bound to surfaces perpendicularly as a result of the 

geometrical impositions of the covalent bonding based on σ donation and π back 

donation interactions.  On the other hand, bonding interactions between CN
-
, or properly 

speaking, CN
δ-

, and metal substrates is predominantly ionic.[7] The forthcoming 

information, such as (i) the dimensions of an ordered super structure, (ii) the CN number 

density at saturation, (iii) the CN binding geometries, especially angles of inclination 
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with respect to the surface normal, and (iv) the apparent CN binding energies, can be not 

only utilized in comparative studies but also to supply highly valuable reference 

information for computational investigations of these surfaces. [8, 9]   

 

Our second main goal with cyanides is to shed light on the role(s) played by CN on 

catalyst surfaces, especially during the reduction reactions of nitrogen oxides, NOx. 

Indeed, there are a number of studies [10-17] reporting CN(a) species which manifests 

themselves with weak features in transmission IR spectra. Investigators have tended, 

perhaps erroneously, to ascribe the presence of CN to minor side reactions and to frame it 

as a minor byproduct. First of all, a relatively weak signature of CN species in an IR 

spectrum by no means should be associated with small CN quantities. It is known that 

v(CN) intensities are inherently weak, e.g. for the gas phase [18, 19] or in a surface bound 

[20] HCN molecule.  In the later case, the v(HC) intensity in an IR spectrum appears to 

be almost three orders of magnitude stronger than the intensity of a v(CN) mode.  

Secondly, during the catalytic reduction of NOx, the complex nature of a real catalyst 

surface in conjunction with the many concurrent reactions happening thereon 

dramatically hinders any reliable ascription of the role(s) of CN, if any. 

 

The latter problem for investigations of cyanide (CN) also holds true for the elucidation 

of the exact nature of isocyanate (NCO) species observed on real catalyst surfaces.  NCO 

is widely recognized as a key reaction intermediate for the catalytic process of NOx 

reduction.  In addition, another serious obstacle is found in the limited number of 

experimental techniques available to study metals deposited on high-surface-area 
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powder-form support materials.  Vibrational spectroscopies remain the principal 

investigation techniques. Established surface techniques offering powerful tools for 

quantization, like XPS, AES and TPD, either give indirect information or are largely 

useless for investigation of real catalysts.   

 

These complications collectively often enforce the use of simpler planar surfaces when 

possible to enable a better atomic level understanding of reaction mechanisms.  The 

successful application of this concept has, on many occasions, given in-depth 

understandings of complex reaction. [21, 22]  In our research, our particular goals are to 

generate model NCO/Cu(001), NCO+O/Cu(001) and NCO+CN+O/Cu(001) surfaces and 

later to investigate thermally induced reactions of these surfaces.  Studies of the thermal 

stability of a pure NCO/Cu(001) surface also enable the study of possible NCO-NCO 

reactive interactions without the interference of any coadsorbates.  A comparative 

investigation of the thermal treatments of NCO+O/Cu(001) and NCO+CN+O/Cu(001) 

surfaces will reveal the predominant influence of CN species on the oxidation reaction of 

adsorbed NCO. 

 

1.2. Overview 

 

In chapter 2, both theoretical and operational principles of all experimental techniques 

employed in our investigations will be briefly outlined. Later in the chapter, the 

experimental setup located in WR-187 and its operational details will be described.  
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In Chapter 3, we will prepare a saturated pure CN/Cu(001) at 263 K and determine its 

coverage by comparing the intensity of its N 1s photoemission peak with an N 1s peak 

intensity from a 0.5ML saturated N/Cu(001) face. Angle resolved HAS will be employed 

to determine the identity of the ordered super structure. Later Near Edge X-ray 

Absorption Fine Structure (NEXAFS) spectroscopy will be used to discriminate CN 

moieties based on their spatial orientation as well as to characterize the spatial 

orientations of each CN type. Apart from obtaining the structural information, we will 

also employ TOF-HAS measurements to investigate the dynamic character of CN species 

adsorbed on Cu(001). 

In Chapter 4, recombinative desorption of CN species adsorbed on Cu(001) evolving 

molecular cyanogen (C2N2) will be studied by using temperature programmed desorption 

(TPD) measurements. Since the adsorbed CN
δ-

 species are charged, mutually repulsive 

dipolar interactions lead to a marked desorption energy reduction with increasing CN
 

coverages. Established methods in the literature for analysis of TPD, which enforce a 

constant Ed value for all coverages for a given desorption system fail to model desorption 

spectra of the CN/Cu(001) surfaces.  Other analysis techniques, which were designed to 

deal with the desorption spectra of surfaces with coverage dependent Ed cannot be 

implemented successfully to model our desorption spectra since our data does not exhibit 

adequate signal-to-noise ratios.  In this chapter we will therefore be reporting on two new 

analysis approaches that we have developed to determine the functional form of a 

coverage dependent component of Ed.  These approaches are more robust in that they are 

able to utilize comparatively poor signal to noise data sets such used here.  The first 

approach involves an analysis of the variations of desorption peak asymmetry with initial 
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CN coverages. The second quantitative approach utilizes only temperatures and 

intensities of TPD peaks, together with deduced surface coverages at the peak maxima, to 

determine the derivative of the functional form of the CN coverage dependence of Ed. 

In Chapter 5, an impurity free NCO/Cu(001) surface is prepared by the dissociative 

adsorption of HNCO at room temperature followed by H2 desorption.  Coverage 

calibrations of NCO/Cu(001) surfaces will be performed by comparing N 1s and O 1s 

photoemission peak intensities to the N 1s peak intensity from a 0.5ML saturated 

N/Cu(001) and the O 1s peak intensity from a 0.5 ML saturated O/Cu(001) surface. This 

impurity free NCO/Cu(001) surface then will be annealed to observe thermally induced 

reactions of NCO species.  A quantitative analysis of the change observed between pre 

and post annealed XPS spectra will be used to deduce the empirical stoichiometry of a 

bound post-anneal product as well as the identity of desorbed gas molecules. Finally, FT-

RAIR spectra of this post-annealed surface will be employed to shed more light onto the 

identity of the product. 

 

In Chapter 6, the effect of CN species on thermally induced reactions of NCO co-

adsorbed with O will be reviewed.  Along this aim, we will first prepare a 

NCO+O/Cu(001) surface by HNCO exposures on Cu(001) at room temperature followed 

by O2 exposure of submonolayer NCO/Cu(001).  Secondly, we will prepare a 

CN+NCO+O/Cu(001) surface by exposure of Cu(001) to cyanogen (C2N2) and O2.  

These two surfaces will be annealed at 473K and thermally induced reactions from these 

two surfaces will again be identified by employing careful stoichiometric analysis of the 
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change between pre- and post- annealed surface probed by XPS. Finally, TPRD will be 

used to indentify the two gaseous products from these two surfaces. 

 

In Appendix A, we will review the mathematical formulations for the processing and 

normalization of NEXAFS data.  This is primarily in order to determine the spatial 

orientation of surface moieties. 

 

In Appendix B, the effects of coverage dependent activation energies of desorption on the 

form of “Arrhenius” curves will be mathematically modeled.  A simulated curve will  be 

compared to an Arrhenius curve obtained from an individual desorption spectrum. 

 

In Appendix C, a review will be given of the experimental setup used for isocyanic acid 

(HNCO) synthesis, via thermal decomposition of cyanuric acid, as well as for HNCO 

purification.  
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CHAPTER 2 

Experimental Methods 

 

2.1. The Theory of Experimental Methods: 

 

2.1.1 Helium Atom Scattering (HAS) 

 

The helium atom scattering (HAS) technique is a powerful surface investigation tool to 

probe surface phonons [1-6] and low energy adsorbate vibrations[7-13], to generate 

diffraction patterns from ordered surfaces [6, 14-17] as well as to monitor the kinetics of 

coverage dependent adsorption events through uptake curves.[18, 19] These technique 

applications were made possible with the development of supersonic expansion jet 

nozzles, which produce highly monochromatic helium atom beams with a velocity 

distribution as low as %1/  VV .[20] The translational energy of the thermal helium 

atoms ranges from a few meVs to ~100 meV. The helium atoms interact weakly and are 

back scattered from the repulsive potential arising from electron overlap with the 

uppermost surface atoms only.. Therefore HAS manifests itself with a unique and 

unparalleled property of absolute surface sensitivity without inducing any detrimental 

effects on the surface under investigation.  

 

When a helium beam illuminates a surface, while some of the helium atoms are scattered 

elastically (ΔE=0), the rest of the helium atoms are scattered inelastically (ΔE  0) 

Inelastically scattered a helium atoms can be classified into two groups depending on 
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whether they interact with a single phonon (or a single vibrational mode of an adorbate) 

or multiple phonons. While single phonon processes show themselves as discrete peaks 

in energy-resolved HAS spectra, multiphonon processes yield a broad background-like 

feature which can extend across a wide spectral range.  The relative proportions of the 

elastically scattered helium atoms, inelastically scattered helium atoms with single 

phonon processes and inelastically scattered helium atoms with multiphonon processes 

can be estimated by the determination of the Debye-Waller factor, 2W.  If 2W < 1 for a 

scattering event, it suggests the majority of the helium atoms are scattered elastically.  A 

minority, in the fully quantum mechanical regime, are scattered from single substrate 

phonons and/or from adsorbate single vibrational modes. On the other hand, if 2W>6, 

then the vast majority of the helium atoms scattered from the surface involve 

multiphonon-type inelastic interactions. 

 

The Debye-Waller factor formalizes how the intensity of elastically scattered helium 

atoms at a given momentum transfer vector is attenuated as a function of surface 

temperature and/or beam energy. 

                                    WeII 2
0

   where 
 

2

2
23

2
Dbs

xz

kM

Tk
W







                             (2.1) 

zk  is the momentum change perpendicular to the surface plane experienced by the 

scattered helium atoms, xT  is the sample temperature,  sM  is the mass of the surface 

moiety from which helium atoms scatter, bk  is the Boltzmann constant and D  is the 

surface Debye temperature. If the measurements are being carried out at a specular 

direction, (2.1) is reduced to: 
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                                       (2.2) 

where iE  is the energy of the monochromatic incident helium atoms, m  is the mass of 

the helium atom, i  is the angle between the direction of the incident helium beam and 

the surface normal, and D is the depth of the potential energy as a result of attractive 

interactions between helium atoms and the surface. Inclusion of the of the parameter D in 

(2.2) is known as the “Beeby” correction [21], registering the acceleration of thermal 

helium atoms in front of the surface as a result of the attractive potential. Taking D into 

consideration does not change the value of the Debye-Waller factor 2W, but it does affect 

the value deduced for the surface Debye temperature, D .  

 

In this dissertation, three fundamental types of HAS measurements will presented in 

various occasions. These are: (i) Uptake measurements, (ii) Angle resolved HAS 

measurements and (iii) Time of flight (TOF) measurements. 

 

(i) In the uptake measurements, the sample is brought to the specular position, at which 

fi   , and the helium reflectivity from the surface is monitored in the course of an 

adsorption process. This measurement is a valuable tool as shifts observed in the shape of 

the decay curve of helium reflectivity are associated with the onset of differing 

absorption regimes, depending on the adsorbate coverage level and possibly on the 

adsorption rates. The sensitivity of the measurement is superb at low coverage levels, i.e. 

the total helium reflectivity can be attenuated by as much as 50% at  ~ 0.02 ML, with 

scattering cross sections of individual adsorbed molecule of order ~ 100 Å
2
. Several 
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aspects of utilization of the uptake curves were meticulously detailed by Poelsema and 

Comsa.[19] 

 

(ii) Angular Resolved HAS is another powerful application of the technique.[22, 23] As 

the De Broglie wavelength of thermal energy helium atoms are of the order of ~1 Å, they 

are good candidates for wide–angle surface diffraction studies. As incident helium atoms 

are, in fact, reflected at ~3 Å above the core of the topmost layer atoms of a densely 

packed surface, the technique has an extreme surface sensitivity. We use two degrees of 

angular freedom, i.e. polar and tilt angles, to scan 2-D sections of reciprocal space. A 

sharp energy resolution of the incident beam is required for strong, and well-resolved, 

peaks in a diffraction pattern. Incremental reciprocal space steps are taken during 

scanning at a rate ~0.01-0.02 Å
-1

/sec. For a HAS instruments with a fixed total scattering 

angle ( total i f    ), the parallel momentum change experienced by elastically scattered 

helium atoms detected at the mass analyzer, ΔK, is derived from the polar angle positions 

of the crystal; 

                                      
2

sin sini

total i i

mE
K                                               (2.3) 

where m and Ei are the mass and energy of the incident helium atoms, respectively. i  is 

the angle between the direction of incident helium beam and the surface normal, 

 total i   or f is the angle between surface normal and direction of the helium atoms 

targeted towards the detector.  

 



  13 

(iii) The ability to probe surface phonons as well as to measure frustrated translational (T) 

and frustrated rotational (R) vibrations of an adsorbate is another powerful application of 

HAS. Unlike many other adsorbate related vibrations, the T and R modes are can be 

polarized parallel to the surface plane. Thus, measurement of these modes can reveal key 

information about the lateral variation of the adsorbate potential energy surface. The 

excitation of T modes is often considered as a first step of towards the lateral hopping of 

an adsorbed molecule, contributing to surface diffusion of the adsorbate. In addition to 

these factors, T (and R) modes can contribute >99% of the total entropy of an adsorbate 

system.[12] Therefore, characteristics of the T and R vibrational modes might often 

elucidate processes that are governed by entropy-driven mechanisms on a surface. For 

this type of measurements, generally called time of flight (TOF)-HAS, a rotating disc 

with four narrow slit(s) is placed between the helium source and sample to chop the beam 

to give temporally sharp helium pulses. For example, the chopper disc rotating at a 400 

Hz slit frequency, produces 400 helium pulses a second, each separated from the next by 

2500 μsec. Typically, the helium detector is set to measure for synchronized 2ms periods 

with a time resolution set by 2 μsec long channels.   

 

The data recorded at the end of the experiments are composed of I vs tcd  data points, 

where  tcd  is the time passed between chopping of a helium pulse and the detection of the 

signal which is equal to sum of the time of flight between chopper to target (sample), tct, 

and the time of flight between target to detector, ttd. Once e
cdt , time of flight for the 

elastically scattered helium atoms is determined, it can be used convert all tcd values in 

the raw data to ttd values since the distances between chopper to target and target to 
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detector are known. Subsequently, ttd values can be used to determine E  and  K  

equivalents of the each tcd value in the raw data file by using 
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Combining (2.4) and (2.5) leads to 
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Equation (2.6) relates all possible E  and  K  values for a given combination of i  and 

iE , and it is called a “scan curve equation”. 

 

At this point it is must be recalled that as the “time of flight” to “energy exchange” 

conversion leads to a data set with variable data point separation, the conversion into the 

energy domain is not complete until we normalize the intensities.  
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In that way we maintain a constant integral intensity; i.e. ( ) ( )I E dE I t dt  . 
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2.1.2. X-Ray Photoelectron Spectroscopy (XPS): 

 

X-ray photoelectron spectroscopy (XPS) (or Electron spectroscopy for Chemical 

analysis, ESCA) is a surface sensitive technique, which involves employing X-Ray 

photons to illuminate a surface and subsequently detecting the intensity of the electrons 

ejected from the sample as function of their kinetic energies. [24] Photoelectric event is a 

photon in - electron out process, i.e. Einstein’s photoelectric equation formalizes how the 

energy of the incident photon is transferred to the core electron to be ejected into vacuum, 

i.e. 

                                                         k b SE h E                                                     (2.8) 

where, kE  is the kinetic energy if the electron ejected from the sample into vacuum, 

h is the energy of the incident photon, bE is the binding energy of the electron ejected 

from the sample. S , is the sample work function. These photo electrons are yet to be 

detected by a analyzer, whose work function, A , is smaller than S . If the sample and 

the detector are grounded, which equalizes their Fermi levels, then the kinetic energies of 

the electrons upon arrival at the detector have increased by  S A  ; 

                             k b S S A b AE h E h E                                                    (2.9) 

where A  is hopefully a constant that is unaffected by the sample history. 

 

The most convenient way of X-ray generation is by using X-Ray tubes, in which 

electrons emitted from a filament are accelerated to ~15 keV before colliding at an anode. 

Once the collision occurs, a core electron from the anode atom is ejected and 

http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
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subsequently a photon is created through the collapse of an electron from outer orbits to 

the vacancy created. This process generates multiple X-ray lines with discrete energies as 

well as an energy continuum of photons called Bremssthrahlung Radiation. The output 

radiation from the X-ray tube, thus, must be treated with a monochromator to remove all 

Bremssthrahlung radiation as well all X-ray lines except the one intended for studies. The 

intensity, energy, and the energy width of an X-ray line generated from the tube are all 

prime concerns when it comes to choosing an anode material. Aluminum and magnesium 

appears to be the “optimum” choices for anode materials, i.e  Al Kα and Mg Kα X-Ray 

emissions with energies at 1486.6 eV and 1253.6 eV, respectively, [24] are two X-ray 

sources used in almost all XPS systems around the globe. 

 

Using X-Ray beams generated by synchrotron light sources for the XPS has two main 

advantages over the use of X-Ray tubes: Firstly, although the X-Ray beam supplied by a 

synchrotron light source to a beamline is polychromatic to an extent (e.g 240-770 eV for 

U12A beamline in NSLS,) it is required to pass through a monochromator before it’s 

utilization. The monochromitized beam, illuminating the sample surface, is still 

considerably brighter than the beam generated by any X-Ray tubes. This leads to a 

considerable reduction of the time-cost of each measurement and makes possible the 

realization of fair signal-to-noise ratios in minutes even for the probing of surface atoms 

in the submonolayer regime. Secondly, the polychromatic beam supplied to a beamline 

means we have the power of tuning the beam energy. As the photoelectric cross sections 

vary with incident photon energy, h  tunability often provides an extra edge to further 

shorten data acquisition times.  
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Surface incident photons illuminate a great deal of depth into the sample, up to a micron 

below the top-most layer of the surface, and eject electrons from core levels. However, 

these ejected electrons should penetrate through the solid sample material before reaching 

the vacuum and then the detector. The intensity of the ejected core electrons reaching the 

detector without a kinetic energy lost is thus attenuated exponentially with distance 

between the atom where electron is ejected and the surface of the sample, i.e.  

                                                      






kE

d
I

I


exp
0

                                           (2.10) 

Where 
0I

I is the fraction of ejected electrons emitted towards the XPS detector reaching 

their destination without any energy lost, d  is a distance between the atom where an 

electron is ejected and the position at the surface of the sample where the electron is 

emitted.  kE  is the inelastic mean free path of the electrons in the substrate, as a 

function their final kinetic energies. The  variation, as a function of kE , for different 

materials resemble each other to such an extent that the superimposed curve of   vs kE  

for different materials is called the “universal curve”.  This curve implies that   is ~5-30 

Å for typical X-ray beam energies used. This, in other words, means that 95% of the 

electrons ejected from an atom at a depth of 3d , interacts with atoms on its path 

before leaving the sample, creating secondary electrons. The closer the electron ejecting 

atom is to the surface, the higher the probability of detecting those electrons before 

energy loss. Thus the technique, which analyzes only the electrons with as emitted 

energies, exhibits a surface sensitivity of 5-30 Å. 
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Detection of the photoelectrons in XPS systems is generally done by Concentric 

Hemispherical Analyzers (CHA).  A CHA [25] consists of two stainless steel 

hemispheres with different radii (R1(outer hemisphere) and R2(inner hemisphere)), placed 

concentrically on a support which electrically isolates them from each other. A CHA will 

possess two slits located at Rav= (R1+R2)/2, one for the entrance of the photoelectrons 

coming from the sample, another at a point of leaving for counting. Negative biases, with 

different magnitudes, are applied to these two hemispheres, V1 and V2  (V1>V2), and only 

the electrons with a specific kinetic energy , E
’
k, entering to the hemispherical analyzer 

will be able to leave the analyzer through the exit slit to be counted, i.e. 
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Thus, in principle by varying V1 and V2 (R1, R2 and Rav are all fixed for a given detector), 

one can separate electrons based on their kinetic energies. However, one doesn’t as the 

absolute energy resolution in a CHA, E , is linearly proportional to the kinetic energy of 

the electrons detected, i.e. 

                                                      
av

k

R

wE
E

'

                                                              (2.12) 

where w is the average with of the entrance and exit slits.[26]  Optimally the energy 

resolution for each feature should be identical. A better and near constant energy 

resolution throughout the spectral range is achieved instead by electron retardation (of 

Eret) through a cascade of electrostatic lenses before entrance to the hemispherical 

capacitor. The instrument is then run at a constant and preset V1 and V2 values, which 

allow only the electrons with certain (low) kinetic energy (pass energy, PE) to reach the 

exit slit, i.e. 
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                                                        Ek = Eret + PE                                                      (2.13) 

Thus, at a constant PE regime, by scanning the extent of electron retardation, we can scan 

all Ek values during the data acquisition. This mode of data acquisition is named as the 

“Fixed Analyzer Transmission Mode” (FAT Mode). It is worth mentioning that there is a 

the trade-off between resolution and intensity parameters, i.e. the smaller slit sizes and 

lower PE values are preferred when better resolution of the peaks are demanded, but this 

is at the expense of increased data acquisition times. Typical PE values are 50-200 eV for 

survey scans, 10-20 eV for the detailed scans. 

 

Binding energies of the core level electrons are slightly affected by the local environment 

(bond making, ionization, etc.) experienced by the valence electrons of the atom because 

a change in the valence electron density of an atom slightly changes the effective nuclear 

charge felt by the core electrons; the extent of nuclear shielding is slightly modified. This 

effect, although being minute compared to average binding energies of the core electrons, 

is still well above the resolution limits of the XPS. Thus, we have the ability to 

distinguish the same atoms with different chemical environments. This makes XPS a 

valuable surface probe technique. 

 

In addition, XPS manifest itself as a powerful quantitative technique as peak intensities 

observed in spectra can be easily converted to the absolute coverages with the help of 

beam flux monitoring and using standard samples with known surface concentrations. 

However, in order to achieve this quantification, one first must remove the background 

signal from each XPS peak. In raw XPS data, the peaks appear on a continuously 
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increasing background from higher to lower kinetic energies which increases in an 

approximately stepwise fashion. The location of the sharpest sloped step “edges” 

coincides with the location of XPS intensity peaks. This background, beneath the XPS 

peaks, is called the Shirley background [27], and arises from inelastic electron loses. 

Once the background is subtracted from the data, the true intensity associated with the 

photoelectric event happening on a surface is accessible. An XPS intensity, I, within a 

monolayer or submonolayer regime, follows: 

                                                       TAFI                                                    (2.14) 

where F is the flux of the X-Ray beam (as monitored by a fine gold mesh placed between 

the monochromatized beam and the sample), θ is the surface concentration of the atoms 

producing photoelectrons, σ is the photoelectron cross section, i.e. probability of X-ray 

absorption by the atom, A is the X-ray illuminated area of the surface, and T is the 

conglomeration of all instrumental transmission factors involving pass energy, slit sizes 

for the analyzer, and properties of the electrostatic lenses before the hemispherical lenses, 

etc. 

 

Explicitly speaking, four measurements are required for the coverage calibration in four 

time spans, e.g. t1, t2, t3, t4. The first and the second measurements are successive, 

probing the XPS line intensities originating from one of the atoms from the adsorbate 

layer of unknown coverage, Ix, and of the atoms from the substrate underneath the 

adsorbed layer, Isubstrate, respectively, each measured with identical sample placement. 

The pair of third and the fourth measurements, if need be, can be made with another 

identical sample placement. They are associated with XPS line intensities originating 
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from the atoms from the adsorbate layer of at a known coverage, tans dard
xI , and of the 

atoms from the substrate under the same known adsorbate layer. Recall also that the flux 

intensities during these four measurements (F(t1), F(t2), F(t3), F(t4)) are monitored 

concurrently during the data acquisition. When we combine the results of these four 

measurements; 
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A and T parameters are identical for in-situ measurements, i.e. IA  and IT  for the first and 

second measurements, IIA  and IIT  for the third and fourth measurements.   is identical 

for the first and the third, )( xE , and for the second and fourth, )( substateE , 

measurements. Thus by simplifying (2.15), we obtain; 
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which is the formulation of converting XPS line intensities into the absolute coverage 

values. 

 

2.1.3. Near Edge X-Ray Absorption Fine Structure (NEXAFS) 

 

NEXAFS is one of the X-ray absorption techniques based on monitoring the excitation of 

core level electrons of an atom into unoccupied antibonding molecular orbitals. This 

excitation occurs only when the energy of the photons employed in the beam 

approximates to the energy difference between core level electron and unoccupied 
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orbitals. Therefore, unlike in XPS, a portable X-Ray tube cannot be used as a source in 

NEXAFS. A synchrotron light source, where we have some control over the beam 

energy, must be used. 

 

Occurrence of this excitation, leaving an empty core level orbital might trigger a number 

of relaxation processes, including an Auger process, i.e. an electron collapse to the vacant 

orbital coupled with the kick of another electron from the outer shells. In other words, 

monitoring the total electron emission, which is proportional to the number X-ray 

absorption events occurring as a function of incident X-Ray beam energy, would be 

enough to construct a NEXAFS spectrum. This mode of data acquisition is named the 

total energy yield (TEY) mode. 

 

However, as in the case with XPS, the incident photons do not interact only with the 

adsorbate layer, but also a substantial depth of the substrate, generating a large number of 

secondary electrons through various processes. In addition, for the grounded samples the 

binding energy of “core” level electrons can be lower than the energy required for the 

intended X-ray absorption of study; i.e. other core level electrons can be ejected from the 

sample with relatively small kinetic energies. All these electron generating processes will 

form a featureless intense background signal in the spectral proximity of the relatively 

small X-Ray absorption peak. As a result, the inherent statistical noise due to the intense 

background, which must be subtracted from the total spectrum, suppresses the quality of 

the signal associated with X-Ray absorption. Therefore, a negatively-biased, highly-

transparent, retarding grid is placed in front of the detector, as a high pass energy filter. 
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This mode of detection is called the partial energy yield (PEY) mode and is employed in 

most of the NEXAFS detection systems. As the variation of the Auger electron intensity, 

as a function of incident photon energy, is the best representation of the actual X-Ray 

absorption spectroscopy, the magnitude of the cut-off energies determined by the biased 

grid is chosen to be at levels somewhat below the kinetic energy of those Auger 

electrons. E.g. typically 180-230 eV for the carbon, 290-340 eV for the nitrogen, 430-480 

eV for oxygen. [28] 

 

Just as in inverse photoemission spectroscopy, NEXAFS results can be utilized to 

determine the energy levels of unoccupied molecular orbitals of adsorbed moieties. As 

the antibonding orbital energies are considerably more sensitive to the bonding site and 

the spatial geometry of adsorbed molecules than the binding energies of the core 

electrons, NEXAFS holds an edge over XPS in differentiating the same adsorbate 

molecules on different adsorption sites and/or spatial orientations. 

 

However, the real power of NEXAFS lies at its use in determining the spatial orientation 

of the adsorbates on the surface. A synchrotron beam must be used to excite core 

electrons to unoccupied antibonding orbitals and the synchrotron-produced beam is 

highly polarized, i.e. the direction of the electric field component of the light is fixed in 

the plane of the ring. Adsorbate molecules on the surface too have a fixed (yet unknown) 

spatial position with respect to the substrate surface. Therefore, by simply varying the 

polar angle of the sample manipulator, we can probe the intensity variation of X-ray 

absorption spectral feature(s) as a function of an angular relationship between the E-field 
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vector of the incident X-ray beam and a nodal-vector of an antibonding orbital into which 

the excited core electrons are promoted. 

 

Theoretical model for relating NEXAFS peak intensities and spatial orientation of the 

antibonding orbitals is extensively covered elsewhere. [28]  Spatial orientation of an 

orbital is defined by the direction of maximum orbital amplitude and it can be vector (e.g. 

for a *  orbital of a diatomic moiety with a double bond, or for a *  orbital of a 

diatomic moiety with a double bond, etc.) or a plane (for a *  orbital of a diatomic 

moiety with a triple bond, or for a *  orbital of an aromatic ring, etc.) Limiting ourselves 

to adsorbed species on substrates with threefold or higher symmetry alone, X-ray 

absorption peak intensities  //
v v vI I I  (when the spatial orientation of the antibonding 

orbital is defined by a vector) or  //
p p pI I I  (when the spatial orientation of the 

antibonding orbital is defined by a plane)} vary as a function of   (the angle between the 

X-ray beam and the plane defined by the substrate surface). This variation is described 

by; 

          // // 2 2 21 1 1
1 3cos 1 3cos 1 sin

3 2 2
v v vI I I C C       
          

    
     (2.17) 

      // // 2 2 22 1 1
1 3cos 1 3cos 1 1 cos

3 4 2
p p pI I I C C       
           

    
   (2.18) 

where   is the angle between the vector defining the spatial orientation of the 

antibonding orbital ( * or * ) and the surface normal.    is defined as the angle between 

the vector and the surface normal. The coefficients //C and C  are related to the degree 

of polarization of the X-ray beam. If the beam is 100% polarized, i.e. the E-vector of all 
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photons in the beam is parallel to the plane defined by the Synchrotron ring, then //C =1 

and C=0. For the U12A beamline in NSLS facility Brookhaven National Labs, where 

we undertook our NEXAFS measurements, the tabulated //C and C  values are 0.95 and 

0.05, respectively. 

 

Equations (2.17) and (2.18) above clearly imply that we can determine   or   by using 

a best fitting process of the corresponding X-ray absorption peak intensities as a function 

of the known  .   or   reveals the spatial orientation of the anti-bonding orbitals and 

hence the spatial orientation of the molecules.  In order to this, though, one needs to 

process the raw NEXAFS data by taking the X-ray intensity variation as a function of  

beam energy into account, eliminating background signal arising from the substrate and 

eventual step-edge normalization. Typical normalization routines are extensively covered 

elsewhere.  For the NEXAFS data presented here, the normalizations routines used are 

detailed in APPENDIX A. 

 

2.1.4. Temperature Programmed Desorption (TPD) 

 

TPD is a commonly used technique employing a mass spectrometer for the evaluation of 

desorbing yields and the kinetics of gas-evolving surface reactions. TPD spectra are taken 

during a thermal ramp of the surface temperature. Before the data acquisition, the head of 

the mass spectrometer must be brought into close proximity of the sample surface. 

Frequently, a conical skimmer with an opening smaller than the size of the sample face is 

employed as a barrier between the edges (and surrounds) of the sample, and the 
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ionization region of the mass spectrometer. Bringing the skimmer close to the sample 

surface therefore significantly reduces the detection of stray gas molecules desorbed from 

the sample holder and surrounds. 

 

Only a small fraction of the gas molecules passing through the ionization region of the 

mass spectrometer (~1/10
4
) is ionized. In order to keep the direct proportionality between 

the number of desorbing moieties from the surface at a given time and the corresponding 

intensity of the MS signal, neutral gas molecules, once passed through the ionization 

region, should be removed irreversibly from the ionization volume. Therefore, it’s a 

general practice to keep the mass spectrometers differentially pumped. 

 

Gas molecules ionized in the ionizations regions are accelerated to a certain kinetic 

energy before they enter the mass filtering unit. The accelerated ions have the same 

kinetic energy regardless of their mass as long as they have the same charge, but have 

differing velocities.  Most of contemporary mass spectroscopy devices are using 

quadruple mass analyzer for mass filtering.  A quadruple analyzer consists of four rods 

running parallel to each other. In cross section each rod is placed at the corners of a 

square. Diametrically positioned rod pairs have a positive DC bias while the other pair 

have a negative bias. Strictly, the bias applied to the rods has DC and AC components 

(U+Vcos(ωt)), and by variation of the bias ratio U/V applied, the ions with different m/z 

ratios are discriminated. Only the ions with a certain m/z have stable trajectories, can pass 

through the quadrupole region, and reach the detector. 

 



  27 

Results from TPD are then usually interpreted in terms of the Arrhenius equation which, 

in this application, is also known as the Polanyi-Wigner equation: 
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                           (2.19)

 

The desorption rate, I, can be defined in terms of the instantaneous surface temperature, 

T, and the fractional adsorbate coverage (normalized to that of saturation coverage), .  

is the pre-exponential factor of desorption, n the order of desorption, Ed the activation 

energy of desorption,  the temperature ramp rate (in Ks
-1

), and R the gas constant. Given 

the use of the normalized coverage, , 0<1, I is expressed in units of inverse 

temperature (K
-1

), or strictly in fractional coverage per unit temperature, and  in inverse 

time (s
-1

).  

 

Only if Ed and  are independent of coverage, and a constant temperature ramp rate, , is 

maintained during the sample heating, then Ed can easily be determined by using 

Redhead’s Peak Maximum Method employing a number of TPD spectra from the 

samples with changing initial surface coverages or by simply determining the slope of an 

Arrhenius plot for a given single spectrum, i.e. 
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However, if Ed and/or   are coverage dependent, and/or the constant temperature ramp 

rate, , is not maintained, then the slope of the Arrhenius Plot is no longer equal to the 

REd , but: 
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where    0
d dE E f   .  Evidently, even if and   are constant (i.e. coverage 

independent), the activation energy of desorption cannot be determined without 

foreknowledge of f(θ).  

 

Two analysis techniques, named as Complete/Constant Coverage Analysis [29] and 

Leading Edge Analysis [30-32] have been developed to overcome the complications 

arising from the coverage dependence of the activation energy of desorption. However, 

application of either technique requires superior signal to noise ratios. We have 

developed a new analysis technique to figure out the activation energy of desorption in 

the limit of zero coverage, 0
dE , and its coverage dependent component,  f  , for second 

order desorption kinetics without requiring superior TPD signal qualities.[33] In chapter 

4, the details of this new approach will be reviewed extensively.  

 

2.1.5. Reflection-Absorption Infrared Spectroscopy (RAIRS) 

 

RAIRS is a specific vibrational spectroscopy utilizing infra-red beams to probe adsorbed 

moieties on thick, highly-reflective substrate surfaces, like single-crystal metal surfaces. 

[24, 34] The thickness of the substrate is an obstacle to the utilization of transmission IR. 

Therefore, the IR beam is projected to the surface at a grazing incidence. θbn, (the angle 

between the direction of the incident IR beam and the surface normal), which is slightly 
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less than 90
o
, and the a detector is located in the mirror position θnd, (the angle between 

the surface normal and the direction of the reflected IR beam, θbn= θnd.) 

 

In a RAIRS investigation of a metallic surface, only the vibrational modes having 

dynamic dipole moments perpendicular to the surface plane can be detected by IR 

absorption. For example, a ν(X-Y), stretching vibration of a diatomic, polar, XY 

molecule is IR-visible (IR-active) if the molecular axis of the XY is perpendicular to the 

substrate surface and is IR-invisible (IR-inactive) if the XY molecular axis is parallel to 

the substrate surface. (Tilted XY molecules are still visible, yet their visibility reduces as 

their tilt configurations approach the parallel configuration). The reason behind this 

phenomenon is the image charges in the substrate induced by the dipole moment of the 

adsorbed moieties. For a polar molecule lying parallel to the surface, an image dipole of 

reverse direction is induced in the substrate. Since the total dipole of the system would be 

zero, the XY molecule in this spatial configuration on the surface is invisible in RAIR 

spectroscopy. 

 

The range of vibrational frequencies observable in a specific measurement depends on 

several factors, including the IR source, optical components as well as the type of 

detector used. The IR source is an electrically heated chemically-inert solid material (e.g. 

SiC ceramic at ~1500 K) producing blackbody type polychromatic radiation in the IR 

range. The polychromatic source is then processed with a dynamic Michelson 

interferometer. The processing involves the splitting the beam in a half-silvered mirror 

into two (near equal intensity) beams, reflecting one beam from a fixed-position mirror 
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while the second beam reflects from a moving mirror, and recombining the two beams 

where they had originally split. The frequency components of the newly recombined 

beam are thus modulated at a rate which depends on the velocity of the moving mirror 

and, importantly, at a rate that is IR frequency dependent.  An interferogram is recorded 

at the detector; the intensity vs time data is then to converted to intensity vs IR frequency 

data with Fourier transformation. The HgCdTe detector, utilized in our measurements, is 

capable the probing of vibrations within the 400-12500 cm
-1

 range. Note also that the 

number of moieties illuminated by an RAIR beam is significantly less than the number of 

moieties illuminated in transmission IR spectroscopy. Therefore, detectors used for 

RAIRS measurements are liquid nitrogen cooled to increase the signal-to-noise and 

sensitivity by reducing thermally induced noise levels. lN2 cooling also improves the 

response time of the detector. 

 

2.2. Experimental Setups: 

 

The data presented in this dissertation were collected in chambers in different locations. 

HAS, LEED and TPRD data were collected by using the experimental setup located in 

Wright-Rieman, Room 187, Rutgers.[35] TPD measurements presented in Chapter 4 

were performed in the chamber specialized for TPD measurements located at Serin, 

Room 135, Rutgers.[36] XPS and NEXAFS measurements were made in U12a beamline 

of NSLS facility in Brookhaven National Labs.[37] RAIRS data is collected in NPL, 

Room 115, Rutgers.[38]  In this chapter, the components and operational principles of the 

chamber located in Wright-Rieman, Room 187 will be briefly reviewed. 
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The helium beam is generated in the source chamber (Ch#1, of Fig 2.1) by expansion of 

UHP helium (99.999% purity) gas through a 20 μm orifice in a platinum nozzle disc. The 

helium is first passed through a liquid nitrogen cooled trap in order to eliminate any 

condensable impurities before reaching the nozzle. The helium pressure behind the 

nozzle depends on the nozzle temperature as well as the type of experiment, e.g. a good 

energy resolution of the He beam is a necessity for diffraction and TOF measurements, 

but not for uptake curve measurements. The following table gives some of the example 

nozzle temperatures and corresponding optimal helium pressure values. 

 

Figure 2.1 Systematic of the HAS experimental setup located in WR#187.  
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Nozzle 

Temperature 
o
C (K) 

Beam energy 

(meV) 

Optimal Nozzle 

Pressure 

(psi) 

Δv/v 

-210 (63) 9-10  50-100  ~0.9  

-180 (93) 18-19  200-250  ~1.2 

-120 (153) 31-32  300-400  ~1.3 

-60 (213) 46-47  400-500  ~1.5 

0 (273) 56-57  ~600  ~1.7 

Table 2.1. Example nozzle temperatures and corresponding beam energies, optimal 

nozzle pressures and velocity distribution spreads.  

 

 

As seen in the table, the nozzle pressure should be increased with increasing nozzle 

temperature in order to achieve optimum beam resolution in our experiments. The 

disparity between the beam energy implied by the nozzle temperature (Eb = (5/2)kT) and 

the actual beam energy is due to the limited accuracy of the temperature measurement, 

i.e. the nozzle temperature is measured with a thermocouple junction that is only in 

proximity to the nozzle support. 

 

The expansion of helium from high pressures into vacuum, through a 20 μm nozzle, 

implies a large gas input into the chamber. Only a small fraction of the expanded helium 

passes through the 0.5 mm skimmer to enter chamber #2. The rest is pumped from the 

chamber #1 as quickly as possible before it can disrupt the tranquility of the jet stream. 

Thus, a large diffusion pump with 17,500 l/s pumping speed is used to achieve this goal. 

A vacuum booster is connected between the mentioned diffusion pump and the backing 

rotary pump in order to increase pumping throughput for high nozzle pressures (>300 psi)  
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The central portion of the jet stream, which passes through the skimmer, enters the 

second chamber. The helium beam is chopped into pulses by using a mechanical chopper, 

which is a 203 mm in diameter disc with four slits uniformly distributed on it. Each slit 

has an opening ~1mm. Assuming that the beam cross section is at ~1mm when it reaches 

the chopper and that the chopper rotates with a slit frequency of ~500 Hz, then each slit 

stays “illuminated” ~37 μsec. The FWHM of the approximately triangular response 

function is at about 18 μsec. 

 

Once the beam is generated in chamber #1 and if necessary chopped in chamber #2, it 

passes through ch#3 and #4 to enter ch#5, which is our main scattering chamber. Both 

chambers 3 and 4 add differentially pumping. There is a gate valve separating one from 

another, so the beam source can be isolated from the sample chamber vacuum, if 

required. Chamber #4 hosts a special type of ion gauge to properly monitor the helium 

flux into chamber #5. There is an 8mm wide aperture separating Chamber 4 from 

chamber 5. 

 

Our main chamber (ch#5) hosts the sample manipulator, which has three degrees of 

translation and three degrees of rotation as displayed in the inlet of Fig. 2.1. The 

background pressure of ch#5 can be as low as 5x10
-11

 Torr with the help of cryo- and 

titanium sublimation pumps in conjunction with a powerful turbo pump (Leybold 

TMP1000 with 1000 l/s pumping speed) backed in turn by a diffusion pump. In this 

background pressure range, Cu(001) surface can be kept clean for extended periods of 
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time (sample poisoning rate of <0.01 ML per day). Ch#5 is connected to four leak valves 

to administer gases into the chamber.  

 

Ch#7 and Ch#8 are generally called TOF chambers. Their purpose is to extend the 

physical distance between the sample where scattering events happen and the mass 

analyzer in Ch#10 where scattered helium atoms are detected. With this extended 

distance provided by Ch#7 and Ch#8, the energy resolution between elastically and 

inelastically scattered helium atoms is enhanced. Finally, scattered helium atoms are 

detected by the mass spectrometer located in chamber 10. A relatively powerful turbo 

pump (Leybold TMP 360, 340 l/s,) backed by a diffusion pump, is connected to ch#10 to 

pump out the background helium atoms as quickly as possible. 
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CHAPTER 3 

Helium Atom Scattering investigation of static and dynamic properties 

of the CN/Cu(001) surface 

 

3.1. Motivation: 

 

Cyanide containing chemical moieties are important for both scientific studies and in 

commercial applications of heterogeneous catalysis; they can be found as reactants, 

products and reaction intermediates.  The simplest of the cyanide containing moieties is 

the cyanide ion (CN
-
).  Its isoelectronic character with CO and NO

+
 groups draws 

additional interest in investigations of the adsorption properties of the CN
-
 anion on 

surfaces.  Although CN adsorption has been extensively studied on a number of fcc(110) 

surfaces, the extent of studies on CN adsorption on fcc(001) and fcc(111) surfaces is quite 

limited.  This scarcity is linked with the e-beam damage of CN species adsorbed on (001) 

and (111) surfaces, which limits the interpretation of some of the basic surface 

experimental technique results such as those of low-energy electron diffraction (LEED) 

and Auger electrons spectroscopy (AES).  Indeed, there is no published LEED study of 

CN/fcc(001) or CN/fcc(111) in the literature. 

 

HAS, employing thermal helium atoms, does not have the destructive effects of e-beams. 

Therefore, the identification of ordered superstructures of CN/Cu(001) by using angle 

resolved HAS is one of the main objectives of this study.  Such He diffraction studies 

will be used in conjunction with XPS based coverage calibrations, and Near Edge X-Ray 
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Absorption Fine Structure (NEXAFS) studies (which give information on the orientation 

of differing CN moieties on the surface), to realize important structural information in the 

CN/Cu(001) surface.  In addition, TOF-HAS measurements, which discriminate the 

back-scattered helium atom energies, would shed additional light on both the static and 

dynamical character of the CN species.  Such information cannot be probed by other 

conventional surface techniques.  Overall, we shall demonstrate that HAS is a powerful 

spectroscopic tool to elucidate surface properties of many comparatively complex 

adsorbates on single crystal metal surfaces. 

 

3.2. Introduction 

 

Cyanide is a potent ligand and pseudohalogen with a strong affinity for forming ionic 

compounds or complexes with many transition metals. Cyanides have a number of uses 

in a large number of industries, notably in mining and electroplating [4]. Also, as cyanide 

is isoelectronic with NO
+
 and CO, it is often used in comparative studies. There has 

therefore been much interest in the properties of cyanide-surface binding on metallic 

faces [5, 6].   

 

The nature of CN
-
 bonding to the surface is a long considered question. Early 

expectations were that CN
-
 bonding is quite similar to the CO, since they are 

isoelectronic and the sequence of molecular orbital energy levels for both species is also 

identical. CO coordination to transition metal surfaces is considered highly covalent in 

character, involving σ electron donation from CO to the metal and π-back donation from 
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the metal to the low-lying 2π
*
 molecular orbital of CO.[7] However, computational 

studies for adsorbed CO and CN
-
 species on various transition metal surfaces, using 

cluster model approaches and density functional theory, indicate that there are major 

differences between CO and CN
-
 species.[5, 8] While the net charge transfer to the CO is 

quite small because of the σ donation and π back donation balance, a 0.2 to 0.4 e
-
 charge 

transfer upon adsorption from the 5σ orbital of a CN
-
 moiety to metal surfaces occurs 

without π back donation from a substrate to the CN
-
 moiety. The lack of the π back 

donation process for the CN
-
 adsorption is attributed to the inhibitory effect of substrate 

polarization due to the negatively charged CN
-
 adsorbate. Therefore, the covalent 

contribution to the Mx-CN bonding is basically of single sigma bonding character, 

involving the coupling between the 5σ valence orbital (HOMO) of CN
-
 and the 4sp band 

of the copper atoms. However, the main contribution to the total bonding is ionic; i.e. M-

CN
-

 bonding is largely due to the electrostatic attraction of CN
-

 to the image charge in 

the polarizable metal surface. High work function changes upon saturation, (e.g. 0.5 eV 

for adsorption on Pt(001) [9], or 0.95 eV for adsorption on Pd(110) [10]) is consistent 

with significantly negatively charged CN
-

 adsorbed species.  While Tdes of the CO 

species adsorbed on Cu(111) is as low as 170 K [11], the first desorption from a 

CN
-

/Cu(111) sample is seen at a temperature as high as ~700 K [12]. Similarly for the 

Cu(001) substrate, the desorption temperature is 190 K for CO [13] while we have 

measured a temperature of 70025 K in our laboratory for desorption of C2N2 originating 

from the CN
-

 species [14]. Any large difference in Tdes must be attributed essentially to 

the difference in the ionic interaction strengths between CN
-

 moieties and the surfaces.  
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CO is bonded to most metallic surfaces with a perpendicular orientation. Highly 

directional and symmetry constrained π back donation interactions between orbitals of 

the substrate atoms and (2πx
*
, 2πy

*
) orbitals of the adsorbed CO moiety must be the 

reason behind this phenomenon.  As CN
-

(ads) species do not have such significant π back 

donation, they could show molecular orientations on surfaces which are different from 

those exhibited by adsorbed CO. However, the existing literature shows that the systems 

are not easily elucidated. As an illustrative example, there are numerous experimental 

studies on CN adsorption on Pt(111) surfaces [15-19], which yield divergent structural 

interpretations. Yet, the commonly held belief is that CN
-

 species have horizontal 

orientations above close packed metal surfaces. The absence of v(CN) in vibrational 

spectroscopy results throughout the literature is assumed to be principal proof for the 

horizontal orientation of CN species on various (100) and (111) metal surfaces.  However 

FTIR spectra of both gas phase HCN [20, 21] and HCN/Cu(001) surfaces [22], at which 

HCN species are physisorbed perpendicularly to the copper surface, shows inherently 

very weak v(CN) intensities. Therefore, it is difficult to assume horizontal spatial 

orientation for the adsorbed CN moieties based on the absence of a v(CN) mode in 

corresponding IR spectra.  That said, there are other experimental studies employing 

ARUPS [10] and N K-edge NEXAFS [23] techniques which have predicted horizontal 

alignments for CN species adsorbed on various metal surfaces. 

 

A computational study of CN
-

 coordination, on a Ni(001) surface [24], returns 

interesting structural information; a horizontal alignment with a CN
-

 moiety located 

above a hollow site was determined to be the most stable configuration. Yet, other 
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configurations (e.g. with perpendicular alignment with N close to the surface or C close 

to the surface, or several tilted configurations, and on various bonding sites, i.e. hollow, 

bridge, on-top) return very comparable binding energies, separated by <1.5 kcal/mol. 

And the activation barriers for consecutive side-on/tilted/end-on transitions were 

predicted to be <1.5 kcal/mol also. If we compare a thermal energy at ambient 

temperatures, which is kT~26 meV ~ 0.3 kcal/mol, with the activation barrier figures 

presented above, we may conclude that a CN
-

 moiety can rotate “frequently” at ambient 

sample temperatures. These calculations are implying that CN moieties are able to 

diffuse, tumble, and helicopter over a close-packed metallic face.  

 

Most of the structural studies for CN on  surfaces were performed for fcc(110) surfaces 

[10, 25]
 
where a c(2x2) geometry is observed. For C2N2 adsorbed on Cu(111), no ordered 

surface phase was observed with LEED studies.  However, the CN saturation coverage 

on Cu(111) was measured as 0.2 ML using TPD [12]. The only structural indication, 

related to CN on (001) surfaces dates back to 1976, reported by F.P Netzer [26] , for 

cyanogen adsorbed on a Pt(001) surface. According to this article, a coverage dependent 

structural analysis by LEED for CN
-
/Pt(001) system shows a (5x1) pattern at moderate 

coverage.  The (5x1) pattern disappears with increasing coverage and eventually results 

in a (1x1) diffuse pattern at saturation. This behavior was attributed to a densely packed 

adsorbate layer (out of registry with substrate) and the conversion to 1x1 was attributed to 

the appearance of a para-cyanogen polymer, extending along the <110> azimuth. 

However this hypothesis is in contradiction with most TPD studies, which see that C2N2 

desorption is mostly second order in character. 
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In the first part of this chapter, we aim to identify the ordered superstructure of C2N2 

saturated Cu(001) surface employing monochromatic helium beams.  Thermal helium 

atoms, with de Broglie wavelengths in the order of 1 Å, are suitable probes for crystalline 

surface diffraction experiments. Helium atoms with kinetic energies of 10-50 meV 

exhibit Lennard Jones like interactions with the top-most monolayer of a surface and are 

scattered without inducing any changes in intra surface chemical interactions or surface 

destructive effects. Thus, angle resolved HAS results are expected to be able to succeed 

where LEED studies fail, e.g. in identification of an ordered superstructure of a saturated 

CN/Cu(001) surface.  This structural information will be augmented by coverage 

calibrations using XPS which will reveal the number density of the CN species on the 

substrate. NEXAFS measurements will be used to contrast CN species based on their 

spatial orientations. And finally, dynamic features of CN/Cu(001) will be probed by 

employing TOF-HAS. 

 

3.3. Experimental 

 

The experimental apparatus for Helium atom scattering (HAS) is described in the 

literature in detail.[27]  A highly monochromatic helium beam (ΔV/V ~ 1%) is produced 

by a supersonic jet expansion of high pressure UHP (99.999%) helium gas into vacuum 

through a 20 m nozzle. The beam passes through 0.5 mm skimmer into chamber #2, 

which only lets the central part of the beam pass, producing a highly directional and near 

monochromatic He beam.  We have the power of varying the kinetic energy of the helium 

atoms in the 10-70 meV range with the help of a helium compressor unit which is in 
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thermal contact with nozzle.  Depending on the intended experiment, a chopper, placed in 

chamber #3, can be moved into the beam between the source and the (sample) target, and 

can produce up to 500 He pulses per second with the gating fraction of ~1%.)  The 

sample manipulator in Chamber #5 gives us three degrees of angular freedom, i.e. we can 

use stepper motors to change the polar, tilt and azimuthal positioning of the substrate 

with respect to the incident helium beam and scattering plane. Certain reflected He 

atoms, after passing through the chambers #6,#7,#8 and #9, can reach the quadrupole 

mass analyzer situated in chamber #10.  The base pressures of chambers #5 and #10 are 

low, ~5x10
-11

 Torr and ~1x10
-10 

Torr, respectively. 

 

XPS and NEXAFS measurements were performed at the Brookhaven National 

Laboratory NSLS facility on beamline U12A.( supported by the U.S. Department of 

Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-

AC02-98CH10886.)  The experimental setup is equipped with a 125 mm hemispherical 

Omicron VSW EAC2000 electron analyzer for XPS measurements.  A monochromatic 

photon beam energy of 650 eV was used to probe surfaces.  Using a fixed analyzer 

transmission mode with a pass energy of 10 eV, and 100x100 slits, an energy resolution 

of ~ 0.2-0.3 eV is achievable.  All binding energies cited here are referenced with respect 

to substrate bulk copper Cu 3p1/2 and Cu 3p3/2 binding energies at 78.0 and 75.2 eV, 

respectively.  Photons fluxes were normalized for all spectra by referencing to the 

monitored emission signal from a gold mesh.  Resultant XPS spectra were then 

normalized with respect to the Cu 3p peak intensity.  For this purpose, in-situ 

measurement of Cu 3p peak intensities followed every sequence of C 1s, N 1s and/or O 
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1s peak measurements.  For the NEXAFS measurements, a separate detector running in 

partial electron yield (PEY) mode is employed. As the number of Auger electrons emitted 

from the surface is directly proportional to the number of X-ray absorption events, a 

biased grid at -300V is positioned between the sample and the detector in order to 

eliminate a large fraction of concurrent secondary electron and photoelectron emission 

signals. 

 

Cu(001) surface is prepared for the experiments with cycles of 1keV (>10 A) Ar
+
 or 

Ne
+
 sputtering for 15 minutes, and annealing to 673K for 10 minutes.  The initial 

cleanliness of the sample surfaces was probed either by XPS or with He atom reflectivity.  

For the clean, room temperature, Cu(001) surface the specular helium reflectivity is 

typically as large as 20%.  

 

In the HAS system, the Cu(001) surface was exposed to C2N2 through backfilling of the 

chamber.  Exposures reported for the HAS experiments are thus based on time integrated 

readings of an ion gauge within the UHV chamber.  In U12a beamline experiments, on 

the other hand, a directional doser was employed to introduce C2N2 to the surface.  In 

both cases the cyanogen (C2N2, 99% purity) was supplied by Linde gas.   
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3.4. Results and Discussion 

 

3.4.1. Formation and characterization of an ordered superstructure formed with 

CN/Cu(001) surfaces 

 

C2N2 adsorption on transition metal surfaces is believed to be predominantly dissociative 

at ambient sample temperatures. TPD studies on the desorption of C2N2  from 

Cu(111)[12] and Rh(111) [28] show the coexistence of α and β desorption states, where 

T
α

des is independent of the coverage level (i.e. exhibiting first order kinetics) while T
β

des 

shifts to lower temperatures with increasing coverage (i.e. indicative of second order 

kinetics). However, the fractional population of the α adsorbate state, which may come 

from a molecularly adsorbed C2N2 species, is less than 5% of the total population of 

desorbed C2N2 species [28]; i.e. the majority of the adsorbate population is presumed to 

be adsorbed as CN
-

 species, which can associatively desorb from the surface only at 

temperatures higher than that for direct molecular desorption.  

 

C 1s and N 1s lines probed by XPS are presented (Figs. 3.1(a) and 3.1(b), respectively) 

from the surfaces prepared with C2N2 exposures on Cu(001) at 173 K and 263K.  While 

the C 1s and N 1s spectral features associated with surface species deposited on the 

surface at 263 K are indicative of a single type of surface moiety, C2N2 exposures at 

173K produces complex XPS lines, which is indicative of multiple surface species. We 

believe that the complex nature of the spectra upon 173K exposures indicates the 
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coexistence of CN and C2N2 species on the surface. On the other hand a surface prepared 

at 263K, a nearly ambient temperature, leads to a CN-only surface. 

 

  
Figure 3.1. (a) and (b) XPS scans of saturation exposures of cyanogen. (a) C 1s and 

(b) N 1s spectral features.  The blue curves indicate the results of exposures and 

measurements made at 173K, whereas the black curves, indicating narrower peaks, are 

for exposures and measurements at 263K.  (c) and (d) Helium reflectivity decreases as a 

function of cyanogen exposures on Cu(001) at two sample temperatures: 173K and 263K 

in (c) and (d), respectively.  (e) and (f) Angular resolved intensity in HAS from saturated 

surfaces prepared and measured at 173K and at 263K, respectively.  Monochromatic 

helium beams with Ei = 31.2 meV and Δv/v~ 1.2% were used.  
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In contrast to the Cu(111) surface (at which C2N2 exposures at ambient temperatures 

leads to a surface accommodating C2N2 (~6%) and CN (~94%) moieties together [12]), 

C2N2 exposures on Cu(001) at ambient temperatures do not yield any physisorbed C2N2 

moiety. 

 

Monitoring the decay of helium reflectivity during the C2N2 exposures at 173K and 263K 

(Figs. 3.1(c) and 3.1(d), respectively) show some differences between adsorption kinetics 

at these two adsorption temperatures. Though, surface saturation does occur at very 

similar total exposures, differences in the shapes of the uptake curves suggest ordering 

phenomena of different natures. The lowest temperature curve, Fig. 3.1(c), is an 

archetypal curve showing strongly repulsive mutual interactions between adsorbed 

species, such as would be anticipated for CN
- 

- CN
-
 dipolar interactions. The higher 

temperature curve, Fig. 3.1(d) indicates an ordering process that can occur with mobile 

species. Later in this chapter we will show that an ordered phase starts to develop, at the 

exposure level where the curvature of relative helium reflectivity first turns from positive 

to negative. The eventual helium reflectivity at saturation is at only 5x10
-4

 for a sample 

prepared at 173K while it is 3x10
-3

 for one prepared at 263K.  The higher reflectivity at 

saturation, for the latter, tentatively results from coherent diffraction from an ordered 

surface structure. 

 

Verification of this hypothesis was possible through angle resolved HAS spectra taken 

from the saturated surfaces prepared through C2N2  exposures at 173K and 263K, as 

presented in Figs. 3.1(e) and 3.1(f), respectively. While the 173K adsorption returns no 
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resolvable diffractive features, but only a broad diffuse background peaking at around the 

specular (00), the sample prepared at 263K leads to the appearance of a rich diffractive 

pattern shown in Fig. 5.1(f). At 263 K the diffraction pattern is not sufficiently well 

formed to securely identify the ordered phase, though it is clear that an ordered 

superstructure with a square unit cell is not formed. 

 

At this point let us underline the fact that the observation of the ordered surface structures 

upon C2N2 exposures depend on the temperature at which adsorption occurs. For 

example, the subsequent annealing at 263K and 323K of the surface prepared at 173K 

does not lead to a discernable diffraction pattern. Cooling of the sample, which was 

prepared at 263K, helps to intensify the diffraction peaks. We also examined the sample 

prepared through C2N2 exposures at 323K. This “high temperature” surface preparation 

still yields an ordered phase quite similar to the one presented in Fig. 5.1(f). However, the 

clearest diffraction patterns with strongest peak intensities are always achieved when the 

CN moieties are deposited on the Cu(001) surface at around 263K. 

 

In order to identify clearly the ordered phase observed in Fig. 3.1(f), we chose to reduce 

the nozzle temperature from -120 
o
C to -180 

o
C; the beam energy is reduced from 31.2 

meV to 17.6 meV. This has the effect of reducing a Debye Waller factor and increasing 

the observed diffraction feature intensities. The sample is prepared at 263K and kept at 

that temperature during the data acquisition. The detailed angle resolved HAS scan along 

the <110> azimuth is presented in Fig 2(a), indicating the superposition of 5
th
 order and 

3
rd

 order diffraction features along the same azimuth. We conclude that the CN species 
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deposited on Cu(001) at 263K are forming a c(10x6) ordered superstructure.  The 

superposition of 5
th
 order and 3

rd
 order diffractive features results from the cumulative 

probing of two domains; one is a 90
o
 rotated version of the other. 

 

 

Figure 3.2. The saturated CN/Cu(001) prepared at 263K probed by angle resolved 

HAS, (a), taken along the <110> scattering azimuth displays diffraction features from an 

ordered superstructure of CN moieties having a c(10x6) translational symmetry.  Ei = 

17.6 meV. The same surface probed by LEED, with 240 eV electrons, returns a (1x1) and 

diffuse pattern, (b). The mesh of a primitive unit cell of an ordered c(10x6) superstructure 

is portrayed in (c).  The CN coverage at saturation is determined by comparing the N 1s 

line intensity associated with the saturated CN/Cu(001) and that of a 0.5 ML N/Cu(001) 

surface, (d). 

 

The LEED pattern of the same sample shows only a (1x1) pattern, which does not convey 

the same information as do the angle resolved HAS results.  This contrast together with 
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the lack of any published LEED pattern from CN species adsorbed on fcc(001) surfaces 

implies that an electron beam as employed in LEED disrupts overlayer ordering of a CN 

species. Our He beam illuminates the majority of a 1 cm
2
 surface. The same is not true of 

the incident LEED beam. Although we have tried to illuminate the surface with another 

e-beam gun, which has the potential of producing an e-beam as broad as the diameter of 

the sample, we were not able to demonstrate conclusively that a high current 250eV e-

beam inflicts irreversible damage to a CN/Cu(001) surface. 

 

Regardless of the nature of e-beam damage, the undisturbed saturated surface has a 

c(10x6) ordered overlayer of CN moieties, suggesting a basic unit cell as shown in Fig. 

3.2(c). The primitive unit cell covers the area of 30 copper atoms on the (001) surface. In 

order to determine the number density of CN, we have performed the coverage 

calibrations using XPS. Our calibration standard, a saturated N/Cu(001) surface, prepared 

by N
+
 sputtering (Ei = 1keV, >5000C) followed by a brief annealing at 600K, shows a 

single N 1s XPS line at 397.2 eV (Fig. 3.2(d)).  STM and Rutherford backscattering 

studies [29-31] have confirmed that this procedure produces an N saturated surface with a 

c(2x2) superstructure extending fully across the surface with an absolute coverage of 

0.5ML. The N 1s XPS line associated with the saturated CN species adsorbed on Cu(001) 

through C2N2 exposures at 263K is shown in Fig. 3.2(d) also.  Comparison of the two 

spectra displayed in Fig. 3.2(d) suggests a saturation coverage of the CN species on 

Cu(001) at ~0.41 ML.  This result implies that there should be 12-13 CN moieties placed 

in the unit cell shown in Fig. 3.2(d), if the ordered super structure extends over the entire 

surface. 
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Figure 3.3. Normalized nitrogen K-edge NEXAFS intensities in 1s-π
*
 spectral region 

as a function of photon energy from a saturated CN/Cu(001) surface at 263K.  

Measurements were performed at three different angle of incidence, (a) 30
o
, (b) 60

o
 and 

(c) 90
o
. The NEXAFS detector was operated in PEY mode with a biased grid at -300V 

positioned between the sample and the entrance of detector. Intensity variations of the 

NEXAFS components at 399.2 eV, 398.78 eV and 401.10 eV are analyzed, as proposed 

elsewhere [32], to determine the spatial orientations of the CN moieties giving rise to the 

three NEXAFS components. Analysis results are summarized in (d). Further discussion 

of the curves is found in the text below. 

 

Our NEXAFS investigation of the saturated CN/Cu(001) surface, as prepared at 263K, 

concentrates on the X-Ray absorption event causing the excitation of N 1s core electrons 

into unoccupied π
*
 molecular orbitals. 1s-π

*
 absorption produces sharper and more 

intense spectral features in NEXAFS compared to 1s-σ
*
; i.e. a quantitative analysis of the 

former is considerably easier than that of the later. Figs. 3.3(a), 3.3(b) and 3.3(c) are 
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displaying three NEXAFS spectra of the identical CN/Cu(001) surface probed with 

changing angle of incidence of the photon beam with respect to the plane defining the 

substrate surface.  The stark contrast between the simple and single-featured XPS 

spectrum of N 1s line (Fig. 3.1(b), black curve) and topographically complex 1s-π
*
 X-

Ray absorption features observed in NEXAFS results (Figs. 3.3(a), 3.3(b) and 3.3(c)) is 

due to the sensitivity of the π
*
 energy levels to the adsorption site and spatial orientation 

of the adsorbed moieties. Core electron energies do not reflect similar sensitivity.  

 

Deconstructed NEXAFS results for 1s-π
*
 absorption are suggesting at least 3 different 

types of CN moieties on Cu(001) distinguished from each other based on their binding 

site and/or spatial orientation. The reason for the observation of 3 NEXAFS features from 

a surface, which produces only a single resolvable XPS feature, must be related to the 

higher sensitivity of anti bonding orbital energies to factors including binding sites and/or 

spatial orientations. Variation of the integrated intensity of each spectral component (at 

398.8 eV, 399.9 eV and 401.1 eV) as a function of the angle of incidence of the polarized 

synchrotron light beam to the surface plane reveals information on the spatial orientation 

of the associated CN moieties.[32] Note: the three NEXAFS features are at fixed peak 

positions and are taken to have respectively constant FWHM energy widths of 1.03 eV, 

1.12 eV and 1.39 eV. The dependences of fitted intensities with incident light angles, and 

their tentative evaluations, are described below. 

 

As the intensity of the 399.9 eV component is nearly constant with varying beam 

incidence angle, , (as shown by the green curve of Fig. 3.3(d)), Eq. (2.18) suggests it 



  52 

can be associated with triple bonded CN moieties with molecular axes being close to the 

magic angle (54.74
o
) away from the surface normal.  (Our best estimate is at 53

o
±3

o
.) 

Alternatively the same signal could arise from double bonded CN moieties whose 

molecular axes are on average 37
o
 away from the surface normal. For this intensity 

component, with little to no intensity variation, it is impossible to say whether the π
*
 

orbitals are plane-polarized (indicative of a triple bond between C and N atoms) or 

vector-polarized (indicative of a double bond between C and N atoms). Equally, this 

component at 399.9 eV can be associated with cartwheeling CN moieties.  Indeed, a 

computational study on CN
-
 coordination on a Ni(001) [24], which were previously noted 

in Section 3.2, predicts activation barriers for consecutive side-on/tilted/end-on 

transitions to be as small as <1.5 kcal/mol. 

 

For the NEXAFS components located at 398.8 and 401.1 eV, the intensity of the feature 

at normal incidence is discernibly smaller than 50% of the intensity of the same 

component at grazing incidence.(Fig. 3.3(d)). This observation dictates that these 

NEXAFS components cannot be associated with plane-polarized π
*
 orbitals, i.e. 

associated CN moieties cannot have triple bonds. Fitting the intensity variations of these 

two features at 398.8 and 401.1 eV suggest that they are associated with vector-polarized 

CN moieties (double bonded) whose molecular axes are both ~50
o
 off the surface normal. 

For clarification, the polarization vector of the anti bonding π
*
 orbitals in these cases are 

making an approximately 40
o
 angle to the surface normal. One could speculate that the 

two types of double bonded CN moieties, having nearly identical spatial orientations 

while yielding two different X-Ray absorption energies (398.8 and 401.1 eV), can have 
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two different binding sites. However, a more plausible attribution would be that these two 

NEXAFS components are associated with two types of CN moiety, which are bound on 

near identical adsorption sites.  The key N 1s difference would arises from which, C-atom 

or N-Atom end is “down” (closer to the substrate plane).  The following scheme visually 

outlines all possible CN configurations, deduced by the application of Eqs. (2.17) and 

(2.18), attributable to the NEXAFS features observed at 399.9, 398.8 and 401.1 eV.  

 

 

3.4.2. HAS investigations of sub-saturation CN/Cu(001) surfaces  

 

We examined the change of the angle resolved HAS patterns along the <110> scattering 

azimuth as a function of increasing CN exposures at 263K to gain some insight into the 

sequence of events happening with a gradual uptake of the CN concentration on the 

surface. 17 exposure levels were examined and corresponding diffraction patterns are 

presented in Fig. 3.4(a). Uptake curves constructed from data of 17 angular scans show 

the decay of specular reflection, I00, (Fig. 3.4(b)) which is very similar to the uptake 

curve presented in Fig. 3.1(d), i.e. it is possible to relate the visible topographical features 

of the uptake curve with the angle resolved HAS spectra. The intensity of the 1
st
 order 

diffraction peak, I10, located at ~2.45 Å
-1

, grows very quickly with the first aliquots of 
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C2N2 exposures and reaches its maximum at the exposure level of ~1L before it starts 

losing intensity in an equally quick manner with further increasing exposure levels. This 

abrupt up and down variation of the I10 peak before the 2L exposure level does not 

require the development of an ordered surface structure.  

  

Figure 3.4. (a) Development of the angle resolved HAS at 17 exposure levels in the 

process of forming saturated CN/Cu(001) surface at 263K.  Intensity variations of I00, I10 

and I2/5 diffraction features, after background subtractions, with increasing exposures are 

presented in (b), (c) and (d) respectively. Ei = 31.2 meV.  

 

The scattering cross section of CN moieties could easily be as high as 100 Å
2
. i.e. the 

mirror-like character of the Cu(001) surface is obliterated over an area of ~10-12 Å 

diameter for each CN moiety on the surface.  The He amplitude lost from the (00) 

direction is spread widely over angular space.  Coherent addition of that amplitude is to 

be expected at non-(0,0) substrate diffraction conditions only when the gas species are 

arranged as a lattice gas.  A set of identical CN bumps (as seen by a He wave front), on 
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equivalent sites gives rise to a (10) intensity when other potential superlattice intensities 

see no intensity increases. The sudden drop in the (10) intensity arises from an 

inequivalence of CN scatterers, as seen by the He atoms. The “inequivalence” can result 

from inequivalent adsorption sites, but at these low coverages it is more likely due to the 

onset of overlap between the bumped regions.  The rapid drop in the (10) intensity is 

indicative of a clustering process, the onset of which is found at ~ 1L of C2N2 exposure. 

 

Fig. 3.4(d) displaying intensity variation of 2/5
th

 diffraction peak intensity indicates that it 

is not until an ~2L exposure level that a superstructure with long range order can start to 

develop on the surface. In the uptake curve (of specular intensity) at ~2L exposure the 

helium reflectivity curvature turns from positive to negative. From 2L to 4L, we see the 

quick development of an ordered superstructure. The change of the I2/5 growth rate as a 

function of C2N2 exposure observed at ~2.5L coincides with the feature observed at the 

same exposure level in Fig. 3.1(d). Further exposures of C2N2 up to the 45L level leads 

only to slow increases in the peaks associated with the ordered phase.   

 

3.4.3. TOF-HAS investigation of CN/Cu(001) surfaces  

 

Another interesting feature observed in the helium diffraction intensity scans is the 

development of a broad background, which grows as the CN
-

 coverage increases. The 

tails of the specular peak for the clear Cu(001) and for low coverage CN/Cu(001) 

surfaces forms a triangular shaped feature extending from -2 Å
-1

 to 2 Å
-1

 in the 

logarithmic plot of the angle resolved HAS pattern (Fig. 3.4(a)) This feature is due to the 
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largely single-phonon inelastic scattering from the exposed copper surface.[44] As the 

surface coverage of CN species increases, the single phonon component from the bare 

copper surfaces diminishes as less and less copper surface remain uncovered by CN 

moieties. Simultaneously, we observe the development of another broad background, 

which extends through the whole range of reciprocal space. Fig. 3.5(a) illustrates the 

development of this background by monitoring its intensity at 3.4 Å
-1

, i.e. at a ΔK point 

where no diffraction peak appears. It is apparent that the newly forming background 

starts to develop with the first aliquots of C2N2 exposures and continues to grow up to the 

4L exposure level.  

 

Figure 3.5.  Development and intensification of the broad background seen in Fig. 3.4(a) 

is gauged by monitoring the intensity variation at ΔK = ~3.4 Å
-1

, (a). Finally, a set of 

TOF measurements, (b), were performed at ΔK = 2.25 Å
-1

 (at an angular position located 

between the 4/5
th
 and the first order diffraction peaks) by employing a helium beam at an 

energy Ei = 31.2 meV. 

 

The nature of scattering event(s) which yields this background development across all 

reciprocal space is investigated with TOF-HAS measurements as well. For this purpose, 

the polar angle of the sample is fixed at 62.1
o
 which coincides with ΔK = 2.25 Å

-1
. It is a 

particular position located between the 4/5
th
 and the first order diffraction peaks. And we 
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take 4 TOF measurements with increasing CN coverages. The resulting TOF spectra, 

presented in Fig. 3.5(b), indicates that the main contribution to the developing 

background of angle resolved HAS patterns is due to the increase of the inelastic 

multiphonon scattering of helium atoms from the surface. In addition, a diffuse elastic 

peak sits on top of the broad multiphonon distribution. 

 

 

Figure 3.6. Attenuation of the specularly reflected intensity from a saturated 

CN/Cu(001) surface as a function of increasing sample temperature (a); the temperature 

effect on the intensities of the 3/5
th

 and of the 1/5
th

 diffraction peaks are also displayed in 

(b) and (c) respectively.  Ei =31.3 meV for the measurements displaced (a)-(c). In 

addition, TOF measurements (using 47.2 meV helium atoms) were performed at various 

temperatures while the polar position of the sample is kept at ΔK = 0.24 Å
-1

 (d), at 

ΔK = 2.11 Å
-1

 (e), and at ΔK = 1.44 Å
-1

 (f) in order to calculate Debye-Waller factors by 

using the elastic component’s intensity attenuation, (g). Finally, variations of the 

multiphonon distributions’ maximum height (h) and the FWHM (i) are presented. 
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The Debye-Waller factors of He scattering from the saturated CN/Cu(001) surface were 

calculated by using the sample temperature dependent decays of the specular intensity, 

I00 , (as shown in Fig. 3.6(a)), of the intensity of the 3/5
th

 diffraction peak, I3/5 (Fig. 

3.6(b)) and of the intensity of the 1/5
th

 diffraction peak, I1/5 (Fig. 3.6(c)).  Recalling from 

Chapter 2, the Debye-Waller factor, 2W, is often assumed to be related to the elastically 

scattered intensity of helium atoms according to the following relationship: 
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                            (3.1) 

 

where zk  is the momentum change perpendicular to the surface plane experienced by 

the scattered helium atoms, xT  is the sample temperature, sM  is the mass of a surface 

moiety from which helium atoms scatter, Bk  is the Boltzmann constant and D  is the 

Debye temperature.  The Debye-Waller factors at 263K, found from the data presented in 

Figs. 3.6(a)-(c), are calculated to be 1.54 for I00, 1.83 for I1/5, and 2.1 for I3/5, all after 

background subtractions.  The observed increase in 2W with increasing ΔK is tentatively 

attributed to a finite probability of the helium atom interacting with the longitudinal 

motion of the surface.  This probability is expected to increase with increasing surface 

roughness, such as results from the addition of a submonolayer density of an adsorbate on 

a close packed metal face.  Using only Eq. (3.1), the Debye temperatures at 263K are 

found to be 384 K, 351 K and 326 K, respectively. 
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The following the graphs, Figs. 3.6(d)-(f) display temperature variations of the TOF 

spectra from saturated CN/Cu(001) surfaces along <110> scattering vector taken when 

the polar angle of the sample are fixed such that the parallel momentum exchange of 

detected elastically scattered He atoms are at ΔKe = 0.24 Å
-1

 (Fig. 3.6(d)), ΔKe = 2.11 Å
-1

 

(Fig. 3.6(e)), and ΔKe = 1.44 Å
-1

 (Fig. 3.6(f)).  The first two ΔKe positions are located 

between the diffraction peaks (intentionally avoiding the diffraction peaks), so the elastic 

component observed in corresponding TOF spectra are only diffuse elastic in nature.  On 

the other hand, the last one, at ΔKe = 1.44 Å
-1

, is located exactly where the 3/5
th

 

diffraction peak manifests itself in angle resolve HAS patterns. TOFs taken at three 

temperatures, 223K, 273K and 323K are displayed for the three angular positions.  The 

temperature dependent attenuations of the elastic components’ intensities are outlined in 

Fig. 3.6(g).  The Debye-Waller factor at 263K determined from the elastic component’s 

decay at ΔK = 1.44 Å
-1

 (magenta colored curve Fig. 3.6(g)) is 1.89.  This number is, as 

anticipated, close to the 2W(263K) = 2.10 determined by using the I3/5 decay in Fig. 

3.6(b).  The Debye-Waller factors at 263K determined from the diffuse elastic 

component’s decays at ΔK = 0.24 Å
-1

 (black colored curve Fig. 3.6(g)) and at ΔK = 2.11 

Å
-1 

(green colored curve Fig. 3.6(g)) are determined to be 3.40 and 3.28, respectively. 

 

The magnitude of the Debye-Waller factor, 2W, is taken as an indication of the average 

number of phonons interacting with individual scattered particles. [45] As the elastic 

components of the TOF spectra taken at ΔK = 0.24 Å
-1

 and ΔK = 2.11 Å
-1

 are diffuse in 

character, this intensity is believed to originate from defects within the ordered c(10x6) 

superstructure.  
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The TOF spectra in Fig. 3.5(b) and Figs. 3.6(d)-(f) also clearly demonstrate a continua of 

backscattered intensities which are often ascribed to multiphonon distributions.  There are 

a number of studies reported
 
[2, 3, 33-41] on how to theoretically address the multi-

phonon scattering of helium atoms. Basically, three approximation regimes have been 

investigated: quantum mechanical, semi classical and classical. The applicability of these 

regimes is determined by the magnitude of the Debye-Waller factor, 2W.  While 2W 1 

is indicative of a fully quantum mechanical regime (essentially dominated by elastic and 

single phonon scattering), the classical approach is applicable to systems having 2W >6 

[36], and is describes only the characteristics of multiphonon scattering. For our system, 

CN/Cu(001) at 263 K, the calculated Debye-Waller factors mentioned in previous 

paragraphs do not approach 6, so the classical modeling would seems inappropriate for 

our observed multi-phonon distribution.  However, when we examine the variations of 

multiphonon distributions’ maximum height and FWHM (presented in Figs. 3.6(h) and 

3.6(i), respectively), we shall see that the variations do appear to be in close agreement to 

predictions of the “discrete model” formulations for the multiphonon distributions in the 

classical limit. 

 

A “discrete model”’s mathematical representation for the anticipated multi-phonon 

distribution in classical limit, is expressed as follows: [38, 42] 
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The mathematical formulation of the form factor, 
2

fi which we use was suggested by 

Bertino et. al. [3] In these equations, the only free parameters for data fitting are Qc, β, D 

and a proportionality constant. Eo represents a recoil energy.  Qc, is known as the “cutoff 

wave vector”, is the inverse of a surface correlation length for inelastic scattering, and 

carries information about the corrugation of the surface potential along the particular 

scattering wave vector direction.  β is the potential decay factor, where the repulsive 

potential of the surface–helium atom interaction is given approximately by,                

V(z)= exp(-β.z).  D represents the depth of an attractive potential well originating from 

the attractive Van der Waals interaction between surface and incident helium atoms. 
'

izk  

and 
'

fzk  are the perpendicular wave vectors of incident and final state helium atoms, 

respectively, i.e. including a correction for the well depth, D, of the attractive potential.  

The required proportionality constant carries only instrumental information.  

 

By investigations of these functional forms I have found that each of the fitting 

parameters, Qc, β, and D, has distinguishable effects on the anticipated multi phonon 

distribution.  The cutoff parameter, Qc, dominates positioning of the multiphonon 

background intensity maximum positions, β affects the broadening of the multiphonon 
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energy distribution alone, and D introduces asymmetry in the multi-phonon distribution.  

Except for cases with very small Qc, the multiphonon distribution has a very weak 

dispersion throughout the Brillion zone [2]. This conclusion agrees with our experimental 

observations, i.e. the multi phonon distribution is little affected by changing the polar 

angle θ, from 35
o
 to 63.5

o
 (or equivalently changing –2.5 Å

-1
  Ke  +2.5 Å

-1
).  This 

insensitivity is drastically different from the observations on bare metal surfaces [3, 36], 

which indicate that the magnitude of Qc for clean metal surfaces is much smaller than that 

which will be determined for the CN/Cu(001) surface.  

 

The best fit results for the theoretical form to the TOF measurements performed at two 

different polar angles, with respect to the saturated CN/Cu(001) sample, are displayed in 

Fig. 3.7.  Theoretically, the magnitudes of Qc, β, and D, as well as the instrumental 

constant, should have little or no dependence on changing polar angle.  The first two 

rows of Table 3.1 list the optimized Qc, β, and D values for each curve.  That fact that 

very similar results of fitting parameters for the TOF experiments performed at various θi 

values is an excellent indication of the accuracy of our results. 

 

Figure 3.7. Best fit simulation results (red curves) to experimental (black) curves of 

the multiphonon excitation distributions from saturated CN/Cu(001).  (a) at θi = 57.8
o
 and 

(b) at θi = 62.1
o
.  Ei = 31.2 meV. 

 



  63 

 

 

 

 

 

 

 

 

Table 3.1. Fitting parameters of multiphonon excitation distributions to the discrete 

model in classical limit and comparisons to some reference surfaces. 

 

The fitting parameters show that the CN/Cu(001) <110> surface has a much higher value 

of Qc as well as significant increases in the magnitudes of β and D with respect to the 

bare Cu(001) surface. The large value of Qc is the reason behind the small attenuation of 

multi phonon excitation intensity with increasing parallel momentum transfer; this is 

indicative of a surface that exhibits a large corrugation amplitude, enabling wide angle 

helium scattering away from the specular direction.  The larger magnitude of β implies 

that the repulsive surface potential is stiffer, and repulsive interactions are experienced 

over a shorter range. The increase in magnitude of D for a CN covered surface can be 

thought as due to a higher polarizability of CN compared to a Cu face. Higher 

polarizability and higher β values are perhaps at odds with the idea of He scattering from 

a bound CN
-
 species with a filled like HOMO orbital.  Clearly the gas phase picture of 

the adsorbate species is noticeably modified by the CN’s surface interactions.  

 

1.018x10
-6

 7.66 meV 4.47 Å
-1

 6.14 Å
-1

 62.1
o
 CN/Cu(001) 

 

1.023x10
-6

 7.72 meV 4.49 Å
-1

 6.08 Å
-1

 57.8
o
 CN/Cu(001) 

 

Constant D β Qc Θi Sample 

Table 3.1 

- 5.7 meV 

 

- - - Cu(001) [1]
 

 

- - 5.5 Å
-1

 

 

7.5 Å
-1

 

 

- KCN [2] 

 

- - 3.0 Å
-1

 

 

1.0 Å
-1

 

 
- Cu(001) [3]
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The quality of the match between the multiphonon distribution and the fitted curves seen 

in Fig. 3.7 appear, at least visually, better than those given in the literature for the various 

surfaces with typically 2W>6 regimes [33, 35, 36, 41]. However, the Debye Waller 

factors we have deduced from coherent elastic intensities are only in the range of 1.39-

2.10 for the ordered CN/Cu(001) surface. Those deduced from the incoherent (diffuse) 

elastic intensities presumed to be largely from defects, are in the range of 3.28-3.40. 

These Debye-Waller magnitudes are consistently much smaller than 6.  This is at first 

glance totally inconsistent with my successful application of the classical model to 

describe multiphonon inelastic intensities.  A back-scattered HAS intensity distribution 

showing both measurable coherent diffraction and simultaneously a large “classical” 

multiphonon intensity component is unprecedented. 

 

To explain this apparent inconsistency we must first consider more fully the nature of 

substrates that have been investigated in the past and what is fundamentally different in 

our superstructure.  The classical model assumes a scattering center of a certain effective 

mass.  For a copper face that is taken to be the mass of a single Cu atom.  In a Sibener 

group study [43] of neon scattering  from 1-decanothiol covered Au(111) surface, the 

effective mass is found to approach the mass of a methyl group that is exposed on a 

flexible alkyl chain.  In the case of highly dynamic KCN surface [2] the scattering mass 

used was that of the outer most (largest) anionic CN
-
 species.  Likewise in our simulation 

we have taken the mass, 26 amu of the molecular anion.  The one difference with our 

surface is that the environments of each CN within the c(6x10) unit cell cannot all be 

anticipated to be equivalent.  In contrast to a c(2x2) superstructure at 0.5 ML for 
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example, the large unit cell with ~ 0.41ML cannot have each CN adsorbed in the same 

local environment.  The NEXAFS suggested the presence of at least three species within 

a CN saturated surface.  

 

Hence one can now envisage a CN/Cu(001) surface with differing CN species each 

exhibiting a range of vibrational characteristics.  One “part” of the surface could be 

vibrationally active.  One could consider phase segregation, such as would be observed 

between phases undergoing a first order transition.  Such systems on surfaces can exhibit 

a lattice gas phase coexisting with an ordered condensed phase.  The surface we are 

investigating is at saturation.  Thus the fractional area of 2-D lattice gas would have to be 

very small if present at all.  We can then assume that the c(6x10) phase covers the large 

majority of the surface.   

 

The vibrationally active “part” of the surface must therefore be found within the c(6x10) 

phase.  And yet the coherent elastic diffraction demonstrates that at least a part of the 

surface maintains long range order.  A possible explanation is to be found in the fact that 

some of the 13 atoms per unit cell are to be locked in to the long range periodicity.  

Between an interlocking rigid CN c(6x10) network there can be more frustrated motion 

of other CN species.  If there are many degenerate CN binding positions within a local 

environment, one can conceive of a highly dynamic CN species with low frequency 

frustrated vibrational modes.  Given the calculational results of CN on Ni(001) [24] 

differing binding orientations are to be anticipated with low activation barriers, and any 

frustrated rotational motion can exhibit large amplitudes.  In classical terms we are then 
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describing a certain component of CN’s, which are within the overall structure, which 

would exhibit a high Debye Waller factor.  The remaining “part” or component CN’s 

which are required to lock in the locally ordered network would exhibit a lower Debye 

Waller factor.  The more rigid structural component contributes most to the elastic 

scattering intensity.  The more vibrationally active component would contribute most to 

the multiphonon scattered intensities.  In that way we have a surface which appears to 

exhibits widely varying Debye Waller factors.   

 

In the past, HAS from large superstructures has rarely been considered, nor investigated 

experimentally. Hence in former studies each and every scattering center was assumed to 

sit in locally identical environments.  Inequivalent sites within large superstructures are 

of course well appreciated in X-ray diffraction: With careful analysis of coherent 

diffraction intensities the thermal amplitudes of motion of inequivalent species within a 

unit cell can be determined.  Given the very different nature of the probe- sample 

interaction, X-ray scattering remains very much in the quantum regime. 

 

3.5. Conclusion 

 

While C2N2 exposures on Cu(001) surface at 173K leads to the deposition of CN and 

C2N2 species simultaneously and yielding a disordered surface, exposures at 263K results 

in a CN-only surface yielding a ordered superstructure of c(10x6). The superstructure 

was observed with angle resolved HAS while LEED probing of the same surface shows 

only a (1x1) pattern. A destructive e-beam effect on adsorbed CN structures would also 
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explain the lack of reported LEED studies on ordered superstructures formed by CN 

moieties on any metallic fcc (001) or (111) surfaces.  Coverage calibrations for 

CN/Cu(001) suggests that the CN coverage at saturation is about 0.41±0.01 ML, 

implying 12-13 CN species accommodated within each 30-copper-atom large unit cell. 

NEXAFS probing of the same surface returns a complicated N 1s-π
*
spectrum, implying 

CN moieties with a number of different binding sites and/or bonding orientations 

coexisting on the Cu(001) surface.  The breakdown of the π
*
 spectral feature indicates 

there should be at least three different types of CN moieties on the saturated CN/Cu(001) 

surface. 

 

This excellent agreement between our data and the classical discrete model of 

multiphonon scattering implies that some of the CN species in an ordered superstructure 

have high vibrational amplitudes. The diffuse inelastic intensity is dominated by the most 

dynamic component of the surface. That fact that sharp superstructure diffraction peaks 

are observed simultaneously implies that long range order is maintained despite the 

highly dynamic component.  The component that exhibits elastic diffraction moves with 

comparatively low vibrational amplitudes.  The elastically scattered intensity is 

dominated by the least dynamic CN species of the surface.  A set of rigidly placed CN 

species are expected to build the long range network.  The prevailing near static 

component gives rise to the sharp diffraction peaks.  Disorder, or imperfections in the CN 

network, gives rise to a diffuse elastic intensity fraction. 
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The above proposal relies on an inhomogeneous set of CN adsorbates.  This idea is 

supported by the fractional saturation coverage in a large unit cell structure.  Likewise the 

NEXAFS results imply the existence of multiple CN species types.  Those species are 

also inclined with respect to the surface normal as might be found for a thermal excitation 

of large amplitude frustrated rotational modes.  In addition, reported low energy barriers 

for translational and rotational motion of CN moieties on another (001) surface [24] are 

supportive of low restoring force potential energy surfaces, enabling ready vibrational 

excitation of frustrated CN translational or rotational modes.  A remaining fraction of CN 

moieties are required to maintain an extensive ordered network.  That network serves to 

induce the observed coherent diffraction peaks. 
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Chapter 4 

Implementation of new TPD analysis techniques in the evaluation of 

second order desorption kinetics of cyanogen from Cu(001) 

 

4.1. Motivation: 

 

In Chapter 3, various experimental techniques were employed to investigate structural 

characteristics of the CN/Cu(001) surface such as identity of the ordered superstructure, 

CN densities in these superstructures, as well as evidence for multiple CN binding 

configurations to the substrate. At the beginning of the study, which will be presented in 

this chapter, our purpose was to use one of the established Temperature Programmed 

Desorption (TPD) analysis techniques to examine the desorption spectra from the 

CN/Cu(001) surface and to determine the activation energy of desorption (Ed), which in 

the next step can be used to estimate binding energies of adsorbed CN species on the 

copper. 

 

The desorption event of this investigation, i.e. that of the adsorbed cyanide species 

(CN
δ-

(a)) undergoing recombinative desorption evolving molecular cyanogen (C2N2) 

however can not be analyzed correctly with the simplest of traditional analysis 

techniques.  The most common of these techniques often work on the assumption that the 

value of Ed is independent of CN coverage. Since the adsorbed CN
δ-

 species are 

negatively charged, mutually repulsive dipolar interactions are expected to lead to a 

marked desorption energy reduction with increasing CN
δ-

(a) coverages.  
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The “Complete/Constant Coverage analysis” and “Habenschaden’s and Küppers’ 

Leading Edge Analysis” techniques were previously proposed for the surface systems 

with considerable adsorbate-adsorbate interactions in order to determine Ed 

(=  0
dE f  ) values. The latter of these two powerful approaches however require 

superb signal-to-noise ratios in the data sets. The former requires precise knowledge of 

surface coverage at any point of the desorption event, repeatability of experimental 

settings for all experiments as well as superb signal-to-noise ratios. Unfortunately, the 

quality of our data was not adequate for the application of these two analysis techniques. 

 

In this chapter, we will be reporting a new analysis approach to determine both 0
dE  and 

the functional form of  f  , and which does not necessitate the same superb signal-to-

noise ratios in the data. Results derived from the application of this new analysis 

technique on the desorption curves from CN/Cu(001) surfaces were utilized as initial 

inputs for a comprehensive curve fit analysis technique. Excellent fits for all 

experimental desorption curves from CN/Cu(001) surface were produced.   

 

4.2.  Introduction 

 

Cyanogen, C2N2, often undergoes dissociative adsorption on metallic faces. The 

electrophilic adsorbed cyanide radical (CN) readily picks up charge from the surface. The 

transfer of charge, from surface to isolated CN species, is believed to be up to the order 

of  ~0.7e
-
 /CN on single crystal surfaces [1]. The resultant cyanide anion therefore can be 

strongly ionically chemisorbed. An advantage of cyanogen as the means of CN 
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deposition is that only the CN species is deposited. In contrast, for example with HCN 

exposures, the codeposition of H can potentially lead to other coadsorbed species. [2, 3] 

 

In this study we focus on the high surface temperature desorption of neutral cyanogen 

from copper (001) to investigate not only CN
-
/surface binding but also to characterize 

mutual CN(a)-CN(a) interactions. Through a simple chemical consideration, a CN 

adsorbate on a conducting surface will pick up a net negative charge. However on the 

metallic face a marked screening of the ionically bound adsorbate, as is observed in DFT 

GGA calculations [4], also leads to a dipole localized at each adsorbate. The mutually 

repulsive interaction of surface dipoles is, of course, coverage dependent; i.e. the binding 

energy of any one ionically bound moiety should decrease with increasing coverage. 

While the activation energy of desorption increases with decreasing surface coverage, the 

exact dependence of activation energies on surface coverage is not easily predicted.  

Surface mobilities, the relative binding and interaction energies, as well as the extent of 

depolarization at higher coverages all play roles in determining the exact coverage 

dependence of thermal desorption energies. This adsorption system, however, is one in 

which one would predict a moderate to strong coverage dependence of thermal 

desorption energies which has been used to test the new Temperature Programmed 

Desorption (TPD) analysis techniques introduced here. 

 

TPD is a commonly used technique in the evaluation of the kinetics of gas evolving 

surface reactions [5]. TPD spectra are taken during a thermal ramp of the surface 



  74 

temperature. Results from TPD are then usually interpreted in terms of the Arrhenius 

equation which, in this application, is also known as the Polanyi-Wigner equation: 

                             
 

1
exp

n

d
d d v E

I T
RTdT dt

  

 

     
  

               (4.1) 

The desorption rate, I, can be defined in terms of the instantaneous surface temperature, 

T, and the fractional adsorbate coverage (normalized to that of saturation coverage), .  

is the pre-exponential factor of desorption, n the order of desorption, Ed the activation 

energy of desorption,  the temperature ramp rate (in Ks
-1

), and R the gas constant. Given 

the use of the normalized coverage, , 0<1, I is expressed in units of inverse 

temperature (K
-1

), or strictly in fractional coverage per unit temperature, and  in inverse 

time (s
-1

).  In this CN/Cu(001) surface adsorbate system the saturation coverage has been 

determined with XPS to be 0.41 ML  (See Chapter 3 for the coverage calibration of the 

CN/Cu(001) surface). It is often assumed that , n, and Ed are close to coverage 

independent. Here we have taken n~2, and  and Ed are to be evaluated. From TPD curve 

shapes, for C2N2 from Cu(001), we show that Ed is not independent of coverage and that 

this dependence has implications regarding the applicability of various means for TPD 

spectra analysis. 

 

After an experimental section the remainder of this chapter is divided into four parts. The 

first part (Section 4.4.1) reviews X-ray photo-emission data from surfaces prepared by 

cyanogen exposures of Cu(001) at differing surface temperatures. The thermal stabilities 

of C2N2(a) and CN(a) are investigated. The second part (Section 4.4.2)  briefly reviews 

results achieved with various conventional analysis methods for interpretation of TPD 
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data according to the Polanyi-Wigner equation. Comparative evaluations of major TPD 

analysis techniques can be found also for example in articles published by the groups of 

Niemantsverdriet [6, 7] and Yates [8]. In practice the large majority of comparative 

studies have focused on first order (unimolecular) desorption with far fewer looking at 

the kinetics of bimolecular processes leading to desorption[9]. This chapter focuses on a 

near second-order desorption process, for which we show that four existing analysis 

techniques (Redhead’s Peak Maximum method [10], “Arrhenius” plots [6], 

Complete/Constant Coverage analysis [11], and Habenschaden’s and Küppers’ Leading 

Edge Analysis [6, 7, 12] ) can suffer either from a neglect of the effects of mutual 

interactions between surface moieties or from possible poor signal to noise ratios of 

experimental data. In the third part (Section 4.4.3), we illustrate that desorption peak 

shapes for a second order desorption mechanism are clearly sensitive to the variation of 

Ed with instantaneous coverage. In a new approach we show how the increasing initial 

CN coverage dependence of TPD peak asymmetry indicates that the C2N2 desorption 

activation energies vary linearly with coverage. Independently we also show that Tm, m, 

and Im for desorption curves, with varying 0, alone allow not only qualitative but also 

moderately accurate quantitative determination of o
dE

 
and its coverage dependence. 

Finally, the fourth part (Section 4.4.4) uses the deduced functional form for  dE   in 

application of a systematic curve fit analysis, in this case in the study of the coverage 

dependent second order desorption process of C2N2. 
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4.3. Experimental  

 

Temperature Program Desorption experiments were performed in a UHV system, located 

at Rutgers, with a UTI quadrupole mass spectrometer at a background pressure of 

~3x10
-10

 mbar. Dosing was achieved by backfilling the chamber with the same “99%” 

cyanogen (C2N2) (Linde Gas) gas source as used for the NSLS experiments. The mass 

spectra exhibited no observable contaminant levels in the C2N2 feed with mass 

spectrometry. Surface coverages were estimated from integrated peak areas of subsequent 

TPD spectra, normalized to that evolved from a 0.41 ML C2N2 saturated surface. The 

instantaneous surface coverages were also estimated from remaining integrated peak 

areas in any particular TPD run. Unfortunately, the TPD runs shown in this chapter could 

not be allowed to run until desorption was complete, to avoid the possibility of 

approaching the substrate melting temperature. Runs did not exceed 890K. Even at 

3 K s
-1

, the desorption runs were incomplete. In practice the final TPD sections were 

estimated using best fitted TPD fit parameters, in order to determine most accurately the 

initial CN surface coverages. After the determination of each initial coverage, the 

generated segment of a TPD curve is thereafter disregarded.  A circular use of coverage 

estimates, Ed evaluation, and repeated coverage estimation showed excellent consistency. 

Absolute coverage estimates are considered to be accurate to within less than ~0.02 ML. 

Lastly, the sample temperature ramps were not exactly linear at the extremes of the 

thermal ramp regions. Possible effects of non linearity in temperature ramps are 

discussed below.  
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Experimental setup and the settings employed for the XPS measurements have been 

already detailed in Section 3.3. 

 

4.4. Results and Discussion 

 

4.4.1 The thermal stability of adsorbed cyanide probed with XPS 

 

XPS was first used to characterize adsorbed species after C2N2 exposures at 173 K and 

263 K on the Cu(001) surface. The corresponding C 1s and N 1s XPS spectra are shown 

in Figs. 4.1(a) and 4.1(b) respectively, in black for an adsorption and measurement 

substrate temperatures of 263K and in red for temperatures of 173K.  

  

Figure 4.1. XPS scans of saturation exposures of cyanogen for (a) C 1s and (b) N 1s  

spectral features. The red curves indicate the results of exposures and measurements 

made at 173K, whereas the black curves, indicating narrower peaks, are for exposures 

and measurements at 263K.  (c) and (d) exhibit XPS scans at 263K of C 1s and N 1s 

respectively following 263K saturation and 5 minute anneals up to temperatures, 573K, 

623K and 673K, each showing successively smaller surface concentrations. 
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For exposures at 173K, the N 1s region shows a multicomponent spectrum, which can be 

decomposed into two peaks centered at 398.7 eV and 399.8 eV. Likewise, the C 1s XPS 

spectrum for this temperature comprises at least two peaks centered at 285.3 eV and 

286.9 eV.  In contrast, cyanogen deposition at 263K leads to the appearance of the low 

binding energy peaks alone, both in the C 1s and N 1s regions.  I.e. single C 1s (at 285.1 

eV) and N 1s (at 398.8 eV) peaks are observed in Figs. 4.1(a) and 4.1(b) respectively. 

The results suggest that for cyanogen deposited at 173K more than one species are 

present on the surface. For the same exposure the 173K scans show a 55% increase in 

both total C and N levels, over that for the 263K exposures, in Figs. 4.1(a) and 4.1(b). A 

molecular cyanogen species, in multilayer adsorption is anticipated. At 263K deposition, 

the spectra are attributable to essentially only one adsorbed CN
-
 species. This dissociative 

behavior is analogous to that of halogens where a diatomic molecule cracks on the 

surface at room temperature to form only the anionic species [13, 14].  

 

XPS was also used to investigate the surface after complete and partial desorption of 

C2N2. Between 263K and 473K no changes are observed in the C 1s or N 1s regions. 

Incomplete desorption is observed following 5 minute temperature anneals to 573K and 

623K, as displayed in Figs. 4.1(c) and 4.1(d). In these annealing cycles the C and N 

losses are in proportion to the original (presumably 1:1) levels, consistent with solely 

C2N2 desorption. After annealing to 673K virtually complete desorption is indicated, and 

there is little sign of any other residual components such as might be anticipated with C(a) 

or N(a) species. The latter (spectrum not shown here) exhibits a 397.2 eV feature.  
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The cyanogen exposures, prior to all TPD experiments, were performed at room 

temperature. The XPS results above therefore imply that molecular cyanogen is not on 

the surface at the outset of temperature ramps.  Complete dissociation on adsorption is 

fully supported. The observed molecular desorbing species is therefore formed at 

temperatures above RT. Our belief is that molecular association is rate determining in the 

TPD scans of Fig. 4.2 below. Molecular desorption is facile; it occurs readily between 

163 and 263K.  Fig. 4.2 also indicates that decreasing levels of initial CN coverage, 0, 

results in corresponding shifts to higher desorption temperatures.   

 

Figure 4.2. Raw TPD experimental data for cyanogen desorption with varying initial 

cyanogen coverages. The m/z = 52 peak is monitored as representative of the desorbing 

molecular C2N2. 

 

This behavior is anticipated for second order desorption kinetics in associative 

desorption. Hereafter the following analysis methods, employed to find of desorption 

energy and pre-exponential factor estimates, will assume that the desorption order n of 



  80 

Eq. (4.1) equals 2.  This comparatively simple associative desorption process is in 

contrast to what is seen after some halogen exposures. For example, a chlorine exposed 

Cu(001) surface will exhibit sublimation of bulk CuCl species at temperatures ~ 500K 

and 900K.[15] No such Cu containing species were seen to desorb with C2N2 exposures 

and the TPD runs. 

 

4.4.2. Application of four established TPD analysis techniques: 

 

The Redhead’s Peak Maximum Method [10] derives from differentiation of the Wigner-

Polanyi Equation, Eq. (4.1). The technique would also assume model second order 

behavior with a coverage independent desorption energy Ed. The fact that, at the 

temperature of maximum desorption, Tm, the derivative dI/dT is zero implies  

                                              
2

2. . 2
expd m d m

m mm

E E I

RTRT

 

 

 
   

 
                                (4.2) 

where m is the instantaneous fractional coverage of the surface at Tm. A plot of 

ln(2mTm
2
) vs. 1/Tm therefore should show a slope equal to Ed /R and an intercept, ln(Ed 

/R). Fig. 4.3(a) shows this plot for the data of Fig. 4.2, and a fitted straight line. Using a 

best averaged value for  = 3.0 Ks
-1

, values of Ed = 102.7 kJ/mol and a pre-exponential 

factor of 1.45 x 10
6
 s

1
 were deduced. Using these Ed and  values, simulated TPD spectra 

are illustrated in Fig. 4.3(b). Note: in evaluating the simulated data sets the experimental 

temperature ramps were utilized.  (Constant  values were not assumed.) 
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Figure 4.3. Key stages in application of four conventional TPD analysis methods:  (a) 

A ln(2 m Tm
2
) vs. 1/Tm  plot for seven individual TPD runs at varying initial coverages, 

derived with Redhead’s Peak Maximum method. A best fit straight line is shown in red. 

(b) TPD spectra (black) and corresponding simulated spectra (red and noise free) derived 

from Fig. 4.3(a), using 102.7 kJ/mol and 1.45 x 10
6 

s
-1

.  (c) Representative Arrhenius 

plots of ln(I/ 
2
) vs. 1/T for the highest and lowest initial CN coverages studied. (d) The 

TPD experimental data (black) along with the generated curve fits (red) utilizing 

desorption energy values  0dE   derived from straight line fits to Arrhenius curves of 

seven TPD spectra. (e) Plots of ln(I/ 
2
) vs. 1/T at discrete 0.25 ML, 0.20 ML, 0.15 ML 

and 0.1 ML instantaneous coverages in constant coverage analyses. (f) Ed values deduced 

from Fig. 4.3(e) at the given four coverages.  (g) Three intervals near the onset of an 

example TPD spectrum used in a modified Habenschaden’s and Küppers’ leading edge 

analysis. A1, A2 and A3, are chosen such that the integrated areas under the TPD curve 

segment of interest, are equal to 0.020 θ0, 0.015 θ0 and 0.010 θ0, respectively. θ0 is the 

initial coverage of CN species.  (h) Twelve Ed values found by employing the leading 

edge analysis performed within the A3 segments, as illustrated in Fig. 4.3(g).  
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Although the simulated curves derived from the Redhead peak maximum method exhibit 

matching Tm positions for each desorption curve, they show poor reproduction of the 

experimental peak widths. Another prominent difference between the experimental data 

and the generated curves of Fig. 4.3(b) is seen in the asymmetry of the desorption peaks. 

The generated peaks are highly symmetrical about Tm’s but the experimental data show 

distinctly asymmetric peak shapes. This asymmetry most likely results from the fact that 

realistically, for cyanogen, the desorption energy is not coverage independent. Indeed this 

deviation from model second order desorption leads to highly inaccurate results when 

using this analysis technique. The results reflect the fact that the Redhead model is not 

suitable for a nonideal second-order desorption process.  

 

A second conventional method, employing Arrhenius Plots, used here also involves 

another strict treatment of the Polanyi-Wigner Equation, Eq. (4.1). For associative 

desorption we again take n = 2, and we might assume also that the pre-exponential 

(temperature ramp () and desorption energies (Ed) are constants within a given TPD 

spectrum. We would then conclude that an Arrhenius plot of ln(I()/ 
2
) vs. 1/T, as shown 

in Fig. 4.3(c) below, would have a gradient = -Ed /R and a slope=ln(. Fig. 4.3(c) 

shows the observed behavior in Arrhenius plots for the highest (0.41 ML) and the lowest 

(0.074 ML) initial CN coverages used in this study. In model second order desorption 

behavior, the Arrhenius Plots should consist of straight lines, just as is seen for the lower 

coverage, 0.074ML case. However with increasing initial coverage the curves become 

increasingly non-linear. At all but the lowest initial coverages, the Arrhenius plots at first 

indicate a coverage dependent Ed().  (See APPENDIX B: we discuss more fully the 
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parameters that give rise to curvature in these Arrhenius plots; the local slopes are not 

simply Ed() alone.) 

 

An averaged value of  0dE 
 
 has however been determined from linear fits to the 

Arrhenius curves, for each desorption curves belonging to the surfaces with various 

initial coverages, o.  The so-derived activation energies show a consistent decrease with 

increasing initial coverages; 0.074 ML (171 kJmol
-1

), 0.129 ML (161 kJmol
-1

), 0.189 ML 

(151 kJmol
-1

), 0.302 ML (149 kJmol
-1

), 0.325 ML (144 kJmol
-1

), 0.386 ML (140 kJmol
-

1
), 0.41 ML (135 kJmol

-1
). Yet, given the nature of the linear fits of non linear curves, it 

is reasonable to expect that the  0dE   estimates for desorption energies are still highly 

inaccurate at the higher coverages.  This is certainly borne out by the still poor 

comparisons of simulated and experimental higher coverage curves of Fig. 4.3(d). 

 

In contrast to the two techniques discussed above, the Complete/Constant Coverage 

Analysis was developed to determine not only the magnitude but also the coverage 

dependence of Ed. [11] Complete/Constant Coverage Analysis again uses a strict 

interpretation of the Polanyi-Wigner Equation, Eq. (4.1). In this case, Ed(θ) represents the 

desorption energy of the surface species at a specific fractional coverage.  Taking the 

natural logarithm of Eq. (4.1): 

                                    

   
ln ln d

n

v EI

RT

 

 

  
   

   
                                   

(4.3)
 

By plotting a set of ln(Ij()/) vs. 1/T at any one instantaneous fractional coverage , 

with Ij’s taken from the j
th

 of a number of TPD spectra, the resulting slope equals –
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Ed()/R and the intercept equals ln - ln.  Fig. 4.3(e) shows the results of this type of 

analysis for four accessible constant fractional coverages; namely for fractional coverages 

θ that are present in more than one of the raw TPD data scans. The instantaneous absolute 

coverages of 0.1, 0.15, 0.2 and 0.25ML were selected for this analysis. The resulting 

values of Ed (shown in Fig. 4.3(f)) and  fluctuated depending on the coverage: 0.1ML 

(121 kJ/mol, 3.09x10
7
 s

-1
), 0.15ML (104 kJ/mol, 2.13x10

6
 s

-1
), 0.2ML (101 kJ/mol, 

1.34x10
6
 s

-1
), and 0.25ML (127 kJ/mol, 9.71x10

7
 s

-1
). Apart from highly fluctuating 

preexponentials we also found no systematic trend in the activation energy with 

increasing coverage (Fig. 4.3(f)). The constant coverage method clearly requires accurate 

estimates of coverage as well as superior signal to noise ratios than are seen in this C2N2 

desorption data set. 

 

In analogy to the Complete/Constant Coverage Analysis, the leading edge analysis 

method [12] addresses the coverage dependency of Ed. It is a basic and powerful 

technique to calculate the activation energy of desorption at given coverages by using the 

onset of desorption peaks. By differentiation of Eq. (4.3) the following Arrhenius 

equation is obtained:  

  

 
 

 
 

   

 
  

 

ln ln1 1

1 1 1

n
d d

I
TE v E

R v RT
T T T

   
  

                               

 (4.4) 

The last term is comparatively small in magnitude, as compared to the other terms, as  is 

approximately constant. The central terms, in square brackets above, may be finite but 

their significance become negligible if 
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                         (4.5) 

This holds true if the desorption rate is low, i.e. trivially when  ~ 0, or when I is small 

such as at the onset of the desorption peak, i.e. at the leading edge. Then 

                                         

 
 

 ln

1

n
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E
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                                       (4.6) 

The advantage of this technique is that it returns the value of Ed and it removes any error 

which can arise from assuming a coverage independent pre-exponential factor. However, 

being restricted to the onset of the desorption peak (where the desorption signal is weak) 

a superb signal to noise ratio is required. This is often not an easy criterion to meet and is 

obviously not met by our data. (Fig. 4.3(g)) 

 

Whilst it may seem logical to utilize a region of a spectrum with a naturally high signal to 

noise ratio (e.g. approaching the peak region), we cannot generally use any peak section 

reliably, as it is precisely in these regions that  varies strongly. Namely the assumption  

 
0

1
T





 is poorest.  In practice then a best compromise segment near the onset needs 

to be chosen, wherein IT
2
 is still small and yet the signal to noise ratio is adequate for a 

reliable analysis. For selection of this segment, the leading edge analysis was repeated 

with the data points with three different interval lengths, shown in Fig. 4.3(g), where 

integrated areas under the selected segments are chosen to be A1 = 0.020 θ0, A2 = 0.015 θ0 

and A3 = 0.010 θ0, where θ0 is the initial fractional surface coverage of the CN species.  

Note, the chosen areas do not all run from the very beginning of the TPD scan.  
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This truncation of the leading edge region, at the very outset edge, is indeed 

unconventional. Previous work reported in literature [6, 7, 12] generally investigates the 

effects of cutting off the higher temperature side of the spectrum solely in order to 

enhance the accuracy of the 

 
0

1
T





 

assumption. However, the conventional 

approach is of value only if the signal quality is exceptionally high. The high level of 

noise in our data at low intensities (as seen in the Fig. 4.3(g)) makes the conventional 

approach non-viable. 

 

Leading edge analysis was performed on twelve desorption spectra, where initial absolute 

coverages range from 0.06 ML to 0.41 ML. The latter figure, 0.41 ML, with o = 1, 

corresponds to the saturation coverage of CN/Cu(001) surface. While analysis employing 

the segments A1 and A2 returned highly and randomly fluctuating results (spread 

throughout the range from 171 to 322 kJ/mol, not shown here), the analysis employing 

the segment A3 relatively consisted Ed values from surfaces with initial coverages ranging 

from 0.22 ML to 0.35 ML, as shown in Fig. 4.3(h). Only the lowest initial coverage, 

0.06ML shows a strong deviation. Otherwise Ed values, within a range of initial 

coverages from 0.22 ML to 0.35 ML, are at 173±8 kJ/mol. Despite this apparent self 

consistency within the given range, the derived parameters show too much noise, and 

simulated desorption curves still do not accurately reproduce the experimental data. Also 

the coverage dependence is not apparent within the random variation of Ed. 
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4.4.3. Predicting the functional dependence of the activation energy for desorption. 

 

As summarized in section 4.4.2, for an adsorbate system such as CN/Cu(001), a marked 

coverage dependence in desorption energies makes determination of the activation 

energies for desorption virtually impossible using the Arrhenius curves or employing 

Redhead’s Peak Maximum method [10, 16-18]. Although the constant coverage analysis 

method proposed by King [11] and the leading edge analysis method proposed by 

Habenschaden et al. [12] appear to be appropriate approaches to calculate Ed(), both 

techniques have a severe limitation, i.e. superb signal to noise is necessary for the 

utilization of either technique. With the available quality data set we shall apply another 

approach, outlined in section 4.4.4, but using additional information that we derive here. 

Namely we seek to determine the functional dependence of Ed(). 

 

4.4.3.1. Qualitative prediction of the functional form of Ed() from the FWHM and 

the asymmetry of the desorption peaks at varying initial coverages. 

 

The nature of adsorbate-adsorbate interactions will be qualitatively characterized by 

observing the initial coverage dependency of the FWHM of a desorption peak. It is well 

known that the FWHM of “model” first order desorption peaks do not change with 

increasing initial coverages, o, while for model second order desorption peaks relatively 

small yet detectable decreases in the FWHM with increasing initial coverages are 

apparent, as seen in Fig. 4.4(a). The addition of repulsive adsorbate-adsorbate 

interactions would reduce Ed() with increasing coverage. Such interactions are thus 
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manifest in a tendency to increase the FWHM as a function of initial coverage, for either 

first or second order desorption peaks. For second order desorption kinetics, therefore, 

there can be competing effects on the FWHM variation with coverage. The experimental 

FWHM values from seven TPD spectra are shown in Fig. 4.4(b). It is apparent that the 

broadening effect of mutually repulsive adsorbate interactions dominates. I.e. although 

the FWHM is initially constant for low o spectra, a steady-broadening of the desorption 

curves is manifest with o ranging from 0.128 ML to saturation. 

 

Figure 4.4. TPD peak FWHM and asymmetry dependencies on initial coverage. (a) 

FWHM for model second order desorption, generated using Ed ~ 170 kJmol
-1

 and 

sec
-1

, and (b) experimentally observed FWHM for CN on Cu(001). The peak 

asymmetry is defined as {HWHMlhs - HWHMrhs}. (c) The asymmetry for model second 

order desorption and (d) experimentally observed asymmetry values.  Superposed here is 

a parabolic curve,  
2
, suggesting that f() varies linearly with coverage. The text 

discusses further how this deduction is made. 

 



  89 

A second key experimental parameter observed is the desorption peak asymmetry, which 

we define here as {HWHMlhs - HWHMrhs}. (HWHM: Half Width at Half Maximum, lhs: 

left hand side, rhs: right hand side)  “Model” second order desorption peaks, where Ed is 

constant throughout the desorption event, are close to symmetric; the asymmetry of the 

peak while finite is necessarily only a small fraction of the FWHMs. Simulated spectra 

show the small asymmetry does not change significantly with o (as illustrated in Fig. 

4.4(c)). In contrast, when repulsive forces between adsorbate moieties are present, as in 

CN/Cu(001), we have observed that the low sample temperature side (lhs) of a TPD peak 

is considerably steeper than at the higher Tx side (rhs). The observation, that the 

asymmetry is strongly negative, results from an increasing instantaneous Ed() as Tx 

increases and simultaneously decreases. Consequently also, a strong variation of 

asymmetry is also observed as a function of o, as is shown in Fig. 4.4(d). 

 

Let us take Ed() = o
dE - f() where  0o

d dE E    where f() is as yet a unspecified 

function of the instantaneous coverage, .  Note: the pre-exponential factor,  of           

Eq. (4.1), is assumed to be independent of coverage and temperature, which is in 

accordance with the suggestions of Soler et. al.[19]. The coverage independence of n is 

also assumed. The two previous paragraphs gave a brief summary of qualitative effects of 

repulsive adsorbate interactions on the FWHM and asymmetry of the desorption peaks. 

However, our aim will be to determine Ed() and  by applying a curve fitting routine to 

the experimental data seen in Fig. 4.2. Thus, for the realization of this aim, one key step 

to be taken first; what is the approximate functional form of f()?   
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To address this we have utilized a number of independent TPD simulations for a second 

order desorption process, employing various forms of f() together with a set of 

predetermined Ed and  values, to observe the relationship, if any, between f() and 

FWHM(0) as well as between f() and the TPD peak asymmetry(0).  We have observed 

that, for any “reasonable” functional form of f(), the relationships (7) and (8) below hold 

well provided f() and df()/d are small, i.e. if f() ≤ o
dE /10, and df()/d  ≤ o

dE /10. 

Namely, 

                              [FWHM – FWHMModel_2nd_Order]   α  f(0)                (4.7) 

and 

      [Asymmetry – AsymmetryModel_2nd_Order]   ≈   Asymmetry     α     - [f(0)]
2
        (4.8) 

 

where, as before, the TPD peak “Asymmetry” is defined as {HWHMlhs - HWHMrhs}. 

 

The above observations, verified with simulations with predetermined Ed,  and f(), 

suggest that the FWHM and the asymmetry of TPD spectra can be used to characterize 

the functional form of f(θ).  In its current form we do not apply Eq.  (4.7) directly as the 

magnitude of o
dE  is unknown, and hence we cannot immediately subtract the appropriate 

FWHMModel_2nd_Order for use with the experimental data sets. 

 

On the other hand, since the variation in AsymmetryModel_2nd_Order is close to zero for the 

whole range of 0, then the magnitude of the variations in the experimentally observed 

asymmetry can be approximated to be proportional to the square of the f().  The 

observed “asymmetry” parameter as a function of initial coverage in Fig. 4.4(d) fits well 
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to a quadratic function of coverage, with zero gradient as approaches 0, suggesting that 

Ed varies approximately linearly with coverage.  I.e. for C2N2 desorption from the 

Cu(001) surface, 

                                                       
o

d dE E C 
           

                         (4.9) 

where the proportionality constant C is yet to be determined. 

 

4.4.3.2. Quantitative determination of f() from experimentally determined 

parameters, Tm, m, and Im. 

 

The second method for predicting the functional form of f() involves the monitoring of 

Tm, m, and Im for TPD peaks associated with varying 0. Since Ed() = o
dE

 
- f(), the 

Polanyi-Wigner equation becomes 

                                         
  02

exp
dE f

I T
RT





 
  
 
 

                                      (4.10) 

Differentiating both sides of the Eq. (4.10) with respect to T; 
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           (4.11) 

Using 
   df df d

dT d dT

  


  and that at the desorption peak maximum, the differential in 

Eq. (4.11) equates to zero, 0
dI

dT
 , at T = Tm, I = Im and =m. This leads to: 

                                 
  2

0 2

m

m m
d m m m

m

df I RT
E f I T

d





 
                                   (4.12) 
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There are three obvious observations about Eq. (4.12). At first, the equation reduces to 

Eq. (4.2) in the absence of f().  Secondly, the right hand side of Eq. (4.12) is evaluable 

from values that can be extracted easily from desorption curves. Thirdly, the magnitudes 

of both the second and third terms of the left hand side of Eq. (4.12) approach zero in the 

limit of zero initial coverage, i.e. 

                                                      
2

0

0

2

m

m m
d

m

I RT
E






                                                   (4.13) 

Another important property of Eq. (4.12) is that the magnitude of the third term of the left 

hand side of the Eq. (4.12) is several times larger than that of the second term, i.e. for 

positive f(), 
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                                             (4.14) 

This was borne out by a number of independent simulations with various predetermined 

o
dE  and f() combinations and is perhaps not surprising if one looks at the approximately 

equivalent inequality 
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m
m m

df FWHM

d f T


 

 

 
  
 
 

                                            (4.15) 

which is derived from Eq. (4.14) by using only FWHM Im ~ 0. If f() takes a form of ~ 

p where the exponent p > 0, the lhs of Eq (15)   p/2. As we invariably see Tm >> 

FWHM for almost any peak derived from activated desorption, Eq. (4.15) holds true and 

hence also Eq. (4.14), provided that  
 ln

1
ln

m

d f

d





  i.e. unless 1p  . Thus, 

incorporating Eqs. (4.13) and (4.14) into Eq. (4.12);  
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                     (4.16) 

Note that the right hand side of the Eq. (4.16) can still be evaluated experimentally, 

however, determination of its second term, which equals o
dE , is made via an extrapolation. 

Thus, accuracy of the result obtained depends on the number of TPD measurements with 

low initial coverages as well as the reliability of their Tm, m, and Im for each low 0 

desorption curve. 

 

Finally, rearranging Eq. (4.16);  

                                               
 

m
m m

df

d I T






  
   
 
 

                                                   (4.17) 

Eq. (4.17) suggests that we can determine the approximate functional form of the 

differential of f() with respect to  by using the experimental desorption curves. The 

differential can then be used to determine the functional form and magnitudes of f() for 

  below or equal to the highest observed m. 
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Figure 4.5. (a) Determined values for the right hand side of Eq. (4.12) from the seven 

TPD curves presented in Fig. 4.2.  Extrapolation of these values to zero peak maximum 

coverage is predicted to yield o
dE . (b) Values of ( o

dE /ImTm – 2RTm/m) as indicated by Eq. 

(4.17) for the same TPD curves. 

 

The results of applying this methodology to our TPD spectra are outlined in Fig. 4.5.    

Fig. 4.5(a) indicates experimentally extracted values of the right hand side of the          

Eq. (4.12). A simple visual extrapolation of the seven point curve in Fig. 4.5(a) to m = 0 

suggests that o
dE  takes at value of approximately 180 kJmol

-1
. Placing this value into    

Eq. (4.16) returns the values of . We can thus evaluate the right hand side of Eq. (4.17). 

The results, shown in Fig. 4.5(b), for the seven desorption spectra, indicate that the 

differential of f() with respect to coverage is essentially coverage-independent and floats 

in the 14-17 kJmol
-1

 range. This result clearly implies that f() is linearly dependent with 

in the given coverage range. The proportionality constant C is ~15 kJmol
-1

. This 

outcome was fully supported by the qualitative conclusion reached in section 4.4.3.1.  
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4.4.4. Curve fitting method 

 

Utilizing the simple linear functional form for f(), it is now possible to fit most 

accurately each TPD curve with one kinetic model for desorption.  In doing so, we use all 

data points in a given TPD curve.  Explicitly we have run an optimization routine, 

implemented in Maple 11, for minimization of mean square differences between 

observed data and simulated desorption runs within the following model: 

                                         

 
 2

exp
o
dE Cv

I T
RT





  
  

  

                              (4.18) 

The actual temperature ramp rate , monitored during data acquisition, is used both in 

displaying -
d

dT


 shown in the experimental TPD spectra, and in simulating this data. The 

assumption of a constant  can lead to considerable inaccuracies in many cases.  

 

In our fitting routine, , o
dE  and C are the only free parameters while others are 

experimentally determined. As is well known, these parameters can be closely coupled 

[8]. E.g. changes in either Ed or  can be nearly compensated with variation of the other. 

A simple fitting procedure of a TPD run can therefore easily return an inaccurate 

combination of (, o
dE , C). In practice we have found it just as easy to do a systematic 

search through all parameter space, rather than applying a method of steepest descent. 

Therefore, we first sample three dimensional (, o
dE , C) space, in small sized steps, and 

compare the simulated data sets with the experimental TPD scan, taken at any of the six 

different initial coverage levels ranging from 0.128 ML to 0.41 ML. We chose not to 
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utilize the TPD curve with the lowest 0 only as the signal-to-noise ratio was considered 

poorer. Then, in a second step, we perform the curve fit searches in the proximity of a 

number of “good” (, o
dE , C) combinations, which were found through our initial wider 

3-D surveys. Thereby we are confident in having finally found the (, o
dE , C) 

combinations corresponding to the global minima in square error sums. The best fit 

combinations of (, o
dE , C) for individual TPD runs are listed in Table 4.1. 

 

Initial Coverage o
dE  (kJ/mol)  (s

-1
) C (kJ/mol) 

0.41 ML 177 1.02 x 10
11 

14.4 

0.386 ML 174 6.2 x 10
10 

13.8 

0.325 ML 178 9.4 x 10
10

 15.2 

0.302 ML 176 6.3 x 10
10

 14.3 

0.189 ML 171 4.7 x 10
10 

15.2 

0.129 ML 173 5.1 x 10
10 

15.5 

Table 4.1. The best fit combinations of (, o
dE , C) for individual TPD runs with 

indicated θ0 values. 

 

 The results indicate an ~5% uncertainty in zero-coverage activation energy of desorption 

( 0
dE ) for the six desorption curves utilized. The variation in  just exceeds a factor of 

two. (An order of magnitude uncertainty in  is equivalent to ~7.5% uncertainty in Ed. 
23

)  

The extremal variation in C is ~1.4 kJ/mol. which is less than 1% of Ed only. A visual 

comparison all seven TPD spectra and the corresponding simulations, performed by 

employing only an average of the fitting results, i.e. o
dE  = 175 kJ/mol,  = 7.0x10

10
 s

-1
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and C = 14.7 kJ/mol alone, is shown in Fig. 4.6. As the fits to the TPD spectra, using this 

single (, o
dE , C) set, are satisfactory for all initial coverages ranging from 0.074 ML to 

saturation 0.41 ML, the assumed linear relation between the activation energy of 

desorption and coverage is validated. 

 

 

Figure 4.6. Simulations (smooth red curves) and experimental TPD spectra (noisier 

black curves). The simulations employed one set of o
dE  = 175 kJ/mol, v = 7.0x10

10
 s

-1
 

and C = 14.7 kJ/mol for all seven TPD data sets displayed. The initial coverages of 

simulated CN/Cu(001) surfaces are ranging from 0.074 ML to 0.41 ML.    

 

4.5. Conclusions 

 

Part of the challenge of finding realistic values of desorption energy and pre-exponential 

values is in finding a reliable analysis technique. Four literature techniques (Redhead’s 

Peak Maximum method, the Complete/Constant Coverage analysis, Habenschaden-

Küppers/ Leading Edge analysis and “Arrhenius” plots) as well as a fifth technique based 

on curve fitting have been used to independently estimate the desorption energies and 
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pre-exponential factors for the recombinative desorption of cyanide to cyanogen on 

copper (001) surface. It was shown that, due to the anticipated deviation from model 

second order behavior, the Redhead’s Peak Maximum method and “Arrhenius” plots 

were unsuitable in determining the aforementioned parameters. In the case of the 

Constant Coverage Analysis, the values obtained for desorption energy and pre-

exponential were highly inaccurate and erratic due to this technique’s high sensitivity to 

errors in coverage estimation and its requirement of superb signal to noise quality in the 

spectra. While a modified Habenschaden-Küppers/ Leading Edge approach analysis 

suggested a desorption energy in the range of 165 - 181 kJ/mol under the most reliable 

conditions the technique, however, could not provide systematic results for the coverage 

dependence of the desorption energy. Only the fifth technique, i.e. determination of 

functional form of the coverage dependence of Ed followed by the curve fit analysis, 

provided consistent values of desorption energy in the limit of zero coverage (171-178 

kJ/mol) and a pre-exponential (~7x10
10

 s
-1

) for all the initial CN coverages studied, and 

this was only obtained when a linear mutual-repulsion factor (C = ~14.7 kJ/mol) was 

introduced into the Polanyi-Wigner Equation.  In moving from the lowest to the highest 

CN coverages (0.41ML) the activation energy for desorption was shown to decrease by 

approximately 8%, namely from 175 to 160 kJmol
-1

. This fractional variation in Ed we 

have found is sufficient that neither the Redhead, nor Arrhenius analysis methods could 

be reliably applied to this desorption system. 

 

Application of the curve fit analysis was possible only after the determination of the 

functional form of the coverage dependency of Ed. Two different approaches were 
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introduced here to achieve this prerequisite, both suggesting that the CN coverage 

dependence of Ed was accurately described by a linear form. Firstly the peak asymmetry, 

whilst not exactly zero for ideal 2
nd

 order desorption process, exhibits a variation that 

appears proportional to the square of the initial coverage. Secondly, a novel quantitative 

technique based upon monitoring Tm, m, and Im values of TPD spectra with changing 0 

is in full agreement with the last result.  

 

The latter technique is simple, quantitative, and powerful, but has limitations. Firstly, Eq. 

(4.17) is useful within a limited coverage range 0 sat
m   . In other words, we are not 

able to see whether the functional form of f() is differing for coverages higher than 

sat
m with respect to that in the range of 0 sat

m   . Secondly, although the technique 

returns the value of o
dE  directly, and f() by integration of the right hand side of           

Eq. (4.17), the accuracy of the results, especially in determination of o
dE  , depends on the 

quality of the data, i.e. on the precision of the experimentally obtained parameters, Tm, 

m, and Im. Despite these limitations, the accuracy far exceeds that achieved with the 4 

conventional methods using our data set without the best of TPD signal to noise ratios. 

Lastly, f() = C appears to hold also for  >0.5, i.e. for coverages in excess of 0.2 ML 

up to ~ 0.41 ML, as the simulated curves of Fig. 4.6 fit the data well even for the leading 

edges of the highest initial coverage TPD curves.   

 

Briefly, Redheads’ analysis method has been widely applied, despite its limitations to 

systems that show only very weak coverage dependent activation energies, essentially 
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because the analysis requires only knowledge of m, (or even just 0) and peak maxima 

temperatures, Tm, alone. The method is thus popular and very easy to implement even 

with data sets of comparatively poor signal to noise ratios. However when systems are 

expected to show coverage dependent desorption energies the method is typically either 

applied unwisely or not applied at all. We have now illustrated approaches, in sections 

4.4.3.1 and 4.4.3.2, which use only one more readily attainable parameter from data sets, 

namely Im. We have shown that the new means for estimating Ed() are both rapid and 

accurate; the new approaches will be easily applicable in many other adsorption systems. 
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Chapter 5 

Bimolecular decarboxylation of NCO species adsorbed on Cu(001) 

 

5.1. Motivation 

 

NCO has long been recognized by catalysis community as a vital intermediate in reaction 

processes involving reduction of NOx species. However, elucidation of the exact nature 

and chemistry of NCO(a) species adsorbed on real catalyst surfaces and their role played 

is problematic for a number of reasons.  These reasons are generally associated with 

complications created by a large number of concurrent reactions occurring on real 

catalysts, complexity of the surfaces and experimental limitations of the probing these 

real catalyst surfaces. However, performing modeled and carefully choreographed NCO 

studies on single crystal surfaces rather than real catalysts does not remove all of the 

complications as a result of NCO’s high reactivity towards many other surface species. 

The most vivid example might be the dissociative adsorption of HNCO on platinum 

surface followed by brief anneals. This process generates NH, NH2, NH3, HCN, H2O, 

OH, NO and CO species.  

 

In contrast to the HNCO adsorption on Pt studies, in our studies we prepare an impurity 

free NCO-only surface by the dissociative adsorption of HNCO on Cu(001) at room 

temperature, at which H(a) species readily desorb from the surface as H2 molecules. 

Having NCO/Cu(001) surface in the absence of other reactants or impurities makes a 

study of thermally initiated  NCO-NCO  chemical interactions possible. 



  102 

5.2.   Introduction 

 

Supported metallic particulates are widely used commercially in reduction of NOx 

species in waste streams, and in catalytic converters of incomplete combustion mixtures.  

Early papers had suggested [1] and confirmed [2, 3] the fact that NCO(a) species, once 

synthesized on metal surfaces, rapidly spill over to more stable sites on the support.  

However the comparatively recent discovery of selective catalytic reduction (SCR) of 

NOx by hydrocarbons in the presence of excess oxygen on ZSM-5 supported copper 

surfaces,[4-6] and the subsequent observation of adsorbed NCO(a) species on Cu-

Cs/Al2O3 during SCR,[7] has since renewed strong interests in NCO(a) and its role as an 

intermediate in catalytic processes.  A positive correlation has been observed between the 

NCO(a) concentrations on metallic crystallites of SCR catalysts[8], and their efficiency 

for NOx reduction to N2.  Since then, an extensive field of research has suggested a wide 

variety of possible roles for the NCO(a) species during SCR, dependent on the catalyst 

material, on the hydrocarbons used, and on the presence/absence of water.[9-12] 

 

In parallel, to aid in the development of a better understanding of the NCO(a) species’ 

properties, many studies have since been undertaken on metallic films or single crystal 

substrates.  E.g. NO+CO coadsorption on Pt thin films,[13] on Ru(001),[14, 15] as well 

as on Pd(111) [16-18] have been investigated.  In contrast to other metallic substrates, on 

copper, NCO(a) formation has not been observed directly with CO+NO coadsorption.  

Whether NCO(a) is simply not present on copper after CO+NO exposures, or is 

observable only under high pressure conditions (as in the case of CO+NO adsorption on 
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Pd(111), [17]) remains an open question. Possible routes for deposition of isocyanates on 

copper were studied in depth by Solymosi et. al.  HCN [19], HNCO [20] and C2N2 [21] 

adsorption on Cu(111), and in the presence of oxygen adatoms and the subsequent 

thermally initiated reactions, were investigated.  These studies established not only the 

presence of cyanate (-OCN) or isocyanate species (-NCO), but also concluded that at 

least one of these species is instrumental in formation of CO2(g) and N2(g) at elevated 

temperatures.  XPS studies of C2N2+O2, on copper films on graphite, and on copper foil, 

reached the same conclusions.[22]  The cyanate/isocyanate ambiguity was later resolved 

in favor of an isocyanate species both experimentally [23] and computationally [24, 25] 

for the Cu(001) substrate. 

 

The motivation of our investigation was to study possible thermally-induced mutual 

NCO-NCO interactions and to question whether NCO species through bimolecular 

chemical interactions can lead to a precursor for products desired by both TWC and SCR 

processes.  Employing metal surfaces accommodating NCO species alone is paramount 

for this investigation in order to avoid competing interactions between NCO species and 

other moieties.  In this context, both the method of NCO generation on the surface and 

the substrate must be chosen properly. For example, upon C2N2 exposures of O/Cu(001) 

both X-ray photoemission spectroscopy (XPS) and reflection absorption infrared 

spectroscopy (RAIRS) [22] [23, 26] studies have demonstrated always incomplete CN(a) 

oxidation to NCO(a); the resulting surfaces must contain CN(a), NCO(a) and O(a) species. 

Similarly, as indicated in the previous paragraph, the CO and NO interact on other metals 

and is believed to yield isocyanate and oxygen co-adsorbates.  These observations imply 
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that methods of NCO generation on surfaces through coadsorption are not appropriate to 

achieve an only-NCO containing surface. A recent study of HNCO dissociative 

adsorption on Pt(111), resulting in an H(a) and NCO(a) adsorbed surface, and subsequent 

thermal treatments, probed by TPD and RAIRS,[27] have identified NH, NH2, NH3, 

HCN, H2O, OH, NO and CO adsorbates. These products explicitly suggest that there can 

be a number of reactive interactions between H(a) and NCO(a). 

 

A sole NCO adsorbate species can be achieved on Cu through dissociative HNCO 

adsorption.  At RT, spontaneous H2 desorption leaves a hydrogen free NCO/Cu(001) 

surface[23] which appears to be a model substrate for studies of possible thermally-

induced dissociation of isolated NCO species and/or of mutual NCO-NCO interactions. 

In this chapter we show XPS, and RAIRS data, which are supportive of a bimolecular 

decarboxylation reaction of NCO species, yielding CO2(g), and leaving a surface bound 

carbodiimide (NCN).  Previously, a pyrolysis reaction of gas phase HNCO was proposed 

to produce HNCNH, only at ~1000K and under high pressure conditions[28, 29]  This 

chapter reports on a similar associative reaction, but one that is surface catalyzed, and 

occurs at temperatures below 573K, and yields a thermally stable adsorbed NCN species. 
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5.3. Experimental 

 

Synchrotron X-ray Photoelectron Spectroscopy (XPS) was performed at the Brookhaven 

National Laboratory NSLS facility on beamline U12A. Details of the experimental 

settings were already given in the experimental section of Chapter 3.  Raw XPS signals 

are first normalized with respect to the instantaneous photon fluxes.  Shirley background 

subtractions were then performed on the spectra.  Resultant spectra were then normalized 

with respect to the integrated Cu 3p peak intensity.  For this purpose, in-situ measurement 

of Cu 3p peak intensities followed every sequence of C 1s, N 1s and/or O 1s peak 

measurements.  The second normalization, with respect to Cu 3p peak intensities, gives 

integrated C 1s, N 1s, and O 1s feature signals that are proportional to surface C, N, and 

O atomic densities.  The final coverage calibration is achieved with comparison to 

reference surfaces, i.e. atomic concentration levels are all relative to ~0.5ML phases [30, 

31] formed either by N
+
 implantation, or through prolonged O2 exposures, and anneals, or 

with respect to a CN c(6x10) phase formed by C2N2 exposures alone, which was 

presented in chapter 3. In cases with overlapping XPS peaks, the spectral features were 

deconvolved into constituent peaks by using 75% Gaussian + 25% Lorentzian functional 

forms. 

 

FT-RAIR measurements were taken in the Laboratory of Surface Modification at 

Rutgers.  KBr windows enable a total scattering angle of >170
o
.  A LN2 cooled HgCdTe 

detector enables full 980-4000 cm
-1

 band measurements in ~ 30-60 minutes.  
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In both of the two UHV systems, (base pressures < 10
-10

mbar) the Cu(001) surface was 

prepared with cycles of 1keV (>10 A) Ar
+
 or Ne

+
 sputtering for 15 minutes, and 

annealing to 673K for 10 minutes.  The initial cleanliness of the sample surfaces was 

probed either by XPS or raw RAIRS.  In XPS, contamination levels fell below the 

detection limit, i.e. below 1% of a monolayer. 

 

Isocyanic acid (HNCO) was produced by thermal decomposition [32, 33] of cyanuric 

acid ((HNCO)3, a cyclic trimer of isocyanic acid, Sigma-Aldrich- 99%).  Rapid ramping 

to ~1100K was performed in an pre-evacuated quartz cell, and a mixture of product 

species was collected in a Pyrex container at liquid nitrogen temperatures.  The 

intermediate mixture predominantly comprises HNCO.  CO2, CO, N2, H2 impurities were 

removed with evacuation at dry ice/acetone bath temperatures for 2-3 minutes.  The 

purified HNCO product was thereafter stored at liquid nitrogen temperatures to avoid any 

polymerization of HNCO monomers. Detail of HNCO generation process we have set up 

is extensively described in the APPENDIX C. 

 

The Cu(001) surface was exposed to a HNCO flux from a directional doser present in the 

XPS chamber.  Absolute exposure levels are unknown, although relative exposures were 

accurately monitored.  For the RAIRS experiments, NCO was introduced to the surface 

through backfilling the chamber with HNCO.  In the RAIRS chamber, exposures are 

reported here in terms of time-integrated non-calibrated ion gauge readings. 
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5.4. Results and Discussion 

 

The first section here (5.4.1) reports on the identification of pre- annealed NCO(a) 

vibrational frequencies to be used for reference to RAIR spectra of post- annealed 

NCO/Cu(001) surfaces. The thermally initiated reactions of NCO species on Cu(001) 

were deduced, and the post-anneal adsorbed moieties were identified, through soft XPS 

and RAIRS measurements elaborated upon in the two following sections, (5.4.2 and 

5.4.3) 

 

5.4.1. Characterization of the RAIRS bands associated with adsorbed NCO species 

 

The va(NCO) IR absorption bands on Cu(001), and their variation as a function of HNCO 

exposure levels, were investigated with FT-RAIRS.  Results are presented in Fig. 5.1.  At 

the lowest level of HNCO exposure, 0.3L, the emergence of two bands at 2158 and 

~2190 cm
-1

 is observed, (Fig. 5.1(a).)  The absorbances of these two bands grow with 

increasing HNCO exposures until 6L while their frequencies remain essentially constant, 

(Figs. 5.1(b)-(d).)  At 10L (see Fig. 5.1(e)) a new high-frequency-shoulder of the 2158 

cm
-1

 band emerges at ~ 2165 cm
-1

.  Subsequent exposures result in the continual growth 

of this new feature’s intensity as well as the blueshifting of its peak position from 2165 

cm
-1

 (Fig. 5.1(e)) to 2225 cm
-1

 (Fig. 5.1(j)).  This trend is accompanied by a gradual 

intensity decrease of the 2158 cm
-1

 band, (Figs. 5.1(e)-(h)) and its eventual 

disappearance.  The band which appeared at low exposure levels at 2190cm
-1

 looks to be 

gaining intensity up to Fig. 5.1(e) and is eventually overshadowed. 
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Figure 5.1. Cu(001) surface RAIR spectra as a function of RT HNCO exposures at (a) 

0.3L, (b) 0.6L, (c) 3L, (d) 6L, (e) 10L, (f) 16L, (g) 30L, (h) 66L, (i)150L, and (j) 300L. 

 

It has been demonstrated [23] that 2(NCO) and vs(NCO)+va(NCO) bands on the same 

substrate, have intensities typically below 0.3% of the va(NCO) mode intensity.  With 30-

60 minutes-long measurements, we were able to observe only the comparatively intense 

~2100-2245 cm
-1

 asymmetric stretch features as shown above. 

 

A preliminary band assignment to the spectra presented in Fig. 5.1 could attribute the 

bands at 2158 and 2190 cm
-1

, which exhibit little or no peak shift, to NCO species 

adsorbed at two different defect site types.  The growing, and blue-shifting, band in the 

2170-2225 cm
-1

 range would be attributed to the NCO species adsorbed on Cu(001) 
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terraces.  At comparatively small step kink site proportions, anticipated for Cu(001), one 

could assign the two minority lines to an uphill and a down hill adsorption site with 

respect to a step edge.  In contrast, in previous studies of CO adsorption on Cu(001),[34, 

35] only one type of defect site was evident in RAIRS measurements.  However, the 

number of defect adsorption sites may differ for the two adsorbates as CO prefers the “on 

–top” terrace adsorption site, in contrast to NCO species. 

 

An alternative assignment exists for the lowest frequency band.  The frequency of the 

va(NCO)=2158 cm
-1

 band is numerically very close to the va(NCO)=2170 cm
-1

 associated 

with the terrace bound isocyanate species in the low limit of exposure (10L.)  We could 

assign the 2158 cm
-1

 band to isolated NCO species adsorbed on (001) terraces.  The 

shoulder appearing in Fig. 5.1(e) at 2170 cm
-1

 could in turn be due to the first aggregation 

of small isocyanate clusters.  A short range interaction (not necessarily dipolar) can 

intensify blue-shifted lines with increasing NCO coverage.  The large magnitude of the 

shift, from 2170 cm
-1

 to 2225 cm
-1

 will be attributed to coverage dependent dipole-dipole 

interactions between NCO species.[36-38]  The apparent decrease of the 2158 cm
-1

 band 

intensity can be in part due to an intensity transfer phenomenon, or to the reducing 

statistical probability of isolated NCO species at high coverages. 

 

As for the va(NCO) mode at ~2190 cm
-1

, we believe the step edges are the first sites to be 

filled with NCO species at very low exposure levels.  Thus, the observed increase of the 

2190 cm
-1

 band intensity up to 16L exposure level (just before it is overshadowed by the 
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va(NCO) associated with NCO species on terraces) can be dominated by the intensity 

transfer phenomenon [36] alone. 

 

5.4.2. XPS investigation of bimolecular decarboxylation of NCO species at 573K 

 

As previously suggested [39], HNCO adsorbs dissociatively on Cu(001) at RT followed 

by spontaneous desorption of H2 at the same temperature.  NCO(a) species are seen in 

XPS with three features, with binding energies at 532.9, 287.7 and 398.9 eV, namely 

associated with O 1s, C 1s and N 1s features, respectively. Saturation coverage of the 

NCO/Cu(001) was previously determined to be 0.5 ML [26].  A specific NCO/Cu(001) 

surface, which would be detailed in this section, was prepared with 900L HNCO 

exposure at RT. The NCO coverage of the resulting surface found to be 0.384±0.010 ML. 

Annealing such an NCO/Cu(001) surface to higher temperatures, up to 473K, does not 

result in any changes in the XPS spectra. (Only with coadsorbed oxygen, a lower 

temperature NCO oxidation process can be seen at temperatures as low as 373K. [22, 

26])  Figs. 5.2(a),(b) and (c) show the 473 K annealed XPS features associated with the 

molecular NCO/Cu(001).  NCO species adsorbed on the copper surface are therefore 

more stable than isocyanate species adsorbed on more catalytically active metal surfaces, 

e.g. NCO dissociates to N(a) and CO(a) at 250K on Pt(111) [40], and at 300K on Rh(111) 

[41] and on Pd(111).[42] 

 

Subsequent annealing of the NCO/Cu(001) surface at 573K however does change the 

XPS spectra tremendously (Figs. 5.2(d),(e) and (f)); (i) the O 1s feature associated with 

NCO species at 532.9 eV is completely removed from the spectrum 5.2(f).  (ii) The C 1s 
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feature in 5.2(d) is lowered in intensity and is now peaked at 286.4 eV, and (iii) the N 1s 

feature preserves its intensity in 5.2(e) while shifting to 398.4 eV.  The complete removal 

of the 532.9 oxygen feature indicates that the NCO species are eliminated from the 

surface during the 573K anneal. 

 

 

Figure 5.2. (a) C1s, (b) N1s and (c) O1s XPS features upon RT adsorption of 900L 

HNCO on Cu(001) followed by a 5min anneal at 473K. No spectral difference is 

observed between pre- and post- 473K anneal surfaces The same spectral ranges were 

probed after a subsequent 5 minute anneal at 573K. The results are displayed in (d), (e) 

and (f).  The second row of the plots depicts the XPS spectra from standard reference 

surfaces for the purpose of both qualitative and quantitative comparisons to Figs. 5.2(a)-

(f). These saturated standard surfaces are: 0.5ML O/Cu(001) in blue; 0.5ML N/Cu(001) 

in green; 0.5ML, NCO/Cu(001) in black; and 0.41ML CN/Cu(001) in red. 
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BE(eV) 532.9 287.7 398.9 286.4 398.4 

Line O 1s C 1s N 1s C 1s N 1s 

Species NCO NCO NCO X X 

473K 0.373 0.386 0.385 0 0 

573K 0.017 0 0 0.185 0.361 

Coverage 

change (ML) 

-0.356 -0.386 -0.385 +0.185 0.361 

Table 5.1. Surface coverages and changes as determined from intensity integration of 

all XPS features shown in Fig. 5.2.  The lowest row of the table indicates the surface 

coverage variations of chemically discernable moieties observed at RT, after annealing 

the NCO/Cu(001) surface at 573K 

 

A quantitative analysis of the data presented in Fig. 5.2 is available in Table 5.1.  The 

total population of the nitrogen atoms on the surface is preserved.  The new N 1s feature 

at 398.4 is slightly broader than the N 1s feature of NCO species at 398.9 eV.  One half 

of the initial carbon atom population (0.39 +/-0.01 ML) is removed from the surface.  As 

one half of the carbon atoms are removed from the surface, presumable each carbon 

atom, leaves in the form of CO2 (g).  The remaining carbon “half” is converted to a new C 

1s feature at 286.4 eV and this peak position is inconsistent with graphitic carbon, C(a).  

Likewise the new N 1s feature is 1.2 eV away from an adsorbed atomic N(a) feature 

otherwise located at 397.2 eV.[26] Also, neither of the new XPS features are aligned with 

our observations of a CN(a) species at 285.1 and 398.8 eV.[43]  These comparisons are 

also depicted in the second-row plots of Fig. 5.2. The quantitative analysis of the data 

above implies a reaction of the following stoichiometry; 

”“CN  CONCO  NCO 2(a)2(g)
573K  T 473K 

(a)(a)   
 

A “bimolecular decarboxylation” of the NCO species, at elevated temperatures and in an 

oxygen adatom free environment, leaves an implied carbon-nitrogen containing adsorbed 

species with an empirical formula of CN2. 
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5.4.3. RAIRS investigation of the NCO decarboxylation at 573K. 

 

The XPS results of the previous section reveal neither the nature nor the molecular 

structure of the (CN2)n species.  The RAIRS experiments, however, give supplementary 

information on the internal bonding within (CN2)n moieties as well as this species’ spatial 

orientation with respect to the Cu(001) surface. 

 

Figure 5.3. RT FT-RAIR spectra; (a) of a saturated NCO/Cu(001) and (b) after a 

subsequent 5 min. 573K anneal.  The post anneal spectrum is also magnified by a factor 

of thirty for better visualization of the spectral features. Eventually, 240L O2 is 

introduced to the annealed surface, and the resultant unmagnified spectrum is shown in 

(c.) 

 

Fig. 5.3(a) shows an IR spectrum of the surface immediately after dissociative adsorption 

of 300L HNCO on Cu(001) at RT.  The NCO moieties exhibit the va(NCO) mode located 

at 2225 cm
-1

.  This va(NCO) magnitude indicates that the surface coverage of NCO 
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species should be close to saturation, (0.5 ML).  The subsequent annealing at 573K 

changes this spectral region considerably (Fig. 5.3(b)), leaving a single and weak 

intensity IR feature located at ~2200 cm
-1

.  This band position and absorbance level is 

inconsistent with a pure NCO feature alone, as indicated in Fig. 5.1.   

 

When ~240L of O2 was introduced to the stoichiometrically “CN2” post-anneal surface  

(Fig. 5.3(c)), it leads to the appearance of a feature at 2217 cm
-1

, which is considerably 

more intense than the feature at 2200 cm
-1

 observed in Fig. 5.3(b). We attribute this new 

feature to the regeneration of NCO species upon oxygen adsorption on the post-annealed 

surface. Its frequency is higher than expected for a pure NCO peak, yet νa(NCO) 

frequencies are known to increase considerably in the presence of an O coadsorbate. [23]  

 

With which chemical moiety is the 2200 cm
-1

 IR feature associated? Returning back to 

XPS results outlined in Fig. 5.2, within the detection limits of XPS (~0.01ML), the post-

anneal surface does not contain any NCO(a) or CN(a). However, the detection sensitivity 

of the IR spectroscopy is considerably better than XPS. Therefore, it is hypothetically 

possible to have very small quantities of NCO(a) or CN(a) on a surface; while they are 

invisible to XPS they can be visible in the IR spectroscopy. We can quickly dismiss the 

possibility of an association between the band at 2200 cm
-1

 and isolated CN species in the 

midst of an “CN2” sea. CN stretching frequencies for both gas phase HCN and HCN 

adsorbed on Cu(001) are in the narrow range of 2089-2092 cm
-1

 [44]. This frequency 

range is ~110 cm
-1

 below the 2200 cm
-1

.  A shift in this magnitude cannot be explained by 

chemical effects imposed by stoichiometrically “CN2” species on any CN species. In 
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addition, the CN moiety is anticipated to have a very weak IR signature, i.e. a moderate 

CN coverage would be required in order to observe a weak v(CN) mode. Lack of XPS 

features associated with CN species indicates this is not the case.  For the second 

hypothetical situation, i.e. isolated NCO(a) species in the midst of a “CN2” sea, the 

frequency gap is ~40 cm
-1

. To test the hypothesis, we performed an experiment in which 

small aliquots of HNCO were introduced to a subsaturated level stoichiometrically “CN2” 

surface. NCO related band frequencies emerging as a result of the introduction of these 

small aliquots were very close to those presented in Fig.1 and the band at ~2202 cm
-1

 

remained intact after the HNCO additions  

  
Figure 5.4. Frequency dependence of observed va(NCO) mode absorbance. Accessible 

va(NCO) features are shown for NCO/Cu(001) (black squares), NCO+CN2/Cu(001) (red 

dots) and NCO+O/Cu(001) (blue diamond). Absorbance vs frequency data associated 

with the only detected vibrational mode from CN2/Cu(001) is shown with orange starred 

data points. The arrow symbol on each dashed line is indicating the direction that surface 

coverage of NCO or “CN2” are increasing.   

 

Absorbance vs. frequency information of all vibrational modes observed from various 

NCO/Cu(001), CN2+NCO/Cu(001), O+NCO/Cu(001) and CN2/Cu(001) surfaces  are 

outlined in Fig. 5.4. Trends of absorbance vs. frequency data points with increasing NCO 
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or “CN2” coverages are indicated with the dashed lines with arrow. This figure clearly 

displays ~2202 cm
-1

 peaks (orange star points in Fig. 5.4) associated with the 

stoichiometrically “CN2” surface moieties adsorbed on Cu(001) cannot be attributed to 

any type of NCO species we have probed via RAIRS. 

 

Therefore, we conclude that the sole 2200 cm
-1

 band, seen in the spectrum from the post-

anneal surface (Fig. 5.3(b)), must therefore be related to the stoichiometrically “CN2” 

product.  Such a small absorbance for a surface concentration as high as 0.25ML from 

XPS suggests that the “CN2(a)” species evidently shows a much lower dynamic dipole 

moment perpendicular to the surface plane than NCO. In addition, the CN2(a) species on 

Cu(001) is thermally stable, certainly at 673K, under UHV conditions.  Such stability is 

not to be expected for any CNN species [45]. A literature search of the vibrational modes 

of N-C-N moieties [46] suggest that only an sp hybridized carbon atom leads to 

asymmetric stretching modes located somewhere within the 2000-2250 cm
-1

 region.  

Examples include: N,N′-diisopropyl carbodiimide [va(NCN)=2215 cm
-1

], N-cyclohexyl-

N′-(2-morpholinoethyl) carbodiimide  , cyanamide [va(NCN)= 2230 cm
-1

]. “sp
2
” 

hybridized candidates, with their stretching frequencies lying far below our observed 

~2200 cm
-1

 level, therefore should be dismissed.  Finally, the extremely low intensity of 

the mode located at 2200 cm
-1

, in spite of the high coverages (~0.25ML) of NCN species, 

indicates that the dynamic dipole is small in this vibrational mode.  Therefore, we 

attribute this band to the asymmetric stretching of an NCN species (a carbodiimide), 

which has an ~sp hybridized central carbon atom and with the moiety lying close to 

parallel to the substrate surface. We envisage a species that is surface bound at both ends.   
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The chemical environment of two nitrogen atoms of a single NCN moiety can be 

“slightly” different since (i) the va(NCN) mode, though very weak in intensity, is 

observable with RAIRS and (ii) there is a visible broadening of the N 1s feature observed 

in Fig. 5.2(b) in comparison to that of Fig. 5.2(a).  Another theoretically-visible IR mode 

associated with this configuration is the bending mode, δ(NCN).  Although we cannot 

independently determine the frequency of such a mode in copper bound species, an IR 

study of the gas phase HNCNH species shows that the δ(NCN) mode energy is below 

500 cm
-1

 [47], which is well below the low frequency limit of our instrument, 980 cm
-1

. 

 

Gas phase studies have indicated that the HNCNH intermediate is instrumental in HNCO 

conversion to NH3, HCN, CO and CO2.[28, 29]  More recently, the chemistry of 

cyanamide (H2NCN) (a tautomer of HNCNH) as well as its daughter ions (HNCN
-
, 

NCN
2-

) trapped in a zeolite matrix was also discussed in the context of their role in NOx 

reduction.[48] 

 

The structural properties of a polycrystalline copper carbodiimide (Cu
2+

 NCN
2-

) has been 

studied comparatively recently [49] as this Cu
2+

 containing salt exhibits unusual magnetic 

characteristics associated with an unpaired Cu d electron. In this superstructure each N is 

coordinated most closely to one C (necessarily), and to two most adjacent Cu atoms. In 

addition, a third interplanar interaction is seen with Cu again. The carbodiimide is 

believed to be linear, despite a reduced symmetry just as is believed to occur here in the 

surface phase.  On this basis one could argue that the NCN species on Cu(001) sits with 

N atoms displaced from bridge sites.  This supposition however remains to be tested. 
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5.5. Conclusion 

 

An XPS investigation of the thermal treatment of oxygen free NCO/Cu(001) surfaces, at 

573K, shows the appearance of a new C 1s feature at 286.4 eV as well as a new N 1s 

feature at 398.4 eV binding energies.  Quantitative analysis of the XPS data suggests a 

bimolecular process; two NCO moieties leading to formation of CO2(g) and CN2(a).  

RAIRS studies suggest that the “CN2” is a carbodiimide species, i.e. NCN, with a linear 

“sp” hybridized central carbon atom.  The comparative weakness of the va(NCN) band, as 

well as the absence of a vs(NCN) band, suggest that the surface hosts high concentrations 

of NCN moieties that lie predominately parallel to the surface plane. 

 

As indicated in section 5.2, the carbodiimide gas, HNCNH, was reported to be produced 

from HNCO(g) pyrolysis at ~1,000K.[28, 29]  On Cu(001) we have shown the production 

of a surface bound carbodiimide at a much lower temperature.  The proposed electron-

rich NCN(a) species, with a high thermal stability, which is obtainable at high surface 

concentrations, could be utilized as an active precursor in chemical modification of 

copper surfaces.  Studies concerning the possible involvement of an NCN species in 

NCO oxidation mechanisms are also planned. 
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CHAPTER 6 

Competing pathways for isocyanate loss from Cu(001) 

with co-adsorbed oxygen. 

 

6.1. Motivation 

 

 

Although NCO has long been recognized as a vital intermediate in reaction processes 

involving reduction of NOx species in both three-way catalytic conversion (TWC) and 

selective catalytic reduction (SCR) mechanisms, its role, properties, and reactions in 

which it is involved have not been clearly elucidated. Three fundamental reasons for the 

lack of conclusions are: (i) the complex nature of the heterogeneous catalysts surfaces, 

(ii) the limitation of the available experimental techniques to study metals deposited on 

high surface area support materials in powder form, as well as (iii) the complexity of 

NCO being short-lived, in small quantity and a highly reactive intermediate in the 

background of many concurrent reactions of a diverse set of chemical moieties happening 

on the catalyst surface. These limitations and complexities dictate the use of simpler and 

planar surfaces, with a strict control of reactants, to develop better a understanding of 

reaction mechanisms and eventually to accomplish the atomic level understanding of the 

mechanisms. 

 

Among the many plausible reactions proposed for NCO in the literature, two, namely the 

NCO+NO and NCO+O reactions, are emphasized being reactions steps generating CO2 

and N2, which are the desired products of both TWC and SCR processes. In this chapter, 
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we will focus on the NCO+O reaction. There are a large number of studies on NOx 

reduction catalyst surfaces in the literature, reporting cyanide (CN(a)) species together 

with NCO(a). We will try to elucidate the role of CN(a) species, if any, in thermally 

initiated reaction of  NCO(a) with O(a). For this purpose, two surfaces, namely 

NCO+O/Cu(001) and CN+NCO+O/Cu(001) will be prepared and thermally initiated 

reactions at 473 K on these surfaces will be monitored by using XPS and TPRD 

techniques. 

 

6.2. Introduction 

 

Adsorbed isocyanate (-NCO) species have been observed following CO+NO exposures 

of alumina- or silica- supported Pt, Pd, Rh, and Ir metals [1-7] as well as on Ru/SiO2 [8] 

and Ni/SiO2.[9]  In these studies, the formation of NCO(a) species was explained via 

dissociation of NO(a) on crystalline metal particulate surfaces at elevated temperatures 

followed by the reaction between CO(a) and N(a).  The support surface, not the crystalline 

metal, was first suggested[10] to be eventual binding location of the NCO(a) species  

Later studies[11, 12] established that the support surface indeed hosts the majority of the 

NCO(a) species; i.e. NCO(a) species, once synthesized on crystalline metal surfaces, 

quickly spillover to the binding sites on the support where they are stabilized and 

immobilized.  Unland [6] observed small quantities of NCO(a) species on Ru/Al2O3 

compared to the other above referenced surfaces.  On the basis of this lack of NCO(a) 

species on the ruthenium catalyst together with the knowledge of a relatively high NOx(a) 

conversion efficiency to N2 on Ru/Al2O3, it was argued that NCO(a) is an “undesired” 
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intermediate, which can even lead to counter-productive NH3 yields in the presence of 

water.  In addition it was argued that, because of, the spillover of NCO(a) from metal 

surfaces to the support and the eventual occupation of the areas adjacent to the metal 

particulates, the electronic properties and the catalytic activity of the metal was 

significantly perturbed by NCO(a) levels.[2]  However, it has not been established 

whether transitory NCO(a) species on metal particulates do or do not play an active role in 

NOx reduction mechanisms.[13]  

 

The discovery of selective catalytic reduction (SCR) of NOx by hydrocarbons in the 

presence of excess oxygen on ZSM-5 supported copper surfaces,[14-16] and subsequent 

observation of NCO(a) species on Cu-Cs/Al2O3 during the SCR,[17] eventually lead to the  

intensification of interest in the role played by NCO(a) as an intermediate.  Ukisi et al. 

[18] observed a positive correlation between the formation of NCO(a) species on the 

catalysts and the efficiency of NOx reduction to N2, and concluded that the NCO(a) 

species produced upon the coadsorption of NO+O2+alkane, (i.e. α-NCO) is different from 

that formed upon CO+NO coadsorption (i.e. β-NCO)  It was postulated that α-NCO is on 

metallic particulate surfaces (not on the support) and is stabilized by the presence of co-

adsorbed oxygen adatoms on the same surfaces.  Ukisu [17], and later Takeda [19], 

suggested that the production of N2(g) and CO2(g) takes place by the reaction of NO(a) with 

the NCO(a) intermediate. In the last two decades, literally thousands of articles have been 

published on SCR of NOx by hydrocarbons with excess oxygen presence on various 

catalyst surfaces.  A wide variety of roles for the NCO(a) species during SCR have been 



  124 

proposed depending on the catalyst material, hydrocarbons used, and the presence or 

absence of water. [20-23]  

 

In SCR, the simultaneous oxidation of CO and alkanes and the reduction of NOx, happens 

on complex catalysts and through a large number of reactions, which have not yet been 

fully identified.  To aid in developing a better understanding of the nature of NCO(a) 

species, many studies have been undertaken on films or single crystal substrates, e.g. 

NO+CO coadsorption on Pt thin films [24], on Ru(001) [25, 26] as well as Pd(111) [27-

29] were studied.  Kostov et al.[26] established that NCO(a) formation on Ru(001) was 

“catalyzed” by the presence of co-adsorbed atomic oxygen.  Later work established that 

NCO(a) species are stabilized by co-adsorbed O on Rh(111)[30] and Pd(100).[31]  

Specifically for copper substrates, NCO(a) formation has not been observed directly for 

CO+NO coadsorption.  NCO(a) was only indirectly implied for an intermediate in the 

reaction pathway for nitrogen desorption from a NO+CO coadsorption on Cu(111).[32]  

A more recent study[33] on CO+NO reactions on Cu(001) however does not propose an 

active NCO(a) species.  Whether NCO(a) is simply not present on copper, or its observable 

only under high pressure conditions (as in the case of CO+NO adsorption on Pd(111) 

[28]) remains an open question. 

 

HCN [34], HNCO [35] and C2N2 [36] adsorption on Cu(111) in the presence of oxygen 

adatoms and the subsequent thermally initiated reactions were studied in depth by 

Solymosi et al by using AES, EELS and TPD techniques.  These studies clearly establish 

not only the presence of cyanate (-OCN) or isocyanate species (-NCO) as an 
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intermediate, but also conclude that these species are instrumental in the formation of 

CO2(g) and N2(g) at elevated temperatures.  XPS studies of C2N2+O2, on copper films on 

graphite, and on copper foil, reached the same conclusions [37].  The cyanate/isocyanate 

ambiguity was later resolved in favor of an isocyanate species both experimentally [38] 

and computationally [39, 40] for the Cu(001) substrate.  Both XPS [37] and RAIRS [38] 

studies demonstrates that the CN(a) oxidation to NCO(a) upon C2N2 adsorption on 

O/Cu(001) is only partial.  The same conclusion is to be drawn from our experiments 

with various RT C2N2 and O2 exposure combinations on Cu(001); the resulting surface 

contains always CN(a), NCO(a) and O(a) species. 

 

In contrast to other metallic substrates, copper supports a thermally stable NCO(a) species. 

Pure NCO(a) adsorbates on Cu(001) are stable up to at least 473K [41], while they 

dissociate into N(a) and CO(a) at 250K on Pt(111) [42], and at 300K on Rh(111) [30] and 

Pd(111) [31].  Although the coadsorbed oxygen increases the stability of NCO(a) species 

on platinum and rhodium by 60-80K,[30, 31] it does not necessarily hinder the 

dissociation of NCO(a) at 360-380K.  Thus, the copper surface is a suitable substrate for 

the study NCO(a) oxidation, without a competing dissociation reaction.  Also, co-

adsorbed hydrogen (upon dissociative adsorption of HNCO on catalytically active metal 

surfaces) can alter the surface chemistry of NCO(a) species drastically, e.g. TPD and 

RAIRS [43] studies of HNCO adsorption on Pt(111) identify reaction products of NH, 

NH2, NH3, HCN, H2O, OH, NO and CO.  In contrast, dissociative HNCO adsorption on 

Cu(001) at RT is followed by H2 desorption, leaving a hydrogen free NCO/Cu(001) 
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surface.[38]  The absence of atomic hydrogen prevents possible competing interactions of 

hydrogen with O(a) and/or NCO(a) at elevated temperatures. 

 

In this chapter, we discuss the thermally initiated reactions of NCO+O/Cu(001).  If the 

isocyanate species is prepared by RT HNCO exposure, a following O2 exposure 

generates the coadsorbed O + NCO species.  In contrast, if the isocyanate species is 

prepared by RT C2N2 and O2 exposures, then residual CN(a) will always coexist with the 

O + NCO species on Cu(001).  These samples, have been studied with the combination of 

high resolution soft X-ray photoelectron spectroscopy (E = 650 eV, E ~ 1eV) and 

temperature programmed reactive desorption (TPRD).  This study reports on two 

competing mechanisms of NCO(a) removal from Cu(001) in the presence of CN(a) and 

O(a) species. 

 

6.3 Experimental 

 

Temperature Programmed Reactive Desorption (TPRD) experiments were performed in a 

second UHV system.  An apparatus designed primarily for helium atom scattering 

apparatus, with a base pressure of 1x10
-10

 Torr, can employ a monochromatic (Ei = 31.3 

meV, E/E  2%) supersonic helium beam.[44]  The sample chamber partial pressures 

are measured with a UTI 100C quadrupole mass spectrometer which is used also for the 

TPRD studies.  The surface temperature was ramped at ~3 Ksec
-1

.   
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Synchrotron X-ray Photoelectron Spectroscopy (XPS) was performed at the Brookhaven 

National Laboratory NSLS facility on beamline U12A. Details of the experimental 

settings were already given in Section 3.3.  Details of the XPS data processing and 

normalizations were described in  Section 5.3. 

 

In both of the two UHV systems, (base pressures < 10
-10

mbar) the Cu(001) surface was 

prepared with cycles of 1keV (>10 A) Ar
+
 or Ne

+
 sputtering for 15 minutes, and 

annealing to 673K for 10 minutes.  The initial cleanliness of the sample surfaces was 

probed either by XPS or with He atom reflectivity.  In XPS, contamination levels fell 

below the detection limit, i.e. ≤ 1% of a monolayer.  The paucity of surface defects was 

confirmed in He scattering by observation of a room temperature He reflectivity in excess 

of 20%, which is believed to imply a point defect density of ≤ 0.3% of a monolayer. 

 

Isocyanic acid (HNCO) was produced by thermal decomposition [45, 46] of cyanuric 

acid ((HNCO)3, a cyclic trimer of isocyanic acid, Sigma-Aldrich- 99%).  Rapid ramping 

to ~1100K was performed in an evacuated quartz cell, and a mixture of product species 

was collected in a Pyrex container at liquid nitrogen temperatures.  The intermediate 

mixture predominantly comprises HNCO. CO2, CO, N2, H2 impurities were removed 

with evacuation at dry ice/acetone bath temperatures for 2-3 minutes.  The purified 

HNCO product was thereafter stored at liquid nitrogen temperatures to avoid any 

polymerization of HNCO monomers. Further insight to the process as well as the 

experimental setup, where the decomposition, purification and storage procedures are 

performed, is detailed in APPENDIX-C.  
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Cyanogen (C2N2, 99% purity) was supplied by Linde gas.  Oxygen (O2, 99.998% purity) 

was supplied by Matheson TriGas. 

 

In both UHV systems the Cu(001) surface was exposed to C2N2 or to a HNCO flux from 

directional dosers.  Absolute exposure levels are unknown, although relative exposures 

were accurately monitored within each chamber.  O2 exposures were performed by 

backfilling the chambers.  All exposures are reported here in terms of time integrated ion 

gauge readings with the UHV chambers. 

 

6.4. Results and Discussion 

 

The chemical composition and surface densities of surface bound moieties were primarily 

investigated with quantitative XPS measurements.  Evidence of surface moieties were 

sought both preceding and after thermal treatments of surfaces prepared with the 

coadsorption of HNCO+O2 and coadsorption of C2N2 +O2.  Independently, the desorbing 

products of the thermally initiated reaction both samples were monitored using RTPD. 

 

6.4.1. Coverage calibrations of NCO/Cu(001) surfaces 

 

Fig. 6.1 shows a selection of XPS spectra following different adsorption processes 

designed specifically for surface coverage calibration references.  The N/Cu(001) surface, 

prepared by N
+
 sputtering (Ei = 1keV, >5000C) followed by a brief annealing at 600K,  
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Figure 6.1. Room temperature XPS spectra from (a) N/Cu(001); (b) O/Cu(001).  (c, d, 

e) are taken from the HNCO exposed surface, NCO/Cu(001).  Photon beam 

energy = 650eV.  Pass energy = 10eV.  The binding energy of each peak was referenced 

to corresponding bulk Cu3p peaks at 75.2 and 78.0 eV.  All spectra are shown after 

Shirley background subtractions. 

 

shows a single XPS line at 397.2 eV (Fig. 6.1(a)).  STM and Rutherford backscattering 

studies [47-49] have confirmed that this procedure produces an N saturated surface with a 

c(2x2) superstructure extending fully across the surface with an absolute coverage of 

0.5ML.  The second coverage calibration standard, O2 saturated O/Cu(001), was prepared 

by dissociative O2 adsorption at RT from a backfilling exposure of ~6000L.  Helium 

atom scattering has confirmed the completion of an ordered phase at these exposure 

levels [50].  Helium diffraction then indicates a (2 x 22)R45
o
 superstructure [51], 

which is also seen with Low Energy Electron Diffraction (LEED) [50].  Independent 

Auger Electron Spectroscopy (AES) and Surface Extended X-ray Absorption Fine 
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Structure (SEXAFS) studies have also determined the absolute O coverage of this surface 

as 0.5 ML. [52]  The resultant surface yields a single O 1s feature at 530.6 eV            

(Fig. 6.1(b)), which is attributed to the 0.5ML of atomic oxygen adatoms. 

 

Dissociative adsorption of isocyanic acid (HNCO) at RT yields an NCO(a) covered 

Cu(001) surface, via 

                          )(2)()()(
2

1
ga

RT
aa

RT HNCOHNCOHNCO     ,                  (6.1) 

and which shows three XPS features with binding energies at 287.8, 398.8 and 532.8 eV, 

(Figs. 6.1(c), (d), (e)).  At this point, it is worth underlining that the C 1s binding energy 

associated with NCO(a) species is ~2.6 eV higher than has been seen for CN(a), adsorbed 

on the same substrate[53], and is ~3.4 eV higher than is reported for an adsorbed 

graphitic carbon at 284.4 eV.[54]  In contrast, the N 1s binding energies of NCO(a) and 

CN(a) are not expected to be resolved.    

 

Absolute coverages of NCO/Cu(001) surfaces, including that of the HNCO saturated 

surface, were determined by comparing the integrated N 1s and O 1s peak intensities with 

the corresponding peak intensities measured from the calibration N/Cu(001) and 

O/Cu(001) surfaces.  The coverage calibrations with respect to the saturated N/Cu(001) 

surface suggest that the saturation coverage of NCO/Cu(001) is 0.52±0.02 ML.  The 

double check, with respect to the O/Cu(001) surface, suggests that the saturation 

coverage of NCO/Cu(001) is 0.51±0.2 ML.  Angle resolved helium diffraction indicates a 

c(2x2) ordered superstructure on the saturated NCO/Cu(001) surface, which is again 
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supportive of the NCO/Cu(001) calibration.[30]  Finally, the relative N and C 

sensitivities are also fully consistent with those for C2N2 exposed surfaces. [53] 

 

6.4.2. Oxidation of NCO(a) species on Cu(001) 

 

Dissociative adsorption of 400L HNCO on Cu(001) at RT, at which hydrogen readily 

desorbs from surface [38], also leaves only NCO(a) species on the surface.  Subsequent 

dissociative adsorption of O2 on the subsaturated NCO/Cu(001), leads to four apparent 

XPS features at 532.8, 398.8, 287.8 and 530.6 eV, (Figs. 6.2 (a), (b), (c).) While the 

former three figures are the binding energies associated with NCO(a) species, the peak at 

530.6 eV is attributed to co- adsorbed oxygen adatoms, (by comparison with 6.1(b)).  

Oxygen co-adsorption on NCO/Cu(001) surface changes essentially neither the 

intensities nor the binding energies of XPS features associated with NCO(a) species.  

(Compare line positions with those of Figs. 6.1(c), 6.1(d), and 6.1(e).)  At RT, only a very 

limited degree of chemical interaction between NCO(a) and O(a) species is apparent in the 

weak shoulder at 397.2 eV of Fig. 6.2(b).  A small extent of an oxidative reaction could 

be implied, possibly on defect sites.  The oxidation reaction, we show here, approaches 

completion at higher temperatures. 
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Figure 6.2. RT XPS spectra (a,b,c) associated with dissociative adsorption of 400L 

HNCO on Cu(001) at RT followed by excess exposures of O2. (d,e,and f) show the 

spectra from the surface after 5 min. annealing at 473K.  

 

The O+NCO/Cu(001) prepared sample was annealed at 473K for 5 minutes.  The surface 

was then probed again with XPS at RT, (see Figs. 6.2(d), 6.3(e), and 6.3(f)).  The anneal 

treatment removed the large majority of the initial O(a) species, and the NCO(a) density is 

significantly reduced.  The weak feature at 397.2 eV in Fig. 6.2(b) grows to dominate the 

N 1s spectral region shown in Fig. 6.2(e).  Oxygen (O2) does not desorb from an 

O/Cu(001) surface at 473K or below. [51].  Our independent thermal stability tests of 

NCO(a) species on Cu(001) also indicate that NCO(a) alone is stable up to at least 473K 

[41].  The annealed O+NCO/Cu(001) surface has thus undergone a chemical change; 

NCO(a) reacting with O species on the surface. 
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XPS feature O1s 

530.6eV  

O1s 

532.8eV 

C1s 

287.8eV 

N1s 

397.2eV 

    N1s     

398.8eV 

Associated species O(a) NCO(a) NCO(a) N(a) NCO(a) 

Initial RT levels 

(ML) 

0.156 0.244 0.265 0.018 0.255 

Levels post 473 K 

anneal (ML) 

 

0.019 

 

0.106 

 

0.136 

 

0.143 

 

0.122 

Coverage change  

= Final – Initial 

(ML) 

 

-0.137 

 

-0.138 

 

-0.129 

 

+0.125 

 

-0.132 

 

Table 6.1. Surface coverages and changes as determined by integrated intensities of 

all XPS features shown in Fig. 6.2. The lowest row of the table reports indicated surface 

coverage variations resulting from a 5 minute anneal at 473K of the RT exposed 

NCO+O/Cu(001) surface. 

 

A quantitative analysis of the spectral changes before and after annealing, shown in      

Fig. 6.2, is summarized in Table 6.1.  To monitor the consistency of our quantitative 

analysis, as described in Section 6.4.1, three independent coverage calibrations were 

used.  (The saturated CN/Cu(001) is used as the reference for the coverage calibration of 

carbon atoms.)  Thus, NCO(a) surface populations determined by corresponding O 1s, C 

1s and N 1s features can vary slightly within each row in Table 6.1.  It is apparent 

however that, to within less than 0.013ML, the surface population of nitrogen is 

preserved, whilst there is a conversion of ~0.133ML conversion from NCO(a) to N(a).  I.e. 

the generated N(a) essentially equals the loss of NCO(a) moieties.  The extent of O(a) and 

NCO(a) losses are also virtually identical.  This implies immediately that two oxygen 

atoms per carbon atom are simultaneously lost/removed from the surface, most probably 

in the form of CO2(g).  
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                                            ( ) ( ) 2( ) ( )a a g aNCO O CO N                                              (6.2) 

The same experiment with differing initial NCO/O proportions, yielded the same result: 

CO2(g) and N(a) are the only reaction products.  Reaction (6.2) is thermally activated at a 

temperature between 373-473K and it can run until near depletion of one of the reactants, 

i.e. NCO(a) or O(a).   

 

6.4.3. RT oxidation of CN(a) species and subsequent thermally activated processes 

 

A surface prepared by dissociative coadsorption successively of C2N2 + O2 at RT 

produces five XPS features with binding energies at 285.2, 287.8, 398.8, 530.6 and 532.8 

eV (Figs. 6.3(a), (b), and (c)).  The observed binding energies except 285.2 eV are 

essentially identical to those seen in the calibration measurements presented in           

Figs. 6.1(a)-(e). In Chapters 3 and 4, we have demonstrated that CN/Cu(001) surface 

manifests itself with 285.2 and 398.8 eV features in XPS.  Thus, we can conclude that 

C2N2 + O2 co-adsorption generates a surface simultaneously containing O(a), CN(a) and 

NCO(a) species, as had been suggested by Carley et al.[37]  An incomplete oxidation of 

CN(a) with O(a) to NCO(a) is implied,  

                                  ( ) ( ) ( )
xT RT

a a aCN O NCO                                                         (6.3) 

despite an excess of co-adsorbed oxygen.   
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Figure 6.3. (a) C1s, (b) N1s and (c) O1s XPS features upon RT co-adsorption of 200L 

O2 and excess C2N2 on Cu(001).  (d), (e) and (f) show respectively the same binding 

energy regions of RT XPS spectra taken after 5min. annealing of the surface at 473K.  

 

Various C2N2 and O2 exposure combinations were also tried to achieve complete CN(a) 

oxidation at RT, yet it was not possible to find a combination which yielded NCO(a)  

species, exclusively.  Excess CN(a) was observed at low O2 exposures, excess O(a) was 

observed at low C2N2 exposures, and both CN(a) and O(a) coexisted at intermediate 

relative exposures.  The Reaction (6.3) is not at thermodynamic equilibrium, as NCO(a) 

shows no sign of spontaneous decomposition (Figs. 6.1(c) and 6.1(e)) at RT.  Reaction 

(6.3) is not reversible at RT.  The observation of coexisting NCO(a), CN(a) and O(a) 

species thus implies a kinetic limitation to the reaction between CN(a)  and O(a)  species.  

We first propose that NCO(a)  forms at the boundary of surface segregated patches with 

differing CN(a) densities.  In contrast to O/Cu(001), CN(a) alone is known to phase 

separate at intermediate coverages on Cu(001) into lower and higher density phases.[30]  



  

 

136 

Secondly, the CN+O reaction can then be slowed if the migration of CN(a) to O(a), or visa 

versa, were limited by a strongly-bound NCO-containing diffusion barrier. 

 

XPS feature O1s 

530.6eV  

O1s 

532.8eV 

C1s 

285.2eV 

C1s 

287.8eV 

N1s 

397.2eV 

    N1s     

398.8eV 

Associated 

species 

O(a) NCO(a) CN(a) NCO(a) N(a) CN(a)+NCO(a) 

Initial RT levels 

(ML) 

0.205 0.126 0.195 0.126 0 0.321 

Levels post 

473 K anneal 

(ML) 

 

0.089 

 

0.009 

 

0.115 

 

0.027 

 

0.188 

 

0.134 

Coverage 

change 

(ML) 

 

-0.116 

 

-0.117 

 

-0.080 

 

-0.108 

 

+0.188 

 

-0.187 

Table 6.2. Surface coverages and changes as determined from RT integrated 

intensities of all XPS features shown in Fig. 6.3.  The lowest row of the table reports 

indicated surface coverage variations resulting from a 5 minute anneal at 473K of the RT 

O+CN+NCO/Cu(001) surface.  

 

In order to investigate the NCO(a) oxidation reaction further the surface, illustrated in 

Figs. 6.3(a)-(c), was also annealed to 473K.  The subsequent XPS spectra                  

(Figs. 6.3(d)-(f)), show a reduction of CN(a), NCO(a) and O(a) population and the 

appearance of a new feature at 397.2 eV, which was previously ascribed to nitrogen 

adatoms (compare with Fig. 5.1(a)).  Qualitatively speaking, the NCO(a) loss and 

simultaneous N(a) generation appears similar to the results reported in Section 6.4.2, i.e. 

for oxidation of NCO(a) in the absence of CN(a) species.  
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Quantitative analyses of post and pre-annealed surfaces, however, suggest that     

Reaction (6.2) is not the only active process.  Indeed the analysis results, outlined in 

Table 6.2, suggest that while the nitrogen population on the surface is again preserved, 

the surface concentrations of both CN(a) and NCO(a) species decrease.  Significant C2N2 

desorption from CN/Cu(001) occurs only at temperatures in excess of 575K [53]. Here, 

with co-adsorbed CN(a), O(a), and NCO(a), the preserved nitrogen level also clearly 

excludes C2N2 desorption below 473K.  CN(a) dissociation is also not supported as 

graphitic carbon, anticipated at 284.4 eV [54], is not seen on this surface.  The combined 

information suggests that a further fraction of the CN(a) species can be converted to 

NCO(a) in the annealing step,  

                                      
473

( ) ( ) ( )
xRT T

a a aCN O NCO                                                 (6.4)                                  

The observed O(a) loss (0.116ML in Table 6.2) was insufficient to explain both the CN(a) 

consumption by thermally activated oxidation (4) and the complete oxidation of all 

NCO(a) species through Reaction (6.2). Reactions (6.4) and (6.2) alone would have 

required a more than doubled O(a) loss , i.e. ~ 0.27 ML.  

 

An approximate overall stoichiometry for the reaction processes during annealing, 

suggested by Table 6.2, is given by, 

                       ( ) ( ) ( ) 1.69 2( ) ( )0.69 1.69a a a g aNCO O CN C O N             .                       (6.5) 

Given the conservation of the surface nitrogen level throughout the reactions, the most 

realistic gas phase products are CO2 and CO.  The following is implied, 

                   ( ) ( ) ( ) ( ) 2( ) ( )0.69 1.38 0.31 1.69a a a g g aNCO O CN CO CO N                    (6.6) 
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which suggests a new competing reaction, namely a thermally induced dissociation of the 

NCO(a) species, 

                                                ( ) ( ) ( )a g aNCO CO N                                                    (6.7) 

Both Reactions (6.2) and (6.7) run at intermediate temperatures, RT  Tx  473K.  N(a) is 

a common product, though the volatile products are respectively CO2(g) and CO(g).  

Reaction (6.7) proved to be the dominant mechanism for NCO(a) removal; (6.7)/(6.2) 

reaction yields appeared in a ratio of 1.38/0.31.  In other words, the dissociation reaction, 

Reaction (6.7), is the primary mechanism for the removal of NCO(a) species from the 

CN+O+NCO/Cu(001) surface.  The overall reaction for removal of one NCO(a) species in 

Reaction (6.6), with this set of particular initial concentration ratios, can be described as x 

(6.2) + y (6.4) + z (6.7) with x = 0.31, y = 0.69 and z = 1.38.  Incidentally the x, y and z 

coefficients, and their ratios, are strongly dependent on the O2 and C2N2 exposures, i.e. 

on the initial O(a), CN(a) and NCO(a) coverages.  For example, somewhat intuitively, 

proportionately less CO2(g) production (Reaction (6.2)) and less CN(a) oxidation 

(Reaction(6.4)) are seen with lower initial O(a) levels. 

 

In the absence of CN(a) on an NCO+O/Cu(001) surface, CO2(g) is the only gaseous 

product seen upon annealing to 473K (Section 6.4.2) as per Reaction (6.2).  CO(g) 

evolution, resulting from the competing dissociation Reaction (6.7), is observed however 

only in the presence of co-adsorbed CN(a).  We propose then that the dissociation 

Reaction (6.7) is catalyzed by the presence/proximity of co-adsorbed cyanide species, 

CN(a).  The scheme for the competing NCO(a) elimination reactions are summarized in 

Fig. 6.4 below. 
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Figure 6.4.  Schematic of the reaction mechanisms for NCO(a) formation on, and 

NCO(a) removal from, the Cu(001) surface. 
 

A post adsorption sequence of Reaction (6.7) alone would be insufficient to explain the 

total CO(g) yield.  Likewise the dissociation through Reaction (6.7) of all NCO(a) formed 

through Reaction (6.4) during the annealing process alone produces insufficient CO(g) 

yield.  In other words both existing and newly formed NCO(a) are necessary to give 

adequate CO desorption from Reaction (6.7). 

 

Upon RT C2N2 and O2 exposures, Reaction (6.3) self limits.  Earlier in this section we 

had proposed that an NCO(a) barrier, to diffusion of both CN(a) or O(a) species, limits the 

mutual approach of these species.  On heating to 473K, Reactions (6.7) and/or (6.2), can 

degrade the barriers’ affectivity by replacing NCO(a) species with presumably immobile 

N(a) and thereby re-enabling Reaction (6.4).  With production of more NCO(a), from 

remaining CN(a) and O(a) moieties on the surface, the width of the NCO- and N-

containing physical barrier will increase further.  Eventually, the CN(a) + O(a) reaction is 
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again kinetically limited.  The final surface, observed at RT but after the anneal process 

contains CN(a) +O(a) +N(a).  All NCO(a) is depleted but the N(a) is now sufficient to 

prevent completion of Reaction (6.4).   

 

6.4.4. TPRD measurements from NCO+O/Cu(001) and CN+O+NCO/Cu(001) 

surfaces: 

 

The gas phase products of the thermally activated reactions from NCO+O/Cu(001) and 

NCO+CN+O/Cu(001) surfaces were monitored with temperature programmed reactive 

desorption (TPRD). Ion yields at m/z = 14, 28, 30, 43, 44 and 52 were monitored.  As 

predicted by the XPS results, only m/z = 28 and m/z = 44 amu/e
+ 

features exhibited 

discernable yields. 

 

NCO+O/Cu(001) and NCO+CN+O/Cu(001) surfaces were prepared with the same 

nominal routines as described in Sections 6.4.2 and 6.4.3. However, as the experiments 

were performed in different chambers, precise surface compositions could not be 

reproduced. TPRD results are shown in Fig. 6.5.  
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Figure 6.5. TPRD curves from the samples prepared by (a) the co-adsorption of 200 L 

O2 followed by excess exposure of C2N2 , (b) co-adsorption of 400L HNCO followed by 

excess exposures of O2. Intensities of desorption peaks were normalized. 

 

The normalized CO(g) and CO2(g) curves shown represent our best estimates of 

instantaneous relative CO(g) and CO2(g) yields, as derived from processed mass 44 and 28 

scan data.  To achieve this the cracking patterns and absolute signal levels for pure CO(g) 

and pure CO2(g) backfills were individually measured, both at ~10
-9

 mbar, after correction 

with the vendor tabulated ion gauge sensitivities.  The instantaneous CO2(g) component at 

mass = 28 was subtracted from the total instantaneous mass 28 signal.  The remainder is 

then attributed to CO(g) desorption.  Fig. 6.5(a) indicates comparable maximum CO2(g) 

and CO(g) desorption yields.  In contrast Fig. 6.5(b) does not indicate any CO(g) 

desorption.  
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Qualitatively speaking, the clear difference between the results of Figs. 6.6(a) and 6.6(b) 

is that CO desorption occurs only from the NCO+CN+O/Cu(001) surface.  This 

observation is in full agreement with the XPS analysis results reported in Sections 6.4.2 

and 6.4.3, and the dissociation reaction of NCO(a) species (Reaction (6.7)) is catalyzed by 

the presence/proximity of CN(a) moieties.  

 

Quantitatively: the ratio of the integrated curve area in Fig. 6.5, ICO/ICO2, is ~7/3 = 2.3  

which differs significantly from that found in Section 6.4.3, i.e. 1.38/0.31 = 4.4.  We 

believe that the ratio difference is related to the non-reproducibility of exposures in the 

two experimental chambers.  A second possible cause of the disparity could arise from 

inaccuracies in the vendor-quoted ionization efficiency values used for the TPRD curve 

normalization.  (It is well known that variations between ion gauges are to be found that 

can vary also with time and operational history.)  Yet, regardless of the evident CO/CO2 

yield difference, this TPRD study confirms the desorption of both CO and CO2 from a 

thermally treated CN+O+NCO/Cu(001) surface while CO2 is the only desorbing gas from 

O+NCO/Cu(001) surface.  The TPRD analysis also indicates that more CO(g) is produced 

than CO2(g) in Fig. 6.5(a), i.e. for CN(a) containing surfaces the dissociation reaction can 

be the dominant mechanism for NCO(a) removal from Cu(001)
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6.5. Conclusion 

 

Oxidation and decomposition reactions of NCO(a) species adsorbed on Cu(001) were 

studied with soft XPS and TPRD measurements.  A thermal anneal of the 

NCO+O/Cu(001) surface to 473K leads to a single oxidation reaction which generates 

adsorbed nitrogen and gas phase CO2 as products.  When the NCO+CN+O/Cu(001) 

surface was annealed in the same manner, we observe the generation of both CO2 and CO 

in the gas phase along with remaining adsorbed nitrogen.  Quantitative analysis of the 

XPS peak intensities implies that a new reaction, dissociation of an NCO(a) species which 

is catalyzed only in the presence of proximal CN(a), is responsible for the CO production. 

The CO2/CO production ratio varies on the relative populations of CN(a), NCO(a) and O(a) 

on the surface prepared by C2N2 and O2 co-adsorption at RT.  Nevertheless, it is clear that 

the decomposition reaction, yielding CO, can be the dominant mechanism, for NCO(a) 

elimination; for high CN(a) levels it is more significant than the oxidation reaction that 

yields CO2.  Electric fields have been shown to induce perturbations in adsorbed NO on 

platinum[55] and in adsorbed CO on ruthenium[56]. Similar oxygen-induced electric 

fields have been cited as a possible explanation for the increased NCO(a) stabilities in the 

proximity of O
-

 (a) moieties.  In our case of the CN
-

 (a) moiety, its influence on NCO(a) 

species appears to be in the opposite sense; NCO(a) is destabilized by CN(a). 

 

Although these reactions occurred under idealized UHV conditions on single crystal 

Cu(001) surfaces, far from the complexity of events that can happen in real catalytic 

systems, our observations imply an important phenomenon; if NCO(a) is a key 
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intermediate for the reduction of NOx species, the presence of the CN(a) species may 

significantly alter the catalytic role envisioned for NCO(a).  CN(a) species are known to be 

present on many real catalytic processing surfaces. [21, 22, 47, 57-61] 
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CHAPTER 7 

CONCLUSION 

 

C2N2 exposures on Cu(001) surface at 263K lead to a CN-only surface yielding a ordered 

superstructure of c(10x6) which was observable only with angle resolved HAS.  

Coverage calibrations performed with XPS for CN/Cu(001) suggests that the CN 

coverage at saturation is about 0.41 ML, implying 12-13 CN species accommodated 

within each 30-copper-atom large unit cell. NEXAFS probing of the same surface returns 

a complicated N 1s-π
*
spectrum, implying CN moieties with a number of different 

binding sites and/or bonding orientations coexisting on the Cu(001) surface.  The 

breakdown of the π
*
 spectral feature indicates there should be at least three different types 

of CN moieties on the saturated CN/Cu(001) surface. 

 

I also aimed to augment the structural information listed above with an estimation of 

binding energy of CN species on Cu(001). For this purpose, desorption spectra from the 

CN/Cu(001) surface were utilized to determine the activation energy of desorption (Ed), 

which in the next step can be used to estimate binding energies of adsorbed CN species 

on the copper. However, the traditional analysis techniques, which work on the 

assumption that the value of Ed is independent of CN coverage, cannot be applied 

properly to our system since mutually repulsive dipolar interactions among CN
δ-

 are 

expected to lead to a marked desorption energy reduction with increasing CN coverages. 

In order to overcome this problem, we have developed a new analysis approach 

specifically targeting the estimation of coverage dependent component of Ed in the range 
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of 0 sat
m   . In contrast to the Habenschaden-Küppers/ Leading Edge analysis, the 

new technique works very well without superb signal-to-noise ratios in the desorption 

spectra. Ed value for the C2N2 desorption from CN/Cu(001) surface is determined to be in 

the 160-163 kJ/mol range.  

 

TOF-HAS measurements from CN/Cu(001) at ΔK positions away from specular and 

diffraction peaks are dominated by a large multiphonon distribution together  with a 

small diffuse elastic component. Excellent agreement between the multiphonon 

distribution in our data and the classical discrete model of multiphonon scattering implies 

that some of the CN species in an ordered superstructure have high vibrational 

amplitudes. The diffuse inelastic intensity is dominated by the most dynamic component 

of the surface. That fact that sharp superstructure diffraction peaks are observed 

simultaneously (which would have been unanticipated) implies that long range order is 

maintained despite the highly dynamic component.  The component that exhibits elastic 

diffraction moves with comparatively low vibrational amplitudes.  The elastically 

scattered intensity is dominated by the less dynamic CN species of the surface. This 

proposal relies on an inhomogeneous set of CN adsorbates, which is implicitly is implied 

by the fractional saturation coverage in a large unit cell structure and suggested by 

NEXAFS results indicating the existence of multiple CN species types. A set of rigidly 

placed CN species are expected to build the long range network.  That network serves to 

induce the observed coherent diffraction peaks.  The coexisting rigid and dynamic 

components of an ordered superstructure had thus far not been seen.  The extreme 
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differences in CN binding configurations (within one unit cell) has enabled the first 

observation of this kind of distinction of dynamic behaviors. 

 

An XPS investigation of the thermal treatment of pure NCO/Cu(001) surfaces, at 573K, 

shows the appearance of a new C 1s feature at 286.4 eV as well as a new N 1s feature at 

398.4 eV binding energies.  Quantitative analysis of the XPS data suggests a bimolecular 

process; two NCO moieties leading to formation of CO2(g) and leaving a 

stoichiometrically “CN2” moiety adsorbed on the surface.  RAIRS studies suggest that 

the “CN2” is a carbodiimide species, i.e. NCN, with a linear “sp” hybridized central 

carbon atom.  The comparative weakness of the va(NCN) band, as well as the absence of 

a vs(NCN) band, suggest that the surface hosts high concentrations of NCN moieties that 

lie predominately parallel to the surface plane. The proposed electron-rich NCN(a) 

species, with a high thermal stability, which is obtainable at high surface concentrations, 

could be utilized as an active precursor in chemical modification of copper surfaces.   

 

Oxidation and decomposition reactions of NCO(a) species adsorbed on Cu(001) were also 

studied with soft XPS and TPRD measurements. The effect of coadsorbed CN on NCO 

oxidation investigated by the comparison of the thermally induced reactions from 

NCO+O/Cu(001) surfaces with those of NCO+CN+O/Cu(001) surfaces at 473. K  

Quantitative analysis of the XPS peak intensities implies that while CO2 is the only 

gaseous product from NCO+O/Cu(001), both CO and CO2 is evolving from the 

NCO+CN+O/Cu(001) surface. TPRD measurements qualitatively confirm the outcomes 

of the XPS analysis.  A new reaction, dissociation of an NCO(a) species which is 
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catalyzed only in the presence of proximal CN(a), is responsible for the CO production. 

The CO2/CO yield ratio depends on the relative populations of CN(a), NCO(a) and O(a) on 

the surface prepared by C2N2 and O2 co-adsorption at RT.  Nevertheless, it is clear that 

the decomposition reaction, yielding CO, can be the dominant mechanism, for NCO(a) 

elimination; for high CN(a) levels. It becomes more significant than the oxidation reaction 

that yields CO2.  Although these reactions occurred under idealized UHV conditions on 

single crystal Cu(001) surfaces, far from the complexity of events that can happen in real 

catalytic systems, our observations imply an important phenomenon; if NCO(a) is a key 

intermediate for the reduction of NOx species, the presence of the CN(a) species, whose 

presence has been reported on several occasions on many real catalytic processing 

surfaces, may significantly alter the catalytic role envisioned for NCO(a). 
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APPENDIX A 

Processing and Normalization of Raw NEXAFS Results: 

 

At the beginning, it must be emphasized that there is an inherent offset components to the 

raw signal intensities in all NEXAFS measurements and the magnitude of signal 

background is not insignificant in comparison to X-Ray absorption related features. For 

the proper application of the following normalization routines, this offset must be first 

subtracted from the raw signal. The simplest way of determining the magnitude of the 

offset is to close the gate valve between the sample and Synchrotron light source in the 

earliest moments of any data acquisition. 

 

Normalization mechanics, which will be detailed below, is based on the “comprehensive” 

normalization method described by Watts, et al.[1] and it also takes the variation of % of 

the beam striking the sample surface into account.  In order to perform this modified 

“comprehensive” normalization for a given raw NEXAFS data set, ( , 1)sI E t  taken during 

a time period, t1, we need the mesh signal, ( , 1)mI E t , collected simultaneously as well as 

another NEXAFS measurement performed during a different time period, t2, from a clean 

substrate, tan ( , 2)s dard
sI E t , and the corresponding mesh signal, tan ( , 2)s dard

mI E t .  We then 

define a ratio of intensity ratios, ( )E ; 

 

1 1

tan tan
0 0

tan tan

( , 1) . . ( ). ( 1). ( )
( , 1) ( ). ( 1). ( )

( )
( , 2) . . ( ). ( 2). ( )

( , 2) ( ). ( 2). ( )

s s

m m
s dard s dard

s s
s dard s dard

m m

I E t Z A E I t E
I E t A E I t E
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(A.1) 

where;  

Is , Im : Recorded signal intensities of sample and mesh signals 

Z : % of the beam, striking the sample surface. 

  : Polar angle dependence on illuminated surface area 

        ( )A E  : Photo-absorption spectra of sample or mesh. 

( 1)I t , ( 2)I t  : Time dependent variation of synchrotron beam intensity 

        ( )E  :  Energy dependent variation of synchrotron beam intensity 

 

and the “standard” superscript is used to identify the measurements associated with a 

clean substrate. 

 

We can assume the chemical state of the mesh stays stable from one measurement to 

another; tan( ) ( )s dard
m mA E A E . When they cancel each other in (A.1), we get rid of the 

ambiguity arising due to the TEY mode detection of the mesh signal. 
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                                                    (A.2) 

 

The ( )sA E , photo-absorption spectra of the sample, is composed of two components. One 

component is the intensity coming from an adsorbed overlayer, ( ).N E (This is the signal 
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intensity we are trying to obtain at the end of the analysis.) The other component is the 

signal intensity from the substrate material under the adsorbed overlayer, tan. ( )s dard
sf A E .  

f is the fractional constant parameterizing the reduction of tan ( )s dard
sA E  as a result of the 

shielding effect of the adsorbed overlayer. Therefore,    
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                                         (A.3) 

 

Now, for a moment, let us consider the clean substrate measurement alone:  

    

tan tantan tan
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           (A.4) 

 

where ( )Au
mA E  is taken to be eqiavalent to )(EAu , the linear photo-absorption 

coefficient of the gold mesh, multiplied by a constant, C. Rearranging (A.4) then yields 

to:  
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                              (A.5) 

Where 
tan' ( )

s dard

sA E  is the derived photo-absorption spectrum of the clean substrate. 

Plugging (A.5) into (A.3); 
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                                                (A.6) 

Rearranging (A.6) in order to leave ( )N E alone on one side of the equation yields:                     
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                                         (A.7) 

Since 0)( 
edgepre

EN , then 1 1

0 0

.
( ) .

.pre edge
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E f
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  is constant,  then (A.7) becomes: 
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                                  (A.8) 

 

As it was expressed earlier, ( )N E is the NEXAFS intensity associated with the adsorbed 

overlayer. The last step of the normalization is to set the step height to unity by choosing 

an appropriate 








11.Z

C
 value.  

 

Reference: 

 

[1] B, Watts, L. Thomsen, P.C. Dastoor, Journal of Electron Spectroscopy and   

            Related Phenomena 151 (2006) 105. 
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APPENDIX B 

The effects of a coverage dependent component of Ed on the topology of 

Arrhenius plots: 

It is interesting to note that the Arrhenius plots for low initial coverages give desorption 

energies which are in good agreement with the values obtained from the curve fitting 

method. This makes sense since the -C correction to Ed from the curve fitting is minimal 

at the lowest initial coverages. But at significantly higher initial coverages curvature is 

seen in the Arrhenius plots, as per the red curve of Fig. 4.3(c). In this light, we first revisit 

the Arrhenius plot data when a general correction factor to Ed, f(), is introduced. We 

show that the local slopes are not simply -Ed()/R alone. For the case f() = C, we 

evaluate the explicit shape of a so called Arrhenius curve. 

 

As stated previously, the Arrhenius Plots used above involved a strict treatment of the 

Polanyi-Wigner equation, Eq. (4.1). Only if Ed and  are independent of coverage, can Ed 

be determined by using  

 
 

ln

1

n
d

I
E

R
T


 
    


  .                                (B-1) 

However, if Ed depends on the coverage,    o
d dE E f   , then the Polanyi-Wigner 

equation becomes 



  

 

156 

 
    1

, exp
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            (B-2) 

as shown in Eq. (4.10). Eqs. (4.4) and (4.5) from chapter 4 then yield: 
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         (B-3) 

There are potentially three terms that lead to non linearity in Arrhenius plots, and that 

lead to the errors in taking the local gradient to equal -Ed()/R alone.   

 

In the case of associative desorption from CN/Cu(001), given the quality of our fits, we 

have justifiably taken n= 2, and   to be coverage independent. I.e. the first term in 

square brackets in equation (B-3) above is zero. Although the temperature ramp () is not 

absolutely constant its variation is small and we can take 

 
  2ln 1
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f
T I

RT
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. 

When implementing also  f C  , we deduce; 
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                              (B-4) 

A comparison of an Arrhenius plot and one calculated with simulated data is given in   

Fig. B.1. 
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One of the main features of the Arrhenius plots was that for ideal second order (C = 0) 

the plots should yield straight lines. In the case of the cyanogen data, this was not true 

although the plots for low coverages were much ‘straighter’ than those for higher 

coverages. However once the -C correctional factor is introduced, a near perfect fit 

results and it becomes evident that the Arrhenius plot is no longer straight. What’s more, 

the simulated and real data show curves that are not simply curves with a decreasing 

gradient with increasing instantaneous coverage.  The local gradient does not equal 

-Ed()/R alone, but the final 
CT

I
R

term also plays a significant role. In any TPD run the 

rate of desorption, I, is peaked at a specific inverse temperature, 1/Tm. The peaking of the 

last term is manifest in the simulated curve, giving a point of inflection in that curve. 

Overall the simulated and real data curves in Fig. B.1 are in excellent agreement, hence 

supporting the form of equations (B-3) and (B-4). 

 

Figure B.1. Comparison of the Arrhenius plot for an experimental TPD curve taken from 

a C2N2 saturated surface (black) with a simulated (smooth red dashed) curve using the 

best fit o
dE  = 175 kJ/mol, v = 7.0x10

10
 s

-1
 and C = 14.7 kJ/mol parameters and the 

functional form given in equation (B-4).  
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APPENDIX C 

Experimental details of HNCO synthesis through decomposition of 

cyanuric acid, purification & storage of HNCO: 
 

 

Isocyanic acid (HNCO) synthesis by the thermal decomposition of cyanuric acid has been 

a well known reaction since the late 1930s [1, 2]. In this appendix, a description of our 

custom setup built for decomposition, purification and the storage processes will be 

given. Some key observations and details will be listed, some of which were not reported 

in the literature but which we have found are necessary for the success of the processes. 

 

This starts with placing ~0.5 g cyanuric acid (H3N3C3O3) into a 100 ml quartz cylinder 

and subsequently connecting the quartz cylinder to a pumping system.  The whole system 
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is baked at 373K overnight while being pumped by a turbo pump. Then, the cyanuric acid 

in the quartz cell is heated under vacuum at 473K for ~6 hours to remove the water 

content. The water content in gas phase (as monitored with a UTI mass spec) decreases 

three orders of magnitude during this process. 

 

Once the water is essentially removed, the Pyrex cell, where the produced HNCO will be 

accumulated, is immersed into liquid nitrogen. Valve#2 is closed and valve#1 is opened. 

The bottom of the quartz cell is heated to 800-850 
o
C as quickly as possible and kept at 

that temperature for a couple of minutes. After that, the heating is turned off and the 

valve#1 is shortly thereafter closed. 

 

At the end of this process a white thin-film is observed at the top parts of the quartz cell. 

Presumably, the inner walls of the stainless tubes are also covered with the same film. 

However, no indication of any white-colored residue is observed in the Pyrex cylinder. 

The white-colored residue in the quartz tube appears as a result of: (i) the condensation of 

gas phase cyanuric acid, which is produced through sublimation of cyanuric acid starting 

at 330 
o
C and (ii) partial repolymerization of HNCO. 

 

At this time, HNCO is also collected at the bottom of the Pyrex cell, which is immersed 

in a liquid nitrogen dewar. In order to have a visual proof, carefully remove the cell out 

of the lN2 dewar while valve#1 is still closed. Blowing some cold air to the bottom of 

Pyrex cell helps to remove the collecting frost outside (which hinders the visual 

inspection). At some point solid HNCO turns to liquid as the temperature increases. One 
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cannot let HNCO stand out of the lN2 dewar for too long as its polymerization half-life 

might be quicker than had been thought, i.e. put the Pyrex cylinder back into the lN2 

dewar as soon as you have the visual proof. 

 

The liquid, as just observed, is a mixture which is predominantly HNCO.  The major 

impurity is CO2.  At this stage, freeze-pump-thaw cycles are used to obtain pure HNCO. 

We suggest placing the Pyrex cell into a dry-ice/acetone temperature bath. Beware that 

bath temperature is not uniform throughout the bath volume. Push the bottom of the 

Pyrex cell till it touches dry ice pellets at the bottom of the batch liquid. At that level, the 

temperature must be approximately -70/-75 
o
C. When the mixture is kept at this 

temperature, it is safe to pump the content of the Pyrex cell by using the turbo pump 

directly. As a matter of fact, the mass analyzer can be used at low emission current levels 

(0.2 mA) during the pumping to observe the evolution of the gas phase content during 

pumping.  If you do the latter and continuously scan the 40-50 amu region, the CO2 peak 

at 44 will gradually lose intensity and later it will stop overshadowing the peak at 43 

amu, which belongs to HNCO. Eventually, no more than a couple of minutes later, most 

of the CO2 will be removed from the mass spectrum. After this is done and the absence of 

N2 and H2 are confirmed, place the Pyrex cell back into a lN2 dewar for storage.  The half 

life of HNCO polymerization into cyanuric acid in a dry ice/acetone bath is believed to 

be barely ½ day.  A dry ice/acetone bath can be used for short periods only such as during 

the intended transfer of HNCO into a gas handling line for sample exposures. 
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The physical in-vacuum-distance between the bottom of the quartz cell, where the 

reactant is placed and the bottom of the Pyrex cell, where the product is collected should 

be neither too close nor to far away, i.e. it must be long enough for the condensation of 

gas phase cyanuric acid on stainless steel walls before reaching the Pyrex cell and it must 

be short enough to not lose too much “hot” HNCO via repolymerization before it reaches 

the lN2 cooled bottom of the Pyrex cell.  

 

An extra VCR connection is needed right above the quartz cell where you can put a 

special VCR gasket. The hole in the gasket is filled with a porous material with 20-

micrometer pores. (This gasket is a Swagelok product). That gasket is necessary to 

prevent blowing the cyanuric acid powder into your pumping system at the initial stages 

of evacuation. 

 

It is worth reminding that the same experiment was also tried by using stainless steel 

cylinders instead of quartz and Pyrex ones.  We failed to obtain any HNCO product when 

using stainless steel cells. 
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