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Abstract 
 
 
Applications of Density Functional Theory and Absolutely Localized Molecular Orbital 

Energy Decomposition Analysis: 
 

Intermolecular Interactions in Rhenium-Alkane σ-Complexes and in Water Clusters 
 

and 
 

Reaction Energy Profiles of Methane Hydroxylation Mediated by Small Quantum 
Models of the Active Sites of the Metalloenzyme Particulate Methane Monooxygenase  

 
 

by 
 

Erika Ann Cobar 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Robert G. Bergman, Chair 
 
 

  
     Quantum chemical methods, particularly density functional theory (DFT), have 
become increasingly important tools in the study of transition-metal-mediated reactions. 
In the first part of this work, we use DFT to construct small models of the various 
candidates for the active site of the copper-containing metalloenzyme particulate methane 
monooxygenase (p-MMO). p-MMO mediates the conversion of methane to methanol at 
ambient temperature and pressure in nature—a feat which has not yet been achieved by 
synthetic transition metal complexes in the laboratory.  Using these small models of the 
potential active sites of p-MMO, we study possible mechanisms employed by the 
enzyme, investigating the effects of complex charge, ligand identity, and coordination 
number on the energetics of the methane hydroxylation reactions they mediate. 
     Energy decomposition methods, which decompose intermolecular interaction energies 
into their component energy terms, are also becoming increasingly popular in the study of 
a wide range of chemical systems.  In this work, we apply the absolutely localized 
molecular orbital energy decomposition analysis (ALMO-EDA) method to two very 
different kinds of intermolecular interactions.  One is the interaction between an alkane 
C-H σ-bond and a transition metal center, which is presumed to occur in the 
intermediates of transition-metal-mediated C-H activation reactions.  The other is perhaps 
one of the most important intermolecular interactions on earth—the water-water 
hydrogen bond.  We study water clusters between (H2O)2 and (H2O)17, examining total 
cluster interaction energies as well as local two- and three-body interactions. 
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Chapter 1 
 
Introduction 
 

Many otherwise challenging organic reactions important to medicine, academia, 
and industry are made feasible by the use of stoichiometric or catalytic amounts of 
transition metal (TM) reagents.  To maximize the utility of such TM reagents, it is 
important to understand the mechanisms by which they facilitate reactions of interest.  
While experimental techniques have traditionally been used to elucidate the mechanisms 
of organometallic reactions, quantum chemical methods have become increasingly useful 
and practical tools in the study of TM complexes. Particularly, advancements in density 
functional theory (DFT) and the use of effective core potentials have made qualitatively 
accurate predictions of the structures and chemistry of TM complexes possible at a 
reasonable computational cost. 

Computational methods are crucial to the study of the mechanisms of 
metalloenzymes, since it is often nearly impossible to employ traditional experimental 
techniques on such large collections of atoms.  Using quantum chemistry, it is possible to 
construct small models of the active sites within large metalloenzymes, such as the 
copper-containing particulate-methane monooxygenase (~39,000 atoms), which catalyzes 
the conversion of methane to methanol in nature.  In Chapter 2, we use small, DFT 
models of potential candidates for the active sites in p-MMO to study the effects of 
complex charge, ligand identity, and coordination number on the calculated reaction 
energy profiles of methane hydroxylation mediated by these complexes.   

Intermolecular interactions are important in many transition-metal catalyzed 
reactions, as there are often points within a given reaction energy profile where a 
substrate is non-covalently bound to a metal center.  For example, it is widely accepted 
that C–H activation reactions proceed via alkane σ-complex intermediates, which are 
stabilized by the intermolecular interaction of an alkane C-H σ-bond and a transition 
metal center.  In Chapter 3, we search computationally for the first alkane σ-complex to 
be isolable at ambient temperature and pressure by calculating the binding energies of a 
selection of rhenium-alkane σ-complexes.  In order to fully understand intermolecular 
interactions such as those in σ-complexes, it is not enough to be able to predict the total 
energy of an interaction.  We must also be able to separate the interaction into different, 
physically meaningful components, such as electrostatics and charge transfer. 

Energy decomposition analysis (EDA) methods separate total interaction energies 
into their component energy terms.  Many different EDA methods are available today, 
some of which give drastically different results for the same interaction.  It is important to 
choose an EDA method that cleanly separates the different types of component energies 
and that produces physically meaningful results; the absolutely localized molecular 
orbital energy decomposition analysis (ALMO-EDA) method meets both of these 
requirements.  In Chapter 3, we employ the ALMO-EDA method to decompose the 
alkane-rhenium interaction energies in σ-complexes.               

The significance of intermolecular interactions extends far beyond organometallic 
chemistry, however; these interactions determine many important physical and chemical 
properties of liquids, solutions, and molecular solids.  Perhaps the most important liquid 
on earth is water, which owes its unusual physical properties to intermolecular 
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interactions known as hydrogen bonds.  Water clusters have been the object of intense 
study, both by a rich variety of experimental methods and a full range of electronic 
structure methods.  While the value of the water-water hydrogen bond energy is very 
accurately known for the dimer, the trimer, and other small and even medium-sized 
clusters, there is much more debate over the relative importance of the physical 
interactions that give rise to these energetics.  Different EDA methods give drastically 
different results even for the water dimer.  In Chapter 4, we apply the ALMO-EDA 
method to the intermolecular interactions present in small and large water clusters, 
examining two- and three-body interactions, as well as total cluster interaction energies. 
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 Chapter 2  
 
Small Copper Complexes as Computational Models of the Active Site of Particulate 
Methane Monooxygenase: Effects of Complex Charge, Ligand Identity, and 
Coordination Number on the Calculated Reaction Energy Profiles of Methane 
Hydroxylation 
 
2.1 Background 
 

Methods for the efficient, convenient conversion of earth’s naturally abundant 
methane into a more easily transportable liquid fuel, such as methanol, are highly sought 
after in both academia and industry.1  C-H bond activation reactions are inherently 
challenging because of the strength and stability of the C-H bond, and the methane C-H 
bond is the strongest of all.  In nature, however, the methane to methanol conversion is 
achieved at ambient temperature and pressure by methanotrophic bacteria as the first step 
in their metabolic pathway.  Methane monooxygenases (MMOs) are the enzymes that 
mediate the methane to methanol conversion in methanotrophs.  There are two forms of 
MMOs: particulate (p-MMO), which is a membrane-bound protein, and soluble (s-
MMO), which is found in the cytoplasm of methanotrophs.  p-MMO is the more 
prevalent form of MMO in nature, found in all but one of the known strains of 
methanotrophs, while s-MMO is only found in a few strains, and is only activated at low 
copper concentrations.2

A monumental step forward in the study of p-MMO was made when the 
Rosenzweig group published the first crystal structure of p-MMO (M. capsulatus (Bath) 
strain, 2.8 Å resolution, PDB code 1YEW).

  p-MMO and s-MMO are genetically and structurally unrelated, 
and while the structure and mechanism of s-MMO are widely studied and understood, 
there is much less known about p-MMO.  Historically, this was largely due to the 
difficulty of isolating p-MMO.   

3  The crystal structure revealed a trimeric 
protein with three subunits in each protomer.  It also revealed three metal sites in each 
protomer: one mononuclear copper site, one binuclear copper site, and one site occupied 
by zinc from the crystallization buffer, the true in vivo occupant of which was unknown, 
but was speculated to be a copper or iron ion.  The same group later crystallized p-MMO 
from a different strain of methanotroph (M. tricho…(OB3b) __ Å resolution).4

While much more is known about the structure of p-MMO now than before 
publication of the two crystal structures, the identity of the active site of p-MMO remains 
a matter of speculation.  Clearly, before we can attempt to reproduce in the laboratory the 
remarkable chemistry that p-MMO employs in nature, we must first identify the active 
site of the enzyme.  Arguments can be made for each of the metal sites observed in the 
crystal structure being the active site.

  This 
crystal structure also revealed a binuclear copper center in the same site as in the Bath 
structure, but no metal center in the site which had been occupied by a mononuclear 
copper center in the Bath structure; also, the site which had been occupied by zinc in the 
Bath structure was occupied by a mononuclear copper.  

5  However, the site occupied by mononuclear 
copper in the Bath strain is perhaps the least likely candidate for the active site since its 
amino acid residues are not conserved.  The residues surrounding the binuclear copper 
site are highly conserved; moreover, the binuclear metal center itself is conserved in the 
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two existing crystal structures.  The residues surrounding the site occupied by zinc from 
the crystallization buffer in the Bath strain and by copper in the OB3b strain are also 
highly conserved.   

The samples of p-MMO used for crystallization were no longer catalytically 
active toward methane; one possible explanation for this inactivity is that one or more of 
the metals present in active p-MMO were lost during the purification procedure.  The 
Chan group has published experimental and computational evidence for the presence of a 
trinuclear copper site in active p-MMO.6

Although two crystal structures have been solved and many spectroscopic studies 
have been published, there is still much that is unknown about each of the potential 
candidates for the active site of p-MMO.  For example, the oxidation states of the copper 
ions are unknown; spectroscopic data provides several possible scenarios, but no 
definitive answers.  Moreover, since the crystal structure did not reveal the copper 
species in their oxo forms (i.e. after presumed reaction with dioxygen to form an active 
catalytic species), one must speculate about the structure of the active catalytic species. 

  They have observed a spectroscopic signal 
consistent with a trinuclear copper cluster, and identified a hydrophilic cluster of residues 
into which they computationally modeled a tricopper cluster.     

 
2.2 Introduction 
 

When we first began our study of p-MMO, our ultimate goal was to 
computationally predict the identity of and the mechanism employed at the active site of 
p-MMO.  There are various computational approaches one may take in studying the 
active sites of large proteins like p-MMO (~39000 atoms).  Ideally, one would perform 
all-atom dynamic QM/MM simulations on the entire protein, but this approach is 
prohibitively computationally-costly.  Another more practical but still costly approach 
would be to perform a QM/MM study on a truncated portion of the protein.  However, 
when several different reaction energy profiles need to be calculated to predict the answer 
to a chemical question, the most useful computational choice is often to use small 
quantum models, on which comparative calculations can be performed relatively quickly.  
To reach our goal of predicting the most likely candidate for the active site in p-MMO, 
we chose to calculate and compare the methane hydroxylation profiles mediated by small 
models of each of the potential candidates for the active site. 

When constructing our copper-oxo active species models we needed to make a 
number of choices: the oxidation states of the copper atoms, the oxygen-copper bonding 
arrangement, the identity of the model ligands, the coordination numbers of the copper 
centers, the overall charge of the complex (through the combined choice of ligands and 
metal oxidation states), and the nuclearity of the copper species we would consider.  
While our ultimate goal remains prediction of the active site and mechanism of p-MMO, 
another goal takes precedence: to study the effects of complex charge, ligand identity, 
and coordination number on the calculated reaction energy profiles of methane 
hydroxylation before choosing the most appropriate model with which to achieve our 
ultimate goal.   

To our knowledge, only two other groups have published computational studies 
on p-MMO.  The Chan group calculated reaction energy profiles for methane 
hydroxylation mediated by each of several, simple, positively charged copper model 
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complexes with two neutral ammonia molecules coordinating each metal center.7

 

  They 
examined two binuclear copper-oxo active species, of the bis(µ-oxo)Cu(II)Cu(III) and 
bis(µ-oxo)Cu(III)Cu(III) types, and one trinuclear species of the bis(µ3-
oxo)Cu(II)Cu(II)Cu(III)  

     

O
Cu(III)

(II)
Cu

O

LL

L L                                         
a) bis(µ-oxo)Cu(II)Cu(III)           b) bis(µ-oxo)Cu(III)Cu(III)           c) bis(µ3-oxo)Cu(II)Cu(II)Cu(III) 
 
Scheme 1. Illustrations of the a) bis(µ-oxo)Cu(II)Cu(III), b) bis(µ-oxo)Cu(III)Cu(III), and c) bis(µ3-
oxo)Cu(II)Cu(II)Cu(III) copper-oxo complex types, with two ligands, L, coordinating each copper atom. 
 
 
type (Scheme 1).  The Yoshizawa group used a QM/MM method to first perform 
geometry optimizations on one subunit of one protomer of the protein, with the copper 
ions or proposed copper-oxo species and their surrounding residues treated quantum 
mechanically and the rest of the protein treated at the MM level.8  From these 
optimizations, they constructed small charge-neutral copper-oxo model complexes, with 
acetates and imidazoles as ligands to mimic the amino acids which coordinated the 
copper-oxo complexes in their QM/MM optimizations.  In the crystal structure, the 
copper centers are coordinated by histidine and/or aspartate residues. Histidine 
coordination is via a nitrogen atom of the imidazole ring; aspartate coordination is via an 
oxygen atom of the carboxylate group.  When constructing the model copper complexes, 
it was thus reasonable to choose ligands that coordinate via a nitrogen or oxygen atom 
and that structurally resemble the portion of the amino acid residue that coordinates the 
copper in the protein.  They then attempted to calculate reaction energy profiles for the 
hydroxylation of methane mediated by each of the copper-oxo quantum model 
complexes, which included one mononuclear species and several binuclear species.8, 9

With the immediate goal of studying the effects of complex charge, ligand 
identity, and coordination number on the calculated reaction energy profiles of methane 
hydroxylation, we decided to begin by examining the computational studies published by 
the Chan and Yoshizawa groups.7-9 However, because the two studies differ not only in 
their choices of complex charge state, ligand identity, and coordination number (which 
were the variables we were interested in studying), but also in the nuclearity of the model 
complexes studied and in the mechanisms predicted to occur for the same complex type 
(e.g. for the Cu(II)Cu(III)-bis-µ-oxo complexes (Figure 1)), any direct comparisons  

       

between the results produced by the two studies are difficult.  Therefore, we decided to  
produce two different sets of data which would be directly comparable to each other in 
the complex types and mechanisms studied, differing only in the variables we are 
interested in studying (Table 1).  After calculating methane hydroxylation reaction energy 
profiles for each of the complex/mechanism combinations listed in Table 1, we should be 
able to make a prediction about which complex/mechanism combination is the most 
favored within each of the two structural categories (Chan- and Yoshizawa-type 
complexes).  This will provide insight into how overall charge complex, ligand identity, 

O
Cu(III)

(II)
Cu

O

LL

L L

Cu(II)

L L

O
Cu(III)

(III)
Cu

O

LL

L L



6 
 

and coordination number may affect the conclusions one makes regarding which site in 
p-MMO is the most likely candidate for the active site. 

However, when comparing the results obtained for the Chan- and Yoshizawa-type 
complexes, it is impossible to decipher which energetic shifts are due to which 
variable(s)—overall complex charge, ligand identity, and/or coordination number—since 
the two types of complexes may differ in all three variables.  We need to do further work 
to elucidate the individual effects of each of these variables. In the second part of our 
study, we will attempt to achieve that goal by comparing numerous calculated oxo-
insertion (Mechanism 3, Figure 1) methane hydroxylation reaction energy profiles, each 
mediated by a different bis(µ-oxo)Cu(III)Cu(III) complex. 
 
 
Table 1. List of the copper-oxo-complex/mechanism combinations whose calculated reaction energy 
profiles will be compared in the first part of our study.   
 

   
 
 
2.3 Methods 
 

All of the calculations presented in this work were performed using the Q-Chem 
3.1 or Q-Chem 3.2 software packages10.  The binuclear bis(µ-oxo)Cu(III)Cu(III) and 
trinuclear bis(µ3-oxo)Cu(II)Cu(II)Cu(III) reaction species were examined using both the 
restricted and unrestricted versions of B3LYP,11 and the results obtained using these two 
methods were compared.  Since the oxidation states on the copper atoms in these 
complexes change during the methane to methanol conversion reactions they mediate 
(Figure 1, Mechanism 3), there are certain points in the reaction profile where these 
complexes may have ground-state closed-shell singlet electronic configurations and other 
points where open-shell singlet configurations (or even higher spin state configurations) 
may be the ground-state electronic configurations.  The binuclear bis(µ-oxo)Cu(II)Cu(III) 
reaction species were all presumed to have doublet ground-state electronic 
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configurations, and were accordingly all treated with UB3LYP.  The TZV basis set12

 

 was 
used for all calculations presented in this work.   

2.4 Results and Discussion 
 
2.4.1 Mechanisms 
 

Before we discuss the numerical results obtained from calculating the reaction 
energy profiles associated with a variety of complex/mechanism combinations, let us 
briefly introduce the mechanisms to be examined.  Two unique “radical recombination” 
methane hydroxylation mechanisms have been proposed for mediation by mixed valent 
bis(µ-oxo)Cu(II)Cu(III) complexes (Mechanisms 1 and 2, Figure 1).  They share a first 
transition state structure, which is associated with abstraction of a hydrogen atom from 
methane.  A large imaginary frequency, on the order of 1000 cm-1, is expected for the C-
H bond dissociation processes such as this first step.  After hydrogen abstraction, the two 
mechanisms diverge.  In the radical recombination mechanism proposed by the Chan 
group7, Mechanism 1, the abstracted hydrogen atom becomes bound to one of the 
oxygens of the copper-oxygen core, and the newly formed methyl radical is loosely 
bound to the modified copper complex.  The second step of Mechanism 1 involves 
dissociation of the hydroxyl radical and recombination with the methyl radical to form 
methanol and a reduced Cu(I)-O-Cu(II)-bridged complex (Figure 1).  After the initial C-
H abstraction step in the Yoshizawa-proposed mechanism8, Mechanism 2, the Cu-O-Cu-
O diamondoid core is opened up to become a HO-Cu-O-Cu-CH3 bridged structure, as the 
oxygen and copper atoms of one of the Cu-O bonds form new bonds to the H atom and 
methyl group, respectively.  In the final step of Mechanism 2, the –OH and –CH3 groups 
recombine to form methanol, leaving the same reduced Cu(I)-O-Cu(II) complex as was 
formed at the end of Mechanism 1.  Both radical recombination mechanisms are 
presumed to proceed over a doublet surface.  The oxo-insertion mechanism, Mechanism 
3, is simpler than either of the radical recombination mechanisms, as it involves only one 
transition state (and hence no intermediate structures).  It is a concerted mechanism in 
which a C-H and Cu-O bond break and a C-O and O-H bond form, presumably all 
simultaneously with each other.  This mechanism is presumed to proceed over a singlet 
surface.  
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Figure 1. Possible methane hydroxylation mechanisms examined in this work.  Mechanisms 1 and 2 are 
radical recombination mechanisms potentially mediated by the bis(µ-oxo)Cu(II)Cu(III) complexes (e.g. C1 
and Y1).  Mechanism 3 is an oxo-insertion mechanism potentially mediated by binuclear bis(µ-
oxo)Cu(III)Cu(III) complexes (e.g. C2 and Y2) and trinuclear bis(µ3-oxo)Cu(II)Cu(II)Cu(III) complexes 
(e.g. C3 and Y3).   
 
 
2.4.2 Comparison of the relative abilities of the Chan- and Yoshizawa-type 
complexes to mediate the methane to methanol conversion by each of several 
proposed mechanisms 
 
2.4.2-I. Chan-type complexes: 
 
Initial calculations 

Before applying the same functional/basis set combination (which was the 
functional/basis set combination used by the Chan group) to all of the complexes we 
desired to use for comparative purposes, we wanted to ensure that we could reproduce the 
available published results using that same combination.  When attempting to reproduce 
the Chan group’s calculations, we repeated their choices to restrict calculations on 
complexes C2 and C3 to the closed-shell singlet potential energy surface, and to treat 
complex C1 as a doublet using UB3LYP.  Calculations are in progress on Mechanisms 1 
(Figure 2) and 2 (Figure 3) mediated by C1; the transition states for the radical 
recombination mechanisms have proven difficult to locate. 
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Figure 2.   Incomplete calculated reaction energy profile (UB3LYP/TZV) for methane hydroxylation 
mediated by Complex C1 via Mechanism 1 (bond distances measured in Ångstroms, bond angles in 
degrees).   

 
 

 
Figure 3.  Incomplete calculated reaction energy profile (UB3LYP/TZV) for methane hydroxylation 
mediated by Complex C1 via Mechanism 2 (bond distances measured in Ångstroms, bond angles in 
degrees).   
 
 

We were, however, able to successfully repeat the Chan group’s calculations on 
complexes C2 and C3—the binuclear bis(µ-oxo)Cu(III)Cu(III) (Figure 4) and trinuclear 
(µ3-oxo)Cu(II)Cu(II)Cu(III) (Figure 5) complexes, respectively—obtaining relative 
energies and transition state imaginary frequencies that were nearly identical to theirs for 
each reaction energy profile.  Complexes C2 and C3 mediate the methane hydroxylation 
reaction via the oxo-insertion mechanism (Mechanism 3).  For the binuclear complex C2, 
the Chan group predicted an activation energy of 20.1 kcal/mol, a reaction energy of -
38.0 kcal/mol, and an imaginary frequency of 799i cm-1 associated with the transition 
state structure; we predicted an Ea of 20.4 kcal/mol, a ∆E of -37.7 kcal/mol, and a TS 
imaginary frequency of 801i cm-1.  For the trinuclear complex, our results also closely 
matched those of the Chan group: Ea = 15.0 kcal/mol (Chan) / Ea = 15.4 kcal/mol 
(Cobar); ∆E = -39.4 kcal/mol (Chan) / ∆E = -41.3 kcal/mol (Cobar); TS imaginary 
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frequency: 593i cm-1 (Chan) / 635i cm-1 (Cobar).  Our calculations predict that the 
activation energy associated with the trinuclear complex is significantly lower (5 
kcal/mol) than that for the binuclear complex; also, the reaction energy for the trinuclear 
complex is 3.6 kcal/mol more favorable than that for the binuclear complex.  However, in 
these preliminary calculations on the C2 and C3 complexes, we restricted each species 
along the reaction curves to be in a closed-shell singlet electronic configuration, which 
may not be the lowest energy configuration for each species. 

 
 

 
Figure 4.  Calculated reaction energy profile (B3LYP/TZV) for methane hydroxylation mediated by 
Complex C2 via Mechanism 3 (bond distances measured in Ångstroms, bond angles in degrees).   
 
 

 
Figure 5.  Calculated reaction energy profile (B3LYP/TZV) for methane hydroxylation mediated by 
Complex C3 via Mechanism 3 (bond distances measured in Ångstroms, bond angles in degrees).   
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Wavefunction stability analyses 
 

When studying transition-metal-containing active species, one must consider the 
spin and energetic configurations of the d-electrons on the metal centers.  In each of the 
methane hydroxylation mechanisms considered here, the carbon of the methane is 
oxidized by two electrons and the metal complex is reduced by two electrons overall, 
presumably by one electron per metal atom.  During these electronic changes, the copper 
center oxidation states may vary from +3 to +2 to +1, and the d-shell occupations may 
vary from d8 to d9 to d10, respectively.  For the binuclear complexes, four different 
oxidation state combinations are presumed to be involved in the reaction mechanisms 
examined: Cu(III)Cu(III), Cu(II)Cu(III), Cu(II)Cu(II), and Cu(I)Cu(II).  The 
Cu(III)Cu(III) (d8d8) combination is most likely to have a closed-shell singlet ground-
state electronic configuration (Figure 6), and complexes of this type are good candidates 
for study with restricted methods (e.g. B3LYP).  The Cu(II)Cu(III) and Cu(I)Cu(II) 
complexes have an odd number of d-electrons, and therefore must be treated with 
unrestricted methods.  In the Cu(II)Cu(II) (d9d9) case, there is one unpaired electron on 
each copper center; complexes of this type may have ground-state electronic states that 
are (open-shell) singlets, triplets (Figure 6), or possibly even higher spin states.  Location 
of the true energetic minima of complexes of the d9d9 type would presumably require use 
of unrestricted electronic structure methods.  For the trinuclear active species, there are 
two different oxidation state combinations presumed to be involved in the oxo-insertion 
mechanism: Cu(II)Cu(II)Cu(III) and Cu(I)Cu(II)Cu(II).  Since both of these electronic 
configurations involve one closed-shell-singlet copper atom (in either the d8 or d10 state) 
and two coppers with one unpaired electron each, they should be treated similarly to the 
binuclear d9d9 complexes (Figure 6).  
 

 
Figure 6. Likely d-electron configurations for the coppers of selected copper-oxo species presumed to be 
involved in methane hydroxylation reactions examined in this work. 
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Wavefunction stability analyses can be performed on any restricted SCF solution 
to determine whether there exist unrestricted SCF solutions lying below it in energy.  The 
restricted singlet methane, TS, and methanol complexes associated with complexes C2 
and C3 were all tested for wavefunction stability with respect to unrestricted solutions; 
all but the C2 methane complex indicated wavefunction instability.  In the next section, 
we discuss the new insight that can be gained by allowing these Chan-type complexes to 
relax to spin-unrestricted energetic minima. 
 
Unrestricted vs. restricted surfaces 
  

When we re-examined the reaction energy profiles for complexes C2 and C3 
using UB3LYP, we saw results that were strikingly different than those obtained using 
restricted B3LYP (Table 2).  The most significant difference is that the relative 
reactivities of the binuclear and trinuclear complexes switch: on the open-shell singlet 
surfaces, the barrier for methane to methanol conversion mediated by the binuclear bis(µ-
oxo)Cu(III)Cu(III) complex C2 is lower (by 7.7 kcal/mol) than that mediated by the 
trinuclear bis(µ3-oxo)Cu(II)Cu(II)Cu(III) complex, C3 (Table 2).  Another difference 
between the restricted and unrestricted surfaces is that the reaction energies associated 
with both complexes are significantly more favorable on the unrestricted surfaces. The 
large difference in ∆E’s between the restricted and unrestricted reaction energy profiles is 
due primarily to the significantly lower energies of the unrestricted methanol complexes 
vs. their restricted analogues.  When the C2 and C3 methanol complexes are allowed to 
relax to open-shell singlet configuration, their  <S2> values increase to 1.0 (from 0 in the 
restricted singlet configuration), which is the average of that for a singlet and that for a 
triplet (what we might expect for a wavefunction that is a 50:50 mixture of a singlet and 
triplet).   The large difference in the calculated activation energies (differences in energy 
between the transition state structures and the methane structures) for the C3 complex on 
the restricted and unrestricted energy surfaces is due to the significantly lower energy of 
the unrestricted methane complex vs. its restricted analogue; there is very little difference 
between the restricted and unrestricted TS energies.  When the methane complex is 
allowed to relax to an unrestricted state, its <S2> value increases from 0 to 1.7, nearly that 
of a pure triplet state.  In contrast, for the C2 complex, the energy differences between 
the unrestricted and restricted methane complexes and the unrestricted and restricted TS 
complexes are both very small; this results in nearly identical calculated activation 
energies on the restricted and unrestricted surfaces for the C2 complex.  For both the C2 
and C3 complexes, the very small energy differences between the restricted and 
unrestricted TS energies may be due to the unrestricted TS structures we found (Figure 7) 
not being the true unrestricted energetic minima.  There are no increases in <S2> values 
from the restricted to “unrestricted” TS complexes; we are currently performing 
additional searches for lower-energy and higher-spin TS’s on the spin-unrestricted 
surface. 
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Table 2. Calculated energetics (B3LYP/TZV or UB3LYP/TZV, kcal/mol) of the methane hydroxylation 
reactions mediated by complexes C1, C2, and C3 via mechanisms 1, 2, and 3.  
 

 
 
 

 
Figure 7. Methane, transition state, and methanol complex structures in the calculated (UB3LYP/TZV) 
methane hydroxylation reactions mediated by complexes C2 and C3 via  Mechanism 3 (bond distances 
measured in Ångstroms, bond angles in degrees).   
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II. Yoshizawa-type complexes 
 

For the charge-neutral Yoshizawa-type complexes, we were successful in 
calculating all reaction energy profiles of interest, including those associated with both of 
the radical recombination mechanisms (Table 3).  Three of the four mechanism/complex 
combinations are predicted to require >30 kcal/mol of activation energy to achieve 
methane hydroxylation: the oxo-insertion mechanisms mediated by the binuclear (Y2) 
and trinuclear (Y3) complexes and the radical recombination mechanism 2 with the 
mixed-valent binuclear complex (Y1).  The remaining methane hydroxylation pathway, 
however, that mediated by the mixed valent binuclear complex Y1 via the radical 
recombination mechanism 1, has an activation energy of only 20 kcal/mol associated 
with its rate-limiting step (10 kcal/mol if measured from the preceding intermediate) 
(Table 3, Figure 8).  It is clear that this mechanism is the most feasible one among the 
charge-neutral Yoshizawa-type complexes, and it is quite possible that it will also be the 
favored mechanism among the Chan-type complexes once the necessary data becomes 
available. 

As discussed above, both radical recombination mechanisms share a common first 
step (and a common first transition state) with an activation barrier of 17.8 kcal/mol.  
Mechanism 1 (Table 3, Figure 8) has an intermediate species that lies 10.2 kcal/mol 
higher in energy than the starting methane complex; mechanism 2 (Table 3, Figure 9) has 
an intermediate that is almost equal in energy to the methane complex.  Mechanism 2 has 
a second transition state structure that lies 10.4 kcal/mol above that for Mechanism 1, at 
31.8 kcal/mol above the methane complex (Table 3).  Both complexes that follow the 
oxo-insertion mechanism (Y2 and Y3) have activation barriers that are higher than 31.8 
kcal/mol, so that makes them even less reactive toward methane than complex Y1 via 
Mechanism 2 (Table 3).  
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Table 3. Calculated energetics (B3LYP/TZV or UB3LYP/TZV, kcal/mol) of the methane hydroxylation 
reactions mediated by complexes Y1, Y2, and Y3 via mechanisms 1, 2, and 3. 
 

  
 
   

 
Figure 8.  Calculated reaction energy profile (UB3LYP/TZV) for methane hydroxylation mediated by 
Complex C1 via Mechanism 1 (bond distances measured in Ångstroms, bond angles in degrees).   
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Figure 9. Calculated reaction energy profile (UB3LYP/TZV) for methane hydroxylation mediated by 
Complex C1 via Mechanism 2 (bond distances measured in Ångstroms, bond angles in degrees).   
 
 
2.4.3 The effects of complex charge, ligand identity, and metal coordination number 
on the oxo-insertion methane hydroxylation mechanism mediated by bis(µ-
oxo)Cu(III)Cu(III) complexes 
 
2.4.3-I. Effects of complex charge 
 

To investigate the effects of overall complex charge on the energetics of methane 
hydroxylation reactions mediated by bis(µ-oxo)Cu(III)Cu(III)-type complexes, we chose 
to study complexes ligated by BPBH-type ligands.  These ligands are ideal for the goal of 
separating charge effects from structural (or coordination number) effects because their 
net charges can be altered with little effect on their geometries.  The parent BPBH ligand 
is charge-neutral, but addition of a hydrogen group to one or both of the boron atoms 
results, respectively, in minus-one or minus-two charged modified ligands.  We studied 
two pairs of charge-neutral/minus-two-charged ligands: BPBH/BPBH2 and 
BPBF/BPBF2.  For both ligand sets, the plus-two charged complexes (i.e. those with the 
charge-neutral ligands) have significantly lower activation energies (by ~15 kcal/mol) 
than their charge-neutral analogs.  Also, for the cases in which they were calculated, the 
overall reaction energies are more favorable for charged complexes than for their charge-
neutral analogues (BPBH vs. BPBH2: -27.3 vs. -13.6 kcal/mol, restricted singlet surface; 
-46.0 vs. -13.6 kcal/mol, unrestricted singlet surface).   

The chosen BPBH-type ligands we chose to study also allowed us to investigate 
the effects of ligand electronegativity on the calculated activation energies and reaction 
energies.  Comparing the charged complexes, the more electronegative BPBF complex 
has a slightly smaller activation energy (by 3.1 kcal/mol on the restricted singlet surface) 
than that for the BPBH complex.  A similar effect is observed with the charge-neutral 
complexes; the BPBF2 complex also has an activation energy that is ~3 kcal/mol smaller 
(on the restricted singlet surface) than that for the BPBH2 complex.  Also, the restricted 
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singlet reaction energy is more favorable by 6 kcal/mol for the BPBF2 complex than for 
the BPBH2 complex.  The effects of ligand electronegativity are smaller than those of 
ligand charge, but both act in the same way—stabilizing the positive charge on the metal 
by increasing the electron density on the ligand tends to make the metal complex less 
reactive toward methane.     
 
 
Table 4. Effects of charge on the energetics of the calculated methane hydroxylation reactions 
(B3LYP/TZV or UB3LYP/TZV, kcal/mol) mediated by bis(µ-oxo)Cu(III)Cu(III)-type complexes via 
mechanism 3.  

 
 
 
2.4.3-II. Effects of ligand identity. 
 

In the previous section we examined the effects of overall complex charge on the 
energetics of oxo-insertion mediated by binuclear Cu(III)Cu(III) complexes; in this 
section, we will keep overall complex charge (and coordination number) constant, and 
instead vary the identities of the coordinating ligands.  We chose to study charged (+2) 
complexes with ammonia, imidazole, and BPBH ligands.  The imidazole and BPBH 
ligands, which more closely resemble—both in structure and in coordination mode—the 
histidine residues that coordinate the binuclear coppers in the crystallized form of p-
MMO, result in copper complexes that are predicted to be significantly less reactive 
toward methane than the ammonia complex, whose ligands bear virtually no resemblance 
to histidine (Table 5).  The (UR) activation energy associated with the ammonia complex 
is 7.6 kcal/mol lower than that for the imidazole complex, and 10.5 kcal/mol lower than 
that for the BPBH complex; moreover, the ammonia complex (UR) reaction energy is 
12.6 kcal/mol lower than the imidazole complex ∆E, and 8.5 kcal/mol lower than the 
BPBH complex ∆E.   
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Table 5. Effects of ligand identity on the energetics of the calculated methane hydroxylation reactions 
(B3LYP/TZV or UB3LYP/TZV, kcal/mol) mediated by bis(µ-oxo)Cu(III)Cu(III)-type complexes via 
mechanism 3. 
 

 
 
 

The differences in the activation energies associated with the three types of 
complexes may simply be due to sterics.  The significantly smaller size of the ammonia 
ligands may make the oxygen atoms within their complex core more accessible to 
methane than the oxygens within the imidazole and BPBH complexes, thus lowering the 
energies of the transition-state and methanol complex structures.  We measured the 
distances from the methane hydrogen atom that is becoming bound to one of the oxygen 
atoms of the complex and the carbon atom of the dissociating methyl group to the ligand 
atoms that lie closest to them in each of the three TS structures (Figure 10).  The 
distances between the methyl group carbon atoms and the ligand atoms nearest to them 
correlate with the observed activation energy trend.  These distances are longest in the 
ammonia complex, which has the lowest Ea, and shortest in the BPBH complex, which 
has the highest Ea. The distances between the dissociating hydrogen atoms and the ligand 
atoms nearest them are also related to the magnitudes of the activation energies.  These 
distances are longest in the ammonia complex and shortest in the imidazole complex; the 
distances in the imidazole complex are only slightly shorter than those in the BPBH 
complex (< 0.05 Å).  At first, this ordering of hydrogen to nearest ligand atom distances 
seems to be in disagreement with the observed connection between steric hindrance and 
complex reactivity.  However, while the differences in hydrogen-to-ligand distances are 
very small between the imidazole and BPBH complexes, the differences in carbon-to-
ligand distances are an order of magnitude larger ( > 0.5 Å), and are in the order expected 
(i.e. the BPBH distances are shorter than the imidazole distances and the BPBH complex 
has a higher Ea than the imidazole complex).  The ammonia complex has the most 
favorable reaction energy (-54.5 kcal/mol, UR surface), next comes the BPBH complex (-
46.0 kcal/mol, UR surface), and finally the imidazole complex (-41.9 kcal/mol, UR 
surface).  It is more difficult to relate the reaction energies to the geometries of the 
methanol complexes than it is to relate the Ea energies to the geometries of the TS 
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complexes.  One geometric parameter that varies among the three complexes is the 
distance of the Cu-O bond between the copper complex and the methanol product; this 
distance is shortest for the ammonia complex (2.01 Å), and slightly longer for the 
imidazole (2.05 Å) and BPBH complexes (2.07 Å).  Also, the Cu-O-Cu bond angle 
decreases from 174.8o in the ammonia complex, to 170.7o in the imidazole complex, to 
168.1o in the BPBH complex (Figure 10).    
 
     

 
 
Figure 10. Transition state and methanol complex structures in the calculated (UB3LYP/TZV) methane 
hydroxylation reactions mediated by ammonia-, imidazole-, and BPBH-ligated bis(µ-oxo)Cu(III)Cu(III)-
type complexes via Mechanism 3 (bond distances measured in Ångstroms, bond angles in degrees).   
 
 
2.4.3-III.  Effects of coordination number 

For the complexes examined, coordination number has a smaller effect than 
complex charge or ligand identity on the energetics of the methane hydroxylation 
reaction.  We chose to examine two types of complexes for our coordination number 
study: charge-neutral imidazole/acetate complexes and charged ammonia complexes.  
The lower-coordination-number imidazole/acetate complex has one imidazole and one 
acetate ligand coordinating each copper (F1); in this section, we will call complexes with 
two ligands on each copper “2,2-coord”.  The 2,2-coord complex’s activation energy 
(restricted) is about 2 kcal/mol lower than that for the higher-coordination numbfer (2,3-
coord) complex, which has an additional imidazole bound to one of the copper atoms 
(Table 6).  A similar pattern is seen for the ammonia complexes: the activation energies 
(UR) increase from 20.0 for the 2,2-coord complex to 21.6 kcal/mol for the 2,3-coord 
complex to 24.4 kcal/mol for the 3,3-coord complex (Table 6).  The hydrogen and carbon 
to nearest ligand atom distances in the 2,2-coord imidazole/acetate TS complex are very 
similar to those in the 2,3-coord imidazole/acetate TS complex (Figure 11).  The presence 
of the additional imidazole ligand has little effect on the geometry in reactive region of 
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the complex.  Similarly, the distances between the nearest ammonia ligands and the 
hydrogen and carbon atoms of the reacting methane are very similar to each other in all 
three ammonia complexes (Figure 12).   
 
Table 6. Effects of coordination number on the energetics of the calculated methane hydroxylation 
reactions (B3LYP/TZV or UB3LYP/TZV, kcal/mol) mediated by bis(µ-oxo)Cu(III)Cu(III)-type complexes 
via Mechanism 3. 
 

 
 

The reaction energies are significantly more favorable for the higher coordination 
number complexes (Table 6).  In the calculated methanol complexes associated with the 
bis(µ-oxo)Cu(III)Cu(III) complex / Mechanism 3 reactions, the methanol typically 
remains bound to one of the copper atoms in the reduced Cu(II)-O-Cu(II) complex.  In 
the 2,3-coord imidazole/acetate and ammonia complexes, the methanol becomes bound to 
the copper that started with a ligand coordination number of two; the other copper 
maintains its coordination to three ligands.  The reduced Cu(II)-O-Cu(II)-bridged 
methanol complexes are most stable when each copper is coordinated to three ligands 
(excluding the oxygen atom  they share), as in the case of the complexes resulting from 
2,3-coord methane complexes (Figure 11).  Less stable are the 2,3-coord Cu(II)-O-Cu(II)-
methanol complexes that result from the reaction of methane with 2,2-coord bis(µ-
oxo)Cu(III)Cu(III).  For this reason, we observe more favorable reaction energies for the 
2,3-coord complexes than for the 2,2-coord complexes.  For the one 3,3-coord bis(µ-
oxo)Cu(III)Cu(III) complex we examined in this work, the methanol did not remain 
bound to the reduced Cu(II)-O-Cu(II) complex (but was instead loosely coordinated to it) 
since it already had three ammonia ligands bound to each copper atom. 
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Figure 11. Transition state and methanol complex structures in the calculated (B3LYP/TZV) methane 
hydroxylation reactions mediated by  2,3- and 2,2-imidazole/acetate-coordinated bis(µ-oxo)Cu(III)Cu(III)-
type complexes via Mechanism 3 (bond distances measured in Ångstroms, bond angles in degrees).   
 
 

 
 
Figure 12.  Transition state and methanol complex structures in the calculated (UB3LYP/TZV) methane 
hydroxylation reactions mediated by 3,3-, 2,3-, and 2,2-ammonia-coordinated bis(µ-oxo)Cu(III)Cu(III)-
type complexes via Mechanism 3 (bond distances measured in Ångstroms, bond angles in degrees).   
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2.5 Conclusions and Future Work 
 

We need to complete our reaction energy profile calculations for both radical 
recombination mechanisms mediated by the mixed-valent Chan-type binuclear complex 
(C1) before we can make a conclusion about which complex type/mechanism is the most 
favorable for the Chan-type complexes.  However, from our study of the Chan-type 
complexes thus far, we discovered that the reason the trinuclear complex (C3) was 
predicted to be the most reactive complex in the Chan paper was that the group failed to 
properly explore the unrestricted singlet energy surface.  Our unrestricted calculations 
predict that the binuclear complex (C2) is more reactive via the oxo-insertion 
mechanism.  

Among the Yoshizawa-type complexes (for which we have completed reaction 
energy profiles for each complex type/mechanism), the most favorable complex 
type/mechanism was the mixed-valent binuclear complex (Y1) following Mechanism 1.  
From our calculations on the Chan- and Yoshizawa-type complexes thus far, we can 
conclude, for both complex types, that binuclear bis(µ-oxo)Cu(II)Cu(III) and bis(µ-
oxo)Cu(III)Cu(III) complexes are more reactive toward methane than are trinuclear (µ3-
oxo)Cu(II)Cu(II)Cu(III) complexes.  We can also conclude that, where the necessary data 
is available (i.e. for the Yoshizawa-type complexes), the reactivities of the binuclear 
complex/mechanism combinations increase in the order bis(µ-
oxo)Cu(III)Cu(III)/Mechanism 3 < bis(µ-oxo)Cu(II)Cu(III)/Mechanism 2 < bis(µ-
oxo)Cu(II)Cu(III)/Mechanism 1.    

Our conclusion that binuclear copper complexes are more reactive than trinuclear 
copper complexes is in agreement with recent experimental evidence that the active site 
in p-MMO is a dinuclear copper site.   A recent publication by the Rosenzweig group 
effectively proved that the active site of p-MMO is located in the soluble domain of the 
pmoB subunit at the crystallographic dicopper center. 13   They used recombinant DNA to 
express a modified (soluble) version of pmoB, called spmoB, then carried out 
mutagenesis studies on this modified pmoB.  They found that mutating any of the three 
His binding residues in the dicopper site lowers the copper uptake and eliminates 
methane oxidation activity.  Mutating the residues in the monocopper site attenuates but 
does not eliminate activity.  Another recent study identified the first specific example of a 
copper-oxy entity that oxidizes methane to methanol; it is a bent mono-(µ-oxo)dicupric 
([Cu(II)-O-Cu(II)]2+) site found within the zeolite Cu-ZSM-5.14

In the future, we would like to further investigate the unrestricted singlet and 
higher-spin-state reaction energy profiles associated with the binuclear bis(µ-
oxo)Cu(III)Cu(III) and bis(µ3-oxo)Cu(II)Cu(II)Cu(III) complexes; perhaps the higher 
spin-state surfaces will reveal a new mechanistic path that is lower in energy than the 
oxo-insertion path presented in this work for these two types of complexes. 

  This discovery proves 
that dinuclear copper-oxo species are capable of methane hydroxylation within a zeolite 
network, and lends further plausibility to the argument that the active site in p-MMO is 
the dinuclear copper site. 

From our study of a variety of bis-µ-oxo Cu(III)Cu(III) complexes following the 
oxo-insertion mechanism, we were able to make several conclusions regarding the 
energetic effects of overall complex charge, ligand identity, and coordination number: 
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 Overall Complex Charge: The calculated energies of the transition state 
structures of charged complexes are significantly lower than those of their charge-
neutral structural analogues 

 Ligand Identity: The ammonia complex is much more active than the imidazole 
or BPBH complexes (when they all carry the same overall complex charge), 
which more closely resemble the protein environment 

 Coordination Number:  Coordination number has a much smaller effect on the 
activation energies than does overall complex charge or ligand identity.  Methanol 
complexes derived from 2,3-coord complexes are more stable than those derived 
from 2,2-coord complexes.  The only bis-µ-oxo Cu(III)Cu(III) complex for which 
the methanol does not remain bound to the reduced copper-oxo complex is that 
derived from the 3,3-coord ammonia complex (which was the only 3,3-coord 
complex examined).  
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Chapter 3 
 
Theoretical Study of the Rhenium-Alkane Interaction in Mononuclear and 
Binuclear Transition Metal-Alkane σ-Complexes 
 
3.1 Introduction 
 

Carbon–hydrogen (C–H) bond activation reactions are important from a 
fundamental point of view, as well as in more practical terms to medicine, academia, and 
industry, as they are being used for the conversion of common, inexpensive alkanes into 
reactive (and physiologically active) molecules.15  Many transition metal complexes are 
now known that can be used to activate C–H bonds in alkanes (3).16

 

 With low-valent 
metal complexes, the first bond-breaking step involves oxidative addition of an alkane to 
an unsaturated metal center (Fig. 1). The goal of subsequent steps is to convert the alkyl 
group R into an alcohol ROH or other potentially useful functionalized organic molecule. 

 
 
Figure 1. Oxidative addition of an alkane RH to an unsaturated metal complex, 2, which is typically 
generated by photolysis of a saturated metal complex, 1.  The reaction is proposed to proceed via an alkane 
σ-complex intermediate, 3.  
 

Many researchers today are focusing on the development of industrially practical 
organometallic oxidation catalysts,17

16

 but there remain fundamental aspects of the C–H 
activation process that are not fully understood. For instance, it is widely accepted that 
C–H activation reactions proceed via alkane σ-complex intermediates  (Fig. 1, 
compound 3), and such species have recently been detected and studied in low 
temperature NMR experiments.18

16

  Although complexes with intramolecular C–H/metal 
(so-called agostic) interactions have been isolated and crystallographically characterized 

 in systems where strong evidence has been provided for intermolecular 
metal–alkane coordination in solution,18  isolation and solid state structural 
characterization have not yet been accomplished. Intermolecular metal–alkane complexes 
are therefore one of the most important targets in the study of C–H activation; an 
understanding of the mechanisms of C–H activation, which will allow researchers to 
better control and manipulate the outcome of the reactions, is crucial for the advancement 
of this area of chemistry. 

Quantum chemical methods have become useful and practical tools in study of 
TM complexes.19,  20, 21, 22 Particularly, advancements in density functional theory 
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(DFT)21 and the use of effective core potentials19,20  have made qualitatively accurate 
predictions of the structures and chemistry of TM complexes possible at a reasonable 
computational cost.22 The goals of the present work are twofold: to make computational 
predictions of the relative stabilities of a selection of alkane σ-complexes, which will aid 
synthetic chemists in their efforts toward isolating and fully characterizing such species, 
and to explain the nature of the alkane–metal interaction in such complexes. 
 
3.2 Background 
 

A σ-complex is a transition metal complex in which a σ-bond acts as a ligand. 
Intermolecular σ-complexes of borohydrides, silanes, and dihydrogen have all been 
isolated and characterized; as mentioned above, intermolecular alkane σ-complexes have 
proven to be much more elusive to isolation. The existence of isolable σ-complexes of 
any type is surprising, because σ bonds are far weaker electron donors than the lone pairs 
of more traditional ligands (e.g., amines, phosphines) or the π bonds of π-bonding ligands 
(e.g., alkenes, alkynes).  The stability of σ-complexes is attributed in large part to the 
proposed occurrence of electron back-donation from a filled metal d orbital into the σ* 
orbital; such back-bonding is thought to be necessary for strong binding to occur.17  

Some of the earliest evidence for alkane σ-complexes came from studies of the 
Group 6 metal carbonyls. Photolysis of M(CO)6 (M = Cr, Mo, W) produces M(CO)5 
fragments, which were shown, first by low-temperature UV/VIS,23,24  and later by 
photoacoustic calorimetry25, 26,27,28 and gas-phase TRIR,29

As mentioned above, alkane σ-complexes are also believed to be intermediates in 
the activation of C–H bonds by transition metal complexes. Early evidence for the 
presence of C–H σ-complexes in C–H activation reactions was provided by isotopic 
labeling NMR experiments on the reversible oxidative addition of cyclohexane to 
Cp*IrPMe3.

 to bind single alkane 
molecules as sixth ligands. The magnitude of the M(CO)5(alkane) interaction is on the 
order of 10 kcal/mol.25-29 

30 30 In these experiments,  and others similar to them,31, 32, 33, 34 an inverse 
kinetic isotope effect and H/D exchange between the hydride and alkyl groups before 
elimination of the alkane indicated the presence of an alkane σ-complex intermediate. 
More recently, direct evidence for alkane σ-complex intermediates was obtained from 
TRIR flash kinetics studies on the photoinduced C–H bond activation by Cp*Rh(CO)2 in 
liquid rare gases.35, 36, 37

37

 These experiments showed a reaction intermediate, assigned to 
be Cp*Rh(CO)(alkane), which became increasingly stable (relative to the reactants) with 
increasing alkane size, ranging from –0.9 kcal/mol for ethane to –2.3 kcal/mol for octane 
and from –2.4 kcal/mol for cyclopentane to –3.5 kcal/mol for cyclooctane.   Also studied 
was the reaction profile of methane activation by CpRe(CO)2 using computational 
methods, which predicted a methane σ-complex intermediate lying 8.7 kcal/mol below 
reactants in enthalpy, with an activation barrier to C–H oxidative addition of 6.6 
kcal/mol.38

The present work focuses not on achieving C–H activation, but on optimizing the 
stability of the proposed alkane σ-complex intermediate species. The goal in designing an 
isolable alkane σ-complex should be to choose the combination of metal, ligands, and 
alkane that is the most thermodynamically stable with respect to reactants and that has the 
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highest barrier to oxidative addition. Inspection of existing experimental and theoretical 
evidence provides guidance in the design of such a complex. Using solution-phase TRIR 
spectroscopy, Childs et al. revealed a trend that is critical to the choice of metal center.39, 

40

29

 The group studied the reaction of complexes of the form CpM(CO)x(n-heptane) with 
CO, and found that the rate of displacement of n-heptane by CO decreased with the 
identity of M both across and down Groups 5, 6, and 7 of the periodic table. The 
difference between the two extremes (top of Group 5 vs. bottom of Group 7) was 
remarkable; CpV(CO)3(n-heptane) reacted 50,000 times more rapidly than CpRe(CO)2(n-
heptane). Also, for the choice of alkane, experiment indicates that large alkanes form 
more stable complexes than smaller alkanes, and that cyclic alkanes form more stable 
complexes than comparably sized linear alkanes. ,  37, 40 In agreement with the observed 
stability trends, several rhenium complexes with rather large alkanes, CpRe(CO)2-
(cyclopentane), -(cyclohexane), and -(n-pentane), have now been detected using low-
temperature NMR.18 

The present study takes its lead from experimental evidence and investigates the 
stability of a series of CpRe(CO)2(alkane) complexes, as well as that of several proposed 
but so far unknown binuclear analogs, [(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2] (alkane) 
(Fig. 2). Binding energies (BE) for selected examples of the manganese analogs of the 
complexes were also calculated to compare the alkane-binding capability of rhenium with 
that of a lighter Group 7 metal. The reported binding energies were calculated by using 
DFT with the Becke–Perdew 1986 (BP86) functional.41,42

 
 

 

 
Figure 2. Examples of the mononuclear ((a) CpM(CO)2(methane)) and binuclear ((b) 
[(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](n-propane)) alkane complexes examined in this work.  
 
 
3.3 Results and Discussion 
 
3.3.1 Mononuclear binding energies  
 

For the mononuclear complexes, CpM(CO)2(alkane), it was initially assumed that 
the binding in the n-alkane σ-complexes would occur at one of the terminal C–H bonds; 
this is a reasonable assumption, because it is the terminal carbon that is activated in the 
C–H activation reactions of related transition metal complexes. However, a recently 
published experiment brought the validity of that assumption into question. Ball et al.18 
found that in solution, (i-Pr(C5H4))Re(CO)2(pentane) actually exists in three forms: (i-
Pr(C5H4))Re(CO)2(1-pentane), (i-Pr(C5H4))Re(CO)2(2-pentane), and (i-
Pr(C5H4))Re(CO)2(3-pentane) in a ratio of 6:6.07:2.9. When compared with a statistical 
ratio of 6:4:2, this observed ratio corresponds to a thermodynamic preference of 0.13 
kcal/mol for CH2 binding over CH3 binding. Also, Vetter et al. 43 observed a 1.5 times 
kinetic preference for coordination at a secondary C–H bond rather than at a primary C–
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H bond for Tp’RhL(alkane) complexes (Tp’ = Tris-(3,5-dimethylpyrazolyl)borate; L = 
CNCH2CMe3).  

Binding energies at all possible interaction sites were calculated for the n-pentane 
and n-heptane CpRe(CO)2 complexes (Appendix A, Table A1). The metal–alkane 
interaction strength was predicted to be larger by ≈1 kcal/mol when the interaction site 
was one of the terminal CH3 groups (Fig. 2a) than when it was any of the secondary CH2 
groups (Appendix A, Table A1). This prediction is in disagreement with the slight 
thermodynamic preference (0.13 kcal/mol) for binding at secondary carbons observed by 
NMR.18 Differences between our calculations and solution-phase experimental results are 
to be expected because, in addition to their intrinsic errors, our calculations produce an 
estimate of gas-phase enthalpy, and do not account for changes in entropy or for the 
effects of solvation (which we expect to be small). There are also structural differences 
between the in silico and in situ experiments, which should be considered when 
comparing the two sets of results: the experimental structures contain i-Pr(C5H4) or Tp’ 
instead of Cp as a ligand. In any case, the linear alkane binding energies presented as 
final results in this work were calculated for the interaction of the metal center with the 
terminal CH3 group (Fig. 3). Binding energies were also calculated for a series of cyclic 
alkanes (Fig. 3).  
 
 

 
 
Figure 3.  Mononuclear rhenium [[CpRe(CO)2](alkane)] binding energies, calculated at the BP86/6–31G*, 
LANL2DZ level of theory. C1, C2, C3, C4, C5, C6, and C7 represent methane, ethane, n-propane, n-
butane, n-pentane, n-hexane, and n-heptane, respectively. cycloC3, cycloC4, cycloC5, and cycloC6 
represent cyclopropane, cyclobutane, cyclopentane, and cyclohexane, respectively. 
 
 

Several geometrical parameters were examined for each of the optimized 
mononuclear complexes (Appendix A, Table A2). For these complexes, only one C–H 
bond of the interacting CH2(cyclic alkanes)/CH3(linear alkanes) group participates in the 
binding. The interaction is best described as an asymmetric η2-C, H type (Fig. 4d), in 
which the H atom lies closer to the metal atom M than does the C atom. An illustration of 
the  
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Figure 4. Four possible binding modes for alkane σ-complexes, shown here for methane.  
 
 
optimized methane complex is provided as a representative example of the binding (Fig. 
5). The M–H–C angles range from 112° to 122° (Appendix A, Table A2), the M–C 
distances from 2.58 Å to 2.72 Å, and the M–H distances from 1.91 Å to 1.97 Å 
(Appendix A, Table A2). The interacting C–H bond is elongated by 0.06–0.07 Å relative 
to the free C–H bonds on the same CH2/CH3 group (Appendix A, Table A1). 
 

 
Figure 5. Optimized [CpRe(CO)2](methane) structure, calculated at the BP86/6-31G*, LANL2DZ level of 
theory. Bond lengths are provided in angstroms, bond angles are provided in degrees. 
 
 

For the linear alkane complexes, the ethane to n-heptane (C2–C7) predicted 
binding energies are all fairly similar. The largest difference in binding energy is seen in 
comparing methane to ethane or any of the multicarbon alkanes. It appears that the 
presence of a CH2/CH3 group adjacent to the interacting CH3 group significantly 
increases the metal–alkane interaction strength, but that further lengthening of the alkane 
chain has a much smaller effect.  

The cyclopropane, cyclobutane, and cyclopentane binding energies are larger than 
those of their linear counterparts, and the cyclohexane value is roughly equal to that of n-
hexane. The cyclobutane BE is the largest overall for the mononuclear complexes.  

The reactivity of the mononuclear complexes [CpM(CO)2](alkane), M = Mn or 
Re; alkane = n-heptane or cyclopentane have been investigated using infrared (IR) 
detection.44,45

44

 In the IR studies, the authors report enthalpies of activation (∆H‡) for the 
replacement of the coordinating alkane by a CO molecule. The ∆H‡ values can be taken 
as lower limits of the strength of the metal complex–alkane interaction. They can serve as 
a rough check of the accuracy of the magnitudes of our computational values, and in this 
sense, they are in good agreement. The experimental values for ∆H‡ are 13.6 kcal/mol  
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and 11.0 kcal/mol45 for [CpRe(CO)2](n-heptane) and 7.7 kcal/mol for 
[CpRe(CO)2](cyclopentane); our respective calculated values are 10.8 kcal/mol and 12.8 
kcal/mol. 

The ultimate goal of our work is to find an alkane σ-complex that would be stable 
enough to isolate and fully characterize; we estimate that the binding enthalpy that this 
would require would be on the order of 30 kcal/mol. The mononuclear 
[[CpRe(CO)2](alkane)] binding energies, whether predicted by computation or reported 
from experiment are too small to allow for isolation of these complexes at a reasonable 
temperature. For this reason, we chose to investigate their binuclear analogs, which could 
have significantly larger binding energies. 
 
3.3.2 Binuclear binding energies.  
 

The calculated binuclear rhenium binding energies are indeed significantly larger 
than those of their mononuclear counterparts (Fig. 6). The binuclear structures for ethane 
(Fig. 7), n-propane, n-butane (Fig. 7), n-pentane, cyclopropane, cyclopentane, and 
cyclohexane all show two alkane–metal interaction sites, and it is the presence of this 
second metal–alkane interaction that increases the binding energies so significantly. This 
conclusion is further supported by the two exceptions to this trend, which do not show a 
significant increase in binding energy with the presence of a second metal center: 
methane and cyclobutane (Fig. 6). Methane and cyclobutane are predicted to interact 
significantly with only one rhenium atom of the binuclear complexes. 
 

 
 
Figure 6. Mononuclear rhenium ([CpRe(CO)2](alkane)) binding energies and binuclear rhenium 
[(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](alkane)] binding energies, all calculated at the BP86/6–
31G*,LANL2DZlevel of theory. C1, C2, C3, C4, C5, C6, and C7 represent methane, ethane, n-propane, n-
butane, n-pentane, n-hexane, and n-heptane, respectively. cycloC3, cycloC4, cycloC5, and cycloC6 
represent cyclopropane, cyclobutane, cyclopentane, and cyclohexane, respectively. 
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The binding observed at each of the two binding sites in the binuclear complexes 
is comparable to that observed at the mononuclear ([CpRe(CO)2](alkane)) interaction 
sites; it is of the asymmetric η2-C, H type, and the M–H and M–C bond distances and M–
H–C angles are comparable to those seen in the optimized mononuclear complexes 
(Appendix A, Table A3). 

For the mononuclear complexes, the binding energies were all fairly similar (Fig. 
3). Lengthening of the alkane chain beyond two carbons had little effect on the 
magnitude of the binding energy. For the binuclear complexes, the length of the alkane 
chain is more important. The presence of one or two methylene spacers allows the 
terminal methyl groups of propane or butane to move freely, adopting a conformation in 
which their distances from the two metal centers are optimal for interaction (Fig. 7a). In 
the ethane complex, the two methyl groups have far less freedom, and to maximize their 
interaction with the two metal centers, the molecule can merely align itself between them 
(Fig. 7b). Accordingly, the binuclear ethane complex has both longer M–H and M–C 
distances (Appendix A, Table A3) and weaker binding than either the propane or butane 
complexes (Fig. 6). 
 

 
Figure 7. Optimized [(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](n-butane) (a) and 
[(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](ethane) (b) structures, calculated at the BP86/6-31G*, LANL2DZ 
level of theory. Bond lengths are provided in angstroms, bond angles are provided in degrees. 
 
 

Although it appears to be important for the terminal methyl groups of a linear 
alkane to have methylene spacers between them, too many methylene groups cause 
crowding, which limits the alkane’s ability to adapt a favorable conformation for 
interaction with the metal complex. The pentane complex, for example, has larger M–H 
and M–C distances (Appendix A, Table A3) and a smaller binding energy than either the 
propane or butane complexes (Fig. 6). The n-propane molecule seems to strike a balance 
between flexibility and overall size, as it has the highest BE for the linear alkane 
complexes. 
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In the cyclic alkane complexes (excluding cyclobutane, which only interacts with 
one metal center), binding is predicted to occur with two adjacent carbons. The calculated 
cyclopropane and cyclohexane structures both have larger M-H distances (Appendix A, 
Table A3) and smaller binding energies than the cyclopentane complex (Fig. 6). For 
cyclopropane, the reason for the difference may be that cyclopropane is limited in its 
ability to change conformation; the two interacting CH2 groups are not able to rotate 
relative to each other, only to rigidly align themselves between the two metal centers. The 
cyclohexane molecule is more flexible than cyclopropane, but it appears to be simply too 
bulky to approach the metal centers as closely as cyclopentane is able to. 

As discussed above, the binuclear complexes display much geometrical 
flexibility. The CO and Cp groups on each metal center are able to rotate relative to the 
groups on the other metal center, and the alkane molecules have many possible 
conformations that allow them to interact with the metal centers. Complexes with such 
extensive flexibility are likely to have complicated potential energy surfaces with many 
local minima, some of which may be close in energy. The binuclear structures presented 
in this work are thus most likely only local minima on the potential energy surfaces of the 
complexes. The mononuclear structures are also likely to have many local minima, close 
in energy to each other. If the complexes reported in this work are indeed local minima, 
then the results presented here are slight underestimates of the maximum calculated 
interaction strengths, which would occur at the global minima. The regularity in trends of 
the predicted BEs for each series of complex–alkane combinations suggests that the 
structures presented in this work are reasonable representations, which are not likely to 
vary greatly from other favorable interaction modes that may exist.  

Several binuclear manganese complexes were also examined. The work of Childs 
et al. showed that manganese complex–alkane adducts are much less stable than their 
rhenium analogs.39,40 In agreement with experiment, the calculated manganese binding 
energies are significantly lower than those of their rhenium analogs (Table 1). 
 
 
Table 1. Binuclear manganese and rhenium ([(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](alkane)) binding 
energies (kcal/mol), calculated at the BP86/6–31G*, LANL2DZ level of theory. 

 
 
 
3.3.3 Nature of the alkane–metal bond.  
 

Absolutely localized molecular orbital (ALMO) energy decomposition analysis 
(EDA) calculations (41)46 were used to analyze the nature of the alkane–metal bond in 
the complexes presented in this work. The ALMO EDA separates the total interaction 
energy (∆ETOT) into four contributions: the geometric distortion energy needed to bring 
the fragments to their complex geometries (∆EGD), the frozen density interaction energy 
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(∆EFRZ), the intramolecular orbital relaxation energy associated with the polarization of 
the metal complex and the alkane by each other (∆EPOL), and the intermolecular orbital 
relaxation energy associated with the charge transfer between the metal complex and the 
alkane (∆ECT). The last term can be separated into two components: the energy lowering 
due to charge transfer from the metal complex to the alkane (∆EM→A), and the energy 
lowering due to the charge transfer from the alkane to the metal complex (∆EA→M). The 
∆EM→A term provides a qualitative measure of the backbonding contribution to the 
interaction energy. The ALMO EDA results for the mononuclear manganese and rhenium 
complexes with methane, n-heptane, and cyclobutane are presented in Table 2. 

The analyses show that the major contribution to binding between the alkane and 
the metal center is charge transfer (≈80% of the total favorable binding contributions), 
whereas the polarization contribution is less significant (≈20%) and the frozen density 
interaction is repulsive (Table 2). Between 70 and 80% of the ∆ECT is associated with 
charge transfer from the occupied orbitals of the alkane to the vacant orbitals of the metal 
complex (∆EA→M), and the remainder is due to backbonding (∆EM→A). The stronger 
binding observed for the rhenium complexes appears to be due to a higher total amount 
of charge transfer, and not to different relative amounts of forward- and back-donation 
(Table 2). 
 
 
Table 2. BP86/6-31G*, LANL2DZ EDA results for the mononuclear rhenium complexes of methane, n-
heptane, and cyclobutane, optimized at the same level of theory. 

 
 
Note: The energies reported here are not directly comparable to the binding energies 
reported in Figure 3 because they do not include zero-point vibration energies. 
 
 
3.4 Conclusions 
 

The main conclusions that should be drawn from this work are that the stability of 
an alkane σ-complex increases with the number of alkane–metal interaction sites, and 
that the binding interaction is primarily one of charge transfer, mostly from the alkane to 
the metal. Also, as expected, the manganese complex binding energies are significantly 
lower than those of their rhenium analogs; the lower BEs observed for the manganese 
complexes are due to lower amounts of total charge transfer, and not to different relative 
amounts of forward and back-donation, as compared with the rhenium complexes. 
According to the calculations presented in this work, the binding energies for the 
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binuclear complexes approach 20 kcal/mol; these complexes, once synthesized, are not 
likely to be stable at room temperature. Calculations are underway on a series of 
trinuclear complexes, which are expected to have higher BEs than the binuclear 
complexes, perhaps high enough to make them stable under ambient conditions. Also, 
there is some theoretical evidence that replacement of a π-accepting CO ligand, which is 
believed to compete with the alkane for the metal d electrons, by a pure σ-donor such as 
NH3 increases the stability of alkane adducts. 47

 

 Calculations are in progress on a series of 
complexes with one or more of the CO ligands replaced by ammonia. Efforts are under 
way aimed at synthesizing some of the complexes examined in this paper. Future 
computational work will include further investigation of the effects of ligand identity on 
the strength of the metal–alkane interaction. The goal of such work will be to maximize 
the metal–alkane interaction, without actually causing activation of the C–H bond, by 
adjusting the amount of metal-to-alkane back-bonding. 

3.5 Methods 
 

Each transition metal complex–alkane interaction energy was found by 
optimizing three structures, the entire alkane–transition metal complex, the transition-
metal complex alone, and the alkane alone, and then subtracting the latter two energies 
from the first. In this work, favorable (negative) interaction energies are reported as 
positive binding energies. The optimizations were performed first at the Hartree–Fock 
(HF) level,48

41
 followed by a gradient-corrected DFT level optimization, using the 

exchange functional of Becke  and the correlation functional of Perdew,42 a combination 
known as BP86. The binding energies presented in this work are calculated at the BP86 
level from the BP86-optimized structures. The BP86 functional combination is known for 
its consistently accurate predictions of the geometries, vibrational frequencies, and bond 
energies of transition metal complexes in general. 49, 50, 51, 52 It has also proven successful 
in the study of Group VI transition metal dihydrogen σ-complexes.53,54,55 For all 
calculations presented in this work, the 6–31G* basis set56 was used for the non-metal 
atoms, and the LANL2DZ basis set and effective core potential57

19

 were used for rhenium 
and manganese.§§ Vibrational frequencies and zero-point vibrational energies were 
calculated for the optimized structures. All optimized structures had zero imaginary 
frequencies¶¶, indicating that they were minima on the potential energy surfaces. As 
recommended by Frenking et al. , the binding energies reported in this work have not 
been corrected for basis set superposition error (BSSE). However, the basis set 
superposition errors were estimated by using the standard counterpoise correction 
method,58 and are reported in Appendix A. Cartesian coordinates, snapshots, and 
geometrical parameters of all complexes reported in this work are also provided in 
Appendix A. Also, for the interested reader, structures and binding energies calculated at 
the Hartree–Fock (HF), DFT(B3LYP),59 resolution-of-the-identity second-order Møller 
Plesset perturbation theory (RIMP2),60 and scaled opposite-spin MP2 (SOS-MP2)61

46

 
levels of theory are also provided in Appendix A. ALMO EDA calculations were used to 
analyze the nature of the alkane–metal bond.  The ALMO EDA calculations were 
performed without BSSE correction and without zero point vibrational energy 
corrections. The ALMO EDA calculations were performed using a developmental 
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version of Q-CHEM; all other calculations reported in this work and in Appendix A were 
performed using either Q-CHEM 2.0 or Q-CHEM 3.0.62,63

 
 

§§Because the LANL2DZ basis set does not include polarization functions, the 6–31G*, 
LANL2DZ basis set combination is somewhat mismatched. The effects of this mismatch 
were investigated; the complex–alkane binding energies [at the BP86/(6 –31G*, 
LANL2DZ)-optimized geometries] calculated with f functions64

 

 present on rhenium vary 
slightly (<1 kcal/mol) from those reported in this work. 

¶¶One complex, [CpRe(CO)2](n-pentane), had an imaginary frequency of magnitude 35 
cm-1. An imaginary frequency this small is considered most likely to be an artifact, not an 
indication that the structure that possesses it is a transition state. 
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Chapter 4 
 
Examination of the Hydrogen-Bonding Networks in Small Water Clusters using 
Absolutely Localized Molecular Orbital Energy Decomposition Analysis 
 
4.1 Introduction 
 

Water clusters have been the object of intense study, both by a rich variety of 
experimental methods65,66,67, and a full range of electronic structure methods, as 
exemplified by the following reports68,69,70,71,72,73,74,75.  Such studies not only characterize 
the isomeric distribution of water clusters of a given size, but also reveal general trends in 
the evolution of structural preferences as the cluster size increases.  In this way insight 
can potentially be obtained into the way in which the coordination environments of 
individual water molecules approach the bulk – either solid ice or disordered structures 
more akin to the liquid environment.  Additionally, accurate calculations on small water 
clusters serve as useful benchmarks in the development of simplified force fields76,77,78

 However, while the value of the water-water hydrogen bond energy is very 
accurately known for the dimer

 
that have dramatically lower computational cost.  Of course, if such benchmarks could 
provide insight into the contributions of different, physically distinct, contributions to the 
energy, they could play a more constructive role in guiding the development of 
approximate models. 

79,80,81, the trimer82,83

68
, and other small and even medium-

sized clusters ,69,70,74,75, there is much more debate over the relative importance of the 
physical interactions that give rise to these energetics.  Specifically, the individual 
hydrogen bond84,85,86 in the water dimer surely contains contributions from several 
different, physically meaningful components (e.g. permanent electrostatics associated 
with dipole and perhaps quadrupole moments, short-range repulsions associated with 
density-density overlap, polarization of the electron density due to local electric fields, 
intermolecular charge transfer associated with donor-acceptor orbital interactions, etc.).  
Their relative magnitudes can, in principle, be obtained from energy decomposition 
analysis (EDA) methods, which separate total interaction energies into their component 
energy terms.  Many EDA methods trace their roots back to the seminal work of Kitaura 
and Morokuma87, which has then been refined and improved in various ways88,89,90, 

91,92,93,94,95,96.  Other distinct EDA methods have been proposed97,98,99,100, including the 
widely used symmetry-adapted perturbation theory (SAPT) 101,102,103,104

For even the water dimer, however, different EDA methods have given drastically 
different results87,90,91,92,94,95,98,99,100,

, which is not just 
an EDA, but also a method for calculating the interaction.   

105, which have made these methods collectively 
somewhat controversial.  In part this reflects differences in the electronic structure 
method being decomposed (since different methods give different total interaction 
energies).  However, even for a given method, such as the widely used B3LYP density 
functional with a large basis, different EDA’s have given significantly different 
results94,95,98,100.  Therefore it is important to evaluate the merits and limitations of each 
EDA approach – they cannot all be viewed as equally valid or equally invalid.  While the 
meaning of terms such as “charge transfer” are not uniquely defined, there can be (and 
indeed there are) definitions that yield physically unreasonable results.   
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We mention this because the extent of intermolecular charge transfer’s 
contribution to water-water hydrogen bonds is a matter of particularly intense debate.  To 
illustrate the debate, we focus just on EDA’s performed on B3LYP calculations – in other 
words different decompositions of the same total interaction energy (of course B3LYP is 
not an exact functional, but its intrinsic errors are a separate matter).  Natural bond orbital 
(NBO) analysis and natural energy decomposition analysis (NEDA) suggest that CT is 
predominant98.  These methods predict that the overall interaction between two B3LYP 
water molecules would be repulsive if CT were not included – suggesting that the 
hydrogen bond is primarily a dative orbital interaction106

 The absolutely localized molecular orbital energy decomposition method 
(ALMO-EDA)

.  However, NEDA does not 
evaluate intermediate energies variationally to obtain other contributions, and therefore 
can provide only an upper bound to the true extent of B3LYP charge transfer.  By 
contrast, a density-based method developed by Wu, Ayers, and Zhang100 predicted that 
CT contributes 15% of the B3LYP dimer binding energy – resulting in a largely 
electrostatic picture of the hydrogen bond.  However, this method may underestimate the 
CT contribution because of the use of finite integration grids. This debate has 
consequences for reliable modeling of water by simplified force field methods – such 
techniques would, at best, be getting the right answer for the wrong reason if orbital 
interactions and associated CT is predominant, since they neglect it entirely. 

94 does not suffer from the weaknesses discussed above, and will be the 
EDA employed in this paper.  We describe this approach in detail in the Methods section, 
but, in brief, it enables variational calculation of firstly a frozen orbital interaction 
(corresponding to permanent electrostatics, Pauli repulsions to orbital overlap, and 
dispersion if present in the functional), and secondly a polarization stabilization due to 
inductive effects.  Polarization is accomplished as a constrained variational calculation in 
which the molecular orbitals of fragments are obtained as a transformation from atomic 
orbitals that is block diagonal in the molecules of the complex107,108,109,110.  Charge 
transfer is then the remaining energy lowering to reproduce the full DFT result.  Applied 
to the water dimer111

111

, using the same B3LYP functional, the ALMO-EDA suggests that 
CT is about 30% of the binding energy, with polarization contributing slightly more.  The 
nature of the ALMO-EDA is such that polarization and CT are cleanly separated in the 
weakly overlapping regime, which includes the equilibrium geometry of water clusters.  
As overlap increases, the clear distinction between intramolecular polarization, and 
intermolecular polarization diminishes, and the polarization contribution will tend to 
include some CT.  Thus the ALMO-EDA is expected to slightly underestimate CT in the 
large basis set limit, though calculations from aug-cc-pVTZ to aug-cc-pV5Z have 
demonstrated very good stability of the contributions.   It should also be noted that the 
B3LYP functional, while generally quite good for describing the energetic strength of 
hydrogen bonds112, does have errors including neglect of long-range dispersion 
interactions.  Thus the B3LYP contributions of CT, frozen orbital interactions, and 
polarization will differ relative to other functionals (in particular, the unavailable exact 
functional!).  It has been argued that B3LYP may overestimate charge transfer 
somewhat113,114 (since frontier orbital gaps may be too small), while, for instance, 
Hartree-Fock calculations clearly underestimate them considerably (since the 
corresponding orbital gaps are too large).  
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When studying water clusters larger than the dimer, the effects of non-pairwise 
interactions, or cooperative effects115,116, come into play, bringing with them a new set of 
questions that need to be addressed.  The many-body expansion breaks down the total 
interaction energy into one-body, two-body, three-body, and higher contributions117,.  
Each of these terms can be calculated directly, and indeed some efficient methods for 
calculating large collections of water molecules by high-level methods make direct use of 
a truncated many-body expansion118,119. In addition to this computational value, 
cooperative effects are important because they are thought to contribute significantly to 
such fundamental aspects of water clusters as the geometries of their minimum energy 
configurations.  For example, cooperative effects have been predicted to be responsible 
for the homodromic cyclic configurations of the water trimer, tetramer, and pentamer 
being the energetically preferred configurations, even though there are alternative 
configurations of these water clusters that have higher numbers of hydrogen bonds.120

In this work, we attempt to further our understanding of the hydrogen bonding 
networks in water clusters by applying the ALMO-EDA method to clusters of varying 
sizes, with water molecules involved in one-, two-, three-, and four-coordinate 
environments.  This paper extends previous work done by our group, in which the water 
dimer was examined with the ALMO-EDA method.

  It 
therefore is also very interesting to examine the relative contributions of the different 
physical contributions to the three-body energies, to see similarities and differences 
relative to energy decompositions of the two-body interaction energies.   

111,114 We begin the present work by 
examining small (dimer through pentamer) water clusters in which the individual water 
molecules are coordinated to two other water molecules, and then move on to study 
larger water clusters, the 13-mer and 17-mer, that contain several water molecules that 
are fully coordinated (i.e. interacting with four other water molecules).  We also examine 
the influence of cooperative effects on the hydrogen bonding in the water clusters 
studied, decomposing the contributions of three-body interactions.  Although we make 
some comparisons with results obtained for the small clusters using the B3LYP 
functional121, we primarily use the more recent range-separated hybrid functional122, 
ωB97X-D, that reduces self-interaction effects123,124

 

 and includes an empirical dispersion 
correction.  The comparisons allow some assessment of the differences in the relative 
contributions of the frozen, polarization, and charge-transfer interactions due to changing 
density functionals. 

4.2 Methods 
 

The dimer-pentamer water cluster geometries were optimized at the MP2/aug-cc-
pVTZ level using the Q-Chem software package.125  The coordinates of the B3LYP/6-
311+G(d,p) level-optimized 13-mer geometry were taken directly from a publication by 
Bulusu, et al.;70 the coordinates of the MP2/aug-cc-pVTZ optimized 17-mer geometry 
were taken from a publication by Yu, et al.127 All ALMO-EDA calculations were 
performed with Q-Chem, and all ALMO-EDA results are BSSE-corrected.  The ALMO 
EDA methods are presently limited to energies from self-consistent field (Hartree-Fock 
and Kohn-Sham density functional) methods, so we applied decomposition analysis to 
intermolecular interaction energies calculated with the ωB97X-D and the B3LYP density 
functionals, as discussed in the Introduction.   
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While the ALMO-EDA method is fully described in the original literature94, we 
review general features of the method to allow the paper to be reasonably self-contained.  
The binding energy of a molecular complex is divided into the following contributions: 
 
  (1) 
 
Their meaning, and the way they are evaluated, is as follows: 
 

i) Geometric distortion (GD) is the energy required to change the geometry of the 
interacting molecules from their isolated molecule geometry to their complex 
geometry, excluding any interactions.  This term is evaluated as the sum of 
contributions from calculations on each component molecule.  Since it is very 
small for water clusters, we do not report it in the calculations given below. 

ii) Frozen orbital interaction (FRZ) is the energy change due to evaluating the energy 
of the interacting complex with frozen orbitals relative to the energy of the 
individual isolated molecules (both at their complex geometries).  Since the 
frozen orbitals,  of different fragments have overlaps ( ), the density 

operator used to evaluate the energy must be formed as  in 

order to obey the Pauli Principle.  The frozen orbital interaction therefore includes 
two non-separable contributions – permanent electrostatics interactions (dipole-
dipole etc), and Pauli repulsions due to the above density deformations.  It is 
evaluated as the variational energy associated with the frozen orbital density 
matrix given above.  We note that the frozen orbital interaction also would 
include dispersion or van der Waals interactions in the case of a functional that is 
capable of reproducing them correctly (B3LYP does not, but ωB97X-D does). 

iii) Polarization (POL) interactions are associated with relaxing the orbitals of the 
cluster subject to the constraint of zero charge transfer between molecules.  This 
is enforced by requiring the AO-to-MO transformation to be block diagonal in the 
molecules of the cluster.  In other words, each MO is associated with a specific 
molecule of the cluster and is represented entirely in terms of the AO’s of that 
molecule.  In this step, the orbitals remain absolutely localized MO’s (ALMO’s), 
just as the frozen orbitals above are (they are the initial guess).  As polarization is 
treated variationally, it is always stabilizing.  For full details on the ALMO-SCF 
calculation, which can be evaluated considerably more efficiently than a full SCF 
calculation, see the original literature110.  In the case of a functional capable of 
including density-dependent van der Waals interactions, this term will also 
include a change in the van der Waals interactions associated with the frozen 
density (neither B3LYP, with no dispersion terms, nor ωB97X-D, with dispersion 
that arises from an empirical atom-atom potential, is in this category). 

iv) Charge transfer (CT) interactions, which are the difference between the full SCF 
energy and the constrained POL energy, are the remaining contribution to the 
interaction energy.. CT interactions are therefore associated with donor-acceptor 
frontier orbital interactions between different molecules in the cluster.  To a good 
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approximation, the CT contributions can be pair-wise decomposed, leading to a 
description of the donor-acceptor orbitals as well, as fully described elsewhere126

 
. 

 In addition to presenting the ALMO-EDA results for the total water cluster 
interaction energies, we also investigate cooperative effects by applying the ALMO-EDA 
method to two- and three-body interactions within the water clusters.  The total 
interaction energy for a cluster of N molecules can be represented as a sum of many-body 
contributions117: 
  (2) 

In the above equation, all sums are over the individual monomers in the cluster.  The 
leading term is composed of single-body interactions, which are the geometric 
deformations already mentioned in the ALMO-EDA. They will be neglected because 
they are small.  The second term is composed of the two-body interactions which must be 
evaluated from calculations on each unique pair of molecules extracted individually from 
the full cluster: 
  (3) 
Two-body interactions will include physical contributions like permanent dipole-dipole 
interactions, and a component of Pauli repulsion, polarization, and charge transfer.  One 
key purpose of performing the ALMO-EDA in conjunction with the many-body 
decomposition is to assess this issue more precisely.  Then the three-body interactions 
represent the non-pairwise addition contributions to the interactions of each triple of 
molecules in the cluster: 
  (4) 
The three-body interactions will contain contributions from Pauli repulsions, polarization 
and charge transfer.  We will be exploring the way in which frozen orbital, polarization, 
and charge transfer interactions are partitioned between two-body, three-body and higher 
effects.  Thus we will be decomposing individual two or three body energy terms into the 
components defined in Eq. (1). 
 
4.3 Results and Discussion 
 
4.3.1 Small water clusters 
 
Dimer. 
 

The water dimer has already been treated in detail by the ALMO-EDA with the 
B3LYP functional in previous publications111,114, but we briefly summarize the results 
here for comparison with those obtained using the ωB97X-D functional (Table 1).  The 
geometry of the water dimer (as well as those of the trimer through pentamer) is given in 
Figure 1.  For the dimer, the ALMO-EDA predicts that the frozen (-1.3 kcal/mol), 
polarization (-1.5 kcal/mol), and charge transfer (-1.6 kcal/mol) components all 
contribute approximately equally to a total binding energy of -4.5 kcal/mol for the 
B3LYP functional.  The ωB97X-D ALMO-EDA predicts a more favorable frozen 
component than that predicted with B3LYP, at least partly due to ωB97X-D’s inclusion  
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Table 1. ALMO-EDA Results: Comparison of Two Functionals (B3LYP/aug-cc-pVQZ vs. ω-B97X-
D/aug-cc-pVQZ) for the optimized water dimer (MP2/aug-cc-pVTZ) (kcal/mol). ∆E = total interaction 
energy; “FRZ” = ∆EFRZ = frozen density interaction energy; “POL” = ∆EPOL = polarization energy; “CT” = 
∆ECT = intermolecular charge transfer energy. 
 

 
 
 
of a dispersive correction.  partly due to ωB97X-D’s inclusion of a dispersive correction.  
The CT component is predicted to be more favorable by the B3LYP ALMO-EDA than 
by the ωB97X-D EDA, which supporting the argument that the B3LYP functional 
slightly overestimates charge-transfer.  As expected, these energy distributions are quite 
different from that predicted by the NBO/NEDA method; with the B3LYP functional, the 
magnitude of the NEDA charge transfer term (-8.91 kcal/mol) was nearly two times 
greater in magnitude than that of the total interaction energy (-4.52 kcal/mol).98 By 
contrast, the three physically meaningful components of the ALMO-EDA have 
reasonable magnitudes (all significantly smaller than the total interaction strengths).  We 
shall explore how the magnitudes of these terms differ in the larger water cluster 
examples below.   
 

 
 
Figure 1. Optimized geometries (MP2/aug-cc-pVTZ) of the dimer, trimer, tetramer, and pentamer water 
clusters, with relevant geometrical parameters illustrated. 
 
 
Trimer. 
 

The hydrogen bond distances in the water trimer are approximately 0.05 Å shorter 
than those in the water dimer, and the O(A)—H(A)—O(B) bond angles between adjacent 
waters A and B are approximately 20° smaller than those in the water dimer (Figure 1).  
The angle deformation away from linear is required to permit the cyclic geometry, with 
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the advantage of three hydrogen bonds, though each is accordingly slightly weaker than 
that of the isolated dimer.  The slight contraction of the hydrogen bond distances from 
those of the isolated dimer also reflect binding energy that is gained from the three-body 
interaction (-2.6 kcal/mol, B3LYP; -2.7 kcal/mol ωB97X-D) (Table 2), such that the total 
B3LYP and ωB97X-D binding energies are more than three times the energies of the 
isolated dimer hydrogen bonds.  The B3LYP ALMO-EDA shows that charge-transfer 
and polarization contribute approximately equally to the total energy of each of the two-
body interactions, while, by contrast with the isolated dimer, the magnitude of the frozen 
orbital interactions is less than 20% those of the CT and POL components.  The decrease 
in relative magnitude of the frozen interactions (to less than 60% of the CT and POL 
components) is smaller for the ωB97X-D ALMO-EDA, again at least partly due to its 
dispersion term.  We infer that the more compact geometry of the trimer increases Pauli 
repulsions, relative to the dimer.  Additionally the electrostatics are slightly less 
favorable. 
 
Table 2. ALMO-EDA Results: Comparison of Two Functionals (B3LYP/aug-cc-pVQZ vs. ω-B97X-
D/aug-cc-pVQZ) for the optimized water trimer (MP2/aug-cc-pVTZ) (kcal/mol). ∆E = total interaction 
energy; “FRZ” = ∆EFRZ = frozen density interaction energy; “POL” = ∆EPOL = polarization energy; “CT” = 
∆ECT = intermolecular charge transfer energy.  
 

 
 
 
 The B3LYP three-body interaction energy is dominated by the polarization term 
(75% of the total); 24% is due to charge transfer, while the frozen density contribution is 
negligible (1%) (Table 2); the respective distribution predicted by the ωB97X-D 
functional is 70:18:11.  These distributions are quite different from that predicted by the 
NEDA method, in which the three-body terms of the water trimer and tetramer are 
dominated by charge transfer98, and the contribution of polarization is negligible 
(electrical interactions are a net repulsive contribution to the three-body interaction in the 
water trimer). We are led to the conclusion that the variationally optimal treatment of 
polarization in the ALMO model is leading to results that are far more physically 
reasonable than the non-variational treatment in NEDA.  Charge-transfer is primarily a 
local short-range effect, and it is quite reasonable that it should be a minority contributor 
to the three-body interaction.  The ALMO-EDA frozen interaction is strictly pair-wise 
additive in the absence of overlap, and it is therefore also very reasonable that it should 
give a small contribution to the three-body interaction. 
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Tetramer. 
 
      The hydrogen bond distances in the tetramer are further contracted relative to 
those in the trimer (by approximately 0.1 Å) and dimer (by approximately 0.2 Å), 
reflecting the role of many-body interactions discussed further below.  However, 
reflecting the decreased strain associated with a 4-membered versus 3-membered cyclic 
structure, the H(A)-O(A)-H(B) and O(A)-H(A)-O(B) bond angles are more than 15° 
larger than those of the trimer. The two-body interactions between adjacent water 
molecules in the tetramer are similar in total magnitude to those in the water trimer (in 
which all water molecules were adjacent to each other).  However, reflecting the further 
contraction of the hydrogen bond distances (and thus increase in Pauli repulsions), the 
adjacent two-body interactions in the tetramer have significant (B3LYP: 1.6 kcal/mol, 
ωB97X-D: 0.9 kcal/mol), repulsive frozen orbital interaction energies, compared to the 
favorable energies (B3LYP: -0.3 kcal/mol, ωB97X-D: -0.9 kcal/mol) of the trimer two-
body interactions (Tables 2 and 3).  The two-body interactions between non-adjacent 
water molecules are also identical to each other, and are 33% (B3LYP) and 38% 
(ωB97X-D) of the value of the adjacent interactions.  They are dominated by a favorable 
frozen orbital interaction term, which reflects the antiparallel alignment of OH bond 
dipoles on opposite sides of the ring.  The fact that the ALMO-EDA clearly distinguishes 
the different physical origin of the adjacent and non-adjacent 2-body interactions is an 
encouraging validation of the procedure. 
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Table 3. ALMO-EDA Results: Comparison of Two Functionals (B3LYP/aug-cc-pVQZ vs. ω-B97X-
D/aug-cc-pVQZ) for the optimized water tetramer (MP2/aug-cc-pVTZ) (kcal/mol). ∆E = total interaction 
energy; “FRZ” = ∆EFRZ = frozen density interaction energy; “POL” = ∆EPOL = polarization energy; “CT” = 
∆ECT = intermolecular charge transfer energy. 

  

 
 
 
 By symmetry, the four three-body terms for the tetramer are identical to each 
other in total magnitude and all of the component energy terms (Table 3).  Compared to 
the trimer three-body term, they are individually smaller in magnitude, reflecting the fact 
that each triple of molecules in the tetramer is less compact than the single triple 
comprising the trimer.  Collectively, however, three-body terms are more important in the 
tetramer than the trimer, comprising 26% (B3LYP) and 24% (ωB97X-D) of the binding 
energy, versus 18% (B3LYP)/ and 18% (ωB97X-D).  Relative to the B3LYP trimer 
three-body term, the B3LYP tetramer three-body terms have similar ratios of the relative 
magnitudes of their component energy terms; both have charge-transfer components that 
are one-third the size of their polarization components, and frozen interaction 
components that are negligible.  The ωB97X-D trimer and tetramer three-body terms 
have similar ratios of charge transfer to polarization energy (about 1:4 in both cases), but 
the percentage contribution of frozen orbital interaction energy to total interaction energy 
decreases from 11% in the trimer to 1% in the tetramer.  
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The total tetramer interaction energy (i.e. the total binding energy without 
geometric distortion) is approximately 12 kcal/mol (B3LYP and ωB97X-D) more 
favorable than the total trimer interaction energy.  With the B3LYP functional, 
interaction energy per water molecule has increased from 2.3 kcal/mol in the dimer to 4.7 
kcal/mol in the trimer to 6.5 kcal/mol in the tetramer; with the ωB97X-D functional, the 
increase is from 2.4 kcal/mol in the dimer to 5.1 kcal/mol in the trimer, to 6.8 kcal/mol in 
the tetramer.  The increases from trimer to tetramer reflect the role of non-adjacent 2-
body interactions, and the increased importance of 3-body interactions.  Regarding the 
total ALMO-EDA, in both the trimer and the tetramer, the polarization terms outmatch 
the charge transfer terms (1.2:1 ratio for B3LYP; 1.5:1 ratio for ωB97X-D).  The charge 
transfer contribution for each functional has 86% of its origin in two-body interactions, 
reflecting the predominantly pairwise additive nature of these dative interactions; by 
contrast, nearly 30% of the polarization interactions arise from three-body interactions.  
Finally, we note that 98% of the total tetramer interaction energy is recovered by the sum 
of the two- and three-body terms for both functionals, indicating that a good 
approximation of the total interaction energy can be obtained by excluding multi-body 
terms higher than the three-body term. 
 
Pentamer. 
 
      In the cyclic pentamer water cluster geometry, the hydrogen bond distances are 
contracted only very slightly (by 0.01-0.04 Å) relative to those in the tetramer cluster.  
Reflecting further reduction in ring strain, the H(A)-O(A)-H(B) and O(A)-H(A)-O(B) 
bond angles are 5-9° larger than those in the tetramer.  For both functionals, four of the 
five two body interactions between adjacent water molecules are nearly identical to each 
other in total magnitude (and very similar to their analogues in the tetramer) and in the 
relative magnitudes of their energetic components; they have a significant, repulsive 
frozen component, and favorable charge transfer and polarization components that are 
approximately equal in magnitude with the B3LYP functional, and differ by about 0.5 
kcal/mol with the ωB97X-D functional (Tables 3 and 4).  There is one “frustrated” two-
body interaction that is about 0.5 kcal/mol less favorable (for both functionals), reflecting 
the inability of the pentamer to alternate water molecules with proton up and proton 
down.  The two body interactions between non-adjacent water molecules are also nearly 
identical to each other and, while they are dominated by a favorable frozen density 
component like those in the tetamer (Table 3 and 4), the magnitude is reduced by about 
one third, due to less ideal alignment of the OH bond dipoles. 

In the pentamer, the three-body interactions can involve either three adjacent or 
two adjacent water molecules.  For both functionals, those involving three adjacent water 
molecules (e.g. H2O(1)-H2O(2)-H2O(3)) are only slightly smaller than the corresponding 
tetramer interaction, and are four to five times larger than the three-body interactions 
involving 2 adjacent and one non-adjacent water molecule (e.g. H2O(1)-H2O(2)-H2O(4)) 
(Table 4).  Interestingly, the relative magnitudes of the component contributions are 
similar in the two types of three body terms (those involving two or three adjacent water 
molecules): in both types, the polarization term is approximately three (B3LYP) or four 
(ωB97X-D) times larger in magnitude than the charge transfer terms, and the frozen term 
is virtually zero in the non-adjacent three-body interactions and –0.1 kcal/mol in the 
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adjacent three-body interactions (both functionals).  The collective contribution of three-
body interactions remains nearly the same as in the tetramer, at 26% (B3LYP) and 30% 
(ωB97X-D) of the total interaction energy. 
 
Table 4. ALMO-EDA Results: Comparison of Two Functionals (B3LYP/aug-cc-pVQZ vs. ω-B97X-
D/aug-cc-pVQZ) for the optimized water pentamer (MP2/aug-cc-pVTZ) (kcal/mol). ∆E = total interaction 
energy; “FRZ” = ∆EFRZ = frozen density interaction energy; “POL” = ∆EPOL = polarization energy; “CT” = 
∆ECT = intermolecular charge transfer energy.  
 

 
 
 
The total interaction energies for the pentamer are 8.6 kcal/mol (B3LYP) and 8.5 

kcal/mol (wB97X-D) more favorable, respectively, than their analogues for the tetramer, 
but comparable in the relative magnitudes of the different component terms.  From 
tetramer to pentamer, the binding energy per water molecule has increased slightly from 
6.5 kcal/mol to 6.9 kcal/mol (B3LYP), and from 6.8 kcal/mol to 7.2 kcal/mol (ωB97X-
D).  For each functional, more than 96% of each of the total interaction energy terms is 
recovered in the sum of the two- and three-body terms of the water pentamer, which 
shows no significant decrease from the percent recovery observed for the tetramer.  For 
each functional, 84% of the charge transfer contributions are associated with two-body 
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interactions; 30% of the polarization contributions arise from three-body interactions.  
These results generally mirror the tetramer results.  Despite differences in the relative 
contributions of each of the component energy terms to the total interaction energies for 
the two different functionals applied to both the tetramer and pentamer cases, the relative 
contributions of the two- and three-body interactions to polarization and charge transfer 
are identical for the two functionals.  For both functionals, charge transfer is primarily 
due to pairwise interactions (to exactly the same extent), while polarization has a strong 
contribution from three-body interactions.  
 
4.3.2 Method comparison 
 

One important measure of the ability of a particular computational method to 
accurately describe the intermolecular interactions of water molecules within a cluster is 
the ability of that method to produce a total water cluster binding energy that is close in 
value to that predicted by the most accurate method available.  Here we compare the total 
cluster binding energies predicted by the B3LYP and ωB97X-D functionals to MP2/CBS 
binding energies, which are the most accurate binding energies available for the entire set 
of small water clusters discussed above (Table 5).  The ωB97X-D functional much more 
closely reproduces the MP2 binding energies than does the B3LYP functional.  The 
ωB97X-D binding energies differ from their MP2 analogues by tenths of a kcal/mol (0.0 
kcal/mol – 0.3 kcal/mol), while the B3LYP binding energies differ from their MP2 
analogues by up to 2 kcal/mol.  The ωB97X-D functional includes dispersive corrections, 
which make it better suited than the B3LYP functional (which does not) to describe non-
bonded interactions such as the hydrogen bonds in water, and it is also likely that the 
exact treatment of long-range exact exchange in ωB97X-D assists in an improved 
description of intermolecular interactions.  

 
Table 5. Water cluster binding energies (kcal/mol) calculated at various levels of theory. 

 
 
 
The ALMO-EDA results obtained with the B3LYP and ωB97X-D functionals are 

generally in agreement with each other in terms of the relative contributions of the 
different component energy terms and, while the ωB97X-D functional predicts slightly 
larger total interaction energies for both the two- and three-body terms, these energies are 
still quite comparable in magnitude to those predicted by the B3LYP functional.  The 
ωB97X-D functional also generally predicts more favorable frozen density energy terms 
and less favorable charge transfer terms than the B3LYP functional for the reasons 
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discussed above; these differences are larger for the two-body terms than for the three-
body terms.  The same differences and similarities between the B3LYP and wB97X-D 
ALMO-EDA results for the small clusters hold true for the l3-mer and 17-mer structures 
as well (Supporting Information). 
 
4.3.3 Larger water clusters 
 
      We consider the origin of the binding energies at predicted minimum energy 
conformations of two medium-sized water clusters, the (H2O)13 cluster70 and the (H2O)17 
cluster127

We primarily use the ωB97X-D functional to analyze the larger water clusters.  
Some results have also been obtained using the B3LYP functional for comparison 
(Supporting Information).  In the interest of only studying the most significant 
interactions, we restricted our three-body calculations to only those terms associated with 
three adjacent hydrogen-bonded waters.  The two-body terms we calculated were also 
mainly those associated with adjacent hydrogen-bonded waters, although some two-body 
terms between non-adjacent waters were calculated as needed.     

 (Figure 2).  The 13-mer and 17-mer water cluster structures we consider are 
composed of fused four-, five-, and six-member rings.  The 13-mer is a modified stacked-
cube structure, composed of two stacked cubes (12 water molecules) with a 13th water 
molecule bound to two adjacent water molecules in one of the cubes.  In total this 
structure contains nine tetramers—one mutual to the two cubes, five serving as the 
remaining faces of one of the cubes, and the remaining three as faces of the modified 
cube, the other two faces of which are pentamers that include the 13th water molecule.  In 
contrast to the 13-mer, the 17-mer structure is a roughly spherical arrangement of water 
molecules around one central, fully-coordinated water.  The water molecules within the 
13- and 17-mer structures are coordinated to two, three, or four other water molecules 
(Figure 2).  We chose to study the 13-mer and the 17-mer because these are two of the 
smallest, and thus most computationally accessible, water clusters that contain multiple 
four-coordinate (fully coordinated) water molecules, which may therefore show behavior 
that in some ways begins to resemble water molecules in bulk. 
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Figure 2. Snapshots and schematic depictions of the optimized geometries of the 13-mer and 17-mer. a) 
Optimized 13-mer (B3LYP/6-311+G(d,p)); b) Schematic depiction of the 13-mer showing the tetramers 
and pentamers of which it is composed (numbered white hexagons represent water molecules) c) 
Optimized 17-mer (MP2/aug-cc pVTZ); d) Schematic depiction of the 17-mer showing the tetramers, 
pentamers, and hexamers of which it is composed (numbered white circles represent water molecules). 
 
 
General features of the two-body terms. 
 
      Plots of the hydrogen bond lengths vs. two-body ALMO-EDA components 
associated with each pair of hydrogen-bonded water molecules within the 13-mer (Figure 
3a) and 17-mer (Figure 4a) reveal a strong dependence of each of the EDA component 
terms (FRZ, POL, and CT) on bond length.  By contrast, the total interaction energies 
associated with the two-body terms are less dependent on bond lengths.   
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a) 

 
b) 

 
 
Figure 3. a) Plots of a) the ALMO-EDA components (ωB97X-D/aug-cc-pVQZ) (kcal/mol) vs. O-H 
hydrogen bond distances (A) associated with the two-body terms of the optimized 13-mer water cluster 
(B3LYP/6-311+G(d,p)) (kcal/mol) and b) the ALMO-EDA components (ωB97X-D/aug-cc-pVQZ) vs. O-H 
hydrogen bond distances associated with the two-body terms of the optimized 13-mer water cluster 
(B3LYP/6-311+G(d,p) and of the optimized dimer through pentamer structures (MP2/aug-cc-pVTZ) 
presented earlier in this work. 
 
 

As hydrogen bond length increases and thus Pauli repulsions decrease, the 
favorability of the frozen interaction terms increases, changing from repulsive to 
favorable over the range of bond lengths (1.67 – 2.00 Å for the 13-mer; 1.63 – 1.95 Å for 
the 17-mer).   The values of the FRZ terms appears to reach a nearly constant value for 
hydrogen bonds 1.9 Å and longer.  As expected, the polarization and charge-transfer 
terms increase in favorability as hydrogen bond lengths decrease.  It is very interesting 
that this occurs at nearly identical rates for both terms.  This is not expected, since at long 
distances POL decays algebraically, while CT decays exponentially. Interestingly, at 
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short hydrogen bond distances, the FRZ, POL, CT, and ∆E terms are all roughly equal in 
absolute value, the first term repulsive and the other three favorable.  

 
a) 

  
b) 

 
 
Figure 4. a) Plots of a) the ALMO-EDA components (ωB97X-D/aug-cc-pVQZ) (kcal/mol) vs. O-H 
hydrogen bond distances (A) associated with the two-body terms of the optimized 17-mer water cluster 
(MP2/aug-cc-pVTZ) (kcal/mol) and b) the ALMO-EDA components (ωB97X-D/aug-cc-pVQZ) vs. O-H 
hydrogen bond distances associated with the two-body terms of the optimized 17-mer water cluster 
(MP2/aug-cc-pVTZ) and of the optimized dimer through pentamer structures (MP2/aug-cc-pVTZ) 
presented earlier in this work. 
 
 

The total interaction energies show far less dependence on hydrogen bond length; 
the points representing ∆E form roughly flat (though scattered) lines, which appear to dip 
at around 1.95 Å for both the 13-mer and the 17-mer.  A bond length of approximately 
1.95 Å, therefore, appears to be roughly the “sweet spot” for water-water hydrogen bonds 
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in large clusters; this is perhaps to be expected, as the hydrogen bond distance in the 
water dimer is exactly 1.95 Å. 
      The dependences of the ALMO-EDA components on bond distances discussed 
above for the 13- and 17-mer also, perhaps predictably, hold for the smaller water 
clusters.  The plots in Figures 3b and 4b illustrate how well the points from the dimer 
through pentamer clusters fit the plots from the larger clusters; one cannot distinguish the 
former from the latter when they are plotted together.      
 
Two and three-body interactions within cyclic rings. 
 
      While patterns observed in the values of the two-body ALMO-EDA terms can 
largely be explained by examining one geometrical parameter, the single hydrogen bond 
distance, patterns in the values of the three-body terms cannot be discerned without 
careful examination not only of the geometry of the associated triple of water molecules, 
but also that of the entire tetramer, pentamer, or hexamer ring of which they are a part.  
The component rings of the 13- and 17-mer can be divided into three categories based on 
the arrangement of their waters:  
 

1) Type A: each water in the ring serves as both a single proton-acceptor, and a 
single proton-donor (AD) (Figure 5a, 5b). 

2) Type B: at least one water in the ring is AD, and there is at least one pair of 
water molecules where one is a double proton-acceptor (AA), and the other is 
a double proton doror (DD).  In other words, at least one water is AA and at 
least one water is DD; there are always an equal number of AA’s and DD’s in 
a ring) (Figure 5c) 

3) Type C: each water molecule in the ring is either AA or DD (Figure 5d) 
 
Type A rings. 
 

Figure 5 provides examples of each of these three types of rings present in the 13- 
and 17-mer.  Rings of type A (Figure 5a, 5b) have (adjacent) three-body terms that are all 
favorable overall, as the type A ring arrangement is optimal for each water involved.  A 
type A tetramer and pentamer from within the larger clusters have been chosen as 
examples to discuss, as they can be directly compared to the small cluster results.  The 
type A tetramer (Figure 5A) geometry resembles that of the individually optimized 
tetramer examined earlier: it has an alternating proton-up, proton-down arrangement of 
the waters.  The bond distances and angles of the type A tetramer, however, differ 
significantly from those of the individual tetramer; as expected, they are less 
symmetrical, with two “short” (bonds 3,5 and 4,13) and two “long” (bonds 3,4 and 5,13) 
hydrogen bonds, and two “large” and two “small” angles instead of four approximately 
equal bond distances, and four approximately equal bond angles as were present in the 
individually optimized tetramer.  
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Figure 5. The three different types of rings, and their associated ALMO-EDA terms (ωB97X-D/aug-cc-
pVQZ), that are found in the 13-mer and 17-mer. a) Type A tetramer located within the 13-mer (see Figure 
2b for relative location). The “AD” label indicates that the designated water is both a single proton-acceptor 
and a single proton donor. b) Type A pentamer located within the 17-mer (see Figure 2d for relative 
location). c) Type B pentamer located within the 17-mer (see Figure 2d for relative location). The label 
“AA” indicates that the designated water acts as a double proton-acceptor; “DD” indicates a double proton-
donor. D) Type C tetramer located within the 13 mer (see Figure 2b for relative location). 
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Two-body interactions: As in the individual tetramer, the adjacent water two-body 

∆E values are significantly larger in magnitude than those for non-adjacent waters; the 
values of the adjacent and non-adjacent two-body ∆E values are also comparable to their 
counterparts in the individual tetramer.  The non-adjacent water two-body terms in the 
type A tetramer are dominated by frozen density interaction energy, just as those in the 
individually optimized tetramer were.  However, while all of the adjacent water two-body 
interactions in the individual tetramer had repulsive frozen density energies (of 0.9 
kcal/mol) and favorable charge transfer and polarization energies, only two of the type A 
adjacent water two-body interactions follow this pattern—those with associated hydrogen 
bond distances that are comparable to those in the individual tetramer.  Even for these 
“short” hydrogen bond distance interactions, the magnitudes of the repulsive frozen 
density interaction energies are significantly larger than those observed for the individual 
tetramer because the type A “short” hydrogen bond distances are shorter than those in the 
individual tetramer, which results in increased Pauli repulsions.  The two-body adjacent 
water interactions associated with the longer hydrogen bond distances (1.95 and 1.96 A) 
have favorable frozen density interaction energies, made possible by the decreased Pauli 
repulsions associated with increased bond lengths.   

Three-body interactions: The (adjacent) type A tetramer three-body interactions 
are very similar to those of the individual tetramer both in overall interaction energies and 
in the values of the component energy terms.  Perhaps this is because each three-body 
interaction in the type A pentamer involves one short and one long hydrogen bond, with 
average lengths that are comparable to those of the bonds observed in the individual 
tetramer. 

The similarities and differences between the type A and individually optimized 
pentamers are very much like those for the tetramers.  The geometrical arrangement of 
waters in the type A pentamer is of the same type as that in the individual one: it is not 
possible for all of the waters to be arranged with alternating “proton-up” and “proton-
down,” so two adjacent waters must be both “proton-up” (or “proton-down”).  There are 
two hydrogen bonds (8, 10 and 9, 15) in the type A pentamer that are significantly shorter 
than those in the individually optimized pentamer, and the two-body ALMO-EDA terms 
associated with these bonds reflect that difference: their frozen density energies are 
significantly more repulsive and their charge transfer energies are more favorable than 
their counterparts in the individual pentamer.  Similarly, the two hydrogen bonds in the 
type A pentamer that  are longer than those in the individual pentamer have associated 
frozen density energies that are less repulsive and charge transfer energies that are less 
favorable than their counterparts in the individual pentamer.  The type A pentamer three-
body terms are comparable in total magnitude (though slightly smaller on average) and in 
component distributions to their counterparts in the individually optimized pentamer. 
 
Type B rings. 
               

In rings of type B (Figure 5c), any three-body interaction involving three waters 
that each act as both proton-acceptor and proton-donor will be favorable overall (e.g. the 
1,4,17 interaction); any three-body interactions that involve at least one water that serves 
as either a double proton-acceptor or double proton-donor will be repulsive overall (e.g. 
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the 2,13,17 interaction).  Whether they are favorable or unfavorable, the three-body terms 
are dominated by the polarization component.  As in the type A rings, the two-body 
interactions that are associated with shorter hydrogen bonds have more repulsive frozen 
density energies and more favorable charge transfer and polarization energies than those 
that are associated with longer hydrogen bonds.   
 
Type C rings. 
 

Rings of Type C have all repulsive three-body interactions (each three-body 
interaction involves not one, but three waters acting as AA’s/DD’s) (Figure 5c).  
Moreover, the two body interactions between non-adjacent AA-AA or DD-DD pairs of 
water will be repulsive due to unfavorable electrostatics.  For more examples of Type A, 
B, and C rings, including several hexamers, please see the Supporting Information. 
 
4.3.4 Implications for water force fields. 
 

As discussed in the introduction, only a relatively small number of water 
interaction potentials account for charge transfer explicitly, in spite of the large body of 
ab initio data that supports charge transfer being a significant contributor to the energetics 
of the water-water hydrogen bond.  Some of the few models that do account for it in 
some way include a charge transfer term in the energy, but do not actually transfer any 
charge, so that the Coulombic interactions remain unaffected by the charge-transfer 
interactions. 128, 129, 130  Reactive models, which can include charge transfer as bonds are 
broken, are another different approach.131, 132  Most recently, a new method for treating 
charge transfer interactions in both polarizable and non-polarizable potentials has been 
introduced in which a discrete amount of charge is transferred for each hydrogen bond 
formed.133

It is our opinion that, since the significance of the contribution of charge transfer 
to the energetics of the water-water hydrogen bond does not decrease with increasing 
cluster size, the accuracy of water potentials potentially be improved by the inclusion of 
charge transfer in a way that mirrors the results that we have found in our study of large 
and small water clusters.  This will be of most value for systems that include a wide range 
of water environments – from waters making strong hydrogen bonds through to relatively 
hydrophobic interactions.  There is much less necessity for this additional complexity in 
applications in which the range of environments that an individual molecule experiences 
is more homogeneous.  In that case, “lumping” the charge transfer into other terms can be 
equally effective.  For example, one sees from the data presented in the previous section 
(Figs. 3 and 4) that polarization and charge transfer contributions quite closely track each 
other in the two-body interactions calculated for the neat water clusters examined here.  
On the other hand, of course, that connection would not longer be valid if water was 
serving as a ligand about a transition metal center in solution. 

  It does not transfer charge at large intermolecular distances, does not result in 
a conductive liquid, and can be easily parameterized to give the correct amount of charge 
transfer.   
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4.4 Conclusions. 
 
     We have applied the ALMO-EDA method to the hydrogen bonding networks 
found in selected water clusters.  We can draw several important conclusions that apply 
to the water clusters studied: 
    

1) Charge-transfer and polarization generally contribute approximately equally to 
two-body interactions between water molecules; frozen orbital interactions yield 
variable contributions, which can be repulsive, negligible or favorable depending 
on the alignment of the molecular dipoles.  

2) Three-body interactions, whether favorable or repulsive are dominated by the 
polarization component.  Also, the strengths of the individual three-body 
interactions decrease with increasing cluster size.  

3) Although charge-transfer is an important contributor to the stabilization of water 
clusters by intermolecular hydrogen bonds, it is not the predominant contributor 
as has been suggested by the NBO and NEDA analyses.  Polarization is generally 
a slightly larger component of the total cluster interaction energies. 

4) Greater than 95% of the magnitudes of the total cluster interaction energies and of 
each of their component energy terms are recovered in the sum of the two- and 
three-body interaction terms, indicating that a good understanding of the influence 
of cooperative effects in these clusters can be obtained by truncating the many-
body expansion of the total interaction energy (Equation 1) at the three-body 
term. 

5) Of the two functionals employed, the ωB97X-D functional better reproduced the 
MP2/CBS cluster binding energies than did the B3LYP functional.  The ωB97X-
D functional predicted slightly larger total interaction energies, as well as more 
favorable frozen density energies and less favorable charge-transfer energies.  

6)  The magnitudes of each of the component energy terms in the two-body 
interactions, for both the small and large clusters examined, are highly dependent 
on the associated hydrogen-bond length.   

7) The favorability of the three-body terms in the larger clusters depends on how the 
three waters involved are positioned within a component tetramer, pentamer, or 
hexamer ring of the larger cluster.  Three ring categories were determined: Type 
A, which involves all AD waters; Type B, which involves at least on AD water 
and at least one pair of AA/DD waters; and Type C, which involves all type AA 
and type DD waters. 

8) The importance of charge transfer does not diminish with increasing cluster size; 
for optimal accuracy, water force fields should include some form of charge 
transfer (CT).  Fortunately, since the recovery of each energetic component 
including charge transfer is so high by the inclusion of only the local (adjacent) 
two- and three-body terms, only these terms need be considered for incorporation 
into water force fields. 
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Appendix A: Supporting Information for Chapter 3 
 
 
A1. Binding energies for the mononuclear and binuclear rhenium complexes 
complexes at the HF, DFT(B3LYP), DFT(BP86), RIMP2 and SOS-MP2 levels of 
theory 
 
     Calculations were performed as described in the methods section of the manuscript, 
except that ZPE corrections were not made for the binding energies presented here.  In 
addition, the RIMP2-VDZ auxiliary basis set133 was used on all atoms in the RIMP2 and 
SOS-MP2 calculations.  Two sets of binding energies are presented for each series of 
complexes: BSSE-corrected and BSSE-uncorrected.   
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Figure A1. Binding energies for the mononuclear ([CpRe(CO)2](alkane)) complexes.  All values are 
corrected for BSSE. 
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Figure A2. Binding energies for the mononuclear ([CpRe(CO)2](alkane)) complexes.  All values are 
uncorrected for BSSE.  
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Figure A3. Binding energies for the binuclear ([(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](alkane))  complexes.  
All values are corrected for BSSE. 
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Figure A4. Binding energies for the binuclear ([(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](alkane))  complexes.  
All values are uncorrected for BSSE.   
 
A2. Binding energies for various metal-alkane interaction sites for [CpRe(CO)2](n-
pentane), [CpRe(CO)2](n-heptane). 
 
Table A1. [CpRe(CO)2](heptane)/(pentane) binding energies (kcal/mol) for various binding modes.  
Calculations were performed at the DFT (B3LYP) level.  C1 indicates a terminal carbon; C4 is the central 
carbon for heptane, and C3 the central carbon for pentane.   
 
Pentane C1 C2 C3 
Uncorrected Binding Energy 9.595 8.596 8.610 
BSSE  1.755 2.124 2.019 
 7.840 6.472 6.591 
 
Heptane C1 C2 C3 C4 
Uncorrected Binding Energy  9.678 8.826 8.707 8.695 
BSSE  1.756 2.480 2.443 2.411 
Corrected BE 7.922 6.345 6.265 6.284 
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A3.  Geometrical parameters of the mononuclear and binuclear rhenium complexes  
at the DFT(B3LYP), DFT(BP86), RIMP2, and SOS-MP2 (binuclear only) levels of 
theory. 
 
Table A2. Mononuclear Rhenium Complexes ([CpRe(CO)2](alkane)). Distances are 
in Angstroms, angles are in degrees. 
 
A2-1. DFT(B3LYP).  

DFT, 
B3LYP 

 
M-H 
Dist. 

 
M-C 
Dist. 

 
M-H-C 
Angle 

C-H 
 Bound 
Dist. 

 
M-H 
Dist. 

Methane 2.01 2.75 119.54 1.13 1.09 
Ethane 1.98 2.79 124.24 1.14 1.10 
Propane 1.99 2.77 122.24 1.14 1.09 
Butane 1.97 2.88 134.01 1.14 1.10 
Pentane 1.97 2.78 124.59 1.14 1.09 
Hexane 1.99 2.76 121.71 1.14 1.10 
Heptane 1.97 2.76 122.26 1.14 1.09 

Cyclopropane 2.82 
2.87 2.80 77.81 

75.14 
1.09 

   1.09 
 

Cyclobutane 1.94 
2.85 2.77 125.47 1.14 

 1.09 

Cyclopentane 1.94 
2.86 2.80 128.95 1.14  

1.09 

Cyclohexane 1.96 
2.80 2.80 127.22 1.14 

1.09 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



65 
 

                                                                                                                                                 
A2-2. DFT(BP86). 

DFT, 
BP86 

 
M-H 
Dist. 

 
M-C 
Dist. 

 
M-H-C 
Angle 

C-H 
 Bound 
Dist. 

Methane 1.97 2.67 114.68 1.16 
Ethane 1.95 2.71 118.91 1.16 
Propane 1.96 2.70 118.05 1.16 
Butane 1.94 2.84 131.01 1.16 
Pentane 1.93 2.70 119.07 1.17 
Hexane 1.96 2.69 116.63 1.16 
Heptane 1.95 2.69 117.30 1.16 

Cyclopropane 2.73 
2.80 2.69 76.37 1.09 

Cyclobutane 1.91 
2.77 2.70 120.85 1.17 

Cyclopentane 1.91 
2.74 2.72 122.40 1.17 

Cyclohexane 1.93 
2.67 2.71 119.91 1.17 

 
A2-3. RIMP2. 

 
RIMP2 

 
M-H 
Dist. 

 
M-C 
Dist. 

 
M-H-C 
Angle 

C-H 
 Bound 
Dist. 

 
M-H 
Dist. 

Methane 1.96 2.62 112.87 1.14 1.10 
Ethane 1.92 2.62 115.24 1.15 1.09 
Propane 1.92 2.61 114.24 1.15 1.09 
Butane 1.89 2.73 126.33 1.15 1.10 
Pentane 1.92 2.61 114.14 1.15 1.09 
Hexane 1.91 2.61 114.39 1.15 1.10 
Heptane 1.92 2.61 114.16 1.15 1.09 

Cyclopropane 2.65 
2.65 

2.52 71.41 
71.09 

1.08 
1.08  

Cyclobutane 1.87 
2.69 2.56 112.99 1.16 

1.09 

Cyclopentane 1.87 
 2.59 2.57 113.41 1.16 

1.09 

Cyclohexane 1.89 
 2.55 2.59 114.30 1.16 

1.09 
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Table A3. Binuclear Rhenium Complexes 
([(CO)2Re(C5H4)C≡C(C5H4)Re(CO)2](alkane)). Distances are in Angstroms, angles are 
in degrees. 
  
A3-1. DFT(B3LYP). 

DFT(B3LYP) 

Interacting 
Pair of  
Atoms  

 
M-H 
Dist. 

 
M-C 
Dist. 

 
M-H-C 
Angle 

C-H 
 Bound 
Dist. 

 
M-H 
Dist. 

Methane 
 

Re1-C 1.98 2.74 120.69 1.14 1.09 

Re2-C  4.75    

Ethane 
 

Re1-C1 2.03 2.81 122.90 1.13 1.09 

Re2-C2 2.02 2.82 124.55 1.13 1.09 

Propane 
 

Re1-C1 2.04 2.90 129.75 1.14 1.09 

Re2-C3 1.99 2.79 123.80 1.14 1.09 

Butane 
 

Re1-C1 1.99 2.77 122.74 1.14 1.09 

Re2-C4 1.99 2.78 123.26 1.13 1.09 

Pentane 
 

Re1-C1 1.99 2.85 129.06 1.14 1.09 

Re2-C5 2.02 2.91 132.09 1.14 1.09 

Cyclopropane 
 

Re1-C1 2.02 2.818 124.807 1.122 1.081 

Re2-C2 2.020 2.834 126.632 1.120 1.082 

Cyclobutane 
 
 
 
 
 
 
 
 
 
 
 

Re1-C1 1.94 2.75 123.90 1.15 1.090 

Cyclopentane 
 

Re1-C1 2.108 3.035 138.863 1.111 1.079 

Re2-C2 2.107 3.003 135.668 1.110 1.078 
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A3-2. DFT(BP86). 

Alkane 

Interacting 
Pair of  
Atoms  

M-H 
Dist. 

M-C 
Dist. 

M-H-C 
 Angle 

C-H  
Bound  
Dist. 

Methane 
 

Re1-C 1.95 2.63 113.30 1.16 

Re2-C  4.12   

Ethane 
 

Re1-C1 1.97 2.75 120.50 1.15 

Re2-C2 1.98 2.75 120.41 1.16 

Propane 
 

Re1-C1 1.95 2.72 119.46 1.16 

Re2-C3 2.00 2.83 125.55 1.16 

Butane 
 

Re1-C1 1.95 2.72 119.87 1.16 

Re2-C4 1.96 2.73 120.55 1.15 

Pentane 
 

Re1-C1 1.97 2.79 124.77 1.16 

Re2-C5 1.99 2.87 130.26 1.15 

Cyclopropane 
 

Re1-C1 1.98 2.67 114.67 1.15 

Re2-C2 1.99 2.71 117.51 1.14 

 
Cyclobutane 

 
 
 
 
 
 
 
 
 
 
 

Re1-C1 1.88 2.66 119.44 1.17 

Cyclopentane 
 

Re1-C1 1.94 2.84 130.37 1.17 

Re2-C2 1.97 2.75 120.86 1.16 

Methane 
 

Re1-C1 2.01 3.01 141.61 1.16 

Re2-C2 2.14 2.91 121.01 1.15 
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A3-3. RIMP2. 

RIMP2 
Interacting 

Pair of 
Atoms 

M-H 
Distance 

M-C 
distance 

M-H-
C 

angle 

C-H 
bound 

distance 

C-H 
free 

distance 

Methane 
 

Re1-C 1.98 2.62 111.28 1.15 1.09 
Re2-C 1.99 2.64 111.93 1.15 1.09 

Ethane 
 

Re1-C1 1.92 2.58 111.98 1.15 1.09 
Re2-C2 1.92 2.58 111.57 1.15 1.09 

Propane 
 

Re1-C1 1.91 2.70 121.88 1.15 1.09 
Re2-C3 1.91 2.57 111.49 1.15 1.10 

Butane 
 

Re1-C1 
1.95 2.61 112.84 1.15 1.09 

Re2-C4 1.95 2.61 112.42 1.15 1.09 

Pentane 
 

Re1-C1 1.91 2.74 126.30 1.14 1.09 

Re2-C5 1.90 2.66 118.82 1.15 1.09 

Cyclopropane 
 

Re1-C1 
1.94 2.50 105.18 1.14 1.08 

Re2-C2 1.93 2.52 106.99 1.14 1.08 

Cyclopentane 
 

Re1-C1 1.89 2.66 119.96 1.16 1.09 

Re2-C2 
1.89 2.62 116.19 1.16 1.09 

 
 
A3-4. SOS-MP2. 

SOSMP2 
Interacting 

Pair of  
Atoms  

M-H 
Distance 

M-C 
distance 

M-H-C 
angle 

C-H 
bound 

distance 

Methane 
 

Re1-C 2.032 2.738 116.727 1.137 

Re2-C 2.026 2.728 116.278 1.137 

Ethane 
 

Re1-C1 1.985 2.736 120.044 1.136 

Re2-C2 1.988 2.722 118.743 1.135 

Butane 
 

Re1-C1 1.991 2.692 116.293 1.135 

Re2-C4 1.994 2.690 115.797 1.135 

Pentane 
 

Re1-C1 1.941 2.741 123.435 1.142 

Re2-C5 1.950 2.809 129.249 1.135 
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Appendix B: Supporting Information for Chapter 4 

 
Figure B1. Rings (see main text for description of ring types) within the 13-mer water 
cluster, and their associated ALMO-EDA terms (ωB97X-D/aug-cc-pVQZ). The “AD” 
label indicates that the designated water is both a single proton-acceptor and a single 
proton donor; the label “AA” indicates that the designated water acts as a double proton-
acceptor; the label “DD” indicates a double proton-donor.  
 
Figure B1-1. 
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Figure B1-2. 
 

3,4 3,7 3,8 4,7 4,8 7,8
∆E -4.51 -3.96 1.24 1.05 -4.09 -4.33

FRZ -1.54 -1.12 1.43 1.09 -0.97 0.42
POL -1.64 -1.68 -0.13 -0.04 -1.77 -2.50
CT -1.33 -1.16 -0.06 0.00 -1.34 -2.25

3,4,7 3,4,8 3,7,8 4,7,8
∆E 0.44 0.39 0.39 0.62

FRZ 0.02 -0.02 0.00 0.06
POL 0.34 0.32 0.29 0.43
CT 0.08 0.09 0.10 0.13

Type C Tetramer: 3,4,7,8
Two-Body

Three-Body

 
 

 
 
Figure B1-3. 
 

1,2 1,7 1,12 2,7 2,12 7,12
∆E -3.93 -4.36 0.94 1.34 -4.54 -4.06

FRZ -1.71 0.43 0.97 1.59 -1.62 -0.92
POL -1.34 -2.52 -0.03 -0.17 -1.64 -1.77
CT -0.88 -2.27 0.00 -0.08 -1.27 -1.37

1,2,7 1,2,12 1,7,12 2,7,12
∆E 0.28 0.45 0.64 0.29

FRZ -0.02 0.04 0.09 -0.02
POL 0.20 0.35 0.42 0.23
CT 0.10 0.07 0.13 0.08

Type C Tetramer: 1,2,7,12
Two-Body

Three-Body
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Figure B1-4. 
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∆E -1.18 -4.33 -4.36 -4.11 -3.96 -1.61

FRZ -1.12 -1.24 0.43 2.34 -1.12 -1.53
POL -0.05 -1.73 -2.52 -3.45 -1.68 -0.06
CT -0.02 -1.35 -2.27 -2.99 -1.16 -0.02

1,3,5 1,3,7 1,5,7 3,5,7
∆E -1.43 -1.24 -1.23 -1.41
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Figure B1-5. 
 

1,2 1,6 1,11 2,6 2,11 6,11
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FRZ -0.12 0.00 0.00 -0.14
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Figure B1-6. 
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∆E 0.44 -4.56 -3.77 -1.43 -4.04

FRZ 0.46 -1.68 0.73 -1.38 0.35
POL -0.02 -1.58 -2.53 -0.05 -2.45
CT 0.00 -1.30 -1.97 -0.01 -1.94

1,5,6 1,5,13 1,6,9 5,9,13 6,9,13
∆E 0.62 0.45 0.67 0.67 -1.11

FRZ 0.11 0.00 -0.05 0.11 -0.10
POL 0.39 0.37 0.57 0.43 -0.80
CT 0.12 0.08 0.15 0.12 -0.22

Type B Pentamer: 1,5,6,9,13
Two-Body

Two-Body

Three-Body
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Figure B1-7. 

 

6,8 6,10 6,11 8,10 8,11 10,11
∆E -4.22 1.28 -4.21 -3.90 0.98 -4.53

FRZ 0.67 1.49 -0.63 -1.71 1.01 -1.62
POL -2.60 -0.15 -2.00 -1.31 -0.03 -1.64
CT -2.29 -0.06 -1.58 -0.88 0.00 -1.27

6,8,10 6,8,11 6,10,11 8,10,11
∆E 0.30 0.74 0.33 0.41

FRZ -0.01 0.11 -0.01 0.03
POL 0.22 0.49 0.25 0.32
CT 0.09 0.15 0.08 0.06

Three-Body

Type C Tetramer: 6,8,10,11
Two-Body

 

 
 
 

Figure B1-8. 
 

4,6 4,8 4,9 4,13 6,8
∆E -1.12 -4.09 -0.99 -3.76 -4.22

FRZ -1.09 -0.97 -0.96 3.45 0.67
POL -0.03 -1.77 -0.03 -3.97 -2.60
CT -0.01 -1.34 -0.01 -3.24 -2.29

6,9 6,13 8,9 8,13 9,13
∆E -3.77 -1.43 -0.89 -0.89 -4.04

FRZ 0.73 -1.38 -0.87 -0.85 0.35
POL -2.53 -0.05 -0.02 -0.03 -2.45
CT -1.97 -0.01 0.00 -0.01 -1.94

4,6,8 4,8,13 4,9,13 6,8,9 6,9,13
∆E -1.15 -1.41 -1.40 -1.19 -1.11

FRZ 0.00 -0.10 -0.01 -0.07 -0.10
POL -0.92 -1.04 -1.09 -0.87 -0.80
CT -0.23 -0.27 -0.31 -0.25 -0.22

Type A Pentamer: 4,6,8,9,13
Two-Body

Two-Body

Three-Body
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Figure B1-9. 
 

2,10 2,11 2,12 10,11 10,12 11,12
∆E -1.38 -4.06 -4.54 -4.53 -4.19 -1.52

FRZ -1.30 2.53 -1.62 -1.62 2.00 -1.45
POL -0.06 -3.55 -1.64 -1.64 -3.33 -0.05
CT -0.02 -3.04 -1.27 -1.27 -2.86 -0.02

2,10,11 2,10,12 2,11,12 10,11,12
∆E -1.46 -1.42 -1.38 -1.36

FRZ -0.13 -0.12 -0.05 -0.05
POL -1.05 -1.03 -1.06 -1.04
CT -0.28 -0.27 -0.28 -0.27

Type A Tetramer: 2,10,11,12
Two-Body

Three-Body
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Figure B1-10. 

 

1,6 1,7 1,8 6,7 6,8 7,8
∆E -4.49 -4.36 -1.45 -1.22 -4.22 -4.33

FRZ -0.53 0.43 -1.34 -1.15 0.67 0.42
POL -2.07 -2.52 -0.07 -0.05 -2.60 -2.50
CT -1.88 -2.27 -0.03 -0.02 -2.29 -2.25

1,6,7 1,6,8 1,7,8 6,7,8
∆E -1.24 -1.38 -1.44 -1.41

FRZ -0.02 -0.09 -0.10 -0.05
POL -0.94 -0.99 -1.03 -1.05
CT -0.28 -0.29 -0.31 -0.31

Type A Tetramer: 1,6,7,8
Two-Body

Three-Body

 
 

 
 
Figure B1-11. 

 

3,4 3,5 3,13 4,5 4,13 5,13
∆E -4.51 -4.11 -1.60 -1.32 -3.76 -4.56

FRZ -1.54 2.34 -1.51 -1.26 3.45 -1.68
POL -1.64 -3.45 -0.07 -0.05 -3.97 -1.58
CT -1.33 -2.99 -0.02 -0.01 -3.24 -1.30

3,4,5 3,4,13 3,5,13 4,5,13
∆E -1.33 -1.55 -1.43 -1.36

FRZ -0.02 -0.14 -0.13 -0.02
POL -1.03 -1.11 -1.02 -1.06
CT -0.28 -0.30 -0.28 -0.28

Type A Tetramer: 3,4,5,13
Two-Body

Three-Body
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Figure B2. Rings (see main text for description of ring types) within the 17-mer water 
cluster, and their associated ALMO-EDA terms (ωB97X-D/aug-cc-pVQZ). The “AD” 
label indicates that the designated water is both a single proton-acceptor and a single 
proton donor; the label “AA” indicates that the designated water acts as a double proton-
acceptor; the label “DD” indicates a double proton-donor.  

 
Figure B2-1. 
 

2,6 2,9 2,12 2,15 6,9
∆E -3.87 -1.09 -1.27 -3.62 -0.91

FRZ 0.14 -1.05 -1.22 -0.45 -0.88
POL -2.23 -0.04 -0.04 -1.87 -0.03
CT -1.78 -0.01 -0.01 -1.30 0.00

6,12 6,15 9,12 9,15 12,15
∆E -3.39 -0.77 -4.54 -3.60 -0.86

FRZ 4.23 -0.75 -0.93 3.60 -0.83
POL -4.21 -0.01 -2.01 -3.90 -0.03
CT -3.41 0.00 -1.60 -3.30 -0.01

2,6,12 2,6,15 2,9,15 6,9,12 9,12,15
∆E -1.69 -1.14 -1.31 -1.43 -1.38

FRZ -0.14 -0.05 -0.11 -0.04 -0.03
POL -1.22 -0.91 -0.95 -1.10 -1.05
CT -0.33 -0.19 -0.25 -0.30 -0.30

Type A Pentamer: 2,6,9,12,15
Two-Body

Two-Body

Three-Body
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Figure B2-2. 
 

3,8 3,9 3,10 3,15 8,9
∆E -3.96 -1.01 -1.30 -3.73 -0.91

FRZ 0.35 -0.97 -1.24 -0.89 -0.88
POL -2.40 -0.04 -0.04 -1.70 -0.03
CT -1.91 0.00 -0.01 -1.15 0.00

8,10 8,15 9,10 9,15 10,15
∆E -3.10 -0.84 -4.36 -3.60 -0.89

FRZ 5.26 -0.82 -0.70 3.60 -0.85
POL -4.61 -0.02 -2.03 -3.90 -0.03
CT -3.75 0.00 -1.63 -3.30 -0.01

3,8,10 3,8,15 3,9,15 8,9,10 9,10,15
∆E -1.79 -1.12 -1.27 -1.49 -1.35

FRZ -0.14 -0.06 -0.07 -0.02 -0.04
POL -1.28 -0.88 -0.96 -1.15 -1.01
CT -0.36 -0.18 -0.24 -0.32 -0.30

Two-Body

Two-Body

Three-Body

Type A Pentamer: 3,8,9,10,15
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Figure B2-3. 
 

3,7 3,8 3,11 7,8 7,11 8,11
∆E -3.75 -3.96 1.55 1.08 -4.55 -4.50

FRZ 0.10 0.35 1.89 1.11 -1.33 -0.88
POL -2.16 -2.40 -0.23 -0.04 -1.79 -2.02
CT -1.69 -1.91 -0.11 0.00 -1.43 -1.59

3,7,8 3,7,11 3,8,11 7,8,11
∆E 0.74 0.42 0.48 0.62

FRZ 0.09 -0.08 -0.06 0.05
POL 0.51 0.36 0.40 0.46
CT 0.13 0.13 0.14 0.11

Two-Body

Three-Body

Type C Tetramer: 3,7,8,11

 
 

 
 

Figure B2-4. 
 

4,7 4,11 4,14 4,17 7,11
∆E -1.23 -1.30 -3.14 -3.52 -4.55

FRZ -1.17 -1.19 -0.10 0.20 -1.33
POL -0.04 -0.08 -1.72 -2.07 -1.79
CT -0.02 -0.03 -1.32 -1.65 -1.43

7,14 7,17 11,14 11,17 14,17
∆E -0.71 -3.33 -3.70 -1.03 -0.71

FRZ -0.69 4.08 2.70 -1.00 -0.70
POL -0.02 -4.10 -3.60 -0.03 -0.01
CT 0.00 -3.32 -2.80 -0.01 0.00

4,7,17 4,11,14 4,14,17 7,11,14 7,11,17
∆E -1.45 -1.14 -0.95 -1.27 -1.40

FRZ -0.07 -0.12 0.00 -0.03 -0.03
POL -1.11 -0.81 -0.78 -0.99 -1.07
CT -0.27 -0.20 -0.17 -0.25 -0.29

Type A Pentamer: 4,7,11,14,17
Two-Body

Two-Body

Three-Body
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Figure B2-5. 
 

1,2 1,4 1,13 1,17 2,4
∆E -3.69 -3.90 -0.91 -0.80 -1.01

FRZ 1.46 1.38 -0.84 -0.70 -0.98
POL -2.68 -2.93 -0.05 -0.08 -0.02
CT -2.47 -2.35 -0.01 -0.02 -0.01

2,13 2,17 4,13 4,17 13,17
∆E -2.76 0.66 -0.92 -3.52 -3.38

FRZ 1.08 0.70 -0.86 0.20 -0.33
POL -2.10 -0.03 -0.05 -2.07 -1.68
CT -1.74 -0.01 -0.01 -1.65 -1.38

1,2,4 1,2,13 1,4,17 2,13,17 4,13,17
∆E -1.44 -0.94 -1.29 0.80 0.75

FRZ -0.03 -0.08 -0.23 -0.08 0.12
POL -1.10 -0.67 -0.86 0.75 0.50
CT -0.31 -0.20 -0.21 0.13 0.13

Type A Pentamer: 1,2,4,13,17
Two-Body

Two-Body

Three-Body
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Figure B2-6. 
 

1,2 1,3 1,15 2,3 2,15 3,15
∆E -3.69 -3.51 2.07 1.04 -3.62 -3.73

FRZ 1.46 1.89 2.58 1.08 -0.45 -0.89
POL -2.68 -2.82 -0.35 -0.04 -1.87 -1.70
CT -2.47 -2.58 -0.16 0.00 -1.30 -1.15

1,2,3 1,2,15 1,3,15 2,3,15
∆E 0.63 0.48 0.46 0.72

FRZ 0.08 -0.11 -0.12 0.06
POL 0.38 0.39 0.40 0.57
CT 0.17 0.19 0.18 0.10

Three-Body

Type C Tetramer: 1,2,3,15
Two-Body

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



81 
 

                                                                                                                                                 
Figure B2-7. 
 

1,3 1,5 1,9 1,12 1,15
∆E -3.51 -3.95 0.95 -1.16 2.07

FRZ 1.89 1.29 1.03 -1.04 2.58
POL -2.82 -2.94 -0.06 -0.09 -0.35
CT -2.58 -2.30 -0.02 -0.03 -0.16

3,5 3,9 3,12 3,15 5,9
∆E -0.60 -1.01 -0.12 -3.73 0.75

FRZ -0.57 -0.97 -0.11 -0.89 0.79
POL -0.02 -0.04 -0.01 -1.70 -0.04
CT -0.01 0.00 0.00 -1.15 0.00

5,12 5,15 9,12 9,15 12,15
∆E -3.17 0.33 -4.54 -3.60 -0.86

FRZ -0.12 0.33 -0.93 3.60 -0.83
POL -1.78 -0.01 -2.01 -3.90 -0.03
CT -1.27 0.00 -1.60 -3.30 -0.01

1,3,5 1,3,15 1,5,12 3,9,15 5,9,12
∆E -1.28 0.46 -1.15 -1.27 0.65

FRZ -0.04 -0.12 -0.25 -0.07 0.08
POL -0.96 0.40 -0.75 -0.96 0.48
CT -0.28 0.18 -0.16 -0.24 0.09

9,12,15
∆E -1.38

FRZ -0.03
POL -1.05
CT -0.30

Type B Hexamer: 1,3,5,9,12,15
Two-Body

Two-Body

Three-Body

Two-Body
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Figure B2-8. 
 

1,4 1,5 1,14 4,5 4,14 5,14
∆E -3.90 -3.95 0.84 1.77 -3.14 -3.46

FRZ 1.38 1.29 0.90 2.15 -0.10 -0.64
POL -2.93 -2.94 -0.05 -0.26 -1.72 -1.61
CT -2.35 -2.30 0.00 -0.11 -1.32 -1.21

1,4,5 1,4,14 1,5,14 4,5,14
∆E 0.62 0.83 0.85 0.26

FRZ 0.03 0.10 0.10 -0.02
POL 0.42 0.59 0.61 0.20
CT 0.17 0.14 0.14 0.09

Type C Tetramer: 1,4,5,14
Two-Body

Three-Body

 
 

 
 
Figure B2-9. 
 

4,13 4,16 4,17 13,16 13,17 16,17
∆E -0.92 -3.02 -3.52 -3.62 -3.38 -0.25

FRZ -0.86 0.64 0.20 3.67 -0.33 -0.14
POL -0.05 -2.03 -2.07 -3.96 -1.68 -0.08
CT -0.01 -1.63 -1.65 -3.34 -1.38 -0.03

4,13,16 4,13,17 4,16,17 13,16,17
∆E -1.14 0.75 0.64 -1.02

FRZ -0.10 0.12 -0.05 -0.01
POL -0.81 0.50 0.58 -0.78
CT -0.24 0.13 0.11 -0.24

Three-Body

Type B Tetramer: 4,13,16,17
Two-Body
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Figure B2-10. 
 

4,5 4,6 4,12 4,14 4,16
∆E 1.77 0.33 -3.14 -3.02

FRZ 2.15 0.34 -0.10 0.64
POL -0.26 -0.02 -1.72 -2.03
CT -0.11 0.00 -1.32 -1.63

5,6 5,12 5,14 5,16 6,12
∆E -0.92 -3.17 -3.46 -3.39

FRZ -0.89 -0.12 -0.64 4.23
POL -0.03 -1.78 -1.61 -4.21
CT -0.01 -1.27 -1.21 -3.41

6,14 6,16 12,14 12,16 14,16
∆E 0.04 -3.73 -0.35 -0.57 -0.70

FRZ 0.04 -0.60 -0.34 -0.54 -0.68
POL 0.00 -1.75 -0.01 -0.03 -0.01
CT 0.00 -1.38 0.00 0.00 0.00

4,5,14 4,6,16 4,14,16 5,6,12 5,12,14
∆E 0.26 1.01 -0.63 -1.17 -0.79

FRZ -0.02 0.21 -0.03 -0.01 -0.05
POL 0.20 0.66 -0.46 -0.94 -0.61
CT 0.09 0.14 -0.14 -0.22 -0.13

6,12,16
∆E -1.08

FRZ 0.02
POL -0.84
CT -0.26

Two-Body

Two-Body

Three-Body

Two-Body
Type B Hexamer: 4,5,6,12,14,16
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Figure B2-11. 

 

2,3 2,7 2,13 2,15 2,17
∆E 1.04 -2.76 -3.62 0.66

FRZ 1.08 1.08 -0.45 0.70
POL -0.04 -2.10 -1.87 -0.03
CT 0.00 -1.74 -1.30 -0.01

3,7 3,13 3,15 3,17 7,13
∆E -3.75 -3.73 -0.92 -0.50

FRZ 0.10 -0.89 -0.88 -0.48
POL -2.16 -1.70 -0.02 -0.02
CT -1.69 -1.15 -0.01 0.00

7,15 7,17 13,15 13,17 15,17
∆E -0.45 -3.33 -0.72 -3.38

FRZ -0.44 4.08 -0.70 -0.33
POL -0.01 -4.10 -0.02 -1.68
CT 0.00 -3.32 0.00 -1.38

2,3,15 2,13,15 2,13,17 3,7,15 3,7,17
∆E 0.72 -0.62 0.80 -0.95 -1.54

FRZ 0.06 -0.07 -0.08 -0.02 -0.10
POL 0.57 -0.41 0.75 -0.77 -1.13
CT 0.10 -0.14 0.13 -0.17 -0.31

7,13,17
∆E -0.95

FRZ -0.08
POL -0.66
CT -0.21

Two-Body

Two-Body

Type B Hexamer: 2,3,7,13,15,17
Two-Body

Three-Body
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Figure B2-12. 
 

2,6 2,13 2,16 6,13 6,16 13,16
∆E -3.87 -2.76 -0.53 -0.48 -3.73 -3.62

FRZ 0.14 1.08 -0.30 -0.43 -0.60 3.67
POL -2.23 -2.10 -0.17 -0.04 -1.75 -3.96
CT -1.78 -1.74 -0.07 0.00 -1.38 -3.34

2,6,13 2,6,16 2,13,16 6,13,16
∆E 0.94 -1.41 -1.04

FRZ 0.17 -0.18 -0.12
POL 0.62 -0.97 -0.71
CT 0.15 -0.27 -0.21

Type B Tetramer: 2,6,13,16
Two-Body

Three-Body
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Figure B2-13. 
 

5,8 5,10 5,11 5,14 8,10
∆E -1.27 -3.46 -1.20 -3.46 -3.10

FRZ -1.22 0.76 -1.12 -0.64 5.26
POL -0.04 -2.29 -0.06 -1.61 -4.61
CT -0.01 -1.94 -0.02 -1.21 -3.75

8,11 8,14 10,11 10,14 11,14
∆E -4.50 -0.83 -1.06 -0.84 -3.70

FRZ -0.88 -0.80 -1.02 -0.82 2.70
POL -2.02 -0.02 -0.03 -0.02 -3.60
CT -1.59 0.00 -0.01 0.00 -2.80

5,8,10 5,10,14 5,11,14 8,10,11 8,11,14
∆E -1.57 -1.00 -1.13 -1.53 -1.32

FRZ -0.06 0.01 -0.10 -0.06 -0.03
POL -1.17 -0.82 -0.82 -1.14 -1.03
CT -0.34 -0.19 -0.21 -0.33 -0.26

Three-Body

Type A Pentamer: 5,8,10,11,14
Two-Body

Two-Body
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Table B1. ALMO-EDA Results: Comparison of Two Functionals (B3LYP/aug-
cc-pVQZ vs. ω-B97X-D/aug-cc-pVQZ) for waters within the optimized water 13-
mer. “∆E” = total interaction energy; “FRZ” = ∆EFRZ = frozen density interaction 
energy; “POL” = ∆EPOL = polarization energy; “CT” = ∆ECT = intermolecular 
charge transfer energy. 
 
Four-Coordinate Waters: 
 

Two-Body FRZ POL CT ∆E
1,2 -1.35 -1.21 -1.11 -3.68
1,5 -0.71 -1.64 -1.68 -4.03
1,6 0.15 -2.00 -2.32 -4.17
1,7 1.15 -2.47 -2.77 -4.08

Three-Body FRZ POL CT ∆E
1,2,5 -0.03 -0.59 -0.14 -0.76
1,2,6 -0.10 -0.74 -0.21 -1.05
1,2,7 0.09 0.20 0.13 0.42
1,5,6 0.08 0.40 0.16 0.64
1,5,7 -0.03 -0.95 -0.31 -1.29
1,6,7 -0.02 -0.94 -0.35 -1.31

Water #1: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
1,2 -1.71 -1.34 -0.88 -3.93
1,5 -1.24 -1.73 -1.35 -4.33
1,6 -0.53 -2.07 -1.88 -4.49
1,7 0.43 -2.52 -2.27 -4.36

Three-Body FRZ POL CT ∆E
1,2,5 -0.02 -0.59 -0.13 -0.74
1,2,6 -0.12 -0.76 -0.16 -1.04
1,2,7 -0.02 0.20 0.10 0.28
1,5,6 0.11 0.39 0.12 0.62
1,5,7 -0.02 -0.96 -0.25 -1.23
1,6,7 -0.02 -0.94 -0.28 -1.24

Water #1: ωB97X-d, Correct Parameters
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Two-Body FRZ POL CT ∆E
1,6 0.15 -2.00 -2.32 -4.17
6,8 1.41 -2.55 -2.79 -3.93
6,9 1.22 -2.45 -2.38 -3.60
6,11 -0.04 -1.91 -1.94 -3.90

Three-Body FRZ POL CT ∆E
1,6,8 -0.06 -0.98 -0.37 -1.41
1,6,9 -0.08 0.54 0.19 0.65
1,6,11 -0.04 -0.92 -0.30 -1.25
6,8,9 -0.12 -0.86 -0.31 -1.29
6,8,11 0.08 0.49 0.18 0.75
6,9,11 -0.05 -0.70 -0.23 -0.99

Water #6: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
1,6 -0.53 -2.07 -1.88 -4.49
6,8 0.67 -2.60 -2.29 -4.22
6,9 0.73 -2.53 -1.97 -3.77
6,11 -0.63 -2.00 -1.58 -4.21

Three-Body FRZ POL CT ∆E
1,6,8 -0.09 -0.99 -0.29 -1.38
1,6,9 -0.05 0.57 0.15 0.67
1,6,11 0.00 -0.92 -0.24 -1.16
6,8,9 -0.07 -0.87 -0.25 -1.19
6,8,11 0.11 0.49 0.15 0.74
6,9,11 -0.03 -0.71 -0.19 -0.93

Water #6: ωB97X-d, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
1,7 1.15 -2.47 -2.77 -4.08
3,7 -0.67 -1.56 -1.45 -3.68
7,8 1.16 -2.44 -2.75 -4.03
7,12 -0.35 -1.68 -1.70 -3.73

Three-Body FRZ POL CT ∆E
1,3,7 -0.13 -0.89 -0.26 -1.28
1,7,8 -0.06 -1.03 -0.39 -1.48
1,7,12 0.05 0.42 0.17 0.64
3,7,8 0.07 0.28 0.14 0.49
3,7,12 -0.03 -0.63 -0.16 -0.82
7,8,12 -0.02 -0.94 -0.30 -1.26

Water #7: B3LYP, Correct Parameters
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Two-Body FRZ POL CT ∆E
1,7 0.43 -2.52 -2.27 -4.36
3,7 -1.12 -1.68 -1.16 -3.96
7,8 0.42 -2.50 -2.25 -4.33
7,12 -0.92 -1.77 -1.37 -4.06

Three-Body FRZ POL CT ∆E
1,3,7 -0.13 -0.91 -0.21 -1.24
1,7,8 -0.10 -1.03 -0.31 -1.44
1,7,12 0.09 0.42 0.13 0.64
3,7,8 0.00 0.29 0.10 0.39
3,7,12 -0.02 -0.63 -0.14 -0.79
7,8,12 0.02 -0.95 -0.24 -1.18

Water #7: ωB97X-d, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
4,8 -0.43 -1.67 -1.67 -3.77
6,8 1.41 -2.55 -2.79 -3.93
7,8 1.16 -2.44 -2.75 -4.03
8,10 -1.33 -1.18 -1.11 -3.62

Three-Body FRZ POL CT ∆E
4,6,8 -0.05 -0.92 -0.29 -1.25
4,7,8 0.02 0.43 0.17 0.62
4,8,10 -0.05 -0.62 -0.14 -0.81
6,7,8 -0.04 -1.04 -0.39 -1.48
6,8,10 0.07 0.22 0.12 0.41
7,8,10 -0.13 -0.78 -0.22 -1.14

Water #8: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
4,8 -0.97 -1.77 -1.34 -4.09
6,8 0.67 -2.60 -2.29 -4.22
7,8 0.42 -2.50 -2.25 -4.33
8,10 -1.71 -1.31 -0.88 -3.90

Three-Body FRZ POL CT ∆E
4,6,8 0.00 -0.92 -0.23 -1.15
4,7,8 0.06 0.43 0.13 0.62
4,8,10 -0.04 -0.63 -0.13 -0.79
6,7,8 -0.05 -1.05 -0.31 -1.41
6,8,10 -0.01 0.22 0.09 0.30
7,8,10 -0.16 -0.80 -0.17 -1.13

Water #8: ωB97X-d, Correct Parameters
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Three-Coordinate Waters: 
 

Two-Body FRZ POL CT ∆E
1,2 -1.35 -1.21 -1.11 -3.68
2,11 3.33 -3.54 -3.66 -3.87
2,12 -1.14 -1.54 -1.58 -4.27

Three-Body FRZ POL CT ∆E
1,2,11 -0.04 -1.00 -0.29 -1.32
1,2,12 0.01 0.35 0.08 0.43
2,11,12 -0.06 -1.06 -0.34 -1.46

Water #2: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
1,2 -1.71 -1.34 -0.88 -3.93
2,11 2.53 -3.55 -3.04 -4.06
2,12 -1.62 -1.64 -1.27 -4.54

Three-Body FRZ POL CT ∆E
1,2,11 0.00 -1.00 -0.23 -1.23
1,2,12 0.04 0.35 0.07 0.45
2,11,12 -0.05 -1.06 -0.28 -1.38

Water #2: ωB97X-d, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
3,4 -1.00 -1.54 -1.66 -4.20
3,5 3.14 -3.44 -3.61 -3.91
3,7 -0.67 -1.56 -1.45 -3.68

Three-Body FRZ POL CT ∆E
3,4,5 -0.05 -1.03 -0.35 -1.43
3,4,7 -0.01 0.34 0.10 0.43
3,5,7 -0.04 -1.10 -0.33 -1.48

Water #3: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
3,4 -1.54 -1.64 -1.33 -4.51
3,5 2.34 -3.45 -2.99 -4.11
3,7 -1.12 -1.68 -1.16 -3.96

Three-Body FRZ POL CT ∆E
3,4,5 -0.02 -1.03 -0.28 -1.33
3,4,7 0.02 0.34 0.08 0.44
3,5,7 -0.03 -1.11 -0.27 -1.41

Water #3: ωB97X-d, Correct Parameters
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Two-Body FRZ POL CT ∆E
3,4 -1.00 -1.54 -1.66 -4.20
4,8 -0.43 -1.67 -1.67 -3.77
4,13 4.26 -3.98 -3.88 -3.60

Three-Body FRZ POL CT ∆E
3,4,8 0.04 0.32 0.11 0.47
3,4,13 -0.12 -1.09 -0.37 -1.59
4,8,13 -0.13 -1.02 -0.33 -1.49

Water #4: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
3,4 -1.54 -1.64 -1.33 -4.51
4,8 -0.97 -1.77 -1.34 -4.09
4,13 3.45 -3.97 -3.24 -3.76

Three-Body FRZ POL CT ∆E
3,4,8 -0.02 0.32 0.09 0.39
3,4,13 -0.14 -1.11 -0.30 -1.55
4,8,13 -0.10 -1.04 -0.27 -1.41

Water #4: ωB97X-d, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
1,5 -0.71 -1.64 -1.68 -4.03
3,5 3.14 -3.44 -3.61 -3.91
5,13 -1.19 -1.48 -1.61 -4.29

Three-Body FRZ POL CT ∆E
1,3,5 -0.12 -1.02 -0.34 -1.49
1,5,13 -0.02 0.37 0.10 0.45
3,5,13 -0.11 -1.01 -0.36 -1.47

Water #5: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
1,5 -1.24 -1.73 -1.35 -4.33
3,5 2.34 -3.45 -2.99 -4.11
5,13 -1.68 -1.58 -1.30 -4.56

Three-Body FRZ POL CT ∆E
1,3,5 -0.13 -1.03 -0.27 -1.43
1,5,13 0.00 0.37 0.08 0.45
3,5,13 -0.13 -1.02 -0.28 -1.43

Water #5: ωB97X-d, Correct Parameters
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Two-Body FRZ POL CT ∆E
8,10 -1.33 -1.18 -1.11 -3.62
10,11 -1.14 -1.54 -1.57 -4.25
10,12 2.76 -3.31 -3.45 -3.99

Three-Body FRZ POL CT ∆E
8,10,11 0.00 0.32 0.07 0.39
8,10,12 -0.02 -0.96 -0.27 -1.25
10,11,12 -0.06 -1.04 -0.34 -1.43

Water #10: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
8,10 -1.71 -1.31 -0.88 -3.90
10,11 -1.62 -1.64 -1.27 -4.53
10,12 2.00 -3.33 -2.86 -4.19

Three-Body FRZ POL CT ∆E
8,10,11 0.03 0.32 0.06 0.41
8,10,12 0.02 -0.97 -0.22 -1.17
10,11,12 -0.05 -1.04 -0.27 -1.36

Water #10: ωB97X-d, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
2,11 3.33 -3.54 -3.66 -3.87
6,11 -0.04 -1.91 -1.94 -3.90
10,11 -1.14 -1.54 -1.57 -4.25

Three-Body FRZ POL CT ∆E
2,6,11 -0.12 -1.04 -0.36 -1.52
2,10,11 -0.11 -1.04 -0.35 -1.49
6,10,11 0.07 0.25 0.11 0.44

Water #11: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
2,11 2.53 -3.55 -3.04 -4.06
6,11 -0.63 -2.00 -1.58 -4.21
10,11 -1.62 -1.64 -1.27 -4.53

Three-Body FRZ POL CT ∆E
2,6,11 -0.14 -1.06 -0.29 -1.49
2,10,11 -0.13 -1.05 -0.28 -1.46
6,10,11 -0.01 0.25 0.08 0.33

Water #11: ωB97X-d, Correct Parameters
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Two-Body FRZ POL CT ∆E
2,12 -1.14 -1.54 -1.58 -4.27
7,12 -0.35 -1.68 -1.70 -3.73
10,12 2.76 -3.31 -3.45 -3.99

Three-Body FRZ POL CT ∆E
2,7,12 0.07 0.23 0.10 0.40
2,10,12 -0.10 -1.01 -0.33 -1.45
7,10,12 -0.13 -1.00 -0.32 -1.45

Water #12: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
2,12 -1.62 -1.64 -1.27 -4.54
7,12 -0.92 -1.77 -1.37 -4.06
10,12 2.00 -3.33 -2.86 -4.19

Three-Body FRZ POL CT ∆E
2,7,12 -0.02 0.23 0.08 0.29
2,10,12 -0.12 -1.03 -0.27 -1.42
7,10,12 -0.16 -1.01 -0.26 -1.43

Water #12: ωB97X-d, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
4,13 4.26 -3.98 -3.88 -3.60
5,13 -1.19 -1.48 -1.61 -4.29
9,13 0.97 -2.38 -2.37 -3.78

Three-Body FRZ POL CT ∆E
4,5,13 -0.05 -1.06 -0.35 -1.46
4,9,13 -0.06 -1.08 -0.37 -1.51
5,9,13 0.09 0.45 0.16 0.69

Water #13: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
4,13 3.45 -3.97 -3.24 -3.76
5,13 -1.68 -1.58 -1.30 -4.56
9,13 0.35 -2.45 -1.94 -4.04

Three-Body FRZ POL CT ∆E
4,5,13 -0.02 -1.06 -0.28 -1.36
4,9,13 -0.01 -1.09 -0.31 -1.40
5,9,13 0.11 0.43 0.12 0.67

Water #13: ωB97X-d, Correct Parameters
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Two-Coordinate Water: 
 

Two-Body FRZ POL CT ∆E
6,9 1.22 -2.45 -2.38 -3.60
9,13 0.97 -2.38 -2.37 -3.78

Three-Body FRZ POL CT ∆E
6,9,13 -0.11 -0.79 -0.27 -1.17

Water #9: B3LYP, Correct Parameters

 
 

Two-Body FRZ POL CT ∆E
6,9 0.73 -2.53 -1.97 -3.77
9,13 0.35 -2.45 -1.94 -4.04

Three-Body FRZ POL CT ∆E
6,9,13 -0.10 -0.80 -0.22 -1.11

Water #9: ωB97X-d, Correct Parameters

 




