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The adsorption and dissociation of chlorobenzene and dichlorobenzene on the Si(100) 

surface was modeled using hydrogen terminated silicon clusters within the density 

functional theory framework.  Using single dimer to much larger clusters, containing up 

to four surface dimers, to model multiple Si-dimer rows on the Si(100) surface, the 

adsorption energy and potential dissociation pathways were investigated on singlet and 

triplet surfaces.  After a systematic study of possible chlorobenzene adsorption 

geometries, including analogs generated from benzene adsorption geometries, and their 

possible dissociation products, the 1,2-tilted, 1,4-butterfly, and row-linking butterfly 

structures were found to be the most energetically favorable starting structures for 

dissociation.  Similar results were found with dichlorobenzene, with the 2,3-tilted, 1,4-

butterfly and row-linking butterfly structures being the only feasible starting structures 

for 1,2-dichlorobenzene, and the 1,2-tilted and 1,4-butterfly structures being the only 

feasible starting structures for 1,4-dichlorobenzene.  In all cases, the dissociation pathway 

required intermediates in the triplet state.  The necessity of a spin-crossing event was 

found to have a minimal effect on the energies of the dissociation pathways.  In all cases, 

no more than 20% of the adsorption structures lead to dissociation; these results are 

consistent with experimental investigations which show little to no dissociation of 

chlorobenzene and dichlorobenzene.  In addition to this work, the effects of cobalt doping 

on the optical properties of zinc oxide were studied.  Most work in this area has focused 

on the magnetic properties of Co-doped ZnO, as it is predicted to have a Curie 

temperature around room temperature, making it desirable for spintronics.  As a first step, 

pseudopotentials were developed and used to calculate the bulk modulus.  These results 

were compared to other experimental and theoretical data. 
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CHAPTER I 
 

 

Introduction to the Silicon (100) Reconstructed Surface and Zinc Oxide 

 

The Si(100) Surface Structure 

Despite the argument that silicon-based devices are reaching their physical limit and the 

increasing attention on the development of novel semiconducting materials, silicon remains to be 

the foundation of the current semiconductor industry.  Silicon is a covalent solid with a face-

centered cubic crystal structure (shown as a supercell in Figure I-1A so that bonding can be easily 

seen).  The technologically important surface of silicon is the Si(100) surface, where (100) 

represents the plane orthogonal to the [100] Miller indices, indicated by the plane shown on the 

top of the bulk Si structure in Figure I-1A.  When cut along the (100) plane, two bonds are broken 

for every Si atom resulting in two dangling bonds for every Si atom.  This newly formed surface 

is highly unstable and in order to reduce the number of dangling bonds, and consequently the 

surface free energy, a reconstruction occurs.  In this reconstruction, the molecular orbitals of the 

Si atoms on the surface are rehybridized, forming a -bond and a weak -bond between pairs of 

Si atoms.  The energy gained from rehybridization and reduction of the dangling bonds on the 

Si(100) surface is balanced against the increased stress on the surface, due to the mismatch of the 

reconstructed surface on the underlying lattice resulting in dimer rows [1-6]. 
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Figure I-1. Bulk silicon has a face centered cubic structure, as seen by the (A) supercell of Si unit 

cells.  The red plane indicates the (100) Miller plane, and the most technologically important silicon 

surface.  The Si(100) surface (B) is reconstructed to for dimer rows in a (2x1) periodicity.  The true 

structure of this surface has a c(4x2) periodicity due to the (C) buckled surface. 

 

Schlier and Farnsworth were the first to suggest the Si(100) surface had a symmetric (2x1) periodicity 

using low-energy electron diffraction (LEED) techniques [7].  Energy minimization calculations later 

found that the asymmetric, buckled dimer surface was the most stable reconstruction of the Si(100) 

surface, having either the (2x1) or c(4x2) periodicity [8].  Subsequent room temperature studies of the 

surface structure confirm a symmetric dimer row structure with the (2x1) periodicity, with buckled 

dimers observed near defect sites with the c(4x2) periodicity [9].  At low temperatures, the buckled 

c(4x2) periodicity is observed, with an order-disorder phase transition observed near 200K leading to 

the (2x1) periodicity observed above this temperature [10].  Above 200K, the random alternation 

between the buckling orientations is time averaged, resulting in what appears to be a (2x1) periodicity 

in which the dimers are not buckled with respect to one another [11].  A model of the buckled Si(100) 

c(4x2) surface can be seen in Figure I-1C.  In the STM images obtained by Hamer, Tromp, and 

Demuth, symmetric dimers appear as oblong shapes, while the buckled dimers have alternating 

bulges [9].  This is “zig-zag” observed in the STM images of the buckled dimers is due to a charge 



3 
 

transfer from the “down” Si atom to the “up” Si atom [9], and contributes to the reactivity of the 

Si(100) surface. 

 

A cluster model of the Si(100) surface is used for the calculations discussed in Chapters II and III.  

This model is ideal for calculations of adsorption and dissociation on the Si(100) surface, as the 

primary concern is of localized bonding, thus a slab model is not a feasible method.  In the cluster 

model, a selection of the surface dimers and several rows of bulk Si atoms are used to represent the 

surface.  Figures I-2A, I-2B and I-2C depict the cluster models for the single, double, and trench 

dimer clusters, and their location in the slab model of the Si(100) surface.  For the single and double 

dimer cluster models, the surface dimer and an additional three layer of bulk Si atoms are used, and 

the bulk Si atoms are truncated with H atoms to cap the unsatisfied bonds.  In the case of the trench 

dimer, an additional row of Si atoms is used in order to mitigate any unrealistic distortions that may 

arise from the curling of the two dimer rows toward one another.  Without this extra layer, structures 

with bonding across dimer rows result in artificially low energies, resulting in stable structures that 

would likely be unstable in a real system.  This method is used in many other cases [12], and provides 

good results while being computationally efficient. 
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Figure I-2.  The cluster model for the (A) single, (B) double, and (C) trench dimer clusters are 

formed from a cluster of Si atoms taken from the Si(100) surface, and the bulk Si atoms are truncated 

with H atoms. 

 

Reactivity of the Si(100) Surface 

Much of the interest relating to the adsorption of organic molecules on the Si(100) surface is sparked 

by the potential applications in chemical sensors, biological recognition, information storage, and 

molecular and optical electronics [13-16].  In addition to these applications, the highly ordered dimer 

surfaces provide a template for the ordered self-assembly of organic films and molecular wires [17-

21].  Lopinski, Wolkow and coworker [18] found that self-directed growth of styrene lines could be 

achieved by the formation of a dangling bond on the hydrogen-terminated surface using scanning 

tunneling microscopy.  This dangling bond is reacted with a styrene molecule and chain reaction 

forms long runs of styrene lines along the Si(100) dimer rows.  Another study found that this method 

could be extended to create lines across rows using allyl mercaptan [19].  Two dimensional structures 

were also attempted by this group, but steric effects did not allow for the junction of cross-row lines 
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and lines along the rows [20].  Nevertheless, these methods prove promising for the fabrication of two 

dimensional structures using the Si(100) surface as a template, and using dangling bond initiated 

chain reactions.  On clean surfaces, the buckling of the dimers in a row offer a template for the 

formation of heterogeneous structures as well, since the electrophilic down atoms act as a Lewis base 

while the nucleophilic up atom act as a Lewis acid [21].  The reaction of cyclopentene with the clean 

Si(100) surface has demonstrated that ordered monolayers can also be formed via reaction of the 

double bond with the dimer surface [17].  With the appropriate choice of adsorbate, additional 

functionalization of these monolayer films and molecular wires can be realized. 

 

In order to develop methods for the adsorption of targeted functional groups on the Si(100), a 

fundamental understanding of these reactions with the dimer surface must be obtained.  From a 

surface science perspective, the Si(100) surface is of particular importance because of the highly 

reactive silicon dimers on the surface, owing to the double bonding between dimers, and the charge 

transfer caused by the buckling of the dimers.  Because of this double bonding, and the similarity of 

the surface dimers to alkenes, many reactions analogous to alkene reactions have been studied on the 

Si(100) surface [12, 14, 15, 17, 18, 22-36].  In particular, two interesting alkene reaction analogues 

that occur on the Si(100) surface are the [4+2] and [2+2] cycloaddition reactions. 

 

In the typical [4+2] cycloaddition reaction, also known as the Diels-Alder cycloaddition reaction, two 

alkenes, commonly referred two as the diene and the dienophile, react with one another to form a six-

membered ring with one double bond in the ring.  The simplest example of this reaction is seen in 

Figure I-3, where ethylene, the dienophile, and 1,3-butadiene, the diene, react with one another to 

form cyclohexene.  The nomenclature of this reaction, [4+2] indicates that four electrons in the diene 

two electrons in the dienophile are involved in the reaction.  In this reaction, the double bonds in both 
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the diene and dienophile are broken and the terminal C atoms on both molecules form a single bond, 

while the remaining electrons form a double bond on the newly formed ring on what was previously a 

single bond on the diene.  This reaction occurs simultaneously and yields no intermediates between 

the reactants and the product.  According to the Woodward-Hoffman selection rules, which use 

frontier molecular orbital theory to examine the overlap of the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) or reacting molecules, the HOMO 

and LUMO of the reacting molecules are in phase and thus the reaction is allowed.  Indeed this 

reaction is quite common in organic chemistry and also readily occurs on the Si(100) surface despite 

the buckling of the surface dimers.  This cycloaddition reaction has be achieved using 2,3-dimethyl-

1,3-butadiene and 1,3 butadiene as the diene, and the Si(100) surface dimer as the dienophile [37, 38].  

Theoretical predictions of this reaction find that the Diels-Alder adduct is more stable than the [2+2] 

cycloaddition adduct for both 2,3-dimethyl-1,3-butadiene and 1,3-butadiene [39]. 

 

In contrast to the [4+2] cycloaddition reaction, according to the Woodward-Hoffman selection rules, 

the [2+2] cycloaddition reaction is symmetry forbidden, as the HOMO and LUMO of the reacting 

molecules are out of phase.  In the [2+2] cycloaddition reaction, the reaction of two alkenes results in 

the formation of a four-membered ring structure with no double bonds present.  The simplest case of 

this reaction is between two ethylene molecules depicted in Figure I-3.  In this reaction, the double 

bonds are broken and single bonds are formed between the terminal C atoms.  Like the [4+2] 

cycloaddition reaction, this is a concerted reaction which does not form any intermediates.  However, 

due to the out-of-phase overlap of the frontier molecular orbitals, the activation energy to form this 

structure is prohibitively high and this reaction does not occur readily.  In addition to the high barrier 

to formation of the four-membered ring product, the strain induced by the decreased bond angles 

means that these products are much less stable that those of the [4+2] reactions.   
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Like its alkene reaction analogue, reaction of ethylene with a symmetrical surface dimer would have a 

similarly high activation barrier.  However, due to the buckling of the surface dimers, which causes a 

charge transfer from the down Si atom the up Si atom, a new asymmetric reaction pathway is 

available on the c(4x2) or asymmetric (2x1) Si(100) surface.  This pathway is a non-concerted 

reaction in which a dative bond is formed between the electron density of the ethylene double bond, 

and the electrophilic down Si atom.  Two new single bonds are then formed in a step-wise reaction 

between the C atoms and the dimer Si atoms, forming the four-membered ring product [12, 15, 25, 

26]. 

 

 

Figure I-3. Schematic representation of the [4+2] and [2+2] cycloaddition reactions and their 

analogous reactions on the symmetric and buckled dimer surfaces. 
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The reaction of organic compounds with the Si(100) surface has been the focus of many studies.  A 

comparison of the sticking probabilities of propane and propene revealed that the C-C single bond 

and the C-H bonds are both inactive when reacting with this surface, while the C=C double bond was 

required to obtain a non-zero sticking probability [22].  Later studies by Yoshinobu and co-workers 

found that ethylene adsorbs to the Si(100) surface, forming a four-membered C-C-Si-Si ring, 

consistent with the product of the asymmetric [2+2] pathway.  This product was stable up to 600K, 

but undergoes some desorption and decomposition at around 650K [24].  Liu and Hamers examined 

the stereoselectivity of 1,2-dideuteroethylene on the Si(100) surface.  Their work found that the same 

four-membered ring structure, showing no isomerization when adsorbing to the surface [25].  

However, STM results show that around 2% of trans-2-butene and cis-2-butene undergo 

isomerization when adsorbing to the surface.  It is suspected that this isomerization is due to rotations 

about the C-C single bond in the intermediate of the step-wise asymmetric adsorption pathway, giving 

further support to this mechanism [40].  Further work by Yoshinobu and co-workers found that 

acetylene, when reacted on the Si(100) surface, forms a similar product to ethylene [23], suggesting a 

similar pathway for the adsorption of this molecule.  Later, this mechanism for a stepwise adsorption 

reaction was confirmed by computational results for acetylene [12]. 

 

In addition to these alkene reactions several studies for various other double bonded molecules such 

as azo and isothiocyanate derivatives (see [15], [26], and references therein) have been conducted and 

found similar results.  In addition, the adsorption and reactivity of simple aromatic molecules have 

also received much attention from the surface science community [27, 33, 34, 41-45].  The most well 

documented case of this is for the adsorption of benzene on the Si(100) surface.  Bent and co-workers 

found that the reaction of benzene with the Si(100) surface at room temperature yields two products, 

the di- butterfly structure, which is bound to a single dimer with single bonds to C1 and C4, and the 

tetra- twisted bridge structure, which is bound to two adjacent dimers with single bonds to C1, C2, 
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C3, and C4.  The remaining, unbound, C atoms lie over the trench between dimer rows.  The butterfly 

structure is the predominant structure observed, however over larger time scales, more of the twisted 

bridge structure is seen [46].  A theoretical investigation, which utilized a slab model of the Si(100) 

surface to model various possible adsorption structures on the surface, confirmed the butterfly and 

twisted bridge structures, as well as several other possible adsorption structures [41].  In addition to 

the twisted bridge structure, a tight bridge structure was modeled and was found to be the most stable 

adsorption structure.  This structure is a tetra- adsorption structure with C-Si bonds to C1, C2, C3, 

and C4, but in contrast to the twisted bridge structure, the unbound C atoms lie above the dimer row, 

making this structure essentially a 90 rotation of the twisted bridge structure.  Another tetra- 

structure, called the pedestal, was modelled, which was bonded to two adjacent dimers by C1, C2, C4, 

and C5.  This structure is unstable, due to the biradical character of the ring, forced by the separation 

of the two free C atoms.  Other di- structures modelled were the [2+2] cycloaddition product, called 

the tilted structure, which has C1 and C2 bonded to the two Si atoms of a single dimer, the tilted 

bridge structure which has C1 and C2 bonded to Si atoms on adjacent dimers on the same side of the 

row, and the diagonal bridge structure, which has C1 and C2 bonded to Si atoms on adjacent dimers on 

opposite sides of the row.  Their work also found that the tetra- structures are not formed directly 

from the gas phase, but instead they are formed from one of the meta-stable di- structures [41].  

Recent STM images confirm the existence of the tilted-bridge butterfly structure on the Si(100) 

surface stabilized by a C-type defect [45].  Jung and Gordon later modeled the tilted, butterfly, tight 

bridge, twisted bridge, and pedestal structures on the cluster model of the Si(100) surface and, in 

contrast with previous work, found the butterfly structure to be the most stable structure.  However, 

some agreement was found, in that the tight and twisted bridge structures were found to be formed 

from the isomerization of the di- structures. It was suggested that both structures are formed from 

the tilted structure [42].  Further theoretical studies on the cluster model by Zhu and Materer 

examined the possible dissociation mechanisms of benzene on the Si(100) surface, and determined 
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that the dissociation pathways required a change in spin state.  While the spin-crossing is not rate 

limiting, the barrier to formation of the common intermediate of the pathways was too large, and the 

tilted structure would more readily convert to the tight bridge, while the butterfly structure is stable to 

isomerization. This result consistent with previous studies by Jung and Gordon [33, 42].  The lack of 

dissociation observed in theoretical studies is consistent with experimental STM studies [29]. 

 

Similar investigations into the reactivity of substituted benzenes with the Si(100) surface have also 

been conducted.  One study examined the bonding configurations of toluene and xylene, and 

determined that, while the methyl substituents may influence the ratio of the configurations, these 

molecules bond to the surface forming the same adsorption structures as benzene.  Additionally, 

evidence of an Si-H vibration indicates that an H atom from the methyl group may dissociate, a result 

not observed for benzene [35].  Further experimental studies have confirmed this result toluene, and 

found that polymerization of toluene can occur on the surface when heated to temperatures between 

750K and 950K [27].  Theoretical investigations have examined possible dissociation mechanisms 

and found that, indeed, the favored dissociation pathway is the cleavage of a C-H methyl bond to 

form a Si-H bond on the surface dimer.  This work also found that, due to steric effects, the methyl 

group will promote configurations in which it is farther from the surface.  Evidence for the 

polymerization of toluene on the Si(100) surface was also found [28]. 

 

In addition to the methyl substituted benzenes, several studies investigate the adsorption of 

halogenated benzenes on Si(100).  Halogenated benzenes are structurally similar to benzene, but, with 

the exception of fluorine, C-X bonds are weaker than C-H bonds, allowing for the possibility of 

dissociative adsorption.  In fact, a study of the adsorption of various 1,2-dihalobenzenes found that 

1,2-difluorobenzene is adsorbed molecularly, while 25% of 1,2-dichlorobenzene and 100% of 1,2-
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dibromobenzene is dissociatively adsorbed to the Si(100) surface.  This work also found that the 

location of the halogen in the various isomers of a single adstructure had little effect on the adsorption 

energy, and, unlike the case of the methyl substituent, this does not favor one structure over another 

[30].  Further studies from this group found that chlorobenzene and dichlorobenzene form similar 

adsorption structures to benzene, but unlike 1,2-dichlorobenzene, no dissociation is observed [31].  

However, the structure of chlorobenzene on the Si(100) surface is under some debate, as STM images 

from Naumkin and co-workers suggest that both chlorobenzene and 1,2-dichlorobenzene do, in fact, 

dissociatively adsorb to the Si(100) surface [29].  Theoretical investigations of stable structures from 

both groups indicate that the dissociated structure is the most stable configuration, indicating that 

kinetics play a prominent role in these observations [31, 36].  Furthermore, Naumkin and co-workers 

suggest a spin-crossing must occur when forming the row-linking structure, as this is the most stable 

spin multiplicity due to the two unpaired electrons which remain on the surface [36].  However, a 

detailed mechanism is not described for any of the cases mentioned above. 

 

Spin-Crossing on the Si(100) Surface 

Spin-crossing can occur when two diabatic surfaces, potential energy surfaces which, in this work, 

omit spin-orbit coupling, with different spin-multiplicity (e.g. singlet and triplet) intersect along the 

crossing seam.  A depiction of this crossing is shown in Figure I-4.  The most probable geometry for 

crossing, the minimum energy crossing point (MECP), is found by minimizing the energy along the 

crossing seam.  In the adiabatic potential energy surfaces, this crossing is avoided, as the spin-orbit 

coupling creates spin-mixed potential energy surfaces, shown in Figure I-4, that approach, but do not 

cross.  Once the MECP is obtained, the spin-orbit coupling constant can be calculated to determine 

the magnitude of the separation between the two adiabatic surfaces.  This spin-orbit coupling 

constant, along with the Frobenius norm of the energy difference gradient, is used to calculate the 
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crossing probability according to Equation 1.  The crossing probability determines the probability that 

the reaction will be contained to the same adiabatic potential energy surface, and not hop to the higher 

energy adiabatic potential energy surface; a higher crossing probability means that the transition from 

the singlet to triplet is more likely.  Using this probability to modify the equations of transition state 

theory, non-adiabatic transition state theory [47] can be used to determine the rate of this spin-

crossing event using Equation 2. 

 

 

Figure I-4. This figure is a graphical depiction of the crossing of the singlet and triplet diabatic 

surfaces, and the avoided crossing of the adiabatic surfaces due to spin-orbit coupling.  The minimum 

energy crossing point is found by minimizing the energy on the crossing seam (orthogonal to the 

page) between the two diabatic surfaces.  The energy splitting due to spin-orbit coupling is twice the 

energy of the spin-orbit coupling constant, HSOC. 

 

Spin-crossing events, both as critical events and possibly as kinetics control, could have significance 

in a range of chemical processes.  Traditionally, the study of surface reactions involving a change in 

spin often focuses on the effects of spin-crossing events for the adsorption and dissociation of 

oxygen, which is a triplet in the gas phase [48-52].  On Si(100), Kato et al. [48] and Fan et al. [49] 

demonstrated that triplet oxygen could easily adsorb to the surface, and they examined the effect of 

spin-crossing on the kinetics of the reaction with the surface.  Further studies on this surface produced 
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qualitative agreement with experiments after using a non-adiabatic model for the sticking probability 

[50].  In another study, Bell, Head-Gordon, and co-worker found that the oxidation of methanol on 

VOx/TiO2 and VOx/SiO2 surfaces requires a spin crossing event [53].  Additionally, they found that 

the required spin-crossing event is a kinetic bottleneck for this reaction [53].  Similar results were 

found for hydrated vanadia [54].  Moc et al. [55] have shown that diatomic hydrogen will adsorb to a 

triplet palladium surface, then undergo a spin-crossing event to convert the system to a singlet state. 

 

In Chapter II, the results of the DFT investigation of the adsorption and dissociation of chlorobenzene 

on the Si(100) surface are presented.  A survey of the possible adsorption configurations is conducted 

to determine all possible dissociation pathways and the effect of the spin-crossing events on the 

dissociation pathway is discussed.  In Chapter III, this work is extended to 1,2- and 1,4-

dichlorobenzene, and some of the similarities and difference between dichlorobenzene and 

chlorobenzene are discussed in Chapter V. 

 

Zinc Oxide 

Zinc oxide is a wide band gap semiconductor and is widely used in industrial products and medicine.  

However, it has been largely looked over in the electronics industry due to an inability to control the 

doping type, as ZnO is a native n-type semiconductor [56-58].  The cause of this n-type doping has 

been a matter of considerable debate, and many different hypothesis have been suggested.  One of the 

original hypotheses is that this is caused by oxygen vacancies and zinc interstitials; however, 

theoretical investigations do not support this [59-61].  Another possible explanation is various donor 

impurities such as group III elements as well as hydrogen and fluorine.  While the group III elements 

and fluorine may or may not be present, hydrogen is present in a variety of manufacturing techniques.  

This n-type conductivity is also stable at elevated temperatures, and, due to high mobility, interstitial 
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hydrogen, while it is a donor [62-64], it is not likely the cause.  However, Janotti and Van de Walle 

[65] have found that hydrogen can form a multicenter bond when substituted for oxygen in ZnO.  

This structure is stable at higher temperatures, and because hydrogen is a donor in ZnO, this is a 

probable explanation for the n-type conductivity.  While a plausible explanation of the cause of the n-

type conductivity of ZnO has been given, the issue of controlling the conductivity remains.  However, 

ZnO has many great properties such as the availability of large single crystals with low defect 

concentration and a tunable band gap.  Alloying ZnO with CdO and MgO allows for tuning the band 

gap between the theoretical limits of 1.6-4.0eV [66].  In fact, Sharma et al. [67] have successfully 

achieved a band gap of 4.0 eV in a MgO/ZnO alloy.  These properties make ZnO an attractive 

candidate over other semiconductor materials. 

 

Zinc oxide is a group II-VI semiconductor which crystallizes in either the rocksalt, zinc blende, or 

wurzite structure.  While the rocksalt and zinc blende structures are achievable by formation on a 

particular substrate or exposure to high pressures, the wurzite structure is the most stable crystal 

structure under ambient conditions.  It is comprised of a hexagonal close packed sublattice of Zn 

interlaced with a hexagonal close packed sublattice of O, such that each Zn atom surrounded by four 

O atoms, while each O atom is surrounded by four Zn atoms.  A depiction of this structure is shown 

Figure I-5, with the unit cell shown in Figure I-5A and a supercell shown in Figure I-5B to display the 

bonding.  An ideal wurzite crystal structure would have a c/a lattice constant ratio of 1.633, and a ‘u’ 

value, defined as the ratio of the bond length to c, of 0.375, however experimental results for ZnO 

reveal a smaller c/a ratio of ranging between 1.595-1.6035 and a slightly higher u with values ranging 

between 0.3817-0.3856.  The experimental values of the lattice constants range between 3.2475-

3.2501Å for a and 5.2042-5.2075Å for c.[68-72] 
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Figure I-5.  The unit cell of ZnO (A) contains four atoms: two O atoms and two Zn atoms.  A 

supercell (B) is shown to display the bonding. 

 

The electronic band structure of ZnO can be measured experimentally using techniques such as angle 

resolved photoelectron spectroscopy, and spectroscopic measurements of the band gap are easily 

made.  However, theoretical calculations of the band structure can be quite difficult.  The band 

structure arises from the periodicity of the bulk crystal, and thus extended systems such as these are 

represented using periodic boundary conditions.  In general, density functional theory is used with the 

local density approximation (LDA) of the exchange and correlation functionals.  Although without 

some modifications, this method does a poor job of reproducing the band gap.  More advanced 

approximations such as LDA+U or self-interaction correction [73] give results with much closer 

agreement to the experimental values of 3.4eV [74, 75]. 

 



16 
 

In contrast to the band structure, the structural and mechanical properties of semiconductors can 

easily be determined using a variety of experimental and theoretical techniques.  The atomic positions 

and lattice parameters discussed above are obtained using X-ray diffraction, and can be determined 

using DFT via geometry optimizations.  Both the local density and generalized gradient 

approximations give good results for the structural properties of ZnO.  Experimentally, the elastic 

constants of ZnO can be determined using ultrasonic techniques, and these values are used to 

determine the bulk modulus.  Theoretical and experimental values are found in Chapter IV.  The bulk 

modulus can also be determined by measuring the lattice parameters as a function of pressure using 

X-ray diffraction and fitting this data to the Murnaghan equation of state [76].  Computational 

determination of the bulk modulus is determined in a similar way, by fitting the total energy as a 

function of the volume to the Murnaghan equation of state.  In general, the LDA overestimates this 

value, while the generalized gradient approximation (GGA) will underestimate the value [77], and 

thus many studies utilize both methods.  Chapter IV discusses the ongoing work related to the 

calculation of the mechanical and electronic properties of cobalt doped zinc oxide using DFT with the 

LDA and GGA approximations of the exchange and correlation functionals.  Some results are 

presented for the bulk modulus and density of states for both pure and doped ZnO in Chapter IV, and 

future work and modifications to the methodology are discussed in Chapter V. 
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CHAPTER II 
 

 

Spin-Crossing and Dissociation of Chlorobenzene on Cluster Models of 

the Silicon (100) Surface 

 

This chapter examines the adsorption of chlorobenzene on Si(100) surface.  Previous 

experimental investigations of chlorobenzene show little [29] to no [31] dissociation of 

chlorobenzene when adsorbed onto the Si(100) surface.  The experimental investigation from 

Zhou et al. [31] included a computational study which concluded that dissociation is 

thermodynamically favorable.  Thus, the absence of dissociation products were attributed to 

kinetic factors [31].  A computational study by Naumkin et al. [36] arrived at similar conclusions, 

but also invoked a spin-cross argument.  Such spin-crossing events are also postulated for the 

dissociation of chlorobenzene on Au/Pd nanoclusters [78] and nitrobenzene on Ge(100) surface 

[79].  However, for Si(100), the crossing probabilities and transition states along the pathway 

suggested by Naumkin et al. [36] were not investigated in detail. 

 

This work builds on a previous publication from our laboratory in which a computational 

investigation of the dissociation pathway of benzene on cluster models of the Si(100) surface was 

conducted.  This work found that benzene adsorbs onto the singlet surface, but must undergo a 

spin-crossing event for dissociation to occur [33].  For a Si-dimer cluster, the spin-crossing occurs 

easily [80], and the adsorption does not significantly affect the probability as long as a cluster 
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contains an unreacted Si-dimer [33].  Thus, this chapter will examine the dissociation 

mechanism of chlorobenzene on the Si(100) surface, explicitly taking into account the 

spin-crossing events. 

 

Computational Methods 

The computational methods follow those used by Zhu and Materer [33], and are briefly explained 

here.  Using the Gaussian 09 software package [81], the geometry of all stable structures on the 

cluster model of Si(100) was optimized.  Adsorption energies are reported in reference to the bare 

cluster and the chlorobenzene in the singlet electronic state.  No zero point corrections were 

applied.  Frequency calculations were performed to ensure stable structures had no imaginary 

frequencies, while transition states only had one imaginary frequency.  Internal reaction 

coordinate (IRC) calculations were performed to ensure that the transition states connected to the 

expected stable structures.  However, IRC calculations for transition states that require the large 

trench cluster were unobtainable, due to computational limitations.  All calculations used the 

B3LYP hybrid functional, which consists of Becke’s three parameter exchange functional[82] 

along with the Lee-Yang-Parr correlation functional [83].  The 6-31G(d) split valence basis set 

with the polarization d-function [84] on all atoms except hydrogen was utilized.  This basis set 

is used for all computations, as computational limitations limited expanded basis set for 

the larger structures.  To address potential issues with this basis set, single point 

calculations were performed on several adsorption structures, at the geometry optimized 

using the smaller basis set, using the 6-311++G(d,p) basis set.  These computations 

reveal that the average change in adsorption energy due to the change in basis set is 3.0 

kJ/mol, with the largest change of only 5.1 kJ/mol. 
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Minimum energy crossing point (MECP) geometries were calculated using a program developed 

by Harvey et al. [85], based on an algorithm developed by Bearpark et al. [86] Once obtained, the 

spin-orbit coupling (SOC) coefficients were calculated at the MECP geometry using a 

methodology similar to a previous publication [80].  The Breit-Pauli spin-orbit Hamiltonian, 

including both one and two electron terms, was used in GAMESS(US) software package [87] to 

compute the SOC coefficient.  These computations utilize the same Gaussian-type basis set as the 

one used in Gaussian 09.  The SOC computation procedure starts with a full second order 

configuration interaction calculation at the MECP geometry.  Once the optimized molecular 

orbital coefficients are determined, they are utilized to compute the spin-orbit coupling 

coefficient using a complete active space self-consistent field (CASSCF) computation with an 

active space consisting of seven valance and seven virtual orbitals. 

 

The Landau-Zener formula [88-90] determines the probability of a non-adiabatic crossing 

(Equation 1).  To calculate the probability of the spin crossing event at the MECP geometry, the 

double pass formula described by Harvey [47], the difference being 8π2 in the exponential for a 

double pass versus 4π2 for the single pass formalism, was utilized (Equation 1). 

𝑃𝑠ℎ(𝐸) = 1 − exp(
−8𝜋2𝐻𝑠𝑜𝑐

2

ℎ∆𝐹
[
𝜇

2𝐸
]
1/2

) (E1) 

In Equation 1, 𝐻𝑠𝑜𝑐 is the spin-orbit coupling coefficient, ℎ is Planck’s constant, ∆𝐹 is the 

Frobenius norm of the energy gradient difference, 𝜇 is the reduced mass of the system along the 

crossing coordinate, and E is the kinetic energy of the system.  Similar to a previous publication 

[80], this study used the reduced mass along the crossing coordinate obtained by frequency 

analysis of MECP structure.  Due to the complex nature of the larger trench clusters, an averaged 



20 
 

reduced mass from all contributing normal modes of the double-dimer structures was used for all 

probability calculations.  Similarly, and averaged kinetic energy of those normal modes was used 

to determine the kinetic energy of the system.  Once obtained, the crossing probability can be 

used to determine the rate coefficient of the spin-crossing by utilizing non-adiabatic transition 

state theory [47]: 

𝑘(𝑇) = 𝑃𝑠ℎ [
𝑘𝐵𝑇

ℎ
exp(

−∆𝐺

𝑅𝑇
)]  (E2) 

In Equation 2, kB is Boltzmann’s constant, T is temperature, ∆G is the change in Gibb’s free 

energy, and R is the ideal gas constant. 

 

Since this paper studies the localized adsorption and dissociation of the chlorobenzene on the 

Si(100) surface, the cluster model was chosen, as opposed to the slab model, which uses periodic 

boundary conditions to model the surface.  The general rules for the formation of cluster models 

is described by Evarestov et al. [91].  The use of clusters can be contrasted with results from the 

slab model.  For the dissociative adsorption and desorption of hydrogen on various cluster models 

of the Si(100) surface, it was found that although small, single dimer clusters overestimate the 

reaction barriers with respect to the slab model, larger clusters, such as the triple dimer cluster, 

give similar results to slab computations [92].  Other studies on the desorption of hydrogen on the 

Si(100) surface show that a cluster containing eight surface dimers is nearly identical to the slab 

model, with the triple dimer cluster, with an additional layer of bulk Si atoms, being only 0.8 

kcal/mol higher in energy than the cluster with eight surface dimers [93].  Thus, the advantages of 

treating the surface using small clusters when dealing with spin-crossing outweigh the small 

differences in energy between the clusters chosen for this work and much larger clusters or the 

slab computations.  In order to account for distortions in the cluster model, a custom python script 
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was used to fit an ideal lattice to the bottom two layers of Si atoms for each structure in the 

dissociation pathways. 

 

Results and Discussion 

This study uses molecular clusters to model the localized bonding of chlorobenzene on the 

Si(100) surface.  The hydrogen truncated single-dimer (Si9H12), double-dimer (Si15H16), triple-

dimer (Si21H20), and trench-dimer (Si53H44) clusters, which consists of two fused double-dimer 

clusters, are utilized.  For the dissociation pathway of chlorobenzene, a majority of the structures 

require adjacent dimers to provided by the double-dimer and trench clusters.  Since trench 

clusters have a tendency to buckle due to the smaller number of bonds connecting the dimer rows, 

an extra layer of silicon atoms was added to the cross-dimer cluster to minimize buckling during 

optimization.  A single-dimer based trench cluster was not utilized to avoid any twisting or 

buckling in a smaller trench cluster. 

 

Adsorption Structures 

The di- butterfly and tetra- tight bridge adsorptions structures have been proposed for non-

dissociative adsorption of chlorobenzene on the Si(100) surface [31].  The di- adsorption 

structures consist of geometries with two Si-C bonds, while the tetra- adsorption structures have 

four Si-C bonds.  These structures are chlorobenzene analogs of a much larger list of structures 

formed by benzene adsorption on the Si(100) surface [41-43].  Recent STM experiments have 

observed evidence for the existence of a tilted-bridge butterfly configuration near C-type Si(100) 

defect [45].  Also, a row-linking butterfly structure suggested by Naumkin et al. was included 

[36].  Given the wide possibilities for benzene adsorption, a thorough investigation of the possible 
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analogs was required for chlorobenzene.  The results are summarized in Table II-1.  Although 

larger clusters were utilized to examine cluster size effect, the reported structures are on the 

smallest possible clusters for the molecular adsorption, and the smallest cluster possible for 

dissociation.  For the adsorption structures, all coordinates are fully optimized except when noted.  

The transition states have one imaginary frequency, and IRC calculations were performed to 

confirm that the transition structures indeed connect the initial and final stable structures.  

 

Table II-1. Adsorption energies of chlorobenzene on the Si(100) surface in kJ/mol for the 

adsorption structures (AS) and the transition structure (TS1) from the gas phase (except as noted), 

all with singlet multiplicity.  Adsorption and transition state energies are referenced to the 

isolated singlet chlorobenzene and singlet Si(100) cluster.  All coordinates are fully optimized 

except when noted in the text.  The transition states have one imaginary frequency, and IRC was 

performed to confirm that the transition structures connected the stable structures. 

Di- Cluster TS1 AS Tetra- Cluster TS1 AS 

Tilted   Tight-Bridge   

1,2 Single 86.9 -27.9 1,2,3,4 Double  -57.6 

Double 82.0 -24.2  Trench  -141.8 

2,3 Single 62.6 -27.7 1,2,3,6 Double  -53.7 

Trench 52.6 -32.1  Triple  -55.1 

3,4 Single 65.2 -21.2 2,3,4,5 Double  -64.8 

Double  56.0 -19.8  Triple  -65.4 

Butterfly   Twisted-Bridge   

1,4 Single  23.4 -79.9 1,2,3,4 Double 39.6a -43.2 

Trench 31.0 -71.2  Triple  -42.1 

2,5 Single  14.6 -89.9 1,2,3,6 Double   -33.2 

Double 10.1 -89.8  Triple  -39.9 

Tilted-Bridge 

Butterfly 

  2,3,4,5 Double  30.5b -45.9 

   Trench  -101.1 

1,4 Double  64.6 -16.0     

 Triple  64.0 -15.5     

2,5-Parallel Double 43.2 -28.9     

2,5-Perpendicular 

 

Double  46.1 -24.9     

 Trench 56.2 -35.2     

a) From the 1,4-Tilted-Bridge Butterfly b) From the 2,4-Tilted-Bridge Butterfly 
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Figure II-1. Di-σ chlorobenzene adsorption structure and transition state: (A) 1,2-tilted 

adsorption structure on a single-dimer cluster and (B) asymmetric transition state into the 

adsorption structure. 

 

Di-σ Adsorption Structures: Tilted Structures 

Starting with the tilted structures, there are three possible adsorption configurations on the single-

dimer cluster.  These geometries are formed from a gas phase chlorobenzene molecule via an 

asymmetric non-concerted transition state in which the π-electrons across one of the carbon-

carbon double bonds form a dative bond with the electrophilic “down” Si atom on the Si dimer.  

This reaction is symmetry forbidden for a typical [2+2] cycloaddition reaction, in which the Cn-

Cn+1 and Si-Si -bonds break forming two new Si-C bonds, since two of the p-orbitals are not in 

phase.  However, the buckled structure of the dimers reduces the symmetry of the surface, 

allowing the reaction to proceed along the asymmetric pathway.  As this structure moves toward 

the tilted adsorption structure, the -bond is broken as the chlorobenzene moves over the dimer, 

and two new -bonds are subsequently formed.  The numbers, typically assigned to each carbon 

in the benzene ring, denoting the two carbons across which the Si-dimer adds, label the 

configurations.  Only the cis- configurations, where both hydrogen atoms are on the same side of 

the aromatic ring, are reported because the trans-geometries have significantly higher energy due 

to twisting of the carbon ring.  The 1,2-tilted structure on a single-dimer cluster is shown in 
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Figure II-1A and has an adsorption energy of -27.9 kJ/mol.  This structure is formed from the 

isolated chlorobenzene through an asymmetric transition state shown in Figure II-1B.  An 86.9 

kJ/mol barrier is found for the formation of the 1,2-tilted structure on a single-dimer cluster.  

Using a larger double-dimer cluster, the barrier is decreased by 4.9 kJ/mol to 82.0 kJ/mol.  On 

this larger cluster, the chlorine atom is positioned 4.10 Å away from the closest Si atom on the 

adjacent dimer.  The 2,3-tilted and 3,4-tilted analogs have adsorption energies of -27.7 and -21.2 

kJ/mol on single-dimer clusters, respectively.  Similar to the 1,2-tilted structure, larger Si cluster 

models are needed to evaluate the nearest distance between Cl and Si atoms.  For the 2,3-tilted 

structure, the minimum Cl to Si distance was evaluated using a trench cluster.  The adsorption 

energy on this cluster is decreased by 4.4 kJ/mol to -32.1 kJ/mol, and the minimum Cl-Si distance 

is 4.07 Å to the Si across the trench.  For the 3,4-tilted, a double-dimer was used (adsorption 

energy of -19.8 kJ/mol, a change of only 1.4 kJ/mol) and the distance is 4.47 Å to a Si atom of a 

dimer on the same row. 

 

 

Figure II-2. Additional di-σ adsorption structures: (A) The 1,4-butterfly on a single-dimer cluster 

and (B) 1,4-tilted-bridge butterfly on a double-dimer cluster. 

 

 

 



25 
 

Di-σ Adsorption Structures: Butterfly Structures 

The butterfly structures are formed via a [4 + 2] Diels-Alder cycloaddition reaction.  In the [4 + 

2] cycloaddition reaction, two of the -bonds in the chlorobenzene ring are broken and the weak 

-bond in the Si dimer is broken.  The ring attaches to the dimer forming two -bonds at the Cn 

and Cn+1 carbon atoms, and the remaining -electrons in the ring form a new -bond.  This 

reaction is symmetry allowed, and, as expected, has an activation energy that is significantly 

lower than the asymmetric cycloaddition of the tilted structures.  For butterfly structures, there are 

two possible configurations on the single-dimer cluster.  The first (Figure II-2A) is formed by the 

attachment of the C1 and C4 atoms to a single Si dimer, resulting in a 1,4-butterfly structure with 

an adsorption energy of -79.9 kJ/mol and an adsorption barrier of 23.4 kJ/mol.  On a trench 

cluster (adsorption energy of -71.2 kJ/mol), the chlorine atom protrudes into the trench region in 

between two Si dimer rows, making same-row dissociation unlikely due to the large distance 

(5.53 Å) between the chlorine atom and adjacent silicon dimer on the same row.  However, the 

chlorine atom is only 3.91 Å from the Si dimer across a different dimer row.  In addition to the 

1,4-butterfly structure, the 2,5-butterfly structure can be formed by the attachment of the C2 and 

C5 atoms to the Si dimer.  This structure has an adsorption energy of -89.9 kJ/mol, with an 

adsorption energy barrier of 14.6 kJ/mol on the single-dimer cluster.  These adsorption barriers 

are much lower compared to the adsorption barrier of 86.9 kJ/mol to form the 1,2-titled structure.  

When using double-dimer clusters, the adsorption energy and adsorption barrier change to -89.8 

kJ/mol and 10.1 kJ/mol respectively, and the Cl atom is slightly closer to the adjacent Si dimer 

(3.83 Å) on the same row than the 1,2-titled structure. 
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Figure II-3. Additional di-σ structures: (A) 2,5-same tilted-bridge and (B) 2,5-adjacent tilted-

bridge butterfly. 

 

On larger clusters, three more variations of the butterfly structure become available, which are 

referred to as the tilted-bridge butterfly (Figure II-2B), the diagonal-bridge butterfly and the row-

linking butterfly.  The tilted- and diagonal-bridge butterfly structures require a double-dimer 

cluster and impart a significant strain on the cluster.  To avoid unrealistic distortions, the bottom 

two layers of Si atoms were frozen during optimization.  On the Si(100) surface, distortions are 

energetically limited due to the deeper Si layers.  Thus, the constrained optimization is expected 

to provide a more realistic representation on the Si(100) surface.  The 1,4-tilted-bridge butterfly is 

formed when the C1 atom bonds to a Si atom on one Si dimer, and the C4 atom bonds to the 

adjacent Si dimer on the same side.  This structure is essentially a 90° rotation of the butterfly 

structure (compare Figure II-2A with II-2B).  The tilted-bridge butterfly structure is angled into 

the trench between two Si dimer rows, but the chlorine atom is quite close (4.16 Å) to a neighbor 

Si dimer within the same row.  The adsorption energy of this structure is much weaker (-16.0 

kJ/mol) than either the tilted or the butterfly structures due to the increased strain on the Si-

dimers.  There are two additional tilted-bridge butterfly structures available where the C2 and C5 

atoms are bonded to the Si surface (see Figure II-3A and B).  In the first case (2,5-Same shown in 

Figure II-3A), the Cl atom, which contains the C-Cl bond, is located above the same dimer row, 
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and the Cl atom is 3.56 Å from the nearest Si atom.  This structure has an adsorption energy of -

28.9 kJ/mol.  The second case (2,5-Adjacent shown in Figure II-3B) has an adsorption energy of -

24.9 kJ/mol.  The Cl atom is pointed towards adjacent dimer row and is located in the trench 

region between the two dimer rows.  This structure has the Cl atom 3.20 Å from a Si atom on the 

adjacent dimer row. 

 

A diagonal-bridge butterfly can be formed when the C1 atom bonds to Si atom on one Si dimer, 

and C4 atom bonds to a Si atom across the diagonal direction on an adjacent Si dimer of the same 

row.  Although the benzene analog has been found for the diagonal-bridge butterfly structure on 

an extended slab model [41], no stable structure for the chlorobenzene analog of the diagonal-

bridge butterfly structure could be found.  The tilted-bridge butterfly chlorobenzene 

configurations are analogs to the inter-dimer butterfly benzene on Si(100) reported in an STM 

study by Polanyi and coworkers [45].  The inter-dimer butterfly configuration for benzene is 

stabilized by the existence of C-type Si(100) defects and becomes even more stable than the 

conventional butterfly adsorption configuration.  Although not examined here, it is possible that 

the tilted-bridge butterfly chlorobenzene configurations may also be favored on a Si(100) surface 

when certain defects exist. 
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Figure II-4. Row-linking butterfly di-σ adsorption structure on the trench cluster. 

 

The final butterfly structure is the row-linking butterfly (see Figure II-4).  This structure has a 

bond between the C1 atom and a Si atom on a dimer on one row, while the C4 atom is bonded to a 

Si atom on the adjacent row, linking the two dimer rows together.  This adsorption structure has 

an energy barrier of 70.2 kJ/mol and an adsorption energy of 3.6 kJ/mol in the singlet state.  Since 

this structure is slightly unstable with respect to the free reactants as a singlet, it is expected to 

rapidly convert to a stable triplet state.  In the triplet structure, the Si-Si distance between the 

dimer rows is shortened to 4.88 Å from 5.27 Å on the bare cluster due to some unbuckling of the 

dimers, while the C1-C4 distance is lengthened to 2.98 Å by the loss of a -bond.  A computation 

with the bottom layer frozen has a similar adsorption energy (8.4 kJ/mol lower in the singlet state 

and 5.5 kJ/mol lower in the triplet state), indicating that small changes in the positions of the Si 

atoms do not significantly affect the energetics of the dissociation pathway. 
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Figure II-5. Tetra-σ bonded adsorption structures: (A) tight-bridge and (B) twisted-bridge. 

 

Tetra-σ Adsorption Structures: Pedestal, Tight-Bridge, and Twisted-Bridge 

There is also a set of tetra-σ (four Si-C bonds) chlorobenzene structures that are analogs of 

structures found for benzene adsorption on the Si(100) surface, including the pedestal, tight 

bridge, and twisted-bridge [41].  These structures require clusters with a minimum of two Si-

dimers.  For benzene, Jung and Gordon [42] have shown, using clusters models, that the tight-

bridge structure can be obtained from the tilted structure.  All bridge structures require the Si 

atoms in the bottom two layers to be fixed during optimizations to minimize unrealistic 

distortions.  Starting with the 1,2,3,6-tight bridge (Figure II-5A), an adsorption energy of -53.7 

kJ/mol is found for a double-dimer cluster.  Under full optimization, which allows unrealistic 

distortions of the cluster, the adsorption energy is reduced significantly to -142.1 kJ/mol.  This 

energy is similar to -160.2 kJ/mol, found by Zhou and Leung [31].  However, in the fully 

optimized structure, the double-dimer cluster “curls up” to accommodate the additional C-Si 

bonds to the adjacent dimer.  As for the butterfly configuration, some distortions are expected but 

would be constrained by deeper layers in an extended system.  Thus, the constrained 1,2,3,6-tight 

bridge is more of a realistic depiction on what could occur on the Si(100) surface. 
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In addition to the 1,2,3,6-tight bridge, there are two additional tight bridge structures, one with the 

Cl atom attached to a silicon bonded carbon atom, C3 or C6, on the neighbor dimer, and one with 

the Cl atom on a non-silicon bonded carbon atom, C4 or C5.  These geometries have similar 

adsorption energies to that of the 1,2,3,6-tight bridge (Table II-1).  The 1,2,3,6-tight bridge has its 

Cl atom closer to the surface than both of the two other tight bridge structures with a distance of 

5.40 Å, although it is still over 1 Å further from the surface than the tilted and the tilted-bridge 

butterfly structures.  Unlike the work of Jung and Gordon [42], transition states into the tight-

bridge structures, from either the gas phase or a di- tilted structure, were not obtained for either 

benzene or chlorobenzene.  It is possible that differences in the computation approach or the 

degree of distortion allowed of the cluster are responsible.  Thus, no tight-bridge based potential 

dissociative pathways were considered. 

 

A twisted-bridge structure can be generated from the tilted-bridge butterfly structures through a 

reaction with the nearby bare Si atoms and is equivalent to a 90° rotation of the tight bridge 

structures.  Again, freezing the Si atoms in the bottom two layers during the optimization is 

required to minimize unrealistic distortions of the cluster.  Figure II-5B shows the 1,2,3,4-

twisted-bridge, formed from the 1,4-tilted-bridge butterfly structure via a reaction of the C2 and 

C3 with the bare Si atoms on each dimer, with a transition barrier of 55.6 kJ/mol.  This structure 

has an adsorption energy of -43.2 kJ/mol for the structure, and the distance between the chlorine 

and the surface (4.14 Å) is similar to that of the tilted structure.  Similar to the 1,2,3,4-twisted-

bridge, the 2,3,4,5-twisted-bridge structure can be formed from the 2,5-adjacent titled-bridge 

butterfly structure with the chlorine atom over the trench.  The barrier to this structure is 55.5 

kJ/mol, and the adsorption energy is -45.9 kJ/mol on the double-dimer cluster.  Although a 

transition into the 1,2,3,6 structure could not be found, a stable adsorption structure was found 
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with an adsorption energy of -33.2 kJ/mol.  It should be noted that while transitions into these 

structures were found on the double-dimer cluster, none were found on larger clusters. 

 

Finally, no stable pedestal geometry could be found, in agreement with Silvestrelli et al. [41] and 

Jung and Gordon [42].  The pedestal geometry is bonded to the Si(100) surface by the C1-Si and 

C2-Si bonds on one dimer, and the C4-Si and C5-Si bonds on another dimer in the same row.  This 

leaves only the C3 and C6 carbon atoms without bonds to the Si surface resulting in an unstable 

biradical carbon ring.  The formation of a double bond may result in a more stable structure, 

however, separation of the radical carbon atoms does not allow for a double bond to be formed in 

the ring. 

 

Cluster Effects 

For the adsorption structures discussed above, the effect of partial optimization was already 

discussed with respect to modeling the extended Si(100) surface with clusters.  An additional 

consideration is the effect of the size (see Table II-2) of the Si cluster model on calculated 

adsorption energy.  Cluster size effects were assessed by comparing the adsorption energy for the 

1,2-tilted adsorption structure on single, double, triple, and trench-dimer clusters.  Although the 

increased delocalization provided by larger clusters can reduce the energy, the energy is also 

increased by additional steric interactions of the adsorbate with the cluster as additional dimers 

are added.  The average difference in adsorption energy for the singlet is 4.3 kJ/mol with a 

maximum difference of 8.1 kJ/mol, while the average and maximum difference are much larger 

for the triplet with values of 10.3 kJ/mol and 17.6 kJ/mol, respectively.  Thus, increasing the 

cluster size has a small, but measurable, effect on the adsorption energy.  Comparison with the 

trench structure and the double-dimer structure reveals that increasing the size without increasing 
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adsorbate interaction (as additional dimers are added to an adjacent dimer row) with the cluster 

lowers the calculated adsorption energies.  There is, however, one outlier in this trend.  In the 

case of the adsorption structure on the single-dimer cluster in the triplet electronic state, the 

adsorption energy is large and positive.  The unfavorable adsorption is due to the lack of a bare 

dimer to accommodate the unpaired electron causing the chlorobenzene to break a double bond in 

the triplet state, resulting in the loss of aromaticity. 

 

In addition to the effect of cluster size, the issue of distortions in the cluster, caused by full 

optimizations, is also considered.  Partially optimized geometries are formed by fitting the fully 

optimized structures to the ideal lattice positions for the lower two layers of Si atoms.  The Si 

layers in the ideal atomic positions are held in place, while the rest of the structure is allowed to 

fully optimize.  The adsorption energies of the partially optimized structures are calculated with 

respect to the partially optimized singlet bare cluster and the singlet chlorobenzene structure.  

These deviations from the ideal positions in the fully optimized structures result in small changes 

of the adsorption energy.  On average, the adsorption energies for the partially optimized double 

dimer structures are decreased by 2.1 kJ/mol and the adsorption energies of the partially 

optimized trench dimer structures are decreased by 8.9 kJ/mol.  The adsorption energies for each 

of the fully and partially optimized structures are tabulated in Table II-5. 
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Table II-2. The absolute value of the difference in the adsorption energy (kJ/mol) of the 1,2-tilted 

adsorption structure on the single, double, triple, and trench dimers.  The triple dimer has two 

unique structures with the chlorobenzene adsorbed to the middle dimer (Triple Mid in the table) 

and adsorbed to the end dimer (Triple End in the table).  Values are reported for both singlet and 

triplet spin multiplicities. 

Singlet E Double Triple Mid Triple End Trench 

Single 3.7 8.1 6.5 1.3 

Double  4.4 2.8 2.4 

Triple Mid   1.6 6.9 

Triple End    5.3 

Average 4.3   Maximum 8.1 

     
Triplet E Double Triple Mid Triple End Trench 

Double  9.7 9.0 7.9 

Triple Mid   0.7 17.6 

Triple End    16.9 

Average 10.3   Maximum 17.6 

 

Dissociation Structures 

For the dissociation of chlorobenzene on Si(100), the transition state involves the breaking of the 

C-Cl bond and formation of a Si-Cl bond to the nearest Si atom for each adsorption structure.  

Thus, an intermediate structure with a Cl-Si bond must be found.  One study, conducted by Zhou 

and Leung [31], used x-ray photoelectron spectroscopy to measure the ratio between C-H/C-Si 

bonds and C-Cl bonds and found that chlorobenzene molecularly adsorbs to the surface without 

any C-Cl breakage.  In contrast, STM experiments done by Naumkin et al. [29] found two 

dissociated structures on the Si(100).  Thus, a thorough examination of potential dissociated 

structures is required.  As discussed below, many of these potential dissociated structures are not 

stable on the singlet surfaces, implying that any dissociation pathway will occur on the triplet 

surface.  The feasibility of spin-crossing will be discussed later for favorable pathways.  The 

adsorption energies and transition state energies for possible dissociation structures can be found 

in Tables II-3 and II-4.  All reported energies are referenced to the isolated singlet chlorobenzene 
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and singlet Si cluster.  For these structures, all coordinates are fully optimized except when noted.  

The transition states have one imaginary frequency, and IRC was performed to confirm that the 

transition structures connected the stable structures. 

 

Table II-3. Adsorption energies for the adsorption structure (AS), the transition (TS1) into this 

structure from the gas phase, the first dissociation structure (DS1) and the transition (TS2) from 

triplet AS to triplet DS1 on the Si(100) surface are reported in kJ/mol.  The AS is reported for 

both the singlet and triplet, while TS1 is only reported in the singlet, and TS2 and DS1 are only 

reported in the triplet state.  Adsorption and transition state energies are referenced to the isolated 

singlet chlorobenzene and singlet cluster. 

Model Cluster TS1 Singlet AS Triplet AS TS2 DS1 

Tilted     

1,2 Double 82.0 -24.2 -0.8 30.0 -163.9 

2,3 Trench 52.6 -32.1 -8.8 80.4 -12.0 

3,4 Double  56.0 -19.8 5.3  

Butterfly      

1,4 Trench 31.0 -71.2 -53.1 27.3 -27.7 

2,5 Double 10.1 -89.8 -60.4 51.2 -68.0 

Tilted-Bridge Butterfly      

1,4 Triple 64.0 -15.5 -60.1 34.5 -139.1 

2,5- Same Double 43.2 -28.9 -66.4 67.1 -69.7 

2,5- Adjacent Trench 56.2 -35.2 -80.7 6.4 -54.3 

 

Table II-4. Adsorption energies for the singlet and triplet dissociation structures (DS1) of the 

twisted-bridge structures, and the transition structures (TS2) from the adsorption structure to the 

dissociation structure, in kJ/mol.  Adsorption and transition state energies are referenced to the 

isolated singlet chlorobenzene and the smallest singlet cluster that can accommodate dissociation. 

Singlet Cluster TS2 DS1 Triplet Cluster TS2 DS1 

Twisted-Bridge   Twisted-Bridge   

1,2,3,4 Triple 56.5 -71.1 1,2,3,4 Triple 81.4 -116.2 

1,2,3,6 Triple  -143.5 1,2,3,6 Triple  -122.2 

2,3,4,5 Trench  131.8 2,3,4,5 Trench  -83.9 

 

In general, one expects that the singlet state will be lower in energy than the triplet state.  

However, the tilted-bridge butterfly and the row-linking butterfly adsorption structures (AS) are 
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more stable in the triplet spin state (Triplet AS) than they are in the singlet spin state (Singlet 

AS).  In the tilted and butterfly adsorption configurations, the two unsaturated Si atoms are on the 

same Si-dimer and can pair with each other, but in the tilted-bridge and row-linking butterfly 

structures, the unsaturated Si atoms are on two separate dimers.  This separation does not allow 

any unsaturated Si atoms to form a weak -bond in the singlet state like the tilted and butterfly 

structures would.  Thus, it is the formation of the Si-dimer bond in the singlet spin state that 

results in the singlet being more stable in the tilted and butterfly configurations, while the triplet 

is more stable in the tilted-bridge and row-linking butterfly configurations. 

 

 

Figure II-6. The first dissociation structure (DS1) formed from the 1,2-tilted adsorption structure. 

 

Tilted Based Dissociation Structures 

Depending on the position of the nearest Si atom, the description of the dissociated structure may 

require a larger cluster than the initial adsorption structure.  In both the 1,2-tilted and 3,4-tilted 

structures, the expected dissociated structure has the Cl atom bonded to a Si atom on an adjacent 

Si-dimer in the same row.  The dissociated structure for the 1,2-tilted (Figure II-6) is not stable as 

a singlet but is stable in the triplet state with an adsorption energy of -163.9 kJ/mol.  The energy 
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barrier (TS2), starting with a triplet 1,2-tilted structure and ending with the first dissociated 

structure (DS1), is 30.8 kJ/mol.  Thus, this dissociation pathway is energetically feasible and is 

explored in detail in the next section.  The 2,3-tilted has an expected dissociated structure with the 

Cl atom attached to a Si atom on an adjacent dimer row.  Thus this structure requires a trench 

cluster.  Similar to the case of the 1,2-tilted structure, no stable dissociation structures were found 

in the singlet electronic state.  However, a dissociated structure was located on the triplet surface 

with an adsorption energy of -12.0 kJ/mol.  The barrier to form this product from the 2,3-titled 

triplet adsorption structure is 89.2 kJ/mol.  Given the MECP energy barrier of 24.54 kJ/mol and 

assuming a reasonable spin-orbit crossing probability, this barrier is higher than the desorption 

energy barrier on the singlet surface of 84.7 kJ/mol.  The 3,4-tilted adsorption structure is 

energetically unfavorable in the triplet electronic state.  No stable dissociation structure was 

found for this adsorption geometry either at singlet or triplet state. 

 

 

Figure II-7. The first dissociation structures (DS1) formed from (A) 1,4-butterfly and (B) 1,4-

tilted-bridge butterfly. 
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Butterfly Based Dissociation Structures 

Similar to the tilted structures, none of the butterfly structures have stable dissociation structures 

in the singlet state.  For the 1,4-butterfly structure (Figure II-6A), the most favorable dissociation 

structure (DS1) has the Cl atom bonded to a Si-dimer on an adjacent dimer row.  This structure 

has an adsorption energy of -27.7 kJ/mol in the triplet state, with a transition state barrier (TS2) 

80.4 kJ/mol for the formation of DS1.  This barrier is 21.8 kJ/mol less than the barrier to 

desorption on the singlet surface.  Assuming the spin-crossing probability is reasonable and given 

the MECP barrier (20.7 kJ/mol) is relatively low, this pathway is considered in detail below.  The 

2,5-butterfly structure has a stable triplet dissociation structure with an adsorption energy of -68.0 

kJ/mol on a double-dimer cluster with the Cl atom bonded to a Si atom on an adjacent Si-dimer in 

the same row.  The transition state barrier into this structure is 111.6 kJ/mol, slightly larger than 

the desorption barrier of 100.0 kJ/mol on the singlet surface.  Given the relatively low MECP 

(30.1 kJ/mol) energy barrier leading back to the singlet state, desorption is expected to be favored 

over dissociation. 

 

The 1,4-tilted-bridge butterfly gives a proposed dissociation structure (Figure II-7B) with the Cl 

atom bonded to a Si atom on adjacent Si-dimer in the same row.  This structure has an adsorption 

energy of -139.1 kJ/mol at the triplet configuration.  However, a transition state leading to this 

dissociation structure was not found and this pathway is not explored further.  The potential 

triplet dissociation structure for the 2,5-same tilted-bridge butterfly has the Cl atom bonded to the 

Si atom on the same dimer as the Si-C1 bond.  One the singlet double-dimer cluster, the 

adsorption energy is -69.7 kJ/mol, with a barrier to desorption of 72.1 kJ/mol.  After spin-

crossing to the triplet, the energy barrier to form the dissociated structure is 133.5 kJ/mol; thus 

desorption is expected.  It is also possible to form a dissociation structure from the 2,5-adjacent 
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tilted-bridge butterfly with the Cl atom attached to a Si atom on a Si-dimer in an adjacent row.  

This dissociation structure has an adsorption energy of -54.3 kJ/mol on a trench cluster with a 

transition state barrier (TS2) of 87.1 kJ/mol to form the first dissociation structure.  Using 

reasoning similar to that for the 1,4-tilted-bridge butterfly, it is expected that desorption will be 

favored over dissociation for 2,5-same-tilted-bridge butterfly structure.  However, in the case of 

the 2,5-adjacent-tilted-bridge butterfly, the barrier to dissociation is slightly more favorable, 

having an energy barrier 4.3 kJ/mol lower than the barrier for desorption.  Even though the barrier 

is slightly lower, the formation of any dissociation structure will result in a less stable ring 

structure that contains a dangling bond.  Thus, the tilted-bridge butterfly geometries are poor 

candidates for the dissociation pathways and are not considered further. 

 

 

Figure II-8. Row-linking butterfly first dissociation structure on the trench cluster. 

 

The potential first dissociation structure of the row-linking butterfly structure (Figure II-4) is 

shown in Figure II-8.  The barrier to dissociation is 54.8 kJ/mol in the triplet state, which is 11.9 

kJ/mol lower than the barrier to desorption from the singlet state of 66.6 kJ/mol.  Given that the 

MECP energy barrier is almost non-existent and that this pathway merges with the 1,2-tilted 

pathway, this structure will be considered for dissociation alongside the 1,2-tilted pathway. 
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Figure II-9. Additional first dissociation structures (DS1) formed from the (A) 1,2,3,4-twisted-

bridge and (B) 2,3,4,5-twisted-bridge. 

 

Twisted-Bridge Based Dissociation Structures 

Of the tetra- twisted-bridge structures, only the 1,2,3,4- and 2,3,4,5-twisted-bridge can be 

formed from a di- tilted-bridge butterfly intermediate.  A potential dissociation structure can be 

formed from the 1,2,3,4-twisted-bridge (Figure II-9A) on a triple-dimer cluster by attaching the 

Cl atom to the adjacent Si-dimer on the same row.  This structure has an adsorption energy of -

71.1 kJ/mol in the singlet state and -116.2 kJ/mol in the triplet state, with transition state barriers 

on the singlet and triplet of 98.6 kJ/mol and 96.2, respectively.  On the singlet and triplet surface, 

the barrier to dissociation is greater than the barrier to revert to the 1,4-tilted-bridge butterfly 

(approximately 80 kJ/mol), making these pathways unlikely.  A possible 2,3,4,5-twisted-bridge 

dissociation structure is shown in Figure II-9B with the Cl atom attached to an adjacent Si-dimer 

row.  Although this structure is unstable as a singlet (131.8 kJ/mol), it is stable as a triplet with an 

adsorption energy of -83.9 kJ/mol.  However, no transition state into this structure from a twisted-

bridge adsorption structure could be found.  The lack of a transition state for the 2,3,4,5-twisted-

bridge and the high barrier for dissociation of the 1,2,3,4-twisted-bridge make these pathways 
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improbable.  As such, none of the twisted-bridge structures are treated as candidates for 

dissociation. 

 

Dissociation Pathways 

Of a large number of possible adsorption structures, a systematic study of potential desorption 

structures shows that there are only two unique dissociation pathways starting from three 

adsorption structures.  One pathway starts with either the 1,2-tilted or the row-linking butterfly 

structure.  The other pathway starts with 1,4-butterfly adsorption structure.  Both pathways are 

considered in turn. 

 

 

Figure II-10. This energy diagram depicts the 1,2-tilted dissociation pathway (solid) and the row-

linking butterfly dissociation pathway (dotted).  Bold labels indicate that the structure is optimized 

in the triplet state.  For clarity, free reactants are labeled FR; the 1,2-tilted adsorption structure is 

labeled AS; transition states are labeled TS, and the dissociated structures are labeled DS.  Singlet-

triplet (S-T) and triplet-singlet (T-S) crossing points are also labeled.  The inlay shows the 

adsorption structures and the two main dissociation structures DS4 and DS6, and the arrows each 

represent a transition into a new structure. 
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Figure II-11. Additional dissociation structures formed from the 1,2-tilted adsorption structure: 

(A) DS2 and (B) DS3. 

 

 

Figure II-12. Further dissociation structures along the 1,2-tilted pathway: (A) DS4 and (B) DS5. 
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Figure II-13. Cross dimer dissociation product (DS6) for the 1,2-tilted pathway. 

 

Dissociation Pathway for the 1,2-Tilted and Row-Linking Butterfly Adsorption Structures 

The dissociation pathway starting with the 1,2-tilted adsorption geometry is shown in Figure II-

10.  All energies are computed on a double-dimer cluster model.  Additional stable geometries are 

shown in Figures II-11, II-12 and II-13, and the transition state energies are summarized in Table 

II-5.  The transition states have one imaginary frequency, and IRC confirmed that the transition 

structures connect the stable structures.  After a change in spin state (probability considered 

below), the first dissociation structure (DS1), Figure II-6, can form from the adsorption structure 

(AS) over a 30.8 kJ/mol barrier (TS2).  After which, the aromaticity of the phenyl ring can be 

restored by passing over a 3.9 kJ/mol barrier (TS3), which breaks the C1-Si bond and forms a 

second dissociation structure (DS2), shown in Figure II-11A.  This structure has an adsorption 

energy of -293.3 kJ/mol, significantly lower by 129.4 kJ/mol than that of the DS1 due to the 

restoration of aromaticity in the carbon ring.  Once DS3 (Figure II-11B) is formed, the chlorine 

may migrate along the free Si atoms on the surface.  However, the barriers to these migrations are 

large (163.1 kJ/mol and 191.2 kJ/mol) and do not impart a significant reduction in the adsorption 

energy.  Of these structures, the lowest energy dissociation structure (DS4 shown in Figure II-

12A) has the chlorine and phenyl group bonded to the same dimer, with an adsorption energy of -
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318.4 kJ/mol in the singlet electronic state.  To obtain this structure, a barrier of 191.2 kJ/mol 

must be overcome to form a triplet DS4, with an adsorption energy of -290.0 kJ/mol, before 

transitioning into the singlet state. 

 

Table II-5. Adsorption energy in kJ/mol for stable structures and transition states along the 1,2-

tilted, 1,4-butterfly and the row-linking butterfly dissociation pathways.  All transition states are 

in the triplet state except TS1 which is in the singlet state.  All stable structures are in the triplet 

state, except as noted.  A double-dimer cluster is utilized for the 1,2-tilted pathway wherever 

possible.  All structures following DS4 are computed on the trench cluster.  Please note that the 

row-linking butterfly merges with the 1,2-tilted pathway at DS5, and can subsequently form 

either DS4 or DS6.  The adsorption energy of each partially optimized structure is given in bold. 

  TS1 
AS 

Singlet 

AS 

Triplet 
TS2 DS1 TS3 

DS2 

Singlet 

DS2 

Triplet 
TS4 

1,2-

Tilted 

82.0 -24.2 -0.8 30.0 -163.9 -160.0 -293.3  -130.2 

86.4 -21.8 -2.9 28.3 -165.6 -162.3 -297.5  -130.3 

          

1,4-

Butterfly 

31.0 -71.2 -53.1 27.3 -27.7 -87.7  -287.0  

20.1 -83.1 -70.0 19.6 -133.0 -105.3  -302.4  

          

Row-

Linking 

Butterfly 

70.2 3.6 -72.3 -17.6      

62.1 -4.8 -77.8             

                    

  DS3 TS5 
DS4 

Singlet 

DS4 

Triplet 
TS6 DS5 TS7 

DS6 

Singlet 

DS6 

Triplet 

1,2-

Tilted 
-296.6 -105.4 -318.4 -290.0 -222.4 -227.9 -49.3 -330.2 -306.2 

  -301.0  -115.4 -318.6 -295.0   -232.7 -43.2 -338.1 -320.4 

 

From DS4, there is an additional dissociation pathway across Si-dimer rows.  Once the triplet 

DS4 structure is formed, the phenyl ring may react over a barrier of 67.6 kJ/mol with a Si atom 

across the trench, forming DS5 (Figure II-10B) with an adsorption energy of -227.9 kJ/mol.  

Once DS5 has formed, the C4-H bond may break over a 178.6 kJ/mol barrier (TS7) and create a 

new Si-H bond.  This structure, DS6 (Figure II-11 has an adsorption energy of -306.2 kJ/mol in 

the triplet electronic state.  In the singlet electronic state, this structure is the most stable 

dissociation structure with an adsorption energy of -330.2 kJ/mol. 
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The row-linking butterfly structure begins with the adsorption structure shown in Figure II-4.  

The energy diagram of this pathway is shown by the dotted line in Figure II-10.  Once the more 

stable triplet structure is formed, the first dissociation structure (Figure II-8) can be formed.  

From here, an energy barrier of 54.8 kJ/mol must be overcome to form the next dissociation 

structure of this pathway, which is identical to DS5 of the 1,2-tilted pathway.  From this structure, 

the single row or cross-dimer row products can be formed as they are in the 1,2-Tilted pathway. 

 

 

Figure II-14. The 1,4-butterfly dissociation pathway on the trench-dimer cluster.  Bold labels 

indicate that the structure is optimized in the triplet state.  For clarity, free reactants are labeled FR; 

the 1,4-butterfly adsorption structure is labeled AS; transition states are labeled TS, and the 

dissociated structures are labeled DS.  The singlet to triplet (S-T) crossing is also labeled.  The 

inlay shows the adsorption structure as well as the final dissociated structure, DS2. 
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Figure II-15. Dissociation structure (DS2) from the 1,4-butterfly pathway. 

 

Dissociation Pathway for the 1,4-Butterfly Adsorption Structure 

The dissociation pathway starting with the 1,4-butterfly adsorption geometry is shown in Figure 

II-14.  Since first dissociation structure (DS1, Figure II-7A) occurs across dimer rows, these 

computations require a trench-dimer cluster.  The next dissociation structure (DS2) is shown in 

Figure II-15.  After a change in spin state, discussed in the next section, DS1 is formed from the 

dissociation of the Cl atom from the carbon ring and the formation of a Cl-Si bond on the 

adjacent Si-dimer row.  After which, aromaticity can be restored to the carbon ring by breaking 

the C4-Si bond (DS2) (Figure II-15).  By restoring aromaticity on the carbon ring, the adsorption 

energy of the system is significantly reduced by 259.3 kJ/mol.  This structure (DS2) has an 

adsorption energy of -287.0 kJ/mol on the triplet surface.  Since this structure has a Cl-Si bond on 

one row, and a C-Si bond on another with two bare dimers and two bare Si atoms, the singlet, as 

discussed earlier, has a significantly higher energy, making the triplet state energetically 

favorable.  As above, it is possible that the Cl atom could migrate across the dimer surface.  

However, these barriers are quite large, and the reduction in energy is small. 
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Spin-Crossing  

For these pathways to be viable, the system must undergo a spin-crossing event.  As mentioned 

previously, the crossings occur at the MECP, where the singlet and triplet energies are identical.  

Selected distances and angles are shown in Table II-6 for the singlet, triplet, and MECP 

geometries.  In addition to the crossing of the adsorption structures, the crossing of the 

dissociated products is also considered but not critical for the dissociation.  With the only 

exception being the row-linking butterfly, the MECP is reached from the singlet state by the 

elongation of a Si-Si bond on a free Si-dimer, along with a decrease in buckling quantified by the 

angle between the Si-dimer bond and its projection in the plane of the Si atoms in the layer below 

the dimer.  The geometry at the MECP is very similar to that of the triplet.  Given the small 

MECP barrier, and reasonable crossing probability, non-adiabatic transition state theory 

calculations [47], reveal the rate coefficient for the 1,2-tilted and 1,4-butterfly adsorption 

structures are on the order of 105-106.  Thus, the spin crossing events have a minimal effect on the 

overall pathways. 

 

The row-linking butterfly adsorption structure is a special case because there are two unsaturated 

Si-atoms on opposite sides of the cluster.  Since there is no possibility to form a -bond between 

the two unsaturated Si-atoms on, the singlet and triplet structures are nearly identical, with the 

triplet, as expected from Hund's rule, being lower in energy.  This assertion is further supported 

by spin density calculations, which show excess spin on the bare Si-atoms in the triplet, while the 

alpha and beta spin densities are identical on the singlet.  A SOC computation was not performed 

on this large cluster.  However, one expects that the SOC will be similar to that of other clusters, 

especially if one considers a larger cluster containing additional Si-dimers.  Thus, the crossing is 

expected to occur with little difficulty. 
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Table II-6. Geometric information (in Å and degrees) for the singlet, the MECP, and the triplet 

for both the 1,2-tilted adsorption and the 1,4-butterfly adsorption structures (AS), and the two low 

energy dissociation structures (DS4 and DS6).  The adsorption energy of the singlet, MECP, and 

triplet(kJ/mol), spin-orbit coupling constant (cm-1), and the crossing probability are also reported.  

Bond lengths are the distance between the two Si atoms on the bare dimer.  The buckling angles 

are quantified by the angle between the Si-dimer bond and its projection in the plane of the Si 

atoms in the layer below the dimer. 

Model Bond Length 

(Å) 

Buckling Angle 

(Deg) 

Adsorption Energy 

(kJ/mol) 

SOC 

(cm-1) 

Crossing 

Probability 

1,2-Tilted      

AS 2.24/2.38/2.41 8.16/0.10/0.05 -24.2/-0.05/-0.8 13.46 2.9 x 10-3 

DS4 2.24/2.39/2.41 9.60/0.12/0.25 -318.4/-289.6/-290.0 14.91 3.5 x 10-3 

DS6 2.26/2.40/2.43 12.27/0.83/0.46 -330.2/-303.4/-306.2 10.04 1.6 x 10-3 

      

1,4-Butterfly     

AS 2.27/2.37/2.43 12.05/0.77/0.71 -71.2/-50.5/-53.1 8.72 1.2 x 10-3 

 

Conclusions 

A comprehensive survey of the possible chlorobenzene adsorption and dissociation structures 

reveals that out of 14 adsorption structures, the 1,2-tilted, the row-linking butterfly, and the 1,4-

butterfly structures are the most promising candidates for dissociation on the Si(100) surface.  

There are two possible final dissociation structures (DS4 and DS6) starting from the 1,2-tilted 

structures.  One forms from dissociation on a single-dimer row, while the other forms from 

dissociation across adjacent dimer rows.  For both pathways, the C-Cl bond first breaks and a Si-

Cl bond is formed.  After this, the C2-Si bond breaks, restoring aromaticity and forming an 

adsorbed phenyl group.  In the lowest energy single-dimer row geometry, the chlorine atom 

migrates further to form a Si-Cl bond on the same dimer as the phenyl group.  This structure 

(DS4) is stable in both the singlet and triplet states, although the singlet is lower in energy.  It can 

further react across a dimer row, with the C4 carbon reacting across the trench forming a new C-

Si bond on the adjacent row.  The lowest energy structure (DS6) can form when the C4-H bond 



48 
 

breaks, over a large barrier, to form a Si-H bond on the free Si atom of the same dimer.  This 

structure (DS6) is more stable in the singlet state and is even more stable than the first structure 

(DS4).  The row-linking butterfly structure merges with the 1,2-tilted pathway by breaking the C-

Cl bond and forming a Si-Cl bond.  This structure is equivalent to the DS5 structure of the 1,2-

tilted pathway.  In both cases, the effect of the spin-crossing events contributes little to energy 

barriers between the intermediates.   

 

The 1,4-butterfly structure can dissociate across two dimer rows.  The Cl atom protrudes into the 

trench between two rows and reacts with Si to form a Si-Cl bond on the adjacent row.  Once this 

occurs, the C4-Si bond breaks to restore aromaticity to the phenyl group.  This dissociated 

structure (DS2) has dangling bonds on each of the two partially capped Si dimers, one with the Cl 

and one with the phenyl group.  As such, it is more stable in the triplet state.  Like the 1,2-tilted 

and row-linking butterfly pathways, the low MECP barrier and high probability of spin-crossing 

between singlet and triplet states of the adsorption structure mean that the spin-crossing event 

does not affect the viability of this pathway.  A comparison to the experimental results is made in 

Chapter V. 
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CHAPTER III 
 

 

Spin-Crossing and Dissociation of 1,2- and 1,4-Dichlorobenzene on Cluster Models of 

the Silicon (100) Surface 

 

This chapter continues to build upon previous work from our laboratory on the adsorption and 

dissociation of benzene [33] and chlorobenzene (see Chapter II) on the Si(100) surface, as well as 

the effects of spin-crossing on these processes.  This work continues that effort by examining the 

mechanism of the adsorption and dissociation of 1,2- and 1,4-dichlorobenzene on the Si(100) 

surface and the effect of spin-crossing.  Previous studies have examined the extent of dissociation 

of dichlorobenzene on the Si(100) surface using X-ray photoelectron spectroscopy (XPS) [30] and 

scanning tunneling microscopy (STM) [29]. 

 

Results from the STM study suggest that 1,2- and 1,4-dichlorobenzene are molecularly adsorbed 

in two configurations, the butterfly and tight-bridge structures, and dissociatively adsorbed in two 

configurations, the displaced and linked structures [29].  According to this study, 23% of the 1,2-

dichlorbenzene structures are in the displaced structure while only 8% are in the linked structure.  

The relative abundance of these dissociated products is reversed for 1,4-dichlorobenzene, with 7% 

in the displaced structure and 52% in the linked structure.  XPS studies confirm that approximately 

25% of the C-Cl bonds in 1,2-dichlorobenzene undergo dissociation, while also showing that the 

strength of the carbon halogen (F, Cl, and Br) bond correlates to the amount of dissociation on the  
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Si(100) surface [30].  Both studies found that the dissociated products are thermodynamically 

favorable, and that the kinetics of the reaction play a prominent role in their observations.  

Naumkin, Polanyi, and Rogers attempt to explain these results computationally, and suggest that 

the dissociated structures seen in the STM images can be formed starting with the butterfly 

structure.  According to their study, this structure could then translate across the dimer rows, while 

simultaneously transitioning from the singlet to the triplet spin state, forming what they call the 

diene-L structure which has dichlorobenzene ring molecularly adsorbed across the dimer rows [36].  

Alternative mechanisms are proposed, beginning with various adstructures, that could lead to the 

same thermodynamically favorable products.  Stable structures and the transition states connecting 

them are calculated using DFT, and the probability of spin-crossing is determined at the appropriate 

structures. 

 

Computational Details 

The computational methods follow those used by Zhu and Materer [33], and are briefly explained 

here.  Using the Gaussian 09 software package [81], the geometry of all stable structures on the 

cluster model of Si(100) was optimized.  Partial optimizations of the dissociation pathway 

structures, in which the bottom two layers of Si are constrained to their ideal atomic positions, are 

currently underway.  Adsorption energies are reported in reference to the bare cluster and the 

chlorobenzene in the singlet electronic state.  No zero point corrections are applied.  Frequency 

calculations were performed to ensure stable structures had no imaginary frequencies, while 

transition states only had one imaginary frequency.  Internal reaction coordinate (IRC) calculations 

were performed to ensure that the transition states connected to the expected stable structures.  

However, IRC calculations for transition states that require the large trench cluster were 

unobtainable, due to computational limitations.  All calculations used the B3LYP hybrid functional, 
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which consists of Becke’s three parameter exchange functional [82] along with the Lee-Yang-Parr 

correlation functional [83].  The 6-31G(d) split valence basis set with the polarization d-function 

[84] on all atoms except hydrogen was utilized. 

 

Minimum energy crossing point (MECP) geometries were calculated using a program developed 

by Harvey et al. [85], based on an algorithm developed by Bearpark et al. [86].  Once obtained, the 

spin-orbit coupling (SOC) coefficients were calculated at the MECP geometry using a methodology 

similar to a previous publication [80].  The Breit-Pauli spin-orbit Hamiltonian, including both one 

and two electron terms, was used in GAMESS(US) software package [87] to compute the SOC 

coefficient.  These computations utilize the same Gaussian-type basis set as the one used in 

Gaussian 09.  The SOC computation procedure starts with a full second order CI calculation at the 

MECP geometry.  Once the optimized molecular orbital coefficients are determined, they are 

utilized to compute the spin-orbit coupling coefficient using a complete active space self-consistent 

field computation with an active space consisting of seven valance and seven virtual orbitals. 

 

The Landau-Zener formula [88-90] determines the probability of a non-adiabatic crossing 

(Equation 1).  To calculate the probability of the spin crossing event at the MECP geometry, the 

double pass formula described by Harvey [47], the difference being 82 in the exponential for a 

double pass versus 42 for the single pass formalism, was utilized (Equation 1). 

𝑃𝑠ℎ(𝐸) = 1 − exp(
−8𝜋2𝐻𝑠𝑜𝑐

2

ℎ∆𝐹
[
𝜇

2𝐸
]
1/2

) (E1) 

In Equation 1, 𝐻𝑠𝑜𝑐  is the spin-orbit coupling coefficient, ℎ  is Planck’s constant, ∆𝐹  is the 

Frobenius norm of the energy gradient difference, 𝜇 is the reduced mass of the system along the 
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crossing coordinate, and E is the kinetic energy of the system.  Similar to a previous publication 

[80], this study used the reduced mass along the crossing coordinate obtained by frequency analysis 

of MECP structure.  Due to the complex nature of the larger trench clusters, an averaged reduced 

mass from all contributing normal modes of the double-dimer structures was used for all probability 

calculations.  Similarly, and averaged kinetic energy of those normal modes was used to determine 

the kinetic energy of the system.  Once obtained, the crossing probability can be used to determine 

the rate coefficient of the spin-crossing by utilizing non-adiabatic transition state theory [47]: 

𝑘(𝑇) = 𝑃𝑠ℎ [
𝑘𝐵𝑇

ℎ
exp(

−∆𝐺

𝑅𝑇
)]  (E2) 

In Equation 2, kB is Boltzmann’s constant, T is temperature, ∆G is the change in Gibb’s free energy, 

and R is the ideal gas constant. 

 

Results and Discussion 

As in the previous study with chlorobenzene (Chapter II), this study uses a variety of different 

clusters including the single-dimer (Si9H12), double-dimer (Si15H16), triple-dimer (Si21H20), and 

the trench-dimer clusters (Si53H44).  In addition, two larger dimer clusters were needed.  These are 

the quad-dimer (Si27H24) and the triple-row trench-dimer clusters (Si77H60), which consists of 

three fused double-dimer clusters, one more than that of the trench-dimer cluster.  Both the triple-

row trench-dimer and the trench-dimer clusters have an additional row of silicon atoms on the 

bottom to mitigate any buckling caused by linking the two rows via adsorption of the 

dichlorobenzene.  All dimer clusters are hydrogen truncated to satisfy the Si atoms on the bottom 

of the clusters and the surface dimers are left bare. 
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Adsorption Structures 

A comprehensive study of various adsorption structures was conducted based on the structures 

discussed in Chapter II.  These structures include the di- adsorption structures: tilted, butterfly, 

tilted-bridge butterfly, and row-linking butterfly.  The diagonal-bridge butterfly was found to be 

unstable for chlorobenzene and is thus it is not studied.  In addition to the di- structures, two 

tetra- structures were studied: the tight-bridge and twisted-bridge adsorption structures.  The 

tetra- pedestal structure was found to be unstable for both chlorobenzene and benzene [41] due 

to the formation of a bi-radical carbon ring; thus, the pedestal structure is not included in this 

study.  From these base adsorption structures, many attachments are possible and will be 

discussed below for both 1,2- and 1,4-dichlorobenzene.  In order for dissociation to be feasible, 

three criteria must be met.  At least one Cl atom must be adjacent to a C-Si bond in order to avoid 

the formation of a radical carbon ring, the Cl atom must be within reasonable proximity to a bare 

Si atom, and the barrier to dissociation must be lower than the barrier to desorption.  In this 

section, the first two criteria are addressed while the final criteria is discussed in the “Dissociation 

Structures” section.  All reported structures are modeled on the smallest possible clusters that will 

allow adsorption and dissociation.  All structures are fully optimized except when noted, and 

transition states have a single imaginary frequency.  Additionally, IRC calculations were 

performed where possible to ensure the transition structures connected the desired stable 

structures.  The adsorption energy for the 1,2-dichlorobenzene adsorption structures and first 

transition state are tabulated in Table III-1, while those values for 1,4-dichlorobenzene are 

tabulated in Table III-2. 
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Table III-1. Adsorption energies of 1,2-dichlorobenzene on the Si(100) surface in kJ/mol for the 

adsorption structures (AS) and the transition structure (TS1) from the gas phase (except as noted), 

all with singlet multiplicity.  Adsorption and transition state energies are referenced to the 

isolated singlet chlorobenzene and singlet Si(100) cluster.  All coordinates are fully optimized 

except when noted in the text.  The transition states have one imaginary frequency, and IRC was 

performed to confirm that the transition structures connected the stable structures on single, 

double, and triple-dimer clusters. 

1,2-Dichlorbenzene 

Di- Cluster TS1 AS Tetra- Cluster TS1 AS 

Tilted    Tight-Bridge   

1,2 Single 109.7 -8.1 1,2,3,4 Double  -49.4 
 Double 102.8 -0.7 1,2,3,6 Double  -34.6 

2,3 Single 91.5 -34.2 2,3,4,5 Double  -57.2 
 Double 84.6 -34.6 3,4,5,6 Double  -72.8 

3,4 Single 68.5 -30.8 Twisted-Bridge   

4,5 Single 65.3 -18.7 1,2,3,4 Double  -27.6 

Butterfly    1,2,3,6 Double   -12.2 

1,4 Single  28.6 -76.8 2,3,4,5 Double   -45.9 
 Trench 41.2 -71.9 3,4,5,6 Double  -61.0 

3,6 Single  17.3 -94.8     
Tilted-Bridge 

Butterfly 
   

    
1,4-Same Double  65.8 -23.0      

 Triple  77.2 -5.8      
1,4-Adjacent Double  69.3 -17.8      

 Triple  74.8 -15.2      
3,6-same Double 46.8 -26.7      
Row-Linking Butterfly        
1,4 Trench 72.3 -7.0         

 

Tilted Structures: 1,2-Dichlorobenzene 

There are four possible tilted adsorption structures for 1,2-dichlorobenzene, depending on the 

attachment of the ring to the Si dimer.  To define these structures, the carbon atoms are numbered 

around the ring, with C1 and C2 being the Cl bonded carbon atoms on 1,2-dichlorobenzene.  The 

carbon atoms that bond to the Si dimer surface identify the structures.  The first possible tilted 

adsorption structure discussed is the 1,2-tilted structure (Figure III-1A) which has each Cl bonded 

carbon atom, C1 and C2, bonded to each Si atom in a single Si dimer.  This reaction would be 

symmetry forbidden in typical alkene chemistry, however, due to the buckled nature of the Si 
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dimer surface, this reaction can proceed via an asymmetric pathway.  The transitions state for this 

adsorption pathway is depicted in Figure III-1B.  This transition state creates an energy barrier to 

the formation of the 1,2-tilted structure of 109.7 kJ/mol.  Once this barrier is overcome, the 1,2-

tilted structure is formed and has an adsorption energy of -8.1 kJ/mol on a single-dimer cluster.  

On a double-dimer cluster, this barrier is decreased to 102.8 kJ/mol and the adsorption energy is 

increased to -0.7 kJ/mol.  Using the double-dimer cluster, it was determined that the Cl atom is 

3.72 Å away from the nearest bare Si atom on the adjacent dimer, while the other Cl atom is 4.59 

Å away.  Another tilted structure is the 2,3-tilted structure, shown in Figure III-2A, which has an 

adsorption energy of -34.2 kJ/mol on the single dimer cluster with a barrier to adsorption of 91.5 

kJ/mol.  This structure has one Cl atom pointed away from the dimer row and one Cl atom above 

the dimer row on the double-dimer cluster; this structure has an adsorption energy of -34.6 kJ/mol 

with a barrier of 84.6 kJ/mol, similar to their single-dimer counterparts.  Only the Cl atom over 

the row is adjacent to a C-Si bond and this Cl atom is 4.20 Å from an Si atom on the adjacent 

dimer.  The final two tilted structures are the 3,4- and 4,5-tilted adsorptions structures with energy 

barriers of 68.5 kJ/mol and 65.3 kJ/mol and adsorption energies of -30.8 and -18.7 kJ/mol, 

respectively.  The 3,4-tilted structure is shown in Figure III-2B.  Neither of these structures have 

Cl atoms adjacent to a C-Si bond and will not be studied further. 
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Figure III-1. Di-σ 1,2-dichlorobenzene adsorption structure and transition state: (A) 1,2-tilted 

adsorption structure on a single-dimer cluster and (B) asymmetric transition state into the 

adsorption structure. 

 

 

Figure III-2. Additional di-σ 1,2-dichlorobenzene adsorption structures: (A) The 2,3-tilted and 

(B) 3,4-tilted on a single-dimer cluster. 

 

 

 

 

 

 

 



57 
 

Table III-2. Adsorption energies of 1,4-dichlorobenzene on the Si(100) surface in kJ/mol for the 

adsorption structures (AS) and the transition structure (TS1) from the gas phase (except as noted), 

all with singlet multiplicity.  Adsorption and transition state energies are referenced to the 

isolated singlet chlorobenzene and singlet Si(100) cluster.  All coordinates are fully optimized 

except when noted in the text.  The transition states have one imaginary frequency, and IRC was 

performed to confirm that the transition structures connected the stable structures on single, 

double, and triple-dimer clusters. 

1,4-Dichlorobenzene 

Di- Cluster TS1 AS Tetra- Cluster TS1 AS 

Tilted    Tight-Bridge   

1,2 Single 76.6 -39.7 1,2,3,4 Double  -67.3 
 Double 71.4 -35.8 1,2,3,6 Double  -71.5 

2,3 Single 62.2 -46.6 Twisted-Bridge   

Butterfly    1,2,3,4 Double  -51.4 
1,4 Single  35.2 -80.3 1,2,3,6 Double   -59.9 

 Trench 27.2 -85.7     
2,5 Single  9.4 -102.1     
Tilted-Bridge Butterfly        
1,4 Quad  88.4 -17.2     

 
2,5 Double 36.1 -42.1         

 

Tilted Structures: 1,4-Dichlorobenzene 

There are only two unique tilted structures formed from 1,4-dichlorobenzene: the 1,2-tilted and 

the 2,3-tilted structures shown in Figure III-3A and III-3B, respectively.  The 1,2-tilted structure 

is formed over an energy barrier of 76.6 kJ/mol and has an adsorption energy of -39.7 kJ/mol on 

the single-dimer cluster.  In order to determine the proximity of the Cl atom to the nearest bare Si 

atom, this adsorption structure was also modeled on the double-dimer cluster.  On the double-

dimer cluster this structure has an energy barrier of 71.4 kJ/mol and an adsorption energy of -35.8 

kJ/mol.  The Cl atom that is bonded to C1 is 4.39 Å from the nearest Si atom on the adjacent 

dimer.  The 2,3-tilted structure has a barrier to adsorption of 62.2 kJ/mol and an adsorption 

energy of -46.6 kJ/mol, making it slightly more stable than the 1,2-tilted structure.  However, this 

structure does not have C-Si bond adjacent to either of the Cl atoms and will not be considered 

further. 
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Figure III-3. Di-σ 1,4-dichlorobenzene adsorption structures: (A) The 1,2-tilted and (B) 2,3-

tilted on a single-dimer cluster. 

 

Butterfly Structures: 1,2-Dichlorobenzene 

There are four types of di- butterfly structures: the butterfly, tilted-bridge butterfly, row-linking 

butterfly and the diagonal bridge butterfly.  In this section, the possible butterfly, tilted-bridge 

butterfly, and row-linking butterfly structures of 1,2-dichlorbenzene are discussed, beginning 

with the butterfly.  These structures are formed in a Diels-Alder like reaction, resulting in energy 

barriers that are much lower than the barriers for the tilted adsorption structures.  There are two 

possible butterfly structures formed, the first of which is the 1,4-butterfly structure shown in 

Figure III-4A.  This structure is formed from the bonding of C1 and C4 to the two Si atoms of a 

single dimer.  The barrier to this structure is 28.6 kJ/mol on the single-dimer cluster and has an 

adsorption energy of -76.8 kJ/mol.  In this structure, one of the Cl atoms is above the dimer row, 

while the other is above the trench, pointing toward the adjacent row, and is adjacent to the C1-Si 

bond.  Thus, the focus is only on the possible dissociation of the Cl atom over the trench.  Since 

the Cl atom of interests points toward the adjacent row, the trench-dimer cluster is required to 

determine the proximity to the nearest bare Si atom.  On the trench cluster, the energy barrier to 

adsorption is increased to 41.2 kJ/mol while the adsorption energy of the structure is decreased to 

-63.2 kJ/mol.  The distance between this Cl atom and the nearest Si atom on the adjacent dimer 
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row is 3.87 Å on this cluster.  The other possible adsorption structure is the 3,6-butterfly structure 

(Figure III-4B), in which each of the Cl atoms is over the dimer row.  The energy barrier to the 

formation of this structure is 17.3 kJ/mol and the adsorption energy of the stable structure is -94.8 

kJ/mol.  There are no C-Si bonds adjacent to either of the Cl atoms, and this structure is not 

studied further. 

 

 

Figure III-4. Additional di-σ 1,2-dichlorobenzene adsorption structures: (A) The 1,4-butterfly 

and (B) 3,4-butterfly on a single-dimer cluster. 

 

 

Figure III-5. Additional di-σ 1,2-dichlorobenzene adsorption structures: (A) The 1,4-same tilted-

bridge butterfly and (B) 1,4-adjacent tilted-bridge butterfly on a double-dimer cluster. 
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In addition to the butterfly structures, there are four possible tilted-bridge butterfly structures 

formed from 1,2-dichlorobenzene.  The tilted-bridge butterfly structures are created by the 

formation of C-Si bonds on two adjacent dimers of the same dimer row.  This structure has one 

unsaturated Si atom on each dimer, resulting in higher adsorption energies compared to the 

butterfly structures.  This is due to the ability of the butterfly structures to form a partial -bond 

between the bare Si atoms on the same dimer, lowering the energy in the singlet state.  The first 

two tilted-bridge butterfly structures are the 1,4-same tilted-bridge butterfly shown in Figure III-

5A and the 1,4-adjacent tilted-bridge butterfly shown in Figure III-5B where “same” and 

“adjacent” identify which dimer row the Cl atom would attach to if dissociation were to occur.  

These structures can be visualized as a 90° rotation of the 1,4-butterfly structures.  As shown in 

Figure III-5, both structures have a Cl atom adjacent to the C1-Si bond.  However, in the 1,4-same 

structure, the additional Cl atom is over the dimer row, while the Cl atom is over the trench 

between the two dimer rows in the 1,4-adjacent structure.  The energy barrier for the formation of 

the 1,4-same structure on the double-dimer cluster is 65.8 kJ/mol, while a similar barrier, 69.3 

kJ/mol, is found for the 1,4-adjacent structure.  Adsorption energies of these structures are also 

similar at values of -23.0 kJ/mol and -17.8 kJ/mol for the 1,4-same and the 1,4-adjacent 

structures, respectively.  In each case, the only interest is in the Cl atom bonded to the C1 atom, 

which is bonded to an Si atom of the dimer, and the triple-dimer cluster is used to determine the 

proximity of the Cl atom to the nearest Si atom in a bare dimer.  Both cases are similar, with a 

distance of 4.10 Å for the 1,4-same structure and 4.17 Å for the 1,4-adjacent structure.  The 

energy barrier to form the 1,4-same structure of 77.2 kJ/mol and the adsorption energy of -5.8 

kJ/mol on the triple-dimer cluster are both increased from the smaller cluster.  The 1,4-adjacent 

structure has a similar increase in the energy barrier (74.8 kJ/mol), but the increase in adsorption 

energy (-15.2 kJ/mol) is less significant with a change of only 2.6 kJ/mol compared to a change 

of 17.2 kJ/mol.  This difference in adsorption energy is likely due to the strain caused by the 
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interaction of the Cl atom with the dimer surface, which would be larger for the 1,4-same 

structure.  The other two structures are the 3,6-same and 3,6-adjacent tilted-bridge butterfly 

structures, which can be visualized as 90° rotations of the 3,6-butterfly structure.  The energy 

barrier for 3,6-same tilted-bridge butterfly is 46.8 kJ/mol and the adsorption energy of the stable 

structure is -26.7 kJ/mol on the double-dimer cluster.  Since there is no Cl atom adjacent to either 

of the C-Si bonds, this structure is not discussed further.  No stable structure was found for 3,6-

adjacent tilted-bridge butterfly. 

 

 

Figure III-6. Row-linking butterfly 1,2-dichlorobenzene di-σ adsorption structure on the trench 

cluster. 

 

The final type of butterfly structure is the row-linking butterfly structure.  This structure is created 

by the formation of C-Si bonds on adjacent dimers of two different dimer rows.  Thus, the 

smallest cluster used is the trench dimer cluster.  There are two possible row-linking butterfly 

structures formed from 1,2-dichlorobenzene, the 1,4-row-linking butterfly (Figure III-6) and the 

3,6-row-linking butterfly.  Like the 3,6-butterfly and the 3,6-tilted-bridge butterfly structures, the 

3,6-row-linking butterfly structure will not be considered as a viable pathway for dissociation 

since no Cl atoms are adjacent to either of the C-Si bonds.  However, the 1,4-row-linking 
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butterfly is considered as a possible viable dissociation pathway and has a 72.3 kJ/mol barrier to 

the formation of the structure and an adsorption energy of -7.0 kJ/mol.  The Cl atom adjacent to 

the C1-Si bond is close in proximity to the unsaturated Si atom of the same dimer, with a distance 

of 3.76 Å. 

 

Butterfly Structures: 1,4-Dichlorobenzene 

The reaction of 1,4-dichlorobenzene with the Si(100) surface forms two unique butterfly 

structures.  The first is the 1,4-butterfly structure shown in Figure III-7A, which has an adsorption 

energy of -80.3 kJ/mol on the single dimer cluster and is formed over an energy barrier of 35.2 

kJ/mol.  In this structure, each of the Cl atoms is adjacent to a C-Si bond, and each sits above the 

trench on opposite sides of the row.  Since dissociation is possible for both Cl atoms, the larger 

triple-row trench-dimer cluster was utilized in order to determine the distance of the Cl atom to 

bare Si atoms on the rows on either side of the adsorbed dichlorobenzene ring.  On this larger 

cluster, the energy barrier is slightly decreased to 27.2 kJ/mol while the adsorption energy is 

slightly increased to -75.7 kJ/mol.  The distance for each Cl atom to the nearest Si atom on an 

adjacent row is 3.95 Å for one and 4.31 Å for the other.  This difference is due to the buckling 

angle of the bare Si dimers.  The first Cl atom is near a buckled up Si atom resulting in a smaller 

distance than that of the Cl atom near the buckled down Si atom.  The second structure is the 2,5-

butterfly structure shown in Figure III-7B.  Formation of the 2,5-butterfly structure occurs over a 

small energy barrier of 9.4 kJ/mol and forms a more stable structure, when compared with the 

1,4-butterfly structure, with an adsorption energy of -102.l kJ/mol on the single dimer cluster.  

However, this structure is not considered further, since there is no Cl atom adjacent to a C-Si 

bond. 
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Figure III-7. Additional di-σ 1,4-dichlorobenzene adsorption structures: (A) The 1,4-butterfly 

and (B) 3,6-butterfly on a single-dimer cluster. 

 

In addition to the butterfly structures, 1,4-dichlorobenzene can form two unique tilted-bridge 

butterfly structures.  As noted in the case of 1,2-dichlorobenzene, these structures have larger 

energy barriers and form less stable adsorption structures compared to the butterfly structures due 

to the location of the unsaturated Si atoms.  The 1,4-tilted-bridge butterfly structure shown in 

Figure III-8A is structurally equivalent to a 90° rotation of the 1,4-butterfly structure.  Similar to 

the 1,4-butterfly structure, in the 1,4-tilted-bridge butterfly both Cl atoms are adjacent to C-Si 

bonds.  In order to determine the distance of each of the Cl atoms from their nearest Si atoms, the 

quad-dimer cluster was utilized.  To form this structure, an energy barrier of 88.4 kJ/mol must be 

overcome forming the adsorption structure with an energy of -17.2 kJ/mol on the quad-dimer 

cluster.  No adsorption structure was found on the smaller double-dimer cluster.  The Cl-Si 

distances are 4.09 Å and 4.25 Å between each Cl atom and the bare Si dimers on the adjacent 

dimers in the row.  Like the 1,4-butterfly structure, this difference is due to the buckling of the 

dimers.  The 2,5-tilted-bridge butterfly structure shown in Figure III-8B is equivalent to a 90° 

rotation of the 2,5-butterfly and has C-Si bonds to C2 and C5.  The barrier to the formation of this 

structure is much lower (36.1 kJ/mol) than the barrier for the 1,4-tilted-bridge butterfly, and the 

adsorption structure is much more stable (-42.1 kJ/mol).  This result is due to the increased strain 
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in the dichlorobenzene ring in 1,4-dichlorobenzene due to the proximity of the Cl atom to the 

dimer row.  Since the Cl atoms in the 2,5-tilted-bridge butterfly structure are above the row and 

above the trench, this interaction is diminished, resulting in a more stable adsorption structure.  

However, since there are no Cl atoms adjacent to the C-Si bonds, this structure is not considered a 

viable candidate for dissociation. 

 

 

Figure III-8. Additional di-σ 1,4-dichlorobenzene adsorption structures: (A) The 1,4-tilted-

bridge butterfly on the quad-dimer cluster and (B) 2,5-tilted-bridge butterfly on a double-dimer 

cluster. 

 

While 1,2-dichlorobenzene yields a stable row-linking butterfly structure, geometry optimizations 

yield a highly unstable structure (24.9 kJ/mol) for the case of 1,4-dichlorobenzene.  While the 

triplet state is quite stable for this structure (-58.8 kJ/mol), no transition state leading to this 

structure could be found in either the singlet or triplet electronic state.  Thus this structure is not a 

viable candidate for adsorption and dissociation on the Si(100) surface. 
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Bridge Structures: 1,2- and 1,4-Dichlorobenzene 

The final set of structures considered are the bridge structures.  These are tetra- bonded 

structures which form bonds to four Si atoms in two adjacent dimers on the same row.  These 

structures include the tight-bridge, twisted-bridge, and the pedestal structures.  As previously 

stated, the pedestal structure is not stable for either benzene [41] or chlorobenzene (Chapter II), 

thus this structure is not studied.  The tight-bridge structures have four consecutive C-Si bonds to 

the dimers on the surface leaving a single C-C double bond in the ring.  This unattached portion 

of the ring is above the dimer row for tight-bridge structures.  The twisted-bridge structures also 

have four consecutive carbon atoms bonded to the Si dimers, however, the remaining double 

bonded carbon atoms are above the trench.  Previous work shows that two of the twisted bridge 

structures can be formed from the tilted-bridge butterfly structure on smaller clusters.  Although 

stable bridge adsorption structures were located (See Tables III-1 and III-2 for adsorption 

energies), no transition states could be found for either the 1,2- or 1,4-dichlorobenzene bridge 

structures in either the singlet or triplet state.  Because these transition states were not located, 

these structures are not considered further. 

 

Dissociation Structures 

In this section, the first dissociation structure of each of the adsorption structures that satisfied the 

criteria in the previous section are examined.  These include the 1,2- and 2,3-tilted, 1,4-butterfly, 

1,4-same and 1,4-adjacent tilted-bridge butterfly, and the row-linking butterfly for 1,2-

dichlorobenzene, and the 1,2-tilted and 1,4 butterfly for 1,4-dichlorobenzene.  This first 

dissociation structure is formed from the breaking of a C-Cl bond and the forming of a Cl-Si bond 

to the nearest bare Si atom.  All potential first dissociation structures were found to be unstable in 

the singlet state and require a spin-crossing event.  The probability of transitioning between the 
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singlet and triplet states will be discussed in the “Spin-Crossing” section.  Unless otherwise 

indicated, all adsorption energies of the dissociated structures are reported in the triplet state.  The 

final criterion for dissociation is that the barrier to dissociation is lower than the barrier to 

desorption; the desorption and dissociation barriers will be compared in this section.  The 

adsorption energies and transition state energies for possible first dissociation structures can be 

found in Table III-3.  All reported energies are referenced to the isolated singlet dichlorobenzene 

and singlet Si cluster.  For these structures, all coordinates are fully optimized unless otherwise 

noted.  The transition states have one imaginary frequency, and IRC was performed to confirm 

that the transition structures connected the stable structures wherever possible. 

 

Table III-3. Adsorption energies for the adsorption structure (AS), the transition (TS1) into this 

structure from the gas phase, the first dissociation structure (DS1) and the transition (TS2) from 

triplet AS to triplet DS1 on the Si(100) surface are reported in kJ/mol.  The AS is reported for 

both the singlet and triplet, while TS1 is only reported in the singlet, and TS2 and DS1 are only 

reported in the triplet state.  Adsorption and transition state energies are referenced to the isolated 

singlet dichlorobenzene and singlet cluster. 

Model Cluster TS1 Singlet AS Triplet AS TS2 DS1 

1,2-Dichlorobenzene 

Tilted      

1,2 Double 102.8 -0.7 23.9 - - 

2,3 Double 84.6 -34.6 -6.7 25.7 -180.0 

Butterfly      

1,4 Trench 41.2 -71.9 -45.7 5.8 -121.5 

Tilted-Bridge Butterfly      

1,4-Same Triple 77.2 -5.8 -55 - - 

1,4-Adjacent Triple 74.8 -15.2 -60.8 37.9 -152.5 

Row-Linking Butterfly      
1,4 Trench 72.3 -7.0 -72.4 3.9 -228.7 

1,4-Dichlorobenzene 

Tilted      

1,2 Double 71.4 -35.8 -12.4 24.3 -177.6 

Butterfly      
1,4 Quad 27.2 -85.7 -61.0 0.9 -126.7 

 

 



67 
 

Tilted Based Dissociation Structures 

For the dissociation of both 1,2-dichlorobenzene tilted structures, a double-dimer structure is 

required.  The structure formed from the dissociation of a single Cl atom (DS1) could not be 

found, in either the singlet or triplet state, on any cluster size.  However, a dissociation structure 

(DS2, Figure III-9A) formed from the dissociation of both Cl atoms onto the adjacent dimer is 

found in the singlet state (-548.2 kJ/mol) on the double-dimer cluster.  This structure is also found 

in the singlet and triplet states on the triple-dimer structure attached to the end dimer (-541.5 

kJ/mol for the singlet and -515.0 kJ/mol for the triplet) and attached to the middle dimer (-537.4 

kJ/mol for the singlet and -513.3 kJ/mol for the triplet).  Due to the absence of a bare dimer for 

the 1,2-tilted structure on the double-dimer cluster, a double bond in the carbon ring must be 

broken in the triplet state, which is why no stable triplet structure could be found on the double-

dimer cluster.  In the first dissociation structure of the 2,3-tilted adsorption structure pathway, 

shown in Figure III-9B, the chlorine atom is bonded to one of the Si atoms in the adjacent dimer 

on the same row and has an adsorption energy of -180 kJ/mol on the double-dimer cluster.  The 

barrier to dissociation is 32.4 kJ/mol, which is much lower than the barrier to desorption (119.2 

kJ/mol), thus this pathway is discussed in the pathway section.  The only tilted pathway for 1,4-

dichlorobenzene that meets the first two criterion begins with the 1,2-tilted structure.  This 

dissociation structure (Figure III-9C) is formed from the bonding of Cl to an Si atom in the 

adjacent dimer of the same row.  This structure has an adsorption energy of -177.6 kJ/mol on the 

double-dimer cluster and the barrier to the formation of this dissociation structure is 36.7 kJ/mol.  

This is much lower than the barrier to desorption (137.2 kJ/mol) thus it is expected to dissociate. 
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Figure III-9. The (A) second dissociation (DS2) structure of the 1,2-tilted pathway and the first 

dissociation structures formed from the (B) 2,3-tilted structure of 1,2-dichlorobenzene and (C) 

1,2-tilted structure of 1,4-dichlorobenzene. 

 

Butterfly Based Dissociation Structures 

The pathways beginning with the 1,4-butterfly structure meet the first two criteria for both 1,2- 

and 1,4-dichlorobenzene.  For 1,2-dichlorobenzene, the first dissociation structure, depicting in 

Figure III-10, is formed from the attachment of the Cl atom to the nearest Si atom across the 

dimer row.  This structure is modeled on the trench-dimer cluster and has an adsorption energy of 

-121.5 kJ/mol.  The barrier to the formation of this structure is 51.5 kJ/mol, which is lower than 

the barrier to desorption at 104.4 kJ/mol.  A similar result is found for the 1,4-butterfly structure 

formed from 1,4-dichlorobenzene.  This dissociation structure is modeled on the triple-row 

trench-dimer cluster and is formed by the bonding of one of the Cl atoms to the nearest Si atom in 

a row adjacent to the adsorbed carbon ring.  This structure is shown in Figure III-11.  The 

adsorption energy of this structure is -126.7 kJ/mol and the barrier to form this structure is lower 

than the desorption barrier (102.9 kJ/mol) with a value of 61.9 kJ/mol.  Both of these pathways 

satisfy all criteria and will be considered in detail in the pathway section. 
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Figure III-10. The first dissociation structure (DS1) formed from the 1,4-butterfly structure of 

1,2-dichlorobenzene. 

 

 

Figure III-11. The first dissociation structure (DS1) formed from the 1,4-butterfly structure of 

1,4-dichlorobenzene. 

 

There are two possible pathways beginning with tilted-bridge butterfly structures for 1,2-

dichlorobenzene.  These are the 1,4-same and 1,4-adjacent tilted-bridge butterfly structures.  Both 

have similar dissociation structures formed from the breaking of the C1-Cl bond and the 

formation of a Cl-Si bond on the adjacent dimer in the same row.  The 1,4-same tilted-bridge 

structure does not have a stable dissociation structure in either the triplet or singlet state.  

However, the 1,4-adjacent tilted-bridge butterfly structure does have a stable dissociation 

structure with an adsorption energy of -152.5 kJ/mol and a 98.7 kJ/mol barrier to the formation of 
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this structure.  This barrier is slightly higher than the barrier for desorption (90.0 kJ/mol) and is 

not expected to dissociate.  While the 1,4-tilted bridge butterfly structure formed from 1,4-

dichlorobenzene meets the first two criteria, no transition state leading to the first dissociation 

structure could be found.  Thus the tilted-bridge butterfly pathways are not considered further. 

 

 

Figure III-12. The first dissociation structure of the row-linking butterfly structure of 1,2-

dichlorobenzene.  This structure is equivalent to the fifth dissociation structure of the 2,3-tilted 

pathway of 1,2-dichlorobenzene. 

 

The final possible dissociation pathway begins with the 1,4-row-linking butterfly formed from 

1,2-dichlorobenzene.  This dissociated structure, shown in Figure III-12, is formed when the Cl 

atom bonds to the unsaturated Si atom on the same dimer as the C1-Si bond.  This structure has an 

adsorption energy of -228.7 kJ/mol, with a barrier of 76.3 kJ/mol.  The 1,4-row-linking butterfly 

structure is expected to dissociate, as the barrier to desorption is slightly higher than the barrier to 

dissociate with a value of 79.3 kJ/mol.  This pathway merges with the 2,3-tilted pathway and 

these pathways will be considered together in the next section. 
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Table III-4. Adsorption energy in kJ/mol for stable structures and transition states along the 2,3-

tilted, 1,4-butterfly and the row-linking butterfly dissociation pathways for 1,2-dichlorobenzene 

and the 1,2-tilted and 1,4-butterfly pathways for 1,4-dichlorobenzene.  All transition states are in 

the triplet state except TS1 which is in the singlet state.  All stable structures are in the triplet 

state, except as noted.  A double-dimer cluster is utilized for the 1,2-tilted and 2,3-tilted pathways 

wherever possible.  All structures following DS4 are computed on the trench cluster.  The 1,4-

butterfly structures are calculated on the trench-dimer cluster for 1,2-dichlorobenzene and the 

triple-row trench-dimer for 1,4-dichlorbenzene.  Please note that the row-linking butterfly merges 

with the 2,3-tilted pathway at DS5, and can subsequently form either DS4 or DS6. 

1,2-Dichlorobenzene 

 TS1 
AS AS 

TS2 DS1 TS3 DS2 TS4 DS3 
(singlet) (triplet) 

2,3-Tilted 
 84.6 -34.6 -6.7 25.7 -180.0 -172.5 -305.1 -140.4 -307.8 

1,4-Butterfly 
 41.2 -63.2 -45.7 5.8 -121.5 -98.3 -288.2   

Row-Linking Butterfly 

  72.3 -7.0 -72.4 3.9           
 

TS5 
DS4 DS4 

TS6 DS5 TS7 
DS6 DS6  

  (triplet) (singlet) (triplet) (singlet)   

2,3-tilted                 

  -116.8 -297.5 -325.8 -218.2 -228.7 -42.1 -304.2 -330.1   

1,4-Dichlorobenzene 

 TS1 
AS AS 

TS2 DS1 TS3 DS2 TS4 DS3 
(singlet) (triplet) 

1,2-Tilted 
 71.4 -35.8 -12.4 24.3 -177.6 -173.3 -306.6 -143.8 -309.6 

1,4-Butterfly 
 27.23 -75.71 -60.97 0.95 -126.73 -51.47 -310.47 31.42 -215.87 

  
TS5 

DS4 DS4 
TS6 DS5 TS7 

DS6 DS6   

  (triplet) (singlet) (triplet) (singlet)   

1,2-tilted 

  -120.1 -303.2 -331.3 -213.9 -226.1 -141.2 -454.0 -478.8   

 

Tilted and Row-Linking Butterfly Pathways 

1,2-Dichlorobenzene: 1,2-Tilted, 2,3-Tilted, and 1,4-Row-Linking Butterfly 

The adsorption energy for each of the structures discussed in this section can be found in Table 

III-4.  The 1,2-tilted adsorption structure is unstable at 23.9 kJ/mol on the double-dimer cluster.  

Thus, any pathway proceeding from this initial geometry would occur only in the singlet state.  
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As mentioned in the previous section, no stable DS1 structure or the transition state leading to 

this structure could be found for the 1,2-tilted pathway.  This may be due to an incredibly small 

barrier between DS1 and DS2, making it difficult to find a stable structure for DS1.  This 

assertion is supported by the fact that all attempts to optimize the DS1 structure lead to the DS2 

structure instead.  It is unclear whether the DS2 structure is formed via a stepwise or concerted 

dissociation of the Cl atoms.  Another pathway could occur when, after the dissociation of the 

first Cl atom, the C-Si bond breaks.  However, if the assertion that the barrier to form the DS2 

structure is small were correct, this pathway would be unlikely.  Thus the very stable DS2 

structure (-548.2 kJ/mol) would be formed exclusively. 

 

 

Figure III-13. This energy diagram depicts the 2,3-tilted dissociation pathway (solid) and the 

row-linking butterfly dissociation pathway (dotted) of 1,2-dichlorobenzene.  Bold labels indicate 

that the structure is optimized in the triplet state.  For clarity, free reactants are labeled FR; the 

2,3-tilted adsorption structure is labeled AS; transition states are labeled TS, and the dissociated 

structures are labeled DS.  Singlet-triplet (S-T) and triplet-singlet (T-S) crossing points are also 

labeled.  The inlay shows the adsorption structures and the two main dissociation structures DS4 

and DS6, and the arrows each represent a transition into a new structure. 
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The 2,3-tilted structure is formed over a barrier of 84.6 kJ/mol (TS1) on the double-dimer cluster, 

and, in order for dissociation to occur, it must then undergo a spin-crossing event, the probability 

of which will be discussed in the “Spin-Crossing” section, to the triplet state (-6.7 kJ/mol).  This 

pathway, as well as the row-linking butterfly pathway, are summarized in Figure III-13.  Once in 

the triplet state, the C-Cl bond will break, over a barrier of 32.4 kJ/mol, and form a new Cl-Si 

bond on the adjacent dimer in the same row creating the first dissociation structure (DS1) with an 

adsorption energy of -180.0 kJ/mol.  Overcoming a small barrier of 7.4 kJ/mol, the second 

dissociation structure (DS2, Figure III-14A) is formed by breaking the C6-Si bond, restoring 

aromaticity to the carbon ring and reducing the adsorption energy to -305.1 kJ/mol.  Once this 

structure is formed, the Cl atom can migrate along the dimer surface forming the third 

dissociation structure (DS3, Figure III-14B), with an adsorption energy of -307.8 kJ/mol, over a 

barrier of 164.7 kJ/mol, then forming the most stable dissociation structure (DS4, Figure III-14C) 

over a barrier of 191.0 kJ/mol.  This dissociation structure is stable in both the singlet and triplet 

states with adsorption energies of -325.8 kJ/mol and -297.5 kJ/mol respectively. 

 

 

Figure III-14. Additional dissociation structures formed from the 2,3-tilted pathway of 1,2-

dichlorobenzene: (A) DS2, (B) DS3, and (C) DS4. 
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Further dissociation of the 2,3-tilted structure can occur across dimer rows; these structures are 

modeled on the trench-dimer cluster.  It should be noted that on the trench dimer cluster, no stable 

DS1 structure could be found; all attempts to find a stable DS1 structure found only the DS2 

structure.  This is due to the small barrier between the DS1 and DS2 structures.  For this reason, 

modelling on the trench dimer cluster begins with the DS4 structure to explore the dissociation 

pathway across dimer row.  On the trench dimer cluster, the triplet adsorption energy of the DS4 

structure is increased slightly from -297.5 kJ/mol, on the double-dimer cluster, to -294.7 kJ/mol.  

Overcoming a barrier of 76.5 kJ/mol, the carbon ring can lay across the trench forming a C4-Si 

bond to the dimer on the adjacent row.  This dissociation structure (DS5, Figure III-12) is 

equivalent to the DS1 structure of the row-linking butterfly, has an adsorption energy of -228.7 

kJ/mol in the triplet state, and is unstable in the singlet state.  The final dissociated structure 

(DS6, Figure III-15) can be formed by breaking the C4-H bond and forming a new Si-H bond on 

the unsaturated Si atom on the dimer.  This barrier is quite large at 186.6 kJ/mol and forms a 

stable structure with an adsorption energy of -304.2 kJ/mol in the triplet state, and -330.2 kJ/mol 

in the singlet state. 

 

 

Figure III-15. Cross dimer dissociation product (DS6) for the 2,3-tilted pathway of 1,2-

dichlorobenzene. 
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The 1,4-row-linking butterfly structure is formed over a barrier of 72.3 kJ/mol on the trench-

dimer cluster and has an adsorption energy of -7.0 kJ/mol in the singlet state.  This structure 

undergoes a spin-crossing event, forming the more stable triplet state structure with an adsorption 

energy of -72.4 kJ/mol.  Once in the triplet state, the C1-Cl bond is broken and a Cl-Si bond is 

formed on the unsaturated Si atom of the same dimer over a barrier of 3.9 kJ/mol.  This forms the 

first dissociation structure (Figure III-12) and is equivalent to the DS5 structure of the 2,3-tilted 

pathway with an adsorption energy of -228.7 kJ/mol.  This structure can then proceed to form 

either product by overcoming a barrier of 10.4 kJ/mol to form the DS4 structure or a barrier of 

186.6 kJ/mol to form the DS6 structure. 

 

1,4-Dichlorobenzene: 2,3-Tilted 

The only possible tilted pathway for 1,4-dichlorobenzene begins with the 1,2-tilted structure and 

is similar to that of the 2,3-tilted pathway of 1,2-dichlorobenzene.  This pathway is summarized 

in the energy diagram of Figure III-16, and the adsorption energies are tabulated in Table III-4.  

The adsorption structure is formed over a barrier of 71.4 kJ/mol and has an adsorption energy of -

35.8 kJ/mol in the singlet state and -12.4 kJ/mol in the triplet state on the double-dimer cluster.  

Once the triplet structure is formed, the C1-Cl bond is broken, a barrier of 36.7 kJ/mol, and the 

first dissociation structure (DS1) is formed by the creation of new Cl-Si bond on the adjacent 

dimer in the same row.  This structure has an adsorption energy of -177.6 kJ/mol.  Then, by 

overcoming a small barrier of 4.4 kJ/mol, aromaticity is restored to the carbon ring by breaking 

the C1-Si bond forming the second dissociation structure (DS2, Figure III-17A) and significantly 

reducing the adsorption energy to -306.6 kJ/mol.  At this stage, the Cl atom can migrate along the 

Si dimer surface by overcoming two large barriers, 162.9 kJ/mol and 189.6 kJ/mol, to form the 

DS3 (-309.6 kJ/mol) and DS4 structures, respectively.  The DS3 and DS4 structures are pictured 
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in Figures III-17B and III-17C, respectively.  The final dissociation structure on the singlet row, 

DS4, has an adsorption energy of -303.2 kJ/mol in the triplet state but is more stable in the singlet 

state with an adsorption energy of -331.3 kJ/mol. 

 

 

Figure III-16. This energy diagram depicts the 1,2-tilted dissociation pathway of 1,4-

dichlorobenzene.  Bold labels indicate that the structure is optimized in the triplet state.  For clarity, 

free reactants are labeled FR; the 1,2-tilted adsorption structure is labeled AS; transition states are 

labeled TS, and the dissociated structures are labeled DS.  Singlet-triplet (S-T) and triplet-singlet 

(T-S) crossing points are also labeled.  The inlay shows the adsorption structures and the two main 

dissociation structures DS4 and DS6, and the arrows each represent a transition into a new structure. 
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Figure III-17. Additional dissociation structures formed from the 1,2-tilted pathway of 1,4-

dichlorobenzene: (A) DS2, (B) DS3, and (C) DS4. 

 

This tilted dissociation pathway can also proceed across dimer row.  As in the case of 1,2-

dichlorobenzene, a stable DS1 structure was not found on the trench-dimer cluster due to the 

extremely low barrier to form the DS2 structure (4.4 kJ/mol on the double-dimer cluster).  Thus 

modelling on the trench-dimer cluster will start with the triplet DS4 structure, which has an 

adsorption energy (-306.5 kJ/mol) that is only 3.2 kJ/mol lower than that structure on the double-

dimer cluster.  The fifth dissociation structure (DS5), shown in Figure III-18A, is formed when 

the carbon ring lays across the trench to form the C4-Si bond to the adjacent dimer row over an 

energy barrier of 92.5 kJ/mol.  In order to form the final dissociation structure (DS6, Figure III-

18B), the C4-Cl atom must break and form a new Cl-Si bond with the unsaturated Si atom of the 

same dimer.  In contrast to the 1,2-dichlorobenzene case, the C-Cl bond is much weaker and 

results in a much lower energy barrier of 84.9 kJ/mol, a difference of 101.7 kJ/mol.  The final 

structure is much more stable than the DS4 structure with an adsorption energy of -478.8 kJ/mol 

in the singlet state and -454.0 kJ/mol in the triplet state. 
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Figure III-18. Further dissociation structures along the 1,2-tilted pathway of 1,4-

dichlorobenzene: (A) DS5 and (B) DS6. 

 

Butterfly Pathways 

1,2-Dichlorobenzene: 1,4-Butterfly 

The 1,4-butterfly pathway is summarized in Figure III-19 and Table III-4. The adsorption 

structure is formed over a low barrier of 41.2 kJ/mol and has an adsorption energy of -63.2 

kJ/mol in the singlet state and -45.7 kJ/mol in the triplet state.  The formation of the first 

dissociation structure (-121.5 kJ/mol) occurs when the C1-Cl bond breaks, over a barrier of 51.5 

kJ/mol, and the Cl atom bonds to the Si atom in the adjacent row.  The final dissociation (DS2, 

Figure III-20) structure is then formed by restoring aromaticity to the carbon ring by breaking the 

C4-Si bond.  The barrier to the formation of this dissociation structure is 23.2 kJ/mol and forms a 

very stable structure at -288.2 kJ/mol in the triplet state.  This structure is less stable in the singlet 

state (-249.6 kJ/mol) due to the two unsaturated Si atoms on separate dimers.  This configuration 

does not allow the formation of a partial -bond in the singlet state, as it would if both 

unsaturated Si atoms were on the same dimer, making the triplet state the lower energy state. 
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Figure III-19. The 1,4-butterfly dissociation pathway of 1,2-dichlorobenzene on the trench-dimer 

cluster.  Bold labels indicate that the structure is optimized in the triplet state.  For clarity, free 

reactants are labeled FR; the 1,4-butterfly adsorption structure is labeled AS; transition states are 

labeled TS, and the dissociated structures are labeled DS.  The singlet to triplet (S-T) crossing is 

also labeled.  The inlay shows the adsorption structure as well as the final dissociated structure, 

DS2, and the arrows each represent a transition into a new structure. 

 

 

Figure III-20. The final dissociation product (DS2) of the 1,4-butterfly pathway of 1,2-

dichlorobenzene. 
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1,4-Dichlorobenzene: 1,4-Butterfly 

The 1,4-butterfly structure of 1,4-dichlorobenzene is formed over a barrier of 27.2 kJ/mol on the 

triple-row trench-dimer cluster and has an adsorption energy of -75.7 kJ/mol in the singlet state 

and -61.0 kJ/mol in the triplet state.  This large cluster is needed since one of the possible 

dissociation structures takes place across three rows.  The energetics of this pathway is 

summarized in Figure III-21, and the adsorption energies are tabulated in Table III-4.  Similar to 

1,2-dichlorobenzene, this 1,4-dichlorobenzene structure can form the first dissociation structure 

by breaking the C1-Cl bond and forming a Si-C bond on the nearest bare Si atom on the adjacent 

row.  The barrier to this structure is 61.9 kJ/mol and has an adsorption energy of -126.7 kJ/mol.  

This structure may then follow one of two possible pathways.  The first possible pathway restores 

aromaticity to the carbon ring by breaking the C4-Si bond over a barrier of 75.3 kJ/mol to form 

one of the stable dissociation structure (DS2, Figure III-22A) with an adsorption energy of -310.5 

kJ/mol in the triplet state.  Alternatively, the second C-Cl bond can break and form a Si-Cl bond 

on the opposite dimer row by overcoming a barrier of 158.2 kJ/mol, forming a less stable 

dissociation (DS3, Figure III-22B) structure at -215.9 kJ/mol in the triplet state.  Both of these 

structures are more stable in the triplet state due to the location of the unsaturated Si atoms as 

described in the previous section. 
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Figure III-21. The 1,4-butterfly dissociation pathway of 1,4-dichlorobenzene on the trench-dimer 

cluster.  Bold labels indicate that the structure is optimized in the triplet state.  The solid line 

represents the pathway to the most stable dissociation product, DS2, and the dotted line represents 

the pathway to the alternate product, DS3.  For clarity, free reactants are labeled FR; the 1,4-

butterfly adsorption structure is labeled AS; transition states are labeled TS, and the dissociated 

structures are labeled DS.  The singlet to triplet (S-T) crossing is also labeled.  The inlay shows the 

adsorption structure (center) as well as the final dissociated structures, DS2 (right) and DS3 (top), 

and the arrows each represent a transition into a new structure. 
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Figure III-22. The final two possible dissociation structures for the 1,4-butterfly pathway of 1,4-

dichlorobenzene: (A) the lower energy DS2 and (B) the higher energy DS3. 

 

Spin-Crossing 

In order for dissociation to occur, the adsorption structures must undergo a spin-crossing event.  

As stated in Chapter II, the minimum energy crossing point (MECP) must first be determined.  

This is the structure of lowest energy along the crossing seam between the singlet and triplet 

potential energy surfaces.  Once the MECP is determined, the spin-orbit coupling constant and 

the Frobenius norm of the energy difference gradient between the two potential energy surfaces 

are calculated and utilized to determine the crossing probability using Equation 1.  The crossing 

probability is then used to determine the rate coefficient for the spin-crossing even using Equation 

2.  Relevant geometric data is summarized in Table III-5 along with the singlet, triplet, and 

MECP energies, the spin-orbit coupling constant, and the crossing probability.  All values are 

calculated on the smallest possible cluster size. 
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Table III-5. Geometric information (in Å and degrees) for the singlet, the MECP, and the triplet 

for all structures that undergo a spin-crossing event, with the exception of the row-linking 

butterfly structure of 1,2-dichlorobenzene.  The adsorption energy of the singlet, MECP, and 

triplet(kJ/mol), spin-orbit coupling constant (cm-1), and the crossing probability are also reported.  

The spin-orbit coupling constant for the 1,4-dichlorobenzene 1,4-butterfly structure was not 

calculated due to the size of the system.  Bond lengths are the distance between the two Si atoms 

on the bare dimer.  The buckling angles are quantified by the angle between the Si-dimer bond 

and its projection in the plane of the Si atoms in the layer below the dimer. 

1,2-Dichlorobenzene 

Model 
Bond Length Buckling Angle Adsorption Energy SOC Crossing 

(Å) (Deg) (kJ/mol) (cm-1) Probability 

2,3-Tilted  
    

AS 2.26/2.38/2.41 10.68/0.11/0.01 -34.6/-5.9/-6.7 12.87 2.50 x 10-3 

DS4 2.24/2.39/2.41 9.94/0.32/0.30 -325.8/-297.1/-297.5 12.51 2.40 x 10-3 

DS6 2.26/2.40/2.43 12.25/0.91/0.85 -330.2/-303.6/-304.2 9.37 1.40 x 10-3 

1,4-Butterfly      

AS 2.28/2.39/2.43 11.98/0.52/0.26 -71.9/-44.4/-45.7 9.26 1.30 x 10-3 

1,4-Dichlorobenzene 

Model 
Bond Length Buckling Angle Adsorption Energy SOC Crossing 

(Å) (Deg) (kJ/mol) (cm-1) Probability 

1,2-Tilted  
    

AS 2.24/2.38/2.41 8.26/0.00/0.09 -35.8/-11.7/-12.4 13.15 2.60 x 10-3 

DS4 2.24/2.39/2.41 9.51/0.28/0.28 -331.3/-302.9/-303.2 11.48 2.00 x 10-3 

DS6 2.26/2.39/2.43 12.14/0.64/0.60 -478.8/-453.2/-454.0 9.32 1.30 x 10-3 

1,4-Butterfly      

AS 2.29/2.37/2.43 13.92/0.83/0.31 -85.7/-58.8/-61.0 -  - 

 

Comparison of the 1,2- and 1,4-dichlorbenzene analogs reveals that the bond lengths and 

buckling angles are nearly identical.  This suggests that the placement of the additional Cl atom 

does not have a significant effect on the geometry of the stable structures or the MECP.  

Comparison with chlorobenzene analogs supports this assertion, as the geometric parameters are 

similar.  In addition, the structures modeled on the double dimer cluster all have similar spin-orbit 

coupling constants, while the structures modeled on the trench dimer cluster are slightly lower; 

this trend is also observed in the chlorobenzene analogs.  This suggests the addition and 

placement of the additional Cl atom has little to no effect on the spin-orbit coupling while the size 

of the cluster has a small effect resulting in an even smaller change in the crossing probability and 

rate constant. 
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Like the case of chlorobenzene, it has been determined that a spin-crossing event is required in 

order for dissociation of these structures to occur, however the kinetics of the spin-crossing 

events of the adsorption structures are not rate limiting.  Although the spin-crossing events of 

dissociated structures are not required for dissociation to occur, these crossing events are also 

analyzed.  Like those of the adsorptions structures, these rate constants are large, due to the small 

barriers and reasonable crossing probabilities. 

 

Conclusions 

This work finds 18 stable adsorption structures for 1,2-dichlorbenzene on the Si(100) surface and 

10 stable adsorption structure for 1,4-dichlorobenzene.  Of these structures, only 4 viable 

pathways are found for 1,2-dichlorobenzene, and only 2 are found of 1,4-dichlorobenzene.  These 

pathways all meet the criteria that a Cl atom is in close proximity to a surface Si atom, the Cl 

atom is adjacent to a C-Si bond, and the energy barrier to dissociation is lower than that of 

desorption.  Pathways were also disregarded if no transition state could be found, as in the case of 

the tight-bridge and twisted-bridge structures, or if the pathway was interrupted by a lack of 

intermediate stable structures. 

 

Of the 1,2-dichlorobenzene structures, the viable pathways discussed began with the 1,2-tilted, 

2,3-tilted, 1,4-butterfly, and the row-linking butterfly structures.  While no stable first 

dissociation structure, in which one Cl atom dissociates, was found for the 1,2-tilted pathway, a 

highly stable dissociation product was found which has both Cl atoms attached to the adjacent Si 

dimer, while the phenyl ring is attached to the first dimer at the C1 and C2 atoms.  The lack of first 
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dissociation structure is likely due to an incredibly small barrier to the dissociation of the second 

Cl atom, making optimization of this intermediate structure difficult.  This pathway likely occurs 

only in the singlet state, as the triplet adsorption structure is highly unstable. 

 

The 2,3-tilted pathway of 1,2-dichlorbenzene and the 1,2-tilted pathway of 1,4-dichlorobenzene 

follow the same reaction mechanism.  Dichlorobenzene is adsorbed to the surface via an 

asymmetric pathway by first forming a dative bond with the down Si atom before forming two Si-

C bonds to the same dimer.  After a spin-crossing event, the Cl atom closest to the surface 

dissociates in the triplet state.  At this point, the C-Si bond that was adjacent to the now 

dissociated Cl atom is broken, restoring aromaticity to the ring and significantly lowering the 

adsorption energy.  The Cl atom may then migrate along the Si dimer surface until the DS4 

structure, the lowest energy structure on a single row, is formed.  At this point, another spin-

crossing event may occur, forming the more stable singlet structure.  Alternatively, the ring may 

lay across the dimer rows and form a new C-Si bond to the adjacent dimer on the other dimer 

row.  The DS6 structure may then be formed by dissociation of the H atom or the Cl atom for 1,2- 

and 1,4-dichlorobenzene, respectively. 

 

The row-linking butterfly pathway is found to be a viable pathway only for 1,2-dichlorobenzene, 

since the 1,4-dichlorobenzene analog of the adsorption structure is highly unstable in the singlet 

state, and no transition state could be found in the triplet state.  This structure is bound to the Si 

atom of one dimer by the C1-Si bond, and to the other Si atom of the dimer in the adjacent row by 

the C4-Si bond.  This structure is formed in the singlet state, but quickly undergoes a spin-

crossing event to form the more stable triplet structure.  The C1-Cl bond is then broken and a new 

Si-Cl bond is formed to the unsaturated Si atom on the same dimer as the C1-Si bond, merging 
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with the 2,3-tilted pathway by forming the DS5 structure of the 2,3-tilted pathway.  From this 

structure, either the DS4 or DS6 structure may be formed, with the DS4 structure being more 

likely due to the lower barrier to formation. 

 

Both 1,2- and 1,4-dichlorobenzene have viable pathways beginning with the 1,4-butterfly 

structure, and both follow similar pathways with an additional possible dissociation structure for 

1,4-dichlorobenzene.  In both cases, the 1,4-butterfly structure is formed when the C1-Si and C4-

Si bonds are formed on the two Si atoms of the same dimer.  Once formed, a spin-crossing event 

occurs, then the Cl atom adjacent to the C1-Si bond may dissociate and form a Si-Cl bond with 

the Si atom of a dimer on the adjacent row.  The C4-Si bond is then broken, restoring aromaticity 

to the ring and forming a very stable dissociation structure.  Because the Si-Cl and Si-C bonds are 

on different dimers, each of these dimers has an unsaturated Si atom, which makes this structure 

more stable in the triplet state.  Because of this, spin-crossing back to the singlet state is not 

expected to occur.  In the case or 1,4-dichlorobenzene, after the first Cl atom is dissociated, the 

second Cl atom may then dissociate forming a Si-Cl atom on a dimer in the row on the opposite 

side of the ring.  This pathway is only possible for 1,4-dichlorobenzene, as the C-H bond of 1,2-

dichlorobenzene is shorter and stronger, leading to a much larger energy barrier.  Like the other 

dissociation structure, the two unsaturated Si atoms are on separate dimers, thus this structure is 

more stable in the triplet state.  Comparison to experimental results and the results of Chapter II 

are discussed in Chapter V. 
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CHAPTER IV 
 

 

Mechanical and Electronic Properties of Cobalt Doped Zinc Oxide 

 

Zinc oxide is used in a variety of commercial products such as UV-protecting lotions, food 

additives, and rubber.  However, in recent years it has gained significant attention in the 

semiconductor electronics field, due to its use as a transparent light emitting diode [94-96].  

Cobalt doped zinc oxide in particular has been studied recently due to its potential uses in 

spintronics [97-99].  It is predicted that cobalt doped zinc oxide could have a relatively high curie 

temperature, allowing for easy transition between the ferromagnetic and anti-ferromagnetic states, 

which would have great use in the development of spintronic devices.  In fact, many of the 

studies related to cobalt doped zinc oxide focus primarily on their magnetic properties [100-104], 

while a full characterization of this material is still needed.  In this chapter, the ongoing work 

determining the mechanical and electronic properties of cobalt doped zinc oxide is discussed.  

The bulk modulus of pure ZnO is determined and compared to the literature as validation for the 

methodology.  The bulk modulus of cobalt doped zinc oxide is calculated and compared to that of 

the pure ZnO, and the band gap is determined.  The shortcomings of the methodology and future 

modifications are discussed in Chapter V. 
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Computational Methods 

All calculations in this work are performed using the SIESTA code [105].  A k-grid cutoff value 

of 40 Bohr was used for all calculations, while a real space mesh of 260 Rydbergs was used for 

all generalized gradient approximation (GGA) calculations and a real space mesh of 500 

Rydbergs was used for all local density approximation (LDA) calculations.  These values were 

determined by calculating the energy of a 3x3x3 supercell of the ZnO wurzite structure, with a 

single Co atom replacing a Zn atom in the structure, and determining the values in which the 

change in energy is minimized.  The GGA calculations use the Perdew-Burke-Ernzerhof [106] 

parameterization of the exchange-correlation functional and the LDA calculations use the 

Ceperley-Alder [107] parameterization.  The maximum difference in the elements of the density 

matrix must be below 1x10-3 in order for convergence to be achieved.  The norm-conserving 

Troullier-Martins pseudopotentials are used without modification from the SIESTA package for 

zinc, cobalt, and oxygen [108]. 

 

The atomic coordinates and lattice of each crystal structure is first optimized using the conjugate 

gradients method.  This optimized structure is then used as the reference structure to determine 

the bulk modulus of the crystal.  The lattice constant is scaled linearly, keeping the fractional 

coordinates of the atoms the same, while determining the total energy of the system at each point.  

This is then fit to the Murnaghan equation of state [76] to determine the bulk modulus.  The 

formalization of the Murnaghan equation of state used is given in Equation 1. 

𝐸(𝑉) = 𝐸0 +
𝐵0𝑉

𝐵′
(
(𝑉/𝑉0)

𝐵′

𝐵′−1
+ 1) −

𝐵0𝑉0

𝐵′−1
 (E1) 

In this equation, the calculated total energy is determined as a function of volume, E(V), the 

minimum energy of the structure, E0, the volume of the unit cell, V, the volume of the unit cell at 
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the minimum energy, V0, and the derivative of the bulk modulus with respect to pressure, B’, to 

determine the bulk modulus, B.  These values are compared to the literature, to assess the validity 

of the methodology.  This method is then used to determine the density of states and bandgap, as 

well as the bulk modulus of ZnO structure with various concentrations of cobalt doping. 

 

Results and Discussion 

In order to assess the methodology, the bulk modulus of ZnO was calculated by fitting the 

Murnaghan equation of state (Equation 1).  This was accomplished by first optimizing the 

structure by allowing the relaxation of atomic coordinates as well as the lattice.  The lattice 

constant was then scaled in increments of 0.5%, keeping the atomic coordinates the same, and 

calculating the total energy at each point.  The bulk modulus was calculated for pure ZnO and for 

Zn0.9815Co0.0185O using both the LDA and GGA. 

Bulk Modulus of ZnO 

The conjugate gradients optimization of the ZnO wurzite structure is done using a single unit cell 

with periodic boundary conditions.  Experimental measurements have determined the lattice 

constants of a=b=3.249Å and c=5.205Å for a hexagonal crystal structure [68].  Optimization 

using GGA finds a slight elongation of both parameters with a=b=3.311Å and c=5.363Å, while 

fractional atomic coordinates are not significantly shifted from their ideal positions.  This results 

in an increase from the ideal Zn-O bond length of 1.80Å to 2.02Å.  Optimization using LDA 

results in a contraction of a and b and an elongation of c with values of a=b=3.222Å and 

c=5.257Å.  The fractional atomic coordinates are not significantly different from their ideal 

positions, thus the shift in lattice constants results in an increase in the Zn-O bond length (similar 

to the GGA calculation), with a calculated bond length of 2.00Å.  Fits to the Murnaghan equation 

of state were accomplished by varying the bulk modulus and its derivative, while minimizing the 
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sum of the square of the difference in the calculated energy and the fit of each point.  The fit to 

the Murnaghan equation of state can be seen in Figure IV-1.  Using this method, GGA gives a 

bulk modulus of 159 GPa while LDA gives a bulk modulus of 197 GPa.  Since LDA tends to 

overestimate the bulk modulus, while GGA underestimates it, the average value of 178 GPa was 

utilized.  The results are approximately 20-25% larger than those found in the computational 

literature.  However, while conflicting results have been found for the bulk modulus of ZnO, 

close agreement was found with the value of 183 GPa reported by Karzel et al. [68].  

Additionally, the average of the lattice constants calculated by both GGA and LDA is 3.27Å, 

which is in close agreement with the experimental value of 3.249 Å [68]; these values are 

consistent with the computational literature [77].  The results are compared to the literature in 

Table IV-1. 

 

Figure IV-1.  A fit of the GGA and LDA results of ZnO to the Murnaghan equation of state.  

Data points are represented by the black circles, and the fit is indicated by the line. 
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Table IV-1. Summary of the bulk modulus calculated by fitting to the Murnaghan equation of 

state for both GGA and LGA, and similar result from the literature. 

  Current work Literature 

  B (Gpa) a (Å) B (Gpa) a (Å) 

LDA 197 3.22 161, 157, 156 3.18 

GGA 159 3.31 130, 132, 127 3.28 

Average  178 3.27 - - 

Experimental - - 183, 144 3.25 

 

Bulk Modulus of Zn0.9815Co0.0185O 

In order to obtain a doping concentration of 1.85%, a 3x3x3 supercell is used to determine the 

geometry.  This geometry is then used in the calculation of the bulk modulus of the 

Zn0.9815Co0.0185O structure.  The results of the optimization of the doped crystal structure reveal 

very small changes in the lattice parameters for both GGA and LDA, with changes less than 1%.  

The GGA optimization for the undoped crystal structure gives lattice constants of a=b=3.322Å 

and c=5.355Å, while the LDA optimization gives lattice constants of a=b=3.218Å and c=5.270Å.  

Fitting the results of the total energy of the structure versus the volume of the supercell gives 

results of 160GPa for the GGA and 198GPa for the LDA.  The fit of this data to the Murnaghan 

equation is shown in Figure IV-2, however, the volume and total energy used in the plot have 

been divided by 27 for clarity of comparison to the ZnO results.  This was done to account for the 

fact that the supercells used for these calculations were made up of 27 unit cells of ZnO.  These 

results are not significantly different from the ZnO results, differing by less than 1% in both 

cases.  It is unlikely that any reasonable doping concentration would significantly affect the bulk 

modulus, though more work is required to support this hypothesis. 
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Figure IV-2.  A fit of the GGA and LDA results of Zn0.9815Co0.0185O to the Murnaghan equation 

of state.  Data points are represented by the black circles, and the fit is indicated by the line. 

 

Deformation of Zn0.9815Co0.0185O 

Insertion of the Co atom results in a deformation of the crystal lattice due to the smaller Co-O 

bond length.  In this section, the extent of this deformation, as calculated using both the GGA and 

LDA approximations, is analyzed.  As shown in Figure IV-3, there are two layers, differing by 

the positions of the Zn and O atoms, and each layer is labelled either A or B, depending on type 

of layer, and each is given a number corresponding to the distance from the layer containing the 

Co atom.  The bond lengths between the layers defined in Figure IV-3 are analyzed, then the 

bonding within the layers is analyzed. 

 



93 
 

Figure IV-3.  The image on the left shows the supercell used for modelling Zn0.9815Co0.0185O, with 

the alternating layers, shown as Layer A and Layer B, labelled by the layer type (A or B) and the 

distance from the layer containing the Co dopant atom, A0, for clarity. 

 

Analysis of the bond lengths between layer A0 and the layer below it, B-1, calculated using the 

GGA, reveals a Co-O bond length of 1.92Å, which is 0.10Å shorter than the Zn-O bond in the 

undoped structure.  All Zn atoms in layer A0 have a bond length of 2.02Å to the O in the B-1 

layer.  In the next layers, the Zn atoms in layer B+1, sharing an O atom with the Co atom in layer 

A0 have Zn-O bond lengths of 2.06Å, while the remaining Zn atoms have Zn-O bonds have bond 

lengths of 2.02Å.  This variation in the bond lengths between the layers above is compensated for 

in the layers below the Co dopant atom.  The Zn atoms sharing the O atom with Co, in layer B-1, 

have Zn-O bond lengths of 2.01Å, while the remaining Zn atoms have slightly larger Zn-O bond 

lengths of 2.02Å to the A-2 layer, which is the same as the bond lengths between B+1 and A0 

layers that are farther from the Co atom.  The bond lengths between layers A+2 and B+1 are quite 

uniform with bond lengths of 2.03Å, with the exception of the Zn-O bond directly above the Co 

dopant atom, which has a slightly longer bond length of 2.04Å.  A similar result is found in the 
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bonding between layers A-2 and B-3, with uniform bond lengths of 2.02Å on all but the Zn-O 

bond directly below the Co atom, which has a shorter bond length of 2.01Å to compensate for the 

longer bond between the layers above.  However, the bonding between the lowest layers, B-3 and 

A-4, shows no deformation near the Co atom with nearly all bond lengths being 2.02Å.  There is 

one bond at the edge of the supercell with a bond length of 2.03Å.  This deviation is due to the 

periodic boundary conditions, which make this bond within the “sphere of influence” of a dopant 

atom in an adjacent supercell. 

Within the A0 layer, the Co-O bonding is slightly longer than the bond between layers, with all 

bond length being 1.94Å.  The surrounding Zn-O bonds that share an O atom with Co are 2.05Å 

while the remaining bonds are between 2.01-2.03Å.  These large bond lengths near the Co atom 

compensate for the contraction of the Co-O bond with respect to the undoped structure.  

Additionally, a larger deviation in bond lengths in this layer is expected, as the periodic boundary 

conditions will simulate further dopant atoms in this layer, resulting in more unpredictable 

deviations as the “sphere of influence” of each dopant may overlap.  In layer B+1, the variation in 

bond lengths do not indicate any influence from the Co atom below, and have bond lengths 

between 2.01-2.02Å.  Unlike the layer above A0, in the B-1 layer shows significant influence 

from the Co atom above due to the direct bonding between one of the O atoms and the Co atom in 

layer A0.  Bonds between the Zn atoms and the O atom that is shared with the Co atom have 

bond lengths of 2.05Å, while the remaining bonds have bond lengths of 2.01Å and 2.02Å.  

Finally, the remaining layers, have bond lengths of 2.02 and 2.03, with seemingly no significant 

influence from the Co atom. 

 

Calculations using LDA result in a Co-O bond length of 1.90Å, which is only slightly smaller 

than the bond length calculated using the GGA, and 0.10Å shorter than the Zn-O bond length 

found in the undoped structure optimized using LDA.  The bonds between Zn atoms in layer A0 



95 
 

and the O atoms in layer B-1 are all very similar, ranging between 1.96-1.97Å.  The Zn-O bonds 

between layer B+1 and A0 are slightly longer, ranging between 1.99-2.03Å, while those bonds 

sharing and O atom with the Co atom are 2.04Å.  The Zn-O bonds between the B-1 and A-2 

layers are mostly between 2.00-2.02Å, however, those bonds directly below the 2.04Å long bonds 

between B+1 and A0 are 1.97Å long.  Moving farther from the A0 layer, Zn-O bonds between 

layers A+2 and B+1, as well as those between A-2 and B-3, all have bonds ranging between 1.96-

1.97Å, with no apparent influence from the Co dopant atom.  Finally, bonds between atoms in B-

3 and A-4 all have bond lengths of 2.00Å. 

 

Within the A0 layer, the Co-O bonds are slightly longer than along the z-axis, with bond lengths 

between 1.91-1.92Å.  The Zn-O bond lengths in this layer range between 1.96-2.00Å.  The bond 

lengths in the B+1 layers range between 1.96Å and 2.01Å.  In the B+1 layer, there does not 

appear to be any influence, however, like the case of the GGA calculations, the lower B-1 layer, 

which contains an O atom directly bonded to the Co atom in the layer above, shows evidence of 

influence.  In this layer, the bonds emanating from the O atom bonded to the Co atom above, 

have bond lengths of 2.01Å, while their adjacent bonds have bond lengths of 1.96Å.  The 

remaining Zn-O bonds in this layer range from 1.97-1.99Å.  The bonds in layer A-2 range 

between 1.95-1.98Å, with the bonds between the Zn atom directly below Co and the O atoms 

surrounding it, as well as the bonds emanating from those O atoms, exclusively occupying the 

high end of this range between 1.97-1.98Å.  All bonds farther removed than this have bond 

lengths between 1.95-1.96Å.  In row B-3, it seems all influence from the Co atom is gone, and the 

bond lengths range between 1.98-1.99Å, with no noticeable variation due to proximity to the Co 

atom. 
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An overall comparison of the results of the optimization of the crystal structure using LDA and 

GGA finds similar results.  Both methods find Co-O bond lengths to be around 1.90Å, resulting 

in a distortion in the surrounding lattice.  All Zn-O bond lengths lie within a range of 1.95-2.06Å, 

with variations dependent on the proximity to the dopant Co atom.  A comparison of bond lengths 

between layers shows that the influence of the Co atom extends up to two layers above and below 

it.  Within the A0 layer, this influence seems to extend to within two bond lengths of the Co atom, 

where the variation becomes much less significant. In the B-1 layer, the bond lengths to the O 

atom connected to the Co atom is elongated.  Calculations using GGA do not show any evidence 

for extended influence beyond those bonds, however LDA suggests that these bonds may be 

contracted.  GGA calculations show more uniformity and tighter groupings of the bond lengths, 

and this contraction seen in the LDA calculations may be due to the larger variations common 

throughout the various layers.  This evidence suggests that as the O atoms are pulled toward the 

Co atom, resulting in elongated bonds within the layers.  Additionally, the Co atom is pulled 

slightly below the A0 layer, resulting in elongated bonds between the A0 and the B+1 layers, and 

contracted bond lengths between the A0 and the B-1 layers.  To compensate, the lattice is 

deformed, and this deformation extends to two or three atomic shells around the Co atom. 

 

Band Structure of ZnO and Zn0.9815Co0.0185O 

The band structure and density of states has been calculated for both the 3x3x3 supercell of pure 

ZnO and for Zn0.9815Co0.0185O, which is modeled by the 3x3x3 supercell of ZnO, with a single Co 

atom substituting a Zn atom in the lattice.  A comparison of the density of states of pure ZnO to 

Zn0.9815Co0.0185O for both LDA and GGA is shown in Figure IV-4.  In Figure IV-4, the energy is 

offset in such a way that 0 eV corresponds to the Fermi energy.  In each case, the Fermi energy is 

increased from pure ZnO to Zn0.9815Co0.0185O.  This increase in Fermi energy is reflected by the 
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downward shift in the density of states between ZnO and Zn0.9815Co0.0185O, and this shift has a 

magnitude of 0.91 eV for the LDA and 0.98 eV for the GGA calculations.  Initially, in the pure 

ZnO, the Fermi energy lies within the band gap, as expected for a semiconductor, and after 

doping, the Fermi energy lies within the new states created by doping ZnO with cobalt.  These 

two new bands are comprised almost entirely of Co states, and the appearance of these states 

lowers the band gap significantly.  For the LDA calculations, the band gap is lowered from 2.12 

eV to 0.09 eV, and this shift is similar for the GGA, which is lowered from 2.15 eV to 0.12 eV.  

This is an underestimation of the true band gap, as DFT is not well suited for this type of 

calculation, however it is sufficient for a qualitative investigation of the changes in the band gap.  

While this shift is very similar for both the GGA and the LDA, the splitting between the two new 

states arising from the Co dopant are significantly different, with GGA giving a larger splitting 

than LDA. 
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Figure IV-4.  The density of states calculated using LDA (A) and GGA (B) for both the undoped 

3x3x3 supercell of ZnO and the 3x3x3 supercell with a single Co dopant atom substituting a Zn 

atom.  In these plots, the energy is shifted such that the Fermi energy is at 0eV. 

 

Conclusions 

This chapter has examined the bulk modulus of ZnO and Zn0.9815Co0.0185O by fitting the results of 

GGA and LDA results to the Murnaghan equation of state.  GGA tends to overestimate the bulk 

modulus while LDA underestimates it; thus, an average value of the GGA and LDA results is 

utilized.  The average of these calculated values is 178 GPa for ZnO.  While the GGA and LDA 

results are significantly larger than the values reported in previous computational work, the 

average value is similar to an experimental value of 188 GPa [68].  Addition of the dopant atom 

in Zn0.9815Co0.0185O only raises this bulk modulus by 1 GPa, for an average of 179 GPa between 

the two methods.  Further work is required to determine if any significant change in the bulk 

modulus arises from higher doping concentrations.  In addition to the bulk modulus, this method 

does well replicating the lattice constants.  The lattice constants calculated using both GGA and 
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LDA are identical to previous computational studies, and the average of the two calculated lattice 

constants, 3.27Å, agrees well with the experimental lattice constant of 3.25Å [68].  While DFT 

does a quantitatively poor job of determining the band gap, the qualitative results show a decrease 

in the band gap, calculated using both GGA and LDA, due to the appearance of new Co states 

within the band gap. 

 

Due to the contraction of the Co-O bonds with respect to the undoped structure, a deformation of 

the lattice occurs around the dopant Co atom.  The bonds between the Zn atoms and the O atoms 

that are bonded to the Co atom in the same layer are elongated to compensate for the contraction 

of the Co-O bonds within the layer.  In addition, bonds within the layer below the Co atom are 

also deformed.  The Co atom pulls the O atom in the layer below slightly upward, resulting in an 

elongation of the Zn-O bonds to this O atom.  Bonds to the layer above the Co atom are also 

elongated, while the bonds directly below these elongated bonds are contracted.  These results 

points to a structure in which the Co atom is pulled below the Zn atoms in the layer, while the O 

atom in the layer below is pulled slightly above the other O atoms in the layer.  The Co-O bonds 

within the layer are contracted, and the adjacent bonds within the layer are elongated to 

compensate for this, while atoms further from the dopant atom remain unaltered from their 

positions in the undoped structure. 
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CHAPTER V 
 

 

Conclusions 

 

Chlorobenzene 

An extensive study of the possible molecular adsorption structures has been conducted, and 

dissociation pathways have been proposed for chlorobenzene.  The tetra- structures, the 1,2,3,4- 

and 2,3,4,5-twisted-bridge, are found to revert to the tilted-bridge structures, rather than 

dissociate.  The dissociation barrier for the majority of di- adsorption configurations is large 

enough to favor desorption rather than dissociation.  Only the 1,2-tilted, 1,4-butterfly, row-linking 

butterfly, and the 2,5-adjacent tilted-bridge butterfly structures have an intermediate on the triplet 

surface with a transition state barrier low enough to favor dissociation.  However, the tilted-

bridge butterfly structure leads to a less stable structure with a dangling bond on the carbon ring.  

Thus only the 1,2-tilted, 1,4-butterfly and row-linking butterfly structures are considered viable 

pathways.  Dissociation mechanisms beginning with these structures were discussed in detail in 

Chapter II. 

 

The results of Chapter II are consistent with experimental observations.  Both X-ray 

photoelectron spectroscopy (XPS) [31] and scanning tunneling microscopy (STM) [29] 

experiments showed little to no dissociation of chlorobenzene.  This result is consistent with only  
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three of the 15 adsorption structures being able to dissociate on the surface to form the expected 

lower energy dissociation structures.  Thus, the kinetic barrier is a combination of both the need 

to form appropriate initial adsorption structures and the subsequent energy barriers along the 

dissociation pathways.  Naumkin et al. [29] found a significant amount of molecular adsorption 

for the butterfly and tight bridge structures (50% and 25% respectively), of which, according to 

this study, the butterfly structure will form dissociated species on this surface.  16% of the 

adsorption structures of Naumkin et al. [29] have features that could be assigned to the DS4 

dissociation structure which may be formed from either the 1,2-tilted pathway or the row-linking 

butterfly pathway.  In addition, the DS2 structure resulting from the 1,4-butterfly could also look 

similar to DS4 in an STM experiment.  Finally, 9% of the features assigned in the STM study 

[29] are equivalent to the DS6 structure, of the 1,2-tilted and row-linking butterfly pathways.  

Thus, the small amount of dissociation pathways and the final structures found in this study are 

consistent with experimental studies. 

 

Dichlorobenzene 

Of the adsorption structures discussed in Chapter III, the 1,2-dichlorobenzene analogs of the 1,2-

tilted, 2,3-tilted, 1,4-butterfly, and the row-linking butterfly structures will undergo dissociation 

as well as the 1,4-dichlorbenzene analogs of 1,2-tilted and 1,4-butterfly structures.  These results 

are similar to that of the chlorobenzene analogs discussed in Chapter II.  In fact, for the tilted 

structures, except the 1,2-dichlorbenzene analog of the 1,2-tilted structure as discussed in Chapter 

III, the adsorption energies and energy barriers are similar for 1,2-dichlorobenzene, 1,4-

dichlorobenzene, and chlorobenzene up to the DS5 structure of each pathway.  While 1,2-

dichlorobenzene and chlorobenzene have similar barriers and adsorption energies for the 

formation of the DS6 structure, 1,4-dichlorobenzene has a much smaller barrier and a much more 
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stable dissociation product.  This is result is expected as it is correlated to the relative bond 

energies of the C-H and C-Cl bonds.  Thus, the addition and placement of the Cl atom has little 

effect on the energetics of the pathways until it is directly interacting with the surface, as is the 

case for the 1,4-dichlorobenzene structure. 

According to STM results for 1,2-dichlorobenzene, 23% of the observed structures are in the 

displaced geometry, DS4 in this work, while 8% are in the linked geometry, DS6 in this work 

[29].  The relative proportion of dissociated structures is confirmed by XPS studies showing that 

25% of 1,2-dichlorobenzene is dissociatively adsorbed to the Si(100) surface.  According to this 

work, two of the dissociation structures may resemble the displaced structure reported in the STM 

results, the DS4 structure of the 2,3-tilted pathway, and the DS2 structure of the 1,4-butterfly 

pathway, both having an Si-Cl bond and Si-Ph bond.  Conversely, there is only one structure 

formed from 1,2-dichlorobenzene that would resemble the linked structure, the DS6 structure 

formed from the 2,3-tilted pathway.  Additionally, the large barrier to formation of the DS6 

structure, due to the strength of the C-H bond, also restricts the formation of this structure.  These 

findings support the claim that the displaced feature in the STM should be more prevalent than 

the linked feature.  Although the large number of possible adsorption structures conflicts with 

their findings of only two adsorption structures, it supports the relative abundance of molecularly 

adsorbed structures to the dissociated structure. 

 

In the case of 1,4-dichlorobenzene, the authors of the STM work found that 7% of the features 

were the displaced structure, while 52% were the linked structure.  Like 1,2-dichlorobenzene, 1,4-

dichlorobenzene forms two structures that may resemble the displaced structure and only one that 

resembles the linked structure.  While the 1,4-butterfly pathway may form another dissociation 

product, this has a higher energy barrier and is thus less likely to be formed.  Since the C-Cl bond 
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is much weaker than the C-H bond, more of the DS6, or linked, structure compared to 1,2-

dichlorobenzene is expected.  However, one would expect to see more features in an STM 

experiment that resemble the displaced structure than the linked structure for 1,4-

dichlorobenzene.  In addition, one would expect to see more molecularly adsorbed structures than 

dissociated structures. 

 

Zinc Oxide 

The results discussed in Chapter IV indicate that the methodology used is adequate for the 

calculation of the geometrical and mechanical properties of Zn1-xCoxO, however this 

methodology underestimates the band gap of this structure.  The results of the local density 

approximation (LDA) and generalized gradient approximation (GGA) calculations give similar 

results for the band gap with values for ZnO of 2.12 eV and 2.15 eV from LDA and GGA 

calculations, respectively.  The calculated band gap for Co doped ZnO, Zn0.9815Co0.0185O, is 0.09 

eV and 0.12 eV from LDA and GGA calculations, respectively.  However, the experimentally 

determined band gap for ZnO is 3.4 eV [74, 75].  Despite this, qualitative relationships between 

the band gap and the doping concentration can be derived using this methodology.  The LDA and 

GGA calculations also find similar results for the positions of the new Co states within the band 

gap upon doping, however GGA finds a larger splitting between the two states.  Regardless, the 

tops of these new states are similarly positioned, resulting in similar reductions of the band gap. 

 

Future Work 

This work is currently ongoing and will include additional doping concentrations and address the 

issues described in this chapter.  Calculations for Co doping concentrations of 3.7%, 6.25%, 
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12.5%, 18.5% and 25% are currently underway.  The 3.7% model is made by replacing two Zn 

atoms with Co in a 3x3x3 supercell, while the remaining concentrations are modelled by 

replacing one, two, three and four Zn atoms in a 2x2x2 supercell for 6.25%, 12.5%, 18.5% and 

25% doping, respectively.  These calculations have proven to be quite difficult, due to the large 

number of unique combinations of positions in which multiple Co atoms can be placed.  In the 

cases of 1.85% and 6.25%, only one Co dopant atom is placed in the supercell and the placement 

of the Co atom does not matter, as all positions are equivalent to translations in the crystal 

structure.  However, in all other cases, where multiple Co atoms are required, all unique 

configurations of the Co atoms in the supercell must be considered.  Because of the “sphere of 

influence” around the Co atom, in which the Zn-O bonds in close proximity to the dopant atom 

are distorted from their ideal values, multiple dopant atoms in close proximity to one another may 

cause unique distortions of the lattice in comparison to more, spaced out, homogeneous 

configurations.  Calculated properties will be determined by taking an average of the values 

determined for the various configurations. 

 

In addition to further doping concentrations, issues in the methodology are currently being 

addressed.  Because the geometry of undoped ZnO is used as an initial guess for the crystal 

structure, the introduction of additional dopant atoms causes this guess to be farther and farther 

off due to the distortions caused by each new Co atom.  This means more computational effort is 

expended in determining the optimized structure, and, with the current methodology, optimizing 

the structure of higher concentrations is not feasible.  For these larger concentrations, a higher 

tolerance on the difference in total energy between the steps of the conjugate gradients 

optimization will be used, until the forces on the atoms are minimized.  Once the forces are 

minimized, the total energy difference tolerance can be lowered to maintain the accuracy 

achieved by the current methodology. 
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Another issue that is currently being addressed is the calculation of the band structure.  The band 

structure is generated by plotting the energy as a function of momentum between various high 

symmetry points.  This plot is done only in the first Brillouin zone (FBZ), the primitive cell in 

reciprocal space, since the bands beyond the FBZ are not unique.  Because of the larger supercells 

required to achieve the doping concentrations in this work, the full FBZ is not utilized and instead 

the band plot is “folded”, resulting in a larger number of bands.  In order to generate a proper 

band plot, the plot must be unfolded.  However, even though this folding creates additional bands 

rather than forming continuous bands, these energy states are still represented, and thus the 

density of states remains unaffected by this.  This allows us to analyze the bandgap, as well as the 

contributions of each of the species in the structure to the total density of states.  However, DFT 

calculations are known to poorly represent experimental band gaps, and this is reflected by the 

difference in the data presented in Chapter IV and experimental values.  In order to obtain 

quantitatively accurate results, another method must be used.  This issue may be addressed with 

various methodologies, including time-dependent density functional theory or LDA+U methods 

[109].  The results show that the current methodology is adequate for representing structural and 

mechanical properties of the structure, and future methodology will use the results of these 

calculations as a starting point for more accurate calculations pertaining to the band structure and 

density of states.
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