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Summary

This thesis primarily details the application of high-level ab initio quantum

chemistry techniques in order to understand aspects of free-radical mediated protein

oxidation. Traditionally, product analysis and electron paramagnetic resonance (EPR)

spectroscopy are the primary means for elucidating the chemistry of protein oxidation.

However, in experiments involving relatively small proteins reacting with a controlled

radical-flux, a vast array of compounds can be produced, which are often difficult to

analyse. Quantum chemical techniques on the other hand, can calculate the properties

of any particular species directly, without suffering from the problems associated with

experiment, such as side—reactions and chain processes. The results presented in this

thesis are aimed at elucidating mechanistic details of protein oxidation, which might

otherwise be difficult to probe experimentally.

Chapter 1 gives an overview of the free—radical hypothesis of disease and

ageing. Protein-derived radicals can undergo a variety of reactions, with the particular

reaction that occurs depending on numerous aspects. Many types of reactions have

been identified through radiolysis experiments of amino acids, and these are detailed in

this chapter. In addition, the key reactive species are characterized and their different

chemistries explained.

Chapter 2 details the theoretical tools used throughout this thesis. Species with

unpaired electrons (radicals) present unique problems for quantum chemistry to handle,

thus an appropriate choice of theoretical technique is needed. The approach taken in

this thesis is to use high—level compound methods, many of which have been directly

formulated to give improved results for radical species, to provide benchmark quality

results by which other less demanding techniques can be assessed.
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During the course of this study, it became apparent there was a void in the

armoury of tools that could be used for the theoretical chemistry calculations. Chapter 3

details the formulation of a new tool in an attempt to fill this gap. Historically, the

formulation of this new procedure came after much of the work in this thesis had been

carried out. Thus, for the study of many of the reactions of this thesis the new method

has not been used. However, it is most appropriate to place its formulation after

summarizing the current status of techniques in common use today.

Chapters 4 and 5 detail computations carried out on models of peptides

containing backbone carbon- and nitrogen-centered radicals. A number of different

theoretical techniques are used in these chapters, ranging from the highly accurate and

computationally intensive to the less reliable and less demanding. The highly accurate

techniques are used to gauge the accuracy of the other less demanding theoretical

techniques so that the latter can be used with confidence in larger systems. Not only is

the choice of theoretical technique important but also the judicious choice of model is

essential. With this in mind, models are incrementally built until convergence of the

panicular property of interest is reached.

Chapters 6 and 7 detail the calculations of B—scission reactions of alkoxyl

radicals, which are a particular class of reaction known to occur on peptide backbones.

Alkoxyl radicals are particularly difficult for theory to describe correctly. Therefore,

Chapter 6 extensively assesses and then identifies the theoretical methods needed to

portray them. Chapter 7 uses the techniques identified in the previous chapter in order

to predict how the preference for a particular type of B-scission reaction changes.
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1.1 Introduction

In 1977 the doublet electron paramagnetic resonance (EPR) spectrum of the

ribonucleotide reductase (RR) protein from Escherichia coli was assigned to a tyrosine

residueI following a number of failed experiments attempting to ascribe it to iron.

Since then numerous other protein-bound free radicals have been identified. Many of

these radicals are characterized by their involvement within a catalytic cycle. They can

be persistent, as in the case of the tyrosine radical of RR, or transient, as in the case of

the 5'-deoxyadenosyl radical involved in vitamin B12 chemistry.2

Great advances in the knowledge of biological processes involving free radicals

have occurred since 1977. However, experimental investigation into free radicals can

be plagued with technical problems. For instance, even the relatively well established

but transient 5 '-deoxyadenosyl radical of vitamin B12 chemistry has never been directly

observed, having only been identified through stabilization effects of ring substitution.3

A theoretical investigation of such a species on the other hand does not suffer from the

same problems because properties may be directly calculated. In addition, theoretical

studies of specific reactions can be directly modelled in the absence of side reactions.

This gives theory a unique advantage over experiment and it has enabled significant

insights to be obtained into the nature of such biological processes. Theory is now

regarded by many as a necessary companion to experimentation for the understanding

of such things as the structures, mechanisms and dynamics of not only biological

systems but many facets of chemistry.

Radom and his co-workers have contributed significantly to the theoretical

elucidation of vitamin Biz chemistry.4 During the process of uncovering mechanistic

aspects of B12 chemistry, Radom and his co-workers have adopted a ‘model’ approach

to investigation, whereby highly accurate ab initio molecular orbital theory is used to

model small systems, perhaps only 3 or 4 atoms from the first row of the periodic table,

on the basis that such systems contain the essential chemistry. This allows theoretical
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benchmarking to be undertaken so that other less computationally demanding

theoretical techniques can be applied with confidence to larger model systems. The

model system approach has been employed successfully to the chemistry of vitamin B12

and will be used throughout this thesis to assist understanding aspects of radical-

mediated protein damage.

A substantial development in the understanding of free radicals involved in

protein damage has taken place in the last quarter of the 20th century. Since the late

1960’s and early 1970’s there has been growing evidence that radical—mediated

oxidative damage to proteins is of primary importance in many diseases such as

Alzheimer’s disease, atherosclerosis and diabetes as well as ageing.” Some researchers

have argued that the occurrence of free radicals at the site of disease was peripheral to

the cause of the disease but it is now understood that free radicals have a vital role to

play in many disease pathologies.

Despite the immense advancement in knowledge, additional experimental

problems can be associated with this particular area of biological free radicals. Radical

species involved in protein damage are not only transient but exist in environments

uncontrolled by enzymes. In addition, an initiating radical can cause damage to

multiple sites on a protein because products of radical reactions are usually radicals

themselves. Therefore a number of reactions may occur before the product radical is

quenched. This can cause the examination of EPR experiments and product analysis,

the two major techniques used in this area of research, to rapidly become unwieldy.

Because experimental impediments have prevented the exact mechanistic understanding

of radical-mediated protein oxidation it is hoped that theoretical chemistry calculations

will supply some of the information that is currently lacking.

The remainder of this chapter will outline, in the first instance, the basis on

which the importance of radical-mediated protein oxidation was established (§1.2).

There will then be an outline of the current experimental and theoretical knowledge of
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specific processes involved in radical-mediated protein oxidation (§l.3 and §l.4).

Finally, there will be a brief overview of how radicals are involved in the pathology of

some diseases (§ 1 .5).

1.2 Superoxide Theory of Oxygen Toxicity

The importance of free radicals in disease has been attributed through the

implications of the superoxide theory of oxygen toxicity. ln aerobes, oxygen (02)7

plays a vital role for the generation of ATP by utilizing the gradual release of energy in

mitochondrial electron transport chains. However, overexposure to 02 may cause

serious problems. In humans the alveoli may be severely damaged by oxygen

concentrations of over 50%. Anaerobes are more sensitive to the presence of 02. In

some cases brief exposure can kill anaerobes immediately (e.g. Treponema denticola

involved in dental plaque), while in others a 10% concentration is able to be tolerated

but inhibits growth (e. g. Bacleroidesfragilis, bacterium in the colon).8 The chief reason

for oxygen toxicity is that it interferes with enzyme activity which, in turn, puts many

organisms in a precarious position. On the one hand, 0; is required for the production

of energy in order to drive cellular processes yet 02 can inhibit vital functioning. This

is known as the oxygen paradox.9 Over the last thirty years, there has been some

controversy about the exact nature of oxygen toxicity and it is still not fully understood

today. However, there is considerable evidence to support the aspects of oxygen toxicity

outlined below.

1.2.1 Superoxide and Superoxide Dismutase (SOD)

Superoxide (02’) is formed from a single electron reduction of 02. This species

can be created by a number of endogenous processes including inter alia the

autoxidation of haemoglobin, myoglobin, and cytochrome c, and within the catalytic

cycles of xanthine oxidase and aldehyde oxidase.8 There have only been a few reports

of the direct influence of superoxide on protein degradation, for example, glutathione
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peroxidase.lo It does not react with lipids or DNA but it can oxidize the heme group of

haemoglobinll and the iron-sulfur cluster of the dehydratases, which subsequently

releases Fe(II).12 Even though superoxide itself does not detrimentally harm cellular

processes, there is a group of enzymes abundant in all eukaryote cells known as

superoxide dismutase (SOD) that catalyses the dismutation reaction of superoxide:13

02'7 + 02: + 2H+ —’ 02 +H202 (1.1)

This seems to be the only function this group of enzymes has. Catalysing the

dismutation of superoxide at the expense of forming hydrogen peroxide presents strong

evidence that it is a deleterious species and must be disposed of. Fortunately there are a

number of other enzymes known as catalases and peroxidases that are dedicated to the

elimination of H202. Even more interesting is the fact that the SODs and the catalases

and peroxidases work synergistically in their removal of both species.

The SODs exist in a number of forms that may be characterized based on the

metals ions resident in the active sites. CuZnSOD is found in all eukaryote cells and

has the highest catalytic activity of all the SODs for the dismutase reaction. It is also

remarkably stable, fairly resistant to heating, and safe from attack by proteases, and to

denaturation by compounds such as urea, guanidinium chloride and sodium dodecyl

sulphate.'4 Other forms include MnSOD, which is found predominately in bacteria

'4 E. Coli contains twosuch as E. Coli but is also widespread in plants and animals.

other SODs, an iron-containing one, FeSOD, and a cambialistic form that is active with

either Fe or Mn.

The immediate question that arises from the discovery of SODs and their

specificity for 02" must be how can superoxide be cytotoxic when it is comparatively

unreactive in physiological conditions? The protonated form of superoxide (H02°) is

more reactive and can initiate peroxidation of fatty acids15 but with a pKa of 4.8 the
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concentration of H02- is relatively low. It has been argued, however, that

mitochondrial membranes have large pH gradients allowing H07) to be formed in

significant concentrations.16 Nevertheless this still does not seem to account for the

cytoxicity of superoxide.

1.2.2 Generation of -0H

It has been proposed that potentially one of the most damaging species derived

from superoxide is the hydroxyl radical (~OH).]7 For reaction of -OH with amino acids,

peptides and proteins the reaction rate constants are very large (~ 107710 dm3 mol‘] 5").5

Comparing, for instance, the rate constants of 02" and -OH reacting with free18 valine

which are <0.18 and 7.6 x 108 dm3 mol’] 5“], respectively, it quickly becomes apparent

that generation of -OH from superoxide could lead to significant damage to proteins,

DNA, and lipids alike.

It is well known that -OH can be produced in large quantities via a catalytic

cycle from 02* and H20 using an iron(III) complex as the catalyst. This cycle is

known as the iron catalysed Haber-Weiss reaction19 or the superoxide-assisted Fenton

reaction:

Fe“ + 02: —> Fe2+ + 02 (1.2)

Fe” + H202 —> Fe“ + OH’ + -0H (1.3)

Other metal ions could potentially catalyse this reaction and in vitro studies using

Cry/C9120 Ni+/Ni2+,2] Co+/C02+,2' Cu‘L/CuB,22 and V‘H/V5+ 23 have been undertaken.

Such reactions may be important in metal poisoning but most studies for in vivo

catalysis have focused on Fe2+/Fe3+ and to a lesser extent Cu+/Cu2+ systems. As long as

these metals are available in oxidative/reductive complexes, it seems reasonable to

suggest that -OH radicals generated in this fashion could potentially cause significant

damage to biologically important species. Numerous studies24 have debated the
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possibility of available iron (or other metals) for this key step in the oxygen toxicity

hypothesis.

Along with the question of metal availability a number of researchers have

suggested it is not in fact the hydroxyl radical that is formed in the Fenton reaction but

some sort of ferryl (Fe4+) species25 or a “crypto—-OH”26 radical — a species that mimics

free -OH. Although an intermediate ferryl species has yet to be ruled out, the weight of

evidence suggests that the -OH radical must be the eventual reactive species because

free 'OH produced in radiolysis experiments gives identical results to Fenton-derived

-OH experiments.8

1.2.3 Sources of Available Iron

lron available for generation of -OH in vivo is very scarce. However the

generation of O2" and H202 can cause situations where production of available iron is

favorable. For instance O2" can oxidize iron—sulfur clusters releasing iron while H202

can degrade mammalian heme proteins also releasing iron. Quite often, however, the

greatest source of catalytically available iron comes from situations where tissue has

been damaged, a recurrent theme among many radical-dependent diseases.

There is a high concentration of iron in many biological systems the presence of

which has to be extensively regulated. The protein transferrin transports iron in the

blood plasma, binding it with a high affinity at physiological pH. There is usually more

transferrin than there is iron in the plasma, effectively reducing the concentration of free

iron in the plasma to zero. At pHs lower than normal (<6), iron can be mobilized from

transferrin and it is thought that this may cause damage to cartilage in rheumatoid

arthritis.8 Otherwise transferrin sequesters iron so that it probably is not involved in

Fenton chemistry. It may be that the high presence of these proteins in blood plasma

and the concomitant low concentrations of SODs and catalases create an effective

antioxidant defence system.
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Haemoglobin is another obvious source of iron. It is known that bleeding into

sites of inflammation exacerbates tissue injury, possibly through radical reactions

involving -OH. It is not however the haemoglobin itself that is responsible for the

catalytic formation of -OH but the iron released through reactions with chelating agents

or with H202.27

Most intracellular iron is bound up in proteins such as those described above.

There is however, a small percentage present in a labile iron pool. The iron in the labile

pool is usually chelated to low molecular weight molecules such as citrate, phosphate,

ADP or ATP. These complexes can easily generate °OH through Fenton chemistry

involving the HzOz/Oz-" system.28 It has been demonstrated that if the iron uptake

mechanisms are altered so as to increase the concentration of iron in the pool, then there

is also an increased susceptibility to injurious processes associated with radical-

mediated oxidation.29

1.3 Damaging Reactions

The diverse range of chemical moieties present in the 20 common amino acids

leads to an enormous variety of chemistry from initiation by a radical such as -OH.

Reactions that have been documented include: hydrogen abstraction, electron transfer,

addition, fragmentation and rearrangement, dimerization, disproportionation, and

substitution (concerted addition and elimination). Many of these reactions have been

studied intensively through radiolysis experiments of the free amino acids in aqueous

solution and there are a large number of reviews on the subject.5’6’30 The situation in

peptides and proteins can differ from that of the free amino acids so this information is

not always directly transferrable. The following section gives a brief overview of the

important reactions and properties of species derived from -OH reacting with free

amino acids. Where it is appropriate, similarities and differences will be noted for

peptides and proteins.
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1.3. 1 Chemistry of the a-Carbon

In an aqueous medium and at physiological pH, the free amino acids exist in a

zwitterionic form. The equilibrium constant for free glycine ([zwitterion]/[neutral]) at

296 K is 2.7 x 105 which means that the zwitterion is about 30.5 kJ mol‘1 more stable

than the neutral (* is the a-C).3]

H O H III 0
I ll a . \ 5 H
N * (q) N * C eH/ \ ./ \O/ ———>‘_ H/®\C.l/ \0

RI ”OH R1 I’IH

neutral zwitterion

The presence of the positively charged amino group on the zwitterion causes the rate of

oz-C—H abstraction to be somewhat slower than those for peptides, where the zwitterion

is prevented from forming. For instance the rate constant for -OH reacting with free

glycine is 1.7 x 107 dm3 mol‘] 5" (pH range of 5.8 ~ 6.0).5 By acetylating Gly, as in N-

Ac-Gly, the rate constant for reaction with ~OH becomes 4.0 x 108 dm3 mol’] 5", for a

pH range of 6.6 — 8.7.5 Further evidence for the deactivating effect of the positively

charged free-amino group may be observed in dipeptides (e.g. N-Ac-Gly-Gly) where

abstractions at the a—carbon next to the protected amino group (Ac—NH—aCH2—) is

preferred over the a—carbon next to the free amino group (—aCH2—NH3+). The

preference may be removed by derivatization of the N—terminal free amine group.

After abstraction, the zwitterionic form of the a-C-centered radical is no longer

favored and the neutral predominates in solution. This could lead to an interesting

reaction sequence, i.e.,

 

O H O H O

ll l i (I; He —> e ‘_ .H/@\CI/ \0 —H2O H/®\C/ \O H/ \C/ \0/

R1 «1H I I
R R
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The solvent would have an important role to play in this sequence. It is not known if

the solvent would cause the hydrogen-atom transfer to occur concurrently with the

abstraction or subsequent to it. In the case of closed-shell glycine, Car—Parinello

molecular dynamics studies have revealed that the free energy of activation for

hydrogen—atom transfer from the zwitterion to the neutral is approximately 70.5 kJ

mol‘1 (40.0 k] mol’l in the reverse direction)” An equivalent study for the radical has

not yet been reported.

1.3.2 The Captodative Effect

The predominance of the neutral amino-acid radical in solution is most likely

because of the additional stability it gains from what has been termed the captodative

effect.33 This stability is gained from the synergistic delocalisation of the unpaired

electron through the adjacent electron-withdrawing carbonyl and electron—donating

amino groups. In valence bond theory, the origin of the captodative effect can be

explained in terms of a greater number of resonance-hybrid contributors in the

disubstituted radical. For example, the resonance contributor IV in the glycyl radical:

fi' *3 *3 F.‘
"/C\ ’OH 0°,C: 10H .10: zOH '/C\ (OH

O. O O 0-

does not have a counterpart in the resonance contributors for the corresponding

monosubstituted radicals, the carboxymethy] radical and the aminomethyl radical:

v r r v
,C ,0: ,OH ",0: ",C:

H ~c H H c H2N H H HQN H

I' “I 1]" “1'

In terms of molecular orbital theory, the appropriate orbital interactions are given in

Figure 1.1. Figure 1.1(a) demonstrates the interaction of the lone-pair orbital on the
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nitrogen of NHZJCHZ with the singly-occupied 2p(C‘) orbital on carbon, lowering the

energy ofthe lone—pair orbital and raising the energy of the 2p(C-) orbital, resulting in a

net stabilization. Figure l.1(b) shows that the raised 2p(C°) orbital interacts more

effectively with the 31* orbital on the carbonyl giving an increased stabilization. Chapter

5 investigates how each group contributes to this stability and identifies the conditions

required for the onset of the additional stability.

(3) 0?)

modified . .

2p<C) ‘3— n*

\ 2p(C') l
\ ~ ,
\

\
n ‘ . \

I n \

n u ‘

n ' u ‘

. ' \ “

u I u

. - II?
n u c

. , . a
\ o

\ ‘ e‘ n n ,

1
|‘ I

\ .

. I

n l

ii ixi—é c ii—é ii—é—c=o C=O

Figure 1.]: Orbital interaction diagram showing (a) the interaction of the singly—occupied

2p orbital on the carbon, 2p(C'), with the lone pair on the nitrogen in NH2~°CH2; and (b)

the enhanced interaction of the modified 2p(C-) orbital with the Jr* orbital on the carbonyl

group in NH2—-CH—CHO.

The captodative effect is maximized through co—planarity of the radical-center with the

donor and acceptor groups. In a study by Rauk and co-workers,34 the a—C—H bond

dissociation energies (BDEs) for all 20 common amino acids were investigated. Using

a truncated model peptide ofthe form HCONHCH(R)CONH2 where R is the side chain,

they determined all the a—C~H BDEs using density functional theory calculations.

They found that the BDEs ranged from 326—358 kJ mol“. Figure 1.2 gives a

representation of the model peptide containing an alanine residue used in that study.
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It

Figure 1.2: Model of peptide backbone containing an alanine residue that was used in the

bond dissociation energy study of Rauk and co-workers.34 (key: grey = C, white = H, blue =

N, red = O).

The S-H bond in glutathione is considered to be reasonably weak (367 kJ mol'l)

but the BDEs of the a-C-H bonds were found to be less than this.34 They are however,

considerably higher than the 0—0 bond dissociation energy of H202 (214.1 k] mol'l).35

A C—H BDE in a hydocarbon is much higher. For instance, the C—H BDE of the

secondary carbon in C3Hg is 412 kJ mol'l. All of the amino acids except for 111, Val,

Thr, and Pro were found34 to have lower BDEs than Gly because the side-chains act as

weak donors and thus stabilize the radical further. The higher BDEs of Ill, Val, Thr and

Pro were attributed to the side chain preventing co—planarity of the backbone.

Interestingly, experiments carried out on acetylated dipeptides containing

glycine and another residue showed that there was a preference for abstraction by an

attacking radical for the a-C of glycine in contrast to the predicted order of stabilities of

the resultant radicals based on BDEs.36 For instance, product analysis of N-

trifluoroacetyl—Ala—Gly showed a preference for the Gly a-C by a ratio of 7:1. If the

residues appear in the reverse order, i.e., trifluoroacetyl-Gly-Ala then the preference

ratio for glycine increases to 20:1.36a Theoretical calculations have concluded that the

preference for abstractions from the a—C of Gly can be attributed to steric interactions

preventing other residues from adopting an ideal planar configuration.37
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1.3.3 Strand Breakage

Once formed, a—centered radicals can undergo a variety of reactions in the

presence of oxygen that may result in backbone fragmentation. The consequence of

these reactions occurring is significant in protein chemistry since strand breakage would

cause major structural damage to a protein in one step. The first two reactions (1.4 and

1.5) show the initial formation of a peroxyl radical 3 from the reaction of oxygen with

an a-centered radical.

O .
I H OH I ll

’W\n/N\/C\/C\T/"W WN\?/c\wj/"W (1,4)

0 R H H o R H

1 2

H O

I II 02 r1] 3:
—>

0 ll? Ill 0 R 0‘? H

2 3

The sequence of reactions in 1.6 show the first major pathway leading to strand

breakage. The peroxyl radical 3 loses HOz- to form an imine, and the imine is then

hydrolysed to form an amide and an oxyamide. The net result of the reaction is to break

the backbone a-C—N bond. Pulse radiolysis experiments on glycine—derived peptides

have detected the presence of H023 supporting the presence of this pathway.38
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The second major pathway, involves the formation of an alkoxyl radical 4 from

a hydroperoxide, as shown in the reaction sequence 1.7:

H O

I ll RH reduction T (I?

WNECC/C\N/W —> NC\/C\N/‘N _’ W\n/N\C/C\N/M (l 7)/\ | \ .
o R ooH R OOHH o R/ C) it

3 4

Alkoxyl radicals can be involved in several classes of reactions. Experimental

atmospheric and solution chemistry studies and theoretical computations have shown

that alkoxyl radicals can inter alia undergo three classes of reactions, namely [3-

scission, skeletal rearrangements, and 1,5 hydrogen shifts.”40 It might be expected that

peptide backbone alkoxyl radicals will undergo the same types of reactions, as shown in

reactions 1.8, 1.9 and 1.10, respectively, with reaction 1.8 leading to strand breakage.

Experimentally it is difficult to obtain quantitative information on the individual

reactions, though some experimental evidence has been obtained for the occurrence of

reaction 1.8. 40 This is because they are fast and may involve chain processes which

makes it problematic to isolate the particular reaction of interest.

:
0

\
\
O

Oscission W\n/HN\R

T r 1’
N\ /C\ /-v~ rearrangement WE\E/ N/WW

C N (1.9)
/ \ |

R O H

I
J
/
—
-
O

\ ”M (1.8)

O .

l 5H shift

1.]

R/ \OH ( 0)
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An additional degree of complexity arises because each of the three classes of reactions

can, in principle, undergo three variations. For example, because there are three

different groups joined to the cut-carbon, reaction (1.8) is just one of three possible [3-

scission reactions that can occur, namely B—scission of the C-C bond (see 1.8 and

repeated in 1.] l), B-scission of the C—N bond (1.12), or fi-scission of the side-chain C—

Rbond(1.l3):

T H
“\n/N\(I:¢O .C\N/"“

/ ’ o R + Q, (1.11)

T ‘1? H illW’\fl/N\/C\/C\T/’W‘ __> WYN + R\fi/C\1Fl/Ww (1.12)

o R 9 H o O H

4 H o
I M (1-13)
N\(”:/C\T/"M + Fl

0 o H

Previous EPR spin-trapping studies40 have suggested that the process 1.11

predominates, though the occurrence of other reactions could not be discounted. This

process is considered important for the fate of proteins under oxidative stress and is

considered in detail in Chapters 6 and 7.

1.3.4 Reactions of the Side Chains

Aliphatic side—chains. The amino acids containing aliphatic side chains (Ala,

Leu, Ile, and Val) usually react by hydrogen abstraction. The resultant carbon—centered

radicals undergo the usual types of reactions. In the absence of oxygen, intramolecular

or intermolecular re-abstraction may occur depending on the nature of the original

carbon-centered radical, i.e., primary, secondary or tertiary. Cross-linking through

radical-radical reactions can occur but in the absence of oxygen are kinetically slow

because of low concentrations. The intramolecular abstractions can have consequences
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for strand breakage since re—abstraction at the Ot-C could transfer damage to the

backbone.

In the presence of oxygen, carbon-centered radicals react rapidly to form

peroxyl species (ROO-) that undergo reactions to form alkoxyl radicals, which

decompose to form carbonyl compounds and further radical species. The reaction

sequence follows a similar scheme to the fate of Ot—C hydrogen abstractions as detailed

in reactions 1.4, 1.5, 1.7 and 1.8. It has been demonstrated for alanine-containing

peptides that hydrogen—atom abstraction at the side—chain methyl substituent (B-carbon)

in the presence of oxygen leads to methanal (formaldehyde) formation and an a-

centered radical (see reaction sequence 1.14).“ In that study, methanal formation

accounted for 80% ofthe initiating radicals, confirming this as a major process.

I u 5“ T (l?
W\n/N\C/C\ /~M~ —> N\C/C\ /"W‘

/ \ | W\H/ / \
oHaC H OHzg H ,1,

02
1.14T (I? ( )

WN\é/c\N/M‘ H

I , I n
O H H <— N\C/ \ /‘"""

+ / \ l
0H2C H

H\ /H I

fi 90
O

For free amino acids, the presence of the zwitterion and consequently the

charged amine leads to hydrogen abstraction occurring distal from the cut-carbon. This

has been verified in solvent exchange experiments, where there was a direct relationship

observed between the amount of exchanged solvent in methyl groups and their distance

from the a—carbon, i.e., Leu > He > Val > Ala.42
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Aliphatic heteroarom-conlaining side chains. For amino acids and peptides

containing heteroatoms (Arg, Asn, Gln, Glu, Lys, Ser, and Thr) there is an enhanced

selectivity for attack that leads to stabilized radical products, even if the abstraction is

carried out by species such as -OH. In the cases of Thr and Ser the hydoxyl group

stabilizes the incipient radical if abstraction occurs at the B-carbon. For the free amino

acids, the existence of the zwitterion causes a subsequent deamination reaction to occur

with loss of ammonium ions.43

With the presence of ionized carboxyl groups (eg. Asp and Glu), there is also a

similar effect for favored abstraction at carbons or to the carboxylate (see Figure 1.3).44

H

til (I; I || | g I II

, , , N, \ , ,

HO CH3
K OH \ O/cQ0 . pH, <_ X.

x' x' e x ,c\

o ‘0

e

Thr Ser Asp Glu

Figure 1.3: Site—directed hydrogen-atom abstraction is caused by the presence of hetero-

atoms in the side chains of Thr, Ser, Asp and Glu, where the arrow indicates the preferred

site.

Protonation of the amine side chain of Arg or Lys causes abstraction to be favored at

sites remote from the site ofthe amino group (see Figure 1.4).45 For the free amino acid

forms of Arg and Lys, this leads to an interesting competitive effect between the

positive charge resulting from protonation at the amino site adjacent to the (it—carbon

and the amino group of the side chain. The pKa of the side chain sites are

approximately one unit larger than the backbone site, which has a pKa ~ 9.5. This leads

to the product distributions favoring abstractions further away from the backbone amino

group and nearer to the side-chain amino group. For example, Figure 1.4 gives the
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product distributions in solvent exchange experiments involving hydrogen-abstraction

by -OH on Arg and Lys.42

H H
cha II H\"-N® ||

/ \CH/ \oe / \CH/ \oeH H |

(|sz 1 (|3H2 1

eHg 11 (EH2 1

$H2 3 eHg 3

TH (EH2 3

C NH
H2N/ %NH 2

Arg Lys

Figure 1.4: Product distributions found in solvent—exchange
experiments involving hydrogen-alom abstraction by -OH on

Arg and Lys.

Aromatic side chains. The presence of aromatic side chains promotes addition

reactions with °OH radicals, with abstraction becoming a minor process. For

phenylalanine reacting with -OH, studies have found no directing effect of the ring

substitution and the various proportions of 0rtho:meta:para adducts were reported as

2.1:1:l.5 and 2.3:]:12.46 The resultant hydroxycyclohexadienyl radicals 5 react with

oxygen to yield peroxyl radicals that can either decompose 0r react with H02- to

produce tyrosine (see reactions 1.15, 1.16 and 1.17).

In the absence of oxygen, the major product of addition reactions of -OH

radicals to phenylalanine is dimerization to give biphenyls.47 This represents a major

pathway for cross-linking reactions in small peptides.48 At low pH, the

hydroxycyclohexadienyl radicals 5, can lose water to form radical cations.

Intramolecular reactions transfer the radical damage to other sites (see reactions 1.18).
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Unlike phenylalanine, tyrosine has a strong directing effect for addition

reactions of °OH. The major product in the presence and absence of oxygen is DOPA

(3,4-dihydroxyphenylalanine). In the presence of oxygen, rapid elimination of H02-

occurs to yield one DOPA molecule per -OH adduct. In the absence of oxygen, two OH

adducts are required to form one DOPA molecule Via a disproportionation reaction. In

accordance with this, protein oxidation gives DOPA concentrations with higher yields

in the presence of oxygen.49
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-OH additions to the rings of tryptophan and histidine are also known to occur.

For Trp, addition can occur on the benzene ring and on the pyrrole moiety. Addition to

the pyrrole has been shown to give subsequent ring—opening reactions.50 For His,

addition to the imidazole ring at carbons 2, 4 and 5 results in stabilized allyl-like

- 5]
radicals. In the presence of oxygen, the His adducts form a number of products but

these have been difficult to characterize.

Sulfur-conraining side chains. The major locus of attack by an initiating radical

for sulfur-containing side chains is the sulfur center, which leads to thiol radicals (RS-)

via a hydrogen—atom abstraction reaction. In the presence of oxygen, thiol radicals react

to form peroxy] species, which can be involved in a chain process with RSH species.

At physiological pH, reactions of the anion (RS7) can be important. The anions can

react with the thiol radical to form disulfide linkages.”

1.4 Other Damaging Species

Besides -OH, there are a number of other species formed in vivo via exogenous

and endogenous processes that can oxidize proteins. The most important of these are:

solvated electrons (e’(aq)), singlet oxygen (‘02) and hypochlorous acid (HOCl).

1.4.1 Solvated Electrons

Much of the discussion up to this point has focussed on initiating radicals and

oxidants that have been generated by endogenous processes. Exogenous processes such

as the interaction of high-energy radiation with water has the potential for creating

damaging species. One such species is the solvated electron. Discovered in 1962,52 the

solvated electron has a reduction potential of —2.84 V, making it the most potent

reducing agent found in biological systems. The chemistry of the solvated electron is

dominated by addition reactions rather than abstraction reactions. Rate constants for

reaction of the solvated electron with amino acids are large, ranging from ~106 to ~1010

dm3 mol”' 5".
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For the free amino acid form of glycine, the -OH radical preferentially abstracts

the hydrogen situated on the a-carbon. Introduction of alkyl side chains causes

preferential abstraction to occur from hydrogens distal to the a—carbon, with methine

carbons favored over methylene carbons, which are in turn favored over methyl

carbons. The basic rationalization of this behavior can be thought of in terms of the

electrophilic nature of -OH. Thus electron-poor sites such as a-carbons [3 to a

protonated amino group are less favorable. For the solvated electron (613(1)), markedly

different behavior is observed. The most favorable reaction of e’mq) with amino acids is

addition to the carbonyl double bond yielding a radical anion that dissociates to form a

carbon-centered radical, 53 i.e.,

e

H H i - H H (I) i?KE$ e(aq) \1'$ .
N c _._ . N c , NH + R . C

H/ >C< ‘09 H/ :0: \oe 3 \ / \06 (1.19)
R H R H A

Addition to the amine is also favorable,54 which leads to a reductive deamination and

equivalent products i.e.,

e’(,q)+ NH3+CH(R)COO’ —> NH3 + -CH(R)COO" (1.20)

These reactions are still favored for amino acids containing aliphatic side chains. For

aromatic side chains, addition to the ring may also occur.

1.4.2 Singlet Oxygen

Singlet oxygen can exist in two states; the '2; state, where the two highest

electrons are in two different spatial orbitals with anti-parallel spins, and the 1Ag state,

where the two highest electrons are in the same spatial orbital. Excitation of 02 into

singlet states can be achieved by several pigments, such as those within the lens of the
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eye55 or in chloroplasts.56 Excessive generation of singlet oxygen can occur in some

diseases,57 where an overproduction of porphyrins in the skin can transfer excitation

energy to 02.

Singlet oxygen can react either chemically or through physical quenching of the

excited state. With proteins, peptides, and amino acids, most reactions occur

chemically, with only Trp giving significant physical quenching.58 Chemical reaction

with Trp occurs with a similar rate constant to physical quenching ~ 107 dm3 mol‘] 5’].

The rate constants with the side chains of the other amino acids have more variance. At

physiological pH, reaction with His, Tyr, Met, Cys, Trp, and cystine is fast with rate

constants of~ 107 dm3 mol’] 8 . The side chains of the remaining residues react with

rate constants of< 0.7 x 107 dm3 mol’] 5’] 59 and there is a strong dependence on pH.

1.4.3 Hypochlorous Acid

HOCl is a strong two—electron donor produced by the enzyme myeloperoxidase

during respiratory bursts of neutrophils, i.e., release of reactive oxygen species in white

blood cells.

H203 +Cl' —) HOC] + OH’ (1.21)

HOCl has a pKa of 7.54, and therefore at physiological pH it exists as a mixture of

HOCl and OCl’. It has been shown to inactivate the proteins al-antiproteinase and

thrombomodulin by reacting with methionine residues. It can also oxidize thiols,

ascorbate, NADH, NADPH, and lead to chlorination of DNA bases and tyrosine

residues. It has also been shown that HOCl can react with superoxide or with Fe(II) to

generate the hydroxyl radical in a reaction similar to the Fenton reaction.

HOCl reacts more slowly with peptides and amino acids than HO- but the

variation in rate constants has been shown to be large.60 For instance, it reacts quickly

with the sulfur—containing Met and Cys residues with rate constants of approximately 3
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x 107 M" s" but more slowly with Gln and Asn residues with rate constants of

approximately 0.03 MA] s].

HOCI predominately reacts with free amino acids to form unstable chloramines.

The chloramines undergo rapid decomposition to form nitrogen-centered radicals. It is

postulated that inter- or intra- molecular hydrogen-abstractions would occur from the

nitrogen-centered radicals to form more stable carbon-centered radicals and there has

. . . 1
been some direct ev1dence for this process.6

1.5 Diseases and Disorders

Free radicals have been implicated in a number of human diseases. A limited

list includes heart and cardiovascular diseases such as: atherosclerosis, myocardial

infarction, angina and strokes, diseases of the brain and nervous system including:

Alzheimer’s disease, Parkinson’s disease, multiple sclerosis and Huntington’s chorea,

and in other diseases such as diabetes and cancer, and they have been implicated in

ageing itself.8

Many of these diseases commence as a result of tissue injury and not as a

consequence of oxidative stress. However, the initial injury usually increases oxidative

stress and whether this serves to promote the disease, through further tissue damage, or

is no more than an epiphenomenon, appears to depend on the particular disease. The

following diseases provide the greatest evidence for the direct involvement of free

radicals in their pathologies.

1.5.1 Atherosclerosis

Atherosclerosis is a disease of the arteries characterised by the thickening of the

arterial wall. In many instances it is the underlying contributor of many other

conditions such as angina, myocardial infarction (heart attack), and stroke. In the

western world it has a high prevalence. For example, in 2001 17% of Australia’s
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population (3.2 million people) were reported to have cardiovascular disease as a long-

term condition.62

Atherosclerosis has an early onset starting in childhood and progressing with

age. In general, three stages of arterial-wall thickening are recognized. Fatty streaks

are caused byfoam cells and are an early sign of atherosclerosis characterized by raised

yellow areas in the arterial wall. The fatty streaks are usually precursors to fibrous

plaques which are larger rounded lesions about a centimeter in diameter. Finally, there

are complicated plaques. These plaques are modified fibrous plaques that are large and

restrict blood flow to the tissues of vital organs.

It is believed that atherosclerosis begins by damage to the endothelium

membrane, the membrane on the inside wall of the artery. Attachment by monocytes to

the damaged area is then thought to proceed. The monocytes can develop into

macrophages within the vessel wall. Further tissue damage is then caused by the

activated macrophages and monocytes by release of Oz" and H202 into neighboring

areas. It is thought that, once the secretion of these species occurs, oxidized low-

density lipoprotein is taken up with enhanced efficiency by macrophages causing them

to become the foam cells of fatty streaks.

1.5.2 Alzheimer’s disease

Alzheimer’s disease is classified differently from the normal dementia of

ageing. It is characterized by the formation of plaques in the brain consisting of fibrils

of a protein called [3-amyloid."3 Consequently much of the research surrounding

Alzheimer’s disease is focussed on how these plaques form in the brain and to what

extent the B-amyloid protein plays in the disease pathology. It has been found that the

[S-amyloid protein can generate oxygen-derived radicals and it is thought that this leads

to the eventual plaque formation. The mechanism of radical formation is not

completely understood but it seems that the B-amyloid protein is able to reduce ions of

iron and copper, forming a catalytic cycle."4 It has been shown that the key residue in
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plaque formation and radical generation is Met35, which implies that thiol radicals

and/or anions are directly involved in the disease pathology.65

1.5.3 Ageing

The process of ageing, or senescence, is difficult to delineate from other

processes that can determine life span. The original hypothesis that ageing might be

related to oxidative stress was put forward in 1956 when it was noticed that the effects

of radiation damage were akin to those of ageing.66 The free-radical theory of ageing

concentrates primarily on endogenous processes, whereby oxidants are produced in vivo

by mechanisms such as electron-transport chain-leakage in the mitochondria. This

correlates well with the gerontologists notion of “rate of living”, which expresses a

relationship between the rate of metabolism with that of the life span.(’7 For instance,

there is a direct inverse relationship between life span in species of drosophila fly and

the amount of H202 produced in the mitochondria.68
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2.1 Foundations of Quantum Chemistry

In 1929, Dirac famously subjugated the proud and erudite discipline of

chemistry into the mechanical and formulated realm of applied mathematics with two

sentences. His first statement was:

“The underlying physical laws necessaryfor the mathematical theory ofa

large part of physics and the whole of chemistry are thus completely

known, and the difficulty is only that the exact application of these laws

leads to equations much too complicated to be soluble. ”1

The second statement followed the first and says:

“It therefore becomes desirable that approximate practical methods of

applying quantum mechanics should be developed,

Experimental chemistry is as important today as it was 77 years ago. The

significance of these comments lies at the core of what is known today as quantum

chemistry. They mark, not the subjugation ofa discipline, but the birth ofa new one.

Although the first statement is more of a philosophical one, the second has

become a practicable tenet of quantum chemistry and has divided the discipline into two

main areas. The first division applies currently available approximate methods to

systems that are tractable by accessible computational means. As computers have

become more powerful over the last seventy years, the realm of applicability has

literally exploded exponentially in a Moores’ law2 fashion. The second area develops

theoretical methods that either become more accurate or scale better computationally.

This means the fundamental physical laws that Dirac speaks of can become soluble if a

number of approximations are made. Therefore, one may attempt to build in less
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approximations, which usually results in a greater amount of computational effort, or

refine current approximations by re-formulating them.

The reader may ask what brought Dirac to make such a resounding statement?

The reason lies in the rapid development of physical laws during the first part of the 20‘h

century, which eventually were to solve some of the fundamental mysteries of classical

physics. One of the most important of these, in terms of the development of quantum

mechanics, was the “ultraviolet catastrophe”. The heart of this problem is the power

(energy per unit time) of an ideal electromagnetic emitter. Classical Maxwellian laws

predict that the power tends to infinity for shorter wavelengths of radiation. This is

certainly false; otherwise, skin cancer in Australia would be the least of our worries.

The predicament was rectified by assuming that the electrons producing the radiation

within a blackbody could only oscillate at fixed discrete frequencies. The successful

prediction of blackbody radiation curves using this assumption led to the formulation by

Bohr of a quantum theory of the electronic structure of atoms. In quick succession to

this, Erwin Schrodinger formulated a wave equation, now bearing his name, which

could in principle describe the electronic state of any particular system. If this could be

done then any bond-making or bond-breaking event in chemistry could be described in

its entirety.

2.2 Schrédinger’s Equation

Simply put, Schrodinger’s equation is a boundary-valued partial—differential

equation that embodies Newton’s laws of motion as applied to the nuclei and electrons

of atoms and molecules. The significance of the wave equation is that it describes

particles, which have an associated wavelength depending on their momentum, a

duality first pointed out by de Broglie.3 The equation can be written as:

a
ihE‘Wr/J) = H(q,t)‘l’(q,t) (2.1)
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where, 1I’(q,t) is the wave function describing the state of the system, H(q,t)is the

time—dependent Hamiltonian operator describing the total energy of the system, and q

and t are the generalized position coordinates and time coordinate, respectively. Using

2

H = P— + V(q) (2.2)
2m

as the Hamiltonian operator and converting the momentum operator into the quantum

mechanical form, one obtains the famous time-dependent Schrodinger equation:

2

ihilqu) = —(h—)V2‘P(q,t) + V(q)‘lj(q,r) (2.3)
d! 2m

In the special case where the Hamiltonian is time—independent, the solution of

equation 2.1 may be reformulated into a product of time-independent and time—

dependent functions.

‘1’(q,t) = ‘1’(q).v(t) (24)

Equation 2.4 may be used to separate equation 2.] into two ordinary differential

equations, one of which contains the time—dependency, i.e.,

. (MI)1 — = E , 1 (25)d: M )

which has solutions of the form:

_E (2.6)
W) = Ae ”

The equation governing the time-independent variables is known as the time-

independent Schrodinger equation and is given by:
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—(%:l—)V2‘P(q) + V(q)‘1’(q) = E‘I’(q) (2.7)

Erwin Schrodinger detailed this result in one of four monumental papers

published in the first half of 1926 marking the birth of wave mechanics (or in his words

the “undulatory theory of mechanics of atoms and molecules”4 but this may be just a

poor translation) and thus quantum chemistry. To solve equation 2.7 within the theory

of partial-differential equations, one needs to state the appropriate boundary condition.

For physical reasons, the condition states that the particles must be bound or confined

within some region of space, i.e.,

‘I’(q) —> 0 as 1q| —> oo (2.8)

Imposing the boundary condition 2.8 and restricting the wave function so that it

is single—valued, continuous and has continuous first derivatives gives non-trivial

solutions to equation 2.7 with discrete values of E. Unfortunately for chemists,

solutions to equation 2.7 subjected to the boundary condition 2.8 can only be found

analytically in a small number of special cases and it is at this point Dirac’s

“approximate” methods must be invoked.

2.3 Standard Approximations

2.3.1 The Born-Oppenheimer Approximation

Born and Oppenheimer argued5 that because nuclei are much heavier than

electrons, the electronic response to movements by the nuclei must be nearly

instantaneous. The consequence of this is a decoupling of electronic and nuclear

motion. Mathematically this implies that the total wave function given in equation 2.7

can be separated into product wave functions of the electrons and nuclei, i.e.,

l11(q)=‘11”’“(q)‘l”"”(Q;q). Therefore one may solve equation 2.7 for the electronic
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wave function in the mean field of the nuclei. The total electronic energy (Emr) one

finds from 2.7 then becomes the sum of the electronic energy and the coulombic

repulsion of the nuclei (nuclear repulsion).

E707 = EELEC + ENR (2-9)

If one writes the time-independent Hamiltonian in terms of operations occurring

because of electron-electron, nucleon—nucleon and electron—nucleon interactions then

equation 2.7 becomes;

 

N M N N 1 M M Z Z _ .

525V? — _ E—A + 227 + 221; B W*’”‘(q)W""‘(Q;q>

. i (2.10)

=EmT‘I’m(q)‘l’"""(Q;q)

The first term in the brackets of equation 2.10 is the kinetic energy operator for the N

electrons in the system, the second term is the coulomb attraction between the M nuclei

and N electrons, the third is the coulomb repulsion between all pairs of electrons and the

final term is the coulomb repulsion between all pairs of nuclei. Equation 2.10

introduces the use of atomic units, which are obtained by setting the mass of the

electron (me), the charge on an electron (e) and Plank’s constant divided by 2n (h) to

one. The units for energy, length and time become the Hartree, Bohr and Chronon,

respectively. To solve the electronic problem one separates the equation into the

operations that act on the electronic wave function, and then solve it for a particular

arrangement of the nuclei. In this way the electronic wave function depends

parametrically on the nuclear coordinates (Q). The nuclear coordinates can be changed

and the electronic problem resolved for any desired nuclear configuration so that a

potential energy hypersurface is built. Each time the electronic problem is solved, a

countable infinite number of solutions is obtained and each of these solutions is termed

an “electronic state”.
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2.3.2 The Orbital Approximation

The original time-independent Schrodinger equation has been reduced to the

electronic Schrodinger equation by invoking a separation of variables through the Bom-

Oppenheimer approximation. Separation of variables is a common technique used to

simplify partial-differential equations and it can be used again to reduce the complexity

of the Schrodinger equation.

The electronic Schrodinger equation is a 3N—dimensional problem, where N is

the number of electrons, and the motions of the N electrons are highly coupled. This

still leaves the resultant equation insoluble except in a few special cases, such as one-

electron problems like the hydrogen atom. The coupling occurs through terms in the

Hamiltonian involving inter—electronic distances, i.e. 1/ 1‘”. By invoking the separation

of variables technique once again, this time on the variables describing the motion of

each electron, one obtains the independent-electron approximation, or the orbital

approximation _ so called because the electronic motion is now uncoupled and each

electron moves in the average field of the others. Mathematically the wave function

describing the highly coupled motions of all the electrons is separated into a product

wave function of each electron:

W(Q)=Xi(qi)X]-(q2) -----Xk(qN) (211)

where, each of the Xk(qN) is a one-electron wave function otherwise known as a spin

orbital. Chemists intuitively regard electrons as spin orbitals but the latter should only

be viewed as a purely mathematical construct. The spin orbitals, are comprised of a

spatial function and a spin function. The spin functions dictate whether the electron has

“up” or “down” spin and are orthogonal to one another. Equation 2.1 l is also known as

a Hartree product. If one takes the squared-norm of the Hartree product, viz:
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IXM.)lzlxj(q2)lz---lxk(qxr)lzfiqré'qzm-éqN (2-12)

Then equation 2.12 indicates the simultaneous probability of finding electron 1 in

volume element (S‘ql, electron 2 in volume element (9%, etc.

Invoking this approximation allows the Schrodinger equation to become soluble

by numerical methods. However, the wave function given by equation 2.11 has a

serious flaw, namely it is not antisymmetric with respect to the exchange of two

electrons 7 a physical requirement of indistinguishable fermionic particles. To keep the

formalism as simple as possible, antisymmetry is introduced in an ad hoc way. This

can be achieved by replacing the product wave function (2.1 1) with a determinant. First

pointed out by J. C. Slater in 1929,6 this type of determinant now bares his name.

Xi(q|) Xj(ql) Xk(ql)

1 xitqz) thqz) xdqz)
‘11 =— . . . 2.13(61) W ; : ( )

X,‘(qN) Xj(q]v) Xk(qN)

This determinant easily satisfies the antisymmetry requirement because if two rows are

exchanged, which is equivalent to exchanging two electrons, then the sign of the

determinant, and thus the wave fimction is changed.

2.3.3 The Variational Principle

The variational principle states that an approximate (trial) wave function for a

given non-relativistic time-independent Hamiltonian will have an energy expectation

value greater than or equal to the exact ground state energy for the Hamiltonian in

question. Mathematically this is usually represented in Dirac notation as:

‘VIHI‘WE[1}I] = <(Wlw) (2.14)
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where E[‘1’] is said to be the energy functional, and any ‘1’ that is a stationary point for

the functional will generate an energy expectation value that is an upper bound to the

exact ground state energy.

The variational method depends on the particular form of the trial wave

function. If equation 2.14 is expanded in terms of the energy eigenstates of H, as given

by equation 2.5, and the functional is minimized in terms of the expansion coefficients,

then one can derive the matrix expression for the expansion coefficients (C),

HC = SCE (2.15)

which can be solved by diagonalization techniques of linear algebra. In this expression

H is the matrix form of the Hamiltonian, C is the matrix of expansion coefficients, S is

 
the matrix of overlap integrals ((«pa (15>) and E is the vector of eigenvalues of H, the

lowest of which is identified with the ground-state energy.

In practice, a complete set of energy eigenstates is impossible to generate for any

particular Hamiltonian and usually some sort of finite set is used. In quantum

chemistry, the finite set is generated by expanding the energy eigenstates with a finite

set of functions, known as a basis set.

2.3.4 Basis Sets

A basis set in quantum chemistry is a known finite set of functions that is used

to expand the energy eigenstates of a particular Hamiltonian. The expansion is

sometimes referred to as the linear combination of atomic orbitals method or the LCAO

method. Since one basis function is used to describe one electron, a basis set is known

as a one-electron basis set.

(Pa = Eon-0.- (2.16)
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The known set of functions, 6,, should be chosen so they contain the essential

physics of the problem at hand. For example, in molecular problems, they should tend

to zero as the separation between the nucleus and the electron becomes very large. The

functions should also be able to describe the electronic—cusp condition well. The cusp

condition is the discontinuous derivative that occurs when the separation between

electrons tends to zero.

Historically, the functions best describing the essential physics were exponential

functions (6"t ), known as Slater-type orbtials (STOs). However, it soon became clear

that integrals involving STOs were difficult to evaluate and instead Gaussian-type

functions (GTFS) started to predominate in electronic structure calculations. Gaussian

-r'u

functions have a squared dependence in the exponential (e ) and although this makes

the evaluation of integrals involving them simpler, it does not give a satisfactory

description of the cusp condition.

Initially, an alternative way of dealing with the cusp condition was to fit a set of

GTFs to Slater—type orbitals. The fixed linear combination of GTFs representing a

Slater-type orbital became known as a contracted Gaussian function. However, as

computers became more powerful it was sufficient to just add large numbers of easily

evaluated GTFs as the bottleneck of a calculation was not usually caused this way.

John A. Pople and his co-workers, developed a range of basis sets formulated on

Gaussian-type functions and his basis sets and nomenclature have become the standard

in many electronic structure calculations. Many others such as Dunning have

contributed and extended Pople’s general theme.7

2.4 Ab Initio Methods

In this section, a hierarchy of approximate methods will be briefly described.

They are known as ab initio methods because they only assume the Schrodinger

equation and fundamental physical constants.
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2.4.1 Hartree-Fock Theory

Hartree-Fock theory essentially takes all of the ideas of the previous section and

combines them into a single formalism for calculating the ground-state energy of a

given electronic—structure problem. That is, one takes a Slater-determinant (equation

2.13) and applies the variational principle to find the set of coefficients that minimizes

the energy expectation value, subject to the constraint that the set of spin orbitals ( xi)

remain orthonormal. If this is done then one arrives at a set of integro-differential

equations, known as the Hartree-Fock equations, where introduction of a basis set yields

a set of matrix equations known as the Roothaan—Hall equations.8 The Roothaan-Hall

equations can be concisely written as

N

2Ci1f(FpV — gisyv) = 0 .u = l,2,"',N
(217)

v=l

where CM. is the set of coefficients that minimize the energy expectation value, FM is an

N by N matrix (where N is the number of basis functions) known as the Fock matrix,

which is essentially a one-particle effective Hamiltonian operator, the si’s are the

eigenvalues or the one—electron orbital energies of the Fock matrix, and Swis an N by N

matrix of overlap integrals between basis functions, which are in general normalized but

not orthogonal to one another.

lmportantly, the Fock matrix depends on the spin orbitals, which in turn are

solutions to the eigenvalue equation. This means the Roothaan-Hall equations must be

solved in an iterative manner. To accomplish this, an initial guess of the Fock operator

is formed and the equations solved. The resultant coefficients are then used to

reformulate the Fock matrix. This procedure is repeated until the set of coefficients

used to form the Fock matrix are equivalent (within a numerical threshold) to the

coefficients subsequently calculated. In this manner, the equations are solved until the

point where the solutions are said to be self-consistent.
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Until this point the equations have not considered if there is a difference

between the spatial extent of spin “up” and spin “down” electrons, or equivalently or

and [3 electrons. Treating the spatial orbitals ofa and B electrons to be equivalent leads

to the incorrect prediction of a zero Fermi-contact interaction in radical species. The

Fermi-contact interaction is an energetic interaction, which splits the interaction energy

of an unpaired electron in a spin-resonance experiment. In order for this to happen,

there needs to be excess spin density at the nucleus. For example, in the methyl radical

ifthe spatial orbitals ofthe 0t and [3 electrons are equivalent, then there can be no excess

of (1 or [3 spin at the three methyl protons, leading to no Fermi-contact interaction.

However, if the spatial orbitals of 0! or [3 spin are different then the unpaired electron is

able to polarize the other electrons. Applying this idea to the methyl radical, the

unpaired electron (say of a spin) in the 2pZ orbital of carbon would induce a higher

probability of finding an (1 electron in the 2sp2 orbital, via Hund’s rule. Because this

orbital is part of the C—H bond the H ls electron will have an enhanced probability of

having [3 spin. This idea is represented in Figure 2.].

Figure 2.]: Spin Polarization in the Methyl Radical.

The Roothaan-Hall equations can be generalized to account for differing spatial

orbitals of electrons of 01 or [3 spin. This was done in 1954 by Pople and Nesbet9 and

the corresponding equations are called the Pople-Nesbet equations. These equations are

a set of coupled Roothaan—Hall equations for 0 and [5 electrons, i.e..
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N

26:.tF41.-s:‘5,..>= 0
M

(2.18)
N

262%", — £,"S,,,) = 0 v =1,2,..,N
v=l

The Pople-Nesbet equations are coupled because the Fock operator in each

equation depends on terms from the other equation. If the numbers of or and [3 electrons

are equal, then these equations collapse to the Roothaan-Hall equations. A Hartree-

Fock calculation carried out on an electronic system with unequal numbers of or and [3

electrons (open—shell systems) using the Pople-Nesbet formalism is called an

unrestricted Hartree~Fock calculation, UHF for short. Open-shell systems treated by

restricting the or and [3 spin electrons to be contained in the same spatial orbital are

called restricted Hartree—Fock calculations (RHF).

For open—shell systems, UHF can successfully account for spin polarization but

unfortunately this technique has a subtle but sometimes detrimental problem, that of

spin—contamination. The two opposing problems of spin-polarization and spin-

contamination have been referred to as the Charybdis and Scylla of quantum

chemistry.IO

Spin-contamination refers to the resultant wave function of a UHF calculation

not being an eigenstate of the total spin—angular momentum operator ($2). This leads to

expectation values of S2 that are larger than what they should ideally be. For example,

the methyl radical has a spin multiplicity of two and therefore the expectation value of

82, or any other doublet, should be 0.75. However, a UHF calculation with the 6-

31G(d) basis set (denoted UHF/6-31G(d)“) on an optimized structure of the methyl

radical has an S2 expectation value 0.7615. Although this does not seem to be

significant in itself, for species that have large spin—contamination this results in an

over-estimation of spin polarization, or more seriously, to spurious results if this wave

function is used as a starting point for correlation procedures (described below). A
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detailed examination of the effects of spin-contamination in the formulation of ab initio

methods is discussed in Chapter 3 where a new method for thermochemical calculations

is introduced.

2.4.2 Full Configuration Interaction

The full configuration interaction method (full CI) and variants of it (§2.4.2~

§2.4.3) are not used explicitly in this thesis but the concept of full Cl introduces an

important concept of electron correlation and so justifies a discussion of this method.

The Hartree—Fock determinant recovers approximately 99% of the total energy

but the missing 1% is often important for describing chemical processes. Since the

electrons in the Hartree-Fock problem move in the average field of the other electrons,

the molecular orbitals found from an RHF calculation are contracted more than what

they should be. Explicit electron-electron interactions would push, on average, the

electrons further apart. Therefore, the correlation energy is defined to be the difference

between the (restricted) Hartree-Fock energy and the true ground-state energy within

the particular one-electron basis.

In order to improve the Hartree-Fock energy one needs to include explicit

electron-electron correlation. It was suggested by Hylleraasl2 that one way of doing this

is to include “antibonding” character by way of excited-state determinants. The RHF

problem is variationally the best one—determinant solution for the N one-electron basis

functions. However, there are N!/n!(N!—n!) possible ways of distributing n electrons in

N orbitals, and the Hanree—Fock determinant, although the most important, is only one

of them. The remaining determinants are excited-state determinants because they

correspond to the promotion of an electron from an occupied orbital (in the Hartree-

Fock determinant) to a virtual orbital. This allows for a classification of determinants

according to the number of electrons that are promoted in the Hartee—Fock determinant.

If only one electron is promoted, this is known as a single (S) excitation, two electrons
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are doubles (D), three triples (T) etc. until all N—n/2 unoccupied (virtual) orbitals are

occupied by the n available electrons.

The different determinants are known as configurations and the method that

ascertains how the determinants are related to one another is termed a configuration

interaction. Mathematically, full configuration interaction is a linear expansion of

determinants, where the coefficients are variationally optimized (the expansion

coefficients are often referred to as amplitudes).

WCI=aowHF + 2(1st + 20011,!) + EaT‘yT'” (2-19)
5 D T

The full configuration interaction solution is termed: the best n-electron solution

within the N one-electron basis, and recovers the remaining 1% of energy important for

chemical processes. Quantum chemistry would stop at this point if full configuration

interaction were computationally tractable. Unfortunately, it scales computationally as

N! (where ! is a factorial but should also entail an expletive), making the scope of its use

limited to a small number of systems.

In order to overcome the computational expense of the full CI problem, a

number of approximate methods have been developed. The methods can be classified

into groups according to whether they involve truncation of the expansion, restriction of

the correlation space or extrapolation of the energy. These methods are useful in that

they reduce the computational expense of the calculation but sometimes the resultant

method loses the important properties of size consistency and size extensivily.

Size consistency refers to the property that the energy of a non-interacting super-

molecule is equal to the sum of energies of the fragments. Size extensivity refers to the

property that the correlation energy recovered scales with the size of the system. Both

full CI and Hartree-Fock methods have these properties.
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2.4.3 Truncation of the Full CI Expansion

The full CI expansion as written in equation 2.19 leads to a natural truncation

scheme that includes sets of determinants of a particular excitation type. Starting with

the Hartree—Fock solution one could include only determinants with single excitations.

However, within the formulation of the Hartree-Fock equations, a necessary condition

known as Brillouin’s theorem was imposed that prevented the interaction of single

excitations with the Hartree-Fock determinant. Thus, the lowest level of truncation that

improves the Hartree-Fock result is inclusion of all the doubly-excited determinants,

where this method is known as CID (CI with doubles). The next level of truncation

includes all single and double excitations, because though the singly excited

determinants do not interact with the Hartree-Fock determinant they do interact with the

doubly-excited determinants, i.e.,

“10:510er + Eas‘lls + 2001110 (2.20)
S D

This method is termed CISD for obvious reasons. The inclusion of higher excitations

follows naturally from the CISD truncation to give methods such as CISDT, CISDTQ

etc.

Truncation reduces the number of required determinants by decreasing the order

of excitation. An alternative way of reducing the number of determinants is to decrease

the number excitations within each order of excitation. Methods that invoke this type of

reasoning use what is usually referred to as an active space. An active space is a certain

number of occupied and virtual orbitals that are chosen in which excitations are to

occur. Figure 2.2 demonstrates two common techniques for partitioning the active

space. In the first, (Figure 2.2 a) the active space is constituted of two occupied orbitals

and two virtual orbitals, all possible excited determinants are formed from the four total

orbitals.
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active space 4 E E inner shell 5 E outer shell
(all excitations) : : (all excitations) : : (sungles only)

 frozen inner core 4 {} frozen inner core {}

Figure 2.2: (a) Reducing a Full Configuration Interaction Calculation to a Subspace of Two
Occupied and Two Virtual Orbitals. (b) A Further Partitioning of the Active Space.

In the second, (Figure 2.2 b) the active space is further divided so that there is an inner

set of occupied and virtual orbitals and an outer-shell of orbitals containing a lower set

of occupied orbitals and a higher set of virtual orbitals. In the inner set, all excitations

are formed, and in the outer-shell a reduced number of excitations are formed.

In each case the energetically lowest set of occupied orbtials, below the active

space, is referred to as the frozen core. In other correlation techniques, such as

perturbation theory and coupled-cluster techniques, which will be discussed below, one

may also invoke a frozen-core approximation. The frozen core is usually the

chemically inert electrons, i.e. ls electrons for first-row atoms, 2s and 2p electrons for

second-row atoms. The frozen core approximation is widely used in quantum chemistry

and the calculations in this thesis are no exception. If calculations have been performed

with all electrons correlated, the designation offull is usually specified in association

with the particular computational method and this practice will be followed in this

thesis.



Wood Chapter 2: Theoretical Methods '46
 

2.4.4 Coupled-Cluster Techniques

Coupled-cluster methods are an important formalism in quantum chemistry

because they create a hierarchy of methods that include any desired degree of excitation

while remaining size consistent. This may be contrasted with the truncated CI methods

that are not size consistent for any degree of excitation. The development of coupled-

cluster methods leads to a complicated set of equations, which makes the formalism less

transparent than the Cl methods.

The coupled-cluster methods can be motivated through the full CI expansion of

two non-interacting hydrogen dimers (H2 -----H2), where the distance between the

dimers is arbitrary. In the full Cl scheme the wave function is a linear expansion of

determinants up to and including quadruple excitations, i.e.,

magic), + 2510“}; + ang (2.21)

D

7

In this expansion the ‘4 superscript indicates that the wave function is a four-electron

wave function. Because the system is inherently linear single excitations are zero by

symmetry. Excitations promoting an electron from one monomer to the other are also

zero because the distance between monomers is arbitrary. This leaves only the

reference Hartree-Fock determinant, two double excitations, and one quadruple

excitation. Recognizing that the monomers are non-interacting, allows for the

separation of the four-electron wave function into a direct product of two two-electron

wave functions. In doing so, the quadruple excitation amplitude can be replaced exactly

by a product of two two-electron excitation amplitudes aDaD., i.e.,

‘IJC, = 41,3, (9 1113,, + 2 aD‘l’f) 69 111,2, + aDaDw; 6) I113 (222)

D

The truncated CI methods neglect the final term in equation 2.22, which is the cause of

their size inconsistency. The coupled-cluster methods include terms such as these and
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they are known as disconnected excitations. The coupled-cluster methods were first

introduced in this manner by (viiiekl3 (although they have a longer history”) but today it

is common to recast them into a formalism known as the “cluster-expansion”. The

result of this expansion is a hierarchy of methods that includes any degree of excitation

in a size-consistent manner.

The cluster expansion of the wave function starts with an excitation operator T,

which is the sum of all types of excitations (T1 representing singles, T2 doubles, etc),

i.e.
5

T: T] + T2 + T3 + T4 + ,"'. + TN (2.23)

When in an exponential form, the excitation operator generates all forms of

disconnected excitations. To demonstrate this, consider the Taylor series expansion of

the excitation operator that only includes single and double excitations, i.e., T= T] + T2,

then,

(T,+T,)2 I (T,+T,)"
eT=l + (TI+T2) + —— + =2 (2.24)

2! k=0

Terms can be regrouped into quantities depending on one particular level of excitation,

as shown in equation 2.25.

1 2 l 3 1 2 l 2 l 4

l + TI + 'I‘2+§Tl + T2Tl+—6—TI + 5T2 +—T2Tl +—-Tl +

2 24

(2.25)

Truncating the excitation operator in this fashion leads to the method known as CCSD

(coupled—cluster with singles and doubles). In a similar fashion to full CI truncation, the

lowest level of truncation with Hartree—Fock orbitals includes only double excitations

and the method is abbreviated as CCD. Including higher excitation terms leads to
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methods called CCSD, CCSDT, CCSDTQ, and so on. However, for modestly sized

chemical systems the CCSD method is already computationally demanding.

Triple excitations in the cluster expansion can be included in an approximate

manner by using perturbation theory. The most widely used technique for achieving

this was formulated by Pople and his co-workers'5 and their method is designated (T).

The CCSD(T) method is a very good approximation to the full CI expansion and has

been called the ‘gold standard’ of correlation techniques.16 The CCSD(T) method is

used extensively in this thesis to benchmark other methods such as MP theory and

density functional theory (discussed below).

Historically, Pople and his co-workers15 solved the size-consistency problem of

the truncated CI expansion by including terms explicitly in order to enforce size

consistency. This resulted in a series of methods known as quadratic configuration

interaction (QCI). Inclusion of doubles, singles and doubles, and singles, doubles and

perturbative triples give methods known as QCID, QCISD and QCISD(T), respectively.

Later, it was realised that these methods were essentially equivalent to the coupled-

cluster techniques. In fact, QCID is identical to CCD, but CCSD and CCSD(T) include

several extra terms that are relatively inexpensive to calculate.

2.4.5 Perturbation Theory

Perturbation theory is an alternative means of representing the correlation

problem. As mentioned previously, the Hartree-Fock energy is approximately 99% of

the total energy. Therefore, it may be reasonable to assume that the correlation energy

could be included through a perturbation on the Hartree—Fock Hamiltonian, i.e.,

H=H0 + AV (2.26)

where H is the full time-independent non-relativistic Hamiltonian, H0 is the Hartree—

Fock Hamiltonian, V is the perturbation and 7» is a parameter that can be varied from
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zero to one according to what extent the perturbation is switched on. The exact wave

function and the energy are then expanded in a Taylor series of it, i.e.,

way”, + AW‘” + 28‘1“” + A3111“) + + A’qfi’)~-- (2.27)

E=E‘°* + AE‘” + 22E”) + A3E‘3‘ + + mg“)... (2.28)

where the subscript HF denotes the Hartree-Fock wave function and the superscripted

‘i’ represents the order-by-order corrections to the wave function and energy. Taking

the perturbation operator as a two-electron operator, the series becomes known as

Moller-Plesset (MP) theory, where the sum of the zeroth and first order energies is the

Hartree-Fock energy. By solving the perturbation expressions one can obtain a

sequence of order-by—order corrections to the Hartree-Fock wave function and energy.

Inclusion of the second-order corrections results in MP2 theory, third—order corrections

give MP3 theory, and so on. MP2 usually suffices in most calculations and often works

well, inclusion of higher levels of excitation causes most calculations to converge

quickly towards the full CI result. In some cases, however, the Moller-Plesset series

has been shown to converge slowly and in others even diverge.l7

The convergence behavior of the Mailer-Plesset series depends on how good the

zeroth—order wave function is as a starting point for the expansion. For open-shell

species, the Hartree—Fock starting point may come from either a restricted or an

unrestricted calculation. MP calculations based on a restricted formalism are denoted

RMPn (n = 2,3,...) whereas if they are based on an unrestricted formalism they are

denoted UMPn (n = 2,3,...). In cases where open-shell species suffer from significant

spin-contamination, unrestricted Hartree-Fock starting-points usually give poor results.

Some of the open-shell species in this thesis are no exception and the relative

performance of RMPn and UMPn calculations are compared in subsequent chapters.
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2.4.6 Ab Initio Hierarchy

The correlation methods outlined in the above sections are able to systematically

improve the Hartree-Fock energy by including higher orders of excitation. In other

words, they expand the many—electron basis. Full CI and the cluster expansion

represent a complete expansion of the many—electron basis. The one-electron basis is

the set of functions that is used to represent each molecular orbital. Examples include

the Pople-style basis sets STO—3G, 6—3lG(d), 6-31 1+G(d,p), and 6—31 l+G(3df,2p), and

the Dunning—style basis sets cc—anZ (n = D, T, Q, 5, ...). If one uses an infinitely large

one-electron basis set in conjunction with either full C1 or the complete cluster

expansion then the exact answer to the non—relativistic time-independent Schrodinger

equation (equation 2.7) is obtained.

 

 

 

Hartree—Fock MP2 CCSD MP4 CCSD(T) Full Cl

improvement in correlation
6—316(d) g 3
6-3}G(2df,p) g

l 5

i a
6—3116(2df,p) g

i a
' 2.

E
6—311+C(3df,2p) "

Infinitely large basis set limit for a particular Exact

basis set method solution    
 

Figure 2.3: Pople Diagram Indicating how to Systematically Improve the Hartree-Fock
Solution.

Figure 2.3 gives a Pople diagram,18 which is a two-dimensional representation

of systematic improvements to the Hartree-Fock energy in a minimal one-electron basis

set. The horizontal direction classifies methods that systematically improve the many—

electron basis while improvements in the one-electron basis set are given in the vertical

direction.
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2.5 Density Functional Theory

Density functional theory (DFT) is a theory that replaces the 3N variable

problem (4N including spin variables) of wave-function-based methods with a 3

variable problem, where the variable of interest is the electronic density (p(x,y,z)).

Early progress was made in the development of density functional theory, most notably

by Thomas and Fermi,19 who derived an energetic expression dependent solely on the

electronic density. Their expression was the sum of the classical coulomb-repulsion

between electrons, the classical coulomb—attraction between electrons and nuclei, and a

kinetic energy term derived from the uniform electron gas, which has the form:20

ETTF27 =_l%(3fl2)2/3fp5/3(r)dr (2.29)

The subscript T refers to the kinetic energy and the superscript TF27 refers to the

authors initials and the year it was published. Dirac” later showed the exchange energy

(EX) 0f the uniform electron gas, which corrects for electrons interacting with

themselves, is related to the density via 2.30.

030 3 3 “3 4/3EX FEE fp (r)dr (2.30)

If this term is added to the Thomas and Fermi expression, the resultant theory is known

as Thomas-Fermi-Dirac theory.

Although Thomas-Fermi-Dirac theory made use of the electron density, there

was no prescription to say that it was a theoretically valid approach to calculate ground

state energies. DFT had to wait until 1964 before it was put onto a firm theoretical

footing from two theorems by Hohenberg and Kohn.22 The first was an existence

theorem stating that there exists a unique ground-state electron density that determines
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the Hamiltonian and thus all the properties of the system. Quoting from the original

paper the theorem, in the words of the authors, is expressed as,

. the external potential Vex,(r) is (to within a constant) a unique

functional of p(r); since, in turn Vex,(r) fixes H we see that the full many

particle ground state is a uniquefunctional ofp(r). ”22

The second theorem states that a trial density delivers an energy that is an upper bound

of the true ground—state energy, that is, a density can be variationally optimized in a

similar manner to a trial wave function in Hartree—Fock theory.

In another contribution from Kohn,23 this time in association with Sham, the

Hohenberg-Kohn theorems were implemented in a practical formalism. In the Kohn-

Sham equations, the kinetic energy is split into two terms. One term could be

calculated exactly and represented the kinetic energy of an idealized non-interacting

electronic system, i.e., that of Hartree-Fock theory. The other term corrects deficiencies

in the first. The second term is usually folded into the exchange—correlation functional.

Thus, the key result is the functional representation of the energy in terms of a sum of

functionals (2.31):

Elpl=ETlpl + Evlpl + EJIPI + Exclpl (2.31)

where E7{p] is the kinetic energy functional of an idealized non-interacting electronic

system, EV[p] is the coulomb energy of the electronic attraction to the nuclei, EJ[p] is

the coulomb-repulsion functional, all of which are known exactly, and Exc[p] is the so-

called exchange-correlation function the form of which is unknown. The main

unknown of density functional theory is the exchange-correlation functional. It is

common to split the exchange-correlation into terms representing the exchange energy



Wood Chapter 2: Theoretical Methods '53
 

and the correlation energy, i.e., Exdp] = Ex[p] + Ec[p]. DFT methods are usually

designated by the names given to the exchange and correlation functionals.

2.5.1 Local Density Approximations

The initial attempts by Thomas, Fermi and Dirac were based on the uniform

electron gas, in which the electrons move on a positively charged background. Using

the Kohn-Sham equations, closed-form expressions can be obtained for all terms except

for the exchange and correlation functionals. In 1951,24 Slater introduced a modified

form of Dirac’s exchange term containing an empirical constant modifier in front of the

integral to give better agreement for atomic and molecular systems. Slater’s exchange

functional is usually abbreviated with an S and his method, which is a modification of

Thomas-Fermi-Dirac theory, is called the XOt method.

In subsequent years, highly accurate numerical results were generated for the

correlation contribution of the uniform electron gas. Correlation functionals could then

be obtained by fitting the results to analytical expressions with sophisticated

interpolation schemes. The most well known of them was published by Vosko, Wilk

and Nusair,25 and their functional is abbreviated to VWN. The VWN and S functionals

combined with the other terms, classical coluombic and the Hartree—Fock kinetic energy

term, are now synonymous with local density approximations (LDA) or local spin

density approximation (LDSA) if electrons of opposite spin are treated differently.

2.5.2 Generalized Gradient Approximation

Uniform electron densities are inherently deficient for describing atoms and

molecules. To allow the density to be non—uniform, gradient corrections can be

introduced through a Taylor expansion. However, this approximation violates some of

the principal physics of the system (e.g. the so-called exchange—correlation “hole” needs

to contain exactly one electronic charge). This frequently results in gradient-expanded

methods giving poorer results than LDA. However, if the hole condition is enforced by



Wood Chapter 2: Theoretical Methods '54
 

setting terms in the expansion to zero, then one obtains the generalized gradient

approximation (GGA).

The first functional that appeared in the literature with dependence on the

gradient came from a kinetic energy functional derived by von Weizsacker,26 which was

obtained by adding density ripples to the uniform electron gas:

E7V-V35 =%(6n2)2/3fp5’3(r)dr + gfp5/3(r)x2(r)dr

 

l (2.32)

= 15;sz + gfp5/3(r)x2(r)dr

where,

V
X(r)= l fiml (2.33)

P ‘0‘)

In a similar fashion, a gradient-corrected form of Dirac’s exchange functional

was derived by Sham27 and Kleinmann28

5K3] D30
EX =

5 a
EX — Wfp4 (r)x2(r)dr (2.34)

All of the preceding functionals have been derived from first principles without

recourse to experiment or fitting procedures, so DFT at this stage may be termed an ab

initio theory. However, combining the gradient-corrected functionals in the Kohn-

Sham scheme gives less than satisfactory results. The breakthrough (or breakdown) of

DFT was the introduction of parameterized functionals. The parameterization of

functionals has been very successful for giving accurate molecular properties such as

atomization energies, ionization energies, electron affinities, and proton affinities to

within about 20 kJ mol'] of experimentally derived numbers. Normally, “the

pragmatists” shrug and are content because of the substantial computational gain in
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obtaining such results. Some theoreticians on the other hand, argue that the essential

physics becomes lost in a forest of parameters. No insight into the physics may be

gained from these functionals thus leaving no firm outlook on where to go in the future.

A tongue in cheek expression for this sentiment says “give me enough parameters and I

can make an elephant, give me just one more and I can make his tail wag!”

The following paragraphs outline the most successful of these elephants, which

although it may be relegated to a semi-empirical domain, have been highly successful.

The first was a gradient-corrected form of the SK71 exchange functional, published in

1988 by Becke29

X20)E333 = ED30 _ 4/3 ‘_X x [3fp (’)1+6/3’x(r)sinh"x(r) r
(2.35)

The [3’ parameter was determined to be 0.0042 by fitting equation 2.35 to the Hartree-

Fock exchange energies of the inert gas elements. The introduction of the denominator

dependent on x(r) effectively damps the integrand as x(r) grows. This was proved

important in order to overcome the divergent behaviour of the SK71 functional. An

alternative and simpler way of damping the denominator is to introduce an x3/2(r)

dependence in the integrand and reparameterizing [3. Developed in 1996 by Gil],30 this

functional has similar accuracy to Becke’s 1988 functional but is less widely used

despite the simpler form:

E396 = Ef‘m — yfp4/3(r)x3/2(r)dr (2.36)

where y = 1/137. Perdew and Wang“ have also proposed a gradient-corrected

exchange functional (Expwgé) similar to Becke’s.

In this section, the only mention of a correlation functional was the ECVWN

functional, which is a complicated expression fitted to numerical results of the uniform
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electron gas density. In 1988, Lee Yang and Parr32 developed a correlation functional

(ECLYP) based on the helium atom, which contains four parameters. Like ECVWN it is also

a complicated expression.

2.5.3 Hybrid Functionals

The connection between the idealized non-interacting system and the fully

interacting system can be related through an adiabatic correction, whereby the total

exchange—correlation functional is integrated over a parameter that turns the electron

interaction on. The simplest approximation to an integral is to average the sum between

the end-points. When this is done for the exchange—correlation functional, it contains

half the exact Hartree-Fock exchange (where the electrons are non-interacting) and half

of an exchange-correlation functional where the electrons are interacting. If the

interacting functional is approximated by LSDA, then the hybrid functional is called

Becke’s half and half method.33 Becke went one step further and developed a three-

parameter exchange-correlation functional. In conjunction with the LYP correlation

function, the well-known B3-LYP combination of functionals is formed,34 which has

received widespread use in the literature and it is used extensively in this thesis. This

functional has the form:

E“””=ET + EV + E, + (1-c,)E;?3° + c,EX
AEBss l EVWN ELYP (2'37)

+CZX +(-c3)c +C3C

where the three c,— parameters are determined from experimental data.

2.5.4 What is Missing?

Success of the hybrid functionals over the gradientcorrected functionals

suggests that some of the physics is still missing from DFT. The exchange energy can

be expressed in terms of the interaction between the charge density (p(r])) of an electron
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of spin 0 with the exchange hole hx(r1.r2), where the exchange hole is identified with the

probability density owing to antisymmetry. Thus the exchange energy is:

l (r)h (r,r)EX = 5fwcir (2.38)
’12

In 1983, Becke35 derived a complicated Taylor expansion for the exchange hole hx(r,,r2)

in spherically—averaged coordinates viz:

1
It,x-(r.,r2)=p(r.)+g

 

2

Vzptr.)-2y[r(r,)—%(V:+')))Dr2 + (2.39)

The important aspect of this expansion is there are four terms depending on the

density, two of which have been met before, the density, and the gradient of the density.

Two other terms have not yet been considered, the laplacian of the density V2p(rl) and

the kinetic energy density r(r,), which is defined as:

rtn) = XIV/Will (2.40)

Functionals including terms depending on the kinetic energy density are known as

meta-gradient corrected (meta-GGA) functionals. Hybrid functionals containing these

terms have also come into existence. In this thesis, two hybrid meta-GGAs have been

used and go by the acronyms BMK36 and MPWBIK.37

2.6 Compound Methods and Model Chemistries

One of the goals of computational quantum chemistry is to achieve highly

accurate results for certain properties such as ionisation energies (IEs), electron
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affinities (EAs), and total atomization energies (TAEs). To this end, chemical accuracy

has been defined accordingly as 1 2 kcal morl. In strategies to obtain a range of

properties (such as IE5, EAs and TAEs) for various compounds, it becomes appropriate

to define a theoretical—model chemistry. In order to compare different models for

accuracy and predictive power models need to contain certain properties. First

identified by Pople18 these properties are:

(a) Unique and well—defined: Energies and wave functions obtained from

approximating the Schrodinger equation should be only specified in terms of nuclear

positions and the numbers and spins of electrons in the molecule.

(b) Continuiry: Potential energy surfaces should be continuous with respect to

nuclear displacements.

(c) Unbiased: Tthere should be no appeal to chemical intuition when setting up

a calculation.

(d) Size-consistent: If different compounds are going to be compared, then the

model must scale linearly with the number of particles (size-extensive). However, this

can be difficult to achieve and is usually relaxed to size—consistency, whereby a

property calculated for two infinitely-separated molecules should be the sum of the

same property when calculated individually.

A number of model chemistries have been examined already. These include

Hartree—Fock theory, full CI, coupled-cluster techniques, perturbation theory, and the

density functional theories, with the proviso that a single basis set is used in association

with these methods. Unfortunately chemical accuracy can be only be assured from

methods whose computational cost scales poorly (CCSD(T) and full CI in association

with a large basis set). Although density functional theory provides a cheap alternative

to these methods, it suffers from not being systematically improvable. Therefore DFT

needs to be calibrated, thus necessitating the use of methods such as CCSD(T) anyway.

An alternative means of obtaining chemical accuracy without recourse to methods such
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as CCSD(T) with an infinitely large basis set is to use compound methods. The aim of

compound model-chemistries is to approximate a large—basis-set CCSD(T) calculation

at a significantly reduced computational cost.

2.6.1 Gaussian-n (Gn) Methods

Gaussian-n methods (Gn, n = 1, 2 or 3) are a series of methods that use an

additive approximation for increasing basis set size. The first introduction of these

methods was with the G1 method in 1989.38 Later improvements were made to the

initial Gl theory bringing about the introduction of 0239 and G340 theories. The inherent

approximation of basis set additivity is used among all these methods and since this

thesis uses variants of G3 theory exclusively, the explicit details of only G3 will be

explained.

Looking at the Pople diagram of Figure 2.3, one could reason that the energy

lowering obtained from a particular theory when the basis set size is increased might be

approximately the same for another method. For instance, the energy difference

between two MP2 calculations with basis sets of different size could be approximately

the same as the difference of two CCSD(T) calculations with the same basis sets.

Therefore, one could make an approximation such as: CCSD(T)/6-3ll+G(3df,2p) z

CCSD(T)/6-31G(d) + [MP2/6-311+G(3df,2p) , MP2/6-31G(d)]. This is the essence of

all the Gn methods, though in practice an incremental introduction of correlation and

basis-set size is used.

2.6.1.1 G3: Using the implicit additivity assumption of basis set size increase,

the G3 energy at zero-kelvin can be expressed as:

E0=E[MP4/6-3IG(d)] + AE(+) + AE(2df,p)
2.41

AE(QCI) + AE(G3large) + E(SO) + E(HLC) + E(ZPE) ( )



Wood Chapter 2: Theoretical Methods '60

The base energy is an MP4/6-3lG(d) calculation and added to that are two basis set

corrections at the MP4 level for diffuse functions and for additional polarization

functions:

AE(+)=[MP4/6-3]+G(d) - MP4/6-3JG(d)] (2-42)

AE(2df, p)=[MP4/6-3]G(2df, p) — MP4/6—3IG(d)] (2.43)

A QCISD(T) calculation is then added to account for higher levels of correlation:

E(QC1)=[QC]SD(T)/6 — 3IG(d) — MP4 /6 — 31 G(d)] (2.44)

In addition, a correction for larger basis set effects and a correction for the non-

additivity caused in the basis set extension are included:

E(G3large) = I MP2(fu/l)/G3large — MP2/6 - 31 + G(d)
(2.45)

— MP2/6-3]G(2q’f,p) + MP2/6-3IG(d)]

E(SO) is a spin-orbit correction for atoms that has been found to be important for

halide-containing coumpounds.“ E(HLC) is an empirical “higher-level correction”

based on the numbers of 0. and 6 electrons. For molecules it is — Any, — B(nu — n“),

where A=6.386 and B=2.977 mHartrees, and for atoms it is — Cnfi — D(nu — n”), where

C=6.219 and D=1.185 mHartrees. Finally, a zero-point vibrational energy is added

from a frequency calculation on an HF/6-3lG(d) equilibrium structure, which is scaled

by 0.8929 to account for known deficiencies at this level.42 All the other corrections

have been calculated on an MP2(full)/6-3lG(d) optimized structure. Thus, the final G3

energy is approximating a QCISD(T)/G3large//MP2(full)/6-3lG(d) calculation.

2.6.1.2 G3X: The G3X method43 is a variant of G3, which incorporates three

changes. Firstly, geometries are obtained with B3-LYP/6-31+G(2df,p). Secondly,

zero-point vibrational energies are obtained with B3-LYP/6-31+G(2df,p) and scaled by
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0.9854. Finally, an additional basis set correction is included at the HF level for

second-row atoms, HF/G3Xlarge — HF/G3large, where the G3Xlarge basis set

incorporates a set of 7 pure g functions.

2.6.1.3 G3(MP2) methods: Both of the G3 and G3X methods can be

approximated by replacing the computationally expensive MP4 calculations with

cheaper MP2 calculations without a significant loss of accuracy.43

2.6.1.4 RAD variants of G3 methods: The G3 methods and their variants have

been found to perform well for closed—shell systems but for some radicals they lead to

spurious results. It was thought that the anomalous results were caused by basing these

methods on an unrestricted formalism for MP calculations on open-shell species. The

“RAD” variants of the G3 methods44 introduce a number of changes to overcome the

difficulties associated with an unrestricted formalism.

The principal features of the RAD methods include (a) B3-LYP geometries and

scaled frequencies, (b) the use of URCCSD(T) for the inclusion of higher orders of

correlation, replacing the UQC]SD(T) calculation, and (c) the use of RMP in place of

UMP for basis set extensions. These changes have led to the formulation of the G3-

RAD, G3X-RAD, G3(MP2)-RAD and G3X(MP2)-RAD methods, which have shown to

give improved accuracy for properties of radicals such as the their heat of formation.

2.6.2 Complete Basis Set Methods (CBS)

The complete basis set methods are another set of methods that attempt to use

lower—level methods to approximate a highly correlated method, such as CCSD(T), with

a complete basis set. The most popular variant of these methods is known by the

acronym CBS-QB3 and is used widely in this thesis. Chapter 3 introduces a new

method that is based on CBS-QB3. In a similar manner to the RAD variants of G3, the

new method of Chapter 3 reforrnulates CBS-QB3 using a restricted formalism in order

to improve the accuracy of calculations on radicals.
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The main difference between the Gaussian methods and the CBS methods is that

the CBS methods extrapolate the basis set extension of an MP2 calculation to the

infinite limit. It had been observed by Schwartz45 that the second-order correction to

the energy followed an angular momentum dependence on the basis set size. This

relationship was used to formulate an extrapolation scheme of the MP2 energy based on

pair—natural orbitals by Petersson and several collaborators.46 For the CBS-QB3 method

the total energy is obtained from the following calculations:

(i) UB3-LYP/6—3l 1G(2d,d,p) geometry optimization and frequencies,

(ii) UMP2/6-3l l+G(3d2f,2df,2p) energy and CBS extrapolation,

(iii) UMP4(SDQ)6-3I+G(d(0,p) energy, and

(iv) UCCSD(T)/6—31+G* energy.

The calculations (ii)~(iv) are performed on the geometry obtained from step (i).

The basis sets are modifications of the usual Pople-style sets, written with a more

generalized notation to designate that different polarization functions are used on

different atoms. Thus, 6-3ll+G(3d2f,2df,2p) means there are 3d2f polarization

functions on second-row atoms, 2df polarization functions on first-row atoms, and 2p

functions on hydrogen. Again, 6-31+G(d(f),p) indicates that there are d functions on

first— and second-row atoms, an f function on selected second-row atoms, and a p

function on hydrogen. The 6-31+GJr basis set is a modification of 6-31+G(d) in which

polarization function exponents are taken from 6—3llG(d,p). The total CBS-QB3

energy is calculated from:
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E(CBS - Q33) = E(UMPZ) + AE(CBS(2’) + AE(spin)

+ AE(CCSD(T)) + A(CBS - int) (2.46)

+ AE(emp) + AE(ZPVE)

 

Here, E(UMPZ) is the UMP2 energy calculated with the 6-311+G(3d2f,2df,2p) basis

set, AE(CBS(2)) is obtained from the extrapolation of the second-order pair correlation

energies to the complete-basis-set (CBS) limit, and AE(UMP34) and AE(CCSD(T)) are

given by:

AE(UMP34) = E[UMP4(SDQ)/6 — 31 + G(d(/), p)]

— E[UMP2/6 — 31+ G(d(/), p)] (247)

and

AE(UCCSD(T)) = E[UCCSD(T)/6 - 31 + G*] (248)

— E[UMP4(SDQ)/6 — 31 + 0*]

The empirical correction to the higher—order correlation energy, AE(emp), in equation

2.43 is given by:

2

  

 

11,, NW.”

AE(emp) = —5.79mEh2 2C,“ |S|:_ (2.49)
i=1 ,u=l

where |S|fi is the absolute overlap integral:

ISlfi = f "(pi’gtpildr (2.50)

. . . . 26.} .
between the most Similar a and [3 orbitals, and the interference factor, ,. , IS the

 

square of the trace of the first-order wave function. This empirical higher—order

correction is necessary to compensate for the very small basis sets employed in 2.47 and
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2.48. The AE(CBS-im) correction to AE(MP34) and AE(CCSD) is obtained from the

interference correction47 to the pair energies in calculation (ii). This interference term

corrects higher-order perturbation theory for near degeneracies.47 These two higher—

order corrections to AE(UMP34) and AE(UCCSD(T)) are an attempt to estimate the

CBS limit of these contributions.

No attempt is made to extrapolate the UHF/6-3l 1+G(3d2f,2df,2p) energy to the

CBS limit. The spin—contamination correction term, AE(spin), is given by,

AE(spin) = —9.54mE,,A(52) (2.51)

which adds a correction proportional to the deviation from ideal values of the spin-

squared expectation value <SZ> calculated for the UHF/6-3ll+G(3d2f,2df,2p) wave

function. Finally. the AE(ZPVE) term is obtained from scaled (by 0.9900) frequencies

calculated in (i). Chapter 3 examines the role of the empirical correction for spin-

contamination.

2. 6.3 Weizmann Methods (Wn)

The major pitfall of the previous sets of compound methods is that they contain

some sort of parameterization against experimental data. This is appropriate for many

first-row—containing compounds where there exists reliable experimental data but for

second-row—containing compounds reliable experiments are sparse. In addition, though

these methods quite often reach chemical accuracy they do give largest deviations that

are an order of magnitude larger than the requisite precision. The Weizmann methods

are a set of methods that have been established to offer benchmark quality results,

defined to have an average deviation of 1 kJ mol_]. They should also not have largest

deviations exceeding chemical accuracy. In addition, they should be applicable to

compounds that contain up to six heavy atoms (atoms not including hydrogen and

helium) and finally they should not contain empirical parameters. The first two
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methods developed with these criteria are known as the Weizmann-1 and Weizmann—2

(W1 and W2) theories.48 More recently, the Weizmann-3 (W3) has been outlined in the

literature but remains computationally impractical for regular use.49

The W1 and W2 methods rely on extrapolation schemes to give CCSD(T)/CBS

energies. There are many similarities between the W1 and W2 methods, the main

difference concerns the basis sets used in the extrapolation steps. The remaining

paragraphs will therefore discuss the steps involved in the W1 method.

The W] method requires the following calculations:

(1) Geometry optimization at B3—LYP/VTZ+1, where the “+1” denotes the

addition to second—row atoms of the highest—exponent 0’ function from the V52 basis

set. Frequencies obtained at the same level with zero-point energy scaled by 0.985.

(2) SCF single-point energy calculations using the aug'-cc-pVQZ+2d1f and

aug'-cc-pVTZ+2d1f basis sets. Extrapolation of the SCF component to the energy

using a two-point extrapolation formula (ESCFU) = A + B/IS) where l = 4 and 3 for the

quadruple- and triple-zeta basis sets that are used.

(3) CCSD single-point energy calculations using the aug'—cc-pVQZ+2dlf and

aug'-cc-pVTZ+2d1f basis sets. Extrapolation of the CCSD component to the energy

using a two-point extrapolation formula (ECCSD([) = A + 8/1322) where l = 4 and 3 for

the quadruple- and triple-zeta basis sets that are used. The exponent of 3.22 is an

empirical parameter determined for the W1 method determined from the results of W2.

Although this seems to violate the principles of the Weizmann methods, there is still no

reliance on experimental data.

(4) CCSD(T) single—point energy calculations using the aug'-cc-pVTZ+2d1f and

aug’—cc-pVDZ+2d1f basis sets. Extrapolation of the (T) component to the energy using

a two-point extrapolation formula (ECCSDU) = A + B/I3‘22) where I = 3 and 2 for the

triple- and double-zeta basis sets that are used.
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(5) CCSD(T)(full)/MTSmall and CCSD(T)/MTSmall single-point calculations,

where the difference accounts for correlations between core electrons.

(6) Addition of a scalar relativistic correction using an ACPF/MTSmall

calculation.

The W1 method using these steps has been found to give excellent accuracy for

thermochemical calculations, and where possible has been used to benchmark other

calculations in this thesis.

2.7 Software

The programmes used to perform the calculations in this thesis are: ACES 11,50

GAMESS us,“ GAUSSIAN 03,52 MOLPRO 2002.3,53 and NWCHEM 4.7.54
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3.1 Introduction

A major goal of modern computational chemistry is the calculation of accurate

molecular thermochemistry.‘ This has become a practical reality for a wide variety of

molecules in recent years through the development of composite theoretical methods

such as the Gaussian (Gn) procedures of Curtiss, Raghavachari and Pople,2 the

complete-basis—set (CBS) methods of Petersson and co-workers,3'6 and the Weizmann

(Wn) methods of Martin and co-workers.7‘9

Particular problems in the determination of thermochemical properties can arise

for open—shell systems if there is significant spin contamination in methods based on an

unrestricted wave function. A number of procedures have been introduced to try to

10.11

combat such problems. For example, the use of B3-LYP geometries and

1112
’ and hasfrequencies in place of UHF and/or UMP2 is a useful step in this direction

been incorporated in the popular CBS-QB3 method6 (see section 2.8.2). However, these

improvements in geometries and zero-point energies do not address the errors that are

associated with spin contamination in the electronic energies themselves.

CBS-QB3 includes a "spin-correction" term (equation 2.51 and repeated here as

equation 3.1) that is proportional to the deviation in the expectation value of the spin-

squared operator <SZ> from the values appropriate for a pure spin state (e. g., 0.75 for a

doublet).

AE(Spin) = —9.54mE,,A(52) (3.1)

In a highly spin-contaminated species such as the cyano radical, this spin correction,

—9.54mEhA<Sz>, reduces the error in the UCCSD(T) energy to a value comparable to

that for species with little or no spin contamination (Figure 3.1). However, in a number

13—16

of recent studies of species with less severe spin contamination, it has been found

that inclusion of the spin-correction term can sometimes lead to poorer agreement with



Wood Chapter 3: The ROCBS-QB3 Procedure '72

experiment or with the results of higher-level theoretical procedures such as W] or W2.

This has led to the use of CBS—QB3 without the spin-correction term, in a method

denoted U—CBs—QB3.‘3"° The validity of this approach is re-examined in this Chapter.
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Figure 3.]: The minimum energy UHF wave function for the cyano radical, 'CEN, mixes

the A45 excited state with the X15 ground state, leading to an error in <Sz>z d<SZ> =

<Sz>ca|c — 0.75. This UHF spin contamination and the associated error in the UCCSD(T)

energy can be varied over a wide range by modest changes in the bond length, RCN. The

intercept of 1,5 mHartrees represents the CCSD(T) error in the absence of spin

contamination. Calculations have been carried out in association with the cc-pVDZ basis

set.

A potential alternative means of addressing the spin—correction problem is

through the use of spin-restricted procedures in place of spin—unrestricted procedures,

i.e., through a restricted-open-shell CBS-QB3 (ROCBS-QB3) procedure.”

Unfortunately, spin—restricted methods introduce their own welI-known problems.17 For

example, neither RCCSD(T) nor UCCSD(T) give an acceptable potential energy curve

for the F2 molecule (Figure 3.2). The RCCSD(T) energy dissociates to the wrong limit,

whereas the UCCSD(T) energy is in error by more than 30 kJ mol’] at a bond length

(~1.9 A or ~1.3 R) that might apply to a transition structure. The CBS-QB3 spin

correction reduces the large errors at ~].9 A, but introduces a reduced version of the
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kind of dissociation-limit problems associated with RCCSD(T). We note that while we

define the new restricted-open-shell version of CBS-0B3 as ROCBS-QB3 we retain the

prefix ‘R’ with all other methods that make use of a restricted wave function

irrespective of the numbers of unpaired electrons.

In the present Chapter, an ROCBS—QB3 procedure has been implemented, and

we have compared its performance with that of standard CBS-QB3. The new ROCBS-

QB3 model is found to perform comparably to or even slightly better than the standard

CBS-QB3 model in a variety of spin—contaminated radicals and biradicals. The virtues

and shortcomings of both methods are considered in some detail. Since no

modifications are made to the CBS-0B3 model for closed—shell species, there are only

minor changes in the calculated atomization energies (reported as heats of formation of

these species), resulting from the use of ROCBS-QB3 energies for the atoms.
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Figure 3.2: The errors in spin-restricted and spin-unrestricted CCSD(T)/cc—pVDZ

energies for the F2 ’5; ground state as a function ofthe bond length.

3.2 Theoretical Methods

The ROCBS-QB3 method retains most of the essential features of the standard

CBS—0B3 method, including the use of UB3-LYP/6-311G(2d,d,p) geometries and
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scaled frequencies, but has the following differences. In the first place, the

extrapolation based on an unrestricted wave function is replaced with an extrapolation

from a restricted wave function, i.e., RMP2/6-3ll+G(3d2f,2df,2p) energy and CBS

extrapolation.

The pair—natural-orbital complete—basis-set (CBS) extrapolation of second-order

aa— and ab-pair energies, and the application of the interference effect to extrapolate the

contributions from higher orders of perturbation theory are carried over from the CBS-

QB3 model without modificationfi No attempt is made to extrapolate the contribution

from single excitations to the second-order energy of open-shell species, since this is

essentially a correction to the SCF energy, which is not extrapolated. The energy

calculations based on unrestricted wave functions are also replaced with the

corresponding calculations based on restricted wave functions, i.e., RMP4(SDQ)6—

31+G(d(f),p) energy, and RCCSD(T)/6-3I+GT energy. Because of the use of restricted

wave functions, the empirical correction for spin contamination (equation 3.1) is always

zero. Note that the new ROCBS-QB3 model gives total energies identical to those of

the standard unrestricted CBS—Q83 model when applied to closed-shell species.

The GAUSSIAN suite of programs does not currently cater for the use of

restricted wave functions for MP4 or CCSD(T) calculations on open—shell species, and

the ACES 11 package was therefore used for such calculations. However, whereas

GAUSSIAN supports the use of mixed spherical and cartesian basis sets, e.g., (6d,7f),

ACES 11 does not. This creates a potential problem in comparisons of ROCBS—QB3

with standard CBS—QB3 since the latter uses (6d, 7f) combinations for the UMP4 and

UCCSD(T) calculations (see section 2.8.2). In order to rectify this situation, UMP4 and

UCCSD(T) calculations have been carried out using both (5d,7f) and (6d,7f)

combinations. The difference is then added to the (5d,7f) RMP4 and RCCSD(T)

components of ROCBS-QB3 as a basis set correction, yielding ROCBS—QB3 values

that correspond approximately to the (6d,7f) treatment of standard CBS-QB3.



Table 3.]: Calculated and Experimental Bond Dissociation Energies (BDE‘S). Ionization Energies (IE‘S). and Electron Affinities (EA‘s) Involving

Spin-Contaminated Species (kJ mol")

 

 

. . A<SZ> U—CBS~ CBS- ROCBS- W1 U aSpec1es Reaction reactant product 083 083 083 W1 U + spin cm W1(RO) Expt

o-radicals

BDE AHzgg H—C-N —* H + 'C-N 0.000 0.3822 540.9 531.3 529.8 536.4 530.1 531.8 528.4 i 0.8h

H—C-CH -' H + 'C-CH 0.000 0.3614 565.9 556.8 557.0 560.8 554.8 558.4 558.4 i 0.1c

HACH=CH3 —- H + -CH=CH; 0.000 0.1869 467.5 462.8 463.9 465.0 461.9 463.6 463.2 i 2.5h

H—CaH‘ —-’ H + -C5Hs 0.000 0.5963 498.0 483.1 473.2 472.4 i 2h

IE AEO C-S - e‘+ C-S‘ 0.000 0.7136 1106.2 1088.3 1092.7 1102.0 1090.2 1094.8 1093.2 i ld

C-an’+C-O‘ 0.000 0.2081 1361.9 1356.7 1355.7 1356.0 1352.6 1353.0 1352141003d

EA AEO 0' —~ e‘ + CI 0.000 0.0104 355.5 355.2 353.6 350.2 350.0 350.0 348.6i0.0006d

C-N'-» e‘+C-N 0.000 0.3822 386.4 376.8 375.3 380.1 373.8 375.6 372.6i0.5d

n-radicals

BDE 011m H—CH;-CH=CH2 —- H + -CH3»CH:CH3 0.000 0.2014 369.9 364.9 364.8 369.4 366.1 371.5 :t 1.70

HANH-CH=O —- H + -NH-CH=O 0.000 0.1982 480.4 475.4 479.4 479.1

H-‘CHz‘ChHg —- H + ~CH3-C5Hs 0.000 0.5851 393.8 379.1 375.7 375.7 :t 2.50

Singlet
biradicals

BDE AHM F—F —~ F + F 0.3460 0.0076 151.0 159.5 157.0 152.0 157.6 156.0 159.0 i 0.21{

HvC-C- —> H + -C-C- 0.3614 1.6142 520.6 489.2 470.8 511.2 490.5 479.9 488 i 4g

H—C,.1-I4 - H + o-ChH. 0.5963 1.3056 364.1 346.3 341.6 326 i 12h
H—C5H4 —> H + m-C6H4 0.5963 0.0000 378.9 393.8 403.7 393 :t 12h
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Table 3.1 (continued): Calculated and Experimental Bond Dissociation Energies (BDE’s), Ionization Energies (lE’s), and Electron Affinities

(EA’s) Involving Spin-Contaminated Species (kJ mol")

 

 

. . A<SZ> U-CBS— ROCBS- W1 U

S ec1es Reaction CBS- 83 W1 U _ W1(RO)a Ex I

P reactant product QB3 Q 033 + sp1n corr p

Smslet HanH4 —~ H + p-QH. 0.5963 1.7508 479.8 450.9 446.9 456 :1: 12h

b1rad1cals

-C-C- —- C + C 1.6142 0.02 548.4 588.3 603.2 569.1 595.4 602.7 596 t 4g

EA AEo :O-O—O- -- e 4- -O—O~O- 0.0337 0.9434 247.3 224.5 214.6 235.6 220.6 209.2 202.9 :1: 0.4"

Triplet

biradicals

EA AEn HrC‘eC-N -* e + HeC‘7C-N 0.1223 0.3653 198.3 192.3 192.4 195.3 191.3 193.3 i 1.3i

RMS deviation] 21.0 7.0 5.8 14.2 5.3 4.1 d: 1.9k

RMS deviation (excluding ozone) [8.7 5.0 5.2 1 L3 2.5 3.8

MAD' 16.1 4.8 3.6 9.8 3.2 3,2 21:1.5k

MAD (excluding ozone) 14.5 3.8 3.2 7.9 2.1 2.8

 

a Standard restricted W1 method. refs 7 and 8. h Reference 19. C Reference 20. d Reference 21. 8 Reference 22. rReference 23. 3 Reference 24. h Reference 25. i Reference 261."

RMS = root mean square deviation from experimental values. k Excludes those reactions involving C6H4 which have experimental uncertainties oft 12 k.l mor'. ' MAD = mean

absolute deviation from experimental values
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3.3 Results and Discussion

Firstly, the focus will be on how the performance of the new restricted-open-

shell model differs from that of the standard unrestricted model for open shells.

3.3.1 Comparison of Restricted and Unrestricted Methods

The performance of the ROCBS-QB3 and standard CBS—QB3 model has been

assessed for a variety of radicals and biradicals for which a direct comparisons with

specific experiments (Table 3.1) can be made. The sample was selected to probe the

effects of spin contamination — not to give a representative cross section of likely

applications. The root mean square (RMS) and mean absolute deviations (MAD) from

experiment for all methods are therefore larger than one might expect for typical

applications. Included are results from some Wl calculations, both the standard

version, Wl,7‘8 which is denoted W1(RO) to emphasize the restricted treatment of open

shells, and an unrestricted version, WlU18 (Table 3.1). Firstly it is noted that the

unrestricted version is in better agreement with both experiment and the standard

restricted version if a spin correction is included, 70.00628 d<Sz>, analogous to

equation 3.]. This correction approximates the difference between RCCSD(T) and

UCCSD(T) energies (Figure 3.3). Table 3.] compares the calculated numbers with the

appropriate experimentally-determined results]?26

3.3.1.1 o-radicals

The radical reactions (Table 3.1) were selected to involve a single spin-contaminated

open-shell product with a closed-shell reactant to avoid ambiguity in interpretation.

Among the o-radicals, the largest discrepancies between the standard unrestricted CBS-

QB3 and the new ROCBS-QB3 model correspond to the phenyl radical (CBS—QB3

deviation from experiment 10.7 i 2 k] mol’l) for which Equation 3.1 underestimates the

correction, the chlorine atom (CBS-QB3 error 6.6 i 0.0 k] mol‘l) for which the spin
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contamination is very small, and the CS+ ion for which Equation 3.1 overestimates the

correction (CBS-QB3 deviation from experiment —4.9 i l kJ mol"). In each of these

cases, ROCBS—QB3 gives energies closer to the experimental values. The result for the

chlorine atom is indicative of the base error associated with extrapolations from modest

basis sets even in the absence of spin contamination.
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Figure 3.3: The difference between RCCSD(T) and UCCSD(T) energies and the difference

between ROCBS-QB3 and unrestricted CBS-0B3 (before spin-contamination correction)

energies are both proportional to the error in <SZ>, but the proportionality constant is

greater for the CBS—0B3 energies.

The large CBS-QB3 error for the phenyl radical was unexpected, since the

original CBS-Q model with UMP2 geometry gave 477.0 kJ mol'] for the 298 K C—H

bond dissociation enthalpy of benzene.5 The good agreement of CBS-Q with

experiment (472.4 i 2 kJ mol"') must have been a bit fortuitous, since the improved

B3-LYP geometry in CBS-QB3 gives 483.1 k] mol’l. The culprit here is probably the

extreme sensitivity of the UHF spin contamination (and consequently the UCCSD(T)

energy error) to small changes in geometry (Figure 3.1). The ROCBS-QB3 value
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(473.2 kJ mol") is certainly the beneficia of error cancellation, but a reducedry

sensitivity to geometry is a potential advantage for the RO approach (Figure 3.2)

3.3.1.2 n-radicals

The limited number of n-radicals in Table 3.1 do not indicate any substantial

difference between the standard unrestricted CBS—QB3 model and the new ROCBS-

QB3 version. The spin correction overcorrects the formamide radical (by ~4 kJ molfi1

compared with the restricted version), but undercorrects the benzyl radical (by ~3.5 kJ

mol’l), so once again no evidence for a systematic error from equation 3.1 is seen. For

the ally] radical, the restricted and unrestricted models have deviations from experiment

of 6.6 and 6.7 k] mol’l, respectively. However, the consistency of the two models

indicates that the deviation from experiment is a consequence of something other than

spin contamination.

3.3.1.3 Biradicals

The quality of the results for the biradicals was a pleasant surprise, since these

species should really be treated with a multi-configuration method. Although the

specific strengths and weaknesses differ, the overall performance of the CBS-QB3 and

ROCBS—QB3 models is comparable. This is consistent with the correlation between the

spin—contamination correction in the standard CBS-QB3 model, equation 3.1, and the

energy difference between RCCSD(T) and UCCSD(T) calculations, both before and

after the CBS extrapolations (Figure 3.3).

The biradicals necessarily involve spin contamination in both reactant and

product. The deviations from experiment for both restricted and unrestricted CBS-QB3

calculations are larger than the errors observed for the simple radicals considered

previously, but smaller than might have been expected for such difficult species. It is

obvious from Figure 3.2 that if the two radical centers are sufficiently separated, the

ROCBS—QB3 model will fail badly, giving an energy that is too negative for the
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biradical. This effect is evident in the ROCBS-QB3 underestimation of the C—H bond

dissociation energy of H—CEO (by 17 2t 4 kJ mol’]) and the overestimation of the bond

dissociation energy of CEO (by 7 2t 4 kJ mol"). Figure 3.2 also suggests that standard

(unrestricted) CBS-QB3 could be unreliable for intermediate separations. This

deficiency is illustrated by the large error (21.6 i 0.4 kJ mol’]) in the standard CBS—

QB3 electron affinity of ozone. The similar error (17.7 i 0.4 k] mol‘l) for the spin-

eorrected WlUsc electron affinity of ozone indicates that this is an inherent deficiency

in the UCCSD(T) description of ozone rather than an error in the CBS extrapolation.

One might be tempted to treat ozone as a closed shell within the standard unrestricted

CBS-0B3 model, thereby removing the largest error for this model chemistry. While

this may be appropriate ifthe concern is with the molecule itself, treatment of 03, F2, or

any other UHF-unstable species with restricted methods would create consistency

problems in studies of reactions of these species with radicals (e.g., F2 + -CH3 —> -F +

CH3F) where the standard CBS—QB3 model would employ unrestricted methods along

the reaction path. Therefore, the large errors in the energy of ozone for both the CBS-

QB3 model (21.6 i 0.4 k] mor‘) and the WlUsc model (17.7 i 0.4 k] moi“) must be

accepted in assessing their performance.

The BDE of C2 is a relatively clean example, since the product carbon atoms

have little spin contamination. Neither standard unrestricted CBS—QB3 nor ROCBS-

QB3 gives an especially good result. However, the correlation with the corresponding

versions of W] theory suggests that the problems are again inherent in using a single

reference determinant. It is certainly clear from Figure 3.2 that CCSD(T)-based

methods can be a poor choice for studies of radical-recombination reactions.

Both CBS models give results within the relatively large experimental

uncertainties for the three isomers of benzyne. Note that m-benzyne closes to form a

bicyelo[3,l,0]hexatriene27 and thus is not open—shell The difference between the CBS-

QB3 and ROCBS-QB3 results for m-benzyne arises from the difference in the energy of
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Figure 3.4: The cumulative difference between ROCBS-QB3 and standard unrestricted

CBS-QB3 component by component. The composite CCSD(T) energy is repeated from the

last point on the Ieft—hand side of the figure as the first point on the higher resolution right—

hand side ofthe figure, i.e., the points that are in the boxes.

the phenyl radical. Since it has been shown that the minimum energy RCCSD(T)

geometry for p-benzyne is non-planar,27 the good result for ROCBS-QB3 is perhaps

fortuitous, just as for the ally] radical. On the other hand, these geometry errors may be

of little consequence for thermochemistry, since the potential energy surface generally

tends to be rather flat when restricted and unrestricted geometries differ. Finally, it is

noted that the standard (unrestricted) version of CBS-QB3 gives a far better (probably

fortuitously good) result than the new ROCBS—QB3 version for the second C—H bond

dissociation energy for acetylene.
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3.3.1.4 Order-by-order comparison

The surprisingly large difference (1.6 kJ mol‘]) between the restricted and

unrestricted models for the chlorine atom (with A<Sz> only 0.01) is a result of the

mixing of contributions from different orders of perturbation theory, even though the

CCSD(T) total energy is almost unchanged between restricted and unrestricted

treatments (AEccspm ~0.04 kJ mol"). The increased R0 contribution from Em gives

both a larger direct contribution with the large MP2 basis set (1.2 kJ mol") and also a

larger CBS extrapolation (0.4 kJ mol").

The order-by-order differences between ROCBS-QB3 and standard unrestricted

CBS-0B3 follow a consistent pattern (Figure 3.4). The energy lowering from RHF to

UHF does not correlate very well with the error in <S2>, and the energy lowering from

RMP2 single excitations is virtually independent of both (Figure 3.4). The second-

order single excitation energy for triplet H—C—CN (9.8 mEh) with two unpaired

electrons is roughly twice as large as those for the doublet radicals (e.g. 3.7 mEh for H—

C—CN'). The RMP2 — UMP2 double excitations follow the RHF _ UHF differences,

but overcorrect. The RMP2 doubles include simultaneous singles, which are clearly

important in species with large RHF 3 UHF differences, as demonstrated by the failure

of the second—order single excitations to adequately correct for the RHF — UHF

difference (Figure 3.4).

Higher—orders compensate for the RMP2 overcorrection, making the composite

CCSD(T) energies almost equal (Figure 3.4) and leaving only a small energy lowering

of RCCSD(T) relative to UCCSD(T). In some cases this represents an inherent

difference between restricted and unrestricted CCSD(T). For example, the RCCSD(T)

and UCCSD(T) composite energies for phenyl radical differ by 2.84 mEh while the

CCSD(T)/6—31+GJr energies differ by 2.98 mEh. In other cases, the basis-set

dependence of the order—by-order contributions creates an artificial effect. For example,

the cyanomethylene triplet has a composite energy difference of 2.29 mEh, but a
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difference of only 0.39 mEh for the CCSD(T)/6-31+G+ energies. In every case, the

RCCSD(T) energy is lower than the UCCSD(T) energy. The CBS extrapolation of the

second-order correlation energy favors the RMP2 version, since it is extrapolating from

a larger calculated second-order energy. The spin—contamination correction, equation

3.1, compensates for both effects, making the differences between the restricted and

unrestricted energies even smaller than the differences in the composite CCSD(T)

energies (Figure 3.4).

Species with substantial UHF spin contamination may show excessive

sensitivity of both restricted and unrestricted composite energies to small geometry

changes, even when there is little difference between the RCCSD(T) and UCCSD(T)

energies. The variation of the partition between RMP2(D) and RMP34(D) creates a

potential instability for models such as CBS-QB3 that employ large basis sets for MP2,

but small basis sets for MP34 and CCSD(T). Models such as CBS-APNO and W] that

employ large basis sets throughout should not show these problems, but may still fail

for species that are poorly described by a single reference determinant (e.g., ozone in

Table 3.1).

The CBS interference correction28 to the higher—order contributions and the

empirical correction, introduce more variation between the final restricted and

unrestricted energies. However, it should be borne in mind that the differences between

the R and U corrections are only a small fraction of the total interference and empirical

corrections. The interference correction is necessary to handle near degeneracies28 and

the empirical correction is necessary to compensate for the very small basis sets used

for the higher-order calculations. The large basis sets employed for CCSD and

CCSD(T) calculations in the W1 model eliminate the need for these two corrections, but

severely restrict the size of the species that can be studied.
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3.3.1.5 Correlation between methods

The correlation between the results obtained with the six computational methods

in Table 3.] is explored in Table 3.2, where the RMS deviations of the models from

experiment and from one another are examined. The results in Table 3.2 are overly

pessimistic about the accuracy of WI calculations due to a combination of the

computational difficulty of the examples in Table 3.2 and the uncertainties in the

experimental energies. The CBS-QB3 model is fairly close to the accuracy limit of

CCSD(T) for these spin-contaminated species, so the W1 energies do not give as much

improvement in accuracy as one would find in more typical applications of the model

chemistries. However, the results are sufficiently reliable to reach some conclusions

about the relationships between the various methods when applied to spin-contaminated

species.

Table 3.2: The RMS Deviations (KJ M01") of the Computational Methods from Experiment

and from one Another Based on the Reactions in Table 3.] .a The Bold Faced Number in each

Column is the Minimum RMS Deviation, Indicating the Strongest Correlation Between Two

Methods
 

 

w1u
11-033033 CBS—QB3 110035—0133 WIU A W](R0)b Exptc

+ spm corr

U—CBS—QB3 0.0 17.3 23.4 8.0 19.1 23.4 21.0

CBS-QB3 17.3 0.0 7.1 10.1 3.1 7.3 7.0

ROCBS-QB3 23.4 7.1 0.0 16.3 6.4 3.5 5.8

w1u 8.0 10.1 16.3 0.0 11.4 16.3 14.2

WlU
+ Spin cm 19.1 3.1 6.4 11.4 0.0 5.6 5.3

quO)" 23.4 7.3 3.5 16.3 5.6 0.0 4.1

Expt‘ 21.0 7.0 5.8 14.2 5.3 4.1 1.9d
 

TheI deviations in the calculated energies for thc bcnzyncs relative to experiment were corrected for the 12 kJ

mol experimental uncertainty. bStandard restricted W1 method, ref 7 and 8. RMS error including ozolne. dThe

experimental error estimates excluding the bcnzyncs were used to calculate the RMS error (1.9 kJ mol l) for the

experimental values.
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The three types of calculation, unrestricted without spin

correction, unrestricted with spin correction, and restricted open

shell, correlate most strongly with other methods of the same

“spin type”. Specifically, the CBS-QB3 without spin correction

correlates (U—CBS-QB3) best with the WlU without spin

correction, the CBS-QB3 with spin correction correlates best

with the WlUsc with spin correction, and the ROCBS—QB3

correlates best with the standard W1(RO) calculations.

The limited sample makes differences in RMS deviations

(relative to experiment) of less than 25% statistically

insignificant. Nevertheless, it can be concluded that WlUsc

with spin correction (—0.00628A<SZ>) and standard Wl(RO) are

comparable in accuracy and are the most accurate methods of the

group (hardly a surprise). The relative ranking of these two

methods is entirely dependent on whether or not we include

ozone in the test set (Table 3.1).

It can also be concluded that the new ROCBS-QB3 method is

comparable in accuracy to (if not slightly more accurate than)

standard (unrestricted) CBS—QB3 with spin correction.

However, once again the relative ranking of the restricted vs.

unrestricted methods is dependent on whether or not ozone is

included in the test set (Table 3.1).

The unrestricted methods without spin correction are the least

accurate. In fact, the WlU method without spin correction is

less accurate than spin-corrected unrestricted CBS-QB3 and

ROCBS—QB3. In addition, the unrestricted CBS-QB3 method

without spin correction (U-CBS-QB3) shows the largest RMS
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deviation from experiment, and therefore does not appear to

represent a good general method, despite some earlier promising

indications.”I6

5. One must exercise care in using a higher—level method to

calibrate a computationally less demanding method.

Comparison with Wl(RO) would lead us to believe that the

errors in the ROCBS-QB3 method are half as large as the errors

in the spin—corrected unrestricted CBS-0B3 method. Similarly,

comparison with spin—corrected WlUsc would lead us to believe

that the errors in the spin-corrected unrestricted CBS—QB3 are

half as large as the errors in the ROCBS-QB3 method. In fact,

comparison with experiment shows the two methods to be of

comparable accuracy. Methods of the same “spin type” have

consistent (even if large) errors. Hence, U-CBS—QB3 correlates

well with WlU without spin correction.

3.3.1.6 Summary

The new ROCBS-QB3 model has successfully eliminated one of the two

empirical parameters in the earlier spin-corrected CBS-0B3 model and maintained

comparable accuracy. There are not a sufficient number and variety of spin-

contaminated examples to make a definitive judgment between the two methods, but it

can be concluded that ROCBS-QB3 is at least a viable alternative if not slightly more

accurate. Both standard (spin—corrected) CBS-QB3 and ROCBS—QB3 show good

reliability for doublet radicals and triplet biradicals. Both have considerably larger

errors for singlet biradicals and in general should only be applied to such species for

qualitative purposes. The new restricted-open—shell model appears to be less sensitive

to small changes in geometry, but cannot treat widely separated biradical centers and

may have problems ofincorrect localization in conjugated n-radicals (e.g. allyl radical).



Wood Chapter 3: The ROCBS-QB3 Procedure '87
 

3.3.2 Heats of Formation

Further assessment of the performance of the ROCBS-QB3 procedure has been

carried out by using the 148 heats of formation at 298 K (Aszgg) (29 of which are for

open-shell species) of the 62/97 test set of Curtiss et a].29 The calculated molecular

energies were used to derive heats of formation at 298 K (Aszgg) using the atomization

method outlined by Nicolaides et al.,30 (the calculated atomization energy being

subtracted from the experimental heats of formation of the atoms, Table 3.3). The

resulting “calculated” heats of formation for the molecules (Tables 3.4, 3.5, 3.6, and

3.7) are reported with uncertainties based on the total uncertainties in the experimental

atomic Aszgg values employed (Table 3.3).

The accuracy of ab inilio calculations has improved to the point where it is now

necessary to be more cautious in assessment of these methods. As a first step in this

direction, both the uncertainty in the experimental heats of formation of the molecules

in Tables 3.4, 3.5. 3.6, and 3.7, and also the uncertainty in the “calculated” heats of

formation arising from the uncertainty in the experimental heats of formation of the

constituent atoms (Table 3.3) are included. Both of these uncertainties are included in

the uncertainties of the individual deviations from experiment:

/

Ain/ " 2

0/.(Ihe0ry — experiment) = 0§(molecule) + 20: (atoms inj) (3.2)
A

Note that these uncertainties exceed the actual deviations between theory and

experiment for 15 of the 38 examples in the G2-1 test set, and 29 of the 81 examples in

the 02-2 test set, reflecting the difficulty in finding sufficiently accurate thermodynamic

data covering a broad range of chemistry. Both atomic and molecular uncertainties are

also included in the uncertainties (OMAD) for the mean absolute deviations between

theory and experiment in Tables 3.4, 3.5, 3.6, and 3.7:
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l/

n Ainj 2

l “2 l . .

;[20§(molecule)]+422,
. 20,,(atoms 111]) (3.3)

Where random errors in the molecular energies and a “representative sample” have

been assumed. The first term in equation 3.3 decreases as the size, n, of the test set

increases, since the set of molecules is potentially unlimited and the errors are

independent. However, the second term increases with increasing molecular size and is

independent of the size of the test set, since the set of atoms is a fixed small number

giving systematic errors, 0A. It is the second term that limits the usefulness of Aszgg

data. For example, the first term contributes 0.2 kJ mol", whereas the second term

contributes 1.5 kJ mol'], to the uncertainty in the MAD of the calculated Aszgg values

for the closed-shell species in Table 3.4.

Supplementary error analyses are in Tables 3.4, 3.5 and 3.7, wherein heats of

formation with total experimental uncertainties of 5 kl mol'] or greater are excluded

from the statistics. Eliminating those large deviations between theory and experiment,

whose source lies in experimental values with large uncertainties, allows for a more

precise assessment of the performance of the theoretical methods. For instance, the

largest deviations of CBS-QB3 and ROCBS-QB3 (Table 3.4) are —26 :t 5 kJ mol" and

-20 i 5 kJ mol", respectively, if all species are included, compared with —23 :t 2 kJ

mol'] and +16 i 2 kJ mol" when large experimental uncertainties are excluded. The

latter eliminates the possibility that the larger error for the unrestricted method is a

result of experimental error and thus is clearly a more unambiguous comparison.

3.3.2.1 Atoms

Table 3.3 presents the relative energies of atoms calculated with CBS-QB3 and

ROCBS-QB3. The Table also includes <82> values calculated with UHF/6-

3] l+G(3d2f,2df,2p), and the experimental heats of formation of the atoms. Note that

the recent pulsed field-ionization photoelectron-photoion coincidence measurement of
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Table 33. Calculated Values of <S2>, Total CBS-QB3 Energies (Hartree), Relative

ROCBS—QB3 Energies (kJ mol ) and Experimental Heats of Formation (kJ mol) for

 

 

Atoms

atom <sz>“ CBS—QB3” 13(ROC13s—QB3)c Arum (Expod

H 0.750 10.49982 0.0 21799810006

Li 0.750 —7.43203 0.1 159.31 1.0

Be 0.000 114.62054 0.0 317.13.e

B 0.761 124.60182 ~05 569.91 0.8f

C 2.010 —37.78552 —05 716.71 0.5

N 3.758 —54.52054 0.1 472431005g

o 2.009 —74.98799 —1.0 249181010

F 0.754 ~99.64369 —0.8 79.4103

Na 0.750 1161.84598 0.1 107.5107

A] 0.770 1241.92916 —0.7 330.14.

Si 2.015 128893198 ~0.6 448.3116h

P 3.751 —34081718 0.4 316.5110

5 2.013 1397.65825 11.9 277.0102

C1 0760 459.68494 11.6 121.301 0.01
 

a <Sz> values calculated with UHF/6-3l l+G(3d2f2—df2p)//B3LYP/6-3] th2ddp). b Standard

unrestricted CBS—QB3 total energies Energies relative to the CBS-083 values (ROCBS--QB3— CBS-

QB3).d Reference 3]. except as noted Reference 29 Reference 32. g Reference 34.h Reference 33.

the heat of formation for a nitrogen atom (472.43 i 0.05 kJ mol’]) has been used.34

Atomic energies calculated with ROCBS—QB3 are generally lower than the CBS—QB3

values, the exceptions being Li, N, Na and P, where the difference in any case is

generally marginal. This implies that most of the atomization energies computed for

closed-shell molecules with the ROCBS-QB3 procedure will be smaller than the

corresponding standard unrestricted CBS-QB3 values.

As an example, the carbon atom is 0.5 kJ mol’] lower in energy with ROCBS-

QB3. As a consequence, the changes in the atomization energies computed by the

ROCBS—QB3 procedure relative to the standard unrestricted CBS-QB3 procedure for

closed—shell hydrocarbons will increase monotonically with the number of carbon

atoms. This will be further examined in the following section.35
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Table 3.4: Error Analysis (kJ mol") for the Heats of Formation of the Subset of

Closed-Shell Molecules in the 62/97 Test Set21
 

deviation (theory 7 expt)h
 

 

Experiment“ CBS-QBBd ROCBS-QB3d"

MD —0.4 +1.7

MAD :t 1.3 4.7 i1.7 4.7 i 1.7

RMS i 2.0 6.6 :1: 1.7 6.3 i1.7

LD i 8 —25.9 :t 5 ~20.6 i 5

Excluding speciesf with Iolal experimental uncertainlies Z 5 k1 moi]

MD 0.1 +2.0

MAD i 1.0 4.41 1.5 4.4i 1.5

RMS i 1.4 6.0:t 1.5 5.8 5:15

LD 21:4 —23.4i2 +16.4i2
 

a MD : mean deviation, MAD = mean absolute deviation, RMS : root mean square deviation, LD

= largest deviation, from experimental values. h The uncertainty in the deviation from experiment
reflects the uncertainty in both the experimental and the calculated values for the heat of formation
ofthe molecule: sdev : [SW2 + scan: ]“2 ‘ Reference 31, except where noted in Appendix 1 Table

A1.1. d Conversion of CBS-QB3 energies and deviations (reference 40) from kcal mol" to k]

mol'I introduces an uncertainty of i 0.4 kl mol". ° ROCBS-QB3 energies and deviations are
obtained from the corresponding CBS-Q83 values (reference 40) by adding the A(ROCBS-QB3)
values of the constituent atoms (see Table 3.3 footnote c). f Sin. LiF, ClF, A1F3, AlCl3, C1F3,

C2F4, CHF; and CH;SiH3.

3.3.2.2 Heats of formation for closed-shell species

The differences between ROCBS—QB3 and standard CBS—QB3 Aszgg values for

closed-shell molecules arise entirely from differences in the calculated atomic energies,

since there is no change in the molecular calculations.

Table 3.4 gives a standard breakdown of the error analysis (Appendix 1 AL]

gives the full list of molecules and their heats of formation) for this closed-shell subset

in terms of mean deviations (MD’s), mean absolute deviations (MAD’s), root mean

square deviations (RMS’s) and largest deviations (LD’s). The statistics for various sub—

classes of molecules have also been calculated and are given in Table 3.5. The mean

absolute deviations (MAD’s) for the 62/97 subset of closed—shell molecules show that

the performance of CBS-QB3 and ROCBS—QB3 are virtually identical (4.7 i 1.7 k]

moi . eunce ain ies in ein ivi ua evia ions e ua ion . an mean1‘)Th rtt thddldt(qt32)d
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Table 3.5: Error Analysis (kJ mol’]) for the Heats of Formation of the

Subset 0f Closed-Shell Molecules in the G2/97 Test Set, Broken Down

into Various Subclasses of Moleculesa
 

 

CBS—QB3 ROCBS-QB3

Hydrocarbons
MD +6.5 +8.1

MAD 6.612.] 8.112.]

RMS 7.812.] 9,212.1

LD 14.612 16.412

Substituted Hydrocarbons

MD —0.7 +1.4

MAD 3011.6 3.1116

RMS 3.9116 3.8116

LD 10211.6 11.4116

Inorganic (all)

MD 43.1 —0.8

MAD 5411.8 4611.8

RMS 7911.8 6611.8
LD 425.9 1 5 —20.6 1 5

Inorganic (excluding speciesb with Iota] experimental uncertainties 2 5 k1 marl)

MD ~29 40.7

MAD 4.6114 3,811.4

RMS 6711.4 5311.4

LD 423.412 —16.312
 

a MD = mean deviation, MAD = mean absolute deviation, RMS = root mean square

deviation, LD = largest deviation. from experimental values, b Sin, LiF, CIF. AIF], AlClg,

Cng and C2F4.

absolute deviations (equation 3.3) from experiment include contributions from both the

uncertainties in the experimental molecular heats of formation and the uncertainties in

the experimental atomic heats of formation used to determine the “calculated” heats of

formation.

Interesting trends can be drawn from the mean deviations (MD’s) 0f the sub-

classes of molecules in the closed—shell set (Table 3.5). For example, the MD’s for the

hydrocarbons are the largest of all the sub—classes and they are positive, indicating that

both methods overestimate the heats of formation.36 The only difference between

standard CBS—QB3 and ROCBS—QB3 in obtaining the heats of formation of
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Table 3.6: Comparison of Calculated and Experimental Heats of Formation for Benzene,

Naphthalene, and Anthracene (298 K, k] mol‘l) Calculated with CBS-QB3 and ROCBS—QB3

 

 

 

AHf" (theory)h Deviation (theory — expt)C

Molecule AHfo (expt)a CBS—QB} ROCBS-QB3 CBS-0133 ROCBS-QB3

CfiHfi (benzene) 82.4 i 0.5 90.7 i 3 93.4 :l: 3 8.3 :t 3 ”.0 :l: 3

CmHg (naphthalene) 150.6 i 1.] 159.5 i 5 164.0 2*: 5 8.9 :t 5 13.4 i 5

CMHIO (amhracene) 230.8 :l: 4.6 241.0 1: 7 247.3 i 7 l0.2 i 8 16.5 i 8

 

a Reference 31. h The uncertainty in the calculated value reflects the uncertainty in the experimental heats of

formation of the constituent atoms (Table 3.3). c The uncertainty in the deviation from experiment reflects the

uncertainty in both the experimental and the calculated values for the heat of formation of the molecule: 0d,.v =

2 2 1/2

[Oexp +0calc ]

hydrocarbons arises from the relative energy of the carbon atom, as given in Table 3.3.

Consequently, as the size of the hydrocarbon increases, the difference between the

values given by CBS-QB3 and ROCBS-QB3 will also increase. This can be clearly

seen by comparing the heats of formation for benzene, naphthalene and anthraeene,

which have 6, 10 and 14 carbons, respectively (Table 3.6).37 Within the noise of the

experimental data, the errors in the standard unrestricted CBS-QB3 model appear

independent of molecular size, whereas the ROCBS-QB3 variation shows the linear

increase in error with molecular weight expected for any size-consistent method.

The origins of the differences between the performance of CBS-QB3 and

ROCBS-QB3 are apparent in the error analysis for the heats of formation of the

hydrocarbons and inorganic molecules (Table 3.5). For the hydrocarbons, a larger MAD

of 8.1 i 2.1 kJ mol‘] is reported for ROCBS-QB3 (compared with 6.6 i 2.1 kJ mol" for

CBS—QB3), indicating that CBS—QB3 gives a better energy for the carbon atom. A

smaller MAD of 4.6 i 1.8 kJ mol" for the inorganic molecules for ROCBS-QB3

(compared with 5.4 i 1.8 kJ mol'1 for CBS—QB3) and further inspection of the large

deviations in the 02/97 test set confirm that ROCBS-QB3 gives a better energy for the

chlorine atom. For instance, if the ROCBS-QB3 energy of Cl is used in calculating the



Wood Chapter 3: The ROCBS—QB3 Procedure '93
 

CBS-QB3 heats of formation of chlorine-containing molecules, the MAD for CBS—QB3

for the inorganic molecules decreases from 5.4 i 1.8 kJ mol'1 to 5.0 i 1.8 kJ mol".

3.3.2.3 Heats of formation tor open-shell species

Heats of formation at 298 K for the 29 radicals of the G2/97 test set, obtained

with CBS—QB3 and ROCBS-QB3, are given in Table 3.7. These radicals were

examined in a recent extensive assessment study38 of a number of high-level theoretical

techniques, including many of the On, CBS and WM methods. Using the standard

analysis, the best performing method in the previous work was (BX-RAD,39 with a

mean deviation (MD) of +0.1 kl mol‘l, a mean absolute deviation (MAD) of 2.0 i 1.4

kJ mol" and a largest deviation (LD) of —6.4 i 0.2 kJ mol". The uncertainties in the

deviations from experiment include contributions from both the uncertainties in the

experimental molecular heats of formation and the uncertainties in the experimental

atomic heats of formation used to determine the “calculated” heats of formation

[equation (3.2) and equation (3.3)]. The computationally more expensive W1 method

has slightly larger MD, MAD and LD values of +0.5, 2.5 i 1.4 and +6.7 :t 5.5 kJ mol’],

respectively, but the difference in performance between W1 and G3X-RAD is small

compared with the uncertainty in the experimental data.

The standard CBS-QB3 heats of formation for the 29 radicals in the 02/97 test

set have been calculated previously40 and are reproduced in Table 3.7. The MD, MAD,

RMS and LD values are determined to be +0.5, 2.9 i 1.4, 3.7 d: 1.4 and -7.9 i 2.7 k]

mol'l. The results obtained with ROCBS-QB3 are presented for the first time in Table

3.7. The method performs well overall, but slightly less well than the standard CBS-

QB3 method, with MD, MAD, RMS and LD values of +0.5, 3.7 i 1.4, 4.5 i 1.4 and —

9.6 i 0.5 kl mol’]. However, the uncertainty in the deviation from experiment exceeds

the actual deviation from experiment in 14 of the 29 examples, indicating the test set to

be inappropriate for making fine distinctions.
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Table 3.7: Comparison of Calculated and Experimental Heats of Formation (298 K, kJ

mol’]) for Open-Shell Species
 

 

 

AHI" (theory)c deviation (theory — expt)‘e

Molecule <Sz>a AHIo (expt)b CBS-QB3d ROCBS-QB3 CBS-QB3d ROCBS-QB3

BeH 0.752 341.8 $ 5.0 342.2 $ 3.0 342.4 $ 3.0 0.4 $ 5.8 0.5 $ 5.8

CH 0.759 596.2 $ 0.8 596.2 $ 0.5 596.0 $ 0.5 0.0 $ 0.9 —0.2 $ 0.9

CH3 0.762 146.4 $ 0.3 148.9 $ 0.5 148.5 $ 0.5 2.5 $ 0.6 2.0 $ 0.6

NH; 0.760 188.7 $0.3 188.3$0.1 187.4$0.1 -0.4$0.3 —1.3$0.3

OH 0.757 39.0 $0.4 37.7$0.1 37.9$0.1 ~1.0$0.4 ~1.1 $0.4

Sill; 0.755 200.4 $3.4 194.1 $ 1.6 195.2$1.6 —6.3$3.8 —5.2$3.8

PH; 0.770 138.5 $2.5 130.6$ 1.0 128.9$1.0 ~7.9$2.7 $9.6$2.7

SH 0.764 143.] $ 3.0 142.7 $ 0.2 142.9 $ 0.2 —0.4 $ 3.0 —0.2 $ 3.0

N2_f 0.768 1503.3 $0.1 1510.0$0.1 1508.4$0.1 6.7$0.1 5.l$0.1

NO 0.790 90.4 $ 0.2 87.9 $ 0.2 89.4 $ 0.2 ~2.5 $ 03 ~10 $ 0.3

N02 0.771 33.1 $0.8 27.2$0.3 27,7$0.3 ~5.9$0.8 ~5.3$0.8

02 f 0.791 ~43.2 $0.8 415.1 $0.2 ~46.2 $0.2 ~1.9$0.8 $3.0$0.8

CN 1.132 438.9 $4.6 446.4$0.6 445.1 $0.6 7.5$4.6 6.2$4.6

CO- f 0.958 1241.4 $ 0.2 1245.6 $ 0.6 1246.0 $ 0.6 4.2 i 0.6 4.6 $ 0.6

CS‘f 1.463 1368.2 $4.8 1368.2$0.7 1374.8$0.7 0.0$4.9 6.6$4.9

CCH 1.111 568.6g$0.8 573.2$1.0 576.6$1.0 4.6$ 1.3 8.0$1.3

HCO 0.766 41.8 $ 0.8 41.8 $ 0.6 42.5 $ 0.6 0.0$1.0 0.7 $1.0

CzHJ (2A’) 0.937 299.6 133 300.9310 302.7310 1.3335 3.2i3.5
C2115 (ZA') 0.763 120.9 $ 2.1 125.5 $1.0 125.7 $1.0 4.6 $ 2.3 4.7 $ 2.3

H2C0H(2A) 0.762 ~17.2 $1.3 ~15.9$0.6 ~15.0$0.6 1.3$ 1.4 2.2$1.4

CH30 (ZA’) 0.760 17.2 $1.7 19.3 $ 0.6 19.6 $ 0.6 2.1 $ 1.8 2.5 $1.8

CH;S(2A') 0.765 1247 $2.1 122.6$0.7 122.9$0.7 ~2.1 $2.2 ~1.8$2.2

CH3CO (ZA') 0.763 ~10.0 $1.3 ~8.7 $1.1 ~7.3 $1.] 1.3 $1.7 2.8 $1.7

CH2(“B]) 2.017 3920 $0.8 396.2 $0.5 395.7$0.5 4.2$0.9 3.7$0.9

NH 2.017 356.5 $1.7 361.1 $0.1 359.2$0.1 4.6$1.7 2.8$1.7

Sin (33]) 2.007 360.7 $ 4.9 357.4 $1.6 358.3 $1.6 ~3.3 $ 5.2 ~2.4 $ 5.2

02 2.047 0 ~1.7 $ 0.2 ~5.8 $ 0.2 ~1.7 $ 0.2 ~5.8 $ 0.2

S; 2.061 128.4 $ 0.3 125.9 i 0.4 1189 $ 0.4 —2.5 $ 0.5 —9.6 $ 0.5

MD +0.5 +0.5

MAD $1.8 2.9$1.4 3.7$ 1.4

RMS $2.5 3.7$1.4 4.5$1.4

LD $ 5.0 -7.9 $ 2.7 ~9.6 $ 0.5

Excluding species' with total experimental uncertainties 2 5 kJ mol"

MD +0.2 «0.1

MAD $ 1.2 2.9$1.0 3.6$1.0

RMS $1.6 3.9$1.0 4.6$1.0
LD $ 3.4 -7.9 $ 2.7 ~9.6 $ 0.5
 

a <S2> values calculated from MP2/6-31l+G(3d2f,2df,2p)//B3-LYP/6-31lG(2d,d,p). b Reference 31. except

as noted. c Conversion of CBS-QB3 ener§ies and deviations (reference 48) from kcal mol‘] to kJ mol'1

introduces an uncertainty of$ 0.4 kJ mol". The uncertainty in the calculated value reflects the uncertainty in

the experimental heats of formation of the constituent atoms (Table 3.3). e The uncertainty in the deviation
from experiment reflects the uncertainty in both the experimental and the calculated values for the heat of

formation of the molecule: om = [0,“,2 + ocalcz ]'/2 f Species is not part of the G2/97 test set. 3 References 20

and 45.h Reference 4'. 1 Bell. CN, cs, OOH, and 5in



Wood Chapter 3: The ROCBS—QB3 Procedure '95
 

3.3.3 Ionization Energies and Electron Affinities

Computing the atomization energy of a molecule is one of the more demanding

tests of a theoretical method. However, assessments of high-level theoretical procedures

using atomization energies can suffer from systematic errors that limit the usefulness of

this approach. Ionization energies (IE’s) and electron affinities (EA’s) do not suffer

from these systematic errors (i.e. the second term in equation 3.3) does not enter into the

uncertainties in the calculated IE’s and EA’S), and the uncertainties in the experimental

numbers are generally small, providing for a more precise set of comparisons. For

example, in contrast to the large uncertainties in the experimental heats of formation,

the experimental uncertainties exceed the deviation between theory and experiment for

only 12 of the 88 ionization energies and 16 of the 58 electron affinities. Furthermore,

this set of energy evaluations involves open-shell species in each case, which facilitates

the assessment of the differences between the unrestricted and restricted versions of

CBS—QB3.

The CBS-QB3 and ROCBS—QB3 ionization energies and electron affinities at 0

K of the G2/97 test set can be found in the Appendix 1 Tables A12 and A13,

respectively. The ionization energies have been calculated by taking the difference in

total energies at 0 K between the cation and the neutral, while the electron affinities

have been obtained from the difference in total energies at 0 K between the neutral and

the anion. The experimental ionization energies for some of these molecules have been

recently updated in the NIST webbook,42 and this leads to slightly better agreement

between theory and experiment. The largest change is for BF3, where the ROCBS—QB3

deviation using the old experimental IE is 18.8 kJ mol", while the new experimental

value of 1515 i 30 kJ mol’] results in a reduced deviation of 4 i 30 kJ mol'1 (see

Appendix 1 Table A1.2). However, the very large uncertainty assigned to the new

experimental value raises doubts about the significance of the improved agreement. The

updated IE for furan (C4H4O, 857 i l kJ mol") also leads to better agreement between
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theory and experiment. The IE most recently recommended by NIST for NH3 (971.6 :t

2 kJ mol“')42 has been superseded by the recent high resolution ZEKE measurement

(982.8371 2e 0.0002 kJ moi“).43 The new experimental values decrease the MAD

between theory and experiment by less than 0.] kJ mol’] (see Appendix 1 Table A12).

The B2F4 molecule shows the largest deviation (—27.8 kJ mol“, see Appendix 1

Table A12) between ROCBS-QB3 (adiabatic) and experimental ionization energies.

Similar large deviations have been found in other high-level theoretical studies,2’5"9

suggesting that perhaps it is the experimental value that is at fault. Indeed, it has been

proposed that the experimental number obtained for B3134 corresponds to a vibrationally

excited state,5 since ionization induces a 90° rotation about the B-B bond. This

uncertainty has led some researchers to omit B2F4 from their statistical comparisons and

this is done likewise here.

It has been suggested8 that the experimental 113 value44 of 1354 i 2 k] molfil for

CN may correspond to the low-lying 31] state of CNl. Taking this into consideration,

lE’s corresponding to both the ‘2 and 3fl cations for CN have been calculated. The

deviations of theory from experiment of CBS-QB3 and ROCBS-QB3 are 4.4 i 2 and

5.1 i 2 k] mol'il, respectively, for the 31—1 cation, compared with —25.6 i 2 and -24.1 :t

2 kJ mol'] (see Appendix 1 Table A1.2), if the experiment is assumed to produce the IE

cation. IE’s generated from the 3” cation in calculating the deviation of theory from

experiment for CN have been employed for the error analysis of Table 3.8.

ROCBS-QB3 performs slightly better than standard CBS-QB3 for the

calculation of both ionization energies and electron affinities, with MAD’s for the entire

set of 4.1 :t 0.1 k] mor' (compared with 4.4 1 0,1) and 3.9 i 0.2 k] mor‘ (compared

with 4.3 t 0.2), respectively. The RMS errors also favor the spin-restricted method, but

the largest deviation from experiment for the ROCBS—QB3 ionization energies (-13.5 :t

0.1 kJ mol") exceeds the largest deviation for the CBS-QB3 ionization energies (12.6 i

1.0 k] moi“).
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3.3.4 Error Analysis

A more comprehensive error analysis of results for the complete G2/97 test sets,

including comparison with other popular model chemistries, is given in Table 3.8. The

subcategories were selected to facilitate comparison with relevant data in the literature.

It has become customary to evaluate models by comparison of the mean absolute

deviation (MAD) (as a measure of the reliability) and the largest deviation (LD). Also

included is the RMS deviation between theory and experiment as an additional measure

of reliability, as well as the uncertainties in these quantities. On the basis of largest

deviations alone, one might erroneously conclude from the G2—l Aszgg data that CBS-

QB3 is competitive with W1 in accuracy. In particular, the largest deviation for W]

theory, 9.2 kJ mol" for Aszgg (Sleé), is greater than the largest deviation for CBS-

QB3, —8.8 kJ mol" for Aszog (SiH4). However, the uncertainty in the experimental

heat of formation of Sisz, 1.3 kJ mol” 1, and the uncertainty in the “calculated” value,

3.2 kJ mol", give an uncertainty of i 3.5 kJ mol" in the largest Wl deviation. The

RMS deviation gives a measure of reliability that is not prone to such misinformation

from one bad data point, and at least correctly indicates that W] is more reliable than

CBS-0B3 even if it underestimates the difference. Perhaps a more convincing example

is the comparison of CBS-QB3 with G3 theory using the IE and EA data in the G2—l

test set. The largest deviations suggest that CBS-0B3 is much more reliable than G3,

but the RMS deviations indicate that the two methods are more comparable in

reliability. Nevertheless, the largest deviations from experiment for CBS-QB3 are

generally smaller than those for G3 for the various subsets in Table 3.8. The

uncertainty in the deviations for the G2-l Aszgg test set, i 1.4 kJ mol’], indicates that

the measured accuracy of W] theory, 2.5 k] mol'l, is limited by both the accuracy of

the calculations and the accuracy of the experimental data.
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Table 3.8: Error Analysis (kl mo]_1) for the Heats of Formation (298 K), Ionization Energies,

and Electron Affinities of Molecules in the (32-1 and 62/97 Test Sets for Several Popular

Model Chemistries
 

 

w1“ 1531i; 8113:; R‘gfgS' (33° CBs4Mc

GZ—l Test Set

Mam MAD 2511.4 2.9114 2.5114 2611.4 3911.4 8511.4

RMS 3211.4“ 4211.4 3411.4 3511.4 5211.4 11.511 .4'1

LD 9.2135 —15.311.6 —8.812.2 —8.112.2 16711.6 40612

1Ed MAD 1.4101“b 4.1101 4.4 1 0.1 4.2101 4010.1 9.0101

RMS 2.2101 “b 5.6101 5.1101 5.1101 5.5101 10.6101

LD 5.5102 “ 15.5101 10.0110 11,910.02 —16.710.02 25.5103

EA“ MAD 1.6103“ 4.2103 5.1103 4.6103 4.7103 10.6103

RMS 2.0103“ 5.7103 5.9103 5.7103 6.3103 13.1103

LD 4912.8 —14.3104 —10.5104 9.9104 17.6104 —30.111

02/97 Test Set

Ame (all) MAD 3.1115 4.3115 4.3115 3.911 .5b 11.9115

RMS 4511.5 6.1115 6.0115 5.1115b 15811.5

LD —15.311.4 —23.412 16.4 12 20.112h 52.712

Aer (rad) MAD 2.511 .4c 2.011 .4f 2911.4 ‘ 3,711.4 “ 2.811 .4f

RMS 3111.4“ 3.211 .4f 3711.4" 4511.4 g 3611.4f

LD 6.7155“ —6.4102f —7.912.7 —9.610.5 g 8511.0f

1Ed MAD 1.9101“ 3.6101 4.4101 4.1101 4.1101b 15.8115

RMS 2.9 10.1“ 6.8101 5.3101 5.2101 5.5101b 52.712

LD 12.512 15.5101 12.611 13.5101 20.911“ 174.111

EA“ MAD 1.7102“ 4.1102 4.3102 3.9102 4.1102b 12.8102

RMS 2.3102“ 5.9102 5.5102 5.0102 5.7102b 21.1102

LD —6.4 1 0.4“ 16.3100 11.3104 9.9104 17.6104b —121.8106
 

a Reference 8. b From reference 38 unless otherwise noted. c From reference 40 unless otherwise noted. d Excludes

BF3, CN and B2F4. ° Excludes Clz. f From reference 39, which includes some species not part ofthe 02/97 test set

(see Table 3.7 footnote 1). g Includes all species from Reference 38.
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This is verified by the reduced W1 deviations for the 62-1 lE’s (1.4 k] mol"1) and EA’s

(1.6 k] mol’l), for which the experimental data are more reliable (IE’s i 0.1 and EA’s i

0.3 k] molfil). In contrast to WI theory, the CBS—QB3 deviations are larger for the IE’s

and EA’s than for the heats of formation. This may be the result of omitting the core

effects that were part of the earlier CBS-APNO model.4

The problem of unreliable heats of formation is even worse for the expanded

G2/97 test set (Table 3.8). None of the methods included in Table 3.8 has an MAD for

the subset of neutral radicals (Table 3.7) that would be unaffected by the uncertainty in

the experimental values (i 1.5 kJ mol"). In a pattern reminiscent of the comparison

between CBS-QB3 and W1 for the G2—l Aszgg subset, CBS-QB3 and G3 appear

competitive with W] for the 62/97 AfH293(rad) subset, and G3X—RAD appears to be

slightly more accurate than W1 theory. However, examining the IE’s and EA’s, which

necessarily also involve radicals and for which the experimental data are both more

accurate and devoid of systematic errors, then W1 takes its rightful place as the most

accurate (albeit by far the most expensive) of the models in Table 3.8. G3X-RAD is

more comparable in accuracy to CBS-QB3 and G3, than to WI. G3X-RAD, a

modification of G3X designed particularly for the treatment of open—shell systems,

benefits in the case of spin-contaminated species from being based on restricted

procedures, since G3 lacks a spin correction. Among the methods of comparable speed

and MAD (i.e. CBS-QB3, ROCBS-QB3, G3, and G3X-RAD), ROCBS-QB3 has the

smallest RMS errors for IE’s and EA’s, indicating the greatest reliability.

It has been observed5 that the error distributions for the commonly used model

chemistries are almost indistinguishable from Gaussian distributions, whose RMS error

is (it/2y: times the MAD. Thus, the standard error function can be used to obtain

confidence levels for each model. For example, the RMS error for the closed-shell heats

of formation for ROCBS-QB3, 6.3 at 1.7 k] mol'l, is slightly larger than (1:/2)y2 times the

MAD (4.7(7r/2)'/’ = 5.9 :t 1.7 k] mol'l), indicating that the “tails” of this error
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distribution are slightly larger than those of a Gaussian curve. This implies that 10% of

our heats of formation calculations will have errors exceeding twice the MAD (i.e.

deviations greater than 9.4 k] mol‘l). Furthermore, 99% confidence levels for the heats

of formation, IE’s and EA’s for ROCBS-QB3 correspond to i152, i132 and $13.9 kJ

mol’l, respectively (3.228 times the MAD for a Gaussian distribution). This indicates

with 99% certainty that the error for a particular ROCBS-QB3 Afl‘lzgg, IE or EA

calculation will be within these values. Conversely, there is a 1% probability that the

error for the calculation will be greater than these values.

Within the accuracy of the G2/97 test data, the new ROCBS—QB3 version of

CBS—0B3 appears to be competitive with standard unrestricted CBS-QB3 and G3

theory in accuracy. It is a little less accurate than G3X-RAD for neutral radicals and

closed-shell molecules, but several times faster than G3 or G3X—RAD.

The G2 test sets are more than adequate to calibrate the accuracy of models of

the order of CBS—4M and are for the most part sufficient to calibrate the accuracy of

models of the order of CBS—QB3 or G3. However, the heats of formation in particular

are clearly inadequate to calibrate a more refined model such as W1 theory. Using

atomization energies rather than heats of formation would eliminate the uncertainty in

the calculated quantities, but would not improve matters. Atomization energies would

simply hide the problem by assigning the systematic atomic errors to the experimental

molecular atomization energies. The fundamental problem is our uncertainty about the

energies of single atoms for elements that are solids at 298 K.

Individual bond dissociation energies do not have the systematic errors

encountered for atomization energies or heats of formation. It would therefore be

desirable to develop a set of reliable test data of this type to calibrate computational

models. In addition, the BDE’s provide a direct comparison with experiment that better

matches chemical problems. For example, it has been noted39 that the CBS-APNO

Aszgg for the -CCH radical deviates from experiment by 6.8 i 1.3 kJ mol‘1 [575.4 k]
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mol'l calculated (with an uncertainty of i 1.0 kJ mol'] reflecting the uncertainty in the

heat of formation of carbon atoms) vs. 568.6 i 0.8 kJ mol“ experimenta120’45].

However, there is a compensating deviation in the CBS-APNO Aszgg for acetylene

(232.9 i 1.0 k] mor' calculated vs. 228.2 :t 0.7 kJ mol" experimental“) giving an

HCC—H bond dissociation enthalpy just 2.1 k] mol’l from the experimental value

(560.5 k] moi" calculated vs. 558.4 i 0.1 kJ mol" experimentalzo). In fact, it was CBS—

APNO calculations that were used to properly assign the experimental spectra.46

Absolute heats of formation are uninformative about these important chemical energy

differences.

As the standard test set has acquired increasing numbers of hydrocarbons of

increasing molecular weight, the uncertainty in the heat of formation of a gas-phase

carbon atom plays a disproportionate role in the evaluation of computational methods.35

A method with several empirical parameters can adjust to fit the error in the heat of

formation of a carbon atom and thus appear to be more accurate than a purely ab initio

method. A glance at Table 3.6 would suggest that standard CBS—QB3 is more accurate

than ROCBS-QB3 for closed-shell molecules, whereas the two methods are in fact

identical for closed—shell molecules. The apparent difference arises because of the

involvement of open-shell atoms in the calculation of the heats of formation. Clearly,

this type of artificial effect needs to be given greater consideration in the testing of

computational models.

3.4 Conclusions

In this Chapter, 3 new member of the CBS family of methods, ROCBS—QB3 has

been formulated. The new method extrapolates correlation energies to the infinite-

basis-set limit based on a restricted wave function. This results in the empirical

correction for spin contamination in the standard CBS-QB3 method being zero for both

closed- and open—shel] systems. In addition, the correction for higher orders of
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correlation based on UMP4 and UCCSD(T) calculations is replaced with one based on

the equivalent restricted calculations.

The new ROCBS-QB3 model has successfully eliminated one of the two

empirical parameters in the earlier unrestricted CBS-QB3 model and maintained

comparable accuracy. There are not a sufficient number and variety of spin—

contaminated examples with well-established thermochemistry to make a definitive

judgment between the two methods, but it can be concluded that the new ROCBS-QB3

model is at least a viable alternative to, if not slightly more accurate than, standard

CBS-QB3. Both standard CBS-QB3 and ROCBS-QB3 show good reliability for

doublet radicals and triplet biradicals. Both have considerably larger errors for singlet

biradicals and in general should only be applied to such species for qualitative purposes.

The new restricted-open-shell model appears to be less sensitive to small changes in

geometry, but cannot treat widely separated biradical centers and may have problems of

incorrect localization in conjugated n-radicals.

Evaluation of the heats of formation, ionization energies and electron affinities

for molecules in the 02/97 test set shows that the ROCBS-QB3 method provides good

thermochemistry, with a mean absolute deviation (MAD) from experiment of 4.3 i 0.9

kJ mol", which is comparable to that for the standard formulation of CBS-QB3 (4.4 i

0.9 kJ mol"]). Based on the apparent reduced sensitivity to small changes in geometry,

it can be tentatively recommended to use the ROCBS-QB3 method for reactions

involving spin—contaminated products and transition structures.
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4.1 Introduction

Chapter 1 detailed a number of abstraction reactions that might occur in a

protein under oxidative stress. Primarily, hydrogen atoms are abstracted by initiating

radicals, such as -OH, to form carbon—centered radicals. However, oxidants such as

hypochlorous acid preferentially form chloramines that subsequently decompose to

generate nitrogen-centered radicals. In this Chapter, the effect of a substituent on the

stability of a number of nitrogen—centered radicals relative to its effect in the parent

closed—shell molecule will be scrutinized by using the radical stabilization energy or

RSE.“2 For substituted methyl radicals, 'CHZX, the R813 is generally measured by the

energy change in the isodesmic reaction:

°CH2X + CH4 —> -CH3 + CH3X (4.1)

This is equivalent to the difference in the bond dissociation energies of CH4 and CH3X:

RSE('CH2X) = BDE(CH4) — BDE(CH3X) (4.2)

Recent studiesz’3 have carried out extensive examinations of the RSEs of substituted

methyl radicals at a number of levels of theory. The studies found that good results are

generally obtained with high-level methods such as CBS-0B3 and G3X(MP2)-RAD but

that caution needs to be exercised at lower theoretical levels where there is often

incomplete cancellation of errors in reaction 4.1. In particular, unrestricted Maller-

Plesset theory (e.g., UMP2) can lead to poor results when there is severe spin

contamination in the ~CH2X radical. However, restricted Maller-Plesset theory

(specifically RMP2) is found to be much more reliable. 2‘3
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In a subsequent investigation, Song, Cheng, Fu, Liu and Guo (SCFLG)4 carried

out an interesting study of the corresponding radical stabilization energies of substituted

amino radicals, 'NHX, measured as the energy change in the isodesmic reaction:

-NHX + NH3 —> -NH2 + NH2X (4.3)

This is equivalent to the difference in bond dissociation energies between NH3 and

NH2XI

RSE(-NHX) : BDE(NH3) — BDE(NH2X) (4.4)

SCFLG4 found good results with the G3 and CBS-Q methods, and also agreed with our

finding that methods such as UMP2 could produce poor results in the cases of radicals

showing high spin contamination. However, they also concluded that RMP2 is

unreliable in several cases, specifically ~NHCF3, -NHCOCH3 and °NHCONH2. They

also found that RB3-LYP performs poorly for -NHCF3. In addition, they concluded

that even UCCSD(T) fails for the -NHCHO radical. Although it is entirely possible that

methods such as RMP2 and UCCSD(T) may have greater difficulty in describing 'NHX

radicals than -CH2X radicals, we felt that it was a sufficiently important question to

warrant additional examination.

In the present Chapter, a re-examination of the performance of selected levels of

theory in calculating BDEs and RSEs will be carried out for the designated amino

radicals, i.e., -NHX with X = CF3, CHO, COCH3 and CONHz.

4.2 Theoretical Procedures

Calculations on radicals were performed either with a restricted-open-shell

reference wave function, designated with an 'R' prefix (e.g., RHF, RMP2), or with an

unrestricted-open-shel] wave function, designated with a 'U‘ prefix (e.g., UHF, UMP2).
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The frozen-core (fc) approximation was employed in all MP2 and CCSD(T)

calculations. In order to facilitate comparisons with the results of SCFLG,4 bond

dissociation energies (BDEs) and radical stabilization energies (RSEs) were obtained

from geometries optimized at the UB3-LYP/6—3l+G(d) level followed by single-point

energy calculations with the 6-31+G(d) basis set at the following theoretical levels:

UHF, RHF, UB3-LYP, RB3-LYP, UMPZ, RMPZ, UCCSD(T) and URCCSD(T).

Unsealed UB3-LYP/6—31+G(d) zero—point vibrational energies were used in these

calculations, again to facilitate comparisons with the earlier work. Additional BDEs

and RSEs were obtained through single-point calculations at all these theoretical levels

with the 6-3]1+G(2df,p) basis set on UB3-LYP/6-3lG(d) optimized geometries,

incorporating UB3-LYP/6-3lG(d) zero-point vibrational energies scaled by a factor of

0.9806.5 Finally, high-level results were obtained with CBS—QB36'7 and G3X(MP2)-

RAD,8 and with W],9 the latter providing the ultimate benchmarks unless otherwise

noted. We report CBS-QB3 values with and without the spin correction, the latter being

denoted U-CBS-QB3 to distinguish it from the standard CBS—QB3 procedure.

4.3 Results and Discussion

4.3. 1 States of the Amino and Substituted Amino Radicals

The -NH2 radical has two low—lying states that may be classified according to

whether the unpaired electron is in a b] orbital (2B1 state in sz symmetry, equivalent to

2A" in CS symmetry) or in an a] orbital (2A1 state in C2,, symmetry, equivalent to 2A' in

CS symmetry) (see Figure 41). It is well established that the ground state of -NH2 is

2B], with the 2A] state lying approximately 133 kJ mol’1 higher in energy]0

In examining substituted amino radicals, °NHX, it is important to bear in mind

that substituents may affect this ordering of states, and that distortions from CS

symmetry will allow mixing of 2A' and 2A". Geometries of the -NHX radicals were
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initially obtained at the UB3—LYP/6—31+G(d) level in CS symmetry, for both 2A" and

2A' states.

0.
+ + dfiflb

+ + OK: 81

Figure 4.]: Occupation of orbitals in the ground (2B,) and first excited (2A1)

states ofthe -NH2 radical.

Where such CS structures were indicated through frequency calculations to

represent saddle points on the surface, re-optimizations in C] symmetry were

performed. The global minimum was found in all cases to correspond either to a 2A"

state of CS symmetry or to a pseudo—ZA" state of C1 symmetry. Calculated energy

differences between the ground-state structure, either 2A" or pseudo—ZA", and the lowest

energy 2A' state are presented in Table 4.1.

The CS 2A' structures are found in several cases to be saddle points on the

potential energy surface and so their relative energies represent an energy gap to

constrained structures. Distortions from such structures lead monotonically downhill t0

the pseudo-A" minima. For the purpose of comparison with the results of SCFLG,4 we

have also carried out single—point calculations on C1 structures with an A'—like wave

function. These results are referred to as pseudo—A' but they do not have real physical

significance.
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Table 4.]: Energy Differences Between the 2A" or Pseudo-2A" Ground State and

the 2A' Excited State of-NHX Radicals (0 K, kJ mol")0
 

 

X UHF RHF CBS-QB3 G3X(MP2)-RAD W1 Exptb

H 139.2 136.3 132.7 135.3 131.6 133.1

CF; 127.8f 125.1" 121.8 124.0“ — ~

CHO 52.1 31.7 26.0" 28.9 " 22.8" H

COCH; 45.1 27.1 18.2 ‘1 14.9“ — —

CONHZ 71 .2‘ 69.9" 89.2 " 86,3 ‘ — —
 

” See text for details. h See reference 10. ‘1 Note that for these radicals the CS 2A' structure is a

saddle point on the potential energy surface at the theoretical levels specified. See text.

Although it is not a primary emphasis in the current Chapter, we note that the calculated

2B] — 2A] splittings between the states for the parent ~NH2 system are in good agreement

with the experimental value (133.1 k] molCl)10 at all the levels of theory presented

(Table 4.1). There is also good agreement between the HF and high—level values for the

2A' — 2A" splittings for the -NHCF3 radical. However, for the carbonyl-substituted

radicals, the results change significantly in moving from HF to the high-level

procedures, although it is reassuring that the latter agree well with one another. The

splitting between the states varies greatly with substitution. Table 4.1 shows that the

range is about 15 to 135 kJ mol’]. The CHO and COCH; substituents provide

significant relative stabilization to the 2A] state through delocalization of the nitrogen

lone pair into the Jr* orbital of the carbonyl, thus substantially lowering the 2A' — 2A"

splitting.
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4.3.2 Bond Dissociation Energies (BDEs)

Table 4.2 presents a comparison of the N—H BDEs obtained by SCFLG4 at the

UHF, RHF, UB3-LYP, RB3-LYP, UMP2, RMP2 and UCCSD(T) levels (all with the 6-

31+G(d) basis set), with values obtained at these levels in the present work. Table 4.3

presents results obtained with these theoretical procedures and the 6-31 l+G(2df,p) basis

set. Also included in Table 4.3 are N—H BDEs obtained with the high-level W1

procedure of Martin et al.9 which are used as a benchmark, as well as with the high-

level CBS-QB3 and G3X(MP2)-RAD procedures.

Comparison with the Results ofSCFLG.4 Examination of the BDEs in Table 4.2

shows differences from the previously reported results of SCFLG4 by up to 200 kJ

mol’]. For ~NHCF3, the differences observed with RHF, RB3—LYP and RMP2 between

the present results and those of SCFLG4 are in the range 175—200 kJ mol’]. For

-NHCHO, there are differences of 50420 kJ mol’] at the UHF, UMP2 and UCCSD(T)

levels. For ~NHCOCH3, differences of 80410 kJ mol“ are observed with RHF and

RMP2. Finally, for -NHCONH2, differences of 70*180 kJ mol’1 are observed at the

RHF and RMP2 levels.

What is responsible for the huge differences between the BDEs obtained in the

study of SCFLG4 and in the present work? SCFLG4 attributed their discrepant results in

these cases to poor performance by the theoretical procedures. However, we do not

agree with this assessment. Rather, we have been able to trace the problem to

convergence to the wrong SCF solution in each of the anomalous cases in the study by

SCFLG.4 Essentially, the incorrect solutions correspond to an A‘ state (for ~NHCF3) or

to a pseudo-A' state (for ~NHCHO, -NHCOCH3 and -NHCONH2). By appropriately

manipulating the wave function, we are able to reproduce such results.”



Table 4.2: N—H Bond Dissociation Energies Associated with -NHX Radicals (0 K. kJ mold)“

 

 

X UHF RHF UB3-LYP RB3-LYP UMP2 RMPZ UCCSD(T) URCCSD(T)

1-1

Previous workr 301.7 313.4 426.3 430.1 401.2 401.2 392.0 —

Present work 301.9 313.3 426.1 430.2 401.3 401.2 392.2 392.3

CF;

Previous work" 316.7 525.1 433.0 615.9 418.0 607.9 406.7 —

Presentwork 314.2 328.6 433.2 437.3 417.9 417.4 406.7 406.7

CHO

Previous workr 443.9 370.3 452.3 461.1 537.2 442.7 485.3 —

Present work 328.2 370.1 452.0 461.1 480.1 442.7 421.8 421.1

COCH;

Previous work" 331.4 466.5 441.4 448.9 460.7 516.3 413.8 —

Present work 331.4 359.4 441.5 449.1 461.0 434.2 414.0 416.5

CONHZ

Previous work‘ 322.6 515.9 423.4 429.3 417.6 484.1 400.4 —

Presentwork 322.4 337.3 423.6 429.2 417.7 415.6 400.5 400.4

MAD” 139.0 116.9 23.3 17.2 25.3 36.4 51.6 51.2

LD" —146.1 —130.9 —28.0 —22.4 —42.9 —43.0 —53.6 —53.2

 

"Corresponding to the energy change for the reaction NHZX —> -NHX + -H. [Obtained from single-point calculations with the 6-31+G(d) basis set on the UB3-

LYP/6-31+G(d) geometries. ”From SCFLG.4 dMean absolute deviation from benchmark values (W1 unless otherwise specified). "Largest deviation from benchmark

values (W1 unless otherwise specified).
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Table 4.3: N—H Bond Dissociation Energies Associated with -NHX Radicals at Higher Theoretical Levels (0 K,

 

 

kJ mol‘l)ll

X UB3-LYP” RB3-LYP" UMPZ” RMP2” UCCSD(T)h URCCSD(T)" G3X(MP2)—RAD CBS-QBJ‘ W1

H 431.5 436.3 433.1 432.0 425.0 425.1 439.7 444.2 (444.4) 444.2

CF; 438.4 443.8 447.1 445.6 436.9 437.0 451.0 455.8 (456.0) 455.3

CHO 460.7 470.6 514.3 476.0 457.1 455.9 467.6 470.2 (475.2) 474.3

COCH; 449.3 457.6 496.5 468.7 450.4 449.3 463.1 463.4 (466.8) J

CONH; 431.3 436.9 449.9 446.4 433.0 432.8 447.8 449.6 (450.4) 451.6

MAD" 16.4 9.6 18.0 6.0 18.1 18.6 4.8 2.2 (0.8) 0.0

LD° -203 —14.7 +40.0 —12.2 —19.2 —19.1 —6.7 41.2 (—1.2) 0.0
 

"Corresponding to the energy change for the reaction NHZX —> -NHX + -H. hObtained from single-point calculations with the 6-3l l+G(2df.p) basis set

on the UBS-LYP/6-3lG(d) geometries. ”Values in parenthesis obtained without the spin-correction tenn (U-CBS-QBB). ”Benchmark value taken as

467.6 k] mol'l. see text.
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Assessment of Results. It is convenient to use the high-level W1 benchmark

results listed in Table 4.3 to assess the performance of simpler levels of theory for the

calculation of the BDES associated with the -NHX radicals.

-NH2. Of the high-level methods, W1 and CBS-0B3 perform best and both give

an NeH BDE for NH3 of 444.2 kJ mol’], compared with the experimental BDE of 446.6

i 1.3 k] mor‘.‘° G3X(MP2)-RAD yields a BDE of 439.7 k] mi“. The results

obtained with the direct methods listed in Table 4.2 in conjunction with the 6-31+G(d)

basis set are in poorer agreement with experiment. At the extreme is UHF/6-31+G(d)

which gives a BDE for NH3 that is more than 140 kJ mol" less than the W1 benchmark

value. The use of restricted wave functions with the 6—31+G(d) basis set gives little

improvement over the unrestricted equivalents. RB3-LYP/6-3l+G(d) gives the best

result with the smaller basis set. Increasing the size of the basis set to 6-311+G(2df,p)

leads to a noticeable improvement for all methods, and they all yield BDEs for NH3 that

are within 20 kJ mol’] of the W1 value.

-NHCF3. The benchmark W1 BDE for NHZCF3 to give the 2A" ground state of

the ~NHCF3 radical is 455.3 kJ mol’]. The CBS-QB3 and G3X(MP2)-RAD BDEs agree

well with the benchmark, giving values of 455.8 and 451.0 k] mol’l, respectively. The

direct methods when used with the 6-31+G(d) basis set do not perform as well, but there

is again considerable improvement in all cases in going to the larger 6-311+G(2df,p)

basis set.

-NHCHO. The W] procedure gives an NeH BDE for NHZCHO of 474.3 kJ

mol’]. The CBS—QB3 and G3X(MP2)—RAD levels again agree well with the

benchmark value, giving N—H BDEs of 470.2 and 467.6 kJ mol’], respectively. Even

closer agreement with W1 is obtained when the spin-correction term in CBS-QB3 is

omitted (U—CBS—QB3), giving 475.2 kJ mol_], but as pointed out in Chapter 3 this a

fortuitous result. Of the direct methods, UMP2 unexpectedly performs the best with the

6—3 l+G(d) basis set, giving a BDE of 480.1 k] mol'l. In contrast to the other theoretical
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methods, the UMP2 result actually worsens in going from 6-31+G(d) to 6-

31 1+G(2df,p).

°NHC0CH3. Due to the size of this species, it was not possible to calculate the

N—H BDE at the W1 level with our existing computing resources. In order to provide a

suitably reliable BDE, we have used the G3X(MP2)—RAD RSE of —23.4 k] mo];1 (see

below) in conjunction with the W1 BDE of 444.2 kJ mol’] for -NH; to obtain a

benchmark BDE of 467.6 kJ mol". The CBS—QB3 and G3X(MP2)-RAD BDEs for

°NHCOCH3 of 463.4 and 463.1 kJ mol", respectively, are slightly less than this

benchmark value, as is also observed for -NHCHO. We can see from Table 4.2 that

UMP2/6—31+G(d) again fortuitously gives the closest agreement with the benchmark, a

result that becomes worse with the larger 6-311+G(2df,p) basis set. The other

theoretical procedures all give improved BDEs with the 6-31 1+G(2df,p) basis set.

-NHC0NH2. The three composite methods all agree well for the N—H BDE of

NHZCONHz. The benchmark W1 value is 451.6 kJ mol’1 while the CBS-QB3 and

G3X(MP2)—RAD procedures give BDEs of 449.6 and 447.8 kJ mol“', respectively. U-

CBS—QB3 gives 450.4 kJ mol", but as pointed out in Chapter 3, this is a fortuitous

result. There is improvement in going from 6-31+G(d) to 6—311+G(2df,p) with all the

direct methods.

General Comparisons. Tables 4.2 and 4.3 include mean absolute deviations

(MADs) and largest deviations (LDs) from benchmark values (W1 unless otherwise

specified) for the five BDEs. Although the sample set is too small to be statistically

significant, some useful general features do emerge. We note to begin that the T1

diagnostic values'2 calculated at the UCCSD/AVTZ//UB3~LYP/cc-pVTZ level of

theory are 0.013, 0.034, 0.031 and 0.026 for ~NHCF3, °NHCHO, °NHCOCH3 and

°NHCONH2, respectively. This suggests that -NHCHO, -NHCOCH3 and °NHCONH2

in particular represent challenging targets for calculations based on a single—reference

configuration. In a related vein, the <82> values found at UMP2/6—31+G(d)//UB3—
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LYP/6-31+G(d) for -NHCF3, 'NHCHO, -NHCOCH3 and -NHCONH2 are 0.759, 0.959,

0.907 and 0.783, respectively. This suggests potential difficulties for UMP with

-NHCHO and -NHCOCH3, as is indeed observed.

We find that the composite Wl, CBS-QB3 and G3X(MP2)-RAD methods give

results that agree well with one another and with the only experimental BDE for the

-NHX radicals. CBS—Q83 without the spin—correction term (U—CBS-QB3)

unexpectedly performs particularly well, with an MAD from W] of just 0.8 k] mob]

and an LD 0f—1.2 kJ mol". Of the simpler levels of theory, RB3-LYP performs best

with the 6-31+G(d) basis set, giving an MAD of 17.2 kJ mol". When the larger 6-

311+G(2df,p) basis set is used, RB3—LYP and RMP2 produce the best results, with

MADs of 9.6 and 6.0 kJ mol", respectively. We emphasize that care must be taken to

converge to the lowest—energy SCF solutions to avoid spuriously anomalous results.

4.3.3 Radical Stabilization Energies (HSEs)

The radical stabilization energy of a substituted amino radical ~NHX provides a

measure 0fthe effect of the substituent X on the stability of the -NHX radical relative to

its effect in the parent closed-shell molecule NHZX. It is given by the energy change in

reaction 4.3 (above). Equivalently, it represents the difference in BDEs of NH3 and

NH2X.

Table 4.4 presents a comparison of the RSEs for -NHX radicals obtained by

SCFLG4 at the UHF, RHF, UB3-LYP, RB3-LYP, UMPZ, RMP2 and UCCSD(T) levels

(all with the 6-31+G(d) basis set) with values obtained at these levels in the present

work. Table 4.5 presents results obtained with these theoretical procedures and the 6-

311+G(2df,p) basis set. Also included in Table 4.5 are the RSEs obtained with the

high-level W1 procedure of Martin et al.9 which are used as a benchmark unless

otherwise noted, as well as with the high-level CBS—QB?) and G3X(MP2)-RAD

procedures.



Table 4.4: Radical Stabilization Energies of -NHX Radicals (0 K, k] mow)”
 

 

x UHF RHF UB3-LYP 11133—va UMPZ RMPZ uccsom URCCSD(T)

CF3

P’eV‘buS workc 44.6 —211.7 47.1 485.4 46.7 —206.7 44.6 —

Present work 42.3 45.3 4.0 47.1 46.6 46.2 44.5 44.5
CHO

PreViOUS workc 442.2 —56.9 —25.9 —31.0 4 36.0 41.4 —93.3 —

Present “’0‘“ —26.3 —56.8 425.9 —30.9 476.8 41.4 —29.6 —28.8

COCH;

PTEViOUS workc —29.7 453.1 45.1 48.8 459.4 415.1 —24.3 4

Presentwo’k —29.5 46.1 45.3 —l8.9 —59.7 43.0 —2l.8 424.3

CONH2

PreViOUS workr 20.5 402.5 2.5 0.8 4 6.3 —82.8 —8.4 4

Presen‘ work —20.5 —24.0 2.5 1.0 46.5 44.3 —8.3 —8.1

MAD" 6.1 17.5 6.6 4.4 24.4 8.2 1.6 1.6
LD” 4 3.1 —26.6 +9.9 +8.4 46.6 41.2 —3.4 —3.4
 

”Corresponding to the energy change for the reaction -NHX + NH; —> °NH2 + NHZX. h Obtained from single-point calculations with the 6~3 l +G(d) basis set on the

UB3—LYP/6-3.l+G(d) geometries. rFrom SCFLG.‘1  s
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Table 4.5: Radical Stabilization Energies of °NHX Radicals at Higher Theoretical Levels (0 K, kJ mol’l)"

 

X URCCSD(T)h G3X(MP2)-RAD CBsQBr

 

CF3

CHO

COCH3

CONH2

MADd

LD"

—l 1.6 (—1 1.6)

—26.0 (—30.8)

-l9.1 (—22.4)

—5.4 (—6.0)

2.8 (0.9)

+4.3 (+1.4)

 

”Corresponding to the energy change for the reaction NHZX —> -NHX + -H. hObtained from single—point calculations with the 6-31 l+G(2df.p) basis set on

the UB3-LYP/6-3 lG(d) geometries. "Values in parenthesis obtained without the spin-correction term (U-CBS-QBS).
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Comparison with the Results ofSCFLG.4 Examination of the RSEs in Table 4.4

shows differences from the previously reported results of SCFLG4 of up to 200 kJ

mol’]. These are not unexpected, given the discrepancies in the N—H BDEs discussed

above. However, the calculated RSEs in Tables 4.4 and 4.5 make it clear that it is the

SCFLG4 values that are anomalous. For example, for -NHCF3, all the RSEs determined

in the present work lie within 6 k] mold of the W1 benchmark (Table 4.5). In contrast,

the RHF, RB3-LYP and RMP2 values of SCFLG4 differ by mpzoo kJ mol“ from the

W1 value. Likewise, anomalous RSEs from the previous work of SCFLG4 can be seen

for °NHCHO at the UHF, UMP2 and UCCSD(T) levels, for 'NHCOCH3 with RHF and

RMPZ, and for -NHCONH2 with RHF and RMPZ. The anomalous results all have their

origins in convergence to the wrong SCF solution in the previous study, and not to poor

performance of the theoretical procedures as had been previously concluded. 4

Assessment ofResults. As with the BDEs discussed in the previous section, the

RSEs determined with the high-level Wl procedure generally represent the benchmark

values for this work and are presented in Table 4.5. For -NHCOCH3, for which we do

not have a W] RSE, we have taken the G3X(MP2)—RAD value as the benchmark. The

benchmark RSEs are thus —1 1.1 (ONHCF3), ~30.2 (-NHCHO), —23.4 ('NHCOCH3) and

—7.4 (-NHCONHZ) kJ mol‘], respectively. It can be seen from Tables 4.4 and 4.5 that

for many of the theoretical procedures there is substantial cancellation of errors in the

calculated RSEs, i.e., the MADs are significantly smaller than corresponding MADs for

BDEs (Tables 4.2 and 4.3). This is not unexpected, given the nature of the equation

defining the radical stabilization energies (equation 4.3). The basis set dependence of

the RSEs is much smaller than for the BDEs, i.e., the RSEs determined with the 6-

31+G(d) basis set are not substantially inferior to those obtained with the 6—

311+G(2df,p) basis. The worst results (indicating less complete cancellation of errors)

are observed with RHF and UMPZ. This can be ascribed in the latter case to variable

spin contamination in the reactant and product radicals of equation 4.3.
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Both G3X(MP2)—RAD and CBS-QB3 give RSEs that compare well with the W1

benchmark values. The MADs and LDs are 0.8 and +2.3 kJ mol‘l, respectively, for

G3X(MP2)-RAD and 2.8 and +4.3 kJ mol”, respectively, for CBS-QB3. For U-CBS—

QB3, the MAD and LD from W1 decrease to just 0.9 and +1.4 kJ mol’l, respectively.

Of the direct methods, best results are obtained with URCCSD(T)/6-

31 l+G(2df,p). The MAD is just 1.2 kJ moi" while the LD is 3.0 kJ mol“. Although

URCCSD(T)/6-3l l+G(2df,p) provides a direct means of obtaining accurate RSEs, it is

computationally intensive and would not be tractable for systems of moderate to large

size. A more economical, though still reliable, procedure would be desirable.

In previous studies on ~CH2X radicals}3 it was found that RMP2/6—

31l+G(2df,p)//UB3—LYP/6-3lG(d) provides a cost-effective means of obtaining

reasonable RSEs. The results of the present work suggest that although it is also a

reasonable possibility for -NH)( radicals, the discrepancies from benchmark values are

somewhat larger. The MAD for RMP2/6-3l l+G(2df,p)//UB3-LYP/6—3lG(d) is 9.2 k]

mor' with an LD of—l3.8 kJ met". The MAD and LD for RMP2/6-3l+G(d)//UB3-

LYP/6—3l+G(d) are 8.2 and —l 1.2 kJ mol", respectively, which are slightly better than

the RMP2/6—3l l+G(2df,p)//UB3~LYP/6-3lG(d) results. These differences are not

believed to be statistically significant.

The UMP2/6-31+G(d) and UMP2/6-3l l+G(2df,p) RSEs show large deviations

from the benchmark values for -NHCHO and -NHCOCH3. This supports the

conclusion that UMP2 has difficulty with species that show large spin contamination.

As noted above, the <Sz> values found at UMP2/6-3l+G(d)//UB3—LYP/6-31+G(d) for

-NHCHO and -NHCOCH3 are 0.959 and 0.907, respectively.

Both UB3-LYP and RB3—LYP show relatively small MADs and LDs for their

calculated RSEs. With the 6-31+G(d) basis set, the MADs and LDs are 6.6 and +9.9 kJ

mol'], respectively, for UB3—LYP, and 4.4 and +8.4 kJ mol", respectively for RB3-

LYP. With the 6-311+G(2df,p) basis set, the MADs and LDs are slightly better at 4.6
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and +7.6 kJ mol’], respectively, for UB3—LYP and 4.1 and +6.7 kJ mol’], respectively

for RB3-LYP. One shortcoming of UB3-LYP/6-31+G(d), RB3-LYP/6-31+G(d) and

UB3-LYP/6—311+G(2df,p) is that they predict positive RSEs for 'NHCONHZ (i.e., a

relative stabilizing effect in the radical), in contrast to the small negative benchmark

value.

UHF/6-31+G(d) provides good RSEs for three of the -NHX radicals when

compared with the benchmark values. The largest deviation at this level is —13.1 kJ

mol’] for 'NHCONHZ. While RMP2 performs significantly better than UMPZ,

changing from an unrestricted to a restricted approach at the HF level actually leads to a

deterioration in the results. Thus with the 6—31+G(d) basis set, the MADs and LDs are

6.1 and ~13.1 kJ mol", respectively, for UHF, and 17.5 and —26.6 kJ mol—],

respectively, for RHF. With the 6-311+G(2df,p) basis set,13 the MADs and LDs are

slightly worse at 7.0 and —l4.3 kJ mol", respectively, for UHF and 19.8 and —30.8 kJ

mol’], respectively for RHF.

In summary, there is good agreement among the high levels of theory (W1,

G3X(MP2)-RAD and CBS-QB3) in the calculation of RSEs. U-CBS—QB3 gives results

that are particularly close to W]. UCCSD(T) and URCCSD(T) also perform very well.

RB3-LYP is the best of the computationally less demanding procedures. RMP2

performs somewhat less well for -NHX radicals than found previously for -CH2X

radicals, though the results are still reasonable. Very poor results found previously4

with RB3-LYP, RMP2 and UCCSD(T) may be attributed to convergence to the wrong

SCF solutions. UMP2 sometimes gives large errors for RSEs and therefore should not

be used when spin contamination is significant. RHF can also produce poor RSEs.

Substiluem Effects in -NHX Radicals. The calculated radical stabilization

energies in Tables 4.4 and 4.5 are all negative. This means that the -NHX radicals are

destabilized relative to the corresponding closed—shell molecules NHZX in each case.

This effect is discussed in detail by SCFLG, based on G3 and CBS-Q results.4 In brief,
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the negative RSEs can be rationalized in terms of a reduction in the delocalization of the

nitrogen lone pair that can take place in NH2CHO, NHZCOCH3 and NHZCONHz, when

moving to the ~NHX radicals. This reduction arises because the electronic ground state

is now pseudo-2A", and so it is the unpaired electron rather than the lone pair that is

more strongly delocalized. The negative RSE for -NHCF3 may be attributed largely to

the electron-withdrawing nature of the CF3 substituent destabilizing the electron-

deficient radical center.

4.3.4 Spin Distributions

The discrepancies found in the BDEs and RSEs for the -NHCF3, -NHCOCH3

and °NHCONH2 radicals at RMP2/6—31+G(d) were attributed by SCFLG4 to a failure of

RMP2 to correctly assign the spin distribution. They pointed out that for these three

radicals RMP2 predicts an oxygen—centered radical, whereas the unpaired electron is

mainly localized on the nitrogen with UB3-LYP and UCCSD(T). We find from the

present work that the calculations of SCFLG4 in these cases correspond to the excited

2A' state for -NHCF3, and to pseudo-ZA' states for 'NHCOCH3 and ~NHCONH2. For

the A' and pseudo-A' states, the unpaired electron is indeed centered on the oxygen. On

the other hand, we find that if the correct ground state A" or pseudo-A” state is

examined, the spin is localized on nitrogen in all cases. Figure 4.2 displays the

RMP2/6-31+G(d) spin distributions for the 2A" ground state of -NHCF3 and the pseudo-

2A" ground states of -NHCOCH3 and 'NHCONHZ. It is clear that the unpaired electron

is localized on the nitrogen in all three radicals, in agreement with UB3—LYP and

UCCSD(T).

Similarly, SCFLG4 found that their UCCSD(T) calculation incorrectly assigns

the unpaired electron in °NHCHO largely to the oxygen, in contrast to UB3-LYP and

RMP2 which assign the electron to the nitrogen. In this case also the result may be

attributed to their convergence to the higher-energy pseudo—2A' state. Figure 4.2

includes the spin distribution for the pseudo-2A" ground state of -NHCHO at
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UCCSD(T)/6-31+G(d). Again it is clear that if the correct ground state is examined, the

unpaired electron is mainly localized on nitrogen.

0.01 2

  0.057

0.000

0.030

0.003
0003

0.913 0.000 0.001

Figure 4.2: RMP2/6—3l+G(d)//UB3-LYP/6—31+G(d) spin distributions for the -NHCF3,

-NHCOCH3, and ~NHCONH2 radicals, and UCCSD(T)/6-3l+G(d)//UB3—LYP/6-31+G(d)

spin distribution for the ~NHCHO radical.

4.4 Concluding Remarks

A primary purpose of the present Chapter has been to re—examine the conclusion

reached by SCFLG4 that for several °NHX radicals, specifically -NHCF3, °NHCHO,

°NHCOCH3 and -NHCONH2, RHF, RMP2 RB3-LYP and UCCSD(T) can lead to

unrealistic spin localization and hence to poor BDEs and RSEs. They state that their

results "justify many people's suspicion that the use of the spin-restricted wave function

method is not always safe." This assessment is not correct. The poor performance is

associated with calculations being performed on excited A' states or unphysical pseudo-

A' solutions to the SCF equations for the °NHX radicals. Once the correct ground state

is used in the BDE and RSE calculations, the very large errors observed previously

disappear.
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The high-level W1, G3X(MP2)—RAD and CBS-QB3 procedures all yield RSEs

that agree closely with one another. CBS-QB3 performs particularly well when the

spin-correction term is omitted (U—CBS—QB3), although this may be fortuitous (see

Chapter 3). It has been found with the direct theoretical procedures that the difference

between using 6-3]+G(d) and 6-3]1+G(2df,p) basis sets in the calculation of RSEs is

relatively small. UCCSD(T) and URCCSD(T) give very good RSEs, while RB3-LYP

provides a very cost-effective alternative. The performance of RMP2 is reasonable

though not as good as found previously for -CH2X radicals.
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The corresponding RSEs are: ~NHCF3 —]4.8 (—153), ‘NHCHO —29.4 (~6l.0), -NHCOCl-l3 —32.5

(—49.8), -NHCONH2—21.7(—25.2).
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5.1 Introduction

The previous chapter detailed RSEs for -NHX radicals, which might be

important in reactions of amino acids with HOC]. However, as detailed in Chapter 1,

abstractions by -OH primarily occur from backbone or side chain C—H bonds. Of

particular interest are hydrogen abstractions from the a-C—H bond, as this could result

in the formation of highly stabilized a-C—centered radicals by means of the captodative

effect (see Chapter 1, section 1.3.2). The deviation from additivity in the RSE of a

disubstituted carbon-centered radical is given by:

A(RSE) = RSE(X—-CH—Y) — RSE(X—-CH—H) — RSE(H—~CH—Y) (5.1)

Defined in this way, a positive A(RSE) means that the two substituents have a

reinforcing stabilizing effect in the radical, a zero value would indicate that the RSEs

are additive, while a negative number would indicate a destabilizing effect occurring in

the disubstituted radical compared with the corresponding monosubstituted radicals.

In a previous extensive study,1 C—H BDEs leading to a—carbon radicals in a

number of model systems containing a glycine peptide backbone were calculated with

B3—LYP/6—3lG(d). The calculated C—H BDEs for the model systems, HCONHz—CHz—

CONH2, CH3CONH2—CH2—CONH2, HCONHz—CHQ—CONHCH3 and CH3CONH2—

CHz—CONHCHg were approximately equal, suggesting that an amide substituent on

both sides of the a—carbon is sufficient to satisfactorily model the mid—chain

environment of the C—H dissociation process. The accuracy of the BDEs calculated

using B3—LYP/6—3lG(d) were assessed against values obtained using the GZ(MP2)

high-level procedure.

In another recent study,2 RSEs of a-carbon radicals were examined for the free

amino acids, glycine, alanine and valine, and their N—acetyl methyl esters. In that study,

the ordering of RSEs for the N-acetyl methyl ester derivatives, which attempt to mode]
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a peptide environment, was found to differ from that for the free amino acids. For

example, the largest RSE for the model peptides occurred for glycine, while the largest

RSE for the free amino acids was found for alanine. The change in the ordering was

attributed to steric interactions of the side—chain with the amide carbonyl groups. The

RSES of that study were evaluated with RMP2/6-31G(d)//UB3-LYP/6—3IG(d). In

another detailed study,3 C—H BDEs were calculated for all the naturally occurring

amino acids in model systems representative of a peptide backbone. It was found that

the BDEs ranged from about 345 to 400 kJ molT].

In the present Chapter, we re-examine the C—H BDEs of model systems

representing a glycine-containing peptide backbone using high-level procedures and a

wider range of models. In addition, RSEs are calculated for the model peptides and

compared with RSES calculated for a series of monosubstituted analogs. In a similar

manner, N—H BDEs and their associated RSEs are calculated for a similar series of

model systems. The RSEs are used to examine the effect of substitution on a radical

center and also to examine the deviation from additivity in the RSEs of the disubstituted

systems.

5.2 Theoretical Procedures

BDEs and RSEs were calculated with a number of theoretical procedures.

Firstly, a series of simpler methods were used. These involved both MP2 and DFT

single-point calculations in association with the 6-311+G(3df,2p) basis set carried out

on UB3—LYP/6-31G(d) optimized geometries. Energies were adjusted to 0 K by adding

a scaled (by 0.98064) UB3-LYP/6-31G(d) zero-point vibrational energy (ZPVE). DFT

single-point calculations were carried out with the B3—LYP combination of exchange

and correlation functionals and with the BMK5 and MPWBIK functionals.6 We found

that the performance of these two functionals are quite similar and so we only report on

the BMK results throughout the text.
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In addition to the simpler methods, standard high-level procedures were used to

calculate BDEs and RSEs. The G3X(MP2)-RAD7 and CBS-QB38 procedures were

used for all species, while a selection were also examined with the W1 method of

Martin et al.9 Values obtained using U-CBS-QB3, which omits the spin correction term

(see Chapter 3), are also reported.

5.3 Results and Discussion

The conformational spaces for all species were initially scanned using UB3-

LYP/6—31G(d). In order to aid the analysis, extended conformations (corresponding to

Ramachandran angles close to 180°) were used whenever possible. Figure 5.1(a) shows

the optimized structure of the largest carbon—centered radical examined in this work

(CH3CONH—-CH—CONHCH3) in an extended chain conformation. We found,

however, that in a small number of cases, the lowest-energy conformations

corresponded to folded structures due to internal hydrogen-bonding. These were

handled as described below.

 

(a) CH3CONH—°CH—CONHCH3

 

(b) CH3C0—°N—CH2CONH2

Figure 5.]: Optimized structures (B3—LYP/6-SIG(d)) of the largest (a) carbon-centered

radical (CH3CONH—0CH—CONHCH3) in an extended chain conformation and (b)

nitrogen-centered radical (CH3CO—-N—CH2CONH2) demonstrating the puckering that

occurs at the nitrogen carrying the unpaired electron.
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For the species involved in the series of carbon-centered radicals, the closed—

shell molecule CH3CONH-CH2—CONHCH3 is the only one in which the extended—

chain conformation is not the global minimum. The difference in energy between the

global minimum and the extended-chain conformation in this case is approximately 3

kJ mol’] at the CBS—QB3 level of theory. For the sake of consistency, the numbers

quoted are those derived from the extended—chain conformation of this species, but this

does not affect the qualitative trends in our analysis

For the closed-shell counterparts of the nitrogen—centered radicals, the global

minima all correspond to extended-chain conformations. For the nitrogen-centered

radicals themselves, significant puckering occurs at the nitrogen carrying the unpaired

electron. This makes it difficult in some cases to find conformations that do not contain

some degree of internal hydrogen bonding. The species that are affected include the

CH3CO—-NH—CH2CHO and CH3CO—°NH7CH2CONH2 radicals. Figure 5.1(b) shows

the B3-LYP/6-3lG(d) optimized structure of CH3CO—'NH7CH2CONH2 that

demonstrates the puckering that occurs on the nitrogen carrying the unpaired electron.

The effect on the calculated BDEs and RSEs of the hydrogen bond that occurs in these

species is approximately 5 kJ mol", based on constrained-optimized rotational

potentials. It is not expected that our qualitative conclusions will be affected by

including in the analysis conformers that involve some internal hydrogen bonding.

5.3.1 Bond Dissociation Energies

Bond dissociation energies (BDEs) for various molecules that represent

systematically larger models of a peptide-backbone containing a glycine residue are

listed in Table 5.1 (C—H BDEs) and Table 5.2 (N—H BDEs). We have chosen W] as the

benchmark theoretical method as it has been shown to give excellent agreement with

reliable experimental thermochemistry.l0



Table 5.1: Comparison of Calculated C—H Bond Dissociation Energies (0 K, k] mol’l) Resulting in the Formation of Ot-Carbon-

Centered Radicals on Small Models of a Glycine Peptide Backbone
 

 

radical UB3-LYP” RB3-LYP” UBMK” RBMK“ RMPZ” G3X(MP2)—RAD CBS-QB3 U—CBS-QB3'7 W1

H—°CH—H 424.7 428.8 431.0 435.1 417.3 429.1 434.3 434.5 432.3

H—'CH—CHO 379.4 387.3 390.1 399.5 385.1 393.7 393.3 397.6 395.7

H—'CH—CONHZ 394.9 399.8 406.3 411.5 397.0 407.4 408.7 409.8

He'CH—CONHCH,‘ 393.8 398.4 404.5 409.4 396.8 407.1 408.6 409.4

NH;—'CH—H 369.4 373.3 376.3 380.2 371.5 384.2 384.7 385.0 383.1

HCONH--CH—H 371.4 375.9 379.4 384.2 376.1 387.4 389.4 390.0

CHgCONH—-CH—H 371.1 375.3 379.3 383.8 375.3 386.8 389.0 389.4

NH;—°CH—CHO 282.2 286.5 292.5 297.9 291.1 312.3 306.3 308.7 309.3

NH;—°CH—CONH2 313.7 317.2 319.8 323.5 327.0 339.1 336.9 337.5

HCONH—-CH— CHO 304.5 309.2 321.4 327.2 314.8 335.4 332.2 335.3

HCONH —-CH—CONH3 330.8 334.5 338.8 342.9 341.3 353.5 351.7 352.5

CH3CONH«~CH-CONHCH3 328.3 331.8 337.7 341.5 339.6 347.6 350.5 351.0

MADr 19.7 15.2 10.3 6.0 14.0 2.5 1.3

MDC —19.7 —15.2 —10.3 45.3 44.0 —l.4 41.3

LDC —30.8 ~26.l —l7.8 —14.0 -20.5 —5.4 —4.3

 

” Calculations have been performed in association with the 6—31 1+G(3df.2p) basis set on UB3-LYP/6-3 1 G(d) optimized geometries. Energies have been corrected to 0 K

using UB3-LYP/6-3lG(d) ZPVEs scaled by 0.9801.‘1 b Standard CBS-Q83 but with the empirical spin-correction for spin contamination in the unrestricted wave

function omitted. ” Mean absolute deviation (MAD). mean deviation (MD) and largest deviation (LD) from the calculated U-CBS—QB3 results.
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5.3.1.] Carbon—Centered Radicals

Wl values for C—H BDEs have been calculated for four species, two of which

have experimental values available for comparison. The calculated W1 BDEs at 0 K in

these two cases, leading to the radicals H—'CH—H and H—-CH—CHO, are 432.3 and

395.7 k] mol‘l, respectively, compared with experimental values of 432.3104 and

389.5192 k] mor‘.

The computational expense of Wl prohibits the use of this procedure beyond

moderately-sized molecules. In a previous study of C—H BDEs,H the CBS-RAD

procedure was found to provide a good secondary benchmark. In the present Chapter,

we have carried out calculations with CBS—QB3 in place of CBS-RAD, the two

procedures having been found previously to give similar results.‘2 We also report

results obtained with the U-CBS-QB3 method. The radicals in Table 5.1 that have been

calculated with W1 have <Sz> values of 0.7616 (H—°CH—H), 0.9221 (H—'CH—CHO),

0.7626 (NH2—°CH—H) and 0.8462 (NH2—-CH—CHO). 1n the two cases that have large

spin contamination, i.e., H—-CH—CHO and NH2—-CH—CHO, the calculated U-CBS-

QB3 C—H BDEs are in closer agreement with the W] values than are the standard CBS-

QB3 values. Thus, for the purposes of this work we will use the U-CBS-QB3 BDEs as a

secondary benchmark.

The largest spin-correction contribution to the CBS—QB3 procedure for the C—H

BDEs examined in the present work amounts to —4.3 kJ mol’1 and occurs for H—°CH—

CHO, which is the most highly spin-contaminated radical ( <Sz> = 0.9221). There is a

relatively small mean absolute deviation (MAD) of 13 kJ mol" between the standard

CBS—QB3 BDEs and the U-CBS-QB3 BDEs. The MAD and the mean deviation (MD)

for CBS—QB3 are the same magnitude because the spin-correction term is always

negative.

The other high-level composite method in Table 5.] is G3X(MP2)-RAD. The

MAD from the BDEs calculated with U-CBS-QB3 is 2.5 k] mol‘l, which demonstrates
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the good overall performance for this method. Unfortunately, as pointed out

previously,” the largest deviation for this method (—5.4 k] mol‘l) turns out to occur for

the BDE of methane which, as will be seen, causes the radical stabilization energies

(RSEs) to consistently be slightly underestimated.

In a previous study,” it was found that RB3-LYP/6-311+G(3df,2p)//RB3-

LYP/6-3lG(d) yielded good C—H BDEs. In that study, only monosubstituted species

were considered. In the present work, RB3—LYP/6-311+G(3df,2p) single—point

calculations on UB3—LYP/6-31G(d) optimized geometries lead to an MAD of 15.2 kJ

mol‘ l. The poorer overall performance of RB3-LYP in the present work arises because

of the poorer results for the disubstituted radicals. Thus the smallest absolute deviation

in the case of disubstuted radicals is 19.2 kJ mol’] while the largest absolute deviation

in the monosubstituted radicals is 14.1 kJ mol". Using an unrestricted reference wave

function instead of a restricted open-shell reference further increases the MAD, a trend

also pointed out in the previous study.”

RMP2/6-311+G(3df,2p)//UB3-LYP/6-31G(d) produces an MAD of 14.0 k]

mol’l. This is a small improvement over RB3-LYP. For this method, the deviations

from the U-CBS—QB3 values are equally large for the disubstituted radicals and the

monosubstituted radicals.

Single-point calculations with the recently formulated BMK functional of Boese

and Martin5 give good results for C—H BDEs. For UBMK, the MAD is 10.3 kJ mol“,

while RBMK gives an MAD of 6.0 kJ mol". Considering the modest cost of this

method, these results are very encouraging. As with RB3—LYP, larger absolute

deviations occur for disubstituted systems compared with monosubstituted systems. It

should be noted that this does not necessarily represent a correlation in the error with

the size of the molecules involved since some of the disubstituted systems are smaller

than the monosubstituted species.
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5.3.1.2 Nitrogen-Centered Radicals

Listed in Table 5.2 are N-H BDEs that lead to nitrogen-centered radicals on

small models of a peptide backbone containing a glycine residue. We again use U—

CBS-QB3 values as a secondary benchmark and compare values obtained with other

methods with the U-CBS-QB3 results.

Standard CBS-QB3 shows only a small deviation from the U-CBS-QB3 values,

with an MAD of 1.9 kJ mol' l. The largest deviation occurs for the HCO—°N—H radical,

which has an <Sz> value of 0.9482.

The BDEs found with the high—level G3X(MP2)-RAD procedure also compare

well with the BDEs found with U—CBS-QB3 for nitrogen-centered radicals. The MAD

is 4.4 kJ mol’]. In a previous study,13 it was found that RMP2 did not perform as well

for the calculation of N~H BDEs as it did for C—H BDEs. This does not appear to be the

case in the present work. The MAD for the RMP2 N—H BDEs is 3.9 kJ mol’], which is

a more satisfactory result than for the current C—H BDEs.

As with the C—H BDEs, the DFT methods that are examined in Table 5.2 are

improved by using a restricted reference-wave-function instead of an unrestricted

reference—wave-function. For example, the MAD for the N—H BDEs obtained with

UB3-LYP is 15.2 k] mor1 compared with the RB3—LYP value of 9.5 k] mer‘. The

BMK results are also affected in the same way. The N—H BDEs calculated with UBMK

have an MAD of 5.8 kJ mol", compared with 3.3 kJ mol" for RBMK. The results

found with RBMK for the N—H BDEs are very encouraging, as was also the case for C—

H BDES, especially when considering the modest computational cost of this method. In

fact, the performance of RBMK for N—H BDEs is comparable to that of the high level

G3X(MP2)—RAD procedure.



Table 5.2: Comparison of Calculated N—H Bond Dissociation Energies (0 K, kJ mol") Resulting in the Formation of

Nitrogen-Centered Radicals on Small Models ofa Glycine Peptide Backbone
 

 

radical UB3-LYP" RB3-LYP” UBMK" RBMK” RMPZ" G3X(MP2)-RAD CBS-Q83 U-CBS-QB3" w1

H—-N—H 432.6 443.2 438.9 443.1 437.6 439.8 444.2 444.4 444.2

HCO—-N—H 461.6 471.6 473.0 483.7 481.1 469.3 470.2 475.2 474.3

CH3CO—-N«H 449.8 458.3 463.4 472.4 473.0 462.4 463.2 466.7

NHZCHZCO—N—H 449.4 456.8 469.2 471.5 465.7 462.9 465.1 467.8

11-49—013 395.9 401.0 403.2 407.8 408.2 409.4 412.4 412.7 412.2

H—-N—CH;CHO 401.7 406.5 409.2 413.9 414.2 415.5 418.2 418.5

H—-N—CH2CONH2 397.8 402.5 405.8 410.5 411.0 412.3 415.5 415.8

HCO—-N—CH3 434.9 441.6 445.4 453.0 456.0 447.8 447.7 451.3

CH3CO—-N—CH3 426.1 431.9 438.3 444.2 448.2 441.4 442.4 444.6

HCO—-N—CH2CHO 461.6 454.0 458.9 465.5 465.9 458.8 461.1 463.4

CH3CO—-N—CH;CHO 438.8 445.4 449.2 454.9 455.6 450.2 455.4 456.4

CH3CO—-N~CH2CONH2 440.6 446.4 452.1 457.1 456.6 451.3 455.7 456.7

MAD‘ 15.2 9.5 5.8 3.3 3.9 4.4 1.9

M96 —15.2 —9.5 75.6 +0.3 0.0 41.4 —1.9

LD“ —18.5 —13.3 —10.0 +8.5 —6.8 —6.2 —5.0
 

” Calculations have been performed in association with the 6-31 l+G(3df,Zp) basis set on UB3-LYP/6-3 l (Nd) optimized geometries. energies have been corrected to

0 K using UB3-LYP/6-3lG(d) ZPVEs scaled by 0.980].4 h Standard CBS-083 but with the empirical spin-correction for spin contamination in the unrestricted

wave function omitted. " Mean absolute deviation (MAD). mean deviation (MD) and largest deviation (LD) from the calculated U-CBS-QB3 results.
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Apart from RBMK, the DFT methods examined in Table 5.2 generally

underestimate N—H BDEs. This is reflected in the MDs and MADs having the same

magnitude. We noted above that the C—H BDEs calculated with DFT procedures for

disubstituted systems are not as good as for monosubstituted radicals. In the case of the

N—H BDEs, the larger absolute deviations from the benchmark values occur for species

that are larger in size (rather than for disubstituted versus monosubstituted).

5.3.2 Radical Stabilization Energies

Tables 5.3 and 5.4 present radical stabilization energies (RSEs) for carbon- and

nitrogen-centered radicals, respectively, associated with small models of a glycine-

containing peptide backbone. Systematic errors in the calculation of BDEs can cancel in

the evaluation of RSES. This can mean that methods that perform less well in predicting

BDEs may still produce acceptable RSEs.

5.3.2.1 Carbon-Centered Radicals

RSEs calculated with U-CBS-QB3 are taken as a secondary benchmark because

of the enhanced agreement with W1. Most of the methods displayed in Table 5.3

perform better in determining RSEs than BDEs, as shown by the smaller MADs and

MDs in this Table compared with the MADs and MDs in Table 5. 1. Standard CBS-QB3

compares well with U—CBS-QB3, with an MAD of 1.2 kJ mol".

The G3X(MP2)-RAD method is the only method to have a worse MAD for the

RSEs than for the BDEs though, even in this case, the MAD for the RSEs is an

acceptable 4.3 kJ mol‘]. The origin of the problem in calculating RSEs with

G3X(MP2)-RAD lies with the greater-than-expected deviation of this method for the

BDE of methane, leading to the observed underestimation of the RSEs. The RMPZ

RSEs of Table 5.3 also are quite acceptable, with an MAD of 4.2 kJ mol".



Table 5.3: Comparison of Calculated Radical Stabilization Energies (O K, kJ mol’l) of cit-Carbon Radicals on Small

Models of a Glycine Peptide Backbone
 

 

radical UB3-LYP" RB3-LYP” UBMK” RBMK” RMPZ” G3X(MP2)-RAD CBS-QB3 U-CBS-QBS" WI

H—-CH—CHO 45.3 41.5 43.6 40.9 32.2 35.4 41.0 36.9 36.6

H—-CH+CONH2 29.8 29.0 27.0 25.5 20.3 21.7 25.6 24.7

H—-CH—CONHCH3 30.9 30.4 27.7 26.7 20.5 22.0 25.7 25.1

NH3—-CH—H 55.3 55.5 55.1 54.7 45.8 44.9 49.6 49.5 49.2

HCONH—-CH—H 53.3 53.0 50.2 49.1 41.2 41.7 44.9 44.5

CH3CONH—-CH—H 53.6 53.5 50.7 49.9 42.0 42.3 45.3 45.1

NH2—-CH~CHO 142.5 142.3 140.1 137.2 126.2 116.8 128.0 125.8 123.0

NH2—-CH—CONH2 111.0 111.6 107.8 107.4 90.3 90.0 97.4 97.0

HCONH—-CH— CHO 120.2 119.7 116.3 112.9 102.5 93.7 102.1 99.2

HCONH —-CH—C0NH2 93.9 94.4 89.3 88.6 76.0 75.6 82.6 82.0

CH3CONH—-CH—CONHCH; 96.4 97.0 91.9 91.5 77.7 81.5 83.8 83.5

MADC 10.8 10.4 7.4 6.5 4.2 4.3 1.2
MDC +10.8 +104 +7.4 +6.9 —3.5 4.3 +1.2
we +210 +205 +142 +146 —6.7 —9.0 +4.1
 

" Calculations have been performed in association with the 6-31 l+G(3df.2p) basis set on UB3-LYP/6-3 l G(d) optimized geometries. Energies have been corrected to

0 K using UB3-LYP/6-3 I G(d) ZPVEs scaled by 0.9801.“ b Standard CBS-QB} but with the empirical spin-correction for spin contamination in the unrestricted

wave function omitted. " Mean absolute deviation (MAD). mean deviation (MD) and largest deviation (LD) from the calculated U-CBS-QB3 results.  s
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Table 5.4: Comparison of Calculated Radical Stabilization Energies (0 K, kJ mol’l) of Nitrogen—Centered Radicals on

Small Models ofa Glycine Peptide Backbone

P
O
O
M

 

 

radical UB3-I.YP‘7 RB3-LYP‘1 UBMK” RBMK" RMPZ” G3X(MP21-RAD CBS-Q33 U-CBS-QB3h W1

HCO—°N—H —29.0 —28.4 -34.1 -40.6 —43.5 —29.5 —26.0 —30.8 —30.1

CH3CO—-N—H —17.2 —15.1 —24.5 -29.3 —35.4 ~22.6 —19.0 —22.3

NHZCHZCO-JN—H —16.8 —13.6 -30.3 —28.4 —28.1 —23.1 —20.9 —23.4

HAN—CH; 36,7 42.2 35.7 35.3 29.4 30.4 31.8 31.7 32.0

Hw‘N—CHZCHO 30.9 36.7 29.7 29.2 23.4 24.3 26.0 25.9

H—°N—CH3CONH2 34.8 40.7 33.1 32.6 26.6 27.5 28.7 28.6

HCO-'N—CH3 —2.3 1.6 -6.5 -9.9 —18.4 —8.0 —3.5 —6.9

CH3C0-'N—CH3 6.5 11.3 0.6 —1.1 —10.6 —1.6 1.8 —0.2

HCO—°N—CH2CHO —29.0 —10.8 -20.0 -22.4 -28.3 —l9.0 -16.9 ~19.0

CH3C04NACH2CHO —6.2 72.2 -10.3 -11.8 718.0 40.4 711.2 ~12.0

CH3CO—-N—CH3CONH2 —8.0 —3.2 -13.2 -14.0 —19.0 —11.5 —11.5 —12.3

MAD" 5.5 9.1 2.7 3.8 7.4 1.0 1.8

MD” +3.7 +9.1 +0.1 —1.8 —7.4 —O.3 +1.8

LDr 710.6 +121 #69 79.8 —l3.l —1.6 +4.8

 

" Calculations have been performed in association with the 6-31 1+G(3df,2p) basis set on UB3-LYP/6-3 l G(d) optimized geometries. Energies have been corrected

to 0 K using UB3-LYP/6-31G(d) ZPVE scaled by 09802.4 h Standard CBS-QB3 but with the empirical spin~correction for spin contamination in the unrestricted

wave function omitted. " Mean absolute deviation (MAD). mean deviation (MD) and largest deviation (LD) from the calculated U-CBS-QB3 results.
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Of the DFT methods, RBMK performs the best with an MAD of 6.9 kJ mol’].

Using UBMK makes the agreement less good for the RSES (MAD = 7.4 k] molTl) but

the effect is not as pronounced as for the BDEs where the MAD is almost doubled. Both

RBMK and UBMK systematically overestimate the RSES, resulting in MADs and MDs

that are the same in magnitude. These effects are also seen with RB3-LYP and UB3-

LYP where the MADs are 10.4 and 10.8 kJ mol", respectively.

The U—CBS-QB3 results in Table 5.3 show that the carbonyl-substituted radicals

have RSEs between 24.7 and 36.9 kJ mo] 1. The origin of the stabilization ofa carbon

radical center by a CX=O group has been explained in Chapter 1, section 1.3.2. Briefly,

the n: and n* orbitals on the carbonyl can interact with the singly—occupied 2p carbon

orbital, 2p(C-), producing a net stabilization. The smaller the energy separation between

the 2p(C-) orbital on the carbon and the rr* orbital on the carbonyl, the greater the

stabilizing effect.

The formyl group (CH=O) has a greater stabilizing effect on the radical than a

formamidyl group (C=ONH2), as reflected in the U—CBS-QB3 RSES of 36.9 and 24.7 k]

mol’l for H—-CH~CHO and H—-CH—CONH2, respectively. This arises because the NH;

substituent decreases the n—accepting ability of the CH=O group. Further replacement of

an amino hydrogen on the formamidyl group with a methyl group, to give the H—'CH—

CONHCH3 radical, has only a minor further effect on stabilization, evident in the small

change in the RSE calculated with U—CBS-QB3 from 24.7 kJ mm" to 25.1 kJ mor‘ for

He-CH—CONHZ and H—-CH—CONHCH3, respectively. This suggests that the stability

of a monosubstituted a—carbon radical will not generally be significantly affected by

substituents beyond the amide bond, and supports previous conclusions to this effect.1

Amine (NHY) functionalities also stabilize carbon-centered radicals. The

calculated U-CBS-QB3 RSE for aminomethyl radical (NH2—°CH—H) is 49.5 kJ mol".

The large stabilizing effect arises from the interaction of the nitrogen lone-pair orbital

with the 2p(C-) orbital on the carbon.
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Formally replacing an amino hydrogen with a formyl group results in the

HCONH—-CH—H radical. The calculated U-CBS-QB3 RSE for this radical is 44.5 kJ

mol’ ‘. This amounts to a change in the RSE of 5.0 kJ mol" in going from NH2—-CH—H

to CHONH—°CH—H, resulting from a decreased :rr-electron-donating ability of CHONH

compared with NHz. This change is relatively minor compared with the change in the

RSE of the carbonyl-substituted radicals, H—'CH—CHO and H—-CH—CONH2, of 12.2 k1

mol’l. Thus, formation of an amide bond affects the rt-donating ability of the nitrogen

lone pair in this environment significantly less than the n-accepting ability of the

carbonyl. Although there are many factors involved in the stabilization of each radical,

calculated spin densities at the radical center are consistent with this result. The UB3-

LYP/6-3lG(d) spin densities on the carbon formally carrying the unpaired electron are

+0903 (NH2~-CH~H), +0.904 (CHONH—~CH—H), +0864 (H—-CH—CHO) and +0983

(Hi-CH—CONHZ). These results show that there is only a small change in spin density

accompanying formyl substitution in NHr-CHelrl, but there is a larger positive change

accompanying amino substitution in HJCH#CHO.

An additional methyl substituent, giving the CH3CONH—-CH—H radical, results

in a calculated U-CBS—QB3 RSE of 45.1 kJ mol_], a change ofjust 0.6 k] molkl from

the RSE of CHONH—~CH—H. As with the situation for the carbonyl—substituted radicals,

substitution beyond the initial amide bond has little effect on the RSE for

monosubstituted a-carbon radicals, again supporting previous conclusions]

The calculated U-CBS-QB3 RSEs for the disubstituted carbon—centered radicals

range between 82.0 and 125.8 kJ mol", indicating much larger stabilizing effects than

observed in the monosubstituted radicals (Table 5.5). The simplest disubstituted radical

(NH2—°CH—CHO) has a calculated U-CBS-QB3 RSE of 125.8 kJ mol’], which is the

largest value in the table. The deviation from additivity evaluated with equation (5.1),
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Table 5.5: Comparison of Radical Stabilization Energies of Carbon-Centered

Radicals (0 K, k] mol—l) Calculated with U-CBS—QB3a for Disubstituted Radicals

(X~ -Cl—l—Y) with Values for the Corresponding Monosubstituted Radicals (X—

'CH~H and H— -CH—Y)

 

 

XACH—Y X~-CH—H H—-CH—Y X—'CH—Y A(RSE)b

NH2—-CH—CHO 49.5 36.9 125.8 39.4

NH2—-CH»CONH2 49.5 24.7 97.0 15.7

HCONH—-CH—CHO 44.5 36.9 99.2 17.8

HCONH--CH—CONH2 44.5 24.7 82.0 12.8

CH3CONH—-CH~CONHCH3 45.1 25.1 83.5 13.3

 

” Standard CBS-0B3 but with the empirical spin-correction for spin-contamination in the unrestricted

wave function omitted. h The estimated synergistic stabilization (captodative effect) of two groups

working in combination, measured by taking the difference of the RSE calculated for the

disubstituted radical with the sum ofthe RSEs calculated for the analogous monosubstitutcd radicals,

i.e., RSE(X»-CH»Y) 7 RSE(X—-CH—H) * RSE(H—-CH—Y).

given in the final column of Table 5.5, is 39.4 kJ mol']. For the monosubstituted

radicals a change from H—-CH7CHO to Hi-CHACONHz decreases the RSE by 15.3 kJ

mol"'. For the equivalent change in the disubstituted radicals, resulting in NH2—°CH—

CONHz, the RSE decreases by 28.8 kl mol’]. This indicates that not only is there a

decrease in stability arising from the poorer Ir-accepting ability of the C=ONH2 group

but there is also a decrease in the synergistic interaction, as demonstrated by the reduced

deviation from additivity from 39.4 to 15.7 k] mol’l.

Formyl substitution in NH2—0CH—CHO leads to CHONHe'CH—CHO which has

a U-CBS-QB3 RSE of 99.2 k] met". This represents a decrease of 26.6 kJ ml". The

deviation from additivity in this case is 17.8 kl molil. Thus, the decreased It-donating

ability of the nitrogen lone—pair associated with formyl substitution also causes the loss

of approximately half the synergistic stabilization.

Further losses in synergistic stabilization for radicals derived from molecules

beyond the first amide bond are small, as reflected in the A(RSE) for HCONH—-CHr

CONHz (12.8 kJ mol") and CH3CONH~~CH~CONHCH3 (13.3 kJ mol‘l).
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5.3.2.2 Nitrogen—Centered Radicals

The RSEs for nitrogen-centered radicals in a model peptide backbone are

presented in Table 5.4.

The standard CBS-QB3 RSEs compare well with the values calculated with U-

CBS—QB3, with an MAD ofjust 1.8 kJ mol’]. This is expected because of the small size

ofthe empirical spin-correction term.

The RSEs calculated with G3X(MP2)-RAD are also in good agreement with the

RSEs calculated with U-CBS-QB3, with an MAD of 1.0 kJ mol". In the case of

nitrogen-centered radicals, the RSEs do not suffer the problem encountered with the

RSEs of carbon—centered radicals, i.e., there is a smaller error in the calculated BDE of

ammonia compared with the error in the calculated BDE of methane. RMP2 performs

reasonably well for the calculation of RSEs of nitrogen-centered radicals, with an MAD

of 7.4 k] mor'.

The DFT methods also perform reasonably well. However, the previously

observed trend in which the restricted reference—wavefuction improves the calculated

BDEs compared with those obtained with an unrestricted reference-wave-function is

reversed. For example, the MAD for RB3—LYP is 9.1 kJ mol”, compared with 5.5 kJ

mol‘] for UB3—LYP. The trend is the same for the BMK functional, with MADs of 3.8

k] moi" (RBMK) and 2.7 k] morl (UBMK).

Table 5.6 compares RSEs calculated with the U-CBS-QB3 procedure for

disubstituted nitrogen-centered radicals and their monosubstituted analogues. The

monosubstituted radicals of this Table can be grouped according to whether a CX=O

group or a CHZZ group is attached to the radical center. For the CHzl substituents, the

RSEs range between 25.9 and 31.7 kJ mol"', indicating that they are stabilizing

substituents. On the other hand, the RSEs for the carbonyl (CX=O) substituents range

between —22.3 and —30.8 kJ mol'] representing a destabilizing effect for this substituent

compared with their effect in the closed-shell parents. The reason for the
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Table 5.6: Comparison of Radical Stabilization Energies of Nitrogen-

Centered Radicals (O K, kJ mol") Calculated with U-CBS-QB3” for

Disubstituted Radicals (x2 ~CH—Y) with Values for the

Corresponding Monosubstituted Radicals (X— -CH—H and H— -CH—Y)
 

 

X~ -N~Y X—'N—H Hi-N~Y X--N—Y A(RSE)b

HCO—'N~CH3 ~30.8 31.7 —6.9 —7.8

CH3CO~-N7CH3 —22.3 31.7 ~02 —9.6

HCO—'N—CH2CHO 730.8 25.9 —19.0 —14.1

CHgC‘OdN—CHZCHO —22.3 25.9 712.0 —15.6

CH3C0—'N~CH3CONH3 ~22.3 28.6 —12.3 —l8.6

 

“ Standard CBS-QB} but with the empirical spin-correction for spin—contamination in

the unrestricted wave function omitted. h The calculated deviation from additivity of
two groups working in combination, measured by taking the difference of the RSE

calculated for the disubstituted radical with the sum of the RSEs calculated for the

analogous monosubstituted radicals, i.c., RSEtXJCH—Y) — RSE(X—-CH—H) —

RSE(H~-CH7Y).

stabilization in the case of the methyl group and the destabilization in the case of the

carbonyl group has been explained in detail elsewhere.”’14 Briefly, stabilization of the

radical by C1122 can occur through a hyperconjugative interaction, which is not present

to the same extent in the parent closed-shell species. For the carbonyl substituents, the

observed destabilization occurs because in the closed-shell parent species it is the

nitrogen lone pair that is delocalized, whereas in the radical, it is the single unpaired

electron that interacts with the JI* orbital. In both cases, the stabilizing or destabilizing

effect of the substituent is attenuated as the chain becomes longer.

For disubstituted nitrogen-centered radicals, the RSEs range between —19.0 and

—O.2 kJ mol’], indicating a net destabilization in all cases. This contrasts with the

behavior of the carbon-centered radicals, which benefit through a captodative

stabilization from disubstitution. For example, the RSE of H—'N—CH3 is calculated to be

31.7 kJ mol_] and the calculated RSE of HCO—°N—H is —30.8 kJ mol’], whereas the
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calculated RSE of HCO—-N—CH3 is —6.9 kJ mol". If the effect of the two substituents

were exactly additive, then the RSE of HCO—-N—CH3 would be 09 kJ mol‘]. Similar

behavior is seen for the larger nitrogen—centered radicals where the A(RSE) values range

from —18.6 to —l4.l kJ mol". These negative values possibly reflect additional

stabilization in the disubstituted closed-shell parent species. In order to distinguish

between these two possibilities, we have calculated the enthalpies of reactions 5.2 and

5.3:

X—NH—Y + NH3 —> x—NH2 + Y-NHZ (5.2)

X—N--Y + ~an —> X—-NH + Y—-NH (5.3)

These provide a measure of the respective stabilizing effects of disubstitution in

the closed-shell parent species and the analogous N—centered radicals. We find that

disubstitution has a greater stabilizing effect in the closed-shell parent species, and this

in turn leads to the observed negative A(RSE) values (Table 5.7).

Table 5.7: Comparison of Enthalpies of Reactions Measuring Stabilizing

Interactions at N and N- (U-CBS-QB3,” 0 K, k] mor')
 

 

X—(N) ~Y” X—NH—Y ‘ X~-NAY ” AAH e

HCO—(NyCH3 25.5 17.6 —7.8

CHgCO—(N)—CH3 25.9 16.4 —9.6

HCO—(N) —CH2CHO 25.3 11.2 —14.1

CH3CO—(N)—CH2CHO 28.2 12.7 —15.6

CH3CO—(N)—CH2CONH2 31.2 12.5 ~18.6
 

" Standard CBS-0B3 but with the empirical spin—correction for spin-contamination in the
unrestricted wave function omitted h (N) = NH or -N. " Enthalpy change for XeNHiY +

NH3 —> XVNHZ + YiNHZ. ‘1 Enthalpy change for X—-N—Y + NH; —> Xi-NH + Y—

°NH. “ Equivalent to A(RSE).
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5.4 Concluding Remarks

Bond dissociation energies (BDEs) and radical stabilization energies (RSEs)

have been calculated for a series of molecules that represent the backbone of a small

glycine-containing peptide. The resultant radicals are either carbon-centered, at the (1—

carbon, or nitrogen-centered, on the backbone nitrogens. We find both for BDEs and

RSEs that the high-level theoretical procedures G3X(MP2)-RAD, CBS-QB3 and U-

CBS-QB3 give results that are in good agreement with one another, and with W] values

in the few cases where the latter are available.

Of the less computationally demanding methods, RBMK/6-311+G(3df,2p),

RMPWBlK/6-311+G(3df,2p) and RMP2/6-311+G(3df,2p), carried out with UB3—

LYP/6-31(d) geometries, perform well for BDEs. For RSEs, the restricted and

unrestricted forms of BMK/6-311+G(3df,2p)//UB3-LYP/6-3lG(d) and MPWBlK/6-

311+G(3df,2p)//UB3-LYP/6-31G(d) give results in very good agreement with the U-

CBS-QB3 values.

Positive RSEs (indicating a relative stabilization) are found for monosubstituted

carbon-centered radicals for both amine (NHY) and carbonyl (CXZO) substituents, with

the NHY substituents being the more effective stabilizing groups. The disubstituted

radicals are further stabilized through a large captodative interaction.

For monosubstituted nitrogen-centered radicals, we find positive RSEs for

methyl and related (CHZZ) substituents, while we find negative RSEs for the CX=O

substituents. An additional destabilization occurs for the disubstituted radicals
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6.1 Introduction

Alkoxyl radicals are a particular class of short—lived reactive oxygen species

(ROSS) that have been postulated to form through initial hydrogen abstractions on alkyl

side chains or on the (x—carbon of an amino acid residue (see Chapter 1). Their

involvement in radical reactions on proteins has been determined through the detection

and characterization of hydroperoxides,l from which they can be formed via a tetroxide

or via one—electron reduction reactions. It has been established, both through

experimental atmospheric and solution chemistry studies and through theoretical

computations, that alkoxyl radicals can inter alia undergo three classes of reactions,

2 It might benamely B—scission, skeletal rearrangements, and 1,5-hydrogen shiftslb’

expected that peptide backbone alkoxyl radicals will undergo the same types of

reactions, as shown in reactions 6.], 6.2 and 6.3, respectively.

N
scission v-\n/ \Céo .C\N/"W‘ (6.1)

I +
/ o R it

0
0 I H

H

l ll
N

N - '
”\H/ \/C\/C\N/'W~ rearrangement ~“\fl/ \CI; T (62)

O R (.3 Ill 0 R H

4

H O
I ll

1,57H shift w’\n/N\/C\/C\|}l/AM (6.3)

OBOHH

Experimentally it is difficult to obtain quantitative information on the individual

reactions, though some experimental evidence has been obtained for the occurrence of

reaction (6.1).””3 This is because the reactions are fast and can involve chain processes,

which makes it problematic to isolate the particular reaction of interest. An additional
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degree of complexity arises because each of the three classes of reactions can in

principle undergo three variations. For example, because there are three different

groups joined to the a—carbon, reaction (6.1) is just one of three possible B-scission

reactions that can occur, namely B—scission of the C—C bond (6.], repeated in 6.4), [3-

scission of the C—N bond (6.5), or B-scission of the side-chain C—R bond (6.6):

T 0
IIWN\C¢O 'C\N/M (6.4)

l
/ o R + .L

'T (I? H (t?I

Wbcfl” —* “\r”W <6.»
0 R O H o g Ill

4
Hl 'c' -

WV\n/ \fi/ \T/AM + Fl (6.6)

O O H

Previous EPR spin-trapping studies have suggested that the process (6.4)

predominates, though the occurrence of other reactions could not be discounted.lb This

was confirmed recently for a Gly-containing peptide through product studies.3 The

investigations showed that the a-alkoxyglycyl radical (6) derived from a—tert-

butylperoxy-N-benzoy1glycine methyl ester (5), through either photolysis or reduction

with tris-(triphenylphosphine) dichlororuthenium, underwent B-scission of the Qt-

carbon—carbonyl bond to give N—formylbenzamide (7) in good yield,3 see equation 6.7.

In general, alkoxyl cleavage reactions have been found to be endothermic,4 and the

preferred pathway is generally determined by the stability of the radical that is formed.5
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asH \ /3c 9 CH3 .

0 /O L ('39 09H 0 —* ((5') ('0')II _ _ ' \ . . / \ \ / x a /O\

C‘N’CIH‘C’O\CH!BUO Cf fl 9 CH3 0 u H+ (:1 CH3 (6.7)
a oH n oO o

5 6 7

However, this is not always the case and for one particular class of ring-opening

reactionsf’ that has been studied computationally,7 the most stable thermodynamic

products are not formed. Other computational studies in this area include investigations

of the associated B-scission reactions of a general series of alkoxyl radicalsg’9 Good

agreement between theory and experiment was found for reaction enthalpies and heats

of formation at the B3—LYP/SVP, CBS-RAD and GZ(MP2) levels of theory. Dibble10

has also carried out theoretical studies on cleavage reactions of isoprene-derived

alkoxyl radicals. Using B3—LYP with small and medium—sized basis sets, as well as the

CBS—4 and CBS-q model chemistries, he found that the cleavage barriers were small.

In a recent study, Huang and RaukH performed an initial investigation of the

three possible fragmentation reactions 6.4, 6.5 and 6.6. In that study, the B3-LYP/6-

3lG(d) method was used to determine free energies of fragmentation for model systems

containing an alanine and glycine residue. In the present Chapter, we examine in more

detail the pathway leading to CeC bond fission (6.4) using four models (6.4a—6.4d). We

use both high—level ab initio procedures and simpler calculations to investigate their

reaction enthalpies and barriers.

The first reaction, 6.4a, represents the smallest system that can be used to model

reaction 6.4. It is clearly a very simplified model but it allows the assessment of a wide

range of theoretical procedures. At the other extreme, reaction 6.4d represents a more

realistic model, but because of the increased size it is more restricted in the range of

theoretical procedures that can be applied.
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9 H o H
H—C—c; ——> H—ci’ + -c; (6-4“)

H H o

Q , ,0 ,H

H‘Q”C\~ —’ Hf: + 'C\‘ (64b)
CH3() CH3 0 '

(.3 N O NH
{9—0; 2 ——> H-Cf + 'C; 2

CH30 CH3 0 (6.4c)

0H0, 9 ,H OHC, ,o ,H

, ‘7 s 'N_C\ + 'C\\ (64d)
H CHSO H CH3 0 -

We also make high-level predictions of the heats of formation at 0 K for the

alkoxyl radicals and for the cleavage products of reactions 6.4a-6.4d. Heats of

formation for some of these species have been previously determined experimentally

and computationally, and we use the new calculated values in these cases to further

assess the performance of the various theoretical techniques. In other cases, we predict

heats of formation for species for which the values are not currently known. For

example, reactions 6.4c and 6.4d involve substituted alkoxyl radicals that have not been

studied theoretically before, and for which no thermodynamical data are currently

available. On the other hand, the radical product NH2C(-)=O, formed in the cleavage

reaction 6.4c, has been previously studied theoretically in the context of combustion
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chemistry12 and also in the examination of N—H bond energies. However, an accurate

heat of formation is lacking.

6.2 Theoretical Procedures

A number of levels of theory were used to optimize geometries. These include

the HF, MP2, and QCISD ab initio methods, and the B3-LYP, MPWlK and BMK

density functional theory methods, using a range of basis sets. We found that, for some

of the alkoxyl radicals, the lowest-energy conformer varies between optimization

levels. To resolve these discrepancies, URCCSD(T) single-point calculations were

carried out on the structures optimized at the various levels, with the lowest energy

indicating a preferred structure.

A number of levels of theory were also used to determine the energy profiles for

reactions 6.4a-6.4d. These include simpler procedures such as HF, MP2, QCISD,

MPWlK, BMK and B3-LYP with a variety of basis sets. Energies at 0 K were obtained

by incorporating zero-point vibrational energies (ZPVEs) using appropriate scale

factors.‘4 In cases for which a scale factor is not available, these were taken from a

closely related method. Specifically, for HF and MP2 in association with the 6-

311++G(3df,2p) and 6—31G(2df,p) basis sets, the corresponding scale factors from the

6-3ll(d,p) basis set were used. In the case of B3—LYP in association with the 6-

31 1+G(3df,2p) and cc—pVTZ basis sets, the 6—3 lG(2df,p) scale factor15 was used, and in

the case of MPWIlU6-31+G(3df,2p), the MPWIK/6—31+G(d,p) scale factor16 was used.

For the QCISD/6-31G(d) energy profiles, we used scaled UB3-LYP/6-3lG(d) ZPVEs.

We also examined the performance of simple methods in which the energies and

geometries were determined at different levels of theory. These include UB3-LYP/6—

31 l+G(3df,2p)//UB3-LYP/6-3 lG(d), RB3-LYP/6-31 1+G(3df,2p)//UB3-LYP/6-

3 1 G(d), UBMK/6-3l l+G(3df,2p)//UB3-LYP/6~3 l G(d), RBMK/6-

31 l+G(3df,2p)//UB3-LYP/6-3 lG(d), UBMK/6—3l l+G(3df,2p)//UBMIQ6-3 lG(d),
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RBMK/6-3l l+G(3df,2p)//UBMK/6-3 1 G(d), UMP2/6-3l 1+G(3df,2p)//UB3-LYP/6—

3lG(d) and RMP2/6-3] l+G(3df,2p)//UB3-LYP/6-31G(d), corrected in each case with

either scaled UB3-LYP/6-3IG(d) ZPVEs or unscaled UBMK/6—3lG(d) ZPVEs where

appropriate.

Finally, we used high-level composite methods such as CBS-QB317 and U-CBS-

Q3318 from the CBS family of methods, GS(MP2)//B3-LYP,’9 G3X(MP2)-RAD,2° G3-

RAID20 and G3//B3-LYP'9 from the G3 group of methods, and also the W] method of

Martin et 31.21

6.3 Results and Discussion

6.3.1 Determination of Preferred Conformations

Our initial task was to determine the preferred conformations of the alkoxyl radicals,

the cleavage products and the transition structures connecting reactants to products in

each of the reactions 6.40 to 6.4d. These were initially screened with geometry

optimizations at the B3-LYP/6-3lG(d) level of theory. Further optimizations were

carried out with B3—LYP and the larger 6-31 l+G(3df,2p) basis set and with the HF and

MP2 methods in conjunction with the small and large basis sets. In order to examine the

sensitivity of the relative energies of alternative possible conformations to the level of

geometry optimization, single—point URCCSD(T) calculations were carried out on the

various structures. The calculated relative energies are presented in Table 6.1. Based on

the results of this analysis, discussed in more detail below, preferred structures for the

alkoxyl radicals (Figure 6.1, al—a4), fragmentation products (Figure 6.2, fpl—fpS) and

fragmentation (addition) transition structures (Figure 6.1, tsl—ts4) were identified.

Figures 6.1 and 6.2 also include some of the more interesting structural parameters

obtained at the B3-LYP/6-3l 1+G(3df,2p) level of theory.
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Figure 6.]: Optimized B3-LYP/6—3ll+G(3df,2p) structures of preferred conformers of the alkoxyl
radicals (31—34) and their associated transition structures (tsl—ts4).

  
H 1220“ 124 8°

1 106 O O

H 1199 1.203

fp1 02V

H /H
H 124.5° \N 1302"

1.123 .Q—o 1.337 \§\=O
1.171 1.191 fp6.5 Cs

fp3 CS A’ fp4 OS A'

Figure 6.2: Optimized B3—LYP/6-311+G(3df,2p) structures of
preferred conformers of the fragmentation products fpl—fp5 of

reactions 6.4041461.
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We begin our discussion by noting that acetaldehyde (CH3CH=O) is well known

to have three equivalent conformational minima. Each of these conformers has a C—H

bond eclipsing the C=O bond, If one of the methyl hydrogens of acetaldehyde is

formally replaced by oxygen to give the -OCH2CH=O radical (a1), we obtain the

rotational potential of Figure 6.3. It can be seen that with HF/6—31G(d), the rotational

potential around the central C—C bond changes from one with three equivalent

conformers to one with just two distinct conformers. The preferred conformer has CS

symmetry (A" state) with the oxygen atoms in an anti-relationship. The other

conformer, which is approximately 12.5 kJ mol‘] higher in energy after inclusion of

ZPVE, is also CS symmetric (A" state) but with the oxygen atoms in a syn—relationship.

This behavior bears a qualitative similarity to the rotational potential of 2-

fluoroacetaldehyde. 22

At the B3-LYP/6-31G(d) level, there is a distortion from the syn and anti

structures. In total, four stable conformers are found, a pair of enantiomeric C1

structures that have OCCO dihedral angles of 145.6 and 2144" (C—O- bond

approximately anti to the C=O bond), respectively, and another enantiomeric pair that

”l
20 . +UHF/6—316(d)

+UB3-LYP/6-316(d)
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Figure 6.3: Rotational potential about the central C—C bond of the O=CH—CH20' radical
(2]) with HF/6-3lG(d) and B3-LYP/6-3lG(d).
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are 10 kJ mol’1 higher in energy, with dihedral angels of 13.3 and 346.7° (C—O- bond

approximately syn to the C=O bond). Improving the basis set in the B3-LYP

calculations to 6—31 1+G(3df,2p) has a relatively small effect on the rotational potential.

The B3-LYP rotational potential of Figure 6.3 suggests that alkoxyl radical a1

suffers from second-order Jahn—Teller (SOJT) effects.23 It has been noted23c that

density functional theory and coupled-cluster theory can reliably treat SOJT effects,

while Hartree-Fock and MP theory do not. In the context of the present work, because

of the possibility of SOJT effects, caution will be exercised when considering

vibrational frequencies. We find that the energy differences between conformers that

are distorted through SOJT effects are quite small. For example, at the B3-LYP/6-

3lG(d) level, the difference in energy between the constrained CS (A" state) conformer

with C—O- anti to C=O (which has one imaginary frequency) and the energetically

lower C] structure (no imaginary frequencies) is just 1.7 kJ mol".

The -OCH(CH3)CH=O radical (32) is obtained formally by replacing one of the

oxy—carbon hydrogens of al with a methyl group. The possible symmetric structures

obtained with HF/6-3IG(d) for 31 cannot be achieved by alkoxyl radical 32. At this

level, three conformers are found for a2 with OCCO dihedral angles of 5.3° (C—O-

bond approximately eclipsing C=O bond), 166.2° (a distortion of the structure with the

C—0- bond anti to C=O), and 202.3° (a distortion in the opposite direction of the

structure with the C—0- bond anti to C=O), which can be interpreted as a modification

of the fluoro—acetaldehyde rotational potential.

The conformers with OCCO dihedral angles of 1662" (aZa) and 202.3° (212.) at

HF/6-3lG(d) were reoptimized at a number of levels of theory. URCCSD(T)/6-

311+G(3df,2p) single points were then carried out on a selection of the optimized

geometries.

The results in Table 6.] show that the preferred conformer depends on the level

of theory, but the energy differences are small. We have taken our best level for
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Table 6.]: Differences in Energy (kJ mol") Between Conformers of

Alkoxyl Radicals 32, and a4 Calculated at Various Levels of Theory”
 

 

Level of Theory a2. e aZb 34, ~ a4b a4. — a4c

HF/6-3IG(d) ~O.7 —0.4 9.6

HF/6-311++G(3df,2p) 0.6 0.8 9.5

MP2/6—3IG(d) ~09 -l .l 4.9

MP2/6-31+G(d) ~l .0 ~ ‘

MP2/6-3 ] +G(2df,p) 2.4 — —

B3—LYP/6—3lG(d) —3.0 -21 ~10.2

B3-LYP/6-311+G(3df,2p) ~3.0 —l.4 —]2.6

//HF/6-3 l G(d) 70.4” 2.1“ 1.5‘

//MP2/6-31+G(2df,p) 0.9'7 _ —

//B3-LYP/6-3IG(d) 0.6" $0.7“ —5.2€

//B3-LYP/6—3l 1+G(3df,2p) —0.7" —1.3 —8.2‘
 

" Energy differences are not corrected for zero-point vibrational energy. b
URCCSD(T)/6—3ll+G(3df,2p) calculations on the indicated geometry. '

URCCSD(T)/6-31 l+G(d,p) calculations on the indicated geometry.

geometry optimization throughout this Chapter to be B3-LYP/6-3l 1+G(3df,2p) and the

conformation that gives the lowest coupled—cluster energy at this level was therefore

taken to be the preferred structure. For -OCH(CH3)CH=O, a2;. is thus our predicted

structure. At the B3-LYP/6-3l 1+G(3df,2p) level, the OCCO dihedral angle in a2a is

l34.2°.

For -OCH(CH3)C(NH2)=O (a3), analogies with fluoroacetaldehyde are not

apparent. In this case, only one conformation of significance was found (Figure 6.1)

and so no further analysis was carried out.

For the 'OC(CH3)(NHCH=O)CH=O radical (a4), three conformers were

examined in detail, namely 343, which has the C=O bond approximately eclipsing the

C—CH3 bond, and a4b, and 34c, both of which have the C=O bond approximately

eclipsing the C—N bond but which differ in the orientation of the NHCH=O group. The
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energetic ordering at various levels of theory of the three conformers are summarized in

Table 6.1. The conformer that gives the lowest coupled-cluster energy for the B3-

LYP/6-31]+G(3df,2p) geometry is conformer a4a, shown as a4 in Figure 6.1, and so

this was used in the subsequent calculations.

The geometries of fragmentation products were also obtained by initially

scanning for the lowest—energy conformations. Unlike the situation for the alkoxyl

radicals, there was general agreement as to the preferred conformations at the various

levels of theory. These are displayed in Figure 6.2.

Transition structures were found by initially determining single-point energy

profiles at the B3—LYP/6-31G(d) level as the cleaving bond was stretched, starting with

the preferred conformers of the alkoxyl radicals. This procedure identified approximate

transition structures, which were refined by full geometry optimizations. Using IRC

calculations, we confirmed that the transition structures were connected to the initial

alkoxyl radicals. However, these transition structures do not necessarily connect

directly to the global conformational minima of the products. It is assumed that the

energy required for the products to subsequently rearrange to the preferred conformer

through torsional motions is small compared with the energy for the initial bond

cleavage.

In summary, assignment of the preferred conformations for the alkoxyl radicals

32, a3, and a4 is sensitive to the level of theory used for geometry optimization. We

have taken the preferred conformation to be the one that gives the lowest CCSD(T)

energy with B3-LYP/6-3l l+G(3df,2p) geometries. The theoretical determination of the

preferred geometries of the transition structures and products is found to be more

straightforward than for the alkoxyl radical reactants.
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6.3.2 Effect of Level of Geometry Optimization on Calculated Reaction

Enthalpies and Barriers

Having selected the preferred conformations of each of the alkoxyl radicals, cleavage

products (addition reactants), and transition structures, we next sought to determine the

sensitivity of the calculated reaction enthalpies and barriers to the level of geometry

optimization. To do this, we calculated the enthalpies and barriers for reactions 6.1a,

6.1b and 6.]c by obtaining CCSD(T) energies for a variety of optimized structures. For

reaction 6.10, calculations were carried out with UCCSD(T)/6-311+G(3df,2p). For

reactions 6.11) and 6.]c, calculations were carried out with URCCSD(T)/6-311+G(d,p)

or URCCSD(T)/6-3] 1+G(2df,p). The results ofthis analysis are summarized in Tables

62—64.

Table 6.2: Effect of Geometry 0n Calculated Enthalpy for Reaction

6.4a and on Cleavage and Addition Barriers (UCCSD(T)6-

311+G(3df,2p),kJ mow)”
 

f +

 

Geometry AH AH+ ('Ieuvage AH+ addiliun

//UHF/6-3lG(d) 20.3 42.4 22.1

//UMP2/6-3IG(d) 19.4 42.0 22.6

//UMPW1K/6-31+G(d,p) 20.1 40.5 20.4

//UMPW1K/6-31+G(3df,2p) 21.0 41.2 20.2

//UBMK/6-3IG(d) 19.6 40.6 20.9

//UB3-LYP/6-3lG(d) 19.7 41.5 21.8

//UB3-LYP/6-31C1(2df,p) 18.3 40.4 22.1

//UB3-LYP/6-311+G(3df,2p) 18.3 40.5 22.2

//UB3-LYP/CC-pVTZ 18.6 40.9 22.3

//UQCISD/6-3IG(C1) 20.1 43.8 23.7
 

”Enthalpies and barriers are not corrected for zero-point vibrational energy.
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Table 6.3: Effect of Geometry on Calculated Enthalpy for Reaction

6.4b and on Cleavage and Addition Barriers (URCCSD(T)6-

311+G(d,p),kJ mol'l)”
 

 

Geometry AH AH; Fleavage AHI addition

//UHF/6-3lG(d) 1_7 32.7 310

//UHF/6-3l 1++G(3df,2p) 5.8 34.0 28.2

//UMP2/6-3IG(d) 0.6 37.] 36.5

//UMP2/6-3l+G(d) 1.0 36.4 35.4

//UMP2/6—3l+G(2df,p) 1.2 39.8 38.6

//UBMK/6-31G(d) —0.2 33.2 33.5

//UB3—LYP/6-3lG(d) #02 33.5 33.7

//UB3-LYP/6—3lG(2df,p) —l.7 32.4 34.]

//UB3-LYP/6-3l 1+G(3df,2p) —2.5 32.4 34.9
 

" Enthalpies and barriers are not corrected for zero-point vibrational energy.

Table 6.2 shows that the reaction enthalpies and barriers for reaction 6.4a are

not very sensitive to the method used to optimize the structures. In this case, the

enthalpies and barriers all agree to within 3.5 kJ mol". The enthalpies and barriers for

reactions 6.4b and 6.4c are somewhat more sensitive to the level of geometry

optimization, although for the most part the effects are still not very large. The greater

sensitivity may in part be due to the reduced basis set size. It is noteworthy that the

basis set effects appear smaller for B3-LYP than for HF or MP2.

Table 6.5 lists the lengths of the fragmenting (forming) bonds in the cleavage

(addition) transition structures of reactions 6.4a, 6.4b, 6.46 and 6.4d, as calculated at a

variety of theoretical levels. It can be seen that the B3-LYP and MPWlK DFT methods

tend to predict longer bonds than the corresponding HF and MP2 bonds, consistent with

previous observations.24 The BMK functional predicts bond lengths similar to those of

the other DFT methods, despite its formulation as a functional to give improved kinetic

parameters.



Wood Chapter 6: Modeling C—C B-scission '161
 

In summary, assessment of the effect of geometry on the calculated enthalpies

and barriers indicates that the level of theory used for geometry optimization does not

have a great effect on these properties. This lends confidence to the use of B3-LYP

geometries in calculating improved energies with composite methods.

Table 6.4: Effect of Geometry on Enthalpies for Reaction 6.4c ” and on
Cleavage and Addition Barriers (URCCSD(T)6-31 1+G(2df,p), kJ mol")
 

 

Geometry AH AH! Cleavage AH: addition

//UHF/6-3lG(d) —]7.7 5.5 23.3

//UHF/6—31]++G(3df,2p) —28.3 3.5 31.8

//UMP2/6—31+G(d) —25.2 2.7 27.8

//UB3—LYP/6-3lG(d) —20.8 5.4 26.2

//UB3-LYP/6-31G(2df,p) —l9.7 6.3 26.0

//UB3-LYP/6-3l1+G(3df,2p) -l9.3 6.8 26.1
 

" Enthalpies and barriers are not corrected for zero-point vibrational energy.

Table 6.5: Calculated Lengths of Cleaving (Forming) Bonds

(Angstroms) in Transition Structures for Reactions 6.4a, 6.4b, 6.4c,

 

 

and 6.4d

Level of Theory tsl tsZ tsS ts4

HF/6-31G(d) 2.078 2.052 2.044 1.975

HF/6—311++G(3df,2p) 2.046 2.020 2.015 —

MP2/6—31G(d) 1.961 1.926 1.884 1.801

MP2/6-31+G(d) 1.954 1.917 1.875 -

MP2/6—311+G(3df,2p) 1.930 — 2 —

MPWlK/6-31+G(d,p) 2.174 2.096 2.159 —

MPWlK/6-31+G(3df,2p) 2.170 ~ — ~

BMK/6—31G(d) 2.138 2.071 2.165 2.047

B3-LYP/6-3IG(d) 2.148 2.068 2.155 2.024

B3-LYP/6-3IG(2df,p) 2.103 2.045 2.125 1.998

B3—LYP/6-311+G(3df,2p) 2.124 2.040 2.092 1.981

QCISD/6-3 1 G(d) 2.025 _ _ _
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6.3.3 Assessment of Reaction Energies and Barriers

Enthalpies and barriers for reactions 6.4a to 6.4b, and barriers for the reverse

addition reactions at various levels of theory, are given in Tables 6.6, 6.7, 6.8, and 6.9.

In this section, we initially describe the results obtained with high-level composite

methods. We then examine the results from several computationally more efficient

levels that are more amenable to application to larger systems, and gauge their

performance against that of the high—level methods. All of the high-level composite

methods we use prescribe B3-LYP geometries. We found in the previous section that

this should not have a large effect on the calculated relative energies.

The highest-level method used in the present Chapter is W1, which was

restricted to the calculation of the addition barrier for reaction 6.4a. The highest—level

method used for all four reactions is G3//B3-LYP. We will use this procedure to

compare the performance of the other methods. Other high—level methods used for all

four reactions are standard CBS-QB3, U-CBS—QB3, G3(MP2)//B3-LYP, and

GSX(MP2)-RAD. Mean absolute deviations (MADs) from G3//B3-LYP for all

enthalpies and barriers (cleavage and addition) are 2.2 (CBS—Q83), 1.3 (U-CBS-QB3),

1.5 (G3(MP2)//B3—LYP), and 2.8 (G3X(MP2)—RAD) kJ mol'l. The MADs show that

the high—level procedures agree well with one another, although it can be argued that a

sample size of 12 may not be statistically significant. G3(MP2)//B3-LYP and

G3X(MP2)—RAD are considerably cheaper than the other methods but give comparable

performance.

The standard Gn methods are less reliable when open-shell species have large

spin contamination in the unrestricted wave functions. The RAD variants of the On

methods20 were designed specifically to alleviate this situation. In the present Chapter,

we used G3-RAD to calculate enthalpies and barriers for reactions 6.4a and 6.4b

(Tables 6.6 and 6.7) and G3X(MP2)—RAD (Tables 6.6, 6.7, 6.8 and 6.9) to calculate

enthalpies and barriers for reactions 6.4a—6.4d.
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Table 6.6: Effect of Level of Theory on Calculated Enthalpy of Reaction 6.40 and on
Barriers for Fragmentation and Addition (0 K, kJ mol")
 

 

LCVC] 0f theory AH AH: tleavage AHI addition

W1 — — 26.6

G3//B3-LYP 2.9 27.5 24.6

G3-RAD 4.2 30.4 26.1

CBS-QB3 3.1 24.4 21.2

U-CBS-QB3 3.2 27.9 24.7

G3X(MP2)—RAD 0.4 29.4 29.0

G3(MP2)//B3-LYP 0.5 26.1 25.7

UB3-LYP/6-311+G(3df.2p)//B3 a 5.4 23.7 18.2

RB3-LYP/6-3l l+G(3df,2p)//B3 a 9.6 23.7 14.1

UBMK/6-311+G(3df,2p)//B3 a 13.1 35.9 22.7

RBMK/6-3l l+G(3df,2p)//B3 a 11.8 37.8 26.0

UBMK/6-311+G(3df,2p)//BM b 13.1 36.5 23.3

RBMK/6-311+G(3df,2p)//BM b 9.8 36.5 26.5

UMP2/6-31 1+G(3df,2p)//B3 a —23.8 38.9 62.7

RMP2/6-311+G(3df,2p)//B3 a —26.9 —0.6 26.3

UQC]SD/6-31G(d) 12.5 53.9 41.4

UB3-LYP/CC-pVTZ 10.8 29.0 18.2

UB3-LYP/6-311+G(3df,2p) 9.7 28.3 18.6

UB3—LYP/6-3lG(2df,p) 17.0 30.7 13.8

UB3-LYP/6—31G(d) 24.8 36.7 12.0

UMPWlK/6-31+G(3df,2p) 46.2 61.0 14.8

UMPWlK/6-31+G(d,p) 54.9 70.3 15.4

UMP2/6-311+G(3df,2p) —21.9 46.4 68.3

UMP2/6-3 1 G(2df,p) 413.7 53.2 66.8

UMP2/6-3 lG(d) —5.9 75.1 81.0

UHF/6-311-H-G(3df,2p) 38.6 96.5 58.0

UHF/6-3IG(d) 60.1 107.8 47.7
 

“ The notation //B3 is used to designate that the calculations were carried out on UB3-LYP/6-3lG(d) optimized

structures. b The notation //BM is used to designate that the calculations were carried out on UBMK/6-3lG(d)

optimized structures.
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Table 6.7: Effect of Level of Theory on Calculated Enthalpy of Reaction 6.4b and on Barriers

for Fragmentation and Addition (0 K, kJ mol")

 

 

Level of theory AH AH; rleavage AH! addition

G3//B3-LYP —12.3 21.1 33.4

G3-RAD —12.7 21.6 34.3

CBS—0B3 —10.8 19.2 30.0

U-CBS—QB3 —10.7 22.6 33.3

G3X(MP2)-RAD —l3.6 23.5 37.1

G3(MP2)//B3-LYP —14.5 19.9 34.4

UB3-LYP/6-31 l+G(3df,2p)//B3 “ _14_1 204 34,5

RB3-LYP/6-31 l+G(3df,2p)//B3" 462 19.7 35.9

UBMK/6-3] l+G(3df,2p)//B3 3 W72 289 36.]

RBMK/6-3l 1+G(3df,2p)//B3 ” 28.5 30.2 38.7

UBMK/6-3l l+G(3df,2p)//BM b _6,9 293 36.2

RBMIO6-311+G(3df,2p)//BM b _8,7 30,0 38.7

UMP2/6-311+G(3df,2p)//B3 a 42.4 27.5 69.9

RMP2/6-31 l+G(3df,2p)//B3 a 45.7 —13.0 32.7

UB3-LYP/6-311+G(3df,2p) —13.9 19.3 35.0

UB3-LYP/6-3lG(2df,p) _2,9 239 28.7

UB3-LYP/6-3IG(d) 4.0 287 26.7

UMP2/6-31+G(2df,p) —37.9 33.8 71.8

UMP2/6-31+G(d) —53.5 29.6 85.3

UMP2/6—3IG(d) —30.3 51.6 84.1

UHF/6-3 1 G(d) 34.2 97.5 63.4

UHF/6-3l l++G(3df,2p) 12.2 87.5 75.3
 

“ The notation //B3 is used to designate that the calculations were carried out on UB3-LYP/6—3lG(d) optimized

structures. h The notation //BM is used to designate that the calculations were carried out on UBMK/6-3]G(d)

optimized structures.
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Table 6.8: Effect of Level of Theory on Calculated Enthalpy of Reaction 6.4c and
on Barriers for Fragmentation and Addition (0 K, kJ mol")
 

 

Level of theory AH AH; cleavage AH! addilian

G3//B3—LYP 12.7 14.1 1.4

CBS-0133 15.1 13.9 —1.2

U-CBS-QB3 15.1 16.5 1.4

G3X(MP2)-RAD 13.4 19.1 5.6
G3(MP2)//B3-LYP 10.8 13.5 2.7

UB3—LYP/6-311+G(3df,2p)//B3 a 5.1 14.4 9.3

RB3-LYP/6-311+G(3df,2p)//B3 a 3.1 14.1 11.0

UBMK/6-311+G(3df,2p)//B3 a 16.4 23.8 7.5

RBMK/6-311+G(3df,2p)//B3 a 14.2 24.4 10.2

UBMK/6-311+G(3df,2p)//BM b 15.4 22.7 7.4

RBMK/6-311+G(3df,2p)//BM b 9.4 19.6 10.2

UMP2/6—31 l+G(3df,2p)//B3 a —16.0 8.9 24.9

RMP2/6-311+G(3df,2p)//B3 a —19.4 —18.6 0.8

UB3-LYP/6-311+G(3df,2p) 2.0 11.6 9.6

UB3-LYP/6-31G(2df,p) 21.8 18.2 73.6

UB3-LYP/6-31Cv(d) 26.8 23.2 —3.5

UMP2/6-31+G(d) —5.7 41.3 47.0

UMP2/6-31G(d) —2.0 38.6 40.6

UHF/6-311++G(3df,2p) 33.4 89.8 56.4

52.3 96.5 44.2
UHF/6-3 l G(d)
 

a The notation //B3 is used to designate that the calculations were carried out on UB3-LYP/6-31G(d)
optimized structures. 1’ The notation //BM is used to designate that the calculations were carried out

on UBMK/6-3lG(d) optimized structures.
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Table 6.9: Effect of Level of Theory on Calculated Enthalpy of Reaction 6461' and

on Barriers for Fragmentation and Addition (0 K, kJ mol'])
 

 

Level of Theory AH AH’ dmg. AHI 0mg"

G3//B3—LYP 49.8 4.6 45.2
CBS-QB3 —45.8 4.2 41.6

U-CBS-QB3 —46.3 —2.2 44.1

G3X(MP2)-RAD —51.9 —2.9 49.]

G3(MP2)//B3-LYP —52.2 —5.8 46.3

UB3-LYP/6-3l1+G(3df,2p)//B3 a —60.8 —1 .1 59.7

RB3-LYP/6-3l ]+G(3df,2p)//B3 a —62.9 —2.1 60.8

UBMK/6-3l l+G(3df,2p)//B3 a —54.3 4.6 58.9

RBMK/6-3] 1+G(3df,2p)//B3 " 757.7 3.8 61.4

UBMK/6-31 l+G(3df,2p)//BM b —55.7 1.8 57.6

RBMK/6-311+G(3df,2p)//BM b 40.2 0.0 60.2

UMP2/6-311+G(3df,2p)//B3 ” 791.5 48.8 72.7

RMP2/6-311+G(3df,2p)//B3 a 798.0 —55.2 42.8

UB3-LYP/6-311+G(3df,2p) —60.5 0.4 60.8

UB3—LYP/6—31G(2df,p) —49.1 2.8 51.9

UBS-LYP/6-3 1 G(d) —44.4 6.0 50.3

UMP2/6-3IG(d) 783.4 9.0 92.5

-43.4 66.7 1 10.1
UHF/6—3 lG(d)
 

" The notation //83 is used to designate that the calculations were carried out on UB3-LYP/6—3lG(d)
optimized structures. b The notation //BM is used to designate that the calculations were carried out
on UBMK/6-31G(d) optimized structures.

G3—RAD produces enthalpies and barriers that are similar to those from the

G3//B3-LYP method. For the enthalpies of reactions 6.4a and 6.4b, this is not

unexpected. The spin contamination of the alkoxyl radicals and the product radicals

formed in the cleavage reactions is very small. At the UMP2/6—3IG(d) level, the <S2>

values are less than 0.77, compared with 0.75 for a pure doublet. The transition

structures for reactions 6.4a and 6.4b have larger <S2> values (0.89 and 0.88,

respectively) and so it is more surprising that the difference between G3—RAD and
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G3//B3-LYP barriers for these two reactions is small. With GBX(MP2)-RAD,

enthalpies and barriers for reactions 6.4a and 6.4b, as well as for 6.4c and 6.4d,

compare well with G3//B3-LYP. This is characterised by the relatively small MAD of

2.8 kJ mol’], as quoted above.

Enthalpies and barriers calculated from UB3-LYP/6-31 1+G(3df,2p)//UB3—

LYP/6-3lG(d) and RB3-LYP/6—3ll+G(3df,2p)//UB3-LYP/6-31G(d) energies give

fairly good agreement with those of the high—level methods. MADs from the G3//B3-

LYP results are 5.] and 5.6 kJ mol'] and largest deviations (LDs) are 15.6 and 14.5 kJ

mol”' for UB3-LYP/6-3l l+G(3df,2p)//UB3-LYP/6-31G(d) and RB3-LYP/6-

31 1+G(3df,2p)//UB3-LYP/6-31G(d), respectively. The relatively small MADs and LDs

make these methods candidates for use with larger systems when G3(MP2)//B3-LYP

and G3X(MP2)—RAD become too costly. The very small difference between the two

methods is not surprising when considering the <SZ> values for the alkoxyl radicals,

product radicals, and transition structures. For UB3-LYP/6-3l l+G(3df,2p)//UB3-

LYP/6-3lG(d), <SZ> values are always less than 0.76.

We note that the UB3—LYP/6-311+G(3df,2p) enthalpies and barriers obtained

from fully optimized UB3-LYP/6-3l 1+G(3df,2p) structures are close to those obtained

from UB3-LYP/6—3l l+G(3df,2p)//UB3—LYP/6-31G(d). The MAD for the fully

optimized UB3-LYP/6-311+G(3df,2p) structures increases slightly to 5.9 kJ mol'] and

has an LD of 15.6 kJ mol". B3-LYP enthalpies and barriers obtained with smaller basis

sets, viz. 6-3lG(d) and 6-3lG(2df,p), are somewhat poorer. Thus, for B3—LYP/6-

3lG(d), the MAD and LD are 10.8 and 21.9 kJ mol’], while for B3-LYP/6-3lG(2df,p)

they are 6.4 and 14.] kJ mol’], respectively.

The MADs of 6.9 and 7.6 kJ mol’] for UBMK/6-311+G(3df,2p)//UB3-LYP/6-

3lG(d) and RBMK/6-3ll+G(3df,2p)//UB3—LYP/6—31G(d), respectively, demonstrate

that these two methods, like the analogous B3-LYP calculations, are also potentially

cost-effective alternatives to the more sophisticated composite methods. The MADs are
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improved to 6.5 kJ mor' for UBMK/6—311+G(3df,2p) and to 6.9 k] moi" for

RBMK/6-311+G(3df,2p) if UBMK/6—3lG(d) geometries are used in place of the

UB3LYP/6-3 ] G(d) geometries.

Enthalpies and barriers calculated with HF and MP2 in general are not very

satisfactory. The MADs for UMP2/6-3l l+G(3df,2p)//UB3-LYP/6—31G(d) and

RMP2/6—3l l+G(3df,2p)//UB3-LYP/6-3lG(d) are 24.1 and 23.7 k] morl, with LDs of

41.7 and 48.2 kJ mol’], respectively. For UMP2/6-3] 1+G(3df,2p)//UB3-LYP/6-3lG(d),

it is interesting that the addition barriers agree reasonably well with G3//B3-LYP with

an LD of 14.2 kJ mol", while the cleavage barriers are poor with an LD of 38.0 k]

mol‘l. On the other hand, the addition barriers are poor with RMP2/6-

3]l+G(3df,2p)//UB3—LYP/6—3lG(d) with an LD of 50.7 kJ mol’], but the cleavage

barriers are good with an LD of 2.4 k] mol'l. For both UMP2/6-3l l+G(3df,2p)//UB3-

LYP/6—3lG(d) and RMP2/6-3l l+G(3df,2p)//UB3-LYP/6—3lG(d), the reaction

enthalpies are similar and consistently too exothermic.

The differences between the RMP2 and UMP2 results can be rationalized in

terms of the general performance of MP2 theory in describing alkoxyl radicals, and the

<52> values of the alkoxyl radicals and the transition structures. As noted in the section

on conformers, MP2 theory predicts higher than expected energies for the alkoxyl

radicals. However, MP2 theory performs reasonably in the calculation of the

fragmentation products. This leads to a greater than expected calculated exothermicity.

The UMP2 and RMP2 reaction enthalpies are similar because of low spin

contamination in both the alkoxyl radicals and their associated products, i.e., the errors

in the enthalpies are associated with MP2 rather than spin contamination. Large spin

contamination becomes a problem in the transition structures at the UMP2 level.

UMP2/6—3lG(d) <S2> values for the transition structures of reactions 6.4a, 6.4b, 6.46,

and 6.4d are 0.89, 0.87, 0.84, and 0.81, respectively. This leads to a fortuitous

cancellation of errors when calculating fragmentation barriers with UMP2 but poor
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fragmentation barriers with RMP2. For the same reasons, addition barriers are poor at

the UMP2 level but good with RMP2.

Additional UMP2 and UHF enthalpies and barriers were calculated from

optimizations at these levels using a variety of basis sets. These include 6—3lG(d), 6-

31+G(d), 6-3lG(2df,p), 6-31+G(2df,p), 6-31+G(3df,2p), and 6—311++G(3df,2p). As

expected from the discussion above, enthalpies and addition barriers are poor with no

substantial improvement with basis set size.

The remaining methods that were examined involved full geometry

optimizations at the UMPWI K and UQCISD levels of theory with various basis sets for

reaction 6.40. The results are summarised in Table 6.6. For UMPWIK with small and

large basis sets, the deviations from the G3//B3-LYP results are large. UQCISD/6-

31G(d) also does not perform well in comparison with the high-level methods.

Contributing factors to this result are most probably the small basis set and the omission

of the perturbative triples.

In summary, high-level composite methods are in generally good agreement

with one another for the reaction enthalpies and barriers (both cleavage and addition).

The best composite methods in terms of accuracy and cost are G3(MP2)//B3-LYP and

G3X(MP2)-RAD, which give enthalpies and barriers in good agreement with the more

expensive G3//B3—LYP, G3-RAD, CBS-QB3, and U-CBS-QB3 methods. Relatively

accurate but low-cost methods suitable for application to larger systems are provided by

single-point energy calculations with UB3—LYP/6—311+G(3df,2p), RB3-LYP/6-

311+G(3df,2p), UBMIQ6-311+G(3df,2p) or RBMK/6-311+G(3df,2p) on UB3-LYP/6-

3lG(d) geometries. Using UBMK/6-3lG(d) geometries in place of UB3—LYP/6-31G(d)

geometries has only a small effect. UMP2/6-311+G(3df,2p)//UB3-LYP/6-31G(d)

calculations appear to give good results for the cleavage barriers but not for addition

barriers. On the other hand RMP2/6-3l1+G(3df,2p)//UB3—LYP/6—31G(d) calculations
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appear to give good results for the addition barriers but not for cleavage barriers.

Neither of these two methods is suitable for the calculation of reaction enthalpies.

6.3.4 Heats of Formation

Heats of formation at 0 K for the fragmentation products (fpl—fp5) and the four

substituted alkoxyl radicals (al—a4) of reactions 6.4a, 6.4b, 6.4c and 6.4d were

calculated at various levels of theory. These results are compared with available

experimental values in Table 6.10.

In general, the high-level methods agree well with one another and with

available experimental data. B3-LYP gives varied results, with discrepancies of up to

30 kJ mol"'] in some cases, and only a few kJ mol'] in others. It has previously been

found that B3-LYP/6-311+G(3df,2p) enthalpies of formation for species in the G3/99

test set have an MAD from reliable experimental values of 22.6 kJ mol".25 The B3-

LYP results of this section are better than expected on this basis since all but one of the

enthalpies of formation have deviations less than this value. It has also previously been

found that errors accumulate in the B3-LYP heats of formation as the size of the system

increases. This is why the G3/99 test set, with an average of approximately 17 electron

pairs per species, has a larger MAD (22.6 k] mol'l) for heats of formation compared

with the 02/97 test set (13.7 k] mol"l), which has an average of approximately 11

electron pairs per species. We do not find such a correlation for the small number of

species in the present work, indicating that other effects are having a more important

influence in these cases. For example, the B3-LYP/6-3l 1+G(3df,2p)//B3-LYP/6-

3]G(d) heat of formation of -OC(CH3)(NHCH=O)CH=O (34), which has 22 electron

pairs, deviates by 5.5 kJ mol" from the G3//B3-LYP value. On the other hand, the B3-

LYP/6-3l l+G(3df,2p)//B3-LYP/6-31G(d) heat of formation of NH2(C-)=O (fp4),

which has 8 electron pairs, deviates by 28.9 kJ mol‘] from the G3//B3LYP value.



Table 6.10: Effect of Level of Theory on Calculated Heats of Formation (0 K, kJ mol'l) of Fragmentation Products
(fpl, fp2, fp3, fp4, and fp5) and of Alkoxyl Radicals (al, a2. 33 and a4)”
 

 

Level of Theory fpl pr fp3 fp4 fpS a1 a2 a3 a4

B3-LYP/6-311+G(3df,2p)//B3 407.2 452.4 31.3 —36.4 —351t8 —8l .4 401.5 493.9 —259.8

B3-LYP/6-311+G(3df,2p) 408.4 454.6 30.3 —37.2 —355.3 —87.9 409.9 492.7 —264.6

CBS-QB3 «109.1 455.7 41.3 ~7.6 —354.9 —70.9 402.1 478.3 r2677

U-CBS-QB3 410.9 458.1 39.9 —8.9 —359.0 —74.2 406.1 482.1 —272.8

G3(MP2)//B3-LYP 408.9 456.3 37.4 —5.5 —349.5 —71 ‘9 401.4 472.6 —259.9

G3X(MP2)-RAD 408.3 455.8 40.1] —3.2 —349.1 —68.6 400.3 472.5 —257.1

G3//B3-LYP 408.7 457.0 39.1 —7.5 —354.1 —72.6 402.7 477.2 —265.3

G3-RAD(6d,10f) 407.4 456.2 41.0f —2.8 —350.2 —70.7 402.6 — —

w1 —107.3 — 40.5 — _ _ _ _ _

Expt. 404.6d:0.7h 4 55.0” 2(1:8? — — — — —
 

" See Figures 6.1 and 6.2 for B3-LYP/6-3l I+G(3df.2p) structures ofal-a4 and fpl-fpS. respectively b From Lias et a1.” “ From Berkowitz
et :11.33 d From Becerra et al.32 5 ArI-Izgg back-corrected to 0 K using theoretical temperature correction from BS-LYP/6-3 l G(d) frequencies

(scaled by 0.9989”); see Henry et 21].“! from Henry eta].31
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Surprisingly the heats of formation calculated with BMK/6—3l l+G(3df,2p)//B3—

LYP/6-3lG(d)26 are quite different from the corresponding B3-LYP/6-3l l+G(3df,2p)

values and it is recommended that this method not be used for calculating heats of

formation for the alkoxyl radicals.

CH2=0 (pr). Formaldehyde is a well—studied molecule and is primarily

included in Table 6.10 for the sake of completeness. Our high-level methods agree in

their predicted heats of formation for formaldehyde to within 1.8 kJ mol_], with W], the

highest level used in this Chapter, predicting a value of —107.3 k] mol‘l. It is evident

that both the current theoretical predictions and other recent high—level theoretical

predictions, e.g. the W2 and W3 results of Martin, 27 are consistently more negative than

the experimental heat of formation, —104.6 a 0.7 kJ mol",28 by about 3 kJ mol“. The

reason for this apparent discrepancy is not clear.

CH3CH=0 (fp2). Acetaldehyde, also has a well-characterised experimental heat

of formation (—155.0 k] mol‘l).29 The high-level theoretical values are all in good

agreement with this experimental value. The largest deviation from experiment is 3.1 kJ

mol‘1 at the U—CBS-QB3 level.

-CH=0 (fp3). The heat of formation of the formyl radical has been theoretically

investigated in several high—level studies. Most recently, Feller et al.30 have used

various extrapolation schemes of coupled—cluster energies to obtain a value of 43.5 i

0.8 k] molil. The associated error has been estimated from the spread of data given by

the different extrapolations. Earlier, Henry et al.31 used a number of high-level

composite methods to calculate AfH°0('CHO). Some of the values from their work are

noted in Table 6.10. Two experimental values are available, the more recent value of

44.6 d: 0.4 from Becerra et al.3'2 and an earlier value of 41.3 i 0.8 kJ mol‘] from

Berkowitz et al.33 The W], G3—RAD, and G3X(MP2)-RAD estimates all fall within the

experimental uncertainty of the Berkowitz et al.39 value. However, the theoretical value

of Feller et al.30 is in better agreement with the more recent value of Becerra et 31.32
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NH2C(°)=0 (fp4). A heat of formation for the NH2C(-)=O fragmentation

product of reaction A3 has not been reported in the literature. The heats of formation

predicted by the high-level methods range between —3.2 k] molg1 from G3X(MP2)-

RAD to —8.9 kJ mol" from U-CBS-QB3. The previous comparisons with experimental

values suggest that U~CBS-QB3 might slightly underestimate heats of formation and so

this value may be too low. The B3—LYP values are more negative by 30 kJ mol‘1

compared with those from the high-level composite methods. If we average the high—

level methods, i.e. all the values in Table 6.10 excluding the B3-LYP estimates, we

obtain —5.9 kJ mol'1 as the 0 K heat of formation for fp4.

CH(=0)NHC(CH3)=O (fp5). The previous observation that U-CBS-QB3 seems

to underestimate heats of formation also applies in the ease of fp5. Compared with the

other high-level methods, U-CBS-QB3 gives the most negative heat of formation of

—359.0 kJ mol’]. In contrast to fp4, the B3-LYP values compare well with the

remaining high-level methods. By averaging the results of all the high-level methods in

Table 6.10, we obtain 7352.8 kJ mol" for the 0 K heat of formation for

CH(=O)NHC(CH3)=O (fpS).

Alkoxyl radicals (al, a2, a3, and a4). As in the case of the fragmentation

products discussed in the preceding paragraphs, the high-level methods are in good

agreement with one another. Another continued trend is the underestimation of the heats

of formation by U-CBS-QB3. The B3—LYP methods give mixed results. In the case of

a1 and a3, the values are somewhat outside the ranges of the high-level methods.

However, for alkoxyl radicals 32 and a4 the B3-LYP heats of formation are in good

agreement with the high-level results. If we average the values from the high-level

methods in Table 6.10, we obtain heats of formation at 0 K for the alkoxyl radicals of

—71.4 (a1), —102.5 (a2), —176.6 (a3) and —264.6 (34) kJ mol_], respectively.

In summary, heats of formation at 0 K calculated by high-level methods, agree

well with one another. U—CBS-QB3 seems to underestimate the heats of formation
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when compared with the other high levels of theory, but the deviation is only small. In

recommending heats of formation, we average the high-level results (including U-CBS-

QB3). Alkoxyl radical 34 gives the largest range of such values (10.4 kJ mol") but for

the other species, the range of values is much less (5.8 kJ mol“). B3—LYP gives varied

results, with discrepancies of up to 30 kJ mol’] in some cases, and only a few kJ mol‘]

in others.

6.4 Concluding Remarks

The purpose of the present Chapter has been to establish methodologies for

investigating the C—C beta-scission reactions of substituted alkoxyl radicals that might

serve as models for peptide backbone alkoxyl radicals. We seek methods that provide a

suitable compromise between the accuracy in predicting enthalpies and barriers for the

beta—scission reactions, and computational cost.

We find that determination of the lowest—energy conformers of the -OCH2CH=O

(a1), °OCH(CH3)CH=O (a2), 'OCH(CH3)C(NH2)=O (a3), and

°OC(CH3)(NHCH:O)CH=O (a4) substituted alkoxyl radicals is sensitive to the method

used to optimize geometries. We have selected the conformer optimized with B3—

LYP/6-311+G(3df,2p) that gives the lowest CCSD(T) energy for use in subsequent

calculations.

In the calculation of enthalpies and barriers, we find that G3(MP2)//B3—LYP and

G3X(MP2)-RAD give similar accuracy to more expensive high—level methods.

However, these methods are still computationally too demanding to be used routinely

with currently available resources for systems significantly larger than the largest

models used in the present Chapter, i,e. reactions 6.4c and 6.4d. Cost-effective

alternative methods are UB3-LYP/6-3]1+G(3df,2p)//UB3—LYP/6-31G(d) and RB3-

LYP/6-311+G(3df,2p)//UB3-LYP/6-31G(d) or UBMK/6—31 l+G(3df,2p) and RBMK/6-

311+G(3df,2p) with either UB3—LYP/6—3IG(d) or UBMK/6-31G(d) geometries. These
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give reasonable estimates of enthalpies and barriers that are within about 15 kJ mol'1 of

the reference G3//B3-LYP values.

Heats of formation for each of the species involved in the four reactions under

study were also calculated. The high-level methods perform well for the three species

for which experimental values are available for comparison. U-CBS-QB3 seems to

underestimate the heats of formation when compared with the other high-level methods.

Predicted heats of formation at 0 K for the alkoxyl radicals are —71.4 (~OCH2CH=O,

a1), —102.5 (-OCH(CH3)CH=O, a2), —176.6 (-OCH(CH3)C(NH2)=O, a3), and —264.6

(-OC(CH3)(NHCH=O)CH=O, a4) kJ mol". For the fragmentation products,

NH2C(-)=O (fp4), and CH(=O)NHC(CH3)=O (fp5), we predict the respective values of

—5.3 k] mor‘ and —351.6 k] mor'.
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7.1 Introduction

In this Chapter, we examine in more detail the B-scission pathways of a peptide

backbone alkoxyl radical, firstly by using higher levels of theory than previously

employed on the glycine and alanine peptide models, and secondly by examining a

wider range of peptide models to see how the preference for C—C, C—N and C—R B-

scission changes with the side chain. It has previously been found that the activation

energies for B-scission reactions are often determined largely by the stabilities of the

daughter radicals] Therefore, we examine whether the large gap previously found2

between the barriers for C—C and C—R B-scission reactions decreases if the side-chain

reactions involve residues that give rise to highly stabilized fragment radicals. We find

that the C—R B—scission can indeed become competitive with backbone C~C B-scission

in such circumstances. Attempts to test this prediction experimentally have so far

proved problematical.

7.2 Theoretical Procedures

1n the previous Chapter we identified a number of procedures that would be

suitable for theoretical investigations of C—C B-scission reactions. B3-LYP/6—3lG(d)

geometries were found to be satisfactory for single-point energy evaluations with higher

levels of theory. For the calculation of enthalpies and barriers, G3(MP2)//UB3-LYP

and G3X(MP2)-RAD gave results with an accuracy similar to that of more expensive

high-level methods, such as CBS-QB3 and W1. Cost-effective alternative procedures

included UB3-LYP/6—31l+G(3df,2p)//UB3—LYP/6~3lG(d), RB3-LYP/6-

31 1+G(3df,2p)//UB3—LYP/6-3lG(d), UBMK/6-31 l+G(3df,2p)//UB3-LYP/6-3 lG(d)

and RBMK/6-3l l+G(3df,2p)//UB3-LYP/6—3lG(d). The assessment of theoretical

methods is extended in the present Chapter to the C~N B-scission pathway and the C—R

B-scission pathway. Geometries have been optimized and harmonic frequencies, used

to obtain zero-point vibrational energies (with a scale factor of 0.98063), calculated
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using B3—LYP/6—3IG(d). Energies were calculated using a selection of the methods

noted above to have performed best for the C—C pathway. Radical stabilization

energies (RSEs) for radicals -R have been calculated as the energy change in the formal

reaction:

'R + CH4 —’ RH + 'CH3

i.e., the difference in bond dissociation energies for CH4 and RH. The RSEs provide a

measure of the stabilities of the radicals -R relative to their closed-shell counterparts

RH.

Standard transition state theory employing the harmonic approximation was

used to obtain Arrhenius parameters (log k, log A and E) at 298 K.

7.3 Results and Discussion

In the previous Chapter we examined in detail the effect of level of theory on

reaction enthalpies and barriers for the C—C B-scission pathway in models for Ala

peptide radicals. A primary conclusion of that study was that large—basis-set

calculations with the hybrid density functionals BMK and B3-LYP (either unrestricted

or restricted) give reasonable estimates of enthalpies and barriers when compared with

high—level composite methods such as W1, G3X(MP2)-RAD and CBS-QB3.

A notable result was the poor performance of MP2 (with both restricted and

unrestricted reference wave functions) for these calculations. This might be associated

with the presence of a low-lying excited state in alkoxyl radicals. Because the CBS-

QB3 and G3X(MP2)-RAD composite methods involve a number of MP2 calculations,

the reliability of these methods could be called into question as a consequence of the

poor performance of MP2. In this regard, we found in the previous Chapter that the

CBS-QB3 and G3-type procedures gave consistent results, which suggests that these
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procedures are giving reliable enthalpies and barriers. However, only a minimal

number of external checks were made with high-level procedures (such as W] and

CCSD(T)) that do not involve MP2 calculations. This aspect is therefore examined

further here. We also examine the effect of level of theory on reaction enthalpies and

barriers for the C—N and C—R pathways of an Ala—containing peptide.

7.3.1 C—C p-Scission Reactions

Table 7.] presents reaction enthalpies and barriers for six model peptide—

backbone alkoxyl radicals reacting via the C—C B-scission pathway, as presented in

Figure 7.1.

(P /H ,0 H
H—c—Q —> H—Cj + .C; (7.1a)

H o H o

9 ,H ,0 ,H
H—Cl-CQ —> H-Ci + C\\ (7.117)
CH30 CH3 0

9 NH 0 NH
H—q—c; 2 —* M: + -c; 2 ma
CH30 CH3 0 I

OHC\ (.3 H OHC. ,H
, —C— t —> .N—cf: + ~06

H ('3H30 H CH3 0 (7M)

0 NHOHC _¢_C;NH2 OHC:N_C: + 'Ci‘o 2
H CH30 CH3 (7.1e)

Hscoc\N_Q_ ,NHCH3 H3COC\N_C,,O + .C,NHCH3

H’ éHa‘b H’ ‘CH3 0 (7-1f)

Figure 7.]: Six model peptides for the study of the B-scission of

the C—C backbone bond from an (x-C-centered alkoxyl radical.
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The six reactions have been selected to demonstrate the effect on the

thermochemical parameters of building up the peptide chain so as to increasingly

simulate the Ala radical center, leading up to the final reaction, which represents our

largest model of the peptide backbone (see Figure 7.4 below). For reactions 7. la—7.1c,

the CBS-QB3 and G3X(MP2)-RAD results are compared with those of a large-basis-set

(cc—pVTZ) URCCSD(T) calculation. The enthalpy and barriers for reaction 7.1a are

also calculated with UBD(T)/cc—pVTZ//UB3-LYP/6—3lG(d). In general, the high-level

results are in good agreement with one another, suggesting that the basis-set corrections

based on MP2 calculations in the case of G3X(MP2)-RAD and the pair-energies

extrapolation in CBS-QB3 are not suffering from the same problems in the computation

of enthalpies and barriers as does MP2 in isolation. Comparison of the RMP2/6—3lG(d)

and URCCSD(T)/6-31G(d) reaction enthalpies and fi-scission barriers for reactions

7.10—7.15! (Table 7.1) shows marked differences, whereas the reverse (addition) barriers

are in reasonable agreement with one another. This implies a poor performance of MP2

for the reactant alkoxyl radical species, suggested in the previous Chapter, and this

needs to be borne in mind.

In some instances, there is a larger-than-expected difference between CBS-QB3

and G3X(MP2)—RAD. For example, the addition barriers differ by approximately 7—8

kJ mol’] for all four reactions for which a comparison is possible. In these cases, the

G3X(MP2)—RAD results tend to be in better agreement with those for the large-basis-set

URCCSD(T) and UBD(T) calculations.

As we reported in the previous Chapter, B3-LYP/6-311+G(3df,2p) and BMK/6-

311+G(3df,2p) offer cost-effective alternatives to the high-level methods for the

calculation of reaction enthalpies and barriers. The results in Table 7.] suggest that B3-

LYP generally underestimates the C—C backbone B-scission barriers while BMK tends

to overestimate them. Table 7.1 also includes MPWBlK/6-31]+G(3df,2p) results,

which show a more severe overestimation of the B-scission barriers than the other DFT
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methods when compared with the G3X(MP2)-RAD values. Interestingly, the barriers

for the reverse (addition) reactions show less sensitivity to level of theory.

Table 7.]: Reaction Enthalpies and Barriers (0 K, k] molfil)

Calculated with Various Theoretical Techniques for Six Model C—C

Backbone B-Scission Reactions”
 

 

ReaCtiona AH AH: scission AH: addition

Reaction 7.10

CBS-QB3 3.1b 24.4" 21.2 "
G3X(MP2)-RAD 0.4 b 29.4b 29.0b
UBD(T)/cc—pVTZ//B3“ 5.0 32.2 28.7
URCCSD(T)/cc-pVTZ//B3‘ 3.2 32.2 29.0
UB3—LYP/6-3l1+G(3df,2p)//B3 ‘ 5.4 b 23.7 b 18.2 "
UBMK/6-3] l+G(3df,2p)//B3 “ 13.1 b 35.8 b 22.6 "
UMPWBlK/6-3l1+G(3df,2p)//B3 ° 28.6 48.0 19.3
URCCSD(T)/6-3 lG(d) 22.4 48.2 25.9
RMP2/6-3lG(d) —6.0 16.1 22.1

Reaction 7.]b

CBS—0B3 —10.8 b 19.2 b 30.0 b
G3X(MP2)-RAD 43.6" 23.5 h 37.1 b
URCCSD(T)/cc-pVTZ//B3“ —11.9 24.1 36.1
UB3-LYP/6-3l l+G(3df,2p)//B3 ‘ —14.1 " 20.4 b 34.5 b
UBMK/6-31]+G(3df,2p)//B3 “ —7.2 h 27.7 h 34.9 b
UMPWBlK/6—31l+G(3df,2p)//B3 ° 7.5 40.2 32.7
URCCSD(T)/6—3IG(d) 8.0 42.8 34.8
RMP2/6-3IG(d) 4241 5.3 29.4

Reaction 7.lc

CBS-QB} 15.1b 13.9b —1.2b
G3X(MP2)—RAD 13.4" 19.1 " 5.6b
URCCSD(T)/cc-pVTZ//B3 ° 13 .7 19.8 6.0
UB3-LYP/6-3l l+G(3df,2p)//B3 ° 5.1 b 14.1 b 9.3 b
UBMK/6-311+G(3df,2p)//B3 ‘ 14.5 b 22.0 h 7.5 b
UMPWBlK/6-3] l+G(3df,2p)//B3 C 27.3 30.5 3.2
URCCSD(T)/6-3]G(d) 29.7 32.0 2.3
RMP2/6-3 1 G(d) -3 .4 —7.8 4.4

Reaction 7.1d

CBS-QB3 45.8 h 4.2 b 41.6 "
G3X(MP2)-RAD 451.9b —2.9" 49.1 "
UB3-LYP/6—31]+G(3df,2p)//B3 ‘ —60.8 b —1 .1 b 59.7 ”
UBMK/6-3] l+G(3df,2p)//B3 ‘ —55.8 b 3.2 b 59.1 "
UMPWBlK/6-3 1 1+G(3df,2p)//B3 C 45.8 9.1 54.9
URCCSD(T)/6-3 lG(d) 40.3 9.9 50.2
RMP2/6-3lG(d) —85.9 43.7 42.2

Reaction 7.1e

G3X(MP2)—RAD —37.4 _0.2 37.6
UB3—LYP/6-311+G(3df.2p)//B3 ° —31.6 —2.5 34.1

Reaction 7.1f
UB3-LYP/6-3l l+G(3df,2p)//B3“ ~25.0 0.2 24.8
 

a See Figure 7.] for details of the reactions. b Previous Chapter. C Calculation
have been performed on UB3—LYP/6-3]G(d) (abbreviated B3) optimized

geometries and include scaled (by 0.9806)3 zero-point vibrational energy.
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7.3.2 C—Nfl-Scission Reactions

'183

Table 7.2 presents reaction enthalpies and barriers for six model peptide-

backbone alkoxyl radicals shown in Figure 7.2 reacting via the C—N B-scission

pathway. Again, the six reactions have been chosen to incrementally build up the

peptide about the radical center in order to increasingly approximate an Ala radical

center.

H C? ,,0
,N—C-H ——> NH2 + H—Q

H H H

H 9 o

N—c—H —> NH2 + H—cf:

H CH3 CH3

OHC Q OHC\ o

—c— ——> ,N- + H—C’:

CH3 H CH3

H . ,N 0‘ NH

—.‘C\\ 2 We + :C—c\ 2
H CH30 H30 0

OHC C? ,NH2 OHC 0% ,NH2
—I_C\\ _> N. + ,C—C\\

Hacoo (P ,NHCH3 H300Q 0% ’NHCHs

( —|— \x ——> , ° + ,C—C\\

Figure 7.2: Six model peptides for the study of the fi—seission

of the C—N backbone bond from an a-C-centered alkoxyl

radical.

(7.2a)

(7.21;)

(7.2c)

(7.2d)

(7.2e)

(7.21)
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Table 7.2: Reaction Enthalpies and Barriers (0 K, k] mol'l) Calculated

with Various Theoretical Techniques for Six Model C—N Backbone [3-

Scission Reactionsa
 

 

Reac‘ion 3 AH AH: scission AH: addition

Reaction 7.2a

CBS—QB3 47.2 59.6 12.3

G3X(MP2)—RAD 42.7 60.4 17.7

UBD(T)/cc-pVTZ//B3b 44.7 60.4 15.7

URCCSD(T)/cc-pVTZ//B3 b 43.9 59.6 15.7

UB3-LYP/6-311+G(3df,2p)//B3 b 48.1 61.0 12.9

UBMK/6—3] 1+G(3df,2p)//B3 b 59.0 74.6 15.6

UMPWBlK/6-3l1+G(3df,2p)//B3 b 73.] 85.0 11.9

Reaction 7.2b

CBS—QB3 28.6 46.0 17.4

G3X(MP2)-RAD 21.9 46.1 24.2

UBD(T)/cc-pVTZ//B3 b 23.3 46.3 23.0

URCCSD(T)/cc-pVTZ//B3 b 22.2 45.2 23.0

UB3-LYP/6—3]1+G(3df,2p)//B3 b 22.8 47.3 24.5

UBMK/6-311+G(3df,2p)//B3 b 31.5 57.7 26.2

UMPWBlK/6—311+G(3df,2p)//B3 b 42.9 65.3 22.4

Reaction 7.2c

CBS—QB3 70.4 90.8 20.4

G3X(MP2)-RAD 66.3 93.5 27.2

URCCSD(T)/cc—pVTZ//B3 b 65.2 91.5 26.2

UB3—LYP/6-31 1+G(3df,2p)//B3 b 56.9 86.9 30.0

UBMK/6—311+G(3df,2p)//B3 b 72.9 103.2 30.3

UMPWBlK/6—311+G(3df,2p)//B3 b 88.1 114.9 26.8

Reaction 72d

CBS-QB3 24.5 41.1 16.5

G3X(MP2)-RAD — — 23.7

UB3-LYP/6—31 l+G(3df,2p)//B3 b 10.6 42.3 31.7

UBMK/6-3l 1+G(3df,2p)//B3 b 19.5 52.9 33.4

UMPWBlK/6-311+G(3df,2p)//B3 b 29.4 56.0 26.6

Reaction 7.2e

G3X(MP2)-RAD 56.4 98.4 42.0

UB3—LYP/6-3l1+G(3df,2p)//B3 b 43.3 81.8 38.5

Reaction 7.2f

UB3-LYP/6-3l1+G(3df,2p)//B3 b 32.7 82.0 49.3
 

3 See Figure 7.2 for details ofthc reactions. h Calculations have been performed on UB3-

LYP/6-3lG(d) (abbreviated B3) optimized geometries and include scaled (by 0.9806)3

zcro-poim vibrational energy.

'184



Wood Chapter 7: Preferred fi—Scission Reaction -185
 

As found previously for the C—C B-scission pathway, the high—level composite

methods, G3X(MP2)-RAD and CBS-QB3, generally give results in reasonable

agreement with one another. Table 7.2 also includes results with URCCSD(T)/cc-

pVTZ//B3—LYP/6—3IG(d) for reactions 7.2a—7.2c, and results with UBD(T)/cc-

pVTZ//B3-LYP/6-31G(d) for reactions 7.2a and 72b. The good agreement with the

results from the composite methods suggests, as for the C—C B-scission pathway (Table

7.1), that the composite methods do not suffer from problems associated with MP2

calculations. Where there are discrepancies between G3X(MP2)—RAD and CBS-QB3,

the CCSD(T) and BD(T) results tend to be closer to those obtained from G3X(MP2)-

RAD.

The DFT functionals, B3-LYP, BMK and MPWBlK in association with the 6-

3] l+G(3df,2p) basis set, were also assessed for the calculation of reaction enthalpies

and barriers of model peptide—backbone alkoxyl radicals undergoing the C—N B-scission

pathway. As for the C—C fi-scission pathway, B3—LYP and BMK offer cost-effective

alternatives for achieving good accuracy. The results of Table 7.2 suggest that BMK

tends to overestimates C—N B—scission barriers as does B3-LYP, albeit to a lesser extent.

7.3.3 0—}? fi-Scission Reaction

Table 7.3 presents enthalpies and barriers for five peptide—backbone alkoxyl

radicals undergoing reaction via a C—R B-scission pathway, as shown in Figure 7.3.

Observations on the sensitivity of the reaction enthalpies and barriers to level of theory

are similar to those made for the C—C and C—N B-scission pathways and therefore will

not be discussed in detail.
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<73 9
H-C-H —> -CH3 + ,C\ (7,3a)

I H H
CH3

1 ’NH u
_C:_C\\ 2 —> cCH3 + H,C\CINH2 (7.31))

CH30 C")

OHC\ C.) 9?
‘9-H —* 'CHs + OHC‘N/Q (7.3c)
CH3 '

' O
OHC\ 9 ,NH .._CI;_C\\ 2 I 'CH3 + OHC:N’ \ INH2 (73d)

H CH3 H 5

H CDC 6 NHCH H COC ("3 NHCH
3 jN—¢—c; 3—» .ch3 + 3 jN’C\(”;’ 3 (7.3g)

H CH3 0 H 0

Figure 7.3: Five model peptides for the study of the B-scission of the

C—R side-chain bond from an ot-C—centered alkoxy] radical.

 

Figure 7.4: B3—LYP/6-3 lG(d) optimized structure of the peptide-
backbone alkoxyl-radical reactant of reactions 7.]f, 7.2f and 73:2

(CH3CONH—C(O')CH3—CONHCH3, see Figures 7.], 7.2 and 7.3)
which represents our largest model system.
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Table 7.3: Reaction Enthalpies and Barriers (0 K, kJ mol’l) Calculated

with Various Theoretical Techniques for Five Model C—R Side-Chain fi-

Seission Reactionsa

 

Reaction 3 AH AHi scission AH2 addition

 

Reaction 7 .3a

CBS-0B3 36.4 61.3 24.9

G3X(MP2)-RAD 32.6 64.3 31.6

UBD(T)/ee—pVTZ//B3b 37.0 67.7 30.8

URCCSD(T)/ee-pVTZ//B3 h 36.1 66.8 30.7

UB3—LYP/6-311+G(3df,2p)//B3 b 35.2 60.6 25.5

UBMK/6-311+G(3df,2p)//B3 49.1 76.3 27.2

UMPWBlK/6—311+G(3df,2p)//B3 b 50.7 73.7 23.]

Reaction 7.3b

CBS-0B3 38.7 52.4 13.8

G3X(MP2)-RAD 33.1 54.1 21.0

URCCSD(T)/ee-pVTZ//B3 35.7 57.0 21.2

UB3-LYP/6—31 1+G(3df,2p)//B3 b 38.5 60.0 21.5

UBMK/6-311+G(3df,2p)//B3 b 47.8 68.0 20.1

UMPWBlK/6—311+G(3df,2p)//B3 b 60.3 76.6 16.3

Reaction 7.3c

CBS—0B3 -4.3 37.2 41.5

G3X(MP2)-RAD 78.9 42.1 50.9

URCCSD(T)/ce—pVTZ//B3 —8.6 42.2 50.8

UB3-LYP/6-311+G(3df,2p)//B3 b —15.8 35.1 50.9

UBMK/6-311+G(3df.2p)//B3 b —7.8 41.1 48.9

UMPWBlK/6—311+G(3df,2p)//B3 h 10.4 55.1 44.7

Reaction 7.3d

G3X(MP2)-RAD —30.1 29.2 59.3

UB3-LYP/6—31 1+G(3df,2p)// B3 b —29.9 31.9 61.8

UBMK/6-311+G(3df,2p)//B 3 b ~19.8 38.8 58.6

UMPWBlK/6-311+G(3df,2p)//B3 b —18.2 36.2 54.4

Reaction 7.3e

UB3-LYP/6-31 l+G(3df,2p)// B3 b —22.8 38.3 61.1

 

a See Figure 7.3 for details ofthe reactions. b Calculations have been performed on UB3-

LYP/6—3lG(d) (abbreviated B3) optimized geometries and include scaled (by 0.9806)3

zero—point vibrational energy.

7.3.4 Performance Evaluation

To quantify the observations regarding the performance of the various levels of

theory, Table 7.4 presents the mean absolute deviation (MAD), mean deviation (MD),

and largest deviation (LD) from the G3X(MP2)-RAD results for each of these

procedures in calculating the reaction enthalpies and barriers for all the reactions of the
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B-scission pathways. These statistics indicate that UB3-LYP/6-311+G(3df,2p)//UB3-

LYP/6—3lG(d) provides an attractive cost-effective alternative to G3X(MP2)-RAD in

the prediction of reaction barriers and enthalpies. The statistics of Table 7.4 indicate

that, at least for the present systems, BMK appears not to perform as well as B3-LYP,

in contrast to previous observations.

Table 7.4: Performance of Various Theoretical Methods for the

Calculation of B—Seission Reaction Enthalpies and Barriersa

 

 

Theoretical Procedure AH Al-li scission AH: addmun

MAD”
CBS—0B3 4.3 2.9 7.2

UB3—LYP/6—3l 1+G(3df,2p)//B3b 5.6 4.8 4.0

UBMK/6—3l 1+G(3df,2p)//B3 b 9.0 8.3 3.2

UMPWBlK/6-31l+G(3df,2p)//B3 b 19.9 16.0 5.0

MDC

CBS—0B3 +4.3 —2.9 —7.2

UB3—LYP/6-3] l+G(3df,2p)//B3 b —2.6 +2.6 —0.4

UBMK/6-311+G(3df.2p)//B3 b +8.3 +8.1 +0.2

UMPWBlK/6-311+G(3df,2p)//B3 h +199 +16.0 +3.9

LDd
CBS-Q83 +6.7 —5.2 +9.4

UB3-LYP/6-311+G(3df,2p)//B3 b —l 3.] +166 —10.8

UBMK/6-311+G(3df,2p)//B3 b +165 +14.2 +10.0

UMPWBlK/6-3l l+G(3df,2p)//B3 b +304 +24.6 —9.7

 

” Calculations have been performed on UB3-LYP/6-31Cv(d) (abbreviated B3) optimized

geometries and include scaled (by 0.9806)3 zero-point vibrational energy. Energy units

are kl mol‘l. h Mean absolute deviation from G3X(MP2)-RAD. C Mean deviation from

G3X(MP2)-RAD. d Largest deviation from G3X(MP2)—RAD.

7.3.5 Model Size Considerations

The results for the model systems of Figures 7.1, 7.2 and 7.3 for each of the

pathways provide a means of assessing what system size is suitable for reliably

representing the cleavage reactions. It has been noted previously4 that convergence of

calculated RSEs for a-C—centered radicals is achieved once the backbone formally
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contains an amide functionality on both sides of the radical center. The results given in

Tables 7.1—7.3 indicate that the backbone needs to be of at least this size to obtain

convergence in the enthalpies and barriers for fi-scission reactions. The final two

reactions in each sequence of models involve the formal substitution of hydrogen with

methyl capping groups. For the C—C B-scission pathway, this substitution is

accompanied by a small change in the B-scission barrier height (of 2.7 kJ mol‘1 between

7.1e and 7.1f with UB3-LYP/6—311+G(3df,2p)//UB3-LYP/6-3lG(d)). The changes in

the reaction enthalpy and the addition barrier are slightly greater at 6.6 and 9.3 k] mol’l,

respectively. In an equivalent formal substitution for the models of the C—N B-scission

pathway, the differences between reactions 7.2e and 7.2f are similar: 0.2 kJ mol’] for

AHiscission and 10.6 and 10.8 k] mol’l for AH and AHiaddilion, respectively. For the C—R

B-scission pathway, the changes in going from reaction 7.3d to 7.3e are 6.4, 7.1 and 0.7

kJ mol" for AHiscission, AH and AHxaddmon, respectively.

7.3.6 Competing Pathways C—C, C—N, and C—R

The calculations in this section allow us to compare the barriers for the three

possible fi—scission reactions of peptide-backbone alkoxyl radicals at an Ala residue.

These indicate an order of preference C—C > C—R > C—N; this preference for the C—C [3-

scission pathway is in accord with previous experimentals’6 and theoretical data.7 For

the largest model systems, the thermochemical parameters indicate that the C—C

backbone B-scission reaction is essentially barrierless (0.2 kJ mol"). The B-scission

reaction leading to C—CH3 side-chain fragmentation has a higher barrier of 38.3 kJ

mol’l, while the C—N backbone B-scission reaction has a still higher barrier (82.0 k]

mol'l).

7.3. 7 Side-Chain Dependence

Our discussion up to now has focussed on the B-scission reactions of an alkoxyl

radical located at an Ala residue of a peptide. Calculated barriers indicate that the C—C
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pathway is favored in this case. Experimental product analysis of a Gly-containing

peptide found that the C—C pathway predominates also for this residue.6 However,

because the rates of B-scission reactions of alkoxyl radicals are sensitively dependent on

the stability of the radical that is formed,8 and because more highly stabilized radical

products could potentially be formed for other side chains, this may result in the C—R B-

scission pathway becoming competitive with the C—C B-scission pathway. In order to

probe these ideas, we begin by examining whether a correlation exists between the

calculated radical stabilization energy (RSE) of the fragment radical on the one hand,

and the barriers and enthalpies of the side—chain B-scission reactions of a-C-centered

alkoxyl radicals on the other.

7.3.8 Radical Stabilization Energies

Table 7.5 shows the radical stabilization energies calculated with G3X(MP2)—

RAD of radicals formed from the homolytic bond cleavage of the a—C—R bond, where R

is the side chain. The Table compares the RSEs for the R groups of all the natural

amino acids except for Gly and Pro.

Table 7.5: Radical Stabilization Energies of Side—Chain Fragment Radicals (-R) Formed

from the Homolytic Cleavage of the a-C—R Bond (R = Side Chain) of the Natural Amino

Acids8
 

 

 

 

Ala" G111” Glnd Leu" Met’ Lysg Argh Asp’ 118

0,0 6.1 11.2 11.5 12.8 13.1 13.5 22.4 24.1

Asn" Val/ Ser'" Thr" Cys“ Phe” Tyr" His’ Trp‘

24.4 25.5 33.5 37.3 39.4 59.5 61.5 61.9 62.2
 

" Calculated with G3X(MP2)-RAD at 0 K in units of kJ mol '. ” -CH3. " -CH2CH2COOH. d
~CH2CH2CONH2. ” ~CH2CH(CH3)2./ {1120425013. 1“ -CH2CH2CH2CH2NH2. h -CH2CH2CH2NHC(NH)NH2.
Menzcoon. .1 -CH(CH3)CH2CH3. “ -CH2CONH2. '-CH(CH3)2. "-CHZOH. "~CH(OH)CH3. "-cnzsn. P
-CH2—C6H5." ~CH2—C6H4—OH. Mcnzwimidazmc’i ‘l-CHZ—“indolc”.
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The Ala side-chain fragment radical is -CH3, which has an RSE of zero by

definition. The remaining amino acid side chains give RSEs that are all positive, i.e.,

the radicals are relatively more stable that the -CH3 of alanine. The ordering of RSEs for

the different R groups is Ala < Glu < Gln ~ Leu ~ Met ~ Lys ~ Arg < Asp ~ Ile ~ Asn ~

Val < Ser ~ Thr ~ Cys < Phe ~ Tyr ~ His ~ Trp.

We expect that the rates of reaction for side-chain cleavage will increase as the

RSE of the side-chain fragment increases. In order to test this hypothesis, we begin by

calculating barriers for the three B—scission pathways of model systems containing an

Ala, Leu, Val or Phe residue. These residues were chosen to span the range of RSEs

given in Table 7.5, thus providing a sufficient spectrum of enthalpies and barriers to

give reasonable insights into the side-chain dependence of the reaction rates. We note

that preliminary conformational studies of model systems containing other residues

such as Asp and Asn, showed that intramolecular hydrogen bonding made it difficult to

choose an appropriate conformation that represented a realistic protein-bound peptide

fragment. This would have hampered a consistent comparison of B-scission enthalpies

and barriers. In contrast, the Ala, Leu, Val and Phe residues all have alkyl side chains

that do not make strong internal hydrogen bonds to the backbone amide functionalities.

Based on the results of the previous section, the model systems that we use to

investigate the B-scission reactions include the backbone that incorporates amide

linkages with methyl capping groups formally substituted on each side of the a—C, i.e.,

This should represent a reasonable model for estimating rates of reaction in a protein—

bound peptide. Unfortunately, this system is already sufficiently large to prevent the
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use of methods such as G3X(MP2)-RAD with our currently available resources. We

have therefore used B3-LYP/6—311+G(3df,2p)//B3-LYP/6—3lG(d), which our

assessment study suggests should provide a reliable cost-effective alternative to

G3X(MP2)-RAD.

7.3.9 Calculated Rate Parameters

Table 7.6 presents the Arrhenius activation energies (Ea), pre-exponential factors

(given as log A) and rate constants (given as log k) for each of the fragmentation

pathways, obtained on the basis of B3—LYP/6-311+G(3df,2p)//B3-LYP/6—3lG(d)

calculations using the harmonic approximation. Also included are the calculated

reaction enthalpies at 0 K (AH). The species investigated include model peptides

containing an Ala, Leu, Val or Phe residue.

Table 7.6: Calculated Arrhenius Parameters21 and Reaction Enthalpies for the

Three Possible B-Scission Reactions of an a—C—Centered Alkoxyl Radical on a

Model Peptide Containing Specific Amino Acid Residues
 

 

Pathway Ala Leu Val Phe

C—C B-Scission

Ea 0.9 11.5 3.7 10.7
logA 14.1 13.7 13.4 13.9

logk 13.2 11.7 12.8 12.0
AH —25.0 —33.7 —31.9 —44.0

C—N fi—Scission

Ea 85.7 101.1 96.7 89.7
logA 14.8 13.2 13.3 14.4
log k 40.7 —4.5 —3.7 —1.3
AH 32.7 24.4 22.1 49.0

C—R B-Scission

Ea 39.5 22.6 9.0 7.7

logA 14.3 13.2 13.0 13.3
log k 6.6 9.3 11.4 11.9
AH —22.8 —45.4 —61.9 —79.8
 

Calculated within the harmonic approximation at 298 K using UB3-LYP/6-

311+G(3df.2p)//UB3-LYP/6-3lG(d).
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We note in the first place that the A factors for the three pathways are all very

similar, with log A lying between 13.0 and 14.8, which is consistent with results of

other theoretical studies of alkoxyl B-scission reactions.9 Although our calculated rates

are only expected to be of moderate accuracy because of the theoretical procedures and

peptide models used, '0’” they do provide insight into the dependence of B—scission rates

on residue type. The C—C B-scission rates are all very fast and essentially independent

of the nature of the side chain, with log k lying between 11.7 and 13.2. The C—N [5—

scission rates on the other hand are all very slow. There is a variation in rate constants

as a function of side chain of four orders of magnitude, with log k ranging from —0.7 to

—4.5. The rate constants for the side-chain cleavage show an even stronger dependence

on the residue type, with the rate constant increasing rapidly as the RSE of the side-

chain fragment increases. The calculated RSEs provide an approximate basis on which

to select residues that are most likely to have competitive C—R B-scission reactions. For

Val, the rate of B-scission ofthe side chain is 1.4 orders of magnitude less than the C—C

B-scission reaction of the backbone. Thus, side-chain fragment radicals with RSEs

greater than approximately 30 kJ mol", are likely to have fast side-chain B-scission

reactions, with log k ~ 12 2t 1. As the RSE increases above 30 kJ mol", it is likely that

the side-chain B-scission reaction will increasingly compete with C—C B-scission of the

backbone. With an RSE of 59.5 kJ mol’], the fragment produced from the C—R [3-

scission reaction of Phe is associated with a side—chain B-scission rate constant that is

approximately the same as that for the C—C B—scission reaction. Fragments that have

RSEs greater than 59.5 kJ mol’1 are expected to provide even stronger candidates for

competitive side-chain cleavage. The natural amino acids that give rise to side-chain

fragments with calculated RSEs greater than 30 kJ mol" include Ser, Thr, Cys, Phe,

Tyr, His and Trp. Attempts to provide direct experimental evidence for the theoretical

prediction of competitive side-chain cleavage have not yet been successful.
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7.3.10 Why Are the 0-0 p-Scission Reactions Fast?

As indicated in the previous section, side-chain fragment radicals that have large

RSEs result in C~R B-scission reactions with large rate constants. Similar

considerations apply to the C—C B-scission reactions, where the radical product

('CONHCH3) has a large RSE of 37.4 kJ mol”','2 consistent with the large calculated

rates. Significantly smaller rate constants are found for B—scission reactions of non-

peptide-related alkoxyl radicals. For instance, in an experimental study of 11 simple

alkoxyl radicals,l3 the largest rate constant was found to be approximately 105 s" for the

decomposition of 2—methyl—2—butoxyl (CH3CH2(CH3)2CO-) radical to give the ethyl

radical, consistent with the RSE for the ethyl radical ofjust 16.3 kJ mol‘].

While the RSE provides a quick and convenient indication of how fast the

reaction might go, it is a less direct measure than the reaction enthalpy. The C—C B-

scission reactions of the present Chapter are all exothermic, with reaction enthalpies

ranging from 725.0 to 414.0 kJ mol" (see Table 7.6). This shows that the C—C bond

adjacent to the alkoxyl radical is weak and easily ruptured, which is reflected not only

in the B-scission rate but also in long reactant bond lengths. For instance, in the model

system for Phe, the reactant C—C bond length is 1.606 A compared with normal C—C

lengths of ~1 .54 A. This can be rationalized in terms of a strong contribution from the

non—bonded resonance hybrid to the overall reactant wave function, i.e.,

o o
YHNHXH Y1. «\st

R RO

The effect of stabilized radical products on the enthalpy of reaction and hence

the rate of reaction can be more clearly seen for the series of C—R B-scission reactions.



Wood Chapter 7: Preferred B-Scission Reaction ~195
 

The rates of these reactions vary by 6 orders of magnitude depending on the stability of

the radical that is formed, and follow the reaction enthalpies (—22.8 to —79.8 k] mol‘l,

see Table 7.6) as well as the RSEs (0.0 to 39.5 kJ mol‘l, Table 7.5). Again, the larger

the rate constant, the weaker the C—R bond and the more easily it is ruptured. This is

clearly demonstrated by the progression in the C—R bond lengths for the different

residues investigated in this Chapter, i.e., Ala 1.538 A, Leu 1.583 A, Val 1.603 A, and

Phe 1.600 A.

7.3. 1 1 Empirical Rate Relationships

Experimental studies have led to the derivation of empirical relationships to

predict Arrhenius parameters of the B-scission reactions of alkoxyl radicals. For

example, Choo and Benson14 have proposed that the activation energy Ea is given by:

Ea : a + bAH

where AH is the reaction enthalpy, b is a constant with the value 1.58, and a is a

parameter that depends on the ionization energy of the alkyl radical fragment: a = 8.8 X

IE — 25.9, where the 113s are in eV, and we have converted all the remaining energy

units to k] mo1']. Since the initial proposal of this equation,[4 improved values for the

parameters have been developed by a number of research groups. For example,

Atkinson15 refined the parameters with a larger data set and proposed a = 10.0 X IE #

33.9 and b = 0.36. The large dependence on the ionization energy reflects the tight

transition structure with significant polarization, i.e.,

(5+) R----C"—"O (5-)
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Other researchers have developed structure—activity relationships (SARs) that only

depend on the ionization energy of the products13 or on the nature of the alkoxyl

radical.”

Table 7.7: Comparison of Empirical and Directly Calculated Arrhenius

Activation Energies (E, kJ mol")

 

 

Pathway IE Ea(emp) ‘7 E,(calc)

C—C B-Scission

Ala 6.9 26.7 0.9

Leu 6.9 23.6 1 1.5

Val 6.9 24.2 3.7

Phe 6.9 19.9 10.7

C—N B-Scission

Ala 9.7 75.0 84.1

Leu 9.7 72.0 101.1

Val 9.7 71.1 96.7

Phe 9.7 80.9 89.7

C—R B—Scission

Ala 9.8 56.3 39.5

Leu 7.3 22.6 22.6

Val 7.5 18.9 9.0

Phe 7.3 10.6 7.7

 

a Derived from the calculated reaction enthalpy (AH, kJ mol I, Table 716) and the

ionization energy (1E, eV) of the radical fragment using the empirical relationship of

Atkinson.15

We have investigated the applicability of a number of these correlations to the

alkoxyl radicals of the present Chapter, using theoretical ionization energies (calculated

with CBS-QB3) and enthalpies (calculated with UB3—LYP/6-311+G(3df,2p)//UB3—

LYP/6-3lG(d)). In general, the empirical methods give poor agreement with the

directly calculated kinetic parameters for the alkoxyl radicals of this Chapter. For

example, although the empirical activation energies derived from the Atkinson

parameters (Table 7.7) show the general pattern of the calculated values, i.e., high for

C—N B-scission reactions and lower for C—C backbone and C—R side-chain B-scission

reactions, deviations between the explicitly-calculated and empirically-estimated

activation energies can be large. The best agreement is seen for the C—R side-chain B-
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scission reactions. This may be attributed to the radical fragments in these reactions

being alkyl—type radicals, and the empirical relationships being derived from alkyl—

substituted alkoxyl radicals. However, the empirical relationships do not provide a

practical alternative means for deriving activation energies from computations, as the

saving in computational cost is minimal and the resultant activation energies are

generally in poor agreement with the directly calculated values.

7.4 Conclusions

Arrhenius parameters have been calculated for models of the three types of B—

scission reactions involving an alkoxyl radical located at the a-carbon position of a

peptide. The parameters have been obtained for the Ala, Leu, Val and Phe residues to

illustrate the effect of variation in the side chain. We find that the rates of C—C

backbone B-scission are all fast, with rate constants on the order of 10'2 5", consistent

with previous EPR data.5 The C—N backbone B-scission reactions are all found to have

very small rate constants that range from 104‘5 to 10’0”7 s". The side-chain C—R [3-

scission reactions have a range of rate constants that depend on the side chain (R). The

rate constants are found to increase as the stability of the daughter radical (-R) resulting

from the side—chain B—scission increases. We predict that alkoxyl radical B-scission

reactions from an u—C-centered radical on a peptide involving side—chain daughter

radicals that have radical stabilization energies greater than approximately 30 kJ mol"

are likely to compete with the backbone C—C B-scission reaction. The residues

identified in this Chapter that are likely to display this behavior include Ser, Thr, Cys,

Phe, Tyr, His and Trp. Experiments are currently in progress to see if this prediction

can be verified.
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Table A1.1

Comparison of Calculated and Experimental Heats of Formation (298 K, kJ mol_]) for Closed-

Shell Species
 

 

 

AHf°(lheory)h deviation (theory — expt)e

ROCBS- CBS—0133c ROCBS-
Molecule AHf°(expt)a CBS—0B3“ QB3‘-d 0133‘-d

GZJ test set

L1H 139.3113 140.611 140.511 1.3116 1.2116
CH2 ('A.) 430.114 429.3105 429.7105 —0.814 —0.414

CH4 (methane) 174.5104 174.1105 43.6105 0410.6 0910.6
NH3 46.0104 414.2101 414.3101 1.8104 1.7104
1120 1241.831004 —242.610.1 1241 .6101 10810.1 0210.1
HF 12724107 12745103 12737103 —2.1108 11310.8
81H2 CA.) 272.2115 265.3116 , 265.9116 —7.515 —6.915
81H.1 34311.5 25511.6 26211.6 —8.812.2 18,1122
PH3 5411.7 1.611 1.211 13.812 —4.212
Hgs 120.5105 —23.410.2 121.6102 —2.910.5 11.1105
HCI 192.5102 193810.01 19221001 —1.3102 0310.2
Li2 215.913 215.512 215.412 —0.414 10.514
LiF 1335.118 13343113 13335113 0.818 1.618
c2112 (acetylene) 228.2107f 234.7110 235.6110 6.7112 7.6112
C2H4 (ethylene) 52.3103 56111.0 57011.0 3811.0 4.7110
€sz (ethane) 183.710.} —82.011.0 —81.111.0 1.7110 2.6110
HCN 128.914 132.8106 133.1106 3.914 4.214
CO ._1 10510.2 11113106 1 1 09.8106 10.8106 0.7106
HzCO 408.8105 —113.010.6 —111.510.6 —4.210.8 12710.8
CHJOH 12017105 —203.010.6 -2015106 —1.310.8 0.2108
N2 0 2.8101 2.6101 2.8101 2.6101
mm 95.4105 99.1101 988101 3.7105 3.4105
HOOH —1 36.0102 1138.9102 436.8102 12.9103 10,8103
F2 0 0.0106 1.6106 0010.6 1.6106
C02 1393,7102 1398.310] 13957107 4.6107 —2.1107
Na2 142.3102 141.0114 140.8114 —1.311.4 11511.4
P2 143.512 142.212 141.512 —1 .313 12.013
C12 0 10.41002 2.71002 10.41002 2.710.02
NaCl 1182.411 1182.410] 1181.010] 0011.2 1.4112
510 402.913 1100.811] 199.1117 2.1134 3813.4
SC 279.9104 279.9107 282.2107 0.0108 23108
so 5011.3 3.7103 6610.3 —1.311.3 1.6113
CIF ~55.215 —51.410.3 49.1103 3.815 6.115
SizH6 79.9il.3 7l.5i3.2 72.8132 ~8.4i3.5 17.1135
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Table A1.1 (continued) Comparison of Calculated and Experimental Heats of Formation (298

K, k] mol’l) for Closed-Shell Species

 

 

 

AHfltheory)b deviation (theory — expt)‘

ROCBS- CBS-0133‘

Molecule AHflexpt)“ CBS-0B3“ 0133"d ROCBS-QB3“

CH3CI 182.012 —83.710.5 —81.710.5 —1 .712 0.312

CH3SH —23.010.6 —23.810.7 41510.7 —0.810.9 1510.9

HOCI —74.512 —77.010.1 44410.1 4.512 0.112

so2 496.6102 493.3104 —289.310.4 3310.4 7310.4

62-2 test set

BF; 11 135.5108 w11296117 "1126»7i1-7 5.9119 8811.9

BC13 40412 408.6108 4034108 —4.612.2 0.6122

AIF3 4209125? 4217.415 -12'4-3i5 18.416 —5.316

AICI3 158512.93 1610914 5605-614 45.915 40.615

CR. 433.011 1941,4117 -937-7i1»7 8412.0 4.7120

CC14 47113 11121105 -105-5i0-5 115.0130 —8.413.0

cos 1138.512 --148.510.8 7145-30-8 40.0122 16.7122

cs2 117211 1067109 1 1039*0-9 110.511 .3 —6.311.3

CF20 1609214" 16121112 -60980*‘ 2 4.9142 0.2142

S112. —1615.010.8 116134128 *1609-6i28 1.6129 5.4129

SiCL. —662.710.8g 678.6116 767117316 115.9118 19.0118

N20 82010.4 77310.2 78~1i0~2 4,710.4 —3.910.4

CINO 51910.4 52910.2 553*” 1010.4 3410.4

NF3 4322113 1140911 .0 433-6i1-0 18711.6 —6.411.6

PF3 1958.6138E ~946.911.9 '944-9i1-9 11.7142 13.7142

03 1427117 144810.30 ‘47-9i0-30 2111.7 5211.7

F20 24.7117 20.9105 236*“ —3.811.8 11.1118

CIF3 115915.0g 443.1109 4392*0-9 15.915 19.815

C2F4 167216 —6825122 7678~4i212 110.5164 —6.416.4

C2C14 12.612 40.8110 '3-7i1-0 43.412 —16.312

CF3CN —499.811.2 1504,1120 400-9120 41.3123 4.1123

C3H4 (propyne) 185.4109 192.0115 193»4i1»5 6.6118 8.0118

c3114 (allene) 190.411 195.4115 196-8i1-5 5.0118 6.4118

C3114 (cyclopropene) 27713 290.8115 2922i] -5 13813.4 15213.4

c3116 (propene) 20210.4 26.1115 279i] -5 5911.6 7711.6

C3116 (cyclopropane) 53.3105 60411.5 61-811-5 7111.6 8.5116

c3118 (propane) 404.5103 400.7115 -99-4=H -5 3811.6 5111.6

C4116 (butadiene) 110.0108 120.0120 1218*“) 10.012 11.812

C4116 (2—butyne) 145.611 155.2120 157'0i2-0 9.612 11.412

C4H6(methylene cyclopropane) 20112 201.0120 202.8120 0.013 1.813

C4116 (bicyclobutane) 217,010.23 231.6120 233.4120 14.612 16.412

C4116 (cyclobutene) 156.7115 170.9120 172.7120 14.213 16.013
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Table Al.l (continued) Comparison of Calculated and Experimental Heats of Formation (298 K,

kJ mol") for Closed-Shell Species

 

 

 

Altlf°(theory)b deviation (theory 1 expt)‘

Molecule Almexpt)a CBS-013.3c ROCBS-QB3“ CBS-083‘ Roms-0133‘-d

(:.,11a (cyclobutane) 28.4105 34712.0 36-51'2-0 6.312 8.112

can8 (lsobutene) 116.711 .1 19212.0 -7-4i2-0 7.512 9.312

C4H10 (butane) 4255107 11205121 4187*” 5.012 6.812

C411,0 (isobutanc) 11 34.3106 11 28412.1 -126-6i2-1 5.912 7.712

c5118 (spiropentane) 185.4108 193.3125 195-6325 7912.7 10212.7

1:6116 (benzene) 82.4105 91213.0 93913-0 8.813 11.513

C112F2 4506108 4156511.] 454-41” 15911.4 —3.811.4

CHF3 1697.118 17034114 4005114 —6.318.1 13418.1

0120; —95.710.8 199.0105 45.5105 —3.311.0 0211.0

CHCI3 404.812 11 10.8105 71057105 4,012.1 —0.912.1

€113an (methyl amine) 123.0104 120.0i0.6 -19-6i0-6 3.0107 3,4107

CH3CN (methyl cyanide) 74010.4 77511.1 783*] ~1 3511.1 4.3111

CH3N02 (nitromethane) —74.511 181.9108 779-5103 17411.3 —5.011.3

CH3ONO (methyl nitrite) 46.5109 43.1108 77030-3 166112 4.2112

CH38iH3 (methyl silane) 12914 12912.1 *28i2-1 0.015 1.115

HCOOH (formic acid) 1378.8105 382.6107 480*” 1,810.9 4210.9

HCOOCH; (methyl female) 1355.610] 13648112 736138112 19211.4 16211.4

CH3CONH2 (acetamide) —238.310.8 12353112 7233M] ‘2 3.0114 4,911.4

CZHANH (aziridine) 126.5109 130.4111 13 1 211-1 3911.4 4711.4

NCCN (cyanogen) 306.7107 312.911 .1 3135i] -1 6211.3 6811.3

(CH3)2NH (dimethyl amine) 48.5104 —1 55111 7141711 -1 3.0112 3.8112

CH3CH2NH2 (ethyl amine) 47.5107 46511.1 45-81” 1011.3 1711.3

CHZCO (ketene) 47712.5 47.311 .1 45~8il~1 0.4127 1.9127

C2H4O (oxirane) 152.6106 154.711 .1 7527*” —2.111.3 10.111 .3

CH3CHO (acetaldehyde) 11 65.8104 11 65.811 .1 -1 63-91] J 0.0112 1.9112

HCOCOH (glyoxal) —211.910.8 1217.311 .1 414-41” J 154114 —2.511.4

CH3CH20H (ethanol) —234.810.2 434.81] .1 4319*] -1 0011.2 1911.2

CH3OCH3 (dimethyl ether) —1 84.0105 1187.81] .1 —185.811.1 13.8112 —1 .811 .2

Czflas (thiooxirane) 82.1112 77.9112 80-7i1-2 4.2117 11.4117

(CH3)ZSO (dimethyl sulfoxide) —l5] .3i0.8 1148.41] .3 444.61] .3 2911.6 6711.6

cszsn (ethane thiol) 46.3106 45011.2 423*]? 1311.4 4011.4

CH35CH3 (dimethyl sulfide) —37.510.5 138.3112 ‘35-6i1-2 —0.811.3 1,911.3

CH2=CHF (vinyl fluoride) 438.8117 441.7113 7140-0i1-3 w2,912.2 —1.212.2

C2H5Cl (ethyl chloride) —112.110.5 11 12.1110 409-61" -0 0.011 2.511

CH22CHCI (vinyl chloride) 2312j 25.1110 27.5110 2.112 4.512

CH2=CHCN (acrylo nitrile) 1841 194.2116 195.4116 10211.6 11.4116

CH3COCH3 (acetone) —217210.4 1217.211.6 7214-8i1-6 0011.7 2411.7

CH3COOH (acetic acid) 432.1104 432.9112 429-91112 —0.8:tl .3 2211.3

CHgCOF (acetyl flouride) 442.213 442.6114 7439-9i1~4 —0.413.3 2313.3

CH3COCI (acetyl chloride) 124311 —243.811.1 1240.311 .1 —0.811 .5 2711.5
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Table Al.l (continued) Comparison of Calculated and Experimental Heats of Formation (298 K,

k] mo]") for Closed-Shell Species
 

 

 

Alil;°(theory)b deviation (theory 1 expt)c

Molecule AHflexpt)’ CBS-033c Rows-0133“-d CBS-Q33c 110033.033“-d

CH3CH2CH2CI (propyl chloride) 1132,4106 1132.411 .6 —129.511.6 0.0117 2.9117
(CH3)2CHOH (isopropanol) 12725104 1272.111 .6 1269.7116 0.4117 2.8117
C2H5OCH3 (methyl ethyl ether) 12164106 12210116 1218.61] .6 —4.61l.8 —2.211.8
(CH3)3N (trimethyl amine) 43710.6 124.4116 -23-2i1~6 —0.71l.7 0.5117
0,1140 (furan) 44810.4 131.5121 -28-6i2-1 3312.2 6212.2
C4H4S (thiophene) 115.111 116.8122 1204*” 1712.4 5312.4
C4H5N (pyrrole) 108.4105 103.1121 104-8i2-1 15.3121 13.6122
C5H5N (pyridine) 140.6115 144.5126 146-6i2-6 3.9130 6013.0
112 0 4.61001 14.61001 4.61001 4,610.01

MDk 10.4 +1.7
MADk 11.3 4.7117 4711.7

RMS" 12.0 6.6117 6.3.11.7

LD" 18 125.915 120.615

Excluding species1 with total experimental uncertainties 2 5 kJ mol"

M1)k 10.1 +2.0

MADk 11.0 4411.5 4411.5

RMSk 11.4 6011.5 5811.5

Ll)k 14 123.412 +16.412

 

a Reference 1, except as noted. h The uncertainty in the calculated value reflects the uncertainty in the experimental

heats of formation ofthe constituent atoms (Table 3.3). c Conversion of CBS-QB3 energies and deviations (reference

2) from kcal mol'l to k] mol‘l introduces an uncertainty ofi 0.4 kJ mol". d ROCBS—QB3 energies and deviations are

obtained from the corresponding CBS-0B3 values (reference 2) by adding the A(ROCBS-QB3) values of the

constituent atoms (see Table 3.3 footnote c). c The uncertainty in the deviation from experiment reflects the

uncertainty in both the experimental and the calculated values for the heat of formation ofthe molecule: 5d” : [sap2 +

scalcz ]“2 fReference 3. 3 Reference 4. h Reference 5. i Reference 6. j Reference 7. R MD = mean deviation, MAD =

mean absolute deviation, RMS : root mean square deviation, LD = largest deviation, from experimental values. I Sin.

LiF, ClF, Ang, AlC13,ClF3, C3F4, CHF3 and CHysng.
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Table A1.2

Comparison of Calculated and Experimental Ionization Energies (0 K, kJ mol'])

 

deviation (theory - expt)b
 

 

Molecule lE(epr)a CBS-0B3 ROCBS-QB3

02—] test set

Li 520.21 0.001 15.0 —5.2

Be 899.51 0.001 5.0 4.7

13 800.61 0.002 77.1 —6.6

C 1086.41 0.01 —6.7 16.6

N 1402.31 0.1 13.3 —4.5

0 13139101 “—1.3 11.8

F 1681.1101 5.0 5.0

Na 495.8101 11.3“ 11.1“

Mg 737.7 1 0.1 , 5.4 4.7

Al 577.61 0.1 15.4 —6.2

$1 786.51 0.003 18.4 -8.0

P 1011.81 0.001 17.9 —3.9

s 999.61 0.1 18.8 18.7

CI 12512101 150 —3.5

CH4 12167110 100110 9311.0

N113 9828371100002d «0.9 11.8

011 1255.91002 13 0.0

1120 121791003 3.3 2.0

FH 15480103 88103 7.6103

5111.1 1061.3119 0811.9 1.2119

PH 979.2108 41.2108 —3.4¢0.8

P112 947.9102 15.9102 14.9102

P113 952.3102 11.7102 11 .3102

s11 1005.61004 —2.9 —7.5

5112 (2B1 cation) 10086101 12.5 11.9

5112 (2A. cation) 1231,1135 1.3135 4.7135

HCI 1229.9102 2.5102 1.4102

C2112 110021003 38 3.0

c2114 1014.4101 3.3 2.9

co 135221003 5.0 3.5

N2 (22 cation) 15033108 2.9108 1.9108

N2 (2n canon) 1611.2101 5.0 4.3

02 116451002 8.8 11.9

P2 10196102 17102 12.8102

52 9027102 4.2102 9.2102
C12 1107.7103 3.8103 0.3103
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Table A1.2 (continued) Comparison of Calculated and Experimental Ionization

Energies (0 K, Id 111014)
 

deviation (theory — expt)b
 

 

Molecule 1E(expt)a CBS-QBS ROCBS-QB3

CIF 1221.511.0 3,311.0 2.1110

SC 1093.2110 15.0110 —0.511.0

62-2 test set

H 1312.110] 0.0 0.2

He 2372410.] 2.9 29

Ne 2080.710] 11.3 13.5

Ar 15206101 12.1 2.3

BF3 1515130“f 5.2130 4.4130

1303 1119.212 1.712 0.312

321:4 1164.4c (vertical) 126.8 (adiabatic) w27.8(adiabatie)

€02 13294102 0410.2 0510.2

0:2 1101.9110 5.4110 5.0110

ocs 1079.2102 2.1102 1.6102

(‘52 972.6102 , 2.5102 12.7102

CH2 (33]) 10031103 16.7103 15510.3
CH3 949.1105 13.8105 12.8105

c2115 783.2108 2.1108 3.2108

CJH4 932.8105 11.7105 11.8105

CHZCCHZ 934.7102 2110.2 2410.2
Sag“. 711.1119 10.0119 10911.9

CfiHfi 891910.006 8.4 815

QHSCHJ 851.9“101 8.4

CN 135412 (’11)g 4.412 5.112

HCO 785.4139 1.3139 1.9139

CHZOH 729.4110 12511.0 13.2110

c1130 1034.3110 2911.0 4611.0

l-lgCOH 10469129 6.7129 6.9129

CH; 12033110 12611.0 11.8110

CHIS 904.6103 12910.3 12010.3

CHZSH 727.1103 13.8103 13.0103

CH3SH 911.1102 0.8102 10.7102

0430 1086,9103 6.3103 0510.3

CszOH 1010.0”17 18.417 16.017

CHJCHO 9867105 4.2105 3.6105

CH30F 1094.1108 6.7108 7.3108

Q1145 873.3106 2510.6 0910.6
NCCN 1290.4108 0.8108 1.6108

C4H4O 856.811 .091 3811.0 2.9110

(3.1141911 792.0"105 4.2105 3.3105
CfiHSOH 820.9“12 5.012
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Table Al.2 (continued) Comparison

Energies (0 K, kJ mol")
of Calculated and Experimental Ionization

 

deviation (theory ~ expt)‘7
 

 

Molecule lE(e>tpt)a CBS-QB3 ROCBS-QB3

C6H5NH2 744.815 0.815 2.915

32114 935.9119 ~12.111.9 112.6119

NH 1301,6110 15411.0 —4.511.0

NH2 1074.811.0 3.8110 2711.0

Nsz 925.2107 2110.7 0410.7
N2H3 734.2110 10411.0 —1.111.0

HOF 12263110 6311.0 6111.0

SiH2(]A1) 882.8119 4211.9 13.5119

311-13 784.9105 15910.5 15.4105

$sz 791.2119 13.8119 12911.9

Si2H4 780.6129 1312.9 0312.9

3121—15 7335“ 2.9 2.5

SizHe 939.8119 111.3119 —11.211.9

MDh +0.4 +0.4

MAD” 10.6 4410.1 4110.1
RMSh 11.0 5.310.] 5.210.]

LD" 13.9 12.6110 43.5101

 

aExperimental values have been reproduced from reference 8 unless otherwise noted. bExperimental

uncertainties greater than 0.] kJ mol’] are included explicitly. " Includes Na core—valence correlation energy

correction (10.29tha + 7.43q2Na k] mol‘l. see reference 9). d Reference 10. ’ Reproduced from reference 11. f

Reference 12. g Reference 13. h Excludes BF3, BZF4, C6H5CH3 and C6H50H.
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Table A1.3

Comparison of Calculated and Experimental Electron Affinities (0 K, kJ mol_])

 

deviation (theory — exp!)h
 

 

Molecule EA(expt)a CBS-QB3c ROCBS-QB3

02-] test set

c 121 .9“10.03 17.5 18.2
0 141 .0“100003 18.4 18.]
F 328.2“100004 13.3 12.9
Si 134.131001 .42 _3.0

13 72.01003 15.9 11.0
s 2004"100001 1.3 1.8
C, 348.6“1001 6.3 8-5
CH 119.4108 40510.8 —9.610.8
CH2 62.9106 12910.6 10210.6
CH3 7.7129 43412.9 19.4129
NH 35.7104 110.5104 19.9104
NH2 74913.6 15.9i3.6 17.6116
011 176310004 163 16.8
SiH 123.2108 4.9108 » 6.3108
5ng 108.4i2.l 40512.] 18.6121

51113 1357114 13811.4 13.1114

1)}; 99.2110 12911.0 —2.311.0
P112 122.6:tl .0 41411.0 12011.0

511 2236102 0.8102 3.6102

02 43510.7 08107 12.8107
NO 25in ~0.810.5 1510.5

CN 372.6105 4.2105 2.6105
p0 105.4110 —3.311.0 11811.0
52 1605139 3.3139 12.0139

C12f 232t20 11.3120 12.2120

62-2 test set

Li 59.610.02 4_2 45

B 270310.003 1109 18.3

Na 52.910004 8.4" 3.7“

A1 41.8‘10005 _9.6 13.7

C2 315.8108 —8.410.8 17.8108
C20 2209117 2.9117 1.1117
CF: l7.3:l:0.5 —2.9i0.5 11.4:t0.5

NCO 348.2105 0.0105 0.6105
N02 2193105 0.4105 11.1105
03 2133104 11.3104 1.3104
OF 219.2106 0810.6 0010.6
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Table Al.3 (continued). Comparison

Electron Affinities (0 K, kJ mol“)
of Calculated and Experimental

 

deviation (theory — expt)b
 

 

Molecule EA(expt)a CBS-QB3c ROCBS-QB3

so2 106.8i0.8 5.0108 7.4108
520 181.1i0.8 10.0i0.8 9.13:0.8
CZH 286.5106 71.7¢0.6 71 310.6

C2113 64.4i2.3 0.0i2.3 l.3:t2.3

c3142 173.1i0.8 2.9108 2.3108
cm; 86.2i0.5 70.84205 0305

C3H5 46.4t0.8 4.33508 —4.2:t0.8

HCO 302505 76305 76.8105

HCF 52.3i0.5 4.2205 —3.3i0.5

CH30 151-5i0.5 70410.5 61.1i05

CH3$ 179.6:t0.4 2.53.04 1 .8104

€st 449122 2512.2 3.6i22

CHgCN 149.0306 72.9t0.6 —l.5:t0.6
CHZNC 10211125 5.4:t2.5 4.5i2.5

CHCO 226.7i2.) 70412.1 6.5221

CHQCHO 176.010.0043 71.7 —0.5

CHICO 40.8i3.6 0.4i3.6 —0.5¢3.6

CHgCHzo 165.305 7.1105 ~0.3i0.5

CH3Cst 188.4i0.4 5.4i0.4 2.4504

LiH 330112 71.3112 71.6112

HNO 32.6il .5 4 .711 .5 0721.5

H00 104.014 .6 71311.6 4.91! .6

MD —1.3 —1.3

MAD $0.9 4.3i0.2 3.9102

RMS 11.3 55:02 5.0102

LD 13.9 11.3:04 —9.9¢0.4
 

aExperimental values have been reproduced from reference 8 unless otherwise

noted. b Experimental uncertainties greater than 0.] kJ mol'1 are included explicitly.

c Reproduced from Ref 9. d Reference 14. e Reference 15. r Excluded from all

statistics. 3 Reference 16. h Includes Na core-valence correlation energy correction

(10.29qNa+ 7.43q2Na kJ mol", see reference 9). lReference 17. jReference l8.
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