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Abstract

The chemical properties affecting dehalogenation reactions occurring by homolytic bond

cleavage and hydride transfer are investigated for halogenated aromatics. Gas phase

bond dissociation enthalpies and standard enthalpies of formation, aqueous bond disso-

ciation free energies and Gibbs free energies of formation, aqueous Gibbs free energies

of dehalogenation, and aqueous two-electron reduction potentials are predicted for ben-

zene and the 36 (poly)fluoro-, (poly)chloro-, and (poly)bromo- benzenes using a vali-

dated density functional protocol combined with continuum solvation calculations when

appropriate. The nucleophilic aromatic substitution reactions of halogenated aromat-

ics in aqueous solution are investigated, as is the binding of halogenated aromatics to

model complexes simulating a rough Rh/Al2O3 catalyst. A computational methodology

is presented that could be used to extend these studies to highly condensed aromatic

systems.
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Chapter 1

Introduction

Halogenated aromatics represent an important class of environmental contaminants for

which the exploration of chemical and biological remediation mechanisms has been a

particularly active area of research [1–3]. Fluoroaromatics constitute an emerging class

of pharmaceuticals, agricultural chemicals, surfactants, and other chemicals of industrial

origin [1, 4–6]. Chloroaromatics are ubiquitous environmental contaminants that have

historically been used in dissipative applications [2, 7, 8]. Bromoaromatic pollutants

include dyes, agricultural chemicals, and especially flame retardants [3, 9–13].

1



2

1.0.1 Homolytic Bond Cleavage

One important pathway for the dehalogenation of aromatic compounds is the homolytic

cleavage of carbon-halogen bonds. This can be achieved, for example, through thermo-

chemical and sonochemical [14] processes. While thermal treatments of halogenated aro-

matic materials are often undesirable as they require extreme conditions and have the po-

tential to generate toxic by-products [15], thermochemical dehalogenation has achieved

some success in practical applications where conditions are carefully controlled [16–18].

In the case of sonochemical applications, complete mineralization of various chlorinated

benzenes in water has been reported [19,20], and it has also been demonstrated that, for

fluorobenzene, chlorobenzene, bromobenzene, and iodobenzene, sonochemical degrada-

tion is initiated by homolytic cleavage of the carbon-halogen bond, resulting in benzene

as the product (although in the case of fluorobenzene, the cleavage of weaker carbon-

hydrogen bonds also leads to polymeric by-products) [21].

Owing to their wide use to elucidate a fundamental understanding of the thermo-

dynamics of the chemical transformations of organic molecules [22, 23] and their spe-

cial importance to reactions involving homolytic cleavage, an analysis of the gas phase

bond dissociation enthalpies and aqueous bond dissociation free energies of all carbon-

hydrogen and carbon-halogen bonds for benzene and the (poly)fluoro-, (poly)chloro-,

and (poly)bromo- benzenes is undertaken in chapter 3. In doing this, the gas phase

enthalpies of formation and aqueous free energies of formation are predicted using an
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isodesmic formalism. As the thermodynamics of reactions also give insight into the mi-

crobial processes through which they are catalyzed [24], the Gibbs free energies of reac-

tion, with dihydrogen as the electron donor, as well as two-electron reduction potentials

against the standard hydrogen electrode are predicted for all possible hydrodehalogena-

tion reactions of the substrates studied.

1.0.2 Hydride Transfer

Another important pathway for the dehalogenation of aromatic compounds is hydride

transfer. One simple but energy intensive way that dehalogenation through hydride

transfer has been accomplished is through a hydride-halide exchange reaction with metal

hydrides [25,26]. Additionally, there are many transition metal based catalytic systems

which can achieve hydrodehalogenation by binding hydrogen and transferring it from

the metal center to the aromatic substrate [27–29]. In some systems [28], the carbon-

halogen bond is broken by oxidative addition, initiating a cycle that is completed with

hydride transfer to the aryl group. In other systems, the nucleophilic attack of the

halogenated aromatic by a hydride donor initiates the process. The latter can occur

through two different mechanisms. In one mechanism, the hydride attacks a halogen

substituted carbon, resulting in hydrodehalogenation in a single concerted step. In

a second mechanism, a hydride attacks a halogenated substrate at an unsubstituted

site, resulting in the formation of a stable anionic σ-complex. In the latter case, the

anionic complex is typically subject to rapid protonation, and can subsequently undergo
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β-elimination, resulting in net hydrodehalogenation in two steps. There is evidence

that microbial degradation of nitroaromatics proceeds through stepwise hydride transfer

[30–32], but we are unaware of any evidence for similar microbial pathways for the

degradation of halogenated aromatics. These reactions are studied for the case of the

(poly)fluoro-, (poly)chloro-, and (poly)bromo- benzenes in chapter 4.

1.0.3 Rh/Al2O3 Catalysis

Several approaches to the use of transition metal compounds to catalyze the dehalo-

genation of aromatics have been explored [33–35], including recent studies from our

laboratory on the catalytic dehalogenation of halogenated benzenes with a Rh/Al2O3

catalyst in aqueous solution [36,37]. The later set of studies has produced some interest-

ing but unexplained results; the binding of (poly)fluoro- and (poly)chloro- benzenes to

model Rh complexes are studied and compared to this experimental system in chapter

5.

1.0.4 Extensions to Larger Systems

Although substituted benzenes are the only aromatic compounds studied in chapters 3,

4, and 5, there are also many halogenated polycyclic aromatic hydrocarbon pollutants

which have been detected in the environment and have been shown to have consider-

able toxicity [38–42]. Moreover, the recent advent of halogenated graphene materials
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introduces the possibility of even more highly condensed halogenated aromatic environ-

mental pollutants [43, 44]. While application of the computational modeling techniques

discussed in chapters 3, 4, and 5 to the former compounds should be relatively straight

forward, the use of electronic structure theory to study the later materials poses partic-

ular difficulties owing to their extreme open-shell character. In chapter 6, a theoretical

methodology is developed to study large, curved polycyclic aromatics which could be

used in future computational studies of these fascinating new materials.



Chapter 2

Nomenclature1

The (poly)halogenated benzenes are identified here in accordance with IUPAC conven-

tions, except in tables, where they are identified by their congener class. Each congener

class is defined by halogen substitution patterns and is identified by the prefix corre-

sponding to its number of halogen substitutions and additionally, where necessary, by

its locant, as detailed in Figure 2.1.

1 Adapted with permission from Sadowsky, D.; McNeill, K.; Cramer, C. J. Ther-
mochemical Factors Affecting the Dehalogenation of Aromatics. Environ. Sci. Technol.,
2013, 47, 14194–14203. Copyright 2013 American Chemical Society.

6
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Figure 2.1: (Poly)halogenated benzene congeners

mono 1,2-di 1,3-di 1,4-di 1,2,3-tri 1,2,4-tri 1,3,5-tri

1,2,3,4-tetra 1,2,3,5-tetra 1,2,4,5-tetra penta hexa



Chapter 3

Thermochemistry1

3.1 Introduction

Halogenated aromatics represent an important class of environmental contaminants for

which the exploration of chemical and biological remediation mechanisms has been a

particularly active area of research. Chlorinated aromatics have perhaps received the

most attention, as they are ubiquitous environmental contaminants that have historically

been used in dissipative applications [2, 7, 8]. However, the rapidly increasingly levels

of brominated organic pollutants, especially flame retardants, in the environment has

also been given much attention in recent decades [3, 9–13], and fluorinated aromatics

potentially constitute an emerging class of pollutants that include agricultural chemicals

and several widely used pharmaceutical products [1, 6].
1 Adapted with permission from Sadowsky, D.; McNeill, K.; Cramer, C. J. Ther-

mochemical Factors Affecting the Dehalogenation of Aromatics. Environ. Sci. Technol.,
2013, 47, 14194–14203. Copyright 2013 American Chemical Society.

8
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Gas-phase standard enthalpies of formation are widely used in the modeling of ther-

mal reactions in atmospheric chemistry [45] and the kinetic modeling of combustion

processes [46]. Furthermore, the bond dissociation enthalpies (BDEs) which are de-

rived from these quantities are widely used in explaining chemical phenomena. Taking

benzene and the 36 possible (poly)fluoro-, (poly)chloro-, and (poly)bromobenzene con-

geners as a set representative of this class of compounds, density functional theoretical

(DFT) calculations are undertaken in order to predict key physical properties relevant

to dehalogenation. Gas-phase standard enthalpies of formation are predicted for all 37

members of the set as well as the 58 radicals which can be formed by homolytic cleavage

of a carbon-hydrogen bond of a member of the set. From these results, an analysis of

carbon-hydrogen and carbon-halogen BDEs is undertaken. Aqueous Gibbs free energies

of formation are also predicted, as well as free energies of hydrodehalogenation and two-

electron reduction potentials, which can be useful in understanding the susceptibility of

environmental pollutants to microbial degradation [47,48].

3.2 Materials and Methods

3.2.1 Computational Methods

All DFT calculations are done at the hybrid meta-generalized-gradient level of density

functional theory, using the M06-2X functional [49], the standard 6-311+G(3df,2p) basis

set, and an integration grid of 99 radial shells and 590 angular points per shell. The



10

M06-2X functional has been extensively benchmarked and was chosen by reason of its

high accuracy for organic compounds [50–53]. The geometry of each structure is opti-

mized to a maximum force of 2.0 · 10−6 au, a root mean square (RMS) force of 1.0 · 10−6

au, a maximum internal coordinate displacement of 6.0 · 10−6 au, and a RMS internal

force displacement of 4.0 · 10−6 au. All optimized geometries are confirmed to be local

minima on the model chemistry potential energy surface by analytical calculation of the

vibrational frequencies following the usual quantum-mechanical harmonic-oscillator ap-

proximation. These vibrational frequencies are scaled by a factor of 0.970, a parameter

that has been empirically fit for M06-2X to reproduce experimental zero-point vibra-

tional energies [54], and used in the calculation of zero-point vibrational energies and

vibrational partition functions. These quantities, along with the ideal-gas, particle-in-

a-box, and rigid-rotator partition functions, are used to calculate thermal contributions

to the enthalpy and Gibbs free energy of each structure using the thermo.pl script [55].

Aqueous solvation energies are calculated with the SMD [56] implicit solvation model,

and thermal contributions to thermochemical quantities in solution are calculated from

additional analytical frequency calculations with the SMD model chemistry [?]. All

CCSD(T) calculations [57] are done with a Douglas-Kroll-Hess (DKH) 2nd order scalar

relativistic Hamiltonian [58–60], point nuclei, and the DKH contracted aug-cc-pVTZ ba-

sis [61]. All calculations are performed with the Gaussian 09 electronic structure suite,

Revision C.01 [62].
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3.2.2 Statistical Methods

The R software environment, version 2.15.2 [63] is used for all linear regression analysis.

3.3 Results and Discussion

3.3.1 Standard Enthalpies of Formation

Gas-phase standard enthalpies of formation are predicted at 298.15 K and 1 atm pressure.

One manner in which to take advantage of error cancellation in a given model chemistry

is to compute the enthalpies of formation through the use of homodesmotic reactions such

as the one in Eq. B.1, where the compound of interest, having n halogen substituents,

is formed along with n − 1 molecules of benzene from the combination of n molecules

of either fluorobenzene, chlorobenzene, or bromobenzene (we follow here the convention

established by Wheeler et al. [64] for the definition of the word homodesmotic and related

terms). The standard enthalpy of this reaction, defined in terms of reactant and product

heats of formation in Eq. 3.2, can also be determined from the calculated enthalpies at

the given model chemistry (which reference a zero of enthalpy corresponding to infinite

separation of all particles in a vacuum). Combining these as in Eq. 3.3 provides an

expression for the standard enthalpy of formation for the species of interest in terms

of the enthalpy of reaction calculated at the given model chemistry (designated here as

DFT) and the enthalpies of formation of benzene and the singly halogenated benzene

references taken from experiment.
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nC6H5X −−→ (n− 1) C6H6 + C6H6−nXn (3.1)

∆rH
◦ = (n− 1)∆fH

◦(C6H6) + ∆fH
◦(C6H6−nXn)− n∆fH

◦(C6H5X) (3.2)

∆fH
◦(C6H6−nXn) = ∆rH

◦
(DFT )−(n−1)∆fH

◦
(exp.)(C6H6)+n∆fH

◦
(exp.)(C6H5X) (3.3)

No attempt is made here to estimate the uncertainty inherent in the electronic struc-

ture methods used, although this has been quantified elsewhere for homodesmotic reac-

tion energies with M06-2X [64]. The uncertainty owing exclusively to the use of experi-

mental values as references however, can be derived using the rules for the propagation

of uncertainty and a value of zero for the uncertainty of the DFT enthalpy of reaction,

as is done in Eq. 3.4. Values for the enthalpy of formation of benzene from the recent

literature, which include a value derived from the review of experimental data for the

liquid enthalpy of formation and enthalpy of vaporization [65], a value calculated using

the High accuracy Extrapolated Ab initio Thermochemistry (HEAT) protocol [66], and

a value obtained using photoelectron photoion coincidence spectroscopy and an Active

Thermochemical Tables analysis from Stevens et al. [67], are all in good agreement. The
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latter value, 19.9 ±0.1 kcal mol−1, is selected because of its experimental origin, low un-

certainty, and because it was reported along with values for the enthalpies of formation

of phenyl radical and all of the monohalogenated benzenes using the same method.

σ∆fH◦(C6H6−nXn) =
√

(n− 1)2σ2
∆fH◦(C6H6) + n2σ2

∆fH◦(C6H5X) (3.4)

The use of the homodesmotic reaction in Eq. B.1 can be expected to result in a

good canceling of errors, and has been shown to give accurate standard enthalpy of

formation predictions for M06-2X based model chemistries [64]. It has also been shown

that hyperhomodesmotic reactions such as the one in Eq. 3.5 offer a slightly better

cancelation of errors in most cases [64], although the particular reaction considered in

Eq. 3.5 requires reliable experimental values for two halogenated benzene references,

which do not exist in all cases. The variable q in Eq. 3.5 refers to the number of pairs

of halogen substitutions ortho to one another.

6(n− q) C6H5X + qC6X6 −−→ (6n− 5q − 6) C6H6 + 6 C6H6−nXn (3.5)

In the case of the (poly)fluorobenzenes, experimental values are available for se-

lected congeners from separate rotating bomb calorimetry studies [68–70], and these

values have been reviewed by Pedley [71]. A value for the standard enthalpy of forma-

tion for fluorobenzene which agrees with the value reported by Pedley, but with lower

uncertainty, is also available from the work of Stevens et al., and this value is used to
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predict the enthalpies of formation using the homodesmotic formalism. In addition, the

calorimetry value for hexafluorobenzene is reported to have an uncertainty of 0.3 kcal

mol−1 by Pedley, and is therefore an attractive choice for use as a second reference in

the hyperhomodesmotic reaction in Eq. 3.5. Both the homodesmotic and hyperhomod-

esmotic predictions are reported in Table 3.1, along with the known experimental values

and a previous set of theoretical predictions that have been reported [72]. The mean

signed differences (MSD) and root mean squared differences (RMSD) between each set

of theoretical predictions and the set of experimental values are also reported. Theoreti-

cal values that predict experimental values by design (for example, all of the predictions

for fluorobenzene) are omitted from the calculation of these statistical measures and are

reported in italics. The equations that are used to calculate the predicted enthalpies

of formation and the uncertainties owing to the use of experimental references for the

hyperhomodesmotic reaction and all subsequently proposed homodesmotic reactions are

explicitly derived in Appendix A.

The set of predictions from the hyperhomodesmotic reaction in Eq. 3.5 show a

smaller deviation from the experimental values than those calculated using the homod-

esmotic reaction in Eq. B.1, presumably due to a better canceling of errors. The agree-

ment of the predictions from the hyperhomodesmotic reaction with the experimental

data also suggests that the different sources of experimental data are in good agreement

with each other. The exception to this is the value for 1,2,4,5-tetrafluorobenzene from

Harrop and Head, which was rejected by Pedley in his review of the values.
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Table 3.1: Comparison of experimental and calculated gas-phase enthalpies of formation
for (poly)fluorobenzenes (in kcal mol−1).

Experiment Gomes et al.a Homodesmoticb Hyperhomodesmoticc

benzene 19.7 ± 0.2d 19.7 ± 0.2d 19.9 ± 0.1e 19.9 ± 0.1e

19.9 ± 0.1e

mono -27.7 ± 0.3d -27.7 ± 0.3d -27.6 ± 0.2e -27.6 ± 0.2e

-27.6 ± 0.2e

1,2-di -70.2 ± 0.2d -70.8 (± 0.7) -70.6 ± 0.5 -70.2 ± 0.2
1,3-di -73.9 ± 0.2d -74.5 (± 0.7) -74.4 ± 0.5 -74.4 ± 0.5
1,4-di -73.3 ± 0.2d -73.8 (± 0.7) -73.8 ± 0.5 -73.8 ± 0.5

1,2,3-tri -113.4 (± 1.1) -112.9 ± 0.7 -112.0 ± 0.3
1,2,4-tri -116.4 (± 1.1) -116.2 ± 0.7 -115.7 ± 0.5
1,3,5-tri -120.4 (± 1.1) -120.6 ± 0.7 -120.6 ± 0.7

1,2,3,4-tetra -154.8 (± 1.5) -154.4 ± 1.0 -153.0 ± 0.3
1,2,3,5-tetra -158.2 (± 1.5) -157.9 ± 1.0 -157.0 ± 0.5
1,2,4,5-tetra -154.6 ± 0.8f -157.7 (± 1.5) -157.5 ± 1.0 -156.5 ± 0.5

penta -192.8 ± 0.4d -195.5 (± 1.9) -194.8 ± 1.2 -192.9 ± 0.3
hexa -228.4 ± 0.3d -232.1 (± 2.2) -231.2 ± 1.5 -228.4 ± 0.3d

MSD - -1.9 -1.5 -0.6
RMSD - 2.3 1.9 0.9

aValues taken from Gomes et al. ( Ref. 72). Uncertainties calculated using Eq. 3.4.
bValues calculated using Eqs. 3.3 and 3.4.
cValues calculated using equations derived from Eq. 3.5. See SI for details.
dValues taken from Pedley (Ref. 71).
eValues taken from Stevens et al (Ref. 67).
f Value taken from Harrop and Head (Ref. 70).
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In the case of the (poly)chlorobenzenes, experimental values for the enthalpy of

formation of all congeners exist and have been reviewed by Pedley [71], whose recom-

mendations draw largely from the calorimetry work of Platonov et al [73–76]. For the

three trichlorobenzene congeners, an additional set of values has been reported by Yan

et al. [77], although these values vary from the values recommended earlier by Pedley

by as much as 3.1 kcal mol−1. Several authors have noted the difficulty that chlori-

nated hydrocarbons pose to accurate calorimetry and urge caution when considering

sets of experimental values from individual laboratories [78–80]. With the exception

of chlorobenzene, where Pedley’s value has been confirmed both by computation [81]

and the work of Stevens et al., there are no (poly)chlorobenzene congeners for which

replication of measurements by different research groups has produced values in agree-

ment with each other. This makes the homodesmotic formalism, which requires only

the values of benzene and chlorobenzene as references, much more attractive than the

hyperhomodesmotic formalism. The chlorobenzene value reported by Stevens et al. was

chosen as the experimental reference for this formalism, as the uncertainty of 0.1 kcal

mol−1 associated with this value is a considerable improvement over the 0.3 kcal mol−1

uncertainty in the value reported by Pedley. The standard enthalpies of formation

predicted using the homodesmotic formalism are reported in Table 3.2 along with the

experimental values from Pedley, Stevens et al., and Yan et al., and a previous set of

theoretical predictions that exist in the literature, those of León et al. [79]. We do not

know how the uncertainties reported in this set of predictions were calculated, but they
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Table 3.2: Comparison of experimental and calculated gas-phase enthalpies of formation
for (poly)chlorobenzenes (in kcal mol−1).

Experiment León et al.a Homodesmoticb

benzene 19.7 ± 0.2c 19.7 ± 0.2c 19.9 ± 0.1d

19.9 ± 0.1d

mono 12.4 ± 0.3c 12.4 ± 0.3c 12.5 ± 0.1d

12.5 ± 0.1d
1,2-di 7.2 ± 0.5c 8.1 ± 0.5 (±0.6) 7.6 ± 0.3
1,3-di 6.1 ± 0.5c 6.1 ± 0.5 (±0.6) 6.1 ± 0.3
1,4-di 5.4 ± 0.4c 5.4 ± 0.5 (±0.6) 6.0 ± 0.3

1,2,3-tri 0.9 ± 0.2c 4.6 ± 0.6 (±1.0) 3.4 ± 0.5
2.0 ± 0.4e

1,2,4-tri -1.9 ± 0.2c 2.2 ± 0.6 (±1.0) 1.7 ± 0.5
1.2 ± 0.4e

1,3,5-tri -3.2 ± 0.2c 0.1 ± 0.6 (±1.0) 0.4 ± 0.5
-0.6 ± 0.3e

1,2,3,4-tetra -6.1 ± 0.2c 1.5 ± 0.7 (±1.3) -0.4 ± 0.6
1,2,3,5-tetra -8.3 ± 0.2c -0.8 ± 0.7 (±1.3) -1.8 ± 0.6
1,2,4,5-tetra -7.8 ± 0.2c -1.1 ± 0.7 (±1.3) -2.2 ± 0.6

penta -9.6 ± 2.1c -1.4 ± 0.8 (±1.7) -3.6 ± 0.8
hexa -8.5 ± 2.2c -1.1 ± 0.8 (±2.0) -4.8 ± 0.9

MSDf - 4.5 3.5
RMSDf - 5.4 4.1
MSDg - 1.5 1.0

RMSDg - 1.7 1.1

aRef. 79 (uncertainties in parentheses calculated from Eq. 3.4)
bValues calculated using Eqs. 3.3 and 3.4.
cValues taken from Pedley (Ref. 71)
dValues taken from Stevens et al. (Ref. 67)
eValues taken from Yan et al. (Ref. 77)
f Differences between calculated values and the experimental values from Ref. 71 (n = 11)
gDifferences between calculated values and the experimental values from Ref. 77 (n = 3)

do not agree with the formalism proposed in Eq. 3.4. For comparison, both the reported

uncertainties and the uncertainties re-calculated with Eq. 3.4 are given. Interestingly,

the predictions from both León et al. and from this work are in better agreement with

the work of Yang et al. than with the values reported by Pedley.

In the case of the (poly)bromobenzenes, Stevens et al. report a value for the enthalpy

of formation of bromobenzene which is in agreement with the early value of Pedley

but with considerably less uncertainty (0.3 kcal mol−1 as opposed to 1.0 kcal mol−1).

As these are the only experimental values for the (poly)bromobenzenes available with
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known uncertainty, the use of the homodesmotic formalism is necessary. As bromine is

significantly heavier than fluorine or chlorine, the validity of our non-relativistic model

chemistry for predicting standard enthalpies of formation of brominated aromatics is

tested. DFT and CCSD(T) single point calculations with a 2nd order scalar relativistic

DKH Hamiltonian are considered for select high-symmetry bromobenzenes, the details of

which can be found in Appendix B. The calculations indicate that the use of the homod-

esmotic equation ensures a sufficient cancellation of errors such that the use of a relativis-

tic Hamiltonian and/or a more sophisticated treatment of electronic correlation is not

necessary. The standard enthalpies of formation predicted for the (poly)bromobenzenes

with the homodesmotic formalism are reported in Table 3.3, along with the recommended

predictions for the (poly)fluoro- and (poly)chlorobenzenes.
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Table 3.3: Predicted gas-phase standard enthalpies of formation of (poly)halogenated
benzenes and phenyl radicals (in kcal mol−1).

∆fH
◦(F )a ∆fH

◦(Cl)b ∆fH
◦(Br)b

mono -27.6 ± 0.2c 12.5 ± 0.2c 25.1 ± 0.3c

1,2-di -70.2 ± 0.2 7.6 ± 0.3 32.9 ± 0.6
1,3-di -74.4 ± 0.5 6.1 ± 0.3 31.1 ± 0.6
1,4-di -73.8 ± 0.5 6.0 ± 0.3 31.0 ± 0.6

1,2,3-tri -112.0 ± 0.3 3.4 ± 0.5 41.8 ± 0.9
1,2,4-tri -115.7 ± 0.5 1.7 ± 0.5 39.6 ± 0.9
1,3,5-tri -120.6 ± 0.7 0.4 ± 0.5 37.9 ± 0.9

1,2,3,4-tetra -153.0 ± 0.3 -0.4 ± 0.6 51.2 ± 1.3
1,2,3,5-tetra -157.0 ± 0.5 -1.8 ± 0.6 49.0 ± 1.3
1,2,4,5-tetra -156.5 ± 0.5 -2.2 ± 0.6 48.4 ± 1.3

penta -192.9 ± 0.3 -3.6 ± 0.8 61.1 ± 1.6
hexa -228.4 ± 0.3d -4.8 ± 0.9 74.4 ± 1.9

2-mono 35.8 ± 0.3 75.0 ± 0.2 87.0 ± 0.3
3-mono 33.4 ± 0.3 73.5 ± 0.2 85.9 ± 0.3
4-mono 34.1 ± 0.3 74.0 ± 0.2 86.5 ± 0.3
2,3-di -6.6 ± 0.3 69.9 ± 0.4 94.4 ± 0.7
2,4-di -10.2 ± 0.5 69.2 ± 0.4 93.6 ± 0.7
2,5-di -10.1 ± 0.5 68.7 ± 0.4 93.1 ± 0.7
2,6-di -8.2 ± 0.5 70.2 ± 0.4 94.2 ± 0.7
3,4-di -8.2 ± 0.3 69.3 ± 0.4 94.5 ± 0.7
3,5-di -13.2 ± 0.5 67.2 ± 0.4 92.0 ± 0.7

2,3,4-tri -47.9 ± 0.3 66.2 ± 0.5 103.7 ± 1.0
2,3,5-tri -51.9 ± 0.5 64.2 ± 0.5 101.1 ± 1.0
2,3,6-tri -49.4 ± 0.5 65.7 ± 0.5 102.2 ± 1.0
2,4,5-tri -51.3 ± 0.5 65.0 ± 0.5 102.2 ± 1.0
2,4,6-tri -53.5 ± 0.8 65.1 ± 0.5 101.5 ± 1.0
3,4,5-tri -50.0 ± 0.3 65.2 ± 0.5 103.4 ± 1.0

2,3,4,5-tetra -88.4 ± 0.3 62.6 ± 0.7 113.2 ± 1.3
2,3,4,6-tetra -90.0 ± 0.5 62.5 ± 0.7 111.9 ± 1.3
2,3,5,6-tetra -89.8 ± 0.5 64.7 ± 0.7 110.5 ± 1.3

2,3,4,5,6-penta -125.8 ± 0.4 60.5 ± 0.8 123.3 ± 1.6

aValues calculated using equations derived from Eqs. 3.5 and 3.7. See SI for details.
bValues calculated using Eqs. 3.3 and 3.4, and equations derived from Eq. 3.6. See SI for details.
cValues taken from Stevens et al. (Ref. 67).
dValues taken from Pedley (Ref. 71).
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The methodology used to predict enthalpies of formation above is extended to the

radicals formed by homolytic cleavage of carbon-hydrogen bonds through the reactions

in Eqs. 3.6 and 3.7 and the value of 80.6 ± 0.1 kcal mol−1 reported by Stevens et al.

for phenyl radical. The reaction in Eq. 3.7, although analogous to the reaction in Eq.

3.5, is not a hyperhomodesmotic equation under the definition proposed by Wheeler et

al., as it does not account for the difference between substituted and unsubstituted sp2

carbons adjacent to the free valence. As no suitable values for fluorinated phenyl radicals

are available for use as references in such a hyperhomodesmotic equation, recourse to

the hybrid homodesmotic-hyperhomodesmotic reaction in Eq. 3.7 is necessary. For the

chlorinated and brominated radicals, the homodesmotic formalism is used, analogous to

the substituted benzene predictions. The predictions of the enthalpies of formation for

all of the halogenated radicals are reported in Table 3.3.

C6H•
5 + nC6H5X −−→ nC6H6 + C6H5−nX•

n (3.6)

6 C6H•
5 + 6(n− q) C6H5X + qC6X6 −−→ (6n− 5q) C6H6 + 6 C6H5−nX•

n (3.7)

The multiple linear regression model in Eq. 3.8 is proposed in order to investi-

gate the additive contributions to the predicted standard enthalpies of formation. The

(poly)halogenated benzenes and phenyl radicals are considered together in the model
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by considering their enthalpies of formation in relation to the experimental values

(∆H◦
f (ref)) of benzene and phenyl radical, respectively. No additional intercept terms

appear in the model. The variables considered are the number of halogen substitutions

(nC−X), the number of pairs of halogen substitutions in ortho (no,X), meta (nm,X), and

para (np,X) positions with each other, and additionally in the case of the radicals, the

numbers of halogen substitutions ortho (no,R), meta (nm,R), and para (np,R) to the free

valence. In the case of 2,4,5-trifluorophenyl radical, for example, there are three halogen

substitutions (nC−X = 3), the fluorines in positions 4 and 5 are ortho to each other

(no,X = 1), the fluorines in positions 2 and 4 are meta to each other (nm,X = 1), the

fluorines in positions 4 and 5 are para to each other (np,X = 1), the fluorine in position

2 is ortho to the free valence (no,R = 1), the fluorine in position 5 is meta to the free va-

lence (nm,R = 1), and the fluorine in position 4 is para to the free valence (np,R = 1). As

the fluorinated, chlorinated, and brominated congeners share only the reference values

of benzene and phenyl radical in common, three separate regressions are considered. For

each regression, the estimate and standard error for each parameter and the coefficient

of determination (R2) of the regression are reported in Table 3.4. The cm,R terms for the

chlorinated (0.05 ± 0.05) and brominated (-0.11 ± 0.10) congeners have p-values greater

than 0.05 (0.31 and 0.28, respectively). These parameters are therefore not significant

at the 95% confidence level, and consequently only the regression for the fluorinated

congeners was calculated with nm,R included as a variable (in which case the parameter

cm,R has a p-value of 2.61× 10−8).
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Table 3.4: Multiple linear regression of the predicted gas-phase standard enthalpies of
formation (in kcal mol−1) of the (poly)halogenated benzenes and phenyl radicals.

cC−X co,X cm,X cp,X co,R cm,R cp,R R2

fluoro -47.43 ± 0.02 4.80 ± 0.02 0.63 ± 0.03 1.24 ± 0.04 2.66 ± 0.03 -0.22 ± 0.03 0.82 ± 0.05 1
chloro -7.12 ± 0.03 2.10 ± 0.04 0.66 ± 0.04 0.50 ± 0.07 1.50 ± 0.05 0.71 ± 0.08 0.9999
bromo 5.30 ± 0.07 2.63 ± 0.09 0.80 ± 0.09 0.44 ± 0.14 0.84 ± 0.10 0.66 ± 0.16 0.9998

∆H◦
f ∼ ∆H◦

f (ref) + cC−XnC−X + co,Xno,X + cm,Xnm,X + cp,Xnp,X

+co,Rno,R + cm,Rnm,R + cp,Rnp,R

(3.8)

It is clear from the linear regression that the main factor affecting the stability of

the halogenated benzenes, besides the number of halogen substitutions (cC−X), is the

number of pairs of halogen substitutions ortho to one another (co,X). This effect is more

pronounced for bromine substitution than it is for chlorine substitution, as one one

would expect due to increased steric repulsion with the larger halogen, but the effect

is even more pronounced for fluorine substitution. We ascribe this to the unfavorable

electrostatic effect of having two very polarized bonds at adjacent substitution sites, and

not to steric repulsion; the large para fluorine substitution effect (cp,X) that is observed

is consistent with this analysis. Interestingly, the co,X , cm,X , and cp,X parameters for

the (poly)fluorobenzenes are roughly proportional to their corresponding substituent

chemical shifts in 19F nuclear magnetic resonance spectroscopy [82].

For halogenated phenyl radicals, halogen substitution ortho to the free valence causes
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an additional large increase in the energy (co,R), especially for fluorinated congeners. Pre-

sumably, this owes largely to the destabilization associated with an electron-withdrawing

substituent adjacent to an electron-deficient site. The increase in energy, albeit a smaller

one, associated with halogen substitution para to the free valence (cp,R) and the trend

of decreasing co,R and cp,R for less polarized carbon-halogen bonds are also consistent

with this analysis.

3.3.2 Bond Dissociation Enthalpies

The gas-phase BDEs associated with the dissociation of the carbon-hydrogen and

carbon-halogen bonds of the (poly)halogenated benzenes are reported in Table 3.5. The

BDEs are calculated as the enthalpy of reaction of the associated bond dissociation re-

action, using the standard enthalpies of formation predicted in this work for each species

(in other words, the absolute BDEs are not calculated directly with the DFT method).

The enthalpies of formation for the hydrogen and halogen radicals are taken from the

Argonne Thermochemical Network [67,83].

Since breaking carbon-hydrogen bonds does not involve a change in the number of

halogen substitutions or the positions of halogen substitutions with respect to one an-

other, the trends in the predicted carbon-hydrogen BDEs can be understood exclusively

in terms of the energetic costs of halogen substitution ortho, meta, and para to a free

valence. Carbon-hydrogen bonds are stronger when adjacent to carbon-halogen bonds,

as breaking a carbon-hydrogen bond adjacent to a carbon-halogen bond requires the
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Table 3.5: Gas-phase C-H and C-X bond dissociation enthalpies (kcal mol−1) for (X)-
substituted benzene congeners

carbon-hydrogen bonds carbon-halogen bonds
locant fluoro chloro bromo locant fluoro chloro bromo

benzene (112.8) (112.8) (112.8)
mono 2 115.4 114.5 114.0 127.2 97.1 82.3

3 113.1 113.1 113.0
4 113.8 113.6 113.5

1,2-di 3 115.6 114.4 113.6 124.9 96.4 80.8
4 114.0 113.8 113.7

1,3-di 2 118.3 116.2 115.1 126.8 96.4 81.5
4 116.3 115.2 114.6
5 113.4 113.2 113.0

1,4-di 115.9 114.8 114.2 126.9 97.0 82.2
1,2,3-tri 4 116.2 114.9 114.0 1 124.3 95.4 79.3

5 114.1 113.9 113.7 2 122.8 95.7 79.0
1,2,4-tri 3 118.4 116.0 114.7 1 124.5 96.4 80.8

5 116.5 115.4 114.7 2 124.6 95.9 80.3
6 115.9 114.3 113.6 4 126.4 96.5 81.6

1,3,5-tri 119.2 116.8 115.7 126.4 95.8 80.9
1,2,3,4-tetra 116.7 115.1 114.1 1 124.1 95.6 79.3

2 122.6 95.1 77.7
1,2,3,5-tetra 119.1 116.4 115.0 1 124.1 94.8 78.8

2 122.4 95.9 79.3
5 125.9 96.0 81.1

1,2,4,5-tetra 118.8 115.9 114.2 124.2 96.2 80.6
penta 119.2 116.2 114.3 1 123.5 95.2 78.8

2 121.9 95.1 77.6
3 122.1 94.3 76.2

hexa 121.5 94.2 75.6
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formation of a radical with a carbon-halogen bond in the ortho position, which is high

in energy (put differently, the electrophilic ortho halogen substituent disfavors a hydro-

gen atom leaving with an associated electron). Likewise, carbon-hydrogen bonds are also

slightly stronger when para to carbon-halogen bonds, and are slightly weaker whenmeta

to carbon-halogen bonds. These trends are subtle for brominated and chlorinated ben-

zenes, for which the energetic cost of halogen substitution ortho and para a free valence

is low (the reported gas-phase carbon-hydrogen BDEs for the brominated and chlori-

nated benzenes have ranges of 2.7 kcal mol−1 and 3.7 kcal mol−1, respectively). For the

fluorinated benzenes, however, carbon-hydrogen BDEs have a much more considerable

range of 6.1 kcal mol−1.

Unlike carbon-hydrogen bonds, carbon-halogen bonds are weaker when adjacent

to other carbon-halogen bonds, as the removal of the unfavorable interaction between

carbon-halogen bonds ortho to one another outweighs the energetic cost of forming a

radical ortho to a halogen substitution. Interestingly, this trend is again stronger for

fluorobenzenes than it is in chlorobenzenes, but it is also strong for the bromobenzenes

due to the high steric interactions of adjacent bromine substitutions. For example, the

weakest carbon-halogen bonds in 1,2,3-trifluorobenzene and 1,2,3-tribromobenzene are

the inner ones, whereas the weakest carbon-chlorine bond in 1,2,3-trichlorobenzene is

the outer one. This prediction partially explains the recent finding that the removal of

the fluorine with locant 2 from 1,2,3,5-tetrafluorobenzene is preferred over the removal
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of the fluorines with locants 1 and 3 in the presence of a heterogenous Rh/Al2O3 cat-

alyst, while the opposite trend is observed for 1,2,3,5-tetrachlorobenzene [37]. Another

interesting prediction is that the weakest carbon-halogen bonds in pentachlorobenzene

and pentabromobenzene are those with locant 3, whereas the weakest carbon-fluorine

bonds in pentafluorobenzene are those with locants 2 and 4. This can be understood

in terms of the unfavorability of having fluorine substitutions para to each other; para

substitution slightly weakens carbon-fluorine bonds, whereas it has little or no effect on

carbon-chlorine and carbon-bromine bonds.

3.3.3 Gibbs Free Energies of Formation

The predicted gas-phase enthalpies of formation in Table 3.3 are used to predict the gas-

phase Gibbs free energies of formation using DFT predicted entropies as in Eq. 3.9. For

benzene and the monohalogenated benzenes, the Henry’s law constants (KH) have been

critically reviewed by Mackay and Shiu [84], and these values, along with the necessary

correction for the change in standard state, are used to calculate the aqueous Gibbs free

energies as in Eq. 3.10. The aqueous Gibbs free energies of reaction for the remain-

ing (poly)halogenated benzenes are predicted using the aqueous Gibbs free energies of

reaction of the homodesmotic equation in Eq. B.1. For phenyl radical, the Gibbs free

energy of solvation is calculated directly with SMD model chemistry, and the aqueous

free energy of formation is predicted as in Eq. 3.11. The aqueous Gibbs free energies

of the (poly)halogenated phenyl radicals are then predicted through the homodesmotic
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reaction in Eq. 3.6. Both sets of predictions are reported in Table 3.6. The values are

reported along with the uncertainty in the predictions which originates exclusively in the

use of experimental enthalpy of formation and Henry’s law constant data in the predic-

tions. The direct prediction of entropies with DFT will inevitably introduce uncertainty

which is not accounted for in these reported uncertainties, although this uncertainty

should be expected to be modest [85, 86]. In the case of the phenyl radicals, the direct

prediction of free energy of solvation of phenyl radical with the SMD model chemistry

introduces additional uncertainty, although estimates for this uncertainty exist in the

literature [56,87].

∆fG
◦
(g) = ∆fH

◦
(g) − TS

◦
(DFT ) (3.9)

∆fG
◦
(aq.) = ∆fH

◦
(g) − TS

◦
(DFT ) +RTln(KH(exp.)) +RTln

( 1M

1atm

)
(3.10)

∆fG
◦
(aq.) = ∆fH

◦
(g) − TS

◦
(DFT ) + ∆solvG

◦
(DFT ) +RTln

( 1M

1atm

)
(3.11)
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Table 3.6: Predicted gas-phase (g) and aqueous (aq) Gibbs free energies of formation of
(poly)halogenated benzenes and phenyl radicals (in kcal mol−1).

∆fG
◦(F, g)a ∆fG

◦(Cl, g)a ∆fG
◦(Br, g)a ∆fG

◦(F, aq)b ∆fG
◦(Cl, aq)b ∆fG

◦(Br, aq)b

benzene (0.7 ± 0.1) (0.7 ± 0.1) (0.7 ± 0.1) (1.7 ± 0.1) (1.7 ± 0.1) (1.7 ± 0.1)
mono -49.2 ± 0.2 -9.9 ± 0.1 1.8 ± 0.3 -48.1 ± 0.2 -9.1 ± 0.2 2.3 ± 0.3
1,2-di -93.1 ± 0.2 -16.9 ± 0.3 6.8 ± 0.6 -92.2 ± 0.5 -16.2 ± 0.3 6.9 ± 0.7
1,3-di -97.3 ± 0.5 -18.5 ± 0.3 5.0 ± 0.6 -96.0 ± 0.5 -17.6 ± 0.3 5.3 ± 0.7
1,4-di -96.3 ± 0.5 -18.1 ± 0.3 5.2 ± 0.6 -95.2 ± 0.5 -17.5 ± 0.3 5.2 ± 0.7

1,2,3-tri -136.2 ± 0.3 -23.0 ± 0.5 13.0 ± 0.9 -135.2 ± 0.8 -22.1 ± 0.5 12.9 ± 1.0
1,2,4-tri -140.3 ± 0.5 -25.2 ± 0.5 10.1 ± 0.9 -139.2 ± 0.8 -24.2 ± 0.5 10.5 ± 1.0
1,3,5-tri -144.2 ± 0.7 -25.7 ± 0.5 9.5 ± 0.9 -142.1 ± 0.8 -24.3 ± 0.5 10.3 ± 1.0

1,2,3,4-tetra -178.6 ± 0.3 -28.9 ± 0.6 19.4 ± 1.3 -177.5 ± 1.0 -27.6 ± 0.7 19.6 ± 1.3
1,2,3,5-tetra -182.5 ± 0.5 -30.4 ± 0.6 17.2 ± 1.3 -181.5 ± 1.0 -28.7 ± 0.7 17.9 ± 1.3
1,2,4,5-tetra -181.7 ± 0.5 -30.4 ± 0.6 16.9 ± 1.3 -180.5 ± 1.0 -28.9 ± 0.7 17.6 ± 1.3

penta -219.8 ± 0.3 -34.1 ± 0.8 26.6 ± 1.6 -218.3 ± 1.3 -31.9 ± 0.9 27.4 ± 1.7
hexa -255.6 ± 0.3 -36.2 ± 0.9 38.3 ± 1.9 -253.8 ± 1.5 -33.1 ± 1.1 39.5 ± 2.0

phenyl (60.0 ± 0.1) (60.0 ± 0.1) (60.0 ± 0.1) (60.8 ± 0.1) (60.8 ± 0.1) (60.8 ± 0.1)
2-mono 13.4 ± 0.3 51.8 ± 0.2 62.9 ± 0.3 14.5 ± 0.3 52.4 ± 0.2 63.2 ± 0.4
3-mono 11.0 ± 0.3 50.4 ± 0.2 61.9 ± 0.3 12.2 ± 0.3 51.1 ± 0.2 62.4 ± 0.4
4-mono 12.2 ± 0.3 51.3 ± 0.2 62.9 ± 0.3 13.1 ± 0.3 51.9 ± 0.2 63.2 ± 0.4
2,3-di -30.3 ± 0.3 44.6 ± 0.4 67.5 ± 0.7 -29.2 ± 0.5 45.5 ± 0.4 67.6 ± 0.7
2,4-di -33.9 ± 0.5 43.8 ± 0.4 66.6 ± 0.7 -32.4 ± 0.5 44.7 ± 0.4 66.9 ± 0.7
2,5-di -33.7 ± 0.5 43.3 ± 0.4 66.1 ± 0.7 -32.3 ± 0.5 44.2 ± 0.4 66.5 ± 0.7
2,6-di -31.5 ± 0.5 45.1 ± 0.4 67.5 ± 0.7 -29.7 ± 0.5 46.1 ± 0.4 67.7 ± 0.7
3,4-di -31.9 ± 0.3 44.1 ± 0.4 67.7 ± 0.7 -30.9 ± 0.5 44.9 ± 0.4 68.0 ± 0.7
3,5-di -36.4 ± 0.5 42.3 ± 0.4 65.5 ± 0.7 -34.7 ± 0.5 43.5 ± 0.4 66.4 ± 0.7

2,3,4-tri -72.9 ± 0.3 38.9 ± 0.5 74.0 ± 1.0 -71.6 ± 0.8 40.1 ± 0.6 74.1 ± 1.0
2,3,5-tri -76.9 ± 0.5 36.8 ± 0.5 71.2 ± 1.0 -75.1 ± 0.8 38.3 ± 0.6 71.9 ± 1.0
2,3,6-tri -74.4 ± 0.5 38.2 ± 0.5 72.2 ± 1.0 -72.6 ± 0.8 39.6 ± 0.6 72.5 ± 1.0
2,4,5-tri -76.3 ± 0.5 37.6 ± 0.5 72.4 ± 1.0 -74.7 ± 0.8 39.0 ± 0.6 73.0 ± 1.0
2,4,6-tri -78.1 ± 0.8 37.9 ± 0.5 71.9 ± 1.0 -75.6 ± 0.8 39.6 ± 0.6 72.9 ± 1.0
3,4,5-tri -74.6 ± 0.3 38.4 ± 0.5 74.2 ± 1.0 -73.3 ± 0.8 39.8 ± 0.6 74.7 ± 1.0

2,3,4,5-tetra -114.7 ± 0.3 33.3 ± 0.7 80.6 ± 1.3 -113.0 ± 1.0 35.3 ± 0.7 81.3 ± 1.4
2,3,4,6-tetra -116.4 ± 0.5 33.0 ± 0.7 79.1 ± 1.3 -114.1 ± 1.0 35.2 ± 0.7 80.1 ± 1.4
2,3,5,6-tetra -115.8 ± 0.5 32.6 ± 0.7 78.1 ± 1.3 -113.6 ± 1.0 34.8 ± 0.9 79.1 ± 1.7

2,3,4,5,6-penta -153.2 ± 0.4 29.5 ± 0.8 88.3 ± 1.6 -150.7 ± 1.3 32.5 ± 0.9 89.4 ± 1.7

a1 atm standard state
b1 M standard state
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3.3.4 Free Energies of Reaction and Redox Potentials

Free energies of reaction for the hydrodehalogenation reaction in Eq. 3.12 are predicted

through the summation of the relevant Gibbs free energies of formation. Standard state

concentrations of 1M for all aqueous species (and therefore a pH of 0) and a standard

pressure of 1 atm for dihydrogen gas are assumed. The gas-phase Gibbs free energy of

formation for the proton has been previously calculated using electron convention Fermi-

Dirac statistics [88,89], and a value for the free energy of solvation has been derived from

experimental data specifically for use with this value [89, 90], both of which are used.

For all anions, the experimental electron affinities [91–93] are subtracted from the exper-

imental enthalpies of formation of the corresponding atoms [94], to which the thermal

electron correction is added [88]. These anionic gas-phase enthalpies of formation are

converted to Gibbs free energies of formation using the experimental standard entropies

of the anions [94]. Gibbs free energies of solvation are derived from experimental con-

ventional free energies of solvation [90,95], and these values, as well as the correction for

the change of standard state, are added to the gas-phase free energies of formation to

calculate the aqueous free energies of formation for each anion. For all aromatic species,

the predicted Gibbs free energies of formation reported in Table 3.6 are used.

C6H6−nXn(aq) + H2(g) −−→ C6H6−n+1Xn−1(aq) + H+
(aq) + X−

(aq) (3.12)

The two-electron reduction half-reactions in Eq. 3.13 are likewise considered. By
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Table 3.7: Aqueous Gibbs free energies of hydrodehalogenation (in kcal mol−1) and
two-electron reduction potentials (in mV) for (poly)halogenated benzenes.

Reactant Product ∆rG(F )a,c ∆rG(Cl)a,c ∆rG(Br)a,c E′0(F )b,c E′0(Cl)b,c E′0(Br)b,c

mono benzene -14.0 -18.4 -20.8 499 596 648
1,2-di mono -19.6 -22.2 -24.9 620 677 736
1,3-di mono -15.8 -20.7 -23.3 540 645 702
1,4-di mono -16.6 -20.8 -23.2 556 648 700

1,2,3-tri 1,2-di -20.7 -23.3 -26.3 645 702 766
1,3-di -24.4 -24.8 -27.9 726 734 800

1,2,4-tri 1,3-di -20.5 -22.6 -25.4 641 687 747
1,4-di -19.7 -22.5 -25.5 624 685 749
1,2-di -16.8 -21.2 -23.8 560 655 713

1,3,5-tri 1,3-di -17.5 -22.5 -25.2 576 685 743
1,2,3,4-tetra 1,2,3-tri -21.5 -23.7 -27.0 662 711 781

1,2,4-tri -25.4 -25.9 -29.4 747 757 834
1,2,3,5-tetra 1,2,4-tri -21.3 -24.7 -27.7 659 732 796

1,3,5-tri -24.3 -24.8 -27.9 724 734 801
1,2,3-tri -17.4 -22.6 -25.2 574 686 743

1,2,4,5-tetra 1,2,4-tri -22.4 -24.6 -27.4 681 729 791
penta 1,2,3,4-tetra -22.9 -24.9 -28.1 692 737 805

1,2,3,5-tetra -26.9 -26.1 -29.8 780 761 843
1,2,4,5-tetra -25.9 -26.2 -30.1 758 765 848

hexa penta -28.2 -28.0 -32.3 807 804 896

aValues calculated using Eq. 3.12.
bValues calculated using Eq. 3.14.
cAt 1 atm standard state for gas-phase species, 1M concentration for aqueous species, and pH 0.

convention, the Gibbs free energy of formation of the gas-phase free electron at 298.15K

is zero [88]. The potential of the reaction is calculated from the free energy using the

Nernst equation and reported against the standard hydrogen electrode (SHE), as shown

in Eq. 3.14 (where F is Faraday’s constant, and n is the number of electrons in the half-

reaction). A value of 4.281 V is used for the absolute potential of the SHE [89,95]. The

predicted free energies of hydrodehalogenation and two-electron reduction potentials are

reported together in Table 3.7.

C6H6−nXn(aq) + H+
(aq) + 2 e−(g) −−→ C6H6−n+1Xn−1(aq) + X−

(aq) (3.13)

E◦ = −∆rG
◦

nF
− SHE (3.14)
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Trends in the predicted free energies of reaction can be largely explained by the

release of the energetic costs associated with pairs of halogen substitutions ortho, meta,

and para to each other. They therefore vary much more widely than do the predicted

BDEs as, for example, the extra energy released when a halogen substitution ortho to

another halogen substitution is removed is partially compensated by the energetic cost

of forming a radical ortho to a halogen substitution. As the ortho effect is the largest,

it is no surprise that the free energies for defluorination have the largest range, 14.2

kcal mol−1, but that the range of the free energies of debromination, 11.4 kcal mol−1, is

larger then that of the free energies of dechlorination, 9.6 kcal mol−1. The para effect

for fluorine is more subtle, but noticeable. For example, the dehalogenation of 1,4-

difluorobenzene is almost 1 kcal mol−1 more exothermic than the dehalogenation of 1,3-

difluorobenzene, whereas the free energies of dehalogenation of 1,3-dichlorobenzene and

1,4-dichlorobenzene, as well as those of 1,3-dibromobenzene and 1,4-dibromobenzene, do

not vary by a large amount. The two-electron reduction potentials naturally follow the

same trends as the free energies of hydrodehalogenation. It should be noted that the two-

electron reduction potential values for the (poly)chlorinated benzenes are considerably

higher than the previous predictions that exist in the literature [47].

3.3.5 Aqueous Bond Dissociation Free Energies

The aqueous Gibbs free energies of formation are also used to predict the aqueous bond

dissociation free energies (BDFEs), analogous to the gas-phase BDE predictions above.
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These predictions are reported in Table 3.8. Unfortunately, no reliable experimental

values for the free energies of solvation of atomic hydrogen and the atomic halogens

exist in the literature, so recourse to the direct prediction of these quantities through

the SMD formalism is necessary for these species. While the SMD formalism has been

extensively parameterized and validated for the free energies of aqueous solvation of

neutral organics [56, 87] and can therefore be expected to give reasonable errors for the

aromatics considered, its performance for small inorganic radicals is not documented.

Thus, the direct prediction of the solvation free energies for these species with the implicit

SMD formalism could introduce some error in the predicted aqueous BDFEs. The

aqueous BDFEs are generally found to follow the same trends as the gas-phase BDEs.
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Table 3.8: Aqueous C-H and C-X bond dissociation free energies (in kcal mol−1) for
(X)-substituted benzene congeners

carbon-hydrogen bonds carbon-halogen bonds
locant fluoro chloro bromo locant fluoro chloro bromo

benzene (104.4) (104.4) (104.4)
mono 2 107.8 106.8 106.2 117.0 87.6 73.2

3 105.5 105.5 105.4
4 106.5 106.3 106.2

1,2-di 3 108.3 106.9 106.0 116.3 86.4 71.7
4 106.6 106.4 106.3

1,3-di 2 115.5 109.0 107.7 116.3 86.4 71.7
4 108.9 107.6 106.8
5 106.5 106.4 106.3

1,4-di 108.2 107.0 106.5 116.5 87.1 72.7
1,2,3-tri 4 109.0 107.5 106.5 1 114.3 85.2 69.4

5 107.2 107.2 107.1 2 113.7 85.9 69.5
1,2,4-tri 3 111.9 109.1 107.3 1 115.0 86.6 71.1

5 109.7 108.5 107.8 2 115.1 86.1 70.7
6 109.3 107.8 106.7 4 116.4 86.8 72.2

1,3,5-tri 111.8 109.2 107.9 115.6 85.5 70.8
1,2,3,4-tetra 109.8 108.1 106.9 1 114.1 85.4 69.2

2 113.1 84.9 67.5
1,2,3,5-tetra 112.7 109.2 107.5 1 117.1 86.0 69.3

2 114.1 86.0 69.7
1,2,4,5-tetra 112.2 108.9 106.8 113.9 85.6 70.1

penta 112.9 109.6 107.3 1 113.5 84.8 68.5
2 112.4 84.8 67.3
3 112.9 84.3 66.4

hexa 111.3 83.2 64.7
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3.4 Environmental Significance

One consistent theme across the range of physical properties studied is that chlorinated

and brominated aromatics have more properties in common with each other than they

have with fluorinated aromatics. It is well known that carbon-fluorine bonds are stronger

than other carbon-halogen bonds and that defluorination is less exothermic than other

dehalogenation reactions, making fluorinated aromatics more resistant to both biotic and

abiotic degradation. However, the smaller size of the fluorine atom and the increased

polarity of the carbon-fluorine bond also result in decreased steric effects and increased

electrostatic effects. We predict that the increased electrostatic effects, in particular,

are responsible for a significantly greater variation in bond strengths and free energies

of hydrodehalogenation for fluorinated aromatics. Presumably, the greater variation in

these properties should result in greater selectivity in the degradation of these com-

pounds. We additionally highlight some particular cases where selectivity in fluorinated

and chlorinated aromatics should be expected to follow opposing trends.



Chapter 4

Nucleophilic Aromatic Substitution1

4.1 Introduction

Chlorinated and brominated aromatics are broad classes of environmental contaminants,

examples of which can be found across the globe due to decades of their use in open and

dissipative applications [2,3,7–9,12]. As a matter of course, the natural biotic and abiotic

degradation of these compounds, as well as engineered solutions towards their remedia-

tion have been the subject of much research. In recent years, fluorinated pollutants, in-

cluding some aromatics, have also been the subject of increasing attention [1,4–6], which
1 This chapter has been submitted to Environmental Science & Technology for consid-

eration for publication as “Dehalogenation of Aromatics by Nucleophilic Aromatic Sub-
stitution”. Profs. Kristopher McNeill and Christopher J. Cramer are co-authors of the
chapter.

35



36

raises the question of how the unique chemical properties of fluorinated aromatics af-

fect remediation strategies. For example, carbon-fluorine bonds are much stronger than

carbon-chlorine and carbon-bromine bonds, and hydrodehalogenation is less exother-

mic for fluorinated aromatics than it is for chlorinated and brominated aromatics [96].

Additionally, the greater polarity of the carbon-fluorine bond is predicted to result in

increased selectivity in dehalogenation processes involving fluorinated aromatics [96].

One class of mechanisms through which the hydrodehalogenation of aromatics can

occur is hydride transfer, where the transfer of a hydride to an aromatic substrate from

a structure where it is weakly bound drives the heterolytic cleavage of a carbon-halogen

bond in the aromatic substrate. For example, hydrodehalogenation reactions involv-

ing a large variety of metal and metalloid hydrides and aromatic (as well as aliphatic

and allylic) substrates have been demonstrated [33, 34, 97–99]. Hydride transfer from

metal nanoparticles used in groundwater remediation has also been suggested to be of

importance for the ability of those systems to effect hydrodehalogenation [100]. There

are several mechanisms through which hydrodehalogenation by metal and metalloid hy-

drides is proposed to take place; one mechanism that is invoked for aromatic substrates

is nucleophilic aromatic substitution [33,101,102].

One interesting aspect about nucleophilic aromatic substitution is the observation

that substitution at fluorinated sites is preferred over substitution at chlorinated and
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brominated sites. This is in contrast to nucleophilic aliphatic substitution, where chlo-

rinated and brominated sites are preferred. The observation is also remarkable con-

sidering the strength of the carbon-fluorine bond in comparison to carbon-chlorine and

carbon-bromine bonds. This phenomenon is well known and has been exploited in

chemical synthesis, for example, for the selective functionalization of perfluorinated aro-

matics [102–104]. A second interesting aspect of nucleophilic aromatic substitution is its

biological importance. Both glutathione S-transferases [105] and 4-chlorobenzoyl-CoA

dehalogenase [106, 107] are known to catalyze hydrodehalogenation reactions through

nucleophilic aromatic substitution reactions, although with non-hydridic nucleophiles.

Interestingly, fluorinated substrates are favored by the glutathione pathway [108], but

not by the 4-chlorobenzoyl-CoA dehalogenase pathway [109].

Previous theoretical studies have made significant contributions to our understand-

ing of nucleophilic aromatic substitution, especially the periodic trends in reactivity that

are observed and the factors that can give rise to either a concerted or stepwise mecha-

nism [110–112]. One aspect that has eluded comprehensive study is the extent to which

the substitution patterns of the aromatic substrates themselves influence selectivity in

nucleophilic aromatic substitution reactions, especially in the context of dehalogena-

tion. Additionally, previous theoretical studies of nucleophilic aromatic substitution

have focussed on gas phase reactivity. As both microbial degradation and abiotic re-

mediation technologies such as pump-and-treat systems [113] and permeable reactive

barrier systems [114] employ the aqueous phase, the estimation of the effect of solvation
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on reactivity is of particular importance to our understanding of these pathways.

The task of explaining the entire range of reactivity possible for a given process

is a daunting one. Previous contributions to the nucleophilic aromatic substitution

literature have approached this problem by exclusively studying identity reactions [111,

112] under the assumption that the results can be generalized to non-identity substitution

reactions in the case that information about the exothermicity of those reactions is

available. Here, as we are specifically interested in aqueous dehalogenation, we choose

an alternative limiting case, that of hydride, a strong base and good nucleophile with

no adjacent steric bulk. The choice of hydride as a nucleophile also has the advantage

that it can stand as a proxy for the various metal and metalloid hydrides which are

frequently used in dehalogenation catalysis (although it should be noted that nucleophilic

aromatic substitution is not the only mechanism available to this class of catalysts). We

additionally perform calculations on the nucleophilic aromatic substitution reactions of

a smaller set of substrates with hydroxide and hydrosulfide anions in order to test the

behavior of these other nucleophiles, which are also of environmental relevance.

4.2 Computational Methods

The hybrid meta-generalized gradient level of density functional theory is used for all

calculations, specifically the M06-2X functional [49], which has been extensively bench-

marked and was chosen owing to its high accuracy for organic compounds [50–52]. The

effect of solvation is estimated through use of the SMD [56] implicit solvation model for
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all calculations. The standard 6-311+G(3df,2p) basis set and an integration grid of 99

radial shells and 590 angular points per shell are used, and the geometry of each struc-

ture is optimized until a maximum force of 2.0 · 10−6 a.u., a root mean square (RMS)

force of 1.0 · 10−6 a.u., a maximum internal coordinate displacement of 6.0 · 10−6 a.u.,

and a RMS internal force displacement of 4.0 · 10−6 a.u. are reached. All optimized

geometries and transition states are confirmed to be stationary points on the model

chemistry potential energy surface with the correct number of negative eigenvalues in

the local Hessian matrix by analytical calculation of the vibrational frequencies follow-

ing the usual quantum-mechanical harmonic-oscillator approximation. These harmonic

frequencies are scaled by a factor of 0.970, a parameter which has been empirically fit

to M06-2X calculations in order to reproduce experimental zero-point vibrational ener-

gies [54], and used in the calculation of zero-point vibrational energies and vibrational

partition functions. Prior to scaling, calculated vibrational frequencies less than 50 cm−1

are set at 50 cm−1 in order to eliminate the spurious large fluctuations in predicted en-

tropies associated with finite integration grids leading to poorly converged low-frequency

values, as well as to account for the breakdown of the quantum mechanical harmonic

oscillator approximation for such normal modes in any case. In cases where the number

of imaginary frequencies in a high-symmetry geometry is grid sensitive (with imaginary

frequencies becoming real with increasing grid size), the spurious imaginary frequencies

are also set to 50 cm−1. All calculations are performed with the Gaussian 09 elec-

tronic structure suite, Revision C.01 [62]. All visualizations of geometries and molecular
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orbitals are generated using Avogadro version 1.1.0 [115].

4.3 Results and Discussion

4.3.1 Nucleophilic Attack of Hydride

Transition states are optimized for the nucleophilic attack of hydride on benzene

and on each symmetry unique carbon site of the 36 (poly)fluoro-, (poly)chloro-, and

(poly)bromobenzenes. In the case of unsubstituted sites, the transition states are found

to lead towards anionic σ-complexes without exception. An intrinsic reaction coordi-

nate (IRC) calculation conducted for the case of benzene confirms this reaction path.

Key bond lengths from the optimized structures of the transition state and the stable

σ-complex for the reaction of hydride with benzene are reported in Fig. 4.1.

Figure 4.1: Reaction scheme for the nucleophilic addition of hydride onto benzene, along
with key bond lengths (in Å) for the structures of the transition state (TS) and the
anionic σ-complex intermediate (int).

+ H–
HH HH HH

+ H+
+

H H
α

β

γ

bond TS int
rC−H 1.701 1.115
rC−H 1.080 1.095
rC−C,α 1.430 1.512
rC−C,β 1.377 1.364
rC−C,γ 1.402 1.420
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The transition states at substituted sites, however, are found to lead to the concerted

dissociation of the halogen as an anion in every case. An IRC calculation confirms this

reaction path for the case of fluorobenzene. Key bond lengths for the optimized struc-

tures of the transition states for this reaction and the analogous ones for chlorobenzene

and bromobenzene are reported in Fig. 4.2, alongside potential energy surfaces for each

of the three reactions.

The activation free energies for all of the optimized transition states, as well as

the respective free energies of reaction relative to an infinite separation of nucleophile

and substrate are reported in Table 4.1. Each reported transition state in Table 4.1 is

classified as being associated either with a concerted substitution reaction (in the case of

nucleophilic attacks at substituted sites, which are indicated with an “X”) or an addition

reaction (in the case of nucleophilic attacks at unsubstituted sites, which are indicated

with an “H”).

It is notable that many of the addition reactions are predicted to be exothermic.

While the reverse reactions are hypothetically accessible at room temperature in many

cases, one might assume, as we do in Fig. 4.1, that protonation of the intermediate is

more rapid under most environmental conditions. To test this assumption, various pos-

sible unimolecular reactions of the anionic intermediates are considered. For example,

the transition states for 1,2-, 1,3-, and 1,4- hydride transfers in the anionic intermediate

formed by benzene and hydride (where all three correspond to identity reactions) are

predicted to have activation free energies of 66.4, 67.2, and 34.1 kcal mol−1, respectively.
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Table 4.1: Activation free energies and free energies of reaction (in kcal mol−1) for the
hypothetical nucleophilic addition(H)/substitution(X) reactions of hydride relative to an
infinite separation of reactants in solution.

Site Type ∆‡G ∆rxnG(addition) ∆rxnG(substitution)
F Cl Br F Cl Br F Cl Br

benzene H (27.2) (27.2) (27.2) (7.5) (7.5) (7.5)
mono 1 X 22.5 25.6 27.1 -52.7 -70.5 -69.1

2 H 25.9 22.9 23.3 7.4 3.4 3.4
3 H 25.4 25.0 24.9 3.7 2.6 2.9
4 H 29.4 26.5 26.3 10.7 5.1 5.1

1,2-di 1 X 18.2 20.8 22.8 -58.3 -74.2 -73.2
3 H 23.5 20.3 20.6 2.9 -2.1 -2.1
4 H 26.8 23.8 25.0 5.7 -0.1 0.0

1,3-di 1 X 20.4 23.0 24.0 -54.6 -72.7 -71.6
2 H 23.6 17.9 18.0 4.8 -3.0 -3.2
4 H 27.3 21.4 21.1 12.5 0.1 -0.4
5 H 23.0 22.0 21.6 0.4 -3.6 -3.4

1,4-di 1 X 22.8 23.8 25.1 -55.4 -72.9 -71.5
2 H 22.5 19.6 19.8 2.8 -3.4 -2.9

1,2,3-tri 1 X 16.0 18.8 20.6 -59.4 -75.4 -74.5
2 X 14.1 16.5 19.2 -63.2 -76.8 -76.1
4 H 24.5 19.0 18.8 4.1 -4.9 -5.2
5 H 24.1 20.9 20.6 -0.1 -5.7 -6.0

1,2,4-tri 1 X 19.0 19.9 21.5 -59.3 -74.7 -73.7
2 X 16.4 18.9 20.6 -58.5 -74.6 -73.8
3 H 21.4 15.9 15.9 0.5 -8.3 -8.4
4 X 21.3 22.0 23.1 -55.5 -73.2 -72.1
5 H 24.6 19.1 18.9 4.0 -5.0 -5.4
6 H 21.1 17.8 17.7 -3.0 -8.1 -8.3

1,3,5-tri 1 X 17.7 20.0 20.6 -56.3 -74.6 -73.5
2 H 24.5 15.7 15.6 9.0 -6.6 -7.3

1,2,3,4-tetra 1 X 16.6 17.5 19.4 -60.2 -75.8 -75.3
2 X 12.4 14.5 16.8 -64.1 -77.9 -77.7
5 H 21.7 16.2 16.4 -5.7 -10.8 -12.2

1,2,3,5-tetra 1 X 14.5 16.2 17.9 -60.1 -76.8 -75.9
2 X 15.0 15.1 17.2 -63.1 -76.9 -76.2
4 H 23.0 14.1 14.0 0.9 -11.0 -20.1
5 X 19.4 19.8 20.5 -56.2 -74.6 -73.5

1,2,4,5-tetra 1 X 16.1 16.8 18.3 -61.1 -76.6 -75.7
3 H 18.3 12.6 12.8 -6.0 -14.4 -22.6

penta 1 X 14.2 15.2 16.9 -61.6 -77.0 -76.3
2 X 12.4 13.3 15.6 -65.7 -78.1 -78.1
3 X 10.2 12.7 15.3 -64.6 -78.2 -78.3
6 H 19.4 11.8 12.2 -10.5 -17.0 -28.3

hexa X 9.3 10.9 13.0 -66.9 -80.1 -80.5
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Figure 4.2: Reaction scheme for the nucleophilic substitution of hydride onto fluoroben-
zene (F), chlorobenzene (Cl), and bromobenzene (Br), along with key bond lengths (in
Å) for the structures of the transition states.
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The electrocyclic ring closure of the same intermediate leading to the bicyclo[3.1.0]hex-

1-enyl anion is predicted to have an activation free energy of 22.1 kcal mol−1, which

is only slightly higher than the activation free energy of the reverse reaction to form



44

benzene and hydride (19.7 kcal mol−1), but still unlikely to occur under relevant condi-

tions. Additionally, we studied the heterolytic dissociation of carbon-halogen bonds in

several anionic intermediates and found no cases where such reactions competed with

the reverse reaction. While the fate of these anionic intermediates is ultimately beyond

the scope of this contribution, it is plausible that protonation could occur at sites ortho

to the hydride attack, where there are significant negative charges, which would allow

for hydrodehalogenation by way of an E2 elimination. In any case, our analysis here is

limited to relative energetics of the initial substitution and addition reactions, both of

which are assumed to be, in effect, irreversible.

Concerted substitution mechanisms are found to have lower activation energies than

addition mechanisms for all (poly)fluorobenzene congeners except 1,4-difluorobenzene.

In cases where multiple adjacent fluorinated sites are available, the innermost site has

the lowest activation energy in all cases except that of 1,2,3,5-tetrafluorobenzene. In

contrast, addition mechanisms are predicted to have lower activation free energies than

substitution mechanisms for all (poly)chloro- and (poly)bromo- benzenes except 1,2,3-

trichlorobenzene and 1,2,3,4-tetrachlorobenzene. Where multiple unsubstituted sites are

available for (poly)chloro- and (poly)bromo- benzenes, sites adjacent to the maximum

number of halogenated sites are found to be the lowest in all cases. A diagram depicting

the sites with the lowest activation energies of hydride attack for each set of congeners

is found in Figure 4.3.

The activation free energies for substitution reactions are predicted to be lower for
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Figure 4.3: (Poly)halogenated benzene congeners with the preferred site of nucleophilic
attack for the fluorinated, chlorinated, and brominated cases indicated (Color key: F =
blue, Cl = light green, Br = dark red; Grayscale key: F = medium gray, Cl = light gray,
Br = black).

mono 1,2-di 1,3-di 1,4-di 1,2,3-tri 1,2,4-tri

1,3,5-tri 1,2,3,4-tetra 1,2,3,5-tetra 1,2,4,5-tetra penta

the fluorinated benzenes than the chlorinated and brominated benzenes, even though

the exothermicities of the corresponding reactions follow the opposite trend (which is

not surprising considering the previously mentioned experimental studies). Presumably,

this discrepancy is explained by the structure of the transition states: carbon atoms that

are bonded to more electronegative halogens would be expected to have a more positive

local charge, and therefore function as better sites for nucleophilic attack. The prediction

that the difference in the activation free energies of fluorobenzene and chlorobenzene is

significantly larger than the difference between those for chlorobenzene and bromoben-

zene is consistent with this explanation, as the difference in electronegativity between
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fluorine and chlorine is large compared to the difference between chlorine and bromine.

Another expected result is that the activation free energies for substitution reactions

on structures with more carbon-halogen bonds are predicted to be significantly lower in

energy. It is known experimentally, for example, that the reaction of hexafluorobenzene

with sodium methoxide is 8 orders of magnitude faster than the corresponding reaction

with fluorobenzene [116,117]. Our prediction with hydride as a nucleophile is a difference

in activation free energies of 13.2 kcal mol−1, which corresponds to 9 orders of magnitude

in reaction rates.

Activation free energies for substituted reactions are especially lowered by substi-

tution ortho to the attack site. This can be partially explained by the energetic cost

of two carbon-halogen bonds in ortho position to each other. This energetic cost has

been shown to be caused, in the case of fluorine, by two strong dipoles in nearly parallel

position, and in the case of chlorine and bromine, largely by steric effects [96]. The

magnitudes of the energetic costs are approximated to be 4.8, 2.1, and 2.6 kcal mol−1

for (poly)fluoro-, (poly)chloro-, and (poly)bromo- benzenes, respectively. The carbon-

halogen bonds at the site of nucleophilic attack in the transition state structures all

exhibit a slight deviation from planarity, so it could be expected that ortho interaction

would be weakened, and therefore that the transition states would be correspondingly

stabilized. From this analysis alone, one would expect a much greater stabilization of

the 1,2-difluorobenzene transition state compared to the 1,2-dichlorobenzene and 1,2-

dibromobenzene transition states; however, all three transition states are predicted to
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be approximately 5 kcal mol−1 lower in energy than those for fluorobenzene, chloroben-

zene, and bromobenzene, respectively. The electrostatics of the hydride attack must

therefore also be considered. To some extent, carbon-halogen bonds should not only

make the electrostatic potential above the α-carbon site more positive, but should also

make an electropositive contribution to the electrostatic potential above adjacent sites

and above the ring as a whole. It has been observed by Salabov et al. [118] that this

effect is actually much more significant for carbon-chlorine and carbon-bromine bonds

in aromatic systems than it is for carbon-fluorine bonds. Thus, it could be understood

that the approximately proportional stabilization of transition states for substitution

ortho to carbon-halogen bonds is coincidental, and due to a combination of unequal

contributions from these two effects.

This analysis is confirmed by the transition states for hydride addition at unsubsti-

tuted sites. The activation free energies for the transition states are lower for structures

with an increased number of carbon-halogen bonds, especially ortho to the site of nu-

cleophilic attack, but only in the case of the (poly)chloro- and (poly)bromo- benzenes is

this trend strong enough to make the activation free energies lower than those for the

corresponding addition reactions.

Generally, the formation of the σ-anionic intermediates (∆rxnG(addition) in Table

4.1) is predicted to be more exothermic with increasing halogen substitution, presumably

because halogen substitution of the aromatic ring helps stabilize the extra electron.

However, there is also a clear energetic cost associated with halogen substitution ortho,
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and especially para, to the sp3 carbon in the σ-anionic intermediates, and this energetic

cost is particularly pronounced in the case of the fluorinated benzenes. This has been

explained in terms of the highest occupied molecular orbital (HOMO) of these anions,

which puts a significant amount of electron density in the conjugated π system on the

carbon atoms ortho, and especially para, to the sp3 carbon (see Figure 4.4) [119]. This

results in a significant amount of exchange repulsion between the doubly occupied p-

orbitals of the halogen substituent and the HOMO orbital, which results in an increase

in energy. Carbon-fluorine bonds have much greater π overlap than carbon-chlorine and

carbon-bromine bonds by nature of their shorter bond lengths and the similar size of

carbon and fluorine p-orbitals, so a greater energetic perturbation for the fluorinated

aromatics should be expected.

Figure 4.4: HOMO of anionic σ-complex formed from hydride and benzene (isosurface
value = 0.075).

The trends in the stabilities of the σ-anionic complexes have an observable

correlation with the trends in their corresponding activation free energies for the
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(poly)fluorobenzenes. In the case of fluorobenzene, for example, hydride addition meta

to the carbon-fluorine bond is favored over addition ortho, and especially para, to the

carbon-fluorine bond, although no addition reaction is favored over the substitution re-

action that is also available. In the case of the (poly)chloro- and (poly)bromobenzenes,

where the energetic perturbation is smaller, there is no observable correlation, presum-

ably owing to the greater influence of the electrostatic stabilization of the hydride at-

tack on the activation free energies. Thus, hydride attack ortho to the carbon-halogen

bond is favored for chlorobenzene and bromobenzene. The exchange repulsion effect

has a further influence on substitution reactions for the (poly)fluorobenzenes. In the

case of 1,4-difluorobenzene, for example, the energetic cost of hydride attack para to a

carbon-fluorine bond is large enough to make the addition mechanism favored over the

substitution mechanism. No such effect is observed in the substitution reactions of the

(poly)chloro- and (poly)bromobenzenes.

4.3.2 Additional Nucleophiles

For a limited set of substrates, transition states are also optimized for nucleophilic attacks

by hydroxide and hydrosulfide anions. The activation free energies of these transition

states are reported in Table 4.2, with the activation free energies of the corresponding

transition states with hydride as the nucleophile reproduced for convenience. For the

reactions of hydride, hydroxide, and hydrosulfide with fluorobenzene, the key geometrical

parameters of each transition state, as well as potential energy surfaces constructed
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from constrained geometry optimizations are reported in Figure 4.5. For substitution

reactions, the trends in activation free energies are found to be qualitatively consistent

with the trends predicted with hydride as the nucleophile, although the activation free

energies are higher for hydroxide and those for hydrosulfide are even higher than those

for hydroxide. This follows the trend that stronger bases are stronger nucleophiles,

although it is not in agreement with the observation that thiols, for example glutathione

S-transferases, are effective nucleophiles for halogenated aromatics. It is plausible that

for hydrosulfide and other thiols, an alternate mechanism involving electron transfer

[120,121] exists which could explain this discrepancy.

For addition reactions involving hydroxyl, however, there is an even greater difference

in the activation free energies between hydride and hydroxide, to the point where substi-

tution with hydroxide is preferred relative to addition with hydroxide for chlorobenzene

and bromobenzene (which is the opposite of what is predicted for hydride). In the case

of the nucleophilic attack of hydrosulfide on unsubstituted carbons, there is no stable

anionic intermediate, and therefore no addition reactions occur. Instead, there is a con-

certed substitution transition state which is very high in energy (for example, a 74.5

kcal/mol free energy of reaction is predicted in the case of benzene). An IRC calculation

for the attack of hydrosulfide on benzene supports this reaction path.
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Figure 4.5: Reaction scheme for the nucleophilic substitution of hydride (H), hydroxide
(OH), and hydrosulfide (SH) onto fluorobenzene, along with key bond lengths (in Å) for
the structures of the transition states.
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4.4 Environmental Significance

For the limiting case of hydride as a nucleophile, we demonstrate that concerted nucle-

ophilic substitution reactions are generally preferred in defluorination, whereas stepwise

reactions initiated by nucleophilic addition ortho to carbon-halogen bonds are generally
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Table 4.2: Activation free energies (in kcal mol−1) of the transition states for selected
nucleophilic addition(H)/substitution(X) reactions with hydride (H), hydroxide (OH),
and hydrosulfide (SH) anions as nucleophiles.

Site Type ∆‡G(H) ∆‡G(OH) ∆‡G(SH)
F Cl Br F Cl Br F Cl Br

benzene H (27.2) (27.2) (27.2) (37.5) (37.5) (37.5)
mono 1 X 22.5 25.6 27.1 28.1 34.4 35.7 35.0 37.9 37.8

2 H 25.9 22.9 23.3 37.9 34.9 35.3
3 H 25.4 25.0 24.9 35.1 35.0 35.1
4 H 29.4 26.5 26.3 40.7 36.8 36.5

1,2-di 1 X 18.2 20.8 22.8 27.1 31.6 34.2 31.6 34.2 34.9
1,3-di 1 X 20.4 23.0 24.0 26.8 31.5 32.7 31.8 34.3 34.1
1,4-di 1 X 22.8 23.8 25.1 28.6 32.5 33.6 36.3 35.7 35.2
hexa X 9.3 10.9 13.0 19.2 22.1 25.3 20.6 21.1 22.7

preferred in dechlorination and debromination. In addition, a data set is generated which

should hopefully facilitate mechanistic comparisons in the field of dehalogenation. For

example, the carbon-fluorine bond in pentafluorobenzene with locant 3 has been pre-

dicted to be the most susceptible to nucleophilic attack by the calculations described here

(and incidentally, several reports in the synthesis literature [122–124]), while the carbon-

fluorine bond with locants 2 and 4 has elsewhere been predicted to be the weakest with

respect to homolytic bond dissociation by essentially the same computational method-

ology [96]. The predictions also help explain the observation that 1,3,5-trifluorobenzene

and 1,2,4-trifluorobenzene are observed as intermediates in the aqueous hydrodefluori-

nation of 1,2,3,5-tetrafluorobenzene with hydrogen gas over a rhodium surface, while

1,2,4-trichlorobenzene and 1,2,3-trichlorobenzene are observed for the hydrodechlorina-

tion of 1,2,3,5-tetrachlorobenzene under the same conditions [37]: from the predictions

here, we would expect the concerted substitution reactions at the carbon-fluorine bonds

with locants 1 and 2 to dominate for 1,2,3,5-tetrafluorobenzene, but we would expect

the addition reaction at locant 4 to dominate for 1,2,3,5-tetrachlorobenzene, possibly



53

followed by the addition of a proton on an adjacent carbon and subsequent elimination.

Finally, the results highlight the potential importance of nucleophilic aromatic substi-

tution as a mechanism not only for the degradation of fluorinated aromatics, which

are otherwise more resistant to hydrodehalogenation than chlorinated and brominated

aromatics, but also for highly substituted halogenated aromatics in general.



Chapter 5

Binding to Rhodium Surfaces

5.1 Introduction

Halogenated aromatics are common groundwater pollutants, and one strategy used for

the remediation of sites contaminated with halogenated aromatics is the use of pump-

and-treat systems [113]. Recently, fluorinated aromatic compounds have found increas-

ing use in agriculture, medicine, and in the chemical industry [1,6,125], which has led to

increased attention to their dehalogenation pathways both in the natural environment

and in remediation systems [36,37,126–128].

Unfortunately, Pd-based pump-and-treat systems have been shown to have a low

affinity for fluorinated aromatics [129–131], although a Rh-based catalytic system re-

ported by Baumgartner et al. has recently been demonstrated to effectively catalyze the

54
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complete dehalogenation and dehydrogenation of both fluorinated and chlorinated aro-

matic substrates under mild conditions [36, 37]. One interesting observation about this

particular system is that, whereas the observed rates of dehalogenation for the chlori-

nated aromatics depend largely on the number of halogen substitutions (with increasing

substitution resulting in slower dehalogenation), the rates for the fluorinated aromatics

depend largely on the number of halogen substitutions adjacent to each other (with

higher numbers of substitutions resulting in faster dehalogenation) [37].

One plausible mechanism through which dehalogenation might occur in the system

described by Baumgartner et al. is a nucleophilic aromatic substitution mechanism,

where a hydride from the Rh surface acts as a nucleophile. A recent density functional

theoretical study of the dehalogenation of aromatics by nucleophilic aromatic substi-

tution by a hydride nucleophile in aqueous solution by Sadowsky et al. [132] has also

predicted the trend observed by Baumgartner et al. that fluorinated aromatics with

higher numbers of adjacent halogen substitutions should be expected to degrade faster.

However, it has been shown both experimentally and computationally that aromatics

with more total halogen substitutions react much faster than aromatics with less total

halogen substitutions [116, 117, 132], whereas Baumgartner et al. observe a very strong

trend to the opposite effect. For both (poly)fluoro- and (poly)chloro- benzenes, the com-

putational free energy of activation predictions of Sadowsky et al. are presented beside

the negative logarithm of the experimentally observed reaction rates of Baumgartner et

al. in Figure 5.1.
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Figure 5.1: Relative rates of dehalogenation over a Rh/Al2O3 catalyst observed experi-
mentally by Baumgartner et al. [37] (in negative log form) compared to computational
predictions of free energies of activation for nucleophilic aromatic substitution reactions
leading to dehalogenation in aqueous solution reported by Sadowsky et al. [132]. (in
kcal mol−1).
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Knowledge of the binding of halogenated aromatics to Rh surfaces could therefore

yield significant insight into the mechanism of dehalogenation. If, for example, it can

be shown that there is significantly decreased binding for highly substituted aromatics,

then the proposed nucleophilic aromatic substitution mechanism is still plausible. In

this contribution, the binding of (poly)fluoro- and (poly)chloro- benzenes to two model
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complexes, a Rh cation and a neutral Rh trimer, are studied using a density functional

theoretical protocol.

5.2 Materials and Methods

5.2.1 Computational Methods

All DFT calculations are carried out at the hybrid generalized-gradient level of density

functional theory using the B1LYP functional [133], which has been demonstrated to

perform well for 4d transition metals and ions [134]. The standard 6-311+G(3df,2p)

basis set are used for all main group elements. For transition metals, the SDD quasi-

relativistic pseudopotentials [135] and their associated basis sets are used. An integration

grid of 99 radial shells and 590 angular points per shell is used and the geometry of each

structure is optimized to a maximum force of 2.0 · 10−6 au, a root mean square (RMS)

force of 1.0 · 10−6 au, a maximum internal coordinate displacement of 6.0 · 10−6 au,

and a RMS internal force displacement of 4.0 · 10−6 au. All optimized geometries are

confirmed to be local minima on the model chemistry potential energy surface by ana-

lytical calculation of the vibrational frequencies following the usual quantum-mechanical

harmonic-oscillator approximation. These vibrational frequencies are scaled by a factor

of 0.978, a parameter that has been empirically fit for B1LYP to reproduce experimental

zero-point vibrational energies [54], and used in the calculation of zero-point vibrational

energies and vibrational partition functions. These quantities, along with the ideal-gas,
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particle-in-a-box, and rigid-rotator partition functions, are used to calculate thermal con-

tributions to the enthalpy and Gibbs free energy of each structure using the thermo.pl

script [55]. All calculations are performed with the Gaussian 09 electronic structure

suite, Revision C.01 [62].

5.2.2 Statistical Methods

The R software environment, version 2.15.2 [63] is used for all linear regression analysis.

5.3 Results and Discussion

5.3.1 Binding with Neutral Rh Trimer

We first explore the hypothesis that aqueous adsorption of aromatic substrates on to

the rhodium surface described by Baumgartner et al. is largely a consequence of the

aromatic ring forming three η2 interactions with adjacent Rh atoms on the Rh surface.

A neutral Rh trimer with Rh–Rh bond lengths constrained to a distance of 2.689 Å is

used as a model for this mode of interaction, where the value of 2.689 Å is taken from

the experimental bond distance for bulk Rh [136]. The electronic energies of binding of

the (poly)halogenated benzenes to these geometrically constrained trimers are reported

in Table 5.4. For many of the substrates, there is only one unique binding configuration;

for the substrates that have two possible configurations, both are optimized. In Table

5.4, the binding modes which include an η2 interaction with the C atoms with locants

1 and 2 are listed first, followed by the binding modes which include an η2 interaction
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with the C atoms with locants 2 and 3. As full optimizations are not performed, it is

not possible to calculate vibrational partition functions for these complexes. Thus, only

the electronic energies of binding, and not free energies of binding, are reported in Table

5.4. The complexes formed by benzene, hexafluorobenzene, and hexachlorobenzene are

notable for their high symmetry (C3v), making a full geometric analysis feasible; for

these three complexes, all seven geometric degrees of freedom are tabulated in Figure

5.2.

Figure 5.2: Geometrical degrees of freedom (in Å and degrees) for Rh3C6X6 (X = H, F,
Cl). The Rh-Rh bond distances are given in italics to indicate that the bond distance is
constrained.

X

X
Rh

X

X
Rh

X

X

Rh

H F Cl
rRh−Rh 2.689 2.689 2.689
rRh−C 2.127 2.066 2.075
rC−C,bound 1.429 1.443 1.453
rC−C,unbound 1.457 1.472 1.482
rC−X 1.083 1.349 1.757
AC−C−X,para 162.5 154.1 159.8
AC−C−X,ortho,bound 119.5 118.2 118.7

In order to study the additive contributions of substitution patterns to the predicted

binding energies, the multiple linear regression in Eq. 5.1 is proposed. The energies

are analyzed in terms of the number of η2 interactions with pairs of unsubstituted

carbons (nHH), pairs of substituted carbons (nFF and nClCl), and mixed substituted

and unsubstituted pairs of carbons (nHF and nHCl). An example of the assignment of

these parameters can be found in Figure 5.2. The results of the multiple linear regression

are given in Table 5.3.
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Table 5.1: Electronic energies of binding for (poly)fluoro- (F) and (poly)chloro- (Cl)
benzenes with a geometrically constrained Rh trimer (in kcal mol−1).

PG F Cl
benzene C3v (-30.2) (-30.2)

mono C1 -29.2 -30.5
1,2-di Cs -29.6 -31.1

Cs -29.2 -30.0
1,3-di C1 -28.3 -31.0
1,4-di Cs -28.5 -30.6

1,2,3-tri C1 -29.7 -30.6
1,2,4-tri C1 -28.8 -31.3

C1 -28.4 -30.2
1,3,5-tri C3 -27.7 -31.6

1,2,3,4-tetra Cs -30.4 -30.7
Cs -30.0 -29.6

1,2,3,5-tetra C1 -29.2 -30.9
1,2,4,5-tetra Cs -29.0 -30.6

penta C1 -30.7 -29.9
hexa C3v -32.4 -28.8

∆EB ≈ cHHnHH + cHFnHF + cFFnFF + cHClnHCl + cClClnClCl (5.1)

The regression demonstrates that the most favorable bonding interaction is with

pairs of fluorinated sites (cFF ), while the least favorable interaction is with mixed pairs

of fluorinated and unsubstituted sites (cHF ). Interestingly, this trend is reversed for

Table 5.2: Classification of η2 interactions for 1,2,4-trifluorobenzene.

H

F
Rh

H

F
Rh

F

H

Rh

nHH = 1, nHF = 1, nFF = 1
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Table 5.3: Multiple linear regression of the electronic energies of binding of
(poly)halogenated benzenes and Rh trimer (in kcal mol−1).

cHH cHF cFF cHCl cClCl R2

-10.0 ± 0.1 -9.3 ± 0.1 -10.5 ± 0.1 -10.3 ± 0.1 -9.9 ± 0.1 0.9999

chlorinated aromatics; interactions with mixed pairs of chlorinated and unsubstituted

sites (cHCl) are more favorable than pairs of unsubstituted sites (cHH), while interactions

with two chlorinated sites (cClCl) are slightly less favorable than interactions with two

unsubstituted sites (cHH). The strength of the correlation suggests one could arrive at

an understanding of the binding of all of the substrates from an analysis of just five

of the substrates considered: benzene, 1,3,5-trifluorobenzene, hexafluorobenzene, 1,3,5-

trichlorobenzene, and hexachlorobenzene.

A partial explanation of the observed trends in binding energies can be found in the

π? orbitals of the substrates. The ionization energies of all of the substrates are higher

in magnitude than that of the Rh trimer, and so one would expect some degree of charge

transfer from the Rh trimer to the substrate π? orbitals in the bound complexes. The

energies of the π? orbitals of selected substrates are reported in Figure 5.4, along with

the sum of the APT charges [137] on the substrates while bound to the rhodium trimer.

The results confirm that substrates with the lowest π? energy levels have significantly

more charge transfer from the rhodium trimer to the aromatic substrate. The geome-

tries of these compounds in their bound complexes is also worth noting; as reported in

Figure 5.2, hexachlorobenzene has slightly longer C–C bonds than hexafluorobenzene,

and even longer C–C bonds than benzene. In other words, complexes with more charge
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transfer have weaker C–C bonding (owing to increased π? density). The trend in π?

energies gives a plausible explanation for why the (poly)chlorobenzenes, on average,

bind better than the (poly)fluorobenzenes. It also suggests a reason for why 1,3,5-

trichlorobenzene binds particularly well; while the π? orbitals of 1,3,5-trifluorobenzene

are about half way between the levels of benzene and hexafluorobenzene, the π? orbitals

of 1,3,5-trichlorobenzene are significantly lower than the mean of the levels of benzene

and hexachlorobenzene.

Table 5.4: Energies of the lowest π? orbitals (in eV) of selected substrates and the sum
of the APT charges on the substrates while bound to Rh3.

e(π?) q(C6X6)
benzene -0.14 0.23
1,3,5-trifluorobenzene -0.59 0.05
hexafluorobenzene -0.94 -0.09
1,3,5-trichlorobenzene -1.10 0.00
hexachlorobenzene -1.54 -0.17

However, the charge transfer analysis does not offer a full explanation of the re-

sults. An analysis of the geometric deformation of the substrates is therefore carried

out through partial optimizations of benzene, hexafluorobenzene, and hexachloroben-

zene with the H, F, and Cl nuclei constrained to four different symmetric out-of-plane

angles (θ = 5◦, 10◦, 15◦, 30◦). The differences in the electronic energies of the substrates

at the constrained geometries with respect to the electronic energies at their uncon-

strained geometries, referred to hereinafter as the deformation energies of the respective

substrates, are plotted against the angular constraints, or deformation angles, of the
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respective substrates in Figure 5.3.

Figure 5.3: Deformation energies (in kcal mol−1) of C6X6 (X=H,F,Cl) plotted against
their respective deformation angles. Points circled in red are the extrapolated defor-
mation energies at the out-of-plane angles of the Rh3-bound C6X6 geometries. Vertical
dashed lines mark the out-of-plane angles of the hydrogen (left) and fluorine (right)
atoms in the bound geometry of 1,3,5-trifluorobenzene.
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Symmetric out-of-plane bending appears to come at a significantly greater energetic

cost for the substituted benzenes than it does for benzene, and appears to come at a
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particularly high cost for hexachlorobenzene. This latter observation offers an attractive

explanation for why hexafluorobenzene has a stronger predicted binding energy than

does hexachlorobenzene, despite hexachlorobenzene having the more favorable π orbital

arrangement for charge transfer. Inspection of Figure 5.2 shows that the out-of-plane an-

gles also correlate with rhodium-carbon bond distances, suggesting that hexafluoroben-

zene is able to bind closer to the rhodium trimer, resulting in a stronger interaction,

due to its relative ease of out-of-plane bending. This analysis also offers an explanation

for the poor binding of 1,3,5-trifluorobenzene. While fluorinated sites have a tendency

to bind close to the rhodium surface, with a significant degree of tetrahedralization,

unsubstituted sites have a tendency to bind farther away, with less tetrahedralization.

1,3,5-trifluorobenzene is thus forced into a compromise between the two (as visualized

by the vertical dashed lines in Figure 5.3), which comes at a severe energetic cost for the

unsubstituted sites and restrains the substituted sites from their ideal binding position.

The electronic energies of binding for the (poly)fluoro- and (poly)chloro- benzenes

with Rh3 are reported beside the experimental rates of dehalogenation from Baum-

gartner et al. in Table 5.4. Although the experimentally observed trend that binding

strongly increases with an increasing number of adjacent fluorine substitutions is cor-

rectly predicted by the Rh3 model, the model also incorrectly predicts that an increased

total number of fluorine substitutions results in increased binding. On the other hand,

the Rh3 model fails completely for the (poly)chlorobenzenes. It does correctly predict

the correct trend in respect to the total number of halogen substitutions, but not with a
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Figure 5.4: Relative rates of dehalogenation over a Rh/Al2O3 catalyst observed experi-
mentally by Baumgartner et al. [37] (in negative log form) compared to computational
predictions of the energies of binding in Table (in kcal mol−1).

Experiment

0 1 2 3 4 5 6

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

# of adjacent substitutions

−
ln

(k
)

●

●
●

●

●

●

fluorobenzene
difluorobenzenes
trifluorobenzenes
tetrafluorobenzenes
pentafluorobenzene
hexafluorobenzene

0 1 2 3 4 5 6

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

# of adjacent substitutions

−
ln

(k
)

●●

●

●

●

●

chlorobenzene
dichlorobenzenes
trichlorobenzenes
tetrachlorobenzenes
pentachlorobenzene
hexachlorobenzene

Theory

0 1 2 3 4 5 6

−46

−45

−44

−43

−42

−41

# of adjacent substitutions

fr
ee

 e
ne

rg
ie

s 
of

 b
in

di
ng

 (
kc

al
/m

ol
)

●

●●

●

●

●

fluorobenzene
difluorobenzenes
trifluorobenzenes
tetrafluorobenzenes
pentafluorobenzene
hexafluorobenzene

0 1 2 3 4 5 6

−46

−45

−44

−43

−42

−41

# of adjacent substitutions

fr
ee

 e
ne

rg
ie

s 
of

 b
in

di
ng

 (
kc

al
/m

ol
)

●

●●

●

●

●

chlorobenzene
dichlorobenzenes
trichlorobenzenes
tetrachlorobenzenes
pentachlorobenzene
hexachlorobenzene

large enough slope to correct for the much faster reactivity predicted for increasing total

chlorine substitutions that the nucleophilic aromatic substitution hypothesis predicts.

5.3.2 Binding with Monatomic Rh Cation

We therefore explore an alternative hypothesis, namely that the binding of the aromatic

substrates to the rhodium surfaces is largely electrostatic in nature. This hypothesis is

tested by studying the complexes formed from the interaction of the (poly)fluoro- and
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(poly)chloro- benzenes and a rhodium cation. The Gibbs free energies of binding of

these complexes are reported in Table 5.5.

Table 5.5: Gibbs free energies of binding of (poly)halogenated benzenes with Rh cation
(in kcal mol−1).

PG ∆G(F ) ∆G(Cl)

benzene C6v (-46.1) (-46.1)
mono Cs -39.8 -40.4
1,2-di Cs -34.8 -37.0
1,3-di Cs -34.3 -36.2
1,4-di C2v -34.2 -35.9

1,2,3-tri Cs -29.8 -33.6
1,2,4-tri C1 -28.8 -32.2
1,3,5-tri C3v -28.6 -32.0

1,2,3,4-tetra Cs -24.5 -30.2
1,2,3,5-tetra Cs -24.2 -29.6
1,2,4,5-tetra C2v -24.0 -29.3

penta Cs -20.0 -25.8
hexa C6v -15.8 -25.2

The binding free energies follow two major trends. The most significant trend is that

with increasing halogen substitution, the binding weakens. This trend is particularly pro-

nounced for fluorine substitution. A second trend is that among the (poly)halogenated

benzenes with the same number of halogen substitutions, structures with the highest

number of adjacent substituted sites are predicted to have the strongest binding. The

first trend can be explained by the well-known effect that increasing halogen substitution

causes a weakening and eventual inversion of the quadrupole moment of benzene, which

otherwise has a negative electrostatic potential at its center of mass and along its central

axis above the ring due to the polarization of the carbon-hydrogen bond. It is therefore

not surprising that this trend is particularly pronounced for (poly)fluorobenzenes, as

C–F bonds are more highly polarized than C–Cl bonds. Among substrates with the
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same number of halogen substitutions, the substrates with the most adjacent substi-

tuted sites have by mathematical necessity also the most adjacent unsubstituted sites.

The dipole moment that results from this explains the latter trend. In the presence of

a substrate with a dipole moment, the cation will bind off-center in the direction of the

largest grouping of unsubstituted sites, which is more electrostatically favorable. The

free energies of binding for the (poly)fluoro- and (poly)chloro- benzenes are reported

beside the experimental rates of dehalogenation from Baumgartner et al. in Figure 5.5.

Figure 5.5: Relative rates of dehalogenation over a Rh/Al2O3 catalyst observed experi-
mentally by Baumgartner et al. [37] (in negative log form) compared to computational
predictions of the free energies of binding in Table (in kcal mol−1).
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One possible explanation for the apparent correlation between the Rh cation binding

free energies and the experimental reaction rates is that the Rh particles have a posi-

tive charge and therefore a positive ζ-potential, which is known to occur for Rh/Al2O3

particles in aqueous solution [138]. However, a cation-π interaction is not a very sophis-

ticated model for a metal surface with a positive ζ-potential, and possibly overestimates

the real electrostatic effect. It is also plausible that there are multiple binding modes,

and that the ones which are more electrostatic in nature (for example, binding at the

site of surface defects) lead to increased reactivity.

5.3.3 Vibrational Spectroscopy

Vibrational spectroscopy provides a convenient means to compare the model binding

complexes studied here with experimental observations of Rh-aqueous interfaces. In

one particularly relevant study, Zou et al. [139] have reported surface-enhanced Raman

(SERS) spectra of benzene adsorbed onto Rh- and Pd- plated electrodes in aqueous solu-

tion. Key mode assignments from these spectra are reported in Table 5.6 along with the

computationally predicted vibrational modes of benzene and the model M3(C6H6) (M =

Rh, Pd) complexes. Table 5.6 also reports the vibrational frequencies of the Rh(C6H6)+

model complex; however, comparison to an analogous C6v palladium complex is not

possible due to the instability of the Pd(I) ion. Instead the vibrational frequencies of

the C6v Pd(C6H6)2+ complex are reported. The convention established by Wilson [140]

is used to identify each mode in Table 5.6 and thereafter.
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Table 5.6: Comparison of experimental aqueous SERS frequencies of benzene adsorbed
on Rh and Pd electrodes and computed quasi-harmonic frequencies of benzene bound
to model Rh and Pd surfaces (in cm−1).

Rh Pd
description mode benzene exp.a M3 M+ exp.a M3 M2+

M-C stretching νM−C 355 380 223 250 281 223
C-C out-of-plane bending ν16(e2u) 405 495 468 401 430 446 349
C-C-C in-plane bending ν6(e2g) 609 605 571 600 590 583 579
C-H out-of-plane bending (symmetric) ν11(a2u) 681 795 778 780 735 723 804
ring breathing ν1(a1g) 994 885/970b 863 968 930/955b 892 951
C-H in-plane bending ν15(b2u) 1150 1140 c 1140 1159 1155 c 1145 1178
C-H in-plane bending ν9(e2g) 1178 1140 c 1109 1163 1155 c 1132 1160
C-H in-plane bending (symmetric) ν3(a2g) 1362 1350 1320 1356 1330 1336 1362

a Ref. 139. b See text for explanation. c These modes are tentatively assigned as ν9 in ref. 139, although Zou
et al. note the possibility that ν15 could be the correct assignment.

One interesting feature of the spectra reported by Zou et al. is the observation of two

ν1 modes. The ratio of the intensities of the two peaks are reported to be concentration

dependent, with the higher frequency ν1 peak disappearing when the aqueous benzene

solution is sparged. On the basis of this evidence, Zou et al. ascribe the higher-frequency

peak to a “physisorbed” state and the lower frequency peak to a stronger, “chemisorbed”

state. The calculated frequencies of the M3 complexes are in very good agreement with

the vibrational frequencies observed by Zou et al., including the lower ν1 frequencies

but excluding the higher ones. On the other hand, the calculated frequencies of the

M+ and M2+ complexes are not in very good general agreement with the frequencies

observed by Zou et al., with the notable exception of the higher ν1 values. The results

suggest that the dominant bound geometry of benzene at an aqueous-Rh interface is one

with three η2 interactions similar to the Rh3 model. However, there are many plausible

binding geometries that could be responsible for the “physisorbed” state identified by
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Zou et al.; the data in Table 5.6 is insufficient to draw conclusions. It is worth noting

that the electrode used by Zou et al. is described as being on average 4 ML thick, and

very smooth. It is therefore very likely that the Rh surface described by Baumgartner

et al., with reported mean particle diameter of 5 µm, contains significantly more defect

sites. It is also plausable that, whether or not cation-π bonding is responsible for the

“physisorbed” state observed by Zou et al., it could occur at defect sites of positively

charged Rh particles.

5.3.4 Free Energies of Solvation

Thus far, two types of data have been considered: factors affecting the binding of aro-

matics to Rh surfaces and factors affecting the reactivity of the aromatics free of any

consideration of the Rh surface. Another possibility is that, once the aromatic substrate

is bound to the Rh surface in a geometry analogous to the M3 model complexes, one

or more of the η2 interactions with the Rh surface must unbind in order that the re-

action can proceed via the proposed nucleophilic aromatic substitution mechanism at

the unbound portion of the substrate. If this is indeed the case, one would expect the

reaction rates to have an inverse correlation with the affinity of the unbound part of

the substrate for aqueous solution. As a crude approximation to this, the free energies

of solvation of each substrate (in its entirety) are considered. Sadowsky et al. have

previously reported computational predictions of the free energies of solvation of the
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(poly)fluoro- and (poly)chloro- benzenes using a combined density functional theoreti-

cal and continuum solvation model with an isodesmic formalism that makes careful use

of experimental Henry’s law constant data [96]. Figure 5.6 compares the experimental

rates of Baumgartner et al. with computational predictions of Sadowsky et al.

Figure 5.6: Relative rates of dehalogenation over a Rh/Al2O3 catalyst observed experi-
mentally by Baumgartner et al. [37] (in negative log form) compared to computational
predictions of the free energies of solvation reported by Sadowsky et al. [96] (in kcal
mol−1).
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The correlation of the free energies of solvation with the experimental rates is strong,

and is especially notable in that it is the only data set considered here which correctly
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predicts especially slow reactivity for hexachlorobenzene.

The binding and reactivity of aromatic substrates at rough aqueous-Rh/Al2O3 inter-

faces is complex. We propose that an understanding or even a quantitative prediction of

the major binding mode available to an aromatic substrate at such an interface in insuf-

ficient to understanding and predicting the reactivity of that substrate on that surface.

Rather, one must aim for an understanding of the weak or partially bound geometries

available to substrates. In the specific case of the system reported by Baumgartner et

al., we propose that physisorbed states, electrostatic interactions with surface defects,

and η4 binding modes may play key roles in understanding catalytic dehalogenation at

Rh/Al2O3 surfaces.



Chapter 6

Extensions to Highly Condensed

Aromatic Systems1

6.1 Introduction

Carbon nanotubes (CNTs) are an emerging class of materials whose remarkable prop-

erties have generated considerable scientific and commercial interest along with human

and ecological health concerns. CNTs have been demonstrated to have not only sig-

nificant toxicity to human cell lines [141–143], but also significant solubility in aqueous

solutions of natural organic matter [144]. With accelerating global production capacity,
1 Adapted with permission of The Royal Society of Chemistry. Sadowsky, D.; McNeill,

K.; Cramer, C.J. Electronic structures of [n]-cyclacenes (n= 6-12) and short, hydrogen-
capped, carbon nanotubes. Faraday Discussions, 2010, 145, 507-521.

73
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CNTs could thus become a hazardous but poorly understood aquatic pollutant. Un-

derstanding the environmental transformations of CNTs, such as their reactions with

photochemically produced reactive intermediates, could be key to better understand-

ing their fate in aquatic systems since such transformations play critical roles in the

environmental fate of many other pollutants [145–147]. For example, early experimen-

tal [148–150] and theoretical [151–155] work has shown that nanotubes are susceptible

to reaction with singlet oxygen (and certain fullerenes and nanotubes are singlet oxygen

sensitizers [148, 156] but the identification of subsequent products has been difficult to

accomplish experimentally, although 1,2- and 1,4-endoperoxides are typically invoked

as initial reactive intermediates. The study of this chemistry has been hindered by the

analytical challenges associated with characterizing these heterogeneous systems.

Single-walled (SW) CNTs have been studied widely with electronic structure calcu-

lations, largely through the use of periodic boundary conditions [157–160]. Although

these methods have had great success in predicting electronic and material properties

of pristine SWNTs, models with periodic boundary conditions are less useful for the

study of localized phenomena like photochemical degradation or other surface reactiv-

ity involving significant covalent modification and/or distortion of the CNT molecular

framework, unless very large unit cells are chosen so as to guarantee a lack of interac-

tion between periodically reproduced modification sites. In such instances, it may be

more computationally efficient to employ a finite-length nanotube model, although the

adoption of such a model does required that one ensure that results are not complicated
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by edge effects if too small a length is chosen. Of course, the edge reactivity of actual

nanotubes released into the environment may itself be of interest, in which case the

utility of the finite length model is obvious, and indeed an interesting question is the

degree to which edge effects do influence reactivity.

Recourse to finite-length nanotube models also facilitates the use of implicit solvation

models [161, 162] that play a key role in the construction of overall modeling protocols

having relevance for the study of reactions under environmental conditions. Noting

all of these relative advantages and disadvantages, finite-length models have come into

increasing use in calculations of CNT electronic properties [163–165] and the convergence

of their electronic properties to a continuum limit with increasing length has also been

studied [165–167].

In order to study the potential chemical reactivity of carbon nanotubes and their

degradation products in the environment, and to aid in the experimental characterization

of such materials, an ideal theoretical model should offer, at low computational cost, an

ability to model geometric and energetic perturbations associated with changes in local

structure induced by adsorbed species or reactions that break C–C bonds. In addition,

reasonably accurate predictions of relevant spectroscopic data (e.g., in the UV/Vis or

infrared regions of the spectrum) should be possible. For systems of the size envisioned

to be environmentally relevant, it is clear that only density functional theory (DFT) is

likely to offer an immediate, practical, quantum mechanical alternative [168], although it

is possible that semiempirical models like size-consistent-charge density functional tight
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binding (SCC-DFTB) theory may also ultimately prove useful [169,170].

A significant challenge associated with using Kohn-Sham (KS) DFT to model short

nanotubes, however, is that the single-determinantal nature of the KS formalism is sub-

ject to instability if the frontier orbital separation (i.e., the energy gap between the oc-

cupied and unoccupied orbitals) becomes sufficiently small. In such instances, restricted

solutions to the restricted KS DFT self-consistent field equations become unstable to

symmetry breaking to unrestricted solutions having poorly defined spin states. For in-

stance, Chen et al. [171] have reported that [6]-cyclacene is predicted to have a singlet

ground state with DFT, in agreement with multireference second-order perturbation

theory calculations, but only when a broken-symmetry (BS) KS formalism is employed.

We note that Hachmann et al. [172], based on density matrix renormalization group

calculations of the linear polyacenes for lengths up to 12, have also reported substantial

multireference character in the singlet ground states with increasing length, so the cyclic

nature of the cyclacenes is not solely responsible for this phenomenon, and polyacenes

as a general class appear to pose significant challenges to single determinantal electronic

structure methods like Kohn-Sham DFT.

Here, we undertake a characterization of the length-dependent electronic structures

of various hydrogen-capped, zig-zag, single-walled, carbon nanotubes, having walls com-

posed of 6 to 12 rings around and lengths ranging from 1 (a [n]-cyclacene) to 6, using

broken-symmetry density functional theory together with a spin purification formalism.
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We examine the relative utilities of the local M06-L functional and the perennially pop-

ular hybrid B3LYP functional. In the [n]-cyclacene cases, we also compare our BS DFT

predictions to CASSCF/CASPT2 multireference second-order perturbation theory cal-

culations, as the latter model handles the multiconfigurational character of potential bi-

or polyradicaloid singlet states in a rigorous fashion.

6.2 Computational Methods

6.2.1 Geometries

All geometries were fully optimized at the M06-L [173] level of theory using the 6-31G(d)

set [174]. Separate geometries were optimized for each spin state and for singlet states a

broken-symmetry formalism was employed. As M06-L is a local functional, it is possible

to speed the computation of Coulomb integrals by adopting the resolution of the identity

approximation with a fitting basis set [175–178], and we took advantage of this efficiency.

All geometries were verified as local minima by the computation of analytical vibrational

frequencies.

6.2.2 DFT energies

In certain chemical species, e.g., polynuclear transition-metal compounds, one may con-

sider the overall molecular system to be composed of one or more subsystems over each

of which unpaired spin is localized. In such instances, it can be convenient to use a
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spin-labeled model Hamiltonian that describes the spin-spin interactions between local-

ized centers as though they were coupled angular momenta; the appropriate formalism

for such a treatment was first described by Heisenberg [179] and Dirac [180] and later

elaborated by Van Vleck [181] and Slater [182]. If, for the sake of simplicity, we re-

strict ourselves to considering two subsystems A and B, the eigenstate energies of the

Heisenberg-Dirac Hamiltonian are given by

ES = −JABS(S + 1) (6.1)

where the coupling energy parameter JAB can be determined from electron repulsion

integrals and the spin S takes on whole or half-integer values ranging from |SA−SB| to

|SA + SB|.

Continuing to consider the simplest case, let us assume only one unpaired electron in

each subsystem A and B. In that case, the wave function for the high-spin triplet state

should be well represented by a single Slater determinant formed from the usual molecu-

lar orbitals determined as linear combinations of atomic orbitals; such situations are well

suited for treatment by DFT within the single determinantal Kohn-Sham formalism. In

contrast, the wave function for the antiferromagnetically coupled singlet state, in the

limit of weak coupling, requires at least two determinants for a balanced description and

is thus problematic for Kohn-Sham DFT [161], so that it is not generally possible to

compute the energy difference between the two states directly [183–185]. However, as
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originally discussed by Ziegler et al. [186] and Noodleman [187], a non-physical broken-

spin-symmetry state, deriving from an unrestricted DFT calculation in which the equal

numbers of alpha and beta electrons are allowed to occupy spatially distinct orbitals,

can be useful for predicting the coupling parameter JAB for use in eq. 6.1. In particular,

Noodleman [187] originally indicated that in the limit of weak coupling [188,189].

JAB = −
HSE −BS E

4|SA||SB|
(6.2)

where HSE and BSE are the energies computed from the high-spin and broken-symmetry

determinants, respectively, for the same molecular geometry, and SA and SB are the

spins on centers A and B, respectively (e.g., both 1
2 in the example of one spin on each

center). Subsequently, Yamaguchi and co-workers [190, 191] suggested a modification

designed to be valid for couplings ranging from weak to strong, namely

JAB = −
HSE −BS E

HS < S2 > −BS < S2 >
(6.3)

where < S2 > is the expectation value of the total spin operator applied to the appro-

priate determinant. In the limit of weak coupling, for the example of one spin on each

center A and B, we would expect HS < S2 > to be 2 (the correct eigenvalue for a triplet)

and BS < S2 > to be 1 (the average of a singlet and a triplet) and the equivalence of eqs.

6.2 and 6.3 is demonstrated. In the limit of strong coupling, i.e., where a restricted DFT

formalism would be appropriate for the singlet state, BS < S2 > will be zero (i.e., there
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is no broken symmetry at all), and using the value for JAB computed from eq. 6.3 in

eq. 6.1 will cause the difference between the singlet and triplet states to be simply HSE

– BSE, which is the proper result (a so-called ∆SCF result) if both states are suited

to computation by a single determinantal formalism. The Heisenberg-Dirac model has

been used extensively in conjunction with DFT to explain magnetic properties in metal

coordination compounds [192–194]. One of our goals in this work is to examine its utility

when applied to the [n]-cyclacene series and short nanotubes, where it is less obvious

that subsystems as distinct as metal atoms can be easily identified, and it can moreover

be difficult to decide the proper spin state to assign as the high-spin limit in eq. 6.3.

6.2.3 Multireference energies

CASSCF/CASPT2 calculations [195] were performed for the DFT optimized [n]-

cyclacene geometries. The CASSCF model constructs pure spin states as proper combi-

nations of spin-adapted configurations, thereby accounting for the non-dynamical corre-

lation associated with an open-shell singlet, for example, and the CASPT2 model adds

an accounting for dynamical electron correlation energy at the level of second-order

perturbation theory applied to the CASSCF reference.

The [n]-cyclacenes with an even-numbered primary axis of rotation were treated in

D2h symmetry and were run with an 8 electrons in 10 orbitals, denoted (8,10), active

space. This active space was selected based on an examination of the relative energies
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(and near degeneracies) of the frontier orbitals in the various systems. Systematic con-

sideration of larger and smaller active spaces established that the inclusion of additional

occupied or virtual orbitals failed to change the occupation numbers of those orbitals

from very near 2 and 0, respectively, and moreover had little effect on computed state-

energy splittings. Shrinking the active space to smaller than (8,10), on the other hand,

led to large changes in predicted state-energy splittings and significant changes in orbital

occupation numbers and overall wave functions. A similar analysis of the [n]-cyclacenes

with an odd-numbered primary axis of rotation, which were treated in C2v symmetry, led

to the selection of a (12,12) active space. Additional discussion of certain key molecular

orbitals is provided in the Results section.

6.2.4 Software

Initial geometries were generated in D(n)h symmetry with the assistance of the on-

line nanotube structure generator TubeGen v.3.3 [196]. All DFT computations were

performed with MN-GFM version 4.1 [197], a locally modified version of Gaussian 03

revision D.01 [198]. All CASSCF/CASPT2 calculations were performed with MOLCAS

7.0 [199].



82

6.3 Results and Discussion

6.3.1 [n]-Cyclacene geometries

We start with the “monomers” of the zig-zag hydrogen-capped nanotube series, the [n]-

cyclacenes. With respect to DFT, the M06-L functional [173] is an attractive choice of

functional for initial consideration for two reasons. First, as a local functional that can

be combined with the resolution of the identity formalism to speed the computation of

Coulomb integrals, it is much more efficient for large systems than a hybrid functional.

Second, the M05 and M06 family of functionals has been demonstrated to be superior to

most other functionals in current use with respect to accurately accounting for attractive

non-bonded interactions like dispersion [200–203]. It is not immediately clear that dis-

persion will be an important consideration in [n]-cyclacenes or short nanotubes, but their

construction from polarizable π systems certainly offers the possibility. Thus, all molecu-

lar geometries were optimized at the M06-L/6-31G(d) level. As an alternative functional

against which to compare, we also consider below the B3LYP functional [204–207], which

has seen extensive application to problems of organic structure and reactivity.

Geometry comparisons of the [n]-cyclacenes within the constraints ofD(n)h symmetry

are particularly facile in so far as each congener is completely characterized by the same

geometrical parameters, of which there are only six. These degrees of freedom are the

C-H bond length, the declination angle the C-H bonds make relative to the principal

symmetry axis, the length of the C-C bonds parallel to the principal symmetry axis, the
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length of the remaining “zig-zag” C-C bonds, the interannular dihedral angle ω1, and

the intraannular dihedral angle ω2 (see Figure 6.1).

Figure 6.1: Geometric degrees of freedom in [n]-cyclacenes.

The carbon-hydrogen bond length remains relatively constant (about 1.091 Å) in the

[n]-cyclacenes for n = 6-12. With respect to the radial angle made by the C–H bonds

relative to the principal symmetry axis, the cyclic nature of the molecules imposes an

outward pyramidalization on every carbon atom, with the degree of pyramidalization

increasing with decreasing n (see further discussion below). On that basis, one would

expect the C-H bonds to depress, or orient inward, relative to the principal axis, and

this effect is indeed observed. It ranges from 3.3 deg for n = 6 to 1.9 deg for n = 12.

Even for n = 6, this value is not particularly large, but the variation is in the sense

expected.

The length of the carbon-carbon bond parallel to the principal symmetry axis in-

creases with increasing cyclacene radius, although the total change from n = 6 to n =
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12 is fairly small at 0.012 Å (Table 6.1). This bond length is somewhat sensitive to the

spin state under consideration. It is longer by 0.004 Å for triplets relative to singlets

and 0.009 Å shorter for quintets, consistent with an electronic structure that localizes

interacting spins along each edge of the cyclacene (this point is discussed in more detail

below). In such a situation, singlet coupling would be expected to shorten the bond

joining the two edges, while triplet coupling will lengthen it to reduce interannular ex-

change repulsion. Quintet coupling in the smaller cyclacenes causes the parallel C–C

bond length to shorten again, as intraannular repulsion now dominates over interannular

repulsion, but this effect vanishes with larger size as the two spins on each edge become

well separated (vide infra). In principal, the broken-symmetry approach may well over-

estimate the parallel C–C bond length in the singlet states, since the KS determinants

are contaminated by higher spin states. Examples are known in binuclear copper sys-

tems [208,209] for example, where singlet geometries optimized using the restricted DFT

formalism are energetically more favorable than those optimized at the BS DFT level,

even though the restricted method cannot be used to reliably estimate those energies.

We were not able to test that issue here, however, as the restricted self-consistent field

equations proved very difficult or impossible to converge in most instances.

As might be expected given the benzenoid character of the rings, the other symmetry-

unique carbon-carbon bonds, the zig-zag bonds, lengthen or shorten in response to

shortening or lengthening of the parallel C–C bonds. The shortest such bond is 1.404

for the triplet state of [12]-cyclacene and the longest is 1.417 for the quintet state of
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Table 6.1: Lengths (Å) of C-C bonds for different [n]-cyclacene spin states optimized at
the M06-L level of theory.

Spin State
n Singlet Triplet Quintet
6 1.446a 1.450

1.416 1.416
7 1.466 1.441

1.409 1.417
8 1.453 1.456

1.409 1.409
9 1.452 1.449

1.410 1.410
10 1.456 1.460

1.406 1.406
11 1.453 1.453

1.408 1.407
12 1.458 1.462

1.405 1.404

a Bond lenghts are listed for the C-C bond parallel to the principal symmetry axis
(above) and the zig-zag C-C bond (below).

[7]-cyclacene, where exchange repulsion between two unpaired spins on the same ring is

maximized. We note that the energetic differences associated with different spin-state

geometries are not very large. The difference in triplet electronic energies, for example,

between the singlet and triplet optimized geometries for the even-numbered cyclacenes

is as low as 0.4 kJ/mol in some cases. Of course, if these small differences are additive

they may prove more important in the modeling of longer SWNTs.

Finally, symmetry constrains the sum of the two dihedral angles illustrated in Figure

6.1 for any [n]-cyclacene to be equal to twice the interior angle of a corresponding 2n-

sided regular polygon. It is interesting to consider the degree to which strain in the
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cyclacene series is associated with these dihedral angles, since they are diagnostic for n.

We have approached this question in the following fashion. As the molecular formula for

each cyclacene may be expressed as (C4H2)n, we may compute the normalized energy

of a C4H2 fragment in any [n]-cyclacene by dividing its total energy by n. If we then

plot this normalized energy vs. n−1 and fit a curve to this plot, we can determine from

the intercept the fragment energy associated with the “unstrained” cyclacene composed

of an infinite number of rings (and hence being effectively locally planar at any given

ring). The strain energy in a given cyclacene may then be defined as

E
[n]
strain = E[n] − nE(C4H2)

strain−free (6.4)

We may then ask the question, in an acyclic system, what is the strain energy associated

with the bending of an otherwise planar polyacene? To model bending of the interannular

dihedral angle, we have chosen naphthalene and to model bending of the intraannular

dihedral angle we have chosen anthracene. In each case, we have computed the increase

in electronic energy as a function of the relevant dihedral angle, optimizing all other

degrees of freedom. Over the range of dihedral angles from 150 to 180 deg, the electronic

energies are well fit by the expressions

Enaphthalenestrain = a(180− ω1)2 (6.5)

and
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Eanthracenestrain = b(180− ω2)2 (6.6)

where ω1 and ω2 are the inter- and intraannular dihedral angles, respectively, and a and

b take on values of 0.0785 and 0.0792 kJ/mol-deg2, respectively, at the M06-L/6-31G(d)

level.

We may then define a non-interacting reference strain (nirs) energy for a given [n]-

cyclacene as

E
[n]
nirs = n[Enaphthalenestrain (ω

[n]
1 ) + Eanthracenestrain (ω

[n]
2 )] (6.7)

Table 6.2: Strain energies in [n]-cyclacenesa.

Dihedral angles (deg) Strain energies (kJ/mol)
n ω1 ω2 Eq. 4 Eq. 7
6 150.8 149.2 138.1 136.8
7 155.0 153.5 106.8 100.7
8 158.3 156.7 76.2 77.0
9 160.6 159.4 64.1 60.7
10 162.4 161.6 49.2 49.2
11 164.2 163.1 42.2 40.4
12 165.6 164.4 34.2 34.2

a Bond lenghts are listed for the C-C bond parallel to the principal symmetry axis
(above) and the zig-zag C-C bond (below).

A comparison of strain energies computed from eqs. 6.4 and 6.7 for a given value of n

then permits an evaluation of any additional electronic or steric effects associated with

the cyclic nature of the [n]-cyclacene. Table 6.2 provides this analysis.
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Comparing the strain energies computed from eqs. 6.4 and 6.7, we see that the

largest difference between the two, which is for [7]-cyclacene, is only 5.9 kJ/mol, and in

the other cases the average difference is only 1.2 kcal/mol. Thus, there seems to be no

special stabilizing (or destabilizing) influence associated with the cyclic character of the

cyclacenes. The strain is very well approximated as the sum of the individual torsional

strains that would be present in the cyclacene’s isolated constituent fragments, although

the odd numbered cyclacenes show marginally more sensitivity than the even numbered

ones in this respect.

6.3.2 [n]-Cyclacene electronic structures

We now consider in more detail the nature of the various cyclacene electronic structures.

As described in the methods section, using BS DFT calculations to determine singlet

energies requires computation of < S2 > for the KS determinants. Table 6.3 lists these

values at the M06-L and B3LYP levels with the 6-31G(d) basis set. With M06-L, the

total spin expectation values for even values of n are near 1, which would be consistent

with a determinant formulated as an equal mixture of singlet and triplet states. For odd

values of n, on the other hand, the expectation values are near 2, which would consistent

with an equal mixture of singlet and quintet.

With B3LYP, the < S2 > expectation values are about 5% larger than those of

M06-L for odd values of n, but about 60% larger for even values of n after 6. Larger

values for B3LYP are consistent with the typical observation that hybrid functionals,
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Table 6.3: Expectation values (unitless) of S2 for BS DFT calculations on singlet [n]-
cyclacenes with the 6-31G(d) basis seta.

Functional
n M06-L B3LYP
6 0.95 1.16
7 1.64 1.66
8 0.88 1.28
9 2.11 2.22
10 0.99 1.62
11 2.35 2.51
12 1.35 2.12

a M06-L/6-31G(d) geometries.

like B3LYP, are more prone to spin contamination than local functionals, like M06-

L [208–210]. The greater sensitivity in the even numbered cyclacenes compared to the

odd ones may simply reflect the lower energy of the quintet states that contaminate a

mixed singlet-triplet wave function compared to septet states that would contaminate a

mixed singlet-quintet wave function.

We now consider the values of 2J computed from eq. 6.3 for M06-L and B3LYP with

the 6-31G(d) basis set. From eq. 6.1, we see that 2J corresponds to the singlet-triplet

splitting with a positive value implying a singlet ground state. As noted in the methods

section, in order to use eq. 6.3 one must make a choice of the proper high-spin reference

state. With M06-L it seems clear that the triplet state should be chosen for the even-

numbered cyclacenes and the quintet state for the odd-numbered ones (although it also

seems clear that were the size of the cyclacenes to increase, this choice might become

less clear). In the case of B3LYP, on the other hand, one might argue in the even n
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cases for either the triplet or the quintet state as the high-spin reference given the larger

predicted values of < S2 >. Thus, for even values of n in Table 6.4, we tabulate 2J for

both choices. With the M06-L functional, to examine the influence of basis set choice, we

also include results using the considerably more complete 6-311+G(2df,p) basis set [?].

Table 6.4: Predicted 2J values (kJ/mol) for the [n]-cyclacenes using eq. 3.a

M06-L B3LYP
n 6-31G(d) 6-311+G(2df,p) HS < S2 >= 2 HS < S2 >= 6

6 51.5 52.8 66.8 103.3
7 32.2 31.7 41.3
8 54.8 54.8 91.4 92.8
9 19.2 17.6 29.0
10 56.9 68.6 229.1 74.4
11 15.9 14.6 27.9
12 46.0 44.8 b 68.8

a The high-spin reference state for M06-L calculations is taken to be triplet for even n
and quintet for odd n. For B3LYP, both triplet and quintet states are considered for
even n, and the quintet for odd n.
b Not practical as BS < S2 > exceeds 2.

The data in Table 6.4 indicate that, at least for the M06-L functional, 2J values

are not particularly sensitive to improving the 6-31G(d) basis set to 6-311+G(2df,p),

which bodes well for the modeling longer SWNTs, where there will be substantially

more efficiency associated with using 6-31G(d). Comparing M06-L to B3LYP, it is

evident that for even values of n, the increasing deviation of BS < S2 > from values

near 1.0 (see Table 6.3) for B3LYP leads to much larger predicted 2J values compared to

M06-L. As discussed in more detail below, the M06-L values are in better quantitative

agreement with CASPT2. It is not obvious whether one should ascribe the larger values
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of BS < S2 > for B3LYP to spin contamination, associated with the greater sensitivity

of a hybrid functional to this phenomenon compared to a local one, or to a legitimate

switch to a reference state of higher spin. As Table 6.4 indicates, computation of 2J

values using a high-spin quintet as reference does not lead to improved results in the

smaller cyclacenes, but improvements do begin to appear in the larger ones.

The broken-symmetry character of the singlet wave functions in the cyclacenes is

in any case indicative of spin localization with weak coupling. To better understand

this phenomenon, it is instructive to consider the computed frontier molecular orbitals

(MOs). In figure 6.2, the highest occupied α and β MOs are illustrated for [8]-cyclacene

(these orbitals also serve as the lowest unoccupied molecular orbitals (LUMOs) for the

other spin). Each MO is constructed primarily from the 2p orbitals of the hydrogen-

bearing carbon atoms that contribute to the SWNT π system. The phases of the 2p

orbitals alternate as one proceeds around the torus, and in each case the BS MO has

large amplitude on one edge and small amplitude on the other. The α and β MOs differ

in the relative phases of the small amplitude component compared to the large one.

Thus, in the α MO, the two edges are in phase with one another, while in the β MO,

the two edges are out of phase. Thus, the α and β MOs may themselves be viewed as

linear combinations of the canonical π orbitals that would be formed from in-phase and

out-of-phase combinations of the two edges with equal amplitudes. In the case of the

α MO, the weight of the in-phase combination is somewhat larger, and the converse is

true for the β MO. Such behavior is expected if the two canonical p orbitals in question
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Figure 6.2: Highest occupied α (left) and β (right) orbitals of [8]-cyclacene at the BS
M06-L/6-31G(d) level.

represent the HOMO and LUMO from a restricted calculation with a narrow energy

separation, as proves to be the case in all of the even n cyclacenes. The importance of

the even character of n is that it permits alternation of the 2p orbital phases to satisfy

the cyclic boundary condition.

When n is odd, on the other hand, in addition to the frontier energy separation itself

being narrow, the canonical HOMO and LUMO orbitals are each doubly degenerate (in

analogy to the π2 and π3 orbitals of cyclopropenium, for example). Thus, as illustrated

in Figure 6.3, spin localizes left/right in addition to edge/edge. The orbital pictures

in Figures 6.2 and 6.3 thus rationalize the triplet and quintet choices for the high-spin

reference states in computing 2J for even and odd n cyclacenes, respectively, and suggest

that using the quintet reference for even n with B3LYP is not really physically justified,

in spite of the higher spin contamination of the BS KS determinant.

To further clarify these issues, we also carried out CASPT2 calculations on the cy-

clacenes, and the results are presented in Table 6.5 comparing predicted triplet (even n)

and triplet and quintet (odd n) state energy splittings from BS DFT to those computed
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Figure 6.3: Degenerate pairs of highest occupied α (left) and β (right) orbitals of [9]-
cyclacene at the BS M06-L/6-31G(d) level.

in a more rigorous fashion at the CASPT2 level.

Several trends are worthy of note. First, for n even, there is fairly good agreement

between CASPT2 and M06-L for the predicted singlet-triplet splittings; the mean un-

signed deviation over n = 6, 8, 10, and 12 is 7 kJ/mol. For n odd, on the other hand,

M06-L consistently underestimates the CASPT2 result by 10–18 kJ/mol. As expected,

then, the predicted quintet energies are underestimated by roughly triple this amount.

The B3LYP results, by contrast, are consistently larger for the state-energy splittings

than are those from M06-L. While these results overestimate the CASPT2 results for n

even, they come closer to the CASPT2 results than does M06-L for n odd.

The DFT levels predict a steady decrease in the energy of the triplet state relative

to the singlet state in both the odd and even n series with increasing n. This trend is
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Table 6.5: Predicted state energies (kJ/mol) relative to the singlet ground state for the
[n]-cyclacenes.a

n State M06-L B3LYP CASPT2
6 3B1u 51.5 66.8 50.2
7 3B2 32.2 41.3 50.2

5A1 97.1 123.9 172.8
8 3B1u 54.8 91.4 60.7
9 3B2 19.2 29.0 33.5

5A1 57.3 87.0 94.6
10 3B1u 56.9 229.1 47.7
11 3B2 15.9 27.9

5A1 47.7 83.8 77.5
12 3B1u 46.0 c 57.6

a The ground state is 1A1g for even n and 1A1 for odd n.
b Triplet and quintet energies computed as 2J and 6J , respectively, from eq. 6.3 with
the high-spin reference state taken as the triplet for even n and the quintet for odd n
unless otherwise indicated. DFT calculations use the 6-31G(d) basis set.
c Not practical as BS < S2 > exceeds 2.

reproduced at the CASPT2 level for odd n, but for even n the splitting for n = 12 is

predicted to be larger than that for n = 10. We speculate, however, that the active

space employed for the n = 12 calculation may no longer be adequate given the size of

the cyclacene. The ideal active space, of course, would be the complete set of π orbitals,

but such a calculation vastly exceeds practical limits (as such, the cyclacenes would be

interesting test cases for the newly developed RASPT2 model [211], which allows for

larger active spaces by reducing the number of allowed excitations within the space,

but such testing is beyond the scope of the present work). The cyclacenes thus show

behavior similar to the linear polyacenes, where decreasing singlet-triplet splittings have

been predicted with increasing length [172].
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As one additional means of quantifying the di- or polyradical character of the cy-

clacenes, we consider the occupation numbers of the orbitals included in the various CAS

spaces. In the (8,10) spaces for n even, the occupation numbers of orbital 4 drop from

1.54 for n = 6 to 1.41 for n = 12, while those for orbital 5 increase from 0.45 to 0.59. In

the (12,12) spaces for n odd, the occupation numbers of orbitals 5 and 6 drop from 1.74

and 1.46, respectively, for n = 7, to 1.56 and 1.45 for n = 11, while those for orbitals

7 and 8 increase from 0.54 and 0.26, respectively, to 0.54 and 0.42. This behavior is

consistent with the quintet contamination observed at the BS DFT level and the orbital

behavior shown in Figure 3.

6.3.3 Single-walled carbon nanotubes

For the cases of n = 8 and 9, we examined the trends in state-energy splittings as the

cyclacene was extended to generate short, hydrogen-capped SWNTs, which would be

termed (8,0) and (9,0) zig-zag SWNTs (Figure 6.6). We identify the length of these tubes

with the integer Λ where Λ = 1 for a cyclacene. In Table 6.7 we list the singlet-triplet

splittings (ET −ES) computed as 2J with J coming from eq. 6.3 at the M06-L/6-31G(d)

level as a function of Λ. We also list the HOMO–LUMO gaps predicted at the BS M06-L

level.

Using eq. 6.3 to predict singlet-triplet splittings leads to some ambiguity, at least

in the case of n = 8, given that it is not obvious what spin to choose for the high spin

reference. As BS < S2 > continues to increase with increasing length Λ, it becomes a
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Table 6.6: End-on and side-on views of singlet Λ-(8,0)-SWNT for the case of Λ=6.

Table 6.7: Λ-(n,0)-SWNT properties predicted at M06-L/6-31G(d) level.a

n Λ BS < S2 > HS < S2 > ET − ES ELUMO − EHOMO

8 1 0.88 2.00 54.8 98.7
2 1.56 6.00 47.7 94.6
3 1.97 6.00 33.9 95.4
4 2.46 12.00 28.5 90.4
5 2.85 12.00 5.9 82.8
6 3.09 12.00 3.3 78.7

9 1 2.11 6.00 19.2 108.4
2 2.35 6.00 10.5 104.2
3 2.40 6.00 6.7 102.9
4 2.43 6.00 4.6 102.5
5 2.46 6.00 2.3 102.1
6 2.49 6.00 1.9 102.0

a Expectation values of S2 are unitless, energy separations are in kJ/mol.

matter of judgment. Of course, if the energy separation between the BS and HS states

becomes small, as occurs with increasing Λ in both cases above, the impact of this choice

in eq. 6.3 is fairly small.

There is a good convergence in the HOMO–LUMO separations in the (8,0) and

(9,0) tubes with increasing Λ, with limiting values of roughly 75 and 100 kJ/mol being
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predicted. Considering a different propagating unit than a cyclacene, namely a Clar

sextet, Baldoni et al. predicted HOMO–LUMO separations of 169 and 121 kJ/mol for

6-(8,0) and 6-(9,0) tubes, respectively, but these values were not yet well converged based

on comparisons to Λ=5 (the use of the Clar sextet causes the growing tubes to have raked

edges, as opposed to cyclacene-like edges, so direct comparison of the two values may

not be entirely warranted; in addition, it appears that the Baldoni et al. results are

taken from restricted singlet calculations, as opposed to BS ones). On the other hand,

Barone et al. [159] predict the first optical transition of an infinite length (8,0) nanotube

to occur at about 150 kJ/mol (using the TPSSh functional) and suggest that band gaps

and optical transitions should be quantitatively similar in SWNTs. However, Wang

et al. [160] have also computed the (8,0) band gap for an infinite SWNT and predict

a value of 61.7 kJ/mol with the VSXC functional, which is closer to our converging

M06-L value. The sensitivity of SWNT band gaps to choice of functional has been

noted previously [159] and merits further attention as it is likely to influence studies of

reactivity as well.

Irrespective of band gap, the singlet-triplet energy separation (or, put differently,

2J) in both the (8,0) and (9,0) nanotubes is predicted to approach zero with increasing

length. Thus, one might expect a potential for considerable radical character in the

reactivity of (n,0) nanotubes with increasing length. As such, zig-zag nanotubes may

be particularly susceptible to oxidation by molecular oxygen, whether in the singlet or

triplet states, and future studies assessing reaction paths using BS DFT should provide
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more insight into this issue.

6.4 Conclusions

Modeling studies based on a combination of density functional and multiconfigurational

wave function theories indicate an increase in diradical and eventually polyradical char-

acter in [n]-cyclacenes with increasing n. This character also increases as the cyclacenes

are extended to form finite-length (n,0) single-walled nanotubes. Broken-symmetry DFT

can account for this character in size ranges where multireference wave function theory

becomes impractical and may provide an efficient means for modeling the reactions of

such finite length nanotubes with other molecules, e.g., molecular oxygen.
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Appendix A

Equations1

A.1 Gas-phase Enthalpies of Formation

A.1.1 Homodesmotic Formalism: Arenes
nC6H5X −−−→ (n− 1) C6H6 + C6H6−nXn

∆rH
◦

= (n− 1)∆fH
◦
(C6H6) + ∆fH

◦
(C6H6−nXn)− n∆fH

◦
(C6H5X)

∆fH
◦
(C6H6−nXn) = ∆rH

◦
(DFT ) − (n− 1)∆fH

◦
(exp.)(C6H6) + n∆fH

◦
(exp.)(C6H5X)

1 Adapted with permission from Sadowsky, D.; McNeill, K.; Cramer, C. J. Ther-
mochemical Factors Affecting the Dehalogenation of Aromatics. Environ. Sci. Technol.,
2013, 47, 14194–14203. Copyright 2013 American Chemical Society.

134



135

σ∆fH◦(C6H6−nXn) =
√

(n− 1)2σ2
∆fH◦(C6H6)

+ n2σ2
∆fH◦(C6H5X)

A.1.2 Homodesmotic Formalism: Radicals

C6H
•
5 + nC6H5X −−−→ nC6H6 + C6H5−nX

•
n

∆rH
◦

= n∆fH
◦
(C6H6) + ∆fH

◦
(C6H5−nX

•
n)−∆fH

◦
(C6H

•
5 )− n∆fH

◦
(C6H5X)

∆fH
◦
(C6H5−nX

•
n) = ∆rH

◦
(DFT ) − n∆fH

◦
(exp.)(C6H6) + ∆fH

◦
(exp.)(C6H

•
5 ) + n∆fH

◦
(exp.)(C6H5X)

σ∆fH◦(C6H5−nX•n) =
√
n2σ2

∆fH◦(C6H6)
+ σ2

∆fH◦(C6H•5 )
+ n2σ2

∆fH◦(C6H5X)

A.1.3 Hyperhomodesmotic Formalism: Arenes

6(n− q) C6H5X + qC6X6 −−−→ (6n− 5q − 6) C6H6 + 6 C6H6−nXn

∆rH
◦

= (6n− 5q − 6)∆fH
◦
(C6H6) + 6∆fH

◦
(C6H6−nXn)− 6(n− q)∆fH

◦
(C6H5X)− q∆fH

◦
(C6X6)
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∆fH
◦
(C6H6−nXn) =

1

6
∆rH

◦
(DFT ) −

6n− 5q − 6

6
∆fH

◦
(exp.)(C6H6) + (n− q)∆fH

◦
(exp.)(C6H5X) +

q

6
∆fH

◦
(exp.)(C6X6)

σ∆fH◦(C6H6−nXn) =

√
(6n− 5q − 6)2

36
σ2

∆fH◦(C6H6)
+ (n− q)2σ2

∆fH◦(C6H5X)
+
q2

36
σ2

∆fH◦(C6X6)

A.1.4 Hyperhomodesmotic Formalism: Radicals

6 C6H
•
5 + 6(n− q) C6H5X + qC6X6 −−−→ (6n− 5q) C6H6 + 6 C6H5−nX

•
n

∆rH
◦

= (6n− 5q)∆fH
◦
(C6H6) + 6∆fH

◦
(C6H5−nX

•
n)− 6∆fH

◦
(C6H

•
5 )− 6(n− q)∆fH

◦
(C6H5X)− q∆fH

◦
(C6X6)

∆fH
◦
(C6H5−nX

•
n) =

1

6
∆rH

◦
(DFT ) −

6n− 5q

6
∆fH

◦
(exp.)(C6H6) + ∆fH

◦
(exp.)(C6H

•
5 ) + (n− q)∆fH

◦
(exp.)(C6H5X)+

+
q

6
∆fH

◦
(exp.)(C6X6)

σ∆fH◦(C6H5−nX•n) =

√
(6n− 5q)2

36
σ2

∆fH◦(C6H6)
+ σ∆fH◦(C6H•5 ) + (n− q)2σ2

∆fH◦(C6H5X)
+
q2

36
σ2

∆fH◦(C6X6)
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A.2 Aqueous Gibbs Free Energies of Formation

A.2.1 Arenes

∆rG
◦
(aq.) = (n− 1)∆fG

◦
(aq.)(C6H6) + ∆fG

◦
(aq.)(C6H6−nXn)− n∆fG

◦
(aq.)(C6H5X)

∆fG
◦
(aq.)(C6H6−nXn) = ∆rG

◦
(aq.,DFT ) − (n− 1)

(
∆fH

◦
(g,exp.)(C6H6)− TS(g,DFT )(C6H6) + ∆solvG

◦
(exp.)(C6H6)

)
+

+n
(
(∆fH

◦
(g,exp.)(C6H5X)− TS(g,DFT )(C6H5X) + ∆solvG

◦
(exp.)(C6H5X)

)

σ∆fG◦
(aq.)

(C6H6−nXn) =

√
(n− 1)2

(
σ2

∆fH◦
(g)

(C6H6)
+ σ2

∆solvG◦(C6H6)

)
+ n2

(
σ2

∆fH◦
(g)

(C6H5X)
+ σ2

∆solvG◦(C6H5X)

)

A.2.2 Radicals

C6H
•
5 + nC6H5X −−−→ nC6H6 + C6H5−nX

•
n

∆fG
◦
(aq.)(C6H5−nX

•
n) = ∆rG

◦
(aq.,DFT ) − n

(
∆fH

◦
(g,exp.)(C6H6)− TS(g,DFT )(C6H6) + ∆solvG

◦
(exp.)(C6H6)

)
+
(
∆fH

◦
(g,exp.)(C6H

•
5 )−

−TS(g,DFT )(C6H
•
5 ) + ∆solvG

◦
(DFT )(C6H

•
5 )
)

+ n
(
∆fH

◦
(g,exp.)(C6H5X)− TS(g,DFT )(C6H5X) + ∆solvG

◦
(exp.)(C6H5X)

)

∆fG
◦
(aq.)(C6H5−nX

•
n) = ∆rG

◦
(aq.,DFT ) − n

(
∆fH

◦
(g,exp.)(C6H6)− TS(g,DFT )(C6H6) + ∆solvG

◦
(exp.)(C6H6)

)
+
(
∆fH

◦
(g,exp.)(C6H

•
5 )−

−TS(g,DFT )(C6H
•
5 ) + ∆solvG

◦
(DFT )(C6H

•
5 )
)

+ n
(
∆fH

◦
(g,exp.)(C6H5X)− TS(g,DFT )(C6H5X) + ∆solvG

◦
(exp.)(C6H5X)

)
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σ∆fG◦
(aq.)

(C6H5−nX•n) =

√
n2
(
σ2

∆fH◦
(g)

(C6H6)
+ σ2

∆solvG◦(C6H6)

)
+ σ2

∆fH◦
(g)

(C6H•5 )
+ n2

(
σ2

∆fH◦
(g)

(C6H5X)
+ σ2

∆solvG◦(C6H5X)

)



Appendix B

Validation of the Use of a

Non-Relativistic Model Chemistry1

Single point M06-2X, MP2, and CCSD(T) calculations with a 2nd order scalar DKH

Hamiltonian and the aug-cc-pVTZ-DK basis set are carried out at the geometries opti-

mized with the non-relativistic M06-2X/6-311+G(3df,2p) model chemistry. From these

calculations, and from frequency calculations at the M06-2X/6-311+G(3df,2p) level of

theory, the standard enthalpies of formation of two chlorinated and brominated ben-

zenes are predicted through the homodesmotic reaction in Eq. B.1. In addition, the

standard enthalpies of atomization for the same halogenated benzenes, as well as for

benzene, chlorobenzene, and bromobenzene, are predicted (the enthalpy of atomization
1 Adapted with permission from Sadowsky, D.; McNeill, K.; Cramer, C. J. Ther-

mochemical Factors Affecting the Dehalogenation of Aromatics. Environ. Sci. Technol.,
2013, 47, 14194–14203. Copyright 2013 American Chemical Society.
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here is taken as the negative enthalpy of reaction for the reaction in Eq. B.2). The

predictions are reported in Tables B.1 and B.2, respectively, along with the mean signed

differences and root mean squared differences of each set of predictions from the relativis-

tic CCSD(T) predictions. The results show that while the consideration of relativistic

effects makes a significant impact on enthalpies of atomization, its impact on enthalpies

of formations predicted through a homodesmotic reaction is much more subtle. This

suggests that, while relativistic Hamiltonians are probably necessary for the direct pre-

dictions of most chemical properties, a non-relativistic model chemistry probably yields

acceptable results for chemical properties that can be predicted through a careful use of

experimental data with a homodesmotic formalism. The results also suggest that a more

sophisticated treatment of electron correlation might be a better way of systematically

improving the model chemistry used here than the consideration of relativistic effects

with the DFT method.

nC6H5Br −−→ (n− 1) C6H6 + C6H6−nBrn (B.1)

6 C(3P ) + (6− n) H(2S) + nBr(2P ) −−→ C6H6−nBrn (B.2)
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Table B.1: Standard enthalpies of formation (in kcal/mol) of selected halogenated ben-
zenes.

non-relativistic 2nd order scalar relativistic
DFT DFT MP2 CCSD(T)

1,2-dichlorobenzene 5.9 6.2 5.9 5.7
1,3,5-trichlorobenzene 0.2 0.8 -0.2 -0.5
1,2-dibromobenzene 31.0 31.3 30.8 30.6

1,3,5-tribromobenzene 37.9 38.5 37.1 36.9
MSD 0.6 1.0 0.2 0.0

RMSD 0.7 1.1 0.3 0.0

Table B.2: Standard enthalplies of atomization (in kcal/mol) of selected halogenated
benzenes.

non-relativistic 2nd order scalar relativistic
DFT DFT MP2 CCSD(T)

benzene 1321.1 1318.4 1325.0 1288.8
chlorobenzene 1307.9 1303.6 1314.4 1271.5

1,2-dichlorobenzene 1293.9 1287.7 1302.3 1253.6
1,3,5-trichlorobenzene 1279.1 1270.9 1290.1 1235.1

bromobenzene 1291.7 1287.9 1306.9 1263.2
1,2-dibromobenzene 1261.7 1256.5 1288.3 1237.4

1,3,5-tribromobenzene 1230.6 1224.0 1269.0 1210.6
MSD -32.1 -25.6 -53.2 0.0

RMSD 33.7 27.3 53.4 0.0


