
CHAEHO PAK  
Application Of Electronic Structure Theory: Structures and Energetics Of  Some 
     Inorganic And Biochemical Molecules 
(Under the direction of HENRY F. SCHAEFER III) 

        In recent years, density functional theory (DFT) has emerged as one of the most 

powerful tools to study the interested chemical systems due to their relatively low 

computational cost and high-quality accuracy.  As part of the ongoing electron affinity 

studies at CCQC, I have examined molecules that are important in atmospheric 

chemistry, semiconductor industry, and biochemistry.  For systems where many of the 

experimental electron affinities are available, particularly for silicon hydrides, the DFT 

B3LYP functional predicts the adiabatic electron affinity within an absolute error of only 

0.06 eV.  For systems where experimental electron affinities are not available due to their 

known volatile chemical nature, for example bromine fluorides, we predict the possible 

isomers of the neutral and the anion and their energy differences.  We have also 

examined neutral and anion species of the amino acids arginine and glutamine due to 

their possible importance in biochemical recognition processes. 
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CHAPTER 1 
 

INTRODUCTION 
 
 
 

When I was an undergraduate freshman, my biology teacher told us “if you want 

to know the meaning of life, know protein folding.”1   His statement was so strong and 

convincing, I had to learn more about protein folding.  I had to see what he meant.  After 

all, it made sense.  Every atom and molecule in nature follows certain rules and somehow 

with some magic, we exist.  To understand perhaps God’s magic and certain rules in 

nature, we are constantly working and seeking for the truth.  More than any other subject, 

quantum chemistry intrigued me the most because it seemed to deal with the basis of our 

nature, the natural rules.  

There are many ways to appreciate our nature from philosophy to physics, 

psychology to biology, and sociology to chemistry.  Although integration of all these 

subjects is essential in understanding many of the interesting problems, I choose 

Computational Quantum Chemistry because of its versatility in application to different 

molecular systems.   As 1966 Nobel Prize winner R.S. Mulliken states, "the era of 

computing chemists, when hundreds if not thousands of chemists will go to the 

computing machines instead of the laboratory for increasingly many facets of information 

is already at hand." Computational Quantum Chemistry has emerged as one of the most 

powerful and essential tools in the chemical industry today.   

1  
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In Computational Chemistry, there are many different ways to approach the 

chemical or biological systems depending on the size of the molecule and the accuracy 

desired.   For example, one can calculate the electronic energy of the hydrogen atom by 

hand, whereas it becomes almost impossible for atoms bigger than hydrogen.  This is 

where computers come in handy.  Due to vast developments in the computer industry, it 

is an easy task for a computational chemist to compute the electronic energy of a 

molecule like water, in a split second.   However, as the size of the molecule becomes 

larger, the computation becomes very complex, and therefore time consuming and 

possibly less accurate.  For this reason, semi-empirical and empirical methods are used to 

study chemical and biological systems of interest. 

Unlike ab-initio methods, empirical methods do not use the electronic 

Hamiltonian or wave functions.  Instead they treat atoms and molecules as balls and 

springs and use algebraic equations with certain experimental or ab-initio parameters to 

describe the molecular systems.  Therefore, they are not quantum-mechanical methods, 

and cannot accurately predict electronic energy, structures, and most of the spectroscopic 

parameters.  However, they can be used as preliminary work for further more accurate 

studies, or a means to study large molecular systems that ab-initio methods cannot study.  

Semi-empirical methods can also study large molecules due to their simplified 

Hamilitonian.  

In order to find accurate electronic energies, structures, and many of the 

spectroscopic parameters, one needs to employ ab-initio methods, which use correct 

Hamiltonians and wave functions.  There are many different ab-initio methods available 

today: Configuration Interaction (CI), Coupled-Cluster (CC) methods to name a few.  
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Since all these theoretical methods treat electrons explicitly, they are said to include a 

correlational effect or energy.   Besides the inclusion of correlational effect, one needs to 

provide sufficient number of basis functions (mathematical description of different 

molecular orbitals) in order to find accurate electronic structure or to describe the 

molecular systems better.  In theory, when we have an infinite basis set with inclusion of 

full correlation effects, one can obtain the "exact" solution.   However, this is not 

possible, as we cannot provide the infinite number of basis functions for any molecules.    

Although ab-initio methods can give very accurate results, they can be applied 

only to small molecules, and they are very costly.   For example, SCF roughly converges 

to N4, CISD to N6, and CCSD(T) to N7,  where N is the basis set size2.  For this reason, 

Density Functional Theory (DFT) has been introduced, with its convergence roughly 

equal to N3.  DFT was first proposed by Kohn-Sham in 1965, however, it was not taken 

seriously until the mid 1980s because of its unexplainable functional.  Due to this reason, 

DFT results cannot be improved systematically, as is the case for conventional ab-initio 

methods.   However, current DFT methods can often reach "chemical accuracy," and can 

treat close to 30 atoms depending on the size of the basis sets.   In recent years, we have 

studied more than 150 atoms and molecules using DFT at DZP++ basis sets, and found 

that DFT is a very reliable and effective method in studying many of the inorganic and 

organic molecules.  As part of the ongoing electron affinity studies at CCQC, I have 

examined molecules that are important in atmosphere chemistry (Chapter 2), 

semiconductor industry (Chapter 3), and biochemistry (Chapter 4).   
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In preceding studies, all of the electron affinities are evaluated as differences in 

total energies in the following manner: the classical adiabatic electron affinities are 

determined by,       

                         EAad = E(optimized neutral) - E(optimized anion) 

zero-point corrected adiabatic electron affinities are determined by, 

EAzero = E(zero-point corrected neutral) - E(zero-point corrected anion) 

the vertical electron affinities by, 

EAvert = E(optimized neutral) - E(anion at neutral equilibrium geometry) 

and the vertical detachment energies by, 

VDE = E(neutral at anion equilibrium geometry) - E(optimized anion) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            

Figure 1.1. 
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Abstract  

The molecular structures, electron affinities, and dissociation energies of the 

BrFn/BrFn
- (n = 1-7) molecules have been examined using hybrid Hartree-Fock/density 

functional theory (DFT). The three different types of electron affinities reported in this 

work are the adiabatic electron affinity (EAad), the vertical electron affinity (EAvert), and 

the vertical detachment energy (VDE). The first Br-F dissociation energies of the BrFn 

and BrFn
- species have also been reported. The basis set used in this work is of double-  

plus polarization quality with additional s- and p-type diffuse functions, and is denoted as 

DZP++. Four different density functionals were used in this work. Among these, the best 

for predicting molecular structures and energies was found to be BHLYP, while other 

methods generally overestimated bond lengths. The most reliable adiabatic electron 

affinities, obtained at the DZP++ BHLYP level of theory, are 3.41 (Br), 2.64 (BrF), 4.78 

(BrF2), 3.77 (BrF3), 5.58 (BrF4), 4.24 (BrF5), and 5.59 eV (BrF6). The electron affinity of 

the Br atom predicted by this work is in good agreement with the experimental result, but 

not one of the molecular electron affinities (BrFn, n = 1-7) is known. The neutral BrFn 

bond distances range from 1.70 to 1.83 Å. However, the diatomic BrF- distance and the 

axial Br-F distances in BrF3
-and BrF5

- are much longer, 2.25-2.30 Å, suggesting that the 

bonding in these three anions is quite different from that of their neutral counterparts.  

Introduction  

The BrFn/BrFn
- (n = 1-7) series of molecules, members of the interhalogen family, 

are all rather reactive. The bromine fluorides react vigorously with both organic and 

inorganic molecules. They are also very corrosive, oxidizing substances that have a 
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tendency to attack most other elements and hydrolyze rapidly.1,2 While stable in 

comparison to the radical members of this series, the explosive reactions of (closed shell) 

BrF3 and BrF5 have made studies of even these species difficult.3,4  Despite their violent 

chemical properties, these molecules have been studied extensively in connection with 

atmospheric chemistry;5,6 bromine-containing molecules that are released to the 

atmosphere, primarily by fire extinguishers, may play a role in the depletion of the ozone 

layer.7  Nevertheless, there seem to be no experimental or theoretical data for the electron 

affinities (EAs), a fundamental property, of the bromine fluorides. The possibility that the 

bromine fluoride anions could play a significant role in atmospheric chemistry makes 

their electron affinities attractive research targets.  

In predicting molecular energies and structures, there are many theoretical 

approaches, but considering both reliability and computational expense, gradient 

corrected density functional theory (DFT) has been shown to be effective for many 

related inorganic species such as the SFn/SFn
-, PFn/PFn

-, ClFn/ClFn
-, SiFn/SiFn

-, and 

C2Fn/C2Fn
- molecules.8-12 In addition, while the prediction of an electron affinity is 

generally difficult due to being the result of a small difference between two very large 

energies, these previous works have shown that DFT can be a dependable source for EA 

predictions.  For a recent systematic study of DFT with regards to EA determinations, 

one is referred to the 1996 work of Galbraith and Schaefer.8b The main objective of this 

study, therefore, is to provide theoretical data for the electron affinities of the bromine 

fluorides.  
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Theoretical Methods    
 

The four different density functional or hybrid Hartree-Fock/density functional 

forms used are Becke's 1988 exchange functional13 with Lee, Yang, and Parr's correlation 

functional14 (BLYP), Becke's half-and-half exchange functional15 with the LYP 

correlation functional (BHLYP), Becke's three-parameter semiempirical exchange 

functional16 with the LYP correlation functional (B3LYP), and Becke's 1988 exchange 

functional with the Perdew correlation functional17 (BP86). A restricted Hartree-Fock 

(RHF) reference was used for all closed shell systems, while an unrestricted (UHF) wave 

function was employed for open-shell species. All the electron affinities and molecular 

structures have been determined with the Gaussian 9418 (for BLYP, B3LYP, and BP86) 

and the Gaussian 9219 (for BHLYP) program suites. The default integration grid of 

Gaussian 94 was also applied in the Gaussian 92 work. The integrals that are evaluated in 

this study should be accurate to 1 × 10-5 Eh, the density was converged to 1 × 10-8 Eh, and 

Cartesian gradients were converged to at least 10-6 au.  

The DZP++ basis set for bromine used herein was constructed with Ahlrichs' 

standard double-  spd set20 with the addition of one set of d-like polarization functions [

d(Br) = 0.389]20 as well as a single set of diffuse s [ s(Br) = 0.0469096] and p [ p(Br) = 

0.0465342] functions. The corresponding basis on fluorine was comprised of the standard 

Huzinage-Dunning-Hay21 double-  sp set with one set of d polarization functions [ d(F) = 

1.000] as well as a set of diffuse s [ s(F) = 0.1049] and p [ p(F) = 0.0826] functions. The 

diffuse function orbital exponents were determined in an "even tempered sense" as a 

mathematical extension of the primitive set, according to the formula of Lee and 
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Schaefer.22 Pure angular momentum d functions were used throughout. The final 

contraction scheme for this basis is Br (15s12p6d/9s7p3d) and F (10s6p1d/5s3p1d).  

The geometries reported in Figures 1-6 were found to be energy minima after 

determining the harmonic vibrational frequencies at the corresponding stationary point 

structures with the DZP++ B3LYP level of theory. Zero-point vibrational energies 

(ZPVE) evaluated at this level are presented in Table 1. The ZPVE differences between 

BrFn and BrFn
- (n = 1-6) are quite small, in the range of 0.003 to 0.097 eV. These 

differences could be used as a correction to the adiabatic electron affinities.  

 

Results and Discussion  

A. Br and Br-.  

The electron affinities of the 2P3/2 state of the Br atom at various levels of theory, 

as well as experimental electron affinity data, are reported in Table 2. Values are 

determined from total energies of the Br atom and the Br- ion. All four functionals predict 

the electron affinity of the Br atom to within 0.32 eV, and all values are larger than the 

experimental value of 3.36 eV given by Blondel, Cacciani, Delsart, and Trainham's laser-

photodetachment threshold spectroscopy study of the Br anion.23   The greatest 

correlation with experiment is achieved by DZP++ BHLYP, whose EA value is only 0.05 

eV larger than experiment. The fact that BHLYP gives the best predictions for electron 

affinities was also noted in our earlier works on the second-row fluorides.8-12 Since no 

experimental data are available for the BrFn electron affinities, the comparison of the 

predicted EA at different levels of theory for the Br atom with experiment should be a 
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dependable calibrator. In the following discussions for the BrFn molecules, we will 

mainly use the DZP++ BHLYP results unless otherwise indicated.  

 

TABLE 2.1:  The Electron Affinity of Br in eV (kcal/mol in parentheses).     
  
 

Method EA 
BHLYP 3.41(78.7) 
B3LYP 3.60(83.1) 
BP86 3.68(85.0) 
BLYP 3.46(79.9) 
Expt. 3.36358 ± 0.00004 

 
 
B. BrF and BrF-.  
 

Our optimized geometries for the ground 1 + state of BrF and the ground 2 + state 

of BrF- are shown in Figure 1. All theoretical bond distances are longer than the 

experimental value for the neutral. The prediction closest to the experimental re of 1.759 

Å obtained from Willis and Clark's microwave data24a for BrF came from the DZP++ 

BHLYP method, which gave a bond length of 1.756 Å. The bond lengths predicted by 

other functionals were overestimated by as much as 0.06 Å. Here we note the general 

trend for bond lengths yielded for the bromine fluorides as BLYP > BP86 > B3LYP > 

BHLYP. For the BrF- ion, the DZP++ BHLYP bond length is 2.300 Å, longer by roughly 

0.55 Å than that of the neutral species. We will discuss this large structural difference 

between neutral and anion later.  

Table 3 contains the electron affinities for the adiabatic and vertical processes, as 

well as the vertical detachment energies for the BrF, BrF2, BrF3, BrF4, BrF5, and BrF6 

species. Note that the adiabatic values are not corrected for zero-point vibrational energy. 

Relying upon BHLYP, we report 2.64 eV as the most reliable adiabatic electron affinity 
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for BrF based on our data for the EA of the Br atom and previous work8,10 on the sulfur 

and chlorine fluorides. One may note that the values for EAad, EAvert, and VDE are 

significantly different due to the large bond length difference between the neutral and the 

anion (vide infra). The range for EAvert is from 1.06 to 1.45 eV and the range for VDE is 

from 4.24 to 4.48 eV. Furthermore, from the positive values for EAvert and VDE, one may 

readily see that the anion is thermodynamically stable. 

 

 
Figure 1 The molecular geometries of the 1 + state of BrF and the 2 + state of the 
anion, BrF-. All bond lengths are in Å and all results were obtained with the DZP++ basis 
set.  
 
C. BrF2 and BrF2

-.  

The equilibrium geometries of the BrF2 ground state (2A1) and the BrF2
- ground 

state (1
u

+) are displayed in Figure 2. The BrF2 radical has a bent structure with a bond 

angle of 154-169  as predicted by the four different functionals. The neutral Br-F bond 

length is in the range from 1.826 to 1.906 Å. As was the case for BrF, the DZP++ BHLYP 

method gives the shortest bond length for BrF2. BrF2
- is linear (D h), with Br-F bond 

distances predicted from 1.959 to 2.045 Å. These distances are only about 0.1 Å longer 

than their neutral counterparts, which is understandable as the BrF2 radical's singly 
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occupied molecular orbital (SOMO) is a -type orbital, thus having little overall effect on 

the bond length (vide infra). 

The theoretical EAad, EAvert, and VDE are listed in Table 3. The predicted range 

of EAad is from 4.34 to 4.78 eV, among which the DZP++ BHLYP method predicts the 

largest value (4.78 eV). The range of EAvert is from 3.83 to 4.11 eV and the range of VDE 

is from 4.60 to 6.59 eV. Note that because the difference in the geometries of the neutral 

and the anion are not as great as that for BrF, there are smaller energy gaps between 

EAad, EAvert, and VDE. 

The theoretical EAad, EAvert, and VDE are listed in Table 3. The predicted range 

of EAad is from 4.34 to 4.78 eV, among which the DZP++ BHLYP method predicts the 

largest value (4.78 eV). The range of EAvert is from 3.83 to 4.11 eV and the range of VDE 

is from 4.60 to 6.59 eV. Note that because the difference in the geometries of the neutral 

and the anion are not as great as that for BrF, there are smaller energy gaps between 

EAad, EAvert, and VDE. 

 

D. BrF3 and BrF3
-.  

The C2v symmetry equilibrium geometries of the 1A1 state of BrF3 and the 2A1 

state of BrF3
- are shown in Figure 3. The bond length predictions of the four functionals 

follow the same trends as above. Those predicted by the BHLYP method were again the 

closest to the experimental values. The gas-phase structure of BrF3 was reported by 

Magnuson as 1.810 and 1.721 Å for the Br-Feq and Br-Fax bond distances and 86.2  for 

the F-Br-F bond angle, respectively, 25   while the DZP++ BHLYP method predicts them 

as 1.808 Å, 1.720 Å, and 85.7 . All four theoretical methods do a reasonable job in 
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predicting the important difference between the equatorial and axial Br-F bond distances. 

Our BrF3 structure is also in qualitative agreement with an earlier theoretical study that 

employed the MP2/6-311+G* method and took into account the effects of relativity.26 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 The molecular geometries of the 2A1 state of BrF2 and the 1

u
+ state of the 

anion, BrF2
-. Bond lengths and bond angles are in Å and deg, respectively. All results 

were obtained with the DZP++ basis set. 
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Figure 3 The molecular geometries of the 1A1 state of BrF3 and the 2A1 state of the 
anion, BrF3

-. Bond lengths and bond angles are in Å and deg, respectively. All results 
were obtained with the DZP++ basis set. 

 

For the BrF3
- ion, there are no experimental data with which to compare. The 

trend for the theoretical bond lengths is similar. The DZP++ BHLYP method predicts the 

geometrical parameters as 1.913 Å, 2.253 Å, and 91.4  for Br-Feq, Br-Fax, and FBrF, 

respectively. Note that the Br-Fax bond distance is nearly 0.5 Å longer than that of neutral 

BrF3. Clearly the bonding in the radical anion, BrF3
-, is quite different from that of the 

neutral. The reason for this will become clear in our discussion of the BrF5 species below. 

The most reliable adiabatic electron affinity is 3.77 eV from BHLYP. The 

substantial value of this EA is perhaps surprising given the fact that BrF3 is a relatively 
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stable molecule, at least as far as bromine fluorides go. In previous work on the sulfur8 

analogues, for which many experimental EA values exist, it was found that DFT may 

slightly overestimate (<0.6 eV) the electron affinities of the larger species (SFn; n = 5, 6); 

however the DZP++ BHLYP method provided excellent agreement for the n = 1-4 series 

and was usually within 0.2 eV of experiment. Therefore, the large EAad value for BrF3 

should be regarded as a dependable target for this molecule. The EAad values obtained for 

BrF3 from the other functionals are in good agreement with BHLYP, showing deviations 

of about (or less than) 0.1 eV. The EAvert range is from 1.78 to 2.30 eV, and the range for 

VDE is from 5.03 to 5.96 eV. Again, these large differences between EAad, EAvert, and 

VDE are due to the large difference in geometry between BrF3 and BrF3
-.  

 

E. BrF4 and BrF4
-.  

The optimized C4v geometry of the 2A1 state of BrF4 and the D4h symmetry 

structure of the 1A1 state of BrF4
- are shown in Figure 4. DZP++ BHLYP predicts, an re 

of 1.793 and 1.893 Å for the neutral and anion, respectively. The only experimental 

structure data for the anion is provided by an X-ray crystal structure of KBrF4.27   The 

bond length according to this study was 1.890 Å, which differs by 0.03 Å from the DZP++ 

BHLYP result. However, as the BrF4 anion was studied as an ionic complex with the 

potassium cation, this comparison may not be entirely valid; the agreement, though, 

between the gas-phase equilibrium geometry and the crystal structure is certainly 

satisfactory. The bond lengths provided by the other DFT functionals were longer by as 

much as 0.09 Å.  
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Figure 4 The molecular geometries of the 2A1 state of BrF4 and the 1A1 state of the 
anion, BrF4

-. Bond lengths and bond angles are in Å and deg, respectively. All results 
were obtained with the DZP++ basis set.  
 

 

Our predicted adiabatic electron affinity for BrF4 is 5.58 eV. The EAvert ranges 

from 4.23 to 4.66 eV and the VDE ranges from 5.47 to 6.76 eV. Again, this is a very 

large electron affinity, strongly suggesting the observability of BrF4
- in a carefully 

designed experiment. Like BrF2, the EAad, EAvert, and VDE values are similar due to the 

small difference in geometry between neutral and anion. 

 

F. BrF5 and BrF5
-.  

The C4v equilibrium geometry of the 1A1 state of the BrF5 and the C4v geometry 

of the 2A1 state of BrF5
- are shown in Figure 5. Once again, the DZP++ BHLYP method 

provides an equilibrium structure in good agreement with experiment, yielding values of 

1.680 Å, 1.785 Å, and 83.5  for rax, req, and Fax-Br-Feq, respectively. X-ray crystal data, 
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reported by Burbank and Bensey in 1957, yielded the first look at this reactive species 

and gave an rax of 1.680 Å and an req of 1.780 Å.28   They also reported a slightly acute 

Fax-Br-Feq angle of 84.5 . More recent data29 on the structure of this species are 

available; however, little has changed in the more than 40 years since Burbank and 

Bensey's study. Combining electron diffraction and microwave data in 1971, Robliette, 

Bradley, and Brier29a  provided a gas-phase structure for BrF5, obtaining r  values of 1.69 

and 1.77 Å for Br-Fax and Br-Feq, respectively. The Fax-Br-Feq angle was given as 84.8 . 

Similar to both BrF- and BrF3
-, the BrF5

- ion has longer Br-F bond distances than the 

neutral, especially for Br-Fax, which increases by about 0.5 Å. Again, as with BrF- and 

BrF3
- it is clear that the bonding in the anion (BrF5

-) must be quite different from that for 

the closed-shell neutral species. 

In Figure 6 we show the lowest unoccupied (BrF, BrF3, and BrF5) and singly 

occupied (BrF2 and BrF4) molecular orbitals. From these orbital plots, it is relatively easy 

to determine why the bond length differences between neutral and anionic bromine 

fluorides which contain an odd number of F atoms are so much greater than the 

corresponding differences in those bromine fluorides with even numbers of F atoms. 

Notice that the LUMO of BrF has a substantial amount of antibonding σ character. 

Adding electron density to this orbital should lower the bond order and substantially 

increase the Br-F bond length. This is also true in BrF3 and BrF5, in which the LUMOs 

again have substantial antibonding character along the axial Br-F bonds. The radicals, 

BrF2 and BrF4, do not suffer from this problem, as the anion can be formed by adding the 

additional electron in the -type SOMOs which have little effect on the actual bond 

length. These orbitals do, on the other hand, have rather dramatic effects on the overall 
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symmetry of these species.  Notice that in neutral BrF4, the 12a1 orbital largely favors a 

square-planar geometry, and an additional electron in this orbital is going to force BrF4
- 

to adopt this structure.  

The adiabatic and vertical electron affinities and vertical detachment energies are 

reported in Table 3. The most reliable prediction of the adiabatic electron affinity of BrF5 

is 4.24 eV. The large magnitude of this EA suggests that BrF5
- should be observable and 

could play a role in atmospheric chemistry. Even though it has been suggested that with 

these larger species (BrFn; n = 5,6) DFT may overestimate EAs, the largest error 

observed for the SF6 species was 0.56 eV.8 The range 4.2-4.5 eV, then, engulfs our 

predicted EAad for BrF5. The EAvert values range from 1.68 to 2.82 eV and the range for 

VDE is from 5.65 to 6.99 eV. 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 5 The molecular geometries of the 1A1 state of BrF5 and the 2A1 state of the 
anion, BrF5

-. Bond lengths and bond angles are in Å and deg, respectively. All results 
were obtained with the DZP++ basis set.  

 

  



20  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 The lowest unoccupied (BrF, BrF3, and BrF5) and singly occupied (BrF2 and 
BrF4) molecular orbitals: (a) 11 , LUMO of BrF; (b) 5b1, SOMO of BrF2; (c) 16a1, 
LUMO of BrF3; (d) 12a1, SOMO of BrF4; and (e) 15a1, LUMO of BrF5. 
 
 
G. BrF6 and BrF6

-.  
 

The equilibrium octahedral (Oh) structures of the 2A1g state of BrF6 and the Oh 

structure of the 1A1g state of BrF6
- are shown in Figure 7. Since there are no 

experimental data for these species, the most reliable Br-F bond distances are believed to 

be the BHLYP results, 1.773 Å for the neutral and 1.865 Å for the anion. For comparison 

with other theoretical work done on the BrF6
- ion, the bond length obtained by MP2 

theory conjoined with a basis set of triple-  plus polarization quality (referred to as 

TZVP) was 1.910 Å,30 which is 0.045 Å larger than our DZP++ BHLYP (1.865 Å) result. 

This difference between theoretical methods is understandable due to the widely known 

fact that second-order perturbation theory almost always provides equilibrium bond 

lengths which are too long, even in the complete basis set limit.31   The most reliable 

single prediction of the adiabatic electron affinity of BrF6 is 5.59 eV, while the EAvert 

range is from 4.84 to 5.68 eV and the range for the VDE is from 6.20 to 6.61 eV.  
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H. BrF7 and BrF7
-.  

 
Since iodine heptafluoride is known to exist, we have investigated the D5h 

structures of BrF7 and BrF7
-. The stationary points from the DZP++ BHLYP method have 

bond distances Br-Fax = 1.689 Å and Br-Feq = 1.793 Å for the neutral BrF7 molecule and 

Br-Fax = 1.789 Å and Br-Feq = 1.890 Å for the BrF7
- ion. The energy difference between 

them is 6.21 eV. However, neither of the D5h structures are genuine minima, so this 

energy difference cannot be regarded as a true electron affinity. Due to the extreme 

multivalent nature of this species, perhaps the addition of f-like polarization functions 

would be important in locating the minima for both the neutral and its anion.  

 

 

 

 

 

 

 

 

 

 
 
 
Figure 7 The molecular geometries of the 2A1g state of BrF6 and the 1A1g state of the 
anion, BrF6

-. Bond lengths and bond angles are in Å and deg, respectively. All results 
were obtained with the DZP++ basis set. 
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Dissociation Energies   

The neutral and anionic bond dissociation energies for BrFn/BrFn
- (n = 1-6) are 

given in Tables 4 and 5. The DZP++ BHLYP dissociation energies are much lower than 

those from the other three methods. It was found in the previous studies of SFn and 

ClFn
8,11 that the DZP++ BHLYP predictions for dissociation energies were clearly the 

worst of the four functionals employed. As the DFT/HF hybrid BHLYP functional 

purports to include standard Hartree-Fock theory to the greatest degree of all the 

functionals used in this study, this finding is not surprising. It is well-known that Hartree-

Fock theory (without the inclusion of dynamical or nondynamical correlation) performs 

dismally for bond-breaking processes.32  

Table 4 shows the dissociation energies (for the process BrFn BrFn-1 + F) of the 

neutral molecules. Excluding the DZP++ BHLYP results, the dissociation energy for BrF 

ranges from 2.54 to 2.97 eV. There is more than one experimental value for the 

dissociation energy of BrF. In the 1968 edition of his authoritative book on diatomic 

dissociation energies, Gaydon recommends Do(BrF) = 2.384 eV (55.0 kcal/mol).33 Huber 

and Herzberg, in their comprehensive 1979 book on diatomic molecules, recommend 

Do(BrF) = 2.548 eV (58.76 kcal/mol).24b And from the heat of formation (0 K) as -50.8, 

117.917, and 77.284 kJ/mol for BrF, Br, and F, respectively, in the 1985 JANAF tables,34 

the dissociation energy can be derived as 2.552 eV (58.9 kcal/mol). Best agreement with 

any of the experimental dissociation energies is provided by the B3LYP method. 

The theoretical dissociation energies for BrF2 decrease to the range of between 

1.40 and 1.96 eV. The data of Table 4 show that this value increases for BrF3 and 

decreases for BrF4 again. The same trend continues for BrF5 and BrF6. In other words, the 
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dissociation energies become larger for BrFn when n is an odd number, and smaller when 

n is an even number. This zigzag phenomenon can be readily explained. The BrFn 

molecules with even number n are radicals, and are less stable than those with odd n, 

which have closed shell electronic structures. Another trend is that when the odd number 

n increases (i.e. from 1, to 3, to 5), the dissociation energy decreases. The molecules with 

even numbers follow the same trend. This indicates in a qualitative way that the larger 

BrFn molecules are less stable than the smaller ones, which is understandable due to their 

increased hypervalency. 

For the anions, BrFn
-, there are two forms of dissociation: either to a neutral BrFn-1 

plus an F- ion, or to a BrFn-1
- ion plus a neutral F atom. Excluding the DZP++ BHLYP 

dissociation energies, which are significantly smaller than the others, Table 5 shows that, 

for the dissociation to "BrFn-1
- + F", the zigzag phenomenon is similar to that in Table 4. 

The amplitude of the zigzag is significant and the general trend is downward. The 

difference is that the molecules with even number n are more stable since they have 

closed shell electronic structures. This may also be related to the fact that when n is odd, 

the additional electron of the anions is residing in an antibonding orbital (primarily a σ* 

orbital), lengthening and destabilizing those σ bonds.  However, for the dissociation to 

"BrFn-1 + F-", the zigzag feature is not as obvious, and the general trend is upward. This 

indicates that when the size of the molecule increases, dissociation to a BrFn-1
- ion plus a 

neutral F atom becomes preferable. 
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TABLE 2.2:  Adiabatic and Vertical Electron Affinities of the Neutral and Vertical 
Detachment Energies of the Anionic Bromine Monofluoride (BrF), Bromine Difluoride 
(BrF2), Bromine Trifluoride (BrF3), Bromine Tetrafluoride (BrF4), Bromine Pentafluoride 
(BrF5), and Bromine Hexafluoride (BrF6) in eV (kcal/mol in parentheses)a 
 

 

Compd Method EAad  EAvert VDE  
BrF  BHLYP  2.64 (60.8)  1.06 (24.3)  4.48 (103.4)  
  B3LYP  2.80 (64.7)  1.36 (31.3)  4.47 (103.1)  
  BP86  2.79 (64.3)  1.45 (33.4)  4.34 (100.0)  
  BLYP  2.71 (62.5)  1.36 (31.3)  4.24 (97.7)  
BrF2  BHLYP  4.78 (110.2)  3.83 (88.3)  6.28 (145.0)  
  B3LYP  4.71 (108.6)  4.07 (93.8)  6.59 (151.9)  
  BP86  4.47 (103.0)  4.11 (94.8)  4.73 (109.0)  
  BLYP  4.34 (100.2)  4.00 (92.3)  4.60 (106.1)  
BrF3  BHLYP  3.77 (87.0)  1.78 (40.9)  5.96 (137.5)  
  B3LYP  3.89 (89.7)  2.18 (50.4)  5.53 (127.6)  
  BP86  3.74 (86.3)  2.27 (52.4)  5.05 (116.6)  
  BLYP  3.76 (86.8)  2.30 (52.9)  5.03 (116.0)  
BrF4  BHLYP  5.58 (128.7)  4.23 (97.5)  6.61 (152.5)  
  B3LYP  5.58 (128.6)  4.58 (105.7)  6.76 (155.9)  
  BP86  5.25 (121.2)  4.64 (107.0)  5.54 (127.7)  
  BLYP  5.21 (120.1)  4.66 (107.6)  5.47 (126.1)  
BrF5  BHLYP  4.24 (97.7)  1.68 (38.8)  6.99 (161.2)  
  B3LYP  4.48 (103.3)  2.45 (56.5)  6.30 (145.4)  
  BP86  4.32 (99.6)  2.66 (61.3)  5.65 (130.2)  
  BLYP  4.44 (102.5)  2.82 (65.0)  5.69 (131.2)  
BrF6  BHLYP  5.59 (129.0)  4.84 (111.6)  6.20 (142.9)  
  B3LYP  6.10 (140.7)  5.48 (126.4)  6.61 (152.4)  
  BP86  6.12 (141.1)  5.56 (128.1)  6.59 (151.9)  
  BLYP  6.19 (142.7)  5.68 (130.9)  6.61 (152.5) 
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Table 2.4.: Dissociation Energies (DBrFn) for the Neutral and Anion Members of the 
Series in eV (kcal/mol in parentheses) 
 
 
 
dissociation BHLYP B3LYP BP86 BLYP exptl  
BrF Br + F  1.93 (44.5)  2.54 (58.6)  2.97 (68.6)  2.87 (66.1)  2.55 (58.8)b 2.38 (54.9)c  
BrF2 BrF +F  0.64 (14.7)  1.40 (32.2)  2.02 (46.6)  1.96 (45.2)   
BrF3 BrF2 + F  1.67 (38.5)  2.10 (48.4)  2.44 (56.3)  2.29 (52.8)   
BrF4 BrF3 + F  0.40 (9.3)  1.18 (27.1)  1.85 (42.7)  1.77 (40.8)   
BrF5 BrF4 + F  1.70 (39.2)  2.03 (46.8)  2.34 (54.0)  2.13 (49.0)   
BrF6 BrF5 + F  -0.02 (-0.4)  0.69 (16.0)  1.19 (27.4)  1.07 (24.6)  

 

 

 Dissociation Energies (DBrFn
-) for the Anionic Members of the Series in eV (kcal/mol in 

parentheses) 
dissociation BHLYP B3LYP BP86 BLYP  
BrF- Br- + F  1.15 (26.6)  1.74 (40.2)  2.08 (47.9)  2.12 (48.8)  
BrF2

- BrF- + F  2.78 (64.1)  3.30 (76.1)  3.70 (85.3)  3.59 (82.8)  
BrF3

- BrF2
- + F  0.66 (15.3)  1.28 (29.5)  1.72 (39.6)  1.71 (39.4)  

BrF4
- BrF3

- + F  2.21 (51.0)  2.87 (66.1)  3.36 (77.5)  3.21 (74.0)  
BrF5

- BrF4
- + F  0.35 (8.1)  0.93 (21.4)  1.41 (32.5)  1.36 (31.4)  

BrF6
- BrF5

- + F  1.34 (30.9)  2.31 (53.4)  2.99 (68.8)  2.81 (64.8)  
BrF- Br + F-  1.63 (37.5)  1.80 (41.5)  2.13 (49.0)  1.78 (41.0)  
BrF2

- BrF + F-  2.47 (57.1)  2.56 (59.1)  2.85 (65.7)  2.50 (57.6)  
BrF3

- BrF2 + F-  2.50 (57.7)  2.45 (56.4)  2.55 (58.8)  2.25 (51.9)  
BrF4

- BrF3 + F-  3.04 (70.1)  3.21 (74.0)  3.47 (80.0)  3.17 (73.2)  
BrF5

- BrF4 + F-  2.99 (69.0)  2.96 (68.3)  3.03 (69.8)  2.77 (63.8)  
BrF6

- BrF5 + F-  2.63 (60.7)  3.25 (74.9)  3.67 (84.6)  3.45 (79.6) 
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Conclusions  
 

On the basis of the experimental adiabatic electron affinity for the Br (3.36 eV) 

atom, and previous work on the SFn/SFn
-, PFn/PFn

- ClFn/ClFn
-, SiFn/SiFn

-, and C2Fn/C2Fn
- 

molecules,8-12 we have concluded that the DZP++ BHLYP method is the most reliable 

method for predicting the electron affinities [3.41 (Br), 2.64 (BrF), 4.78 (BrF2), 3.78 

(BrF3), 5.58 (BrF4), 4.24 (BrF5), 5.59 eV (BrF6)] and molecular structures of the bromine 

fluorides.  

In predicting those structures for which experimental results were available (BrF, 

BrF3, and BrF5), the DZP++ BHLYP results were in closest agreement with the 

experimental structures, giving average bond distance errors for the four density 

functionals, BHLYP (0.009 Å), B3LYP (0.039 Å), BP86 (0.063 Å), and BLYP (0.081 

Å).  

Unlike predicting geometries and EAs for these molecules, the DZP++ BHLYP 

method is considered to yield the least reliable predictions of dissociation energies, as 

shown earlier for related molecules.8-12 This may be correlated with the fact that the 

BHLYP functional incorporates the largest fraction of the ab initio Hartree-Fock method; 

thus similar to SCF, its performance for dissociation energies is less than desirable. The 

dissociation energy ranges for the neutral members of these interhalogens, excluding the 

DZP++ BHLYP values, are 2.54-2.97 (BrF), 1.40-2.02 (BrF2), 2.10-2.44 (BrF3), 1.18-1.85 

(BrF4), 2.03-2.34 (BrF5), and 0.69-1.19 eV (BrF6). Compared to the experimental 

dissociation energy for BrF (2.55 eV),24b our predictions are reasonable. The general 

trend in dissociation energy values is as follows: BP86 ~ BLYP > B3LYP BHLYP. The 

dissociation energy ranges for losing F from the BrFn
- ions are 1.74-2.12 (BrF-), 3.30-
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3.70 (BrF2
-), 1.28-1.72 (BrF3

-), 2.87-3.36 (BrF4
-), 0.93-1.41 eV (BrF5 -), and 2.31-2.99 eV 

(BrF6
-). The general trend in dissociation energy values for BrF2

-, BrF4
-, and BrF6

- is 

BP86 > BLYP > B3LYP BHLYP, and that for BrF-, BrF3
-, and BrF5

- is BP86 = BLYP 

> B3LYP BHLYP. The dissociation energy ranges for losing F- from the anion member 

of these molecules are 1.78-2.13 (BrF-), 2.50-2.85 (BrF2
-), 2.25-2.55 (BrF3

-), 3.17-3.47 

(BrF4
-), 2.77-3.03 (BrF5

-), and 3.25-3.67 eV (BrF6
-), and the general trend of dissociation 

energy values for BrF2
-, and BrF4

- and BrF6
- is BP86 >B3LYP > BPYP ~ BHLYP, and 

that for BrF3
- and BrF5

- is BP86 > BHLYP > B3LYP > BLYP.  

The range of bromine-fluorine bond distances predicted here is of special interest. 

For this purpose we consider only the BHLYP predictions. The neutral Br-F bond 

distances are 1.756 (BrF), 1.826 (BrF2), 1.720 and 1.808 (BrF3), 1.793 (BrF4), and 1.702 

and 1.765 (BrF5), 1.773 Å (BrF6). Thus the entire range, from 1.702 to 1.826, is 0.124 Å. 

For the anions, we predict a much broader range of bromine-fluorine bond distances. The 

negative ion Br-F bond distances are 2.300 (BrF-), 1.959 (BrF2
-), 1.913 and 2.253 (BrF3

-), 

1.893 (BrF4
-), 1.863 and 2.248 (BrF5

-), and 1.865 Å (BrF6
-). We see that the closed shell 

species BrF2
- and BrF4

- have Br-F bond distances similar to the neutral bromine fluorides. 

However, the distance for diatomic BrF- and the axial distances in BrF3
- and BrF5

- are all 

much longer than those observed for the neutral bromine fluorides.  

One is tempted via ideas such as Badger's rule to suggest that unusually long bond 

distances might be associated with low electron affinities. Such an argument may be 

applied to the BrF system, which has by far the smallest EA of the bromine fluorides, and 

also a very long anion bond distance. However, the longest Br-F distance of all is that 

predicted for the axial BrF5
- distance, while the BrF5 species has a very large EA, namely 
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4.24 eV. This phenomenon is not readily explainable. Additionally, due to the existence 

of IF7, it is desirable to locate the corresponding bromine analogue. Future theoretical 

work involving larger basis sets with the added directionality provided by f and perhaps 

even g functions is recommended. We hope that our theoretical predictions can provide 

inspiration for the further experimental study of these important interhalogen compounds 

and their anions.  
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CHAPTER 3 
 

ELECTRON AFFINITIES OF SILICON HYDRIDES: 
 

SiHn (n = 0-4) and Si2Hn (n = 0-6)1 
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     1Pak, C. H., J. C. Rienstra-Kiracofe and H. F. Schaefer, J. Phys. Chem. A, 104 (47), 
11232 -11242, 2000. Reproduced in part with permission from American Chemical 
Society.   
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Abstract  

            The molecular structures and electron affinities of the SiHn/SiHn
- (n = 1-4) and 

Si2Hn/Si2Hn
- (n = 0-6) molecules, as well as the silicon atom, have been investigated 

using density functional theory (DFT) and hybrid Hartree-Fock/density functional theory. 

Specifically, four different types of electron affinities are reported in this work: the 

adiabatic electron affinity (EAad), zero-point corrected EAad (EAzero), the vertical electron 

affinity (EAvert), and vertical detachment energy (VDE). The basis set used in this work is 

of double-  plus polarization quality with additional s- and p-type diffuse functions, and 

is denoted as DZP++. Of the six different density functionals used in this work, the 

BHLYP functional predicted the best molecular structures, and the B3LYP functional 

predicted the best electron affinities. When compared to the available six experimental 

electron affinities, the B3LYP functional has an average absolute error of just 0.06 eV. 

We predict the unknown electron affinities for Si2H2 (dibridged), Si2H3, Si2H4 (disilene), 

and Si2H5 (disilyl radical) to be 0.45, 2.21, 1.34, and 1.85 eV, respectively. These 

predictions assume that the (unknown) molecular structure of each anion is analogous to 

the known structure of the corresponding neutral molecule. The most interesting aspect of 

the present research is that for Si2H2
- and Si2H4

-, the lowest energy structures are 

qualitatively different from those of the neutrals. For Si2H2
- the disilavinylidene structure 

H2SiSi-, is predicted to lie 24 kcal/mol below the dibridged or "butterfly" anion. For 

Si2H4
- the silylsilylene anion H3SiSiH-, is predicted to lie 3 kcal/mol below the disilene 

anion structure H2SiSiH2
-. The zero-point corrected adiabatic electron affinities of 

disilavinylidene, silylsilylidyne, and silylsilylene are 1.87, 1.01, and 1.71 eV, 
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respectively. The saturated closed shell systems SiH4 and Si2H6 do not have conventional 

electron affinities. 

 
Introduction  
 

Silicon, like its first row counterpart, carbon, is a chemist's cornucopia.1 The 

ability of silicon to make one, two, three, four, and even five-coordinate compounds is 

one of the primary reasons for its inexhaustible chemistry.1 Among the simplest silicon 

species are the silicon hydrides, SiHn (n = 0-4) and Si2Hn (n = 0-6). Silicon hydrides play 

an important role in silicon chemical vapor deposition (CVD) processes,2 which are of 

great significance to the semiconductor industry. Because of this significance, numerous 

experimental3-17 and theoretical18-36 studies have examined various chemical properties of 

the silicon hydrides, their corresponding ions, and other simple silicon-based compounds.  

Silicon hydride systems are also of interest to chemists because of their 

sometimes unique bonding characteristics when compared to their simple hydrocarbon 

analogues. Although analogous carbon and silicon species are isovalent, the chemical 

properties of carbon and silicon congeners can be quite different. One of the reasons for 

these differences is that the relative orbital sizes of the valence s and p orbitals are 

different for the carbon and silicon atoms; silicon has a larger p orbital than carbon, and 

carbon has a larger s orbital than silicon.37,38  Many properties of the species in the 

SiHn/SiHn
- (n = 0-4) and Si2Hn/Si2Hn

- (n = 0-6) series may be compared to their carbon 

analogues, and some interesting differences may be found, for example, by comparing 

the adiabatic electron affinities of simple silicon hydrides to their hydrocarbon analogues.  
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In this work, we investigate the electron affinities (EA) of the silicon hydrides and 

the ability of density functional theory to predict accurate electron affinities for these 

species through comparisons to known experimental EAs and analogous hydrocarbon 

EAs. Experimental EAs4,7,10,13,14 are available for Si, SiH, SiH2, SiH3, Si2, and Si2H.  

When predicting molecular energies, structures, and electron affinities, there are 

many theoretical approaches, but considering both reliability and computational expense, 

gradient corrected density functional theory (DFT) has been shown to be effective for 

predicting EAs of many inorganic species such as the SiFn/SiFn
-, SFn/SFn

-, PFn/PFn
-, 

ClFn/ClFn
-, C2Fn/C2Fn

-, and BrFn/BrFn
- series.31,39-43  In addition, while the theoretical 

prediction of an electron affinity is generally difficult due to the result being a small 

difference between two very large energies, our previous work has shown that DFT can 

be a dependable source for electron affinity predictions,44-47 when used in a 

knowledgeable manner.  

 

Method  

Six different density functional or hybrid Hartree-Fock/density functional 

methods were used in this study. Five are gradient corrected functionals: Becke's 1988 

exchange functional48 (B) with Lee, Yang, and Parr's correlation functional49 (LYP), 

BLYP; Becke's half-and-half exchange functional50 (BH) with the LYP correlation 

functional, BHLYP; Becke's three-parameter exchange functional51 (B3) with the LYP 

correlation functional, B3LYP; the B exchange functional with the Perdew correlation 

functional52 (P86), BP86; and the B3 exchange functional with the P86 correlation 

functional B3P86. The sixth density functional scheme used in this study was the 
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standard local-spin-density approximation (LSDA) which employs the 1980 correlation 

functional of Vosko, Wilk, and Nusair53 along with Slater's exchange functional.54   The 

unrestricted Kohn-Sham method was used for all closed and open shell systems.55   All 

computations have been evaluated with the Gaussian 94 program suite.56   Using the 

default integration grid (75 302), the integrals that are evaluated in this study should be 

accurate to 1 × 10-5 Eh. The Kohn-Sham density was converged to 1 × 10-8Eh and 

Cartesian gradients were converged to at least 10-6 au.  

A standard double-  plus polarization (DZP) basis set with the addition of diffuse 

functions was utilized. The DZ part of the basis set was constructed from the Huzinage-

Dunning-Hay57 set of contracted Gaussian functions. The DZP basis was formed by the 

addition of a set of five d-type polarization functions for Si and a set of p-type 

polarization functions for H [ d(Si) = 0.50, p(H) = 0.75]. The DZP basis was augmented 

with diffuse functions; Si received one additional s-type and one additional set of p-type 

functions, and H received one additional s-type function. The diffuse function orbital 

exponents were determined in an "even-tempered sense" as a mathematical extension of 

the primitive set, according to the formula of Lee and Schaefer58 [ s(Si) = 0.02729, p(Si) 

= 0.02500, s(H) = 0.04415]. The final contraction scheme for this basis is Si 

(12s8p1d/7s5p1d) and H (5s1p/3s1p).  

The geometries reported in Figures 1-14 were found to be minima after 

determining the harmonic vibrational frequencies via analytic gradients at the 

corresponding stationary point structures of each functional.  

Finally, for SiH and SiH-, we have performed coupled cluster studies with all 

single and double excitations and perturbative nonconnected triple excitations 

  



37  

[CCSD(T)],59-61 to verify experimental data. The basis set used for the CCSD(T) 

computation was the correlation-consistent polarized valence quadruple-  set of 

Dunning62,63 augmented with diffuse functions and is denoted aug-cc-pVQZ. An ROHF 

reference was used and core electrons for Si were frozen during CCSD(T) energy 

computations. These computations were done using ACES II ab initio program system.64 

 

Results And Discussion  

The electron affinity for the Si atom is given in Table 1. All four electron 

affinities for SiHn (n = 1-4) and Si2Hn (n = 0-6) are reported in Tables 2 and 3, 

respectively. Optimized geometries for each molecular species with all functionals are 

shown in Figures 1-14. 

A. Si and Si-.  

The electron affinities of the Si (3P) atom with various functionals, as well as the 

experimental electron affinity are reported in Table 1. All six functionals predict the 

electron affinity of the Si atom within a deviation of at most 0.62 eV (LSDA) from 

experiment. As is the case for most atomic systems,47 B3LYP predicts the best electron 

affinity for Si. In this instance, the electron affinity was 0.03 eV lower than the 

experimental value, given by Scheer, Bilodeau, Brodie, and Haugen's single and 

multiphoton tunable infrared laser experiments.14 We note here that carbon and silicon 

have similar electron affinities from experiment;14 C = 1.262 eV, Si = 1.389 eV and that 

B3LYP and BLYP are within 0.15 eV for both silicon and carbon.47  
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Table 3.1.: Electron Affinity of Si in eV (kcal/mol in Parentheses) 
Method EA 
B3LYP  1.36(31.4) 
B3P86  1.99(45.9) 
BHLYP  1.18(27.1) 
BLYP  1.24(28.6) 
BP86  1.57(36.3) 
LSDA  2.01(46.5) 
exptla  1.389521 ± 0.00002(32.0) 

 

B. SiH and SiH-. 

 Theoretical equilibrium geometries of silylidyne (silicon monohydride), SiH (X 

2 ), and its anion, SiH- (X 3 -) are displayed in Figure 1. The experimental re of neutral 

silylidyne is 1.5201 Å. 65 Comparing with the experimental value, the most accurate bond 

length was predicted by BHLYP, being only 0.008 Å shorter than experiment. The hybrid 

functionals (B3LYP, B3P86, BHLYP) are within ± 0.013 Å of experiment, while the 

pure functionals (BLYP, BP86, LSDA) overestimate experiment by at least 0.026 Å. All 

functionals give a longer bond length for the anion than the neutral, by about 0.03 Å on 

average. In 1975, Kasdan, Herbst, and Lineberger4 estimated the experimental re of the 

anion at 1.474 ± 0.004 Å which is 0.09 Å shorter than our average bond length of 1.565 

Å. In 1978, Rosmus and Meyer66 reinterpreted the laser photoelectron data of Kasdan et 

al. and found re (SiH-) = 1.566 ± 0.004 Å with a e (SiH-) = 1804 cm-1. Both the original 

and revised values are based on a Badger's rule estimate, and early theoretical results66-68 

supported the revised values. Our DFT results also predict re of the anion in good 

agreement with the revised experimental results.  
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Figure 1 The molecular geometries for the X 2  state of SiH and the X 3 - state of SiH-. 
Bond lengths are in angstroms. All results were obtained with the DZP++ basis set. 
Experimental re results for SiH and SiH- are from refs 65 and 66, respectively. 

 

To further investigate this matter, we performed CCSD(T)/aug-cc-pVQZ 

computations on SiH and SiH-. We obtain re (SiH) = 1.524 Å and re (SiH-) = 1.553 Å, 

along with e (SiH) = 2043 cm-1 and e (SiH-) = 1860 cm-1. The theoretical neutral bond 

length is just 0.004 Å longer than experiment and the harmonic frequency is only 1 cm-1 

greater than the experimental e = 2042 cm-1. Furthermore, previous UCCSD(T)/aug-cc-
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pV5Z calculations34 predict re (SiH) = 1.522 Å. Our re (SiH-) is 0.013 Å shorter than 

Rosmus and Meyer's revised value. Because the original experiment did not directly 

deduce e, an error of ~50 cm-1 in the determination of e can be expected.4 We therefore 

suggest that the true re and e for SiH- are within ± 0.01 Å and ± 40 cm-1 of our 

CCSD(T)/aug-cc-pVQZ values. As with SiH, the hybrid functionals predict the best re for 

SiH-, being within ± 0.008 Å of the CCSD(T) value, while the pure functionals 

overestimate the CCSD(T) result by at least 0.019 Å.  

The EAad with CCSD(T) is 1.248 or 1.259 eV with ZPVE correction, and is only 

0.029 or 0.018 (with ZPVE) eV lower than the experimental4 laser photoelectron value of 

1.277 ± 0.009 eV. As with Si, the best DFT electron affinity for SiH was predicted by 

B3LYP, which value is close (better than 0.03 eV) to experiment for both EAvert and 

EAzero. Other functionals gave electron affinity results within ± 0.2 eV, except for LSDA 

and B3P86. (See Table 2.)  

The electron affinity69 of CH is similar to the electron affinity of SiH,4 1.238 eV 

vs 1.277 eV. Density functional theory also describes EAad (CH) well,47 though our 

results for EAad (SiH) are about 0.1 eV better on average.  

 

C. SiH2 and SiH2
-.  

Our optimized geometries for silylene, SiH2 (  1A1) and SiH2
- (  2B1) are shown 

in Figure 2. The three hybrid functionals are within ± 0.014 Å of the experimental70 SiH2 

r0 value, while the pure functionals overestimate experiment by at least 0.014 Å. All 

functionals are within 1.1  of the experimental angle, except LSDA. Our results for the 

neutral species are similar to the recent UCCSD(T)/aug-cc-pV6Z results of 1.516 Å and 
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92.3 .34 We observe little change in the HSiH angle between SiH2 and SiH2
-, in 

accordance with the Walsh picture for the valence b1 molecular orbital in XH2 molecules. 

The bond lengths in SiH2
- are about 0.02 Å longer than the neutral. Compared to 

methylene, CH2, the electronic states for the anions (2B1) are the same, but states for the 

neutral species are different: the ground state for methylene is 3B1 vs 1A1 in silylene. 

Predicted geometries and electron affinities with DFT for SiH2 and SiH2
- should be more 

accurate than for CH2,47 which has large multireference character in its wave function due 

to the near degeneracy of the valence a1 and b1 molecular orbitals. 

Our theoretical EAad, EAzero, EAvert, and VDE for SiH2 are listed in Table 2. The 

predicted EAad ranges from 1.00 to 1.74 eV, among which BHLYP predicts the lowest 

EAad. The BHLYP EAad and EAvert are often lower than those obtained with the other 

functionals, as is the case in many inorganic fluoride series.39-43 Because there is not 

much difference in geometries between the neutral and the anion, the differences with a 

given functional between EAad, EAzer, EAvert, and VDE are small. From Leopold et al.71 

CH2 has an experimental electron affinity of 0.652 eV compared to Kasdan, Herbst, and 

Lineberger's laser photoelectron spectrometry results for SiH2 of 1.124 ± 0.020 eV.4 The 

large difference in EAs for methylene and silylene is due to the fact that the extra electron 

must add to a singly occupied a1 orbital in CH2, but adds to a unoccupied, nonbonding b1 

orbital in SiH2. For SiH2, B3LYP, BLYP, and BHLYP EAzero values are within ± 0.09 eV 

of experiment; remarkably in CH2, B3LYP, BLYP, and BP86 are within 0.14 eV of 

experiment. However, BHLYP suffers from Hartree-Fock deficiencies, predicting an EA 

0.35 eV lower for the multireference described CH2.47 
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Figure 2 The molecular geometries for the 1A1 state of SiH2 and the 2B1 state of SiH2
-. 

Bond lengths and bond angles are in angstroms and degrees, respectively. All results 
were obtained with the DZP++ basis set. Experimental r0 results are from ref 70. 

 

D. SiH3 and SiH3
-.  

The C3v symmetry equilibrium geometries of the SiH3 (  2A1) radical and SiH3
- 

(  1A1 ) anion are shown in Figure 3. The neutral, silyl radical bond lengths ranged from 

1.474 (BHLYP) to 1.496 (BP86) Å, and the bond angles from 111.1  to 111.4 . All 
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methods overestimate the experiment values72 of 1.468 Å and 110.5 . However, our 

results are much closer to the UCCSD(T)/aug-cc-pVQZ values34 of 1.482 and 111.3 . 

The anion bond distances are significantly longer, 1.532 to 1.558 Å, and the angles are 

tighter, 93.8  to 96.0 . This is in agreement with an experimentally observed tightening 

from ~112.5  to ~94.5  between the neutral species and the anion.7 Our hybrid 

functional bond lengths for the anion are just ± 0.007 Å from the BS1 CCSD(T)-R12 

results, r(Si-H) = 1.538 Å, obtained by Aarset et al.36 The pure functionals overestimate the 

CCSD(T) result by at least 0.14 Å. All bond angles are in reasonable agreement with the 

BS1 CCSD(T)-R12 bond angles of 95.196 . 

The best electron affinity result was from the B3LYP level of theory, EAad = 1.40 

eV, which is 0.01 eV lower than that determined by photoelectron spectroscopy,7 1.406 ± 

0.014 eV, though agreement is slightly worse with the ZPVE correction. The EAvert 

ranged from 0.72 to 1.57 eV and the VDE ranged from 1.68 to 2.55 eV. It is interesting to 

note that the electron affinity of the methyl radical,73 where the neutral species is D3h 

(2A2' '), is only 0.08 eV compared to 1.406 eV for the silyl radical.7 B3LYP and BLYP 

both predict EA (CH3) to within 0.05 eV.74 

 

E. SiH4 and SiH4
-.  

The optimized Td geometries of silane, SiH4 (  1A1) and SiH4
- (  2A1) are shown 

in Figure 4. The three hybrid functionals predict a neutral Si-H bond length within 0.008 

Å of the experimental value,6 whereas the pure functionals overestimate experiment by 

nearly 0.02 Å. We also note that UCCSD(T)/aug-cc-pV5Z results give a bond length of 

1.480 Å.34 
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Figure 3 The molecular geometries for the 2A1 state of SiH3 and the 1A1 state of SiH3
-. 

Bond lengths and bond angles are in angstroms and degrees, respectively. All results 
were obtained with the DZP++ basis set. Experimental r0 results for SiH3 is from ref 72, 
and for SiH3

- from ref 7. 
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Figure 4 The molecular geometries for the 1A1 state of SiH4 and the unbound 2A1 state 
of SiH4

-. Bond lengths are in angstroms. All results were obtained with the DZP++ basis 
set. Experimental re results are from ref 6. 

 

 

  



46  

Although SiH4
- is predicted to have an equilibrium geometry with each functional, 

all functionals predict the anion to be unbound with respect to neutral SiH4. (See Table 

2.) As both CH4 and SiH4 have filled (Ne, Ar-like) valences, neither displays a formal 

electron affinity. For SiH4, only EAvert has any physical meaning, as it represents the 

magnitude of the temporary (picosecond) electron resonant anion state.  

 

F. Si2 and Si2
-.  

Our optimized geometries for Si2 (X 3
g

-) and Si2
- (X 2 +

g) are shown in Figure 5. 

The geometry closest to experiment for the bond length was at the BHLYP level of 

theory, which was 0.003 Å longer than Huber and Herzberg's value.65 Other functionals 

overestimate experiment by at least 0.025 Å, and even the UCCSD(T)/aug-cc-pV6Z 

result34 overestimates by 0.006 Å. For the anion, the bond length shortens over that of the 

neutral as the electronic configuration changes from a σg
2

u
2 configuration to a u

4σg 

configuration, which corresponds to a X 2
g

+ state. The 2
u state arising from a u

3σg
2 

configuration is known from experiment10-12 to lie just 0.025 eV higher. Our predicted 

bond lengths for the anion are in reasonable agreement with experimental value re = 

2.127 Å for 2
g

+ as given by Nimlos, Harding and Ellison.15 This is also similar to re = 

2.1104 Å as derived by Liu and Davies.11,12  

Our predicted EAad values for Si2 ranged from 1.79 to 2.90 eV, among which the 

BHLYP predicts the smallest (1.79 eV). The EAzero value predicted by BP86 was 0.07 eV 

larger than the experimental value: 2.202 ± 0.01 eV.10,15,16 Our DFT results are within 

0.23 eV of experiment for this system with BP86, BLYP, and B3LYP. We also note the 

QCISD(T)/17s,6p,3d,1f value EA = 2.09 eV as obtained by Raghavachari and Rohlfing.18 
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Figure 5 The molecular geometries for the X 3 g
- state of Si2 and the X 2 g

- state of Si2
-. 

Bond lengths are in Å. All results were obtained with the DZP++ basis set. Experimental 
re values for Si2 and Si2

- are from refs 65, 11, 12, and 15, respectively 

 

The σg and σu molecular orbitals in the C2 molecule are extremely close in energy 

and give rise to two nearly degenerate states: 3
u and 1

g
+, with the latter being the 

ground65 state by only 716 cm-1. Like many traditional ab initio methods, density 

functional theory has difficulties in describing ground-state C2.47,75-77  Indeed, most 
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functionals predict the triplet state to be the ground state and result in highly spin 

contaminated wave functions for the singlet state. However, if one examines the electron 

affinities for C2 using the contaminated singlet state results, one finds that the B3LYP, 

BLYP, and BP86 functionals all predict EAs78 within 0.3 eV of the experimental value 

3.269 eV.79 

In contrast, the highest occupied σu orbital is lower than the analogous σg orbital 

in Si2, and gives a 3
g

- ground state in Si2,65 and the same three functionals give EA's 

within 0.23 eV of the experimental value, with wave functions that do not suffer from 

virtually any spin contamination effects for the neutral or anion species, despite the mere 

0.025 eV X 2
g

+ - A 2
u splitting in the anion. Hence, despite the fact that DFT can 

predict EAs that are tolerable for both C2 and Si2, the DFT results for Si2 appear to be 

more satisfying from a quantum mechanical point of view.  

 

G. Si2H and Si2H-.  

There are three possible structures for neutral Si2H: linear (D h), bent (Cs), and 

H-bridged (C2v) structures. In 1996, at the CCSD/TZ2P(f,d) level, Ma, Allinger, and 

Schaefer30 predicted the lowest energy structure to be C2v (bridged) with a 2B1 state for 

neutral Si2H.30 The Ã 2A1 state was suggested to be just 0.07 eV higher than the 2B1 state. 

These results were compared to the MRCI(D) results of Kalcher and Sax27 which placed 

the 2A1 state 0.02 eV lower than the 2B1 state. Most recently, photoelectron spectroscopy 

experiments by Neumark and co-workers13 and their QCISD(T)/6-31G* computations 

assigned the state to be 2A1, with a 3  smaller Si-H-Si angle than the Ã 2B1 state, and 
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an -Ã splitting of only 0.01 eV by theory and 0.020 ± 0.005 eV by experiment. It is 

clear that the two electronic states are essentially degenerate.  

Our DFT results all show the 2A1 state to have a ~3  smaller Si-H-Si angle ~79  

vs ~82  (See Figure 6). The three hybrid functionals place the 2B1 state as the ground 

state, by 0.008 (B3P86), 0.04 (B3LYP), and 0.12 (BHLYP) eV. While the pure 

functionals have the 2A1 state lower by 0.0007 (BLYP), 0.04 (BP86), and 0.13 (LSDA) 

eV. In this work, we report results for both states. Our geometries for the neutral 2A1 state 

are in general agreement with the QCISD(T)/6-31G* results of Neumark:13 RSi-H = 1.690 

Å, rSi-Si = 2.182 Å, and Si-H-Si = 80.4 . The H-bridged anion has a 1A1 ground state.27,30 

To ensure that the H-bridged anion is the lowest energy Si2H- isomer, we optimized 

linear SiSiH- (1 +), which unlike neutral, linear SiSiH, does not suffer from the Renner 

effect, and thus remains a linear species. At the B3LYP level, without zero-point 

correction, we find linear SiSiH- to be 8.9 kcal/mol (0.4 eV) higher than the H-bridged 

anion. This is similar to results reported by Kalcher and Sax27 of 7.3 kcal/mol using 

MRCI(D). Thus, both the neutral and anion species of Si2H adopt H-bridged structures.  

The B3LYP zero-point corrected adiabatic electron affinities are 2.26 eV (2B1

1A1) and 2.31 (2A1
1A1) compared to the experimental 2.31 ± 0.01 eV (2A1

1A1), given 

by photoelectron spectroscopy.13 BP86 and BHLYP (2A1
1A1) EAzero values are within ± 

0.1 eV of experiment. (See Table 3.) The EA (CCH), which in contrast to Si2H involves 

linear neutral and anion species, is larger than that for Si2H, the former being 2.97 eV.79 
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Figure 6 The molecular geometries for the 2A1 and Ã 2B1 states of Si2H and the 1A1 
state of Si2H-. Bond lengths and bond angles are in angstroms and degrees, respectively. 
All results were obtained with the DZP++ basis set. 
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H. Si2H2 and Si2H2
-.  

The dibridged C2v or "butterfly" equilibrium geometry of disilyne, Si2H2 (  1A1), 

and its anion, Si2H2
- (  2A2) are shown in Figure 7. These molecules are good examples 

of silicon hydride molecules that show different bonding characteristics from their carbon 

analogues: linear acetylene, which has no formal EA. For the neutral Si2H2, the C2v 

(dibridged) symmetry structure has been shown to be the most stable form.21,26,80,81   Our 

hybrid DFT bond lengths for the neutral species slightly underestimate the experimental82 

Si-H distance but find good agreement for the Si-Si distance. The anion shows longer 

bond distances, ~0.13 Å for Si-Si, and a ~13  larger H-Si-Si-H torsion angle. 

The predicted electron affinities for Si2H2 are small; our values ranged from 0.06 

to 0.93 eV for the EAad. The B3LYP level of theory gives 0.45 eV for EAzero, which may 

be representative of the true electron affinity. The experimental electron affinity is not 

known, as the anion (Si2H2
-) has never been detected. Our prediction of a small, but 

positive EA for Si2H2 is in contrast to the conclusion of Kalcher and Sax,24 who state that 

"dibridged disilyne...is devoid of any propensity to bind an additional electron". Kalcher 

and Sax provide no theoretical computations to support this claim. 

 In Figure 8, we show four isomers of Si2H2
-. With B3LYP, we find that the 

disilavinylidene anion is 24.3 kcal/mol lower than the dibridged structure, and thus 

represents the global minimum for Si2H2
-. Detachment from the anion to neutral 

disilavinylidene has an EAad = 1.86 eV or EAzero = 1.87 eV. This implies that, at the 

B3LYP level, neutral disilavinylidene lies 10.8 kcal/mol above dibridged Si2H2, in good 

agreement with the higher level 12.3 kcal/mol value reported by Grev and Schaefer.81 
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Our EAzero for disiavinylidene compares well to that of Kalcher and Sax24 who give a 

CEPA EA = 1.73 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 The molecular geometries for the 1A1 state of dibridged Si2H2 and the 2A2 
state of dibridged Si2H2

-. Bond lengths and bond angles are in angstroms and degrees, 
respectively. All results were obtained with the DZP++ basis set. Experimental r0 values 
are from ref 82. 
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Figure 8 Four structural isomers of Si2H2
- . All results depicted are at the B3LYP level. 

For optimized geometries of the dibridged structure, see Figure 7. Relative energies are in 
kcal/mol and without ZPVE correction. Bond distances are in angstroms and angles in 
degrees. 

 

Thus, we have two electron affinities for Si2H2: EAzero = 0.45 eV, representing 

electron attachment to the dibridged neutral, and EAzero = 1.87 eV representing electron 

detachment from the disilyinylidene anion. However, in examining the dibridged Si2H2
- 

anion, we encountered wave function symmetry breaking problems: the UHF solution has 
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an imaginary b2 harmonic frequency of 4839i cm-1, with an IR intensity too large to be 

determined by Gaussian 94. Density functional theory is known to avoid artifactual 

symmetry breaking in many instances, especially when the exchange functional does not 

incorporate Hartree-Fock exchange. 83   Thus, it is no surprise that the magnitude of the b2 

mode changed from 4839i (UHF), 819i (BHLYP), 202i (B3LYP), to real values greater 

than 326 cm-1 for the remaining four functionals. Nonetheless, we suspect the B3LYP 

energetics to be relatively unaffected by the symmetry breaking and hence still 

recommend EAzero = 0.45 eV for the dibridged neutral.  

 

 

I. Si2H3 and Si2H3
-.  

In 1997, Gong, Guenzburger, and Suitovitch33 explored five neutral Si2H3 

isomers: two monobridged isomers, HSiHSiH (C2) and H2SiHSi (Cs); a dibridged isomer; 

a tribridged isomer; and H3SiSi (Cs). Their ab initio molecular dynamics method found 

the monobridged HSiHSiH (C2) isomer to be the lowest energy isomer, just 0.04 eV 

below the other monobridged isomer, 0.09 eV below the dibridged isomer, and more than 

0.39 eV below the remaining two isomers. However, they did not examine the near-

planar H2SiSiH isomer (C1). G2 results for this isomer show it to be nearly equivalent in 

energy to the silylsilylidyne, H3SiSi (Cs) isomer.23 Kalcher and Sax,24,85 report an EA of 

2.20 eV using CEPA computations between the near-planar neutral H2SiSiH isomer and a 

corresponding near-planar anion. They did not report results for other isomers.  

It is beyond the scope of this paper to perform a complete investigation of all 

neutral and anion isomers. However, the previous results just discussed would indicate 
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that one of monobridged HSiHSiH (C2), near-planar H2SiSiH (C1), or H3SiSi (Cs) is 

likely to be the neutral global minimum. In Figure 9, we show neutral and anion results 

for these three isomers at the B3LYP level. The near-planar C1 isomer becomes planar 

with the anion and more than 11 kcal/mol more stable than the other two anion isomers. 

For the neutral, as first noticed by Curtiss et al.,23 we find that the near-planar H2SiSiH 

and H3SiSi isomers are nearly equivalent in energy, the former being more stable by just 

0.02 kcal/mol. Although our results at the present level of theory cannot definitively 

conclude which isomer is the most stable, because of the strong preference for the anion 

to adopt a planar H2SiSiH- structure we report only EA results between the planar 

H2SiSiH- isomer and the near-planar H2SiSiH isomer with all levels of theory. At the 

B3LYP level only, the EAzero between neutral and anion silylsilylidyne (H3SiSi) isomers 

is 1.01 eV.  

The near-planar (C1) structure of Si2H3 (  2A) and the planar Si2H3
- (  1A') 

structures are shown in Figure 10. The most accurate adiabatic electron affinity is likely 

to come from the B3LYP level of theory, which gives EAzero of 2.21 eV (See Table 3). 

Note that C2H3 also has a Cs, H2CCH structure for both the neutral and anion, but has a 

much smaller EA = 0.667 eV.86 

 

J. Si2H4 and Si2H4
-.  

From two possible Cs (silylsilylene) and C2h (disilene) isomers, previous 

theoretical work23,24,84 determined the lowest energy structure of neutral Si2H4 to be the 

C2h isomer. Ernst, Sax, and Kalcher84 predicted silysilylene to lie 9.1 kcal/mol above 

disilene with a 19.8 kcal/mol barrier for disilene to silysilylene isomerization. This is in 
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agreement with our B3LYP results which show that disilene is 6.5 kcal/mol more stable. 

In the anion, we find that the silylsilylene structure (H3SiSiH-, Cs, 2A' ') is slightly lower 

in energy than the disilene structure (H2SiSiH2
-), specifically, 2.9 and 1.7 kcal/mol with 

B3LYP and BP86, respectively (See Figure 11). However, because of the strong 

preference for the neutral species to adopt the disilene structure, we consider only the EA 

of disilene at all levels of theory in this present work. Our optimized disilene structures, 

Si2H4 (  1Ag) and Si2H4
- (  2Ag) are shown in Figure 12. The neutral and anion 

geometries differ significantly. In the anion, the Si-Si bond lengthens by ~0.16 Å and the 

Si-Si-H angle decreases from about 118  to 105 . The Si2H4
- anion appears to be two 

SiH2 units loosely bound (Si-Si 2.33 Å) by a single electron between two overlapping b1 

orbitals. (Recall that the b1 orbital in SiH2 is the LUMO and is oriented perpendicular to 

the molecular plane). On the other hand, neutral Si2H4
 is bound by the overlap of two 

filled (in-plane) a1 orbitals from each SiH2 unit leaving Si2H4 nearly planar (Si-Si 2.17 

Å). For Si2H4, our optimized geometries agree with Curtiss et al.'s23 MP2/6-31G* results, 

which give Si-Si = 2.164 Å. 

In contrast to Si2H4, ethylene has D2h symmetry. Whereas planar ethylene has no 

electron affinity,87 Si2H4 has a rather large electron affinity, specifically, EAad = 1.28 eV 

at the B3LYP level of theory (see Table 3). This is similar to the B3LYP EAad for a 

single SiH2 unit, 1.17 eV. The EAad values for Si2H4 ranged from 1.13 to 1.68 eV, 0.28 to 

1.08 eV for EAvert, and 1.59 to 2.37 eV for VDE, which agree well with previous CEPA 

predictions.24 There are no experimental electron affinities available for Si2H4. We 

predict the Si2H4 (disilene) electron affinity to be 1.34 eV, using our B3LYP EAzero 

result. The EAzero between neutral and anion silylsilylene (H3SiSiH) isomers is 1.71 eV. 
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Figure 9 Three structural isomers of each Si2H3 and Si2H3
-. All results depicted are at the 

B3LYP level. For optimized geometries of the near-planar and planar H2SiSiH/H2SiSiH- 
isomers, see Figure 10. Relative energies are in kcal/mol and without ZPVE correction. 
Bond distances are in angstroms and angles in degrees. 
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Figure 10 The molecular geometries for the 2A state of near-planar Si2H3 and the 1A 
state of planar Si2H3

-. Bond lengths and bond angles are in angstroms and degrees, 
respectively. All results were obtained with the DZP++ basis set. 

 

  



59  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 The molecular geometries for the 1Ag state of Si2H4 and the 2Ag state of 
Si2H4

-. Bond lengths and bond angles are in angstroms and degrees, respectively. All 
results were obtained with the DZP++ basis set. 
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Figure 11 Two structural isomers of each Si2H4 and Si2H4
-. All results depicted are at the 

B3LYP level. For optimized geometries of the disilene isomers see Figure 12. Relative 
energies are in kcal/mol and without ZPVE correction. Bond distances are in angstroms 
and angles in degrees. 
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Figure 13 The molecular geometries for the 2A' state of Si2H5 and the 1A' state of 
Si2H5

-. Bond lengths and bond angles are in angstroms and degrees, respectively. All 
results were obtained with the DZP++ basis set. 
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The best adiabatic electron affinity is expected to be 1.85 eV given by B3LYP, 

EAzero. Other functionals ranged from 1.61 (BHLYP) to 2.50 eV (LSDA) for EAzero, and 

0.96 to 1.84 eV for EAvert and 2.22 to 3.16 eV for the VDE.  

L. Si2H6 and Si2H6
-.  

The D3d symmetry disilane, Si2H6 (  1A1g ) and Si2H6
- (  2A2u ) optimized 

geometries are shown in Figure 14. All of our gradient functionals overestimate the 

experimental bond distance extracted from Shotten, Lee, and Jones's Raman spectroscopy 

results.17 The Si-Si bond distances with the BHLYP and B3P86 level of theory are only 

0.005 Å longer than experiment, 2.327 Å. Our DFT average bond angle of equatorial 

HSiH was 108.6  compared to the experimental 107.8 . Our results are close to 

previous UCCSD(T)/aug-cc-pVQZ results,34 which give rSi-Si = 2.346 Å, rSi-H = 1.484 Å, 

and H-Si-H = 108.7 . The anion displays a similar geometry with a Si-Si distance which 

is about 0.07 Å longer. It is interesting to note that previous UHF/DZPD results28 show 

that D3d Si2H6
- has two doubly degenerate imaginary frequencies and a long Si-Si bond of 

3.423 Å. In contrast, all our DFT results for the D3d anion show it to be a minimum with a 

much more reasonable Si-Si length of about 2.4 Å.  

Our predicted adiabatic electron affinity for disilane is -0.61 eV (B3LYP), and 

unbound with each functional (see Table 3). As one might expect, there are no 

experimental electron affinities available, as is the case for C2H6, and the only relevant 

theoretical results are the EAvert, as with SiH4. 
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Figure 14 The molecular geometries for the 1A1g state of Si2H6 and the unbound 2A2u 
state of Si2H6

-. Bond lengths and bond angles are in angstroms and degrees, respectively. 
All results were obtained with the DZP++ basis set. Experimental r0 values are from ref 
17, but r0(Si-H) is an assumed value. 
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Table 3.2.: The Adiabatic Electron Affinity (EAad), Zero-Point Corrected EAad (EAzero), 
Vertical Electron Affinity (EAvert), and the Vertical Detachment Energy (VDE) for SiHn 
(n = 1-4) Species, Presented in eV (kcal/mol in Parentheses) 
Species Method EAad EAzero EAvert VDE  
SiH  B3LYP  1.28(29.6)  1.30(29.9)  1.28(29.5)  1.29(29.7)  
  B3P86  1.89(43.7)  1.90(43.9)  1.89(43.6)  1.90(43.8)  
  BHLYP  1.11(25.6)  1.12(25.9)  1.11(25.5)  1.12(25.8)  
  BLYP  1.16(26.8)  1.17(27.0)  1.16(26.7)  1.17(26.9)  
  BP86  1.48(34.0)  1.49(34.3)  1.47(33.9)  1.48(34.1)  
  LSDA  1.89(43.7)  1.90(43.9)  1.89(43.6)  1.90(43.8)  
  CCSD(T)  1.248(28.8)  1.259(29.0)      
  exptla    1.277 ± 0.009    1.276 ± 0.006  
SiH2  B3LYP  1.17(27.0)  1.20(27.6)  1.16(26.8)  1.18(27.3)  
  B3P86  1.76(40.7)  1.79(41.2)  1.75(40.4)  1.77(40.9)  
  BHLYP  1.00(23.2)  1.03(23.8)  0.99(22.9)  1.02(23.5)  
  BLYP  1.05(24.3)  1.08(24.8)  1.04(24.0)  1.06(24.5)  
  BP86  1.34(31.0)  1.37(31.5)  1.33(30.8)  1.35 (31.2)  
  LSDA  1.74(40.1)  1.76(40.6)  1.73(39.9)  1.75(40.3)  
  exptlb    1.124 ± 0.020    1.124 ± 0.003  
SiH3  B3LYP  1.40(32.2)  1.45(33.4)  0.96(22.0)  1.91(44.0)  
  B3P86  1.89(43.5)  1.94(44.7)  1.43(32.9)  2.42(55.9)  
  BHLYP  1.17(26.9)  1.22(28.1)  0.72(16.5)  1.68(38.8)  
  BLYP  1.31(30.3)  1.37(31.5)  0.84(19.4)  1.81(41.8)  
  BP86  1.49(34.5)  1.55(35.7)  1.05(24.3)  2.02(46.6)  
  LSDA  2.02(46.5)  2.06(47.6)  1.57(36.3)  2.55(58.7)  
  exptlc    1.406 ± 0.014      
SiH4  B3LYP  -0.74(-17.0)  -0.73(-16.8)  -0.74(-17.0)  -0.74(-17.0)  
  B3P86  -0.32(-7.3)  -0.30(-7.0)  -0.32(-7.3)  -0.32(-7.3)  
  BHLYP  -0.91(-21.1)  -0.91(-21.0)  -0.91(-21.1)  -0.91(-21.1)  
  BLYP  -0.80(-18.4)  -0.79(-18.2)  -0.80(-18.4)  -0.80(-18.4)  
  BP86  -0.64(-14.7)  -0.62(-14.4)  -0.64(-14.7)  -0.63(-14.6)  
  LSDA  -0.28(-6.5)  -0.26(-6.1)  -0.28(-6.5)  -0.28(-6.4) 

a Reference 4. b Reference 4. c Reference 7. 
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Table 3.3.: The Adiabatic Electron Affinity (EAad), Zero-point Corrected EAad (EAzero), 
Vertical Electron Affinity (EAvert), and the Vertical Detachment Energy (VDE) for Si2Hn 

(n = 0-6) Species, Presented in eV (kcal/mol in Parentheses) 
species method EAad EAzero EAvert VDE  
Si2  B3LYP  2.06(47.5)  2.05(47.4)  1.86(42.9)  2.28(52.6)  
  B3P86  2.65(61.2)  2.65(61.1)  2.44(56.4)  2.89(66.6)  
  BHLYP  1.79(41.3)  1.78(41.1)  1.60(36.9)  2.00(46.1)  
  BLYP  1.98(45.6)  1.97(45.4)  1.77(40.8)  2.08(47.9)  
  BP86  2.28(52.6)  2.27(52.4)  2.07(47.6)  2.28(52.7)  
  LSDA  2.90(66.8)  2.89(66.7)  2.66(61.3)  3.16(72.8)  
  exptla    2.202 ± 0.010     
Si2H (2B1 2A1)  B3LYP  2.27(52.3)  2.26(52.1)  2.22(51.2)  2.31(53.3)  
  B3P86  2.86(65.8)  2.85(65.6)  2.81(64.8)  2.90(66.9)  
  BHLYP  2.08(48.0)  2.07(47.8)  2.04(47.0)  2.13(49.1)  
  BLYP  2.13(49.0)  2.12(48.9)  2.08(48.0)  2.17(50.1)  
  BP86  2.42(55.8)  2.41(55.6)  2.37(54.7)  2.46(56.8)  
  LSDA  3.00(69.1)  2.99(68.9)  2.95(68.0)  3.05(70.3)  
Si2H (2A1 1A1)  B3LYP  2.31(53.2)  2.31(53.3)  2.30(53.1)  2.31(53.3)  
  B3P86  2.86(66.0)  2.87(66.1)  2.86(65.8)  2.90(66.9)  
  BHLYP  2.20(50.8)  2.21(50.9)  2.20(50.7)  2.13(49.1)  
  BLYP  2.13(49.0)  2.13(49.1)  2.12(48.8)  2.17(50.1)  
  BP86  2.38(54.8)  2.38(54.9)  2.37(54.6)  2.46(56.8)  
  LSDA  2.87(66.2)  2.87(66.2)  2.86(65.9)  3.05(70.3)  
  exptlb    2.31 ± 0.10      
Si2H2 (dibridged)  B3LYP  0.34(7.7)  0.45(10.4)  0.23(5.3)  0.47(10.8)  
  B3P86  0.91(21.0)  1.01(23.4)  0.80(18.5)  1.04(24.0)  
  BHLYP  0.06(1.4)  0.18(4.1)  -0.04(-0.9)  0.18(4.2)  
  BLYP  0.29(6.8)  0.38(8.7)  0.18(4.3)  0.44(10.1)  
  BP86  0.57(13.1)  0.65(14.9)  0.46(10.6)  0.70(16.2)  
  LSDA  0.93(21.5)  1.00(23.1)  0.83(19.0)  1.07(24.6)  
Si2H3  B3LYP  2.21(51.0)  2.21(51.0)  2.09(48.2)  2.28(52.7)  
  B3P86  2.78(64.1)  2.78(64.1)  2.65(61.1)  3.65(84.3)  
  BHLYP  2.00(46.0)  1.99(45.9)  1.88(43.4)  2.91(67.1)  
  BLYP  2.09(48.1)  2.09(48.2)  1.93(44.5)  2.16(49.9)  
  BP86  2.35(54.3)  2.35(54.3)  2.18(50.3)  2.43(56.1)  
  LSDA  2.92(67.4)  2.92(67.3)  2.68(61.9)  3.02(69.7)  
Si2H4 (disilene)  B3LYP  1.28(29.5)  1.34(31.0)  0.58(13.5)  1.80(41.4)  
  B3P86  1.83(42.2)  1.89(43.6)  1.08(24.9)  2.37(54.6)  
  BHLYP  1.16(26.8)  1.23(28.4)  0.28(6.4)  1.75(40.3)  
  BLYP  1.13(25.9)  1.19(27.4)  0.54(12.5)  1.59(36.7)  
  BP86  1.36(31.4)  1.42(32.8)  0.74(17.1)  1.85(42.7)  
  LSDA  1.68(38.8)  1.74(40.1)  1.01(23.3)  2.19(50.6)  
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Si2H5 (disylyl 
radical)  B3LYP  1.80(41.5)  1.85(42.7)  1.20(27.6)  2.46(56.8)  

  B3P86  2.32(53.5)  2.37(54.6)  1.70(39.1)  3.01(69.4)  
  BHLYP  1.56(36.0)  1.61(37.2)  0.96(22.1)  2.22(51.3)  
  BLYP  1.71(39.5)  1.77(40.8)  1.11(25.7)  2.37(54.6)  
  BP86  1.92(44.3)  1.97(45.5)  1.30(30.1)  2.60(60.1)  
  LSDA  2.46(56.6)  2.50(57.6)  1.84(42.4)  3.16(72.8)  
Si2H6  B3LYP  -0.61(-14.1)  -0.53(-12.3)  -0.63(-14.5)  -0.59(-13.5)  
  B3P86  -0.16(-3.7)  -0.08(-1.8)  -0.18(-4.1)  -0.13(-3.0)  
  BHLYP  -0.88(-20.4)  -0.83(-19.2)  -0.89(-20.6)  -0.87(-20.2)  
  BLYP  -0.61(-14.0)  -0.50(-11.6)  -0.63(-14.6)  -0.56(-13.0)  
  BP86  -0.42(-9.8)  -0.32(-7.4)  -0.49(-10.4)  -0.38(-8.8)  
  LSDA  -0.08(-1.8)  0.05(1.0)  -0.11(-2.6)  -0.02(-0.5) 

a Reference 10.b Reference 13. 

 

Conclusions  
 

On the basis of the known experimental geometries (SiH, SiH-, SiH2, SiH3, SiH4, 

Si2, Si2
-, Si2H4, Si2H6) of these systems, we conclude that the DZP++ BHLYP level of 

theory predicts the best geometries, as is the case for other inorganic species.31,39-43 The 

average bond distance error with BHLYP were less than 0.01 Å, compared to all 

experimental values. In general, the hybrid functionals gave better results than the pure 

functionals; pure functionals often overestimated bond lengths, by as much as 0.02 Å in 

some cases.  

For electron affinities, the average absolute error (EAzero vs exptl) with each 

functional in order is B3LYP (0.06 eV) < BLYP (0.12 eV) < BP86 (0.15 eV) < BHLYP 

(0.19 eV) < B3P86 (0.57 eV) < LSDA (0.63 eV). The average maximum error for each 

functional in order is B3LYP (0.15 eV) < BLYP (0.23 eV) < BP86 (0.25 eV) < BHLYP 

(0.42 eV) < B3P86 (0.67 eV) < LSDA (0.69 eV). For all but BHLYP and BLYP, average 

absolute errors between experiment and our predicted EAad are better than those just 
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given for EAzero by 0.01-0.02 eV. Clearly, B3LYP is a superior choice for examining the 

electron affinities of silicon hydride systems. Using B3LYP EAzero values, we predict 

electron affinities for dibridged Si2H2 (0.45 eV), Si2H3 (2.21 eV), disilene Si2H4 (1.34 

eV), and the disilyl radical Si2H5 (1.85 eV). For disilavinylidene, Si2H2, we find an EAzero 

= 1.87 eV, for silylsilylidyne, H3SiSi an EAzero = 1.01 eV, and for silylsilylene an EAzero 

= 1.71 eV. These values are probably within 0.1 eV of the true electron affinities. It is 

also comforting to see that all of B3LYP, BLYP, BP86, and BHLYP methods have 

absolute average errors of less than 0.2 eV, despite low-lying excited states encountered 

in some silicon hydride systems (i.e., Si2
- and Si2H). It is not necessarily surprising that 

BHLYP predicts the best geometries but not the best electron affinities. The BHLYP 

functional has significant Hartree-Fock exchange which increases the method error in 

energy predictions, while on the other hand offsetting the density functional tendency to 

overestimate bond-lengths (as noted in the preceding paragraph).  

Comparing the geometries and electron affinities of the silicon hydride systems to 

corresponding carbon analogues, shows important differences. For example, C2H4 and 

Si2H4 have very different bonding characteristics and show different electron affinities. 

The C2H4 has D2h symmetry whereas Si2H4 has C2h symmetry, and Si2H4 has an electron 

affinity of 1.34 eV (B3LYP) whereas ethylene has no electron affinity. Furthermore, one 

can see that Si2 and C2 have a rather large electron affinity difference, about one eV. 

Some analogues are similar in nature in terms of geometry and/or electron affinities: Si vs 

C, SiH vs CH, SiH4 vs CH4, Si2H5 vs C2H5, Si2H6 vs C2H6. We hope that these theoretical 

predictions will provide motivation for the experimental study of the lesser characterized 

silicon hydride systems, especially in instances such as Si2H2
-, Si2H3

-, and Si2H4
- where 
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the anion potential energy surface does not mirror that of the corresponding neutral 

species. It seems clear that DFT methods would also be useful in predictions of the 

electron affinities of the larger silicon hydrides, beginning with the Si3Hx series.  
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CHAPTER 4 

DO SNARE PROTEINS COMMUNICATE BY A SOLITON MECHANISM? LOCAL 

ELECTRON AFFINITIES OF THE "ZERO-LAYER" ARGININE AND GLUTAMINE1 

 

 

 

 

 

________________________ 
        1Pak, C.H., H.F. Schaefer.  to be submitted to Biochemistry. 

74 

 



75 
 

Abstract:   

The electrostatic interactions in proteins are important due to their profound 

structure and function relationships.  This property in the amino acids arginine and 

glutamine is perhaps a crucial piece of information in understanding the function of the 

“zero-layer” in SNARE proteins.  The SNARE protein complex (bundle) is comprised of 

four alpha helices which contain arginine and glutamine at the “zero-layer,” in a three 

glutamine to one arginine ratio, which forms the strongest side chain bonding.  Here we 

propose that t- and v-SNARE proteins may communicate by a soliton (electron transfer) 

mechanism through the “zero-layer.”    In order to see how much energy is required to 

lose an electron from arginine and glutamine, we determined four different types of local 

neutral-anion energy differences: the local electron affinity (LEAlo), zero-point corrected 

local electron affinity (LEAzero), the vertical electron affinity (EAvert), and vertical 

detachment energy (VDE).   We adopted density functional theory (DFT, B3LYP), and a 

basis set of double-ζ plus polarization quality with additional s- and p-type diffuse 

functions, denoted DZP++.   Both arginine and glutamine seem to have LEAs of about -5 

kcal/mol, which correlates well with the energy of the soliton.   

 

Abbreviations: SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor; SNAP-25, synaptosomal protein of 25 kDa. 
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Introduction  
 

The t- and v-SNARE proteins function as molecular “zip-codes” in cells1.  They 

ensure that the right package (vesicle) is delivered to the right place (membrane).   Only 

when they have correct t- (alpha helical proteins that are attached to the membrane) and 

v-SNARE (an alpha helical protein that is attached to the vesicle) protein pairs, can the 

vesicles embed themselves in the membrane.  The actual mechanism explaining how the 

vesicle recognizes its target place, how it is transported to the right membrane, and the 

fusion process is rather complicated, unclear, and involves multiple steps.  But the 

function of t- and v-SNARE proteins has been well studied and defined2-13.   

The first SNARE proteins were discovered in late 1980s, independently on     

yeast cells and neurons (reviews14-15).  Since then, there have been many studies of these 

proteins, and many more SNARE proteins have been isolated or are expected.  Currently 

there are more than 60 known SNARE proteins, and they are also characterized as Q (t-

SNARE) or R (v-SNARE) proteins.  The symbol Q denotes glutamine, and R denotes 

arginine.  The reason for this grouping is that all the SNARE proteins have Q and R 

amino acids at the center of the SNARE motif (also called the "zero-layer"), and they 

form the strongest side chain bonding in the SNARE protein complex, which is 

composed of four alpha helical strands (Syntaxin, SNAP-25, and VAMP).     

How one protein recognizes the other is a fundamental problem in biology, and 

there are many experiments and theories available, but no clear answer to this question.  

One of the intriguing theories in molecular recognition involves the concept of the 

soliton, also known as the Davydov soliton.   The soliton was first observed by John 

Scott Russell16 in 1834.  Then in 1973, A.S. Davydov suggested that solitons may be 
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created in alpha helices17.  His work proposed a mechanism for the localization and 

transport of vibrational energy in proteins.  Since then, there have been many related 

experiments, and considerable theoretical work has been done on this topic.  According 

to Scott18, “Vibrational energy of the CO stretching (or Amide-I) oscillators that is 

localized on the helix acts ― through a phonon coupling effect ― to distort the structure 

of the helix.  The helical distortion reacts ― again through phonon coupling ― to trap 

the Amide-I oscillation energy and prevent its dispersion. This effect is called self-

localization or self-trapping”18.  One quantum of this Amide-I vibration or C=O stretch 

has a vibrational energy of about 4.7 kcal/mol of energy, which is about the same energy 

as the GTP hydrolysis (4.6 kcal/mol) and about half the energy of the ATP hydrolysis (10 

kcal/mol)19.   This soliton or solitary wave, which can preserve its shape and velocity, 

may be sent off to far distances through myosin to a particular place17.   

SNARE proteins are alpha helical (three alpha helices comprise a  t-SNARE, and 

one alpha helix per v-SNARE); they give the specificity of the vesicle transport, and 

there are microtubules in between.  In order for a specific recognition to take place, there 

has to be a specific long-range interaction between the proteins.  Representing the gas 

phase local electron affinity or LEA (the LEA is the difference between the energy of a 

particular conformation of a neutral system and the energy of the anion with the same 

conformation) of the isolated arginine and glutamine does not necessarily mean much 

when considering the complexity of the system and the number of proteins involved.   

However, if the energy of the soliton and LEAzero match for the arginine and glutamine, 

this may be the place (“zero-layer”) where solitons (electrons) might be exchanged.   
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Arginine and glutamine are also known for their importance in the recognition of 

DNA and RNA20-30.   Not surprisingly, most of the arginine and glutamine are found in 

neuronal cells, and the lack of these nonsynthesized amino acids can be highly 

detrimental to vertebrates, causing mental retardation.  Similarly, supplements of arginine 

and glutamine, known as “immunonutrients,” are often used for HIV patients, cancer 

patients, and patients undergoing major surgeries, due to their known effects in boosting 

the immune system.  Furthermore, these “immunonutrients” are known to provide some 

benefits with respect to impotence, wound healing and endurance for athletes31-32.    

Despite this importance and the ensuing potential benefits, there exists a very 

small amount of theoretical work available on these two amino acids, and most of the 

other twenty amino acids.  Therefore, the main purpose of this project is to explore 

possible conformations of the neutrals and anions of arginine (R) and glutamine (Q), then 

to see if the energy of losing an electron might correspond to the soliton's energy, which 

is known to be about  4.7 kcal/mol.   

When predicting molecular structures and energies, there are many theoretical 

approaches. Considering both the size of the molecule and the reliability of different 

methods, gradient corrected density functional theory (DFT) has been used here.  In 

recent years, we have examined electron affinities for more than 200 atoms and 

molecules using DFT with a standard DZP++ basis set, and have concluded that several 

DFT methods are effective and reliable in predicting electron affinities.  For a 

comprehensive recent review on theoretical and experimental electron affinities, one is 

referred to the recent paper in Chemical Reviews by Rienstra-Kiracofe et. al.33.    
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At this point, it is appropriate to mention more about the new term "local" we are 

using in the context of electron affinities.  When determining the electron affinities for 

inorganic or organic molecules, we study the energy difference between the global 

minima of the neutral and the anion, because they are thermodynamically pertinent.  

However, for this particular study, where we are interested in the kinetically pertinent 

dynamics of losing an electron, we desire to study the energy differences between similar 

local minima (conformations) of the neutral and anion (LEA).    

 

Methods 

Eight low-lying conformations of neutral arginine have been structurally 

optimized here, plus six low-lying conformers of glutamine, with the idea that the two 

amino acids will be fully stretched.  The stretched amino acids have been edited in such a 

way that they will have different orientations of the groups on each end of the amino 

acid.  All the anions were independently structurally optimized, beginning from the 

appropriate neutral equilibrium structures.  During the optimization, structure R7N gave 

rise to both R7A and R2A (Figure 1).  Therefore, two different local electron affinities 

are given for the pairs R7N and R7A and R7N and R2A, with R7A and R2A being 

neighbors in potential energy hyper surface.  All 28 conformations were found to be 

minima after determining the harmonic vibrational frequencies via analytic second 

derivatives for the B3LYP functional.  All computations were carried out using the 

Gaussian 94 program suite34. 

A standard double-ζ plus polarization (DZP) basis set with the addition of diffuse 

functions was utilized.  The DZP++ basis sets were constructed from the Huzinaga-
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Dunning35-36 sets of contracted Gaussian functions with one set of p-type polarization 

functions for each H atom, and one set of five d-type polarization functions for each C, 

N, and O atom [αp(H)=0.75, αd(C)=0.75, αd(N)=0.80, αd(O)=0.85].  The DZP basis was 

augmented with diffuse functions; the C, N, and O atoms received one additional s-type 

and one additional set of p-type functions, while H received one additional s-type 

function.  The diffuse function orbital exponents were determined in an “even-tempered 

sense” as a mathematical extension of the primitive set, according to the formula of Lee 

and Schaefer37.   The final contraction scheme for this basis is C, N, O (10s6p1d/5s3p1d) 

and H (5s1p/3s1p). 

Neutral-anion energy separations were evaluated as differences in total energies in 

the following manner: the classical local electron affinities are determined by, 

EAlo = E(optimized neutral) - E(optimized anion) 

zero-point corrected local electron affinities are determined by, 

          EAzero = E(zero-point corrected neutral) - E(zero-point corrected anion) 

the vertical electron affinities by, 

EAvert = E(optimized neutral) - E(anion at neutral equilibrium geometry) 

and the vertical detachment energies by, 

VDE = E(neutral at anion equilibrium geometry) - E(optimized anion) 
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Results 

The four types of predicted local neutral-anion energy differences for the arginine 

(R) and glutamine (Q) conformers are reported in Table I.  Relative energies and dipole 

moments for the different conformations are given in Table II, and structures in Figures 1 

and 2.  Unless otherwise indicated, zero-point corrected electron affinities (LEAzero) will 

the quantities discussed herein.  

 

A.  Arginine (R) 

There has been some theoretical work done on this amino acid, mostly in regard 

to stability of the zwitterionic vs. nonionic forms38-43.  The conclusion of these earlier 

studies is that isolated arginine, and perhaps most of the other amino acids, exist in the 

zwitterionic form in solution, and in a nonionic form in the gas phase.   For the purpose 

of this study, to determine the small energy differences between the neutrals and the 

anions (LEAs), and to eliminate outside influences on these small energy differences, 

nonionic structures are considered.    

 

a. Electron Affinities 

The first three (R1,R2,R3) conformations of arginine have roughly zero LEAs.  

The next three (R4,R5,R6) conformations are predicted to have LEAs of approximately    

-4.5 kcal/mol.  The last three conformations (R7,R8,R7N-R2A) have positive theoretical 

LEAs ranging from 2.1 to 5.1 kcal/mol.    R4, R5 and R6 are of particular interest not 

only because they have LEAzero values of about -5 kcal/mol, but because the VDEs are 

also about -5 kcal/mol.   The largest structural changes (between neutral and anion) we 
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predict for these conformations involve the peptide bond (see Table III).   It seems that 

orientation of the guanidinium group is not important in determining the LEAs.  These 

neutral-anion structural changes in the peptide bond area may correspond to Xu's44 

"asymmetric kink group" in his alpha helix where the solitons may be able to leave.  The 

kink groups are also often found in DNA and RNA, and also in the Rhodopsin protein, 

where the retinal goes through a cis-trans transformation as it accepts a photon.   

 

b. Relative Energies 

All the neutral conformations of arginine are close in energy, except for R7N and 

R8N, which are predicted to lie about 5 kcal/mol higher.  For the anions, except for R1A, 

R2A, and R3A, the structures are all higher in energy, again by about 5 kcal/mol.  The 

lowest energy conformations for arginine are R1N and R3A, which have the same 

orientation of the peptide bond area and different orientation of the guanidinium group.  

R5A and R7A have essentially the same conformational energy. 

 

c. Charge Distributions 

Weinhold Natural Population Analyses (NPA) have been performed, and some 

interesting patterns have been discovered.  The main difference was noted in hydrogen 

atom (26); R1, R2, and R3 display no significant charge difference between the anion and 

the neutral, whereas R4, R5, and R6 have large neutral-anion charge differences.  For R7 

and R8, the main charge difference is noted for H(5), H(7) and H(26).    Overall, most of 

the charge differences were found in the peptide bond area, and most of the charges were 

well distributed over the molecule.  
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d. Dipole Moments 

We predict very large dipole moments, especially for the anions.  The anion 

conformers all have dipole moments of about 4.5 debye, whereas neutral dipole moments 

range from 1.9 to 5.2 debye.   The theoretical dipole moments do not seem to have a clear 

correlation with the electron affinities or the relative energies. 

 

B. Glutamine (Q)  

There have been some experimental45-48 and theoretical studies47-48 of the neutral 

zwitterionic forms of glutamine.  However, it seems that there has been no experimental 

or theoretical work done on the conventional forms of either the neutrals or anions. 

 

a. Electron Affinities 

The first four conformations (Q1, Q2, Q3, Q4) have very similar predicted 

electron affinities; the average LEAzero and LVDE were -5 kcal/mol and -5.4 kcal/mol 

respectively.  Q5 and Q6 have electron affinities LEAzero of -7.1 kcal/mol and 3 kcal/mol 

respectively.  It seems that the position of the carbonyl group is important in determining 

the LEAs.  Q6, in which the carbonyl group is farthest from the peptide bond end, has a 

local electron affinity of 3 kcal/mol, but Q5, for which the carbonyl group is closest to the 

peptide bond end, has an LEAzero of  -7.1 kcal/mol.   

 

b. Relative Energies 

All of the neutral and anion glutamine conformers have similar conformational 

energies, ranging from 0.0 to 1.9 kcal/mol for the neutrals, and 5.3 to 8.0 kcal/mol for the 
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anions (except for Q6A which is about 5kcal/mol lower in energy than the other anion 

conformers).  In average, anions are about 6 kcal/mol or higher in energy than the 

neutrals and Q6A.  Q6A seems to be the lowest lying energetically, due to hydrogen 

bonding between O(4) and H(18).   

 

c. Charge Distributions 

NPA analysis reveals some differences in electron distribution as a function of the  

conformation of the molecule.  For the stretched forms of glutamine (Q1, Q2, Q3, and 

Q4), which have local electron affinities of about -5 kcal/mol, the main charge difference 

was found for atoms H(18) and H(20).  However, the neutral-anion electron distribution 

differences for the bent Q5 and Q6 were less obvious: for Q5, the main charge 

differences were from atoms H(18) and H(14), but the main charge differences for the Q6 

were found in  the peptide bond area. 

    

d. Dipole Moments 

Both the neutrals and anions of glutamine have large dipole moments, but on 

average, the neutrals have larger dipole moments than the anion conformations.  Like 

arginine, the dipole moments do not seem to have an obvious relationship to the electron 

affinities or relative energies. 

 

Discussion 

In nature, there are only twenty different amino acids, and they are known to be 

important in human life.  Yet, there exist only a very small number of theoretical studies 
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of these critical systems.   Each amino acid has its own unique properties.  For example, 

Nuclear Localization Signal (NLS) sequence often contains proline residue upstream of 

the basic amino acid residues to break the alpha helix formation (to have a "kink"); 

aromatic side chains such as phenylalanine, tyrosine, and tryptophan are known to be 

important in cation-pi interactions, which are often found in the active sites of proteins; 

and basic residues like arginine and lysine are known to be important in biological 

recognition processes.  Considering many of the experimental studies, which confirm the 

importance of arginine and glutamine in biological recognition processes, and based on 

our results, we suggest the recognition or specific interactions between t- and v-SNARE 

proteins may be possible by a soliton mechanism.  This idea is partially supported by the 

recent mutagenesis work done on "zero-layer" by Scales11 who showed that the "zero-

layer" arginine and glutamines are needed for proper dissociation of the SNARE protein 

complex.  If the vesicles and target membrane cannot recognize that they are at the right 

place, the vesicles will not fuse into the membrane, and therefore cannot properly 

dissociate themselves.  This may be due to inefficient exchange of information (solitons) 

between the four alpha helices through the "zero-layer."    
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TABLE  4.1.:   The Local adiabatic electron affinity (LEAad), zero-point corrected 
LEAad  (LEAzero), vertical electron affinity (LEAvert), and the vertical detachment 
energy (LVDE) for the different conformations of the Arginine (R) and Glutamine (Q) 
species presented in eV  (kcal/mol in parentheses). 
 
 
 
 

 

Species Conformations LEAad LEAzero LEAvert LVDE 

Arginine R1 -0.07(-1.7) 0.00(0.0) -0.14(-3.3) 0.01(0.3) 
 R2 -0.05(-1.1) 0.02(0.4) -0.10(-2.3) 0.01(0.2) 
 R3 -0.04(-0.9) 0.02(0.5) -0.08(-1.9) 0.01(0.2) 
 R4 -0.26(-6.0) -0.18(-4.1) -0.28(-6.5) -0.24(-5.5) 
 R5 -0.27(-6.3) -0.19(-4.5) -0.30(-7.0) -0.24(-5.5) 
 R6 -0.29(-6.6) -0.21(-4.9) -0.32(-7.3) -0.25(-5.8) 
 R7 0.01(0.2) 0.09(2.1) -0.05(-1.3) 0.14(3.2) 
 R8 0.06(1.3) 0.13(3.0) -0.13(-2.9) 0.06(1.4) 
 R7N-R2A 0.21(4.8) 0.22(5.1) -0.05(-1.2) 0.01(0.2) 
      

Glutamine Q1 -0.25(-5.7) -0.18(-4.1) -0.29(-6.6) -0.21(-4.8) 
 Q2 -0.27(-6.2) -0.20(-4.7) -0.35(-8.1) -0.17(-4.0) 
 Q3 -0.32(-7.4) -0.24(-5.6) -0.35(-8.0) -0.29(-6.6) 
 Q4 -0.32(-7.4) -0.25(-5.7) -0.44(-10.1) -0.28(-6.5) 
 Q5 -0.39(-9.0) -0.31(-7.1) -0.42(-9.7) -0.35(-8.2) 
 Q6 0.01(0.2) 0.13(3.0) -0.28(-6.4) 1.10(25.4) 
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TABLE  4.2.:   Relative energies (R.E.) and total dipole moments (Dipole) for different 
conformations of Arginine (R) and Glutamine (Q) presented in eV  (kcal/mol in 
parentheses) and Debye. The anion dipole moments were evaluated relative to the center 
of mass. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Species Conformations Neutral 
R.E. 

Neutral 
Dipole 

Anion 
R.E. 

Anion  
Diplole 

Arginine R1 0.00(0.0) 5.2 0.03(0.6) 4.4 
 R2 0.07(1.6) 4.1 0.07(1.6) 4.5 
 R3 0.01(0.2) 4.4 0.00(0.0) 4.4 
 R4 0.11(2.5) 3.7 0.32(7.5) 4.1 
 R5 0.05(1.1) 4.2 0.27(6.3) 4.1 
 R6 0.09(2.0) 1.9 0.33(7.6) 4.3 
 R7 0.33(7.5) 4.8 0.27(6.3) 4.1 
 R8 0.36(8.4) 2.5 0.26(6.1) 6.6 
      

Glutamine Q1 0.08(1.9) 5.0 0.28(6.4) 3.1 
 Q2 0.01(0.2) 4.1 0.23(5.3) 3.0 
 Q3 0.00(0.0) 2.8 0.27(6.2) 1.5 
 Q4 0.03(0.7) 2.1 0.30(6.9) 2.2 
 Q5 0.01(0.2) 2.3 0.35(8.0) 5.4 
 Q6 0.06(1.4) 5.6 0.00(0.0) 0.1 

  
 



  

TABLE  4.3.:   Critical geometrical parameters for different conformations of the neutral (N) and anion (A) of Arginine (R) 
and  Glutamine (Q), given in angstroms and degrees. 
 
 
           R1N R1A R2N R2A R3N R3A R4N R4A R5N R5A
N(1)-C(2)           1.48 1.48 1.47 1.48 1.48 1.48 1.46 1.47 1.46 1.46
C(2)-C(3)           

           
          

          
           

           
           

          
          

           
           
           

          
          

           
           
           

        
          

1.55 1.54 1.55 1.55 1.55 1.55 1.54 1.54 1.54 1.54
C(3)-O(6) 1.34 1.35 1.34 1.34 1.34 1.34 1.36 1.35 1.36 1.35
τ (1-2-3-6) 
 

11.7° 10.7° 345.1° 1.9° 11.1° 9.8° 348.8° 355.3° 167.7° 175.4°

C(2)-C(9) 1.54 1.54 1.54 1.54 1.54 1.54 1.55 1.54 1.55 1.54
C(9)-C(12) 1.54 1.54 1.55 1.55 1.53 1.53 1.54 1.54 1.54 1.54
C(12)-C(15) 1.54 1.54 1.54 1.54 1.54 1.54 1.53 1.53 1.54 1.54
τ (2-9-12-15) 
 

175.9° 187.8° 95.7° 109.3° 182.8° 166.2° 178.5° 184.4° 178.9° 172.9°

N(17)-C(19) 1.40 1.39 1.42 1.40 1.40 1.39 1.40 1.39 1.40 1.39
C(19)-N(22) 1.40 1.39 1.39 1.41 1.40 1.40 1.40 1.40 1.40 1.40
C(19)-N(21) 1.29 1.30 1.29 1.29 1.29 1.30 1.29 1.30 1.29 1.29
τ (17-19-22-21) 
 

180.4° 179.5° 180.9° 181.9° 180.3° 180.7° 180.3° 180.3° 180.6° 180.2°

C(15)-N(17) 1.47 1.47 1.48 1.48 1.47 1.47 1.47 1.47 1.47 1.46
N(17)-C(19) 1.40 1.39 1.42 1.40 1.40 1.39 1.40 1.39 1.40 1.39
C(19)-N(22) 1.40 1.39 1.39 1.41 1.40 1.40 1.40 1.40 1.40 1.40
τ (15-17-19-22) 
 

323.2° 341.9° 313.1° 317.5° 324.5° 330.3° 324.9° 330.8° 323.0° 334.1°
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Table 4.3 continued 
 
 
 
   R6N R6A R7N R7A R8N R8A R7N R2A
N(1)-C(2)        1.46 1.46 1.46 1.47 1.47 1.46 1.46 1.48
C(2)-C(3)        

        
        

  
        
         

         
        

 
         
         
         

        
 

         
         
         

       
 

1.54 1.54 1.55 1.54 1.54 1.55 1.55 1.55
C(3)-O(6) 1.36 1.35 1.36 1.36 1.37 1.35 1.36 1.34
τ (1-2-3-6) 355.6° 334.7° 359.1°

 
44.0° 271.0° 331.0° 359.0°

 
1.9°

     
C(2)-C(9) 1.55 1.55 1.54 1.54 1.54 1.55 1.54 1.54
C(9)-C(12) 1.54 1.54 1.54 1.53 1.54 1.54 1.54 1.55
C(12)-C(15) 1.54 1.54 1.53 1.53 1.53 1.53 1.53 1.53
τ (2-9-12-15) 
 

179.8° 171.1° 175.2°
 

182.3° 174.3° 174.6° 175.2°
 

109.3°
     

N(17)-C(19) 1.40 1.39 1.40 1.38 1.40 1.39 1.40 1.40
C(19)-N(22) 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.41
C(19)-N(21) 1.29 1.30 1.29 1.30 1.29 1.30 1.29 1.29
τ (17-19-22-21) 
 

180.0° 180.5° 180.5°
 

180.0° 180.3° 180.1° 180.5°
 

181.9°
     

C(15)-N(17) 1.47 1.47 1.47 1.47 1.47 1.47 1.47 1.48
N(17)-C(19) 1.40 1.39 1.40 1.38 1.40 1.39 1.40 1.40
C(19)-N(22) 1.40 1.40 1.40 1.40 1.40 1.40 1.40 1.41
τ (15-17-19-22) 
 

323.8° 330.0° 321.8°
 

338.0° 323.5° 334.3° 321.8°
 

317.5°
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Table 4.3 continued 
 
 
 
          Q1N Q1A Q2N Q2A Q3N Q3A Q4N Q4A Q5N Q5A
N(1)-C(2)           1.465 1.465 1.467 1.466 1.463 1.468 1.464 1.472 1.462 1.465
C(2)-C(3)           

           
         

          
           

           
           

          
          

           
           
           

          
          

1.537 1.540 1.533 1.539 1.534 1.537 1.535 1.535 1.543 1.538
C(3)-O(6) 1.364 1.353 1.362 1.353 1.361 1.358 1.360 1.357 1.357 1.363
τ (1-2-3-6) 
 

327.4° 340.5° 312.2° 323.2° 324.3° 315.3° 319.4° 303.4° 33.2° 25.1°

C(2)-C(9) 1.547 1.546 1.542 1.545 1.545 1.543 1.545 1.541 1.543 1.543
C(9)-C(12) 1.537 1.537 1.532 1.542 1.533 1.539 1.534 1.541 1.547 1.542
C(12)-C(15) 1.530 1.530 1.529 1.528 1.529 1.528 1.530 1.527 1.525 1.524
τ (2-9-12-15) 
 

174.7° 181.3° 179.9° 175.8° 167.7° 173.5° 186.9° 175.6° 54.0° 58°

C(15)-O(16) 1.2275 1.2337 1.228 1.234 1.228 1.234 1.228 1.235 1.2336 1.241
C(12)-C(15) 1.5301 1.530 1.529 1.528 1.529 1.528 1.530 1.527 1.525 1.524
C(15)-N(17) 1.3724 1.370 1.374 1.372 1.374 1.369 1.373 1.368 1.369 1.361
∠C(12)C(15)N(17) 115.6° 115.0° 115.0° 115.2° 115.3° 115.7° 115.2° 115.5° 116.6° 115.9°
τ (12-15-17-16) 
 

178.4°
 

179.9°
 

180.6°
 

180.5°
 

179.3°
 

179.2°
 

180.7°
 

179.0°
 

178.7°
 

180.0°
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Table 4.3 continued 
 
 
 
  Q6N Q6A
N(1)-C(2)  1.466 1.486
C(2)-C(3)  

  
  

  
  

  
   

  
 

   
   
   

  
  

 

1.543 1.525
C(3)-O(6) 1.356 1.434
τ (1-2-3-6) 48.2° 51.0°

 
C(2)-C(9) 1.534 1.540
C(9)-C(12) 1.553 1.558
C(12)-C(15) 1.531 1.532
τ (2-9-12-15) 
 

142.3° 118.4°
 

C(15)-O(16) 1.229 1.245
C(12)-C(15) 1.531 1.532
C(15)-N(17) 1.371 1.356
∠C(12)C(15)N(17) 114.1° 115.0°
τ (12-15-17-16) 
 

180.3° 181.4°
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Figure Captions 
 
 
Figures 4.1.   DZP++ DFT local minimum conformations R1-R9 of the neutral (1A state) 
and anionic (2A state) arginine species with atomic charges indicated. Critical 
geometrical parameters for the equilibrium structures are reported in Table III. 
 
 
Figures 4.2.  DZP++ DFT local minimum conformations Q1-Q6 of the neutral (1A state) 
and anionic (2A state) glutamine species with atomic charges indicated.  Critical 
geometrical parameters for the equilibrium structures are reported in Table III. 
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CHAPTER 5 

CONCLUSIONS 

 

As my work demonstrates, the DFT methods, when used in conjunction with 

conventional ab-initio methods, can be very powerful tool in predicting molecular 

structures and energies.  For example, our DFT method predicts the experimental results 

within an absolute error of only 0.01 Å bond distance and 0.06 eV in electron affinity 

with silicon hydrides where many of the experimental data are available (Si, SiH, SiH-, 

SiH2, SiH3, SiH4, Si2, Si2
-, Si2H4, Si2H6).  For other molecules that contain Halogens like 

Bromine Fluorides and Dibromine Oxides, the theoretical methods is a great way to 

understand and perhaps guide the experimentalists because experimental data are scarce 

due to the compounds' volatility. 

There are many interesting chemical problems to be solved, and the tools for 

solving them are getting better each day.  Although current DFT methods, and 

conventional ab-initio methods cannot study large molecular systems that are significant 

to biology, the development of computational chemistry along with advancements in the 

computer industry are quite promising.   
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