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Abstract

Bader's quantum theory of atoms in molecules (QTABV)sed to evaluate local atomic
stabilities in clusters of moleculeshd total energy of a molecular system is decomposed
into atomic contributions determined quantum mechanically through evaluation of the
electron density contained within atomic basBimbility is defined by changes in the
atomic energy. These stabilities are used to interpret energetic changes within molecules
as they form noftovalent interactions, including hydrogen bonding, beryllium bonding
and halogen bonding, as well as combimstiances of each. The stabilities are then
represented using a unique methodistialization, whereby atom size represents the
magnitude of the energy change and atom colour represents sign of energy change
(positive or negative)l.ocal stabilities in srall methanol (MeOH)-2.4, formaldehyde
(H2C=Oh=24, and water (kD)n=26 Clustersreveal a clear increase in thegnitude of

atomic stability when cooperative interactions are present. This energy increase is not
observed for nofcooperative or antooperative interactions in formaldehyde and water
clusters Formethanol clusters the cooperative stability is clearly localized at the
hydroxyl group. Local atomic and molecular energies give new insight into the
interaction of water wires with alkainetals alkaline earthmetals and hale ionsand,

finally, local atomic stabilities show the existence of strong cooperative effects for
beryllium-hydrogen bond interactions and beryllimalogen bond interactions, which

are in some cases very intense.
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Chapter 1 Introduction

In the broad range of topics studiesingcomputational methods, tih@portanceof
waterand the role of solvatiocannot be overstated. It is known that solvation can affect
the stability and conformatth of systems like proteins and nanostructures, and solvation
studies typically focus on the effect of the solvent on the solute. But there is also the
guestion of how these solutes can in turn impact the energy and structure of the
surrounding solvent. it becomes very important for protein foldjmghere the entropy
and enthalpy of solvation play a critical role in formation of secondary and tertiary
proteinstructure Many commonly used computational methods give poor predictions of
water behaviour orocal levelsAd eeper under standing of wate
configuration in the presence of solute molecules is of primary interest. Evaliletsey
local stabilities is difficult because most analyses report total engeglesr obtained
expermentally in bulk or theoreticallysinga variety of approacheA. unique solution
to this problem idound inB a d egquadtsnmtheay of atoms in molecule)TAIM) [1],
which provides a welkestablished method to partition total molecekctron densitie
into non-overlappindocal valueghatcan beattributedto theatoms in the molecules.

From the local atomic values it is possible to evaluate local stabilibe molecule
through changing atomic energidsattaet al [2] demonstrated this a stug of bond
dissociation of aliphatic hydrocarbons. LafEaylor et al [3] evaluatedocal stabilities
for folded telomere structuseand then visually representie results in a way that
highlighted important areas of stabilization and destabilizaliothis thesisthe QTAIM
local stability analysiss extendedo consider watewater and watesolute interactions.

The structure of il thesisis as follows Chapter Antroducessome propertiesf
water and its hydrogen bomdj interactions, with a discussion of experimental
approachefor theobsevation ofhydrogen bonds and water molecul@bapter 3
introduces technical details regarding the computational evaluztioplecules, with a
special foas on QTAIM inSection3.8. In Chapter ZandChapter 5QTAIM is used to
evaluate local stabil#s within small water clustefsom n=25 [4] and sixminima onthe
water hexamepotential energy surfad®]. Chapter GandChapter fresent studyof

thewaterdimer and trimemteracting withtwo BeXz derivativeq6] anda series ofvater

1



wiresinteracting withalkali, alkaline eahlt metaland halde ions.Chapter 8andChapter

9 demonstrate atomic energy analysis of the cooperativity present in a range of non

covalent interactionsncluding hydrogen bonding’] andberyllium bondingcombined

with halogen bondingg]. The majority of these chapters have been published in peer

reviewed journals and are presented in this thegmiblshed, withintroductoryand

summarizing sectionscluded for each chaptéerhisthesis concludes witbome

proposed future work and finallysammary of important conclusions.
Eachmolecularsystemstudied herés of key importance in the literature: small water

clusters have long been testea$or benchmarking new methodise water hexamer

may providea model for the behaviour of liquid water, water wires have an integral role

in transport across cell membranes, and cooperativity is one of the most important and

common characteristics shared by fomvalent interactions/et perhaps the most

exciting apect of thighesisis the opportunity tgquantitativelyevaluate locaénergy

changes imolecular systems on the basis of the electron deinsityeal, physical

observal@ . Il n t hi guamiarsheory Bf atdnest ndokeculesserves as a unique

bridge betweemxperimen&and theory9].



Chapter 2 Water, Hydrogen Bondsind Cooperativity

What a fascinating thing, water. That such a small molearéad so many answers
and yet hide so many secréfgaterhasa large array of unusual propestie pure form
and as a solvel10]. Some of these properties include: a ligplthse density maxiom,
an unusually high boiling point arigh heat capacity, a low coefficient of thermal
expansion, nomonotonic compressibility with temperature, an unusually high eamb
of crystalline polymorphs, and an unusual preferential arrangement around hydrophobic
solutes which results in a negative entropy change for the solNdrdugh many
properties of water can be measured experimentally, at the molecular level thelehavi
of water is still unknown. Thanique properties of water agenerallyattributed to the
nature of its hydrogen bor{#i-bond)netwok. The hydrogen bond is a curious
phenomenothat has historically beenfticult to describe conclusiveljd1]. In 2011, an
IUPAC task force published a report which provided an internationally recommended
definition of the hydrogebond (designated as3XH A A[AZY: Yhe hydrogen bond is an
attractive interaction between a hydrogen atom from a molecule or a molecularenag
Xi H in which X is more electronegative than H, and an atom or a group of atoms in the
same or a different molecule, in which there is evidence of bond formBtiey define
several criteria necessary for the presence of a hydrogen bond, includahectapstatic
chargetransfer interaction thd¢ads to formation of a partially covalent bond betwiden

and Y; a polarization of the&H bond resulting iran increasé theHAYAbdnd

strength due to increasing electronegative character of Y; an optinll KAAY angl e

18C; anincreasing& H bond | ength and deiodicairgai ng HAA/

strengthening of the hydrogen bo(aften observed through a rkstlift in thelR spectra
of the bond vibratior)s characteristic NMR signatures that include pronounced
deshielding for H in ¥ H; and finally, to beexperimentally observeti-bond

formation should have a Gibbs enegygater than the thermal energy in the system

1 The IUPAC reommendation statesthat i For hy d r o geeany placticalsignifigance,at h a v
should be thermally stable. Hence, a hydregended complex, between donor and acceptor molecules,
produced in a supersonic beam or a cryogenic matrix, may not be found in a room temperature mixture of
the two 2.l ecul eso
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Note that these are guideline criteria and there is an element of subjectivity in the
interpretation of each case

When several hydrogen bonds are present in a system a phenomenon called
cooperativitycan beobservedCooperativityis a deviation from th@arwise additivity of
the bonding interactionso that the combined stability of a hydrogemnded system
containingcooperative bonds can be greater than the sum of the isolated individual
bonds. This is especiallypserved in small water clusters; in fpaular, the trimer
through pentamewater clustesare most stable in cyclic arrangements where each water
can accept a #dondfrom anddonate aH-bondto its neighbouring watergl3].
Cooperativity also providdaacreasedtability in biological systemsuch as DNA and
proteinsecondary structurg$4, 15] Not all hydrogenbondinginteractionsare
cooperative. In some arrangements it is possibledeeral Hbondsto have a net
stability thatis equvalentto, orevenlower thanthe sum of the isolatadteractions
Thesearereferred to as nenooperative andnticooperative interactions, respectively
[7].

Although much is known about hydrogen bonds and water structures, they are
notoriously difficult to model correctly usirayailable theoretical nteods. Their
dependence on loAgnge interactions renders maofythe commonlyapplied
computationamethodsunusableas theydo not easilyaccount for diffuse effec{d.6].
The methods that can account for these interactions are often too expensiappdidx
to systems larger than a few molecyteg]. Furthermore, hydrogen bonds are highly
sensitive to quantum effects, and the distinct possibility of quaptatontunnelling
must also be consider¢tB]. Nevertheless, improved equipment, increasoigputer
power and growing knowledge of the nature of hydrogen bond networks continuously

builds our repertoire of information.

2.1 Experimental Observations ofHydrogen Bondsand Water

Theexperimentastudy of water has changed considerably since the B8ly
century, when it was first noted that combining two parts hydrogen gas and one part
common air with a measur el ioKke enngl®lgtya woerd d

Today, we havéools that allow us to see inside those dew droplets and observe the very
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water molecules as they perform their complicated dance. The following sections
highlight some currergxperimentamethods used to study water and hydrogen honds

The rapid dynamics of the small water molecule combined with its ability to establish H
bords in a large variety of ways makes it a particularly difficult molecule to observe and
measure. This overview is separated into two sections: measurement of hydrogen bonds
and measurement of water. Although mahthe methods used to obsewater

molecues are analogous to those used to obserlertdls in larger structures, the

purpose of the second section is to highlight the experimental difficulty in pinpointing the
presence of the water molecule itself, which lends some explanation as to why imclusio
of water has been largely neglected in experimental pra¢toésiso theoretical

analyss). The reader is referred [20] for a more detailed descriptiai each method.

2.1.10bservingHydrogenBonds

Experimental measurements of hydrogen bdredgmn eayl in the20th century.
Calorimetric results showed strikingly different latent Beditevaporation for LD, HF,
and NH;, compared to liquids of similar substances but whose interaction was
predominantly due to van der Waals foréd@ere are two categ@s predominant in
hydrogen bondHB) observation: absorption methods and emission or scattering
methods. Thesmethods are summarized in TaBlé.

2van der Waals forces are nonvalent interactions between molecules which cagither attractive or
repulsive. They includpermanent dipole interactions, permanent dipole and induced diperactions
(polarization) and induced dipole interions (dispersion)
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Table2.1 Methods for experimental analyses of hydrogends(HBs).

Absorption Methods

Microwave Spectroscopy | -

3-300 GHz frequency range

Requires gs hase samples at low temperatur
with a permanent electronic dipole

Very preciseprovides fundamental data on HB
geometry and proton transfer

Restricted toisnple molecués because of gas
phase criterion

IR spectroscopy -

4004000 GHz range

Requires simple compounds with little spectrg
overlap

Less expensive equint than microwave
spectroscop¥put gives lower resolution

Nuclear Magnetic -
Resonance (NMR) -

100-1000 MHz frequency range
Can observe spectra in solution environment

Very precise high resolution

Provides structural determination of
macromolecules (including proteins)

Can directly observe HBs in proteifi]

X-ray absorption -
spectroscopy -

10°°Hz frequency range
Requires stable Xay beam

Atom-specific probecan indirectly provide
preciselocal structuralinformation

Some controversy surrounds the limits of XAS
sensitivity for HB analysis in wat¢2?2]

Emission (Scattering)Methods

X-ray and Netron -
Diffraction -

Can be applied to very small crystalline samp

Small scattering factor for H means low
precision for HBs (improved by deuterium
substitution)

Precise determination of the structure of
crystalline molecular complexes

Useful for liquids.e.g. to provide GO distances
to determineof averageHB values

Raman spectroscopy -

Generally used for intermonomer symmetric
vibrations below 400 GHz

Complementary téR

Not sensitive to HBs, but useful for situations
such as studying liquid water or ottegueous
media where hypersensitivity is undesirable

Incoherent Neutron .
Scattering

Generally accessible outside of IR region, be
400GHz

Complicated to implement

Takes advantage of the exceptionally large
incoherent crossection scattering of 4dtom

Reports Hatom vibrations




2.1.20bservingWater Moleculs

Most approaches described in this subsection are applicable to the analysis of water in
macromolecular species such as proteins. Some macroscopic global experimental
approaches are listed as wellls classical molecular methods afidally, a more

detailed description of the uses ofifRgiven

2.1.2.1Global Methods

Useful for thestudy of macroscopic quantitiegpbalmethods do not provide

information at a molecular level.

Thermogravity and calometryare generally used together. Thermograyiglds

sorption isotherms by measuritige weight of water molecules that naturally embed in a
sample in a saturated (humid) environment. Calorinmstaged taneasurgphase
transitions as the temperatusevaried. These phase transitions have indicated that
embedded water clusters in the sangXeibit properties difering from those of bulk
water[23]. Enthalpes offormation of Hbondsformed bythe water moleculethat have
beeninserted in the samplaeaoften higher than corresponding enthalpies in liquid

water.

Dielectric measurementgquire frequencies less than a few GHz. They analyze
collective motion in a sample, returning the conductivity of the sample at varying levels
of hydration. This condttivity is a result of proton transfers and is highly sensitive to
isotope substitution. At a critical value of hydration (~0.2) the conductivispoie

proteins begins to increase exponentif@2h]. This threshold is closely related to the
occurrence oénzyme activity and may be a result of the ability of water to form a 2D

conductive sheath around the protf].

2.1.2.2Classical Molecular Methods

These methods include Xay and neutroscattering and NMR spectroscopy arah

yield information on a molecat level.



X-ray scatteringrequires perfect ordering of crystals and is useful for specific cases such

as ice and crystalline hydrates. When water is the only species present in the sample

radial distribution functions can provide averaged distancem#ton This iswell

documentedor liquid water and various forms of icBecause of their inherent disorder,

it is difficult to obtain precise water data for many biological macromolectilesre are

specific cases whemgatermolecules have been idemid usingX-rays, such as the

observation of proton wires in bacteriorhodof&®, 24} and cases where the water

mol ecul es ma ystructoralbrm iad gseoor tb eotfw efie dbondingo pot ent
groups which are far apart. Note that in these casesatex molecules are the point of

structural order rather than disorder, and this generally requires a presence of a minimum

of water molecules so that disordered waters do not disrupt the observations.

Neutron satteringis complementary to Xay scatteng, with the advantage that

hydrogen atomsan besubstituted fodeuteriumwith improvedprecisionfor isolating
positions ofD-bonds.Smallangle neutron scattering (SANS) can detect small clusters of
H>O molecules. Although the small angle limits teealution, a process of elimination
combining H and D scattering patterns can be used to determine the positior of thes
atoms with better precisiosgmetimeseferred to assotopic contrast approach

Inelastic neutron scattering (INS) is useful determiningwater structure in low

frequency regions where IR and Raman encounter difficulties. These methods have been

applied to hydration dynamics of prote{2$].

NMR gpectroscopyan observe Hbonding directly in small samples through chemical
shifts a indirectly by establishing relaxation times for known groups. This is useful for
H2>0 molecules when embedded in a macromolecule becauseltbied-tlynamics are
more rapid than those of the narater Hbonds @ the macromolecule itself. Theethod
calledrelaxometry or nuclear magnetic relaxation dispersion (MRD)seful for
hydration dynamics of proteins and some synthetic polyf@@sMRD hasbeen useful

in understanding the role of wataolecules in protein folding.



2.1.2.3Vibrational Spectroscopy

Themethods discussad this sectiorare predominantly IfbasedThis method has
developed into a sensitive and precise approach to observe the presence of hydrogen

bonds in watersolute interactions.

Attenuated totaleflection (ATRpasses the IR beam tlugh a high refractive index
crystal that undergoes total reflectidrne dilutediR beamreduceghe ratio of
transmitted to incident intensigothatthe ATRanalysiscan achievea much higher
signalto-noise ratio thatransmissiorbasedR. ATR is a usful method for observing
bulk waterbecause it avoids the oversatioma limit. This has been applied
determining the similar density of the liquid watetbbind network and the ice-bbnd
network. Because IR can be fi#¢med on solvated specjesis a great advantage in the
study of ions in solution as well as the structure of wateaabusinterfaces. Hydrating
water molecules can be discerned from bulk water because of their variiogdH

strengths.

IR spectroscopgn thin sampleminimizes theamount of sample rather than the light
passing through it. This is particularly effective for studying the hydration of
macromolecules with a total water thickness of less than 1 um, avoiding the presence of
bulk water contaminating the spectiais posible to obtain @uantitativemeasure of the

water molecules present in the sample as well as theenaitthe bonding interactions

Timeresolved nonlinear IR spectroscoith this method it is possible to obtain
information about the dynamics of thavironment surrounding the-bbnd vibrations as
well as the nature of the vibrations themselves. Furthermore, this method is-isotope
sensitive: deuterated species have a significantly different relaxation time for various
bending and stretchingbratiors. H/D substitution/dilution methods are especially useful
for resolving the structure and dynamics of water around solvated ions and simple

organic molecules.



Near infrared (NIR) andRaman spectroscopic methoa® also useful tools for the
observation bwater and watemteractions, complementary to IR measurements. They
absorb in a region of much lower saturation ead therefor@rovide information similar

to that of ATR but at a lower cost because they are much simpler to implement. Although
they ae effective in a very limited range, they are useful for analysis of water presence in

thefood and medicine industries.

Sum frequencgenerationvibrational spectroscop(SFG)is a powerful tool for
evaluating molecular information at liquid interfa¢28]. It is a nonlinear spectroscopic
analysisnvolving simultaneous evaluation the visibleUV region and the IR region.
This methochas proven particularly useful for evaluation of the solvation properties of
ions atvaporliquid and liquidliquid interfaces, with special attention to hydrogen bond
orientationin these environmen{&9]. A special case of SFG is second harmonic

generation (SHG), whichas alsdeenused to probe awvater interfaces.

Although there have been incredible advances irtjogoment and techniques for
experimental observation of water and water interactions, many of these approaches
require highly specialized equipment and are difficult if not impdss$dperform on a
broad spectrurnf samples. In light of this, the bertefof the relatively lowcost
implementation of theoretical methods become very evident, either to supplement
available experimentalata, or to make predictions abalatails inaccessible to

experiment.
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Chapter 3 Theoretical Methods

An overview ofsome theorétal methods has been includedthis section to outline
the inherent strengths and limitations of the methoesisd within ts thesis In the
following section the Schrodinger equation and its developmenHimta t r etheorlf o ¢ k
is briefly explained PostHartree Fock methodand densityfunctional heory are then
introduced as well as basis sets and solvent molfigthods to evaluate the potential
energy suice of clusters and molecules areoduced nextThe chapter concludes with
an indepth look atBader 6 s quantum t heory tbeoreticat o ms
methodshave been included because they are largely appligteifollowing research.
The reader is also referred to the resources referendbe ichapter for moren-depth
discussios of the chapter material.

3.1 The Schrodinger Equation andMore

Theability to descrbechemical phenomena using computational metiedsrwith
Schr°dingerds combination of t hequatdres, Br ogl i
yielding mathematicatxpressiongcalled wavefunctions) thabald successfully
represent the behaviour of electr¢®8]. These wavieinctionsare singlevalued,
continuous and finite, arftve to be normalized so that they integrate to thacex
number of electrons present in the system. To satisfy the Pauli exclusion pyithaple
wavefunctionsarealso antisymmetric with respect to the permutatioanyftwo
electrons. The Schrédinger modelisturnedthe onedimensionaBohr model of atorm
into athreedimensionamodel capable afxactly describing aystemof electrons,
protons and neutrongVritten in operator form, the tirmadependenSchrodinger
equation is

‘Qy  Qy (3.1)
where G is the Hami |l tsysterh,adn ,q E-Bbdyant hNe ener g

wavdunction The Hamiltonian i quantum mechanical equivalenttte classicatotal

energy butwith the kinetic (T) and potential (V) energy terms replaced by their

11



respective quantum operator representations;— andw «, wherenHs the

momentum operatphHu @1, andmis massThisyields the expression
O Yoo —n1 i (3.2)
ch

The Schodinger equatiois simplified by applying the Bor®ppenheimer (BO)
approximatior{31] andconsideing only the tme-independent solutigrhowever,
because of the quantum behaviour of elecet@ttron interaction®ven withthese
approximatios it is too complicéed for practical applicatioT.his solution to the
Schidinger equatioran therefore be solved orflyr simple, oneelectronsystemse.g.
the hydrogen atom.

Har t r e(&lF) theory breseetthe first approximatiorielding amanageable
solution.If thewavefunctionis represented as a single Slater determinant abials,

[, that satisfythe Pauli exclusion paciple due to its antisymmetriye..

U.,I ~ ., 2 2 2 (3 3)

(space and spin coordinates are included in theighta),then applying th Hamiltonian
to this wavefunctiomnill yield asetoH a r t r e exuaoosehich areoneelectron
equations resembling singparticle Schrodinger equatianBheyincludea kinetic
energy contribution, an electranuclearinteraction, an electrostatiofential arising from
the distribution of N electrons, and an exchange term which guarantekisetisain

electrons will avoid each other:

” l
-1 gn 6 1 K —5,1 ,‘IS(
2 2 (3.4)
N .
VoM T

Here- is the energy eigenvalue associated withil hr represents the electron
coordinatesg is theelectronnuclearmotential and andj aretwo electrons.

To solvethis expressiomumericallyit is first assumed thahe oneelectron solutions for

a multielectron atom will closely resemble the eslectron solutioafor the hydrogen
12



atom {.e.an atomic orbital), and thehe unknown moleclar orbitals [ ) are expressed
as some linear combination of a finite (basis) set of taesaiclike orbitals, calletbasis

functions,
[ A %o (3.5)

where%o are the atomic orbital representations Andare orbital coefficients. This igé
linear combination of atomic orbitals (LCAO) approximati@ombiningthe LCAO

approximation with the HF equatiogeldsthe Roothan-Hall equations:

~

& R3I A T (3.6)

where- are orbital energies, S is an overlap matrix betwihe basis functions, and F is

the Fock matrix:
O 0 6 6" ¢ _ ‘8’ (3.7)

The first term;O , is a oneelectron Hamiltonian matrix and the second term

incorporates the electron repulsiorssing from the onelectron term. The Fock

operator yielding this matrix is a combination of the-etextron Hamiltonian operator

n

(@ — B —), the Coulomb operatob ( Al ?

s

+<), and the exchange operator
©Or 1 RI— )
0 Q GuL L (3.8)

The methods that derive from the solutions to the Roothidirequations are
Har t r eaabiiiacniethods and the corresponding energy idtlzer t r ee F o c k
energy. While relatively easy to obtain, and applicable to fairly large systems (the
computing cost for HF scales a& Mhere N is the number of basis functipns
Har t r etheorl eachlelesin can only see the others as an average potential. This
removes any possibility of correlation between the electrons and results in an
overestimation of the electrariectron repulsion, yielding an energy that is too high. The

correlation energy idefined aghe difference betweahe HF energy and experiment.
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Note that HF theory fails especially in situations of bond breaking or bond forpedion

the electrons will not be correctiycalized orthe nuclei when the bond is stretched.

3.2 PostHartree Fock Methods

Post HartreéFock methods have been developed whigratlyimprove the original
limitations. These methods are generally of two classes: variational and perturbative.
Both methods haveniqueadvantages and are commonly implemented in theature.

In variational methods the ground state end?@y is known to be a minimum of the

expectation value of all possiltigal functions @:
% [*@(r OA D (3.9)

By variation of thesérial functionsone can optimizéhe expredsn to findthe lowest
energy, yielding a good estimate to the Hamiltonian. Variational methods include
configuration interaction (CI) and multonfigurational selconsistent field (MESCB.
They are systematic, accurate, and converge to the correatrabsivcan be very CPU
intensiveand nonrsize consistent

An alternative method is a perturbative appro&grturbation techniques first
separate the exact equation into two parts: an exactly solvable expression that will yield
an approximatesolution and an expression that corrects the first expression but cannot

itself be exactly solved. Consider the equation

O 0O w (3.10)
"Ogivesthe exact but unsolvable expressi@h,givesthe solvable but inexact
expression, anadis the pertupationthat correct§O . This perturbation is assumed to be
small compared t&® . Commonly used perturbative approachetude tre MPN
methodsdeveloped by Miler and Plesset n t h eandth8c®uplédscluster (CC)
approacks’, which derivefrom themanyelectrontheory (MET)originally developed by

Sinan@ lu in 1961 These methods are generally efficient and arecsimsistent;

3 Althoughnot strictlycategorized aperturbative CC methods are closely related to mdnogly
perturbative approaches and often include perturbative approximations.
14



however, they can be naonvergent and are not always appropriate for complex
speies. For example€ZC methodsely heavilyon thechoice of agood starting

reference O , andMP methodsoscillate around convergenaaganingthere is no
guarantee that MP@hird order MP theoryill provide a more accurate result than MP2
(second order MP theory$econebrder perturbations areonsidered acceptable for
accurate results with relatively reasonable scaling. For benchmarking quality calculations,
coupled cluster methods are generally used. The most common CC meTi@siDgT),

which is based on an iterative sidun of the single and double (SD) excitations with a
nortiterative perturbative correction for the triples (T). The CCSD(T) approach is a good
compromise between the chemical accuracy of the higtaer CCSDT (full triples)

method and the computationdfie@ency of low order mampody perturbation theory
(MBPT). Even with this compromise the CCSD(T) method scaleg.ath¢ scaling

behaviour of somab initio methods are listed ihable3.1

Table3.1: Scaling behaviour of sonab initio methods.

Scaling Behaviouf Method
N HF
N® MP2
N© MP3, CISD, CCSD, QCISD
N’ MP4, CCSD(T), QCISD(T)
N8 MPS5, CISDT, CCSDT
N® MP6
NES MP7, CISDTQ, CCSDTQ

aN is the number ofdsis functions

3.3 Mgller-Plesset Perturbation Theory

Because th&lgller-Plesseperturbative method isequentlyused in thighesisit will
be discussed ifurtherdetail. This approach is based on the mdnogly Rayleigh
Schrdédinger perturbation theorlo begin,consider thathe nature of the ground state
Har t r eapprdximd@iok to the Schrédinger solutigmelds an exactly solvable
expression that is slightly incorrect due to the missing electron correlation. The electron

correlationenergy however, is generally only a small percent of the total energy
15



(typically about 196)such a small correction could thus be considered a perturbation of
the exact solution. Thd a r t r e apprdximati&n ighusan ideal starting point for a
perturbative investigation of the exact solution to the Schrddinger equatib®34

Mgller and PlessdB2] demonstrated a simplified approach to obtainpiaeurbative
correctiors by combining the treatment of the Hartféeck solution as a zeroth order
approximation to the energy, togethgth Brillouin 6 st ,lwbiah staesthatthefirst
order correction to the energy and charge demsltye equal to zero.

Mgller-Plesset perturbation theory (MP) is desirable in part because of its size
extensivity, meaning that it can be easily compared over calculations involvinggvary
numbers of electrons, and the predicted energy for every order of perturbation of the
system scales with the number of rAnoteracting particles present in the system. A very
important characteristic of the Method is that it evaluates diffuse syssesmdcan
correctly evaluateeaction barriers at relatively low cost. MP methad®include the
dispersion interactions of electrons, which are not accounted fioamypopulardensity
functional theorymethods. Because of the computational cost dfénigrder MP(i.e.
fourth order and greater), most calculations are restricted to small or medium sized

systems calculated at the second order (MP2).

3.4 Density-functional Theory

An important property of the wavefunction is its description of the probadgigity,

which is the foundation fatensityfunctional theory (DFT.)The probability density

gives the probability of finding an electron within a small volume element dr, while all
other N1 electrons have position and spefined as averages by wavefunction:

Ml . wof R s ACK 84 8 311

The probability density integrates to the number of electrons in the system and vanishes
at infinity. The electron density is a physically observable quantity and caedsired
experimentallye.g.usingX-ray diffraction.To define the probability of not ormit two

electrons, having defined spipsand, , within two small volumesrd and d», with the

16



remaining N2 electrons havingverageebut positions and sps, thepair densityis
written as:
mof .. p E ol sk 84 (312)

The pair density integrates to the number of pairs in the system and also vanishes at
infinity.

Hohenberg and Kohn proved two grodmetaking theorems in 19633]. The first is
that every external potential is associated with a unique electron density and every
electron density is associated with a unique external potential. The second states that the
t ot al d ean beiused astrig] variation function in mukelectron theory,
indicating that any positive definité-representabl&ial density that integrates over all
space to give the total number of electrons in the system will have an energy greater than
the ground statenergy. The first theorem shows that all properties of aiedtron
system can be consideredfasctionalsof the potential (vpecause the potential maps to
the wavefunction (vYQ) and the wavefunctio
state energy functional is written as:

%  %mT  4mT 6 ml 6 M (3.13)

where4 m’l is the electronic kinetic engy,6 M7l is the electrorelectron
interaction, and 6 M7l is the @ergy of the electronucleusinteractions resulting
from the external potential. The second theorem reqtires % m for all v-
representablérial densites ofvee

A difficulty in DFT arises because the Hohenb&ghn (HK) theorems require an
exactform of a functional that maps the ground state density with the ground state
energy, bugive no indication of how to construct this functional. Also, the nement
of potentiatrepresentability (as well as-i¢presentability) is very difficult to satisfy in
practice. Kohn and Sham published the solution to thepresentability problem in
1965[34], introducing anoninteractingsystem of electrons with tteame density 1))
as the interacting systert assumes that the resulting noninteractisrgpresentabilities
from this density can be mapped onto interactirgpresentabilities. It is thus possible

to set up a noninteracting reference system with a Hamiltoniahich there is an
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effective local potential that will yield the exact density of the interacting system. The
wavefunction of the neimteracting electrons is just the correlatibee Slater
determinant, consisting of N Kok8ham orbitals, . These aresimilar to the orbitals
describedirHa r t r etheorlf eéxcept thatther than approximatinge true N

electron wavefunctiotheyexactly represent the-Blectron noninteracting wavefunction.

From the KohrSham orbital®necan obtain the densitas in HF theory):

. 3.14
moc T (3.14)
This noninteracting system can also be used to deéfemexact noninteracting kinetic
energy, B( 4 ), wleil@ah eids t o the interacting kinet.i
correction termaT¢:

4 m P
C

¢ [ ny 4 m 34 (3.15)

By replacing the electrerlectron interaction energ§, m, with the exactly known
classical Coulomb repul si on theorigimalgiK of t he
ground state energyan berewritten as:

% 4 m 6 M 4 m *m % M (3.16)

Here thé% is the exchangeorrelation energy and represents all+otassical
contributions to the energy, including electrelectron interactiomndcorrectons for
selfinteractbnsandthe noninteracting kinetic energgTc. Recall thag m A T *#m
areexactsolutions for the nointeracting system, and therefére , a relatively small
percentage of the total energy, is the only expression that needs to be approximated.

This remarkable solution to the HK problem is only useful if there is a way to
approximate the functional which yisldn accurate valuefé@ . Qual ity of t he
functional 6 is thus hi nge d-cooalationfurgionglual i t vy
The heart of developindensityfunctional theory isentered on finding better and better
approximations t86 . This is no simple challenges thee is no systematic way to
improve the approximate functional3espite this, theoreticians hafemulated
approachethat canvery accuratelyncorporate the exchangerrelation interaction

between electrons in most systems. For a detailed review of the progression of their
18



development, from local density approximations (LDA) through generalizatiemt

approximations (GGA) to hybrid functionals such as the ever popular B3LYP, the reader

i's referred to Koch amnmduidé&oDFTi3E|Uera defaged t e x t :

discussion of the natureofd= i ncl udi ng t he c¢hodreadc taenrd ooft hte

insightful discussions the reader is referred to Chapter 6 of this same reference, as well as

section 6.4 in Jensend6s I nf{3loduction to Co
A major concern for DFT methodgas theirinitial inability to include dispesion

interactions. Because of thaiccessibility and efficiency, DFT methods are commonly

applied to large biological systems including proteins and enzymes. Altlitiflcan

represent the stationary states of these systems at very low cost, weakontesach as

hydrogen bonding andawm der Waals interactions asemmon inthese systems arrly

DFT failedto correctly represent thesaportantnon-covalentinteractions. This can be

partially circumvented by including an empirical dispersion temnchsas has been

developed by Grime[37] and Wu and Yan{B8], or theexchangehole dipole moment

(XDM) dispersiorcorrection of Becke and Johnsg@9, 40]. Empirical corrections add

minimal costs and can yield very good approximations. Refefda¢provides a

thorough discussion aglomecurrent DFFbased techniques for including dispersion.

3.5 BasisSets

Due totheimpactofc hoosi ng the correct basithe set or
fundamental®f basis setshould bantroduced Recall that the waafunction,w, was
originally represented as a Slater determinant, which anisymmetrized produof the
orbitalsthatrepregntthe electrons in the system. Beerbitalsarein turndescribed by

alinear combination of a finite set of functions known as bfasistions:

] K %, (3.17)

Theshapeof t hese orbitals can be defined in n
set is defined as the simplest way of describing each electron in the system using atomic
orbitals. For a minimal basiSlatertype orbitals (STOs) were originally applied because

they correctly describe the shape pnfadomic orbital:
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% OQ (3.18)

However, STO$avea complicated description, including a discontinuity (cusp) at their
apex which makes their applicatianpracticevery difficult. The next best

approximation is a Gaussian type orbital (GTO), which approximates the shape of the
STO but does not have a discontinuous cuspKegee3.1) and is much simpler to

descrbe. In order to better approximate the shape of the STO (because this represents the
actual ape of the desireatomic orbital) the primitive GTOs can be factorized into
Cartesian parts and a linear combination of several different GTOs having different
exponential values can be used to describe one STO. Thesdaared to as contracted

GTOs (6 TOs). The notation ST@G denotes that Baussians have been used to

represent each STO in a minimal basis set.

2.0 2.0
— 8TO A — STO
— GTO } — STO-3G
1.51 1.5 \‘ -~ g1
oo 92
oo 3
1.04 1.0 9
0.5
0.0
0 2 4 6 4 6

radius (A) radius (A)

Figure3.1: On left: STO sorbital for hydrogen plotted iblueshowing cusp atr =0
(center of nucleus) as well ase GTO orbitaplotted inredshowing thate
approaches zero at the nucleus. On right: GTO expa(Sign-3G) in blacknearly
reproduces STCh(ue) except at r = 0 (nuclear cusplashed lines are the three GTO
wavefunctions that comprise the SBG basis set.

Minimal basis sets are centeredtba nucleiand provide amaccurate description for
atoms in sphericar nearspherical environments. Thaye howeverjnsufficient to
accuratelydescribe polarized molecular systewhere the electron density may be
shifted away from the atom centemtp bonding regions, for exampl&is shortcoming

can be rectified by splitting the description of the atomic orbitals in the minimal basis into
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two or more contraction/expansion functions which have different radial extents. If only
the valence electremare split they are termed spldlence functions, simplifying the
calculation by assuming that the core electrons can beaepksented bthe atomic
orbital (a fairly accurate assessment). Polarization is included by increasing the angular
flexibility of the basis functions through supplementing heavy atomsavei¢h of d
functions and hydrogen atoms wahset of gunctions. An increased angular flexibility
on the hydrogen atoms is particularly important for describing weakly interacting systems
swch as van der Waalsteractions antlydrogen bonds. Diffuse functioifaith low
exponential values)an be included to increase the range of the valence orfitese
are alsamportant for weak interactions such as van der Waals forces and hydrogen
bords.

John Pople developed one of the most commonly appliedsssisiade popular by
the Gaussian suitef programs. This set optimizes the orbital coefficientstdtaar t r e e
Focklevel, with the s and p contracted GTOs associated with the same quantum number
given the same exponential constant (note that the coefficients foc€Ss are
di fferent). Popleds nomencl at dgernmoldgyar basi s
general application. The Pople basis set can be described by the formintes kwhere
k describes the number of primitives used for the atwenic orbitalsn, |, and m
describe the type of splitting and number of primitives that are uséoefornlence
function;andG refers to thgaussian type orbital3.he basis usedan be supplemented
with terms for inclusion of polarizatiofi) and diffuse functionsH). For example, the
popular 631+G(*) basis set has 6 primitives used for each cdoigad, 3 primitives and 1
primitive for each split valence, and a diffuse set of functions (+) plus one polarization set
of functions (*) added toaon-hydrogenatoms only.

Thom Dunning lateconsideredhatbecause the Pople basis set wartmized usig
Har t r e theyfayndt perform well for correlated systems. He optimized basis sets
using correlated configuration interaction wavefunctions, designed to converge smoothly
as they approached the complete basis set limitf infinite number of basi
functions). These are calledroelation consistent basis sets and hawvamenclaturehat
di ffers from the PoplpeV XoZaos idse sscertisb.e sF oar fiecxoar
consistent, polarized valencezXet a basi s0 wher e Xngofégheer s t o
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valence functions: double (D), triple (T), quadruple (Q), 5, &nd,so on. The Dunning
basis sets include polarization by definition. It is also possible to augment the basis set
with diffuse functions using the augrefix. One diffuse furiton of each function type in
use for a given atom is added. For exampie,augcc-pVTZ basis places s, pndd

diffuse functions on hydrogen atoms, gnaindd, or d and f diffuse functions on B

through Ne and Al through Ar, respectively.

3.5.1Basis Set Swerposition Error

A further concern with respect to the accuracy of the chosen basis set is the possibility
that the overlap of unoccupied orbitals might lower the energy of a complex with respect
to its infinitely separated fragments. This is called theidset superposition error
(BSSE). The nature of this error is a result of the ability for basis functions present on one
fragment to augment those on the second fragment, improving the accuracy of the energy
calculated for the interacting structure. §hugmentation is not presdot the separated
fragments and therefore the conditions for the comparison are no longer equal. In a very
small way it is similar to evaluating pieces of a reaction using different basis sets and
then directly comparing the@mergies.

One of the most commasolutions to this erras the counterpoise (CP) correction as
proposed by Boys and BernafdR]. In theCP correction scheme a single point energy
for the separated fragments is calculated within the presence of ihedid®r the
complex. The extra empty orbitals are usually called ghost orbitals. This modification can
only partially correct for BSSE because the presence of the empty orbitals may influence
the geometry of the fragment complex, which is unaccounte@®émme modified
schemes incorporate a geometry optimizatutth the ghost orbitals preseintan attempt
to improvethe accuracy of the CP correctidas, 44].

There are some cases where BSSE corrections are intentionafigloded for
exampleif it is generally known that a theory or method ovareses interaction
energiesth 8 SSE can fprivimwsc a@aecal Mati on of errorso.
also reveal that as the size of the basis set increases the BSSHEngedifd5]; for

systems wth very large basis sets it may not be necessary to include a BSSE correction.
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3.6 Solvent Models

Theimportance of solvent interactigmsombinedwith increases icomputing
capacity, has prompted researchers to dewelgriety ofmethoddor including a
solventlike environment. These methods range from the dramatically simplified effect of
treating the solvent as a uniform polarizable medium, to explicitly including the solvent
molecules at varying levels of theory. Although ideal, the computationabtwstiuding
explicit solvent molecules #tequantum chemicdévelis oftenprohibitive. Reducing
the solvent representation to an empirical or sempirical model is possible usinfgr
example QM/MM and ONIOM method$ and is often implemented irtisations where
the physical presence of the solvent molecule may be impoetgnfiof waters inside an
enzyme pocket)n order to provide a more complete description of the current
appoaches thatlassically includexplicit solvent, an entry in theopendices has been
included tobriefly describe properties of some conmwater models. See Appendix A.1
for further information.

Even the simplified approach of a continuum model can have profound effects on the
final structure of optimized systems. Bdedgths are altered and charge separations are
stabilized e.g, zwitterionic glycine ignore stable when modeled with an implicit solvent
than in gas phase, correlating with experiment. Energies are also affected dramatically,
especially when ions are ment:the effect of implicit solvatiomn an ion can change the
total stability by hundreds of kJ mél This method is applieth Chapter 7 and the
following section willthereforeintroducecontinuum solvation models, in particular the

polarizable continum model used for setfonsistent reaction fields (PGBICRF) as

4QM/MM is a combined quantum mechanics and molecular mechaeit®dwhich allowsthe area of

interest (the solute) to biepresented quantum mexgtically and the solvent area toepresented using a

molecular mechanics description. ONIOM is a method available in the Gaussian code, originally developed

by Morokuma ad coworkerg§1l54]. The acr onym s tlayeret éntedrated mdie@ular o wn N
Orbital and mol ecul ar Mechanicso.
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applied in theGaussian 0program® Further information on this and other modelals

available in several reviews and rep¢#s-50].

3.6.1Continuum Models

Continuum models treat the solversta uniform polarizable medium surrounding a
cavity which contains the solute molecule. The free energy of solvation is a sum of the
enagy required to form the cavignd the dispersion/repulsion and electrostatic

interactons between solute and solvent

30 30 30 30 (3.19)
Several factors affect hosvO is evaluated. These include cavity definition
and how its contributioniscalcuat ed, cal cul ati on of the sol

the description of the electric medium. For SCRF calculations, thevsdepguantum
optimization of the solute molecule presents the needdimmunicatiorbetween the

changing solute and respand solvent: the calculated electronic structure of the solute

wi || i nduce a solvent response which in tu
and thus must be evaluated at each optimization step. The ease of this evaluation depends
partially onthe cavity description, which should have a physical meaning, exclude the
solvent and contain as much as possible of the solute charge distribution. A simple
sphericakavity can be sokd analytically, as in the Cager modelhowever the

crudeness ahis approaclyields verypooraccuracy. Th default method iGaussian 09

is theintegral equation formalism (IEF) PCM1], anduses van der Waals (vdW) radii

to define the cavitation term and then defines the dispersjmuision term by tracing out
thesolvent accessible surface (SAS) along a pararmsetded vdW surface with a probe

sphere that has its radii adjusted to reflect the solvenF{gaee3.2). Thisdescribeshe
nonsolvent accessible cavities whimay be present in the solute. The solvent excluded

surface (SES) is used to evaluate the electrostatic term. Evaluation of the surface charges

5 Not onlyis there a wide variety of available solvent models, the implementation in quantum chemistry
modelling software is also diverdeor example, the @€hem implementation of an IHFCM model is in
some respects wholly different from t@aussian 0@lgorithm.
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(defining the reaction field) is achieved by tessellating the SES and calculating one point
charge per surfacglement. The IEF method is a combinatiofGod u s sdriginald s
dielectric PCM (BPCM) with inclusion of a careful outlying charge correction that
renders it less sensitive to diffuse solute charge distributions.

Solvent molecule

A
Solute molecule defined /{

Solvent Excluded Surface (SES)
by van der Waals radii

Figure3.2: Solvent accessible and solvent excluded surfaces defined by a probe
molecule and the atomic van der Waals surface of the solute molecule

3.7 Potential Energy Surfaces and Minimization Techniques

The methods usddr minimum energy searels (MES) [52] and to describe potential
energy surfaces (PEsbecome increasingly important when exploring highly
complicated PES such asn water cluster minimizations. Minimuenergy searas
attemptto locate the global or local energy minimafamolecule The potential energy
surface represents the relationship between the geometry of a molecule and its energy. In
guantum mechanidbis energy islefined using the wavefunction associated with the
arrangemendf nuclei The PES is used to definabnary points corresponding to
stable minima and transition structures, and to map the lowest energy pathways between
them. This information can be represented graphically Bgyure3.3. Valleys show
lowest errgy paths between stationary points, saddle points are transition states, and the
paths connecting them are reaction coordinate paths. The lowestipantalley or

depression arthe local minima and the lowest poort the PES is the global minimum
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Second Order Saddle Paint

Transition
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Transition Structure A

Minimum for
Product A
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0fc::r Product B

Second Order
Saddle Point
Valley-Ridge

Inflection Point

Figure3.3: Example potential energy surface for the reaction of two species A and B.
The red line traces out the reaction coordinate path (graphic reproducd&3jpm

Thetype of stationary point canébdetermined through the Hessian index, which is the
number of negative eigenvalues present in the force constant matrix. This also
corresponds to what are called fAimaginary
shoud have a Hessian index of zeandtransition states have Hessian indexes of 1. It is
possible to follow the negative eigenvalues represented in the Hessian index to travel to
stable minima.

Computational packages employ various algorittmreearch for the local and global
minima on thiPES. Probably the most wédhown algorithmused for minimum energy
searchings the Berny optimizej54] available in the Gaussian program, although other
approaches are availabkor large systems such as proteins or explicitly solvated
molecules the BS is often too complicated to evaluate using quantum mechanics (QM)
and molecular mechanics (MM) approaches can be used to obtain a reasonable starting
point for subsequent QM analysis. These approaches minimize a potential energy
function, which descritsethe energy of the system as a function of the nuclei based on
classical parameters. Because there is no electronic description, quantum phenomena

such as covalent borateaking cannot occur. Several classes of minimization methods

26



commonly applied in MMminimization techniques includeearch, gradient, and Newton.

SeeTable3.2for a brief description of these approaches.

Table3.2: Minimization techniques commonly ed in molecular mechanics to isolate
local and global minima on a PES

Method Advantages Disadvantages
Search methodsse only values - Very simple codeto -  Slow and inefficient for
of the function itself. Often implement large numbers of
used as a starting point when -  Will always find a optimized variablesi.g¢.
the system is far from the minimum anything greater than 10
minimum
Gradient methodsse values of - Have a greater - May fail to converge
the function as well as its convergence rate thai
gr adi eamjugatedA search methods
gradient appr c- Donotrequire alarge
commonly usd. amount of memory
Newton methodsse values of - Rapid convergence - Extensivememory
the function as well as first anc requirementgor 2"
second derivatives. derivatives

There is also the possibility that the miniméoandwill be a local minimum rather
than a global minimum. One methodstarch fothe global minimum is simulated
annealingwhich involves increasing the temperature to provide enenglgy to allow
the structure to mavout of a local minimum valley, and theary slowlycooling the
system in an attempt to allow the structure to reaciglti®l minimum conformation.
Monte Carlo simulations can also be useful for global minima searchezs wbnA
physical transitions are required; in this method a large number of conformations are

sampled and the lowest energy structures are reg&&gd
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3.8 Quantum Theory of Atoms in Molecules

The electron density of an atom in a molecule or crystal aétess its additive contribution to all

properties of the total system, its transferability being determined by a paralleling degree of
transferability in the atombs vidoritadélectfon el d, t he
density.

T R. F.W. Bader[56]

The quantum theory of atoms in molecules (QTAIM) was developed by Richard Bader
and his collaborators over the course of several decades, beginning in 1963. The insight
into the electronic makeup of molecules resulting from this theorproasn it to be a
very usefultool for interpretingmany chemical phenomena this chapter several
concepts contained within QTAIM theory are explored. These include: the physics of
mol ecul es and atoms defined asiadigikkand syst em
the importance of the Ehrenfest forces acting on its electron density; the ability to define
the properties of an atemithin-amolecule using the Heisenberg equation of motion;
and the principle of stationary action. While this chapter capossibly cover all the
details of QTAIM, it should introduce sufficient thedor an understanding abme of
its strengths, limitations, and applications. Armed with these concepts the reader will be
able to critically assess the research presentiadenchapters based on QTAIM analysis.
For a more thoroughly complete description of QTAIM and its varied applications the

reader is referred to references sucfilhand[57].

3.8.1Topology and Quantum Chemistry

All observable properties of a molecule cardeéermined by its electron density. The
electron density of a molecule is a function of the densiits@lectrons described in real
space; ».ltis aphysical,thred i mensi onal Afobjecto that car
experimental methods. The foundation of QTAIM stems from the ability to describe this
density using a topological approach, yielding details about the nature of the attractive
and repulsive interactions that guide the electronic and nuclear components of any

molecular (or atomic) system. The electron density topology is dominated by the
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presence of nuclear attractors. The surface decays rapidly away from these points,
resultingin a distinct pattern of peaks and valleys; see for example the electron density of
the water trimerFigure3.4, which includes a contour map as well as a tdieeensional
representation of the density in the plane of the akhydrogens.

Gradient vectors of the electron density, », define trajectories containing
information of physical importance. Sets of these trajectories terminie miaxima
found at each nuclepwhich is whythenuclei are termedttractors These trajectories
(also called gradient paths) trace out defined basins within the molecular system; a basin
encompasses a set of gradient paths terminating &ract@er. Each attractor (nuclgus
thus associated with it &defnedasthaicondbinatignofb asi n
a basin with its nuclear attractor (degure3.5). The surface bounding the basin is
defined by a zerflux condition(n” » t= Thsee eq. 3.26nd is not crossed by any

gradient vector.

Figure3.4 Electron density of water trimer in the plane of the three central hydrogens as
a contour map (left) and projected in taiimensions (right).
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Figure3.5: Water monomer showing bond paths (in blue), atomic basins described by
gradient paths terminating at nuclear attractors (red=oxygen, grey=hydrageéiihe
interatomic srfaces (black linegjefining the boundaries of the atomic basins.

As in any topology terminology, points where the gradient is zeto & 1) are
consideredritical pointsand indicate either the maxima at the nuotdocal maxima,
minima, and saddle points in the valleys between nuclei. Nuclear maxima are called
nuclear critical points (NCP). The remaining critical points arenddfby their Hessian
matrix, consisting of the second derivative$ ok which are elements of the tensors

nn” » and can be diagonalized and written as:

”

‘F TT T
T ® = o _ T T
' A T —_— T =~ Tt _ Tt (320)
o] rw & momo_
T ” -
¢ T a0

_ h_h_ are the curvatures of the density at critical pémd describe the changing
terrain of the surrounding electron densi't
signature (0) bagedobnthleervalweaawmdesvalu
rank is the number of nezero values for the curvatuPesnd the signature is the net sign

of the sums of the curvaturesod signs. The

6 Cases where zero curvatures are present at a critical point indicate a mathematical instability and
generally are not founchiequilibrium charge distributions. Careful attention should be paid to any critical
point with ¥<3.
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their type: nucleg bond, ring, or cage. The four types of stable critical points are

summarized iMable3.3.

Table3.3: Rank and signature values for stable critical points, their corresponding
densty description, and the critical point type they describe

(¥, Type of z Type of critical point

(3-3) " is alocal maximum Nuclear critical point (NCP)
" iIs a maximum in one plane and a

(3-1) minimum alongathird axis Bond critical point (BCP)

perpendicular to this plane
" is a minimum in on@lane and a

(3,+1) maximum alon@third axis Ring critical point (RCP)
perpendicular to this plane
(3,+3) " is alocal minimum Cage critical point (CCP)

The total number of all critical points is restricted by the PoinEkmgf relationship

for isolatedmolecules and the Morse equation for infinite cryétals
T o Tovo Towo Taso 0 EO LEOAMOLA @2y

Sets of lines that either connect critical points or originate at infinity and terminate at
critical points are instruate in defining the bonding interactions between atoms and the
interatomic surfaces that separate the atoms. The path of maximum electron density
connecting two nuclei is called a bond path and generally describes a chemical bond.
Information regarding theature of this bond can be determined by the properties of the
critical point corresponding to a maximum along this bond path (the bond critical point).
An example of critical points and bond paths is showFigure3.6. If only the nuclear
attractor critical points and the lines of maximum density (bond paths) connecting them
are represented it is called the molecular graph; this recovers the network of bonds that

would generally be applied under chemical considerations.

" Note that satisfaction of this relationship is not a guarantee that all possible critical points have been
isolated. It is possible (although unlikelyiat twomissingcritical pointscould cancele.g.if a RCP and a
CCP were missing.
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Bond paths <

Nudlei ——>§—¢. 1. ' A ,\ ccp

Figure3.6: Molecular graph (on left) and molecular graph plus critical points (on right)
for water hexamer prism. Critical points are labelled a&ainle3.3.

The bond critical point ia special case in the topology of a molecule because the
traditional character of a bond, such as in covalent, ionic, and weak interactions, can be
recovered by evaluating its properties and the properties of the electron density at the
critical point. Retirning to theHessian matrix,3.20), thetrace of this Hessian is the
Laplacian of the density:

(AR I I

E G TE e~ = &2

rlQH > n :)-ln >

In cases where ” » T1rat the BCP there is an open shell interaction, such as in

covalent bonds. Polar bondirigg. Cd X (X = O, N, F) can have maccumulation of

density at the BCP but the Laplacian at this BCP may be of either sign. When electron
density is depleted between the nuclei, as in thewhseen ” » T, thenitisa

closed shell interaction, such as ionic or hydrogen bondimg plane in which the

density accumulates can also yield information as to the character of the bond. This is
determined by the ellipticity of the bond,

p (3.23)

Cylindrically symmetrical bonds occur when and are typical ofisgle or triple

bond interactions. Double bonds show a deviation from _ , indicating an increase in

"-character of the bond.
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The value of the el ectr omcpisectatedtdtlye at t he
strength of the chemical bometveen the two nuclethe bond order (BO3 The
rel ati ons Bchand BDastdependemt on the nature of the interacting nuclei,
and can generally be defined as:

"l Q (3.24)

where A and B are constants specific to the nature of the boatdings Another
measure of the bond order is the electron delocalization between the bonded atoms. This
Adel ocali zation indexo0 is an evalwuation of
the electrons in the basin of atom A and the electrons in the dfaaiom B. It is defined
for closed shell systems as:

1 6 ¢SO 6 s ¢ 'O oM (3.25)

where O is the Fermi correlation. This is described in detagection 1.7.6n reference
[57].

T h ecpvalues for hydrogebonds (HBBCPs)canrange over two orders of
magnitudej.e.~0.002 a.u. te-0.2 a.u[11], and Inear relationshipbetweerthe bond
s t r e n gecpihavabeah reported for hydrogen bonded sysfB&}sThe lower end
of the HBBCPrangecorresponds to weak closstiell interactions witlpositiven ”
valuesand the upper entbrresponds to very strong interactions widgativel ”
values indicating covalent bonding propertidd]. The water dimer hasydrogen bond
BCP that is in the middle of this spectrum, 0.0247 a.u. at the MR2pigTZ level of

theory[4].

3.8.2Partitioning theElectron Densitylnto Atomic Contributions

QTAIM can describa system of critical points and bond paths that represent the
interacting subunits of a molecule using only the observable physical density in real space

and without any qualitativer@uantitative derivations in the form of molecular or atomic

8 The bond order is a method of quantifying the amount of bonding interaction between two atoms. It is
defined as Y2 the difference between the number of bonding eleatrdrike number of antionding
electrons present in the band
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orbitals. Although it seems evident that the» topology can describe the chemical
nature of the atoms in their molecules, it is imperative to prove the ability to construct
this topology from purely quantum mechanical methods. If the atom is to truly exist as
the fundamental building block ofraolecule, the topological atom and the quantum
atom must coincide within that molecyld. Thefollowing discussionustifies this

within the zereflux principle, followed by a description of atomic properties that are
available because of this partitiogiability.

In QTAIM, an atom is defined quantum mechanically as a region of real 6p@ge
containing a nucleushat is bounded by surfaces through which there is a zero flux in the
gradient vector field of the electron density. The Z&m boundary condition is:

nm d 1T mh ATAD ABIUENTGO EGRO O BAA A (3.26)
The surfaces may be bounded by other atoms (interatomic surfaces) or may be bounded
by infinity. These atoms are considered open systems: they are subject to fluctuations in
charge and momentum felt through tHeaundariesThis status as an open systerthes
key to exactly partitioning the molecule into substituent atoms.

The Schwinger principle (a generalization of the principle of stationary action) yields a
variational derivation of Hei sedd.dhegds equ
relevane of the Schwinger principle for QTAIM is that it allows one to derive a quantum
description of an open system, but only on the condition that the system satisfies the
boundary conditions equation3.26. Thederivation results in an identical expression
the change in action and content for both open and isolated systems, indicating that the
totalmolecular isolated system and its constituent atomic closed systems are described by
the same physics (with the necessary constraint of theflagroondition). With this
understanding, the molecular species that is partitioned into atomic basins will have
measurable values for electronic properties such as atomic charges, volumes, energies,
and the degree of electron delocalization between two basins. hemmtical terms, if

these properties are said to be the expectation value of some opeth®iSchwinger
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principle allows us to say this expectation valugy Qaveraged over all space, is the

sum of the expectation values fbraveraged over all the atoms in the moletule

& a0 £ @E
SMGE G QM6 &0
A p z z ~ e
0 Q¢ aasoan : EU»{/UJ [w "W AZZ A
e s T (3.27)
6 o600 ¢ WE 6 o0 ¢ WE
SMGE G QG6 &0 JMa € 6 Q66 a0
"R /g
Q mE Q

meaning that the molecular expaibn value is also the summation of the atomic
expectation values for that moleculde ability to partition the molecular species into

exact and chemically meaningful atomic basins opens up a wealth of applications for this
method, including atomic pofation and charge, atomic volume, atomic kinetic energy,

the Laplacian, and total atomic energy. These atomic properties will be described briefly
in the following section. The reader is also referred to referd¢titand[57] for a more
detailed analysisf the further applications, in partiew section 1.8 if57]. The

following definitions will closely follow the text from Ht section

3.8.3Atomic Properties

If / is a oneelectron operator (or a sum of eekectron operators), then the average of

apropety O over an atomic basin q, O(q), i
/' m @0 Z K A wiiwy /1wy (3.28)
Theatomic populatiorcan be easily obtained by setting the operatt p, giving
.M MR (3.29)

Note that this can also be writtexpédicitly in terms of the electron spin populatiofi$ie
atomic charges\ m , are simply obtained by subtracting the electron atomic population
from the atomic nuclear charge;:

Nm = . m (3.30)

® Az¥symbolizesintegrationover the coordinates of all electrons but one and summation over all spins
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Theatomic volumes defined by the interatomic suckes and an appropriately chosen
isodensity surface where the basin would otherwise extend to infinityatdhac kinetic
energy/4 m hcan be described using either the Schrédinger kinetic energy operator:
o}

+m -7 Al Aty un oy (3.31)

or the gradient kinetic energy operator:

- é’—l Al Az ouf o (3.32)
Though both descriptions of the kinetic energy differ locally, they will integrate to the
same value over all space. The local diffeeebetween them is a term proportional to the

Laplacian, m:

(3.33)
—7-  ASmil w7 O
moam ol T o

Integration oveproper open quantum systems that exactly conserve thdlwero
condition (.e. atomic basins) reduces the Laplacian to zero and the kinetic energy
expectation values are equal:

+m  ''m  4m (3.34)
Satisfaction of this equality is a good measure for toair@cy of the integration results.

3.8.4AtomicEnergies

Because of its importance in later chaptersatioenic energy%mn , deservedurther
discussionThe atomic energy for an atom in a molecule at its equilibrium geometry
relies on satisfaction of an atic virial theorem which applies to the potential energy
density | "I . Also called the virial field|, "l is the effective potential field experienced

by an electron at a pointin a manyparticle system:
I I o S N e YAY) »3N, (3.35)

n, is related to the force density (see section 6réfierencdl]). This virial field

differs from the traditional description of the potential energy) W{hich expresses the
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total electromuclear attractive and electretectron and nuebrnuclear repulsive

energies, in that it also contains the virials of the external (Feynman) forces acting on the
nuclei[60]. These virial forces vanish at equilibrium geometryl is always negative

and is integral over all space gives the totalgmtial energy of the molecule. There is a
relation between the local statement of the virial field, the kinetic energy and the

Laplacian:

OC
T (3.36)

where G() is the kinetic energy for theystemfrom (3.32).

The partitioning ba total molecular energy into atomic subunits is no trivial matter
and relies on the ability to express the whole system as proper openitsuliRecall that
the molecular kinetic energy detyscan be expressed in two wagpply the Schrodinger
operabr to give Kf),

+ 7 TO_I A ut w wn w (3.37)
or apply the gradient kinetic energy operator to give) G(

o)

T2 Ry o (3.38)
These equations yield
+7 :—in Ml (3.39)
Partitioning the molecule into somearb r ar y vol ume, ¥, and int eq
gives
65 ') :—I A ®Im (3.40)
The volume integral can be transformed int
¥y s 2 AasHiamd (3.41)

Tl
From(3.4]) the kinetic enggy values are only equivalent when the surface vanishes for
nmd "1 1t which relies ord being a proper open system),

Returning to the local virial theorerB.86), integration ovemresults in a statement of
the atomic virial:
¢4m |'m (3.42)
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Recall thain the absolute equilibrium minima, where there are no Feynman forces acting
on the nuclei, the virial equals the average potential energy of the mokcule, and
(3.42) becomes
6 m ¢ 4m (3.43)
The total atomic energ¥m is the sum of the kinetic anbtential atomic energies.

From (3.34), the atomic kinetic energy+sm m 4 m and from abovg(3.43,
the potential energy & m ¢ 4m . Therefore

%m 4m 6m 4m c4m 4w gem (3.44)

Summation of all atomic energies over the moleculeyeald the total molecular energy.
The outcome o%m 4 m -6 m relies on the evaluation of an electron

density arising from a perfectly equilibrated sysigmcause of the virial theorem

restrictior). In practice, there will remain some forces bea huclei which will cause the

ratio of © 4 to deviate from 2. If this deviatias small, it can be corrected by scaling

the energies with the virial ratip 6 4 by introducing a scale factop ( [ , to

the energy at the end of a wavefunctioltgkation. This scaling, however, can lead to
forces on the nuclei and make the energy nonstationary with respect to the variational
parameters in the wavefunctifil, 62]. For very accurate evaluations of the atomic
energies it is possible to introducsedf-consistent virial scaling (SCV$3]. This
variationally scales the electronic and nuclear coordinates during treesiftent
optimization so that at each step the wavefunction will satisfy the molecular virial
theorem, resulting in aab initio wavefunction or first order density matrix that yields a
satisfied virial theoremsgeAppendix A2 for details on implementing SCVS in
Gaussian 09

In the following chapterschanges irmtomic energie&%im are used talefinelocal
stabilitiesin mdecules Building on the chemicalonventiorthat a decrease the
energyof a system indicates an increase in stability for that sygiéima negative
energy change for an atome(3%1m 1) is definedhereas stabilizingand a positive
atomicenergychange is destabilizing]. Notethat whilealargeincrease irenergymay
indicatea largefidestabilization, this destabilizatiomould be paired withan evenlarge

nearby stabilizationndicatingan overall favourable interactioRor example, in th case
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of the water dimef4] the hydrogen atom involved in tifebond has mincrease in
energy(i.e. is destabilize}l yettheH-bond is overall stabilizingecause of the even

greaterdoweringin energy for the oxygen atonms/olved

3.8.5Some Practical Caiderations for the Application of AWMI

There are several software packages that
molecular systems. Some of these include: Bader Charge Analysis from the Henkelman
Group at University of Texas at Aus{®b], ABINIT fromthe ABINIT Group[66], and
Amsterdam Density Functional (ADF) from Vrije Universiteit in Amsterdam and the
University of Calgary in Canadé7]. ADF also has a third party program, Xaim from
Universitat Rovira | Virgili in Spairi68], which can be usetbr QTAIM analysis. Many
research groups al so e mp-hovys a dhessdippliess hed co
the AIMAII software package from McMaster University in Canféfl. This began as
code written by Richard Baeheglyndifiedaadsear ch ¢
extended by Todd A. Keith. The program is easy to implement, reliable, robust, and
relatively fast and efficient. There is also excellent support available from Dr. Keith. As
with any software there are particular tips thalp ensureproper use and therefore
correct results. Because QTAlMaynotbeas globally recognized as other popular
software used in this report, it is prudent to include some advice so that an individual may
repeat or continue the research here, or apply theseidqees to their own interests.

More details (and much of the following discussion) can be found on the RIMA
website: aim.tkgristmill.com, as well as some details in Appendix A

AIMQB (the integration code in the AIMAII package) requires an accutatéren
density readily obtained viaomputational analysi§he Gaussian 0¢@rogram[70] was
used for all calculations in this thesihe necessary density information is stored in a
checkpoint file created during the calculatiand his can be formétd to produce
a .fchk file that AIMQB can read and subsequently use to produce the appropriate
wavefunction file (.wfx, .wfn) for the AIM analysis. The .wfx files are currently limited
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to the first order electron density matrix, expressed in a moleabigalqdMO) basis
For HF or KSDFT the MOs are the canonical SCF spatial or spin orbitals. In the case of
postSCF cases such as MP2, they are the natural (spin) orbéatllse eigenvectors of
the first order (alpha and beta) density matxigte tha for singledeterminate methods
like HF and KSDFT the first order density matrix can determine all properties of the
system, however for pe&CF multideterminate methods the fistder density matrix
provides only onelectron properties and twelecton density propertiesiust be
estimated from the orelectron density matrix

With respect to accuracy of the calculations, the success of the integrations is
confirmed in two ways: the atomic integrations correctly reproduce the total number of
electrors, and the integrated values of the atomic Lagrangian, L(A), approach zero. Due
to numerical integration errors this will generally never be exact. AIMAIl will report a
Asignificant integration erroro iduma@&ny val
all L(A)s is greater than 0.01 a.u., or if the difference in molecular charge and the sum of
atomic charges, q(A), is greater than 0.01
is reported if any of these values are between 0.002 ané@.0Ihese accuracy criteria
should be evaluated to suit the needs of the results. For the data presented in this report,
all L(A) values must be less than 0.001 a.u. to be considered acceptable. If this target is
not met, t he 0 pinteghtédaismg amooeraccdratesintegrationemethod
available in AIMAII (such asi or 39 order Promega or, as a last resort, Sculpt), a finer

interatomic surface mesh, or a higher basin quadrature.

3.8.6 EnergyScaling for DFTWavefunctions

As described above, tiwrial theorem for a molecule at a stationary state on the
potential energy surface reduces 6] 4 ¢, where V and T are the potential and

kinetic energies, respectively, giving an expression for atomic enengy;, E(

10 Molecular orbitals are expressed in terms of their normalized linear expamsawa primitive Cartesian
Gaussian basis functions.

11n AIMAII, t he twoelectron density properties are estimatsthgthe Miller approximation of the two
electron density matrix in terms of natural orbitals of the-@eetron density matrif350].
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om  "Ym go'om (3.43)

By definition, the sum of Ef) for all atoms in a molecule returns the molecular energy,
E. Because thevavefunctions used in practice are approximate, there will be some
deviation from this virial relationship and summation afffeoes not exactly yield E.
Ideally, one would minimize this deviation by applying smifsistent virial scaling,
SCVS[63, 71], however, in practice this can be very computationally costly and
furthermore is not currently available for DFT methods inGlaessian 08oftware. An
alternative and much cheaper approach is to simply scale the final atomic energy
components by the amiouof deviation from the virial relationship,

O m Ymp T (3.44)
wheref @) "Y This provides satisfactory results for comparison of energies in
different systems becausge [ is usually small ant generally scales linearly with
“Ym . In the case of KohBham (KS) DFT, the kine energy is obtained from KS
molecular orbitals (K8MOs) and'Ym is actually’Y my, the nonrinteracting kinetic
energy. This deviates from the total kinetic energy by

Ym Ym w'Ym (3.45)

Wherew “Ym) is the correlation kinetic engy contained in the exchangerrelation
functional[72-73].

The implication forQTAIM analysis is that the relationship used to define the scaling
factor is no longecy "Y [, butis actuallyy "Y [ and is thus missing "Yn) , which
canvary in size depending on the atom and may be positive or negative [13]. The use of

p [ toscale the energies now becomes only a first approximation to the correct
energy and will either ovepr underestimate the actual value [13]. Because of this, it
may be prudent in some cases to make use of unscaled energies, with the understanding
that these atomic energies may not sum to yield the total molecular ¢seedgr

example Chapter 9)
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Chapter 4 Visualizing Internal Stabilization in Weakly Bound Systems
Using Atomic Energies: Hydrogen Bonding in Small Water

Clusters
__.b._‘
AE
(ATOM)

Reprinted with permission from. Albrecht, R. J. BoydJ. Phys. Chem. ,A2012), 116 (15), 3948951
DOI: 10.1021/jp301006dCopyright 2012 American Chemical Society.

This chaptepresents the first study applg atomic energies to evaluate local properties

of a set ofhydrogenbonded water clusterdt demonstrate that the changes in local
(atomic) energiesanreflect the coperativity that is observed in watefater hydrogen
bonding. Global minimum clusters(H20)n, n = [@advide,a well-studiedtestset for
evaluating the QTAIM energgnalysis and he level oftheory usedMP2/augcc-pVTZ)

has been previously established as a reliable and accurate method for evaluation of water
clusters. Totaénergies as well @agometries are used to supportdtemic energies results

The method of visualization, whereby atom size represents the magnitude of energy change
and atom colour represerdigin of energy change (positive or negativie)also presented

as a useful todbr visual inspection of locatabilitiesof the systems.
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4.1 Abstract

Atomic energesare usedo visualize the local stabilizing and destabilizing energy
changes in water clusters. Small clustersQ)A from n=2 to 5at MP2/augcc-pVTZ
geometries & evaluated usingnergies defined by the quantum theory of atoms in
molecules (QTAIM) The atomic energies reproduce MP2 total energies to withi® 0.0
kcal molt. Oxygen atoms are stabilized for all systems and hydrogen atoms are
destabilized. Thencreasedstability of the water clusterdue to hydrogen bl
cooperativity is demonstrated at an atomic levealidtiorsin atomic energiewithin the
clustersare correlated tthe geometry of the wateasid reveal variations in the hydrogen
bond strengthsThe method of visualization of the energy changes applied here is

especially suited for application to large biomolecules

4.2 Introduction

Biochemical processes such as protein folding and enzyme docking rely on a delicate
balance of weakly stabilizing interttons[14]. Although the total energy change during
these processes is typically very small, it may involve large local energy fluxugidbns
75]. These localized energy changes can be a result of weak interactions such as
hydr oge n -diaokingl van dgr, Waals forces, steric interferences and hydrophobic
interactions, and may either stabilize or destabilize the sy§&amentexperimental
techhiques such as-Xay crystallography76] and NMR[77] provide atomidevel
resolution of protein structures, allowing researchers to identify specific protein
interactions. Combined with computational simulation, an understanding of these
interactions leds to the development of highly specific target molecules designed to
manipulate biological systems, especially in the area of drug dgdifyiThe ability to
understand, and therefore manipulate, protein interactions would be enhanced with an
understandhg of the localized energy changes occurring in the system as the proteins
interact[79-81]. This local energy is not readily available with traditional methods since
they report total energy changes for the system, either obtained experimentally in bulk o

theoretically usin@b initio, density functional, ser@mpirical or empirical approaches.
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Small model systems are often used to observe the interaction energies of isolated species
within proteins; however, they do not represent the importantriangeinteractions
necessary for protein stabilif$2]. Evaluating protein systems through use of atomic
energies would accurately represent the local areas of stabilization and destabilization
crucial for understanding intermolecular interactions.

Awell-estb | i shed met hod for atomic energy eval
atoms in molecules (QTAIMNL]. QTAIM has been applied in a number of situations to
assess the implications of atomic energy changes, such as in the breaking of carbon
carbon bondf2] and a study of the conformation aaditomerization of amino acids
[83]. These reports focus on either strong bonding interactions or intramolecular
interactions in small moleculeBreviously in our group, wWeaveapplied the QTAIM
method to evaluatihe guanine quadruplex formation in the study of telomgpsAreas
of stabilization and destabilizatiawithin this large system were highlighted through a
study of the changing atomic energies after folding. Furthermore, Tetydb(3]
introduced a neel graphical way of representing these atomic energy changes and the
resulting analysis has proven beneficial to the study of telomeric sp@&¢je$he use of
atomic energies to assess local areas of biochemical stability in weakly interacting
species@mains a fairly novel concept and shows great promise for future studies.

To explore the effectiveness and versatility of the atomic energy changes approach it
is instructive to examine in detail small water clusters for which a large amount of
experimenthand theoretical data is availalf5, 85-97]. The hydrogen bonding ability
of watermakes it a uniquelgomplicated substandkat is difficult to measure exactly
andto studytheoretically Water clusters exhibit cooperative enhancement, whereby the
average hydrogen bond strength increases with an increase in the number of hydrogen
bonds present in the syst¢h8, 97-98]. This cooperativityis partially responsibléor an
increased stability observed in mdaygehydrogen bonded systemiscluding progin
substructuregl5]. Analysis of hydrogen bonded systems should reflect the potential
cooperative nature of the bonding interactioife. report here the atomic energy changes
in water molecules as they interagtform minimum energy clusters, {6)», n=2-5. Our
intent isto representhanges in atomic stability and thosalizedsystemstability by
estimatingchanges in atomic energiesingthe quantum theorgf atoms in molecules
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approach, and furthermore to visualize these changes using the apygréagtoret al

3].

4.3 QTAIM Atomic Energies

Bader and his colleagues have shdhat it is possibléo partition the electron density
of amolecular system intoonstituenbpen systems bounded by zéax surfacegl,
57,99-103]. Theseopen systems, ttad atomic basingjescribe the physical properties of
atoms in molecules. Integration over #temic basingieldsatomicinformation such as
population and energf¥he QTAIM method has been applied in a wide variety of
systems, both theoretical and exnental[60, 104-108]. Of paticular importance to this

study, it is an effective tool for evaluating weak bonding interactions

4.4 Computational Details

Single point energy calculations were performad set of global minima water
systems(H20)n, n=1-5, at theMP2/augcc-pVTZ level of theory usingsaussian 0970].
The geometries wem@btainedrom abenchmark analysis reported by Samwtral.at the
same level of theorjl09]. As a source of reference data, MglRdesset Perturbation
theory[32] haswidely beenapplied to examine hydrogen bonded systems. It is a suitable
method to obtain accurate structural and electronic values for hydrogen bonded water
clusters to withirD.001 A and.01 kcal mof [45, 89, 96, 109]. Thechoice of the
augmented corfation-consistent polarized triple zeta basis astdefined by Dunning
and coworker$110], produces very accurate results for water sys{@®sL09]. The
MP2 energies reported harereproduce results from previous stud#s 109], and were
correctel for basis set superposition error (BSSE) via the counterpoise (CP) correction
method of Boys and Bernarfdi2]. The uncorrected aral priori CP-corrected MP2
values for the dissociation energy of the water dimer are known to overshoot or
undershoot, regetively, the complete basis set vaji@9, 111-112]. While the

magnitude of this error decreases with an increase in basizesét will also increase

45



with cluster siz¢45]. We thereforeprovide both corrected and corrected values in this
study.

MP2 generated wavefunctions wergalyzedusing the AIMAII suiteof programs to
calculate atomic energi¢89]. Atomic energiesire also reported with@P-type BSSE
correction.The accuracy oQTAIM analysis is greatly dependent on the satisfaction of
theatomic and molecular virial theorems. As described by C@tésman and Bader
[71], the atomic virial the@m states that the energy of an atom in a molecule, E(A), is
equal to its negative kinetic enerdyfA),and mus s at i s f y-V/T=h2ewhereat i o 0
V is the total potential energy for an equilibrium geometry. Since this is rarely exactly
satisfied with posH a r t r e alcuRationsktomic energy values are scaled by a factor
of (1-0 )As a measure of the acaay of the integrations, the Laplacian of the electron
density should integrate to zero. This enstinas thesum of atomic kinetic energies
exactly yields thenolecular kinetic energil13]. The accuracy threshold fortegration
of atomic basins was m@ained at a Laplacian value of 1x48.u.for all atoms

Graphics were created usitige VMD software[114].

4.5 Results and Discussion

The optimized watestructures are shown Figure 4.1 Hydrogen bonds are denoted
by dashed lines. The interaction enesgip &, for theformation of water clusterare
defined as the difference between the electronic energy of the clust@ndBhe energy
of an appropriate number of monomers, nEg§{ where E(HO) is the energy od water
molecule and n is the numberwéter molecules present in the cluster:

Y% % T % / (4.1)
Stabilization energies for the atoms, @E(

energy ofanatom inawater cluster, E(A)stes and the energy of treameatomin a
watermolecule E(A)w-o:
Y%! %! %! (4.2)
Thetotal energies and interactienergiesare reported iffable 4.1 Atomic energies
and stabilizatiorenergiesare reported iTable4.2 Stabilized and destabikzl atoms are

indicated by negative and positive energy changes, respeclitd\effect of the BSSE
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correction is to lowethe magnitude afhe computedenergy change. The BSSE corrected
values are included in italics in the tables. Ha@aluesobtainedfrom the QTAIM
calculations recover thencorrectedVP2 energies to within 00% kcal mof? for all
systemsand BSSE corrected energies to within 0.02 kcal’nfar all systems except the
dimer, which differs by 0.23 kcal mé&lThe corected virial rat valuesfor all water
clustersarewithin 0.0016 of the exact value of Phe sum of BSSE corrected atomic
energies recovers the total cluster BSSE corrected QTAIM energies exactly, for all
systems.

Nonbridging hydrogen

Figure4.1 MP2 optimized water clusters: (i) dimer, (ii) trimer, (iii) tetramer, (iv)
pentamer. Labels A& correspond to the waters within the clusters. Bridging and non
bridging hydrogens are labeled for the dimer

Table4.1 Total MP2 and QTAIM energiessend i nt er ac wforwaterener gi e s
monomer and water clustersz®n, n=1-5.2°

En Pk
MP2 QTAIM MP2 QTAIM

H20 -76.328992 -76.328992

(H20), -152.666241 -152.665858 -152.666252 -152.665499 -5.18 -494 519 -4.72
(H20)s -229.012934 -229.010823 -229.012939 -229.010837 -16.29 -14.96 -16.29 -14.97
(H20)s -305.361536 -305.357823 -305.361542 -305.357821 -28.59 -26.26 -28.60 -26.26
(H20)s -381.704873 -381.707835 -381.704864 -381.707801 -37.60 -39.45 -37.59 -39.43
AaE,val ues ar e ,vales hrain kcal md s/ aluegdiEitalics are BSSE corrected
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Table2.1 Methods for experimental analyses of hydrogen bonds (HBs).

E(A) PE(A)
Non-bridging Bridging
Cluster Non-bridging hydrogen Bridging hydrogen Oxygen hydrogen hydrogen Oxygen
H20
-0.34883 -75.631383
(H20):2
A -0.34023 -0.34604 -75.656839 -75.655837 5.34 5.17 -15.97  -15.35
A -0.34022 -0.34®%03 5.34 5.16
B -0.354490 -0.354474 -0.326909 -0.327168 -75.647369 -75.646812 -3.55 -354 13.76 13.60 -10.03 -9.68
(H20)3
A -0.345342 -0.345957 -0.313550 -0.313990 -75.678977 -75.677228 2.19 1.81 22.14 21.87 -29.87 -28.77
B -0.345282 -0.345876 -0.313380 -0.313872 -75.679132 -75.677328 2.23 1.86 22.25 21.94 -29.96  -28.83
C  -0.345793 -0.346383 -0.313384 -0.313833 -75.678100 -75.676368 1.90 1.54 22.25 21.96 -29.32  -28.23
(H20)4
A-D¢ -0.345446 -0.345981 -0.301514 -0.302456 -75.693425 -75.691018 2.13 1.79 29.69 29.10 -38.93 -37.42
(H20)s
A -0.346747 -0.347197 -0.297251 -0.298363 -75.696276 -75.693764 1.3 1.03 32.37 31.67 -40.72 -39.14
B -0.346189 -0.346631 -0.297301 -0.2984%  -75.697534 -75.694957 1.66 1.38 32.34 31.61 -41.51 -39.89
C -0.345680 -0.346142 -0.297062 -0.29819 -75.698606 -75.696032 1.98 1.69 32,49 31.78 -42.18 -40.57
D -0.345437 -0.345893 -0.297360 -0.298503 -75.698524 -75.695958 2.13 1.85 32.30 31.58 -42.13  -40.52
E  -0.346861 -0.347332 -0.297219 -0.298288 -75.696818 -75.694314 1.24 0.94 32.39 31.72 -41.06  -39.49

BE( A) values

Tabled2QTAI M

at omi c

ar e

i n har t 7 eakes|nitaids ardBSSKE carrectdd sibela ABecarespondte labklingrmoFigure 4.1
¢Waters in the tetramer are equivalent due to symmetry

energi es

E(A)

and

at omi c 0% n=-b631 i zati on
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Figure4.2 shows theatomic energy changes of the water clusters scherigtica
stabilizedanddestabilized atoms ared andblue, respectively, and the sphere diameter
is proportional to the magnitude gfE ( .Al)is style of representatipimtroduced by
Tayloret d. [3], provides a useful method of visual analysis for observing localized areas
of energy change within complicated systems. It is evident frigual inspection that
cluster formation stabites the oxygen atoms and destabilizes the hydraigers, with
the exception othe nonbridging hydrogen attached to thenoroxygen in the dimer
system. In this case the rbndging hydrogerattached to the donor oxygshows a
stabilization 0f3.55 kcal moft. The uniqueness of the dimer system can be attributed to
its nonrcyclic nature. In the remaining cyclic water clustéesdestabilization of thaon
bridging hydrogenss significant:1.91 to2.23 kcal mol* for the trimer and tetramer, and
1.31to 2.13 kcal mol* for the pentamer.

Size legend
BER) O
(kcal mol )0

0 40

Figure4.2 Localized energy changes for cluster formation: (i) dimer, (ii) trimer, (iii)
tetramer, and (iv) pentamer. Stabilized atoms are red and destabilized atdruea
The sphere diameter is proportional to omE(
Thereis strongevidencefor thepresence ofharge transfefCT) in the formation of
hydrogen bondglL3, 98, 115116]. In the CT descriptiodue to Weinhold116], the lone
pair on theacceptingoxygen interacts withan emptyhydrideantibondof the donating ©
H atomsnoA 0 on. Occupancy of thantibonding orbital raises the energy of @
species whilestabilizng the oxygenThestabilization increases as the cluster size
increasesasa result ® hydrogen bond cooperativity. Thisin bedescribedhrough
changingcluster geometry: etreasing ©0 distancesoupled with increasing -®

covalent bond lengths indicate a weakening of the covalent OH bond and strengthening
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of the H O hydrogen bond intaction. Furthermorehere is an increasingly linear O

Hé O angle as the size of the ring increases. These propertie@slaseipportedy the

atomri energy changes observed here. The destabilization bfitlggng hydrogens

increases from 13.76 kcal midh the dimer to an average 2221, 29.70, and 32.3&al

mol? in the trimer, talamer and pentamer, respectivdlile oxygen atoms are

significantly stabilized by15.97 and-10.( kcal mol* in thedimer and an average of

29.71, -38.95, and-41.3 kcal mott in the trimer hrough pentamer, respectiveRigure

4.3 illustrates these changes in atomic energies as cluster size increases. It is evident that

as the number of hydrogen bonded waters in the system increasesgtfiteldesof

®E(A) increases for all at o mJhisasrcahsisteetn ds t o
with the exponential form of the cooperativity effgct 7]. Furthermore, the energy

difference between the bonding atoms increases in the same manner asae av

hydrogen bond strength withinthe clustéfsor exampl e, the di fferen
between the oxygen and bridging hydrogens of the trimer is approxirbatlgcal mot

1 veras that of the tetramer 68.6kcal moftand pentamer a3.9kcal mol?. This

supprtsthe hypothesis of previowsudiesapplying atomic energy changeghereby it

was stated that a greater local change in atomic energy corresponded to a greater amount

of local stabilizatioror destabilizatior3, 13].

Dimer Trimer Tetramer Pentamer

SRS

M Bridging hydrogens W Nonbridging hydrogens M Oxygens

AE(A) (kcal mol?)

FigureA3Change i n atomic energy aB,nA35, for al
PE(A) i s averaged over the waters in each
bridging hydrogen attached to the donating water is not included

We have also considered QTAIM andural population analysis (NPA) atomic
charges, g(A). The change in atomic charge

the change i n at Andted (&) e Thesy valuepgré répresentedq
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in Figure4.4. It is obvious that the atomic charges for bridging hydrogens and oxygens

refl ect the trends

observed

in the

at omi c

the system stability increases. As expected, NPA charges are ~25% smaller than QTAIM

charges ant h e i

information). For the dimer through pentamer systems, the QTAIM (NPA) change in

r

®q (A) s

are di mini

shed (atomic ¢

atomic charge increases for bridging hydrogens from 0.038 to 0.079 e (0.014 to 0.041 e)

and decreasefor oxygens from-0.028 t0-0.083 e {0.017 t0-0.050 e). The QTAIM

( NPA) oq ( Adgingfhyanogems ara 0.014 e (0.012 e) for the dimer and 0.004

to 0.005 e (0.009 to 0.010 e) for the trimer through pentamer. Interestingly, the NPA
g ( A) sn-bfidging hydmgens in the trimer through pentamer systems are nearly

t wice the

trimer through pentamer (x 0.001 e). The {wilging hydrogens thus do not reflect the

same tremds iimns qdo(sle)r ved

0.10

QTAI M mpg(A)s, and

Dimer Trimer

Tetramer

remai n

in opE(A).

Pentamer

@ 0.05
g .00
sy
<
-0.05
-0.10
W Bridging hydrogens B Nonbridging hydrogens B Oxygens
Figure44Change i n atomic charge hNn#pb.,
g(A) i s averaged over the waters

consi st

for al

n

each

bridging hydrogerattached to the donating water is not included. QTAIM charges are
solid bars, NPAcharges are patterned bars.

The QTAIM energy of a water molecule within a clustey,  defined as the

summation of the energies of the constituent atoms in that watecuho|

%

1 %!

(4.3)

Thestabilization of a water molecule due to cluster formatiphy, is defined as the

difference between the energy of thater moleculavithin the cluster and freewater

molecule, E(HO):
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3% % %( / (4.4)

The moleclar energies and stabilization energies for the waters in all clusters are
reported inTable4.3. The averagbdydrogen bond energiaveHB, is theenergyof
formation fort h e c | 4 dividedrby theguinber of hydrogen bondsgent in the
system nqg:

3% (4.5)

o kv andEaveHB are plotted irFigure4.5. The cooperative effect is generally quantified
by the increase in the average hydrogen bond strergtBad1B. Figure4.5

demonstrates that by directly calculating the molecular energy change of the hydrogen
bonded watersyf k) we reproduce theamehydrogen bond energy changes\as

obtained fromavelged energies. Thus the change in molecular energgfiagd

through atomic energies, represents the stabilizatiservedrom cooperativity

== AFw

h’l‘-\ wi s EaveHB
-6

E (kcal mol?)

-10

Figure45Tot al QTAI M ener gy c¢ haw,pedaveade wat er
hydrogen bond energy g&=HB), for water clusters (D)., n=25. qEw values are
averaged over the waters in each cluster.
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Table4.3 QTAIM energiesEw, stabilization energiesp kv, and average hydrogen
bond energigsp RveHB, for water monomeand clusters (bD)n, n=1-5.2P

Ew o by @ =veHB

H.O -76.328992
(H20)2

A -76.337484 -76.337044 -5.29 -5.02

B -76.328768 -76.328455 0.18 0.37 -5.19 -4.72
(H20)s

A -76.337874 -76.337181 -553 -5.10 -5.43 -4.99

B -76.337784 -76.337067 -5.49 -5.04

C -76.337263 -76.336571 -5.16 -4.73
(H20)4

A-D° -76.340378 -76.339448 -7.11 -6.53 -7.15 -6.57
(H20)s

A -76.340274 -76.339324 -7.08 -6.48 -7.52 -7.89

B -76.341@4 -76.340044 -7.55 -6.94

C -76.341348 -76.340372 -7.75 -7.14

D -76.341320 -76.340354 -7.74 -7.13

E -76.340898 -76.339934 -7.47 -6.87

AEyv al ues ar e wiam dhaiBtvaluesase,in keplEndl®Values in italics are BSSE
corrected®Waters in the tetramer are equivalent due to symmetry

It is interesting to note that the valuegoE ( @rg not consisterfior all waterswithin
eachcluster.In the trimer system th@ E ( valuesfor the oxygers vary by about0.7
kcal molt, nonbridging hydrogendy 0.3 kcal mot, and bridging hydrogens are
consistentlydestabilized within 0.1 kcal mdl Thechanges in energies fatomsin the
pentamewary by up to1.5 kcal mot, 0.9 kcal mot, and 0.2 kcal ral for the oxygens,
nonbridging hydrogens and bridging hydrogens, respectivédigse atomic energy
variations are reflected in the water molecutp& values for the trimer systediffer by
up t00.4 kcal mof andthe pentamer b§.7 kcal mot. The tetramedoes not show any
vari at won opBthguBh these emgy differences are close tdimit of
accuracy previously stated by Bader in 1987 Kcal moft) [103], it has been recently
reported thathereexists a variation ilmydrogen bond strengths within tiéferentwater
clusterd118]. Consideringhis, and the precision of the QTAIM energies with respect to
MP2 energiesywe conclude that these atomic energy défees are not simply numerical
artifacts.
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These molecular and atomic energy differences are furthermore correlated with the
slight geometrical differences observed in the clusters. Referrifigtioe4.1, we see
that thepuckerea trimer adoptsC: symmetry withtwo hydrogens pointingbovethe
oxygenplane, and onbelow. WatersA andB are slightly more stabilized thamater C,
by ~0.4 kcal mot. As a hydrogen bond acceptor, water C has the least favourable
geometry: he hydroga bond between wat®A and C slightly lengthened (0.02 A) and
more bent (2.5°compared to the other two hydrodsmnds in the systeifgeometries for
the optimized clusters are available in the supporting informafitm® pentamer system
also has a pucked ring andadoptsC; symmetryWat er s B and E wofwhi ch F
-7.55and-7.47kcalmol!, respectively, andwof&.andd D, whi
7.74kcal molt, respectively, adopt mirrored configuratio$ie water molecule at the
peak of the pntamer structur@d) has the lowest amount of stabilizatien,08 kcal mot
1 As a hydrogen bond acceptor, water A has the least favourable geometrydtogen
bond between A and E is slightly elongated (0.0 a bond angle slightly motsent
(2.5-3.3°) than the other hydrogen bonds preseEme. tetramer shows no relevant
variation in the atomic or molecular QTAIM energies, which is expected dueSo its
symmetry.Considering that the symmetrical tetransethe only structure for water
clustes n=26 that does not undergmexperimentally observegifurcationof hydrogen
bonds[119], it is possible that thisbservation oatomic enaygy distributionmay indicate
sites of preferential protonation or structural transformation, and could beexiplo
more depthWhat is most relevant for this work is that the reported atomic energies are

able to quantify the geometrical differences observed in the water cluster systems.

4.6 Conclusions

We demonstrate the uséatomic energsto describeheintemal energy changes in
weakly bound systems, applied to water clust@4sO),, from n=2 to 5. The reported
energies obtained from the quantum theory of atomsoleculesmethod reproduce
highly accurate MP2/augc-pVTZ valuesto within 0.5 kcal mot. The change in
atomic energiess correlated to a change in atorstability within the clusters and

reflects theoverall increased stability due hydrogen bond cooperativityhe variatiors

54



in atomic energies observedithin the clusterareattributed o slight differences in the
geometry of the waters, and may prove useful as a predictive method for the preferential
site of protonation or transformationwaterclusters.The atomic energy changes can be
represented graphically in order to easily viewportant energetic changes occurring in

the systemThis method of evaluating energy changshiewn to be direct way of

evaluating thareas of stabilization and destabilizatiomi@akly bound systems, and will

be of benefit for studies of larger anama complicated biomolecular structures.
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4.8 Chapter Summary and Relevance

In this chapter atomic energiesmsuccessfullysed to visualize the local energy changes
in smallwater clusters. MP2/aug-pVTZ total energiesreaccuratelyreproduced at the
atomic leve] to within 0.005 kcal moét. It is found that the energy change fotygen
atomsis always negative, indicatingxygenstabilizationin hydrogen bondingand the
energy change fdrydrogen atomss alwayspositive, indicatinghydrogendestabilization

in hydrogen bondingThe hydrogen bond cooperatiyiti demonstratedy anortlinear
increase in stability of the water clustasthe number diydrogenbonds increaseisis
reflected ly a similar nodinear changein stability for the oxygerand hydrogen atoms.
Smallvariations in aimic energies within theaterclusters are correlated to the geometry
of the interacting watemoleculesand reveal variationsy hydrogen bond strengths, in
particular for the pentamer clustéiinally, the visual depiction incorporatiregcolour
coded ad sizedependent representation of the relative energy changes provides a striking
pictureof the distribution of stability within the water clustefsis first study of small
clusterswith QTAIM energieshas proven to be a reliable and insfghapproah to the

study of hydrogen bond cooperativity.
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Chapter 5 Atomic Energy Evaluation of Eight Loying Water
Hexamer Structuse
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Reprinted with permission from L. Albrecht, S. Chowdhury, R. J. BdyBhys. Chem. A2013) 117(41),
107909, DOI: 10.1021/jp407371dCopyright 2013 American Chemical Society.

Having established the capacity for QTAIM atomic energies to represent cooperativity in
simple, linear hydrogen bonding, as well as su#abiity of the MP2/augcc-pVTZ
method for this analysis of water molecules, we further explore the WiliQTAIM
energies in more complicatedxamer system$he (HO)s potential energy surfagES)

is extremely compx, with over 15 structural motifs regsenting local minima that are
within 3 kcal mol?® of the global minimumThe hexamePES hasundergone intense
experimental as well as computational analysisd containsa further dimension of
hydrogen bonding where a water molecule may have up te bimeding partnerandthe
opportunityto interact cooperativelgr antrcooperatively The eightlowest energy water
hexamergprism, cage, boat 1, boat 2, bag, chair, book 1 and bookiP)e evaluated in
a similar manner as in Chapterthis chaper was a collaborative efforthe contribution
of this author wassupervision of theab inito calculations,performing theQTAIM

calculations and drafting and editing the manuscript.
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5.1 Abstract

Atomic energies are used to describe local stability in eaytdying water hexamers:
prism, cage, boat 1, boat 2, bag, chair, book 1, and book 2. The energies are evaluated
using the quantum theory of atoms in molecules (QTAIM) at MP2¢aymy/ TZ
geometries. It is found that the simple, stabilizing cooperativisged in linear
hydrogenbonded water systems is diminished as clusters move from nearly planar to
threedimensional structures. The prism, cage and bag clusters can have local water
stabilities differing up to 5 kcal midlas a result of mixed cooperatiand anti
cooperative interactions. At the atomic level, in many cases a water may have a largely
stabilized oxygen atom but the net water stability will be diminished due to strong
destabilization of the water 6point(BC®r ogen at
electron densities shows that the reduced cooperativity results in a decrease in hydrogen
bond strength ananincrease in covalent bond strength, most evident in the prism. The
chair, with the greatest cooperativity, has the largest averagieagl density at the BCP
perhydrogen bond, while the cage has the largest total value for BCP density at all
hydrogen bonds. The cage also has the second largest value (after the prism) for covalent
bond critical point densities and an oxygetygen BCRvhich may factor into the
experimentally observed stability of the structure.

5.2 Introduction

The current understanding of the exceptional properties of water is founded in part on
studies of smalto-large water clusters. The combined theoretical and erpatal
analyses of the past decadies, 120-124] provide insight into theomplexinteractions
that define essential hydrogen bonding (HB) in water, particularly the cooperative
behaviar that is a result of neadditive contributions to the HB total egg [10, 13, 91,
116, 125134]. Characterization of hydrogen bonding within small water clusters reveals
a unique distribution of the stability for each cluster size and configuration. These studies
are important for a variety of applications, for exampiderstanding water behaviour at

biomembrane surfaces, inside enzyme active sites, and the formation of clathrate hydrates
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in the atmospher&€haracterization of water clusters is also necessary for the continuing
developmenof force field methoddt is now possible to directly study small water

clusters inthegas phase using a variety of experimental methtauslow energy

structures for the hexamer, heptamer and nonamer water clusters have recently been
isolated[135-136]. The water hexamer in partilar has garnered significant interest (see
referencesgitedin referencg137], as well ageference$138-151]) because it is the first

water cluster to have a thrdemensional (3D) configuration as its global minimum
structure; this is possibly a resof the additive components in HBs being more

important than nofadditive components fa3D configurationf13]. This shift in the
character of wateroés hydrogen bonding appr
[152-153]. The potential energy suda (PES) of the water hexamer is very complicated,
containing many minima in a narrow energy range. For example, there are over 15
structural motifs representing local minima that are within 3 kcat'rbthe global
minimum[150]. Characterization of thgue global minimum energy structure for the
hexamer water cluster has been the source of intense debate over the past two decades,
with theoretical reports ranging between the cage and prism structures. A recent
experimental study concludes that the cdagbe minimum energy structuf&35] while
theoretical reports maintain that the prism has the lowest energy (befoimonrgro

energy correction)148, 151].

A further aspect of water cluster research is that, along with finding minima on PESSs,
it is necessary to understand the distribution of stability within each cluster configuration
thatallows one particular arrangement of water molecules to be more stable than another
slightly different arrangement. To that end, there are several theoreticahelpgsavhich
consider the distribution of energetics within water clusters. One such approach is to use
theoretical energy decomposition analyses (EDAS) to determine individual contributions
to bond strength. These are usually based on the seminal woitaofakand Morokuma
[154] and have been developed in many ways to decompose the interaction energies
[155-162]. In generalthecomplicated approache$ EDA models oftemequire
simplifying assumptions so that application to even moderately sized stisigtu
feasible. For example, the contributions to the total energy frordofmdy or higher
interactions in water clusters are generphigsumed negligiblEL32] and so these higher
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order terms areftentruncated in the EDAs. Fodody effects, howevecan impact the
interaction energy of the water hexamer byag.4%[13], a significant amount for the
PES of the hexamer. An unambiguous picture of the stability within water clusters
requires a direct analysis of their substituent energy properit®uivtruncation or
fitted model assumptions.

We report atomic and mol ecul ar stabili
guantum theory of atoms in molecules (QTAIM) analy$]s This approach has been
demonstrated in previous reports to acclyatescribe energy changes at an atomic level
[3, 4,6]. We evaluate the eight lowest energy isomers of the water hexamer: prism, cage,
boat 1, boat 2, bag, chair, book 1, and book 2. These clusters represent 2D through 3D
geometries, including a rangelofdrogen bond configurations, yet remain within 3 kcal
mol?! on the hexamer potential energy surface. Base5.1 for the relative energy
ordering of the hexamers as well as the number of hydrogen bonds per cluster. Using
QTAIM topology we provide a distinct picture of the atomic stabilization within each
water hexamer configuration to show that the small energy range for such a large
variation in cluster geometries is a result of competing cooperative artbapgrative
interactions present in the 3D clusters. We apply a simple method of visualization to

represent the distribution of stabilization within the complicated water clyS8jers

Table5.1 Relative stabilities of eight war hexamers and the number of hydrogen
bonds formed in each cluster
Hexamer Boat 2 Boatl Chair Bag Book2 Bookl Cage Prism

Relative stability® 2.62 2.53 1.59 129 0.78 0.46 0.06 0.00
Number of HBs 6 6 6 7 7 7 8 9
aStabiIity is relative to thinteractionenergy for the prism structure, in kcal ol

5.3 Computational details

The hexamers were optimized at MB2/augcc-pVTZ level of theory32] using
Gaussian O®ev.C.01]70]. Cartesian coordinates for the structures were obtained from a
study by Cherand Li[149]. No symmetry constraints were applied in the optimization
and all final geometries hava €ymmetry. It has been reported previously that enforcing

C, symmetry for the boat structures will increase the energy by ~0.015 kca[148]);
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we donot constrain our optimizations as it is important for the QTAIM analysis that there
are no residual forces on the atoms resulting from aegailibrium structureThe

influence of ero-point energy(ZPE)vibrationsin water hexamers can be large enotayh
impact th& stability order{148]; however, Dahlkg et al [163] report that ZPE

corrections at the MP2 level do not reproduce the CCSD(T) relative energy ordering,
despite having the lowest error of amgthods tested in the studyhe QTAIM analysis

does not include ZPE correctigmsor arehermalor entropiccontributions present in the
atomic breakdown of the molecules.

Self-consistent virial scaling (SCVS) was implemented for all optimizations to ensure
that the wavefunctions fully satisfy the akitheorem, as outlined neferencd71]. The
MP2 wavefunctions generated were analyzed using the AIMAII suite of anmugj69] to
calcul ate atomic energies according[l]to Bad
The accuracy threshold for atomiadin integrations was maintained at a Laplacian value
of 1x10* a.u. for all atoms, giving a maximum per atom error of 0.06 kcal nial
gauge the impact of SCVS, we also compared our results t8@wi% calculations. The
non-SCVS values for the atomicergies deviate from SCVS values by up to 1.7 kcal
mol* for the oxygen atoms and 0.24 kcal mhédr the hydrogen atoms, about 0.1% of the
individual atomic energy. The atomic kinetic energies used in this discussion have been
scaled postalculation usig a virial factor to account for any remaining deviation from
virial satisfaction (this value is essentially zero for the SCVS calculations but was
implemented so as to remain consistent with other discussions). Relevant atomic
properties and virials forlassystems (scaled and unscaled) are available in the supporting
information, as well as bond critical point data and geometries for the hesaowtures.

The graphical descriptions of the atomic energy chaimgegures5.2-5.6 were
generated using théMD software to represent the atomic energy changes quantitatively
[114].

Previous reports conclude that the basis set superposition error (BSSE) will decrease
the MP2 energy by ~1 kcal mbtonsistently for each hexamer configuratja9]. The
complee basis set value is presumed to lie between the corrected and uncorrected energy
[45, 109, 111-112]. For the hexamers, the energy ordering of the configurations does not
change with inclusion of BSSE corrections, either for total energies or for sutustitue
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energetic contributiond 49]. Furthermore, Ramireet al. [90] have suggested that
counterpoise corrections fail for some hydrogen bonding clusters. We therefore chose not

to include a BSSE correction.

5.4 Results and Discussion

The atomic energy change®re obtained in the same manner as in previous reports
[4, 6] whereby the change in energy per atom is the difference between the energy of the
atom (A) in the isolated water monomer and the energy of the same atom in a water
cluster: gk{EA)monsmer TOE afOnic energy changes for all atoms and for
the atoms summed into their respective waters are reporiabias.2 andTable5.3. In
the following discussion we divide the hexamer clusters into systems according to their
geometries: twalimension&(2D) are the chair, boat 1 and boat 2 systems and-three
dimensional (3D) are bag, book 1, book 2, cagelprism structures. Note that although
the boat structures have been classified
across the pland the waters of ~113°. Hydrogens participating in a hydrogen bond are
HB-hydrogensand those tharenot participating in a hydrogen bond are #dB
hydrogens. 2D systems have only twod{igr water, however in the 3D systems one
water may participate iap to three hydrogen bonds by either donating or accepting an
extra HB. These multipteondingwater types are represented-igure5.1 as single
donor, single acceptosd,s3; single donor, double acceptad(da); and double dnor,
single acceptordd,sad). In the following discussion the atomic energy stabilities will be
first discussed for the 2D systems (chair and boat), then the 3D systems (book, bag, cage
and prism), and then a general discussion of the bond critical pB@Es) in the
QTAIM topology follows.
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Table5.2. Atomic energy changes (kcal ridfor atoms in the hexamer clusters
C

water labeP A B D E F
(@] H1 (0] H1 (0] H1 O H1 O H1 (@] H1
atomP
H2 H2 H2 H2 H2 H2
Prism 477 124 -339 125 -38.2 288 -375 114 -37.7 250 -48.4 36.6
23.3 15.0 3.3 16.2 5.1 5.7
Cage -37.6 26.6 -47.8 15.0 -428 30.2 -350 149 -485 356 -38.3 27.3
2.0 23.6 5.1 13.1 5.8 3.0
Book 1 -356.8 26.6 -48.1 356 -446 339 -442 339 -47.2 252 -347 257
2.2 5.4 2.6 2.0 129 1.0
Book 2 -35.9 26.2 -475 349 -43.7 33.8 -43.8 334 -457 237 -356 26.6
2.7 5.2 2.5 2.1 12.7 1.3
Bag -47.1 37.7 -31.1 224 -476 19.0 -29.7 211 -46.2 356 -46.0 345
4.2 1.3 190 1.5 2.5 2.2
Chair -43.0 335 -43.0 334 -43.0 335 -43.0 335 -43.0 334 -43.0 335
1.8 1.8 1.8 1.8 1.8 1.8
Boat 1 -425 328 -415 328 -415 33.1 -415 331 -42.7 334 -425 328
1.9 1.9 1.1 1.1 1.6 1.9
Boat 2 -419 329 -41.7 325 -43.0 335 -419 329 -41.7 325 -43.0 335
1.3 1.8 2.0 1.3 1.8 2.0

2 Labels AF correspond to theaters indicated in Figures 5526.° Hydrogen atom can be HBydrogens
(H1) or nonHB hydrogens (H2). Occurrences where bdogbrogen atoms pacipate in HBs are labeled in
their respective figures.

Table5.3. Total energy change (kcal milfor each water molecule in hexamer

clusters, defined as the sum gyf{pkdibthe wat er €

sum of all constituent atomic energy changes in each cluster.
cluster A B C D E F P Fotal
Prism -120 65 61 -99 -76 -6.0 -480
Cage 9.0 92 74 71 72 80 -480
Book 1 7.0 81 71 -84 91 -79 -47.6
Book 2 -7.0 75 74 83 93 7.7 -472
Bag 5.2 75 96 71 82 93 -46.7
Chair 7.7 77 717 17 17 17 -46.4
Boat 1 7.8 73 76 78 73 76 -455
Boat 2 -7.8 74 75 718 74 15 -454
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Figure5.1 Bonding arrangements for multiply bonded water molecules in 3D structures
Each water can have upttoree neighbour waters, and may either i) donate one

hydrogen bond and accept one hydrogen bond (single donor, single acceptor, sd,sa), ii)
donate ondaydrogen bond and accept two hydrogen bonds (single donor, double
acceptor, sd,da), or iii) donate two hydrogen bonds and accept one (double donor, single
acceptor, dd,sa).

5.4.12D Structures: chair, boat 1, and boat 2

9 i) 8 i) B
A

%% ¢% o

m A ' F '
C B
A B C
B A

Figure5.2 Localized energy changes for 2D hexamer cluster formajichair, ii) boat

1, iii) boat 2. Stabilized atoms are red and destabilized atoms are blue. The sphere
diameter is proportional to the atomicenesgy abi | i zati on, ®@E(A),
a larger energy change will have a larger sphere radius. The bottom row shows the
deviation from planarity in the bogas.chair clusters.

A visual representation of the atomic energy changes within the 2Drsl(si&ir,
boat 1 and boat 2) is shownkigure5.2. As with previous reports, the oxygen atoms (in
red) are stabilized at the expense of the hydrogen atoms (in bludledt8-hydrogens

have a much greater destabilization ttf@nonHB hydrogens. Each water in a cluster
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has been labelled from-F. For these systems the stabilizatafreach atom type is
relatively uniform: oxygens are stabilized by42 kcal mott, HB-hydrogens are
destabilized by ~33 kcal nmgland norHB hydrogens are destabilized by ~2 kcal thol
The net stabilization for each water in the clusters8skeal mot®. This distribution of
stabilization per water molecule is analogous to what was observed in the trimer through
pentamer cyclic structurg¢4], however with a small increase in stability per water (~0.5
kcal mol?) as a result afhe increased cooperativity in the larger system

The consistent atomic stabilization is a result of a uniform HB environment where
each water molecule donates onerogaén and accepts one oxygen to form single donor,
single acceptorsd,sg arrangements having similar HB geometries. The uninterrupted
sd,sachain allows for strong cooperative interactions and is the source of the increased
stability in the 2D cyclic cdiormations, despite having fewer hydrogen bonds than
3D configurations. In fact, the more symmetrically balancedsthsaarrangement is, the
greater the cooperativity that is obsernved.the chair configuration is more stable than
the boat configtations. The enhanced cooperativity in the chair system is reflected in the
total energy changes for its atoms: the chas the largest values for the stabilization of
its oxygens {43 kcal mol?) and the largest values for destabilization of donor tyeite
(~34kcal mol?) of the three 2D systems. In the slightly bent boat 1 and boat 2 systems,
there is a small neaniform distribution of energy, reflected in small differences in
atomic stabilizations. WateB andE donate into hydrogen bonds which aklightly
lengthened (by ~0.01 A) with narrowed ©8 bond angles (by ~ 2§ have smaller
amounts for oE( oxy,gnearg sligntty tbss giéb(e bverdllr o g e n)
lengthening of the hydrogen bondn indicataveakening bond strength, reflectedoails
the decrease in cooperative stability as indicated by smaller atomic energy changes.
Interestingly, in the boat systems the most stabilized wakei8)( which also have the
largest change in their constituent atomic energies, donate HBs to tretdédsted
waters B, E), so that the weakening of omaterresults in a strengthening of its
neighboumater This effect becomes far more complicated in the tdreensional

systems.
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5.4.23D Structures: book 1, book 2, bag, cage, prism

It is quickly rec@nized in the book 1, book 2, bag, cage and prism structures that the
atomic stabilization in the thresimensional systems is not as uniform as in the two
dimensional systems. Energy changes for oxygen atoms in all 3D systems rangfrom
to -30 kcal md?, HB-hydrogendrom 11 to 38 kcal moi and norHB hydrogens have
destabilization values from 1 to 6 kcal moThe net stabilization for individual waters is
between12 and-6 kcal mot! in the prism-10 and-5 kcal mot* in the bag, aneéd and-7
kcal mottin the cage, book 1 and book 2.

To interpret the large variations in atomic stabilities within the 3D water clusters we
consider the environment of each wateter interaction and its resulting impact on the
potential for cooperative enhancemef hydrogen bond strengthlthough analysis of
cooperativity is straightforward in the planar cyclic systems (each water has only one
donor and one acceptor), the 3D hexamer geometries exhibit a combination of possible
bonding arrangements where a watwlecule may interact with up to three other water
molecules by either donating or accepting hydrogen bonds. Each HB interaction can be
classified as eithdargelycooperative ofargelyanti-cooperative: a cooperative
interaction is stabilizing and amti-cooperative interaction is destabilizifig@7-128].

The stabilizing value of each interaction depends on the bonding character of the waters
forming the hydrogen bond as walithe bonding interactions of their neighbouring
waters[130-137]. Waters viich donate two hydrogen bonds have an increased capacity

for cooperativity and waters accepting two hydrogen bonds have a decreased capacity for

cooperative stabilization.
5.4.2.1Book 1 and Book 2

Figure 5.3represents the atomic energy charfgedook 1 and bok 2. The book
configurations could be considered transition structures between 2D and 3D, having an
extra hydrogen bond splitting the simple cyclic coofregaenvironment into two rings.

One water donates two and accepts one hydrogen Bpraahd its neghbour water must

thus accept two hydrogen bonds and donate Bpelrtie double donating water has a

strongly stabilized oxygen47 kcal mott in book 1 and46 kcal mott in book 2) and
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only moderately destabilized HBydrogens (25 and 13 kcal ridbr book 1 and 24 and
13 kcal mot for book 2) resulting in a net stabilization-8fkcal mot* for eachdd,sa
water. The double accepting watBj) @lso has a strongly stabilized oxyge#8(kcal
mol?), however, it has a significantly large destabilizatior the norHB hydrogen (5
kcal mot?) and this detracts from the overall stability of the water, resulting in a net

stabilization of7 kcal mof.

i) A 8 ° ii) 2 ) c

1
*0Q - o0¥ -

Figureb5.3 Localized energy changes for 3D hexamestdubrmation: |) book 1,
i) book 2 Stabilized atoms are red and destabilized atoms are blue. The sphere

diameteripr oporti onal to the atomic energy st

structures indicate hydrogen labelling for waters where both hydrogens participate
in HBs; in all other cases HL1 is the HB hydrogen and H2 is thedohydrogen.
The lower right imagel®ws the deviation from planarity of the book clusters.

This picture of water stability matches what is observed in various arrangements of
water trimers and tetramers, where a double donor water arrangement is overall more
stable than a double acceptaater[127]. It has been reported that double donating
interactions are cooperatively stabilizing and double accepting interactions may be
considered anttooperative and destabilizifi@28]. It is interesting to note that it is the
nonrinteracting hydrogeon wateBt hat #fApays the priceo for
the oxygen remains largely stabilized. If we next consider the water which donates a
hydrogen bondo the double donoiX) and the water receiving a hydrogen bdnman the
double donor (withirthe outer ring structuré;) they also have increased overall stability
(8 kcal moth). Their stabilization at the atomic level, however, is quite different: the
receiving water and its nearest neighbduafdA) have a significantly lowered relative
stability of their oxygen (only-35 to-36 kcal mot! vs.-46 and-47 kcal mott in E)

however a decreased destabilization of theirliyBrogen (~26 kcal md) resulsin the
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net stabilization of8 and-7 kcal mot. It may be that the second neighbody bas

| owered @Es because it donates to a doubl e
waters with shorter HBs show an increased stability, with the exception offwvéier

this case its HBs are ~0.1 A longer than neighbouring waters; howeveaineas

stability greater than expected (by about 1 kcaftholrhis may be attributed to the

surprisingly small change in atomic energy ofitsthbB hy dr ogen: @E( hydr ¢
only 1 kcal mof. These energetic observations indicate that the extra bomedan the

system has a cooperative effect on the waters whichtfeenmg that donates to the

double donor water, and an antioperative effect on the waters which fahmring that

receives from the double donor water.

5.4.2.2Bag

j
~
E

Figure5.4 Localized energy changes flmrmation of 3D bag hexameBtabilized
atoms are red and destabilized atoms are blue. The sphere diameter is proportional to
the atomic energy stabilization, @E(A). TtFt
labelling for waters where both hydrogens participate in hydrogen boralspiher
cases H1 is the HB hydrogen and H2 is the H8nhydrogen.
Although the bag system has the same number of hydrogen bonds as the book
systems, it has lawer netstabilization.Figure5.4 represents the atomic energy cbes
in the bag configuration. As with the book systems, there are four waters which adopt
simple single donor, single acceptor HB arrangemdéht®(E, F), one water which has
a double donor, single acceptor arrangem@ntdnd one has a single donooudle

acceptor arrangemer). As in the book structures, the double donating water is the
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most stabilized-(L0 kcal mot') and the double accepting water is the least stabiliBed (
kcal motY). The oxygen stabilization is simila#@ kcal mot for C and -47 kcal mot*

for A), and thus it is the hydrogen destabilization that determines the net stabilization:
double donating has botiHHB-hydrogenglestabilized by 19 kcal méand double
acceptingA has a HB hydrogen destabilized by 38 kcal havld anon-HB destabilized

by 4 kcal mof:. WatersB andD are bothsa,sdwith similar neighbour environments:
each receives fromad,sawater and donates tosd,dawater and has a net stabilization
of ~7 kcal mott. The distribution of atomic values for thesaters is similar as well: the
oxygen inD is stabilized by30 kcal mottand inB by -31 kcal mot'; the HB hydrogen

in D is destabilized by 21 kcal mbland inB by 22 kcal mol; and the nosHB

hydrogen irD is destabilized by 2 kcal miband inB by 1 kcal mof. The slightly

reduced stabilization d vs.B can be understood in terms of slightly lengthened
hydrogen bonds associated witi(0.03 and 0.02 A longer). WateEsandF are both
alsosd,sawaters, however their neighbour environmentgedifrom B andD in thatE
accepts from a double accepting water Brttbnates to a double donating water. This is
similar to the arrangements GfandD in the book systems where the recipient of a
hydrogen bond from a double acceptor has a slightlyrigtadbility than the water
donating to a double dondE:has a net stabilization e8 kcal mof* andF has a net
stabilization of-9 kcal mof*. The increased stability for these waters versus the
analogous waters in the book structures is reflectedgogater stabilization of the b&g
andF oxygen atoms-46 kcal mot), theHB-hydrogenédestabilization of 36 and 35

kcal molt, and norHB hydrogenédestabilization of 3 and 2 kcal mbllt is apparent in
the bag structure that fed,saenvironmentshe net stabilization depends largely on
neighbouring waters.e. whether it receives a HB from a double donating or a double
accepting water. As in the book structures, the double donating water is more stable than

the double accepting water.

5.4.2.3Cage

Figure5.5 represents the atomic energy changes in the cage cluster. There are 8
hydrogen bonds and an even distribution of bonding type environfoente waters
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two are single donors, single acceptdtsA), two are double donsrand single acceptors

(B, D), and two are singldonors but are double acceptdts E).

A K
H2

C . Lm D
AHL
H2

E E
F N F
Figureb.5. Localized energy changes for formation of 3D cage hexaatabilized
atoms are red and destabilizednas@re blue. The sphere diameter is proportional to
the atomic energy stabilization, @E(A). TFt

waters where both hydrogens participate in HBs; in all other cases H1 is the HB
hydrogen and H2 is the ngt#B hydrogen

c

In the cage system the impact of a neighbouring water on net stability is evident.
Consider the two double donor wat&andD, having astabilization of-9 kcal mof* and
-7 kcal moft, respectively. The lower stability D is a result of its neighhwing water
molecules: it donates hydrogen bonds to two waters which are both double accepting
oxygens, creating an argooperative interactiof3 donates to ad,sawater Q) and to a
dd,sawater C), which allows for an enhanced cooperative interactitn A. Much
larger values for the atomic stabilizationsBo¥s. D reinforce this cooperative picture:
the oxygen is stabilized by8 kcal mott in B but only-35 kcal mottin D and theHB-
hydrogensare destabilized by 24 and 15 kcal riol B, compard to 15 and 13 kcal mol
lin D. In the double accepting wateEsandC, the total stabilization is the same for both
(7 kcal mot') however at the atomiclevEb s | ar ger o Xx y4@lkcaimad't abi | i z
in E vs.-42 kcal mott in C) is offset by arequally larger HB hydrogen destabilization
(36 kcal mott for E vs.30 kcal mot for C). The norHB hydrogen irE is slightly more
destabilized than i€, 6 kcal mot vs.5 kcal mott. Since wateE donates to a double
donating waterB), it has a greatecooperative stability tha@, which donates to a single
donating, single accepting watéf)( Comparing the two single donating, single
accepting waterd~ A), waterF donates to a double accepting water, receives from a

double accepting neighbour, aiscstabilized by8 kcal mott. WaterA donates to a
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double donating water and receives from a double donating water and is stabii@ed by
kcal mott. The atomic energy values fBrandA are similar: oxygens are both stabilized

by -38 kcal mott andHB-hydrogensare both destabilized by 27 keablt; however, the

non-HB hydrogen is destabilized by 3.0 kcal mal F and only 2.0 kcal mdiin A. The

double donating system is slightly more cooperatively stabilized than the double
accepting system. What interesting is that the ndsonding hydrogen again pays the

price for the less favourable double accepting interactions. The cage structure also has an
interesting topology point which may affect the overall cluster stability: it has an exygen
oxygen bad critical point between wateBsandB. The critical point topology of the

clusters is discussend a later section

5.4.2.4Prism

E

Figure5.6 . Localized energy changes for formation of @im hexamer Stabilized

atoms are red and destabilized atoms are blue. The sphere diameter is proportional to
the atomic energy stabilization, o@E(A).
waters where both hydrogens participate in HBs; in all other cases H1 is the HB
hydrogen and H2 is the natB hydrogen.

Figure5.6 represents the atomic energy changes in the prism configuration. In the
prism system, there are no singlgcepting and singlgonating waters; instead, all
watersinteractwith three other water molecules, either as double donor, single acceptors
(A, B, D) or as single donor, double acceptdsk, F). Thedd,sawatersA andD are
highly stabilized, by12 and-10 kcal mott, respectively, with atomic values 8 and-

38 kcalmol™ for oxygens inA andD respectively, 23 and 12 kcal midbr the HB-
hydrogensn A and 16 and 11 kcal miéfor theHB-hydrogensn D. The strongly

stabilizedA receives from a single donor, double acceg®rfd donates to orsel,da
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and onald,sa WaterD, which is slightly less stabilized th@&nhand has smaller atomic
energy changes, donates to tsethsawaters, and has a reduced cooperative stability
versusA. The final double donor, single acceptor waBerhas a total stabilization of
only -6 kcal mol. The oxygen iB is stabilized by34 kcal mot, and itsHB-hydrogens
are destabilized by 15 and 12 kcal thoAlthough it is a double donor, which means an
opportunity for increased cooperative stability, it receives a HB from a double dwhor a
donates to two waters which are both double acceptitvsse are antooperative
interactions and result in a lower net stabilization. Wdiels andF also provide an
interesting opportunity for analysig:has a net stabilization e8 kcal mot* and atomic
stabilities of-38 kcal mot for the oxygen, 25 kcal mdlfor the HB hydrogen, and 5 kcal
mol* for the norHB hydrogenC has a net stability o6 kcal mot! and atomic
stabilities of-38 kcal mot* for the oxygen, 29 kcal médffor the HB hyirogen, and 3 kcal
mol? for the norHB hydrogen; andF has a net stabilization e and atomic stabilities
of -49 kcal mott for the oxygen, 37 kcal mdlfor the HB hydrogen, and 6 kcal midior
the nonHB hydrogenThe atomic energy changes@andE are similar for oxygens and
HB-hydrogenavhereas irF the oxygen and HB hydrogen have a much stronger
stabilization and destabilization, a difference of about 10 kcal emth. WateF
accepts one HB from a double donor water and one HB from a singbe water
whereas water€ andE receive both of their hydrogen bonds from waters which are
double donors. The large atomic energy changéyqwihich only receives from one
double donor) indicate that there is greater cooperativity present tBasmiaC. It is the
large destabilization dF6 s -HBohgdrogen that serves to give it a net lower stability,
resulting from the anttooperativesd,daenvironment. It is particularly evident in the
prism structure that the local stability of a water moleculkegkly dependent on the type
of bonding interactions with its neighbouring water molecules. In the prism case it is also
evident that the stability of theontHB hydrogen can have a significant impact on the
overall stability of the water clustek. further consideration regarding the electronic
behaviour in these water interactions is the impact of higher order electron correlation
(i.e.not available in MP2 analysis). These correlation effects influence the relative
interaction energies of the six hexansmers discussed abojer-148] removing the
near degeneracy of the prism and cage structures. The 3D structures are more stabilized
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than the planar structurf®8], with the largest influence of correlation observed for the
planar structurefl48]. Retuning to our analysis of the cooperativity within each system,
it is evident that these higher order correlation effects become most important when
cooperativity is highest (planar, chair) and least important when it is diminished (3D,
prism). The removabf neardegeneracy between the prism and cage isomers with
inclusion of higher order correlation serves to emphasize the different interactions present
in these systems that contribute towards their net stabilization

To summarize the bonding interactianghe 3D clusters, the distribution of atomic
energies discussed for all systems show that 1) relative to the other waters within the
cluster, a double donating water in general is more stabilized and a double accepting
water in general is less stabilize?) the stability of any water depends largely on the
bonding environment of its neighbouring waters so that donating or accepting a HB to or
from a double donating water is more stabilizing than donating or accepting a HB to or
from a double accepting wex, and 3) an increased 3D character of the water clusters
yields an increased destabilization of the-iti1hydrogens. The amount of cooperative
enhancement in the stability of a water molecule within these clusters may be inferred

through the magnitudef the differences in thesubstituent atomic stabilitig4].

5.4.3Bond critical point analysis

Previous reports have shown that the total electron density at bond critical points
(BCPs) in water clusters is directly related to the overall stability of thetste[90].
We plot this relationship for the water hexamergigure5.7. To further categorize the
relative stabilities of the structures, total BCP densities were separated into contributions
from either hydrogen bond (HGHD) or covalent bond () critical points. With
respect to the total bond critical point densitgreasingly stablelustes haveincreased
density at BCB. Interestingly, the cage, which is slightly less stable than the prism, has a
total BCP density thiais slightly (0.004 a.u.) higher. The cause for this may in part be due
to an QO bond critical point in the cage structure which increases the total BCP density
by 0.0049 a.u.; the @ BCP is discussed in more detail in the next section. In the

relationdip between hydrogen bond critical poifiBCPs)and total stability the prism
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is a clear deviant, with a much lower total HBCP density despite having the greatest
number of hydrogen bonds. The cage has the highest total hydrogen bond critical point
densty. For total density at covalent bond critical points there is no clear linear relation
between the total covalent BCP density and the overall stability for the clusters, however,
it is evident that systems having larger total HBCP densities also hailerdotal

covalent BCP density, again with the exception of the aageprisnstructures.
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Figureb.7 Total electron densities for bond critical points plotted relative to the
interaction energy of eaclekamer clusteri_eft panel: all BCPs in the cluster
(including cage @ BCP). Center panel: only covalent-t) BCP densities. Right
panel: only hydrogen bond (O) BCP densities.
The stability distribution observed in the critical point densities ¢ctflthe
cooperative influence on the hydrogen bonding in the clusters. Consider the prism, cage
and chair systems, with nine, eight and six hydrogen bonds, respectively. The chair
cluster has simple donor acceptor arrangement forming hydrogen bondarthat
enhanced by a strong cooperativity. The total density of the six HBCPs in the chair
2537 wcha acphe ri ast i0v. eLd) 5HB s

(defining a norcooperative HB as that of an isolated water dimer, with HBCP tyeofsi

structure is 0. a. u.,
0.0247 a.u.). Although the cage has complicated bonding interactions, an equal
distribution ofdd,sa sd,saandsd,dawaters results in a minimal amount of anti

cooperative interactions present and thus the possible cooperative interactions are
maximized. The cage has a total HBCP density of 0.2620 a.u. which is 0.0644 a.u. greater
than eight norcooperative hydrogen bonds. For the prism, the equal number of double
donor and double acceptor interactions, with no single donor, single acceptorsjmesults

two strongly stabilized waters but also two waters which have a greatly reduced
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stabilization from forced antiooperative interactions. The prism has a total HBCP
density of 0.2543 a.u., which is only 0.0320 a.u. greater than would be expectea for nin
nonrcooperative bonds. Considering the individual HBCP densities in the prism, we also
note that there are five hydrogen bonds that have HBCP deihsiesthan that of the

dimer. There are four such HBCPs in the cage, two in the bag each book. and

book 2, and none in the 2D chair and boat structures. The bond critical point values for

all structures can be found Figure5.8.
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Figure5.8 Molecular graph plots of hereer structures showing bond critical point
electron density values (a.u.) for all hydrogen bonds pisifteraction in cage
structure The HBCP value for the dimer is 0.0247 &£omplete critical point data

(including covalent bonds) is available in thgporting information. Plots were created
using AIMAII.

5.4.40xygenoxygen bond critical point

As well as the expected covalent and hydrogen bond critical points in the cage water
clusters, there is also an oxygexygen (GO) bond critical point found betweeavaters
D andB. Pakari and EskandafiL64] studied a set of enol forms of-b-diketones and
have provided detailed analysis on what constitutes a stabiliz@gr@eraction for those
systems, including bondngths, density at BCPs and ellipticiti/e note that in the cage
cluster the @0 distance is 0.51 A longer than the longest report€l distance in the

Eskandari study (2.90 A) and has a BCP density of @.804 just overhalf of their
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reported lowest value (0.0088 a.u.). Jenknal [165] have closely studied the critical

point topology for clusters of 4, 5, and 6 waters. They report that structures containing O
O critical points with highly strained bond paths (designated by the deviation of bond
path lengthBPL, from the bond length)an be more energetically stable if they obey
BernatFowler ice rules, but are otherwise unfavourable. In the cage dleaptated here

the BPL deviation is very small, only 0.005 A. Although Jenkinal do not discuss an

O-0O bond critical point for theage structure, they report ar@BCP in the boat

structures which is not present in our evaluation at the SCVS MP2épMTZ level.

There is an @ BCP in the boat structures when evaluated at the SCVS MP2/6
311++G(d,p) level. This impact tfpeof basis setég. Poplevs.Dunning) on the

electron density topology is interesting given the level of theory. We note that the-boat O
O BCP, with a very small value of electron density (0.00024 a.u.) and very large
ellipticity (2.33), is not a stable poimt the density topology. The-O BCP in the cage is
present when evaluated with either Dunning or Pople basis sets. Despite the@age O
BCP density being significantly larger than in the boat (0.00487 a.u. for the Dunning
basis set using SCVS), one miglhitl argue that this is not a stabilizing interaction for

the cage structure due to its laggjkpticity value (1.85). We would, however, like to

point out that there is a low vibrational frequencyH&D bending) present in the cage
structure that bringthe oxygens closer by ~0.2 A (unscaled). It is possible that this could
become a stabilizing interaction when this vibrational mode is accessible to the cluster
(i.e. at temperatures above 0 K)could bearguel that any geometry change will cause
themarginally stable critical point to simply disappear (see referdice. 84), however
given the norvanishing value of electron density at the BCP this is not likely. We
conclude that this @ BCP is a stable point on the cage topology and contributées t

overall stability of the cage structure.

5.5 Summary and Conclusions

In this report we used changes in atomic energies to describe the local stabilization of
water molecules and their constituent atoms in eightlyavg water hexamer clusters:

prism, cg@e, bag, book 1, book 2, chair, boat 1, and boat 2. The atomic enpmyieke
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critical insightinto the unequal distribution of stability within each cluster and a reduced
potential for cooperative stability as the dimensionality of the clusters insrigage 2D

to 3D, where the hydrogen bonds may be either cooperatively stabilized-or anti
cooperatively destabilized. In the chair system, all hydrogen bonds are cooperatively
stabilized to an equal extent, resulting in similar energy changes within eachyae
(oxygens, hydrogen bonding (HB) hydrogens andiH8rhydrogens). In the boat

systems, small deviations from symmetry result in similarly small deviations in
distribution of atomic stability; narrowed GHD angles and increased bond lengths

reflect hie lowered atomic stabilizatioms thewaters. For the 3D systems (boat 1, boat 2,
bag, cage and prism), the atomic stabilization varies widely depending on the water in
guestion and the bonding interactions of its neighbours. The numbersdbH&ach

water, as well as th@rangemenand number of hydrogen bonds formed by

neighbouring waters, can enhance or diminish the net stabilization. In general, waters
which donate both hydrogens to form double donating interactions have an increased
stabilizationand waters which accept two hydrogen bonds experience a decrease in
stabilization, as a result of cooperative and-aatiperative effects. Similarly, watetsat
interact with a double donor water are more stabilized than whegiateract with a

doubk acceptor water. In many cases a wateleculemay have a largely stabilized

oxygen atom but an overall stabilization that is diminished due to the destabilization of
the watero6és hydrogen at oms. I n the prism
of hydrogen bonds (with all waters either doubly donating or doubly accepting) comes at
the price of a lowered overall decrease in the strength of most of these hydrogen bonds
along with a large destabilization of the AdB hydrogen atoms.

Bond critical pant (BCP) electron densities indicate that the chair system has the
greatest cooperative stability of the clusters, with the highest values of electron density at
hydrogen bond BCPs and reduced covalent BCP densities. The cage is at a balance point
havingboth large covalent BCP densities and large hydrogen bond BCP densities. The
overall stability in the prism is largely due to strong covalent bonds rather than strong
hydrogen bonds; it has the lowest average BCP density per HB. The cage structure also
hasan oxygeroxygen bond critical point which may factor into the experimentally
observed stability of the structure.
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5.7 Chapter Summary and Relevance

In this chapter, as in Chapter 4, it is found that the oxygen aoenstabilizecand the
hydrogen atomare destabilizeth the water hexamer3he planaiike hexamersystems
(chair and boat 1 and 2) continue the trendradn-linear inaease in atomic energy change
as number of hydrogen bonds increa§Emperative stabilitypswas observed fortthe
trimer to pentamer cluster$his cooperative trends diminishedwhen clustes change
from nearly planar to thregimensional. Therism, @ge, and bag clusters can have local
water stabilitiesdiffering up to 5 kcal mél as a result of mixed cooperatia@d anti
cooperative interactionétomic energies reveal that manycases a watenoleculemay
have a largely stabilized oxygen atom thenet water stability will be diminished due to
thedest abi | i zat ihydrogencatoms Analysisva boed cétisal po{BICP)
electron densities shows that the reduced cooperativity results in a decrease in hydrogen
bond strength and an inase incovalent bond strengtlas ismost evident in the prism.
This chaptedemonstrates that QTAIM energy analysisusafultool to evaluae a variety

of complicated watewater hydrogen bond interactions.
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Chapter 6 CooperativityBetweenHydrogenBonds anderyllium
Bonds in (HO),BeX; (n = 1 3, X = H, F)Complexes. A
New Perspective.
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L. Albrecht, R. J. Boyd, O. M6, M. YafeRhys. Chem. Chem. Phy2012)14, 1454014547 DOI:
10.1039/C2CP42534C- Reproduced by permission of the PCCP Owner Societies

The following chapter was a collaborative effort. The contribution from this author was

to provide the QTAIMenergiesanalysis andomediscussion related tihe atomic

energies. The chapter is included in this thesis because it provides a useful example of the
application of atomic energy analysis to small cluster systems which incorporate elements
other than those in pure water clustgraryllium and fluorie). It also demonstrates the

use of a theoretical method other than MP2 for the analysis of atomic energies.
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6.1 Abstract

The interaction of BeX(X = H, F) with water molecules has been analyzed at the
B3LYP/6-311+G(3df,2p)//B3LYP/631+G(d,p) level of they. The formation of strong
beryllium bonds between water molecules and thezBleXivative triggers significant
electron density redistribution within the whole system, resulting in significant changes in
the proton donor and proton acceptor capacithefwater molecules involved. Hence,
significant cooperative and artooperative effects are present, explaining why there is
no case in which the global minimum corresponds to a tetracoordinated beryllium atom.

In fact, the most stable clusters can bevei@ as the result of the attachment of BexX

the water trimer and the water dimer, respectively, and not as the result of the solvation of
the BeX molecule. We have also shown that the decomposition of the interaction energy
into atomic components israliable quantitative tool to describe all the closbell

interactions present in the clusters investigated herein, namely hydrogen bonds, beryllium
bonds and dihydrogen bonds. Indeed, we have shown that the changes in the atomic
energy components areroelated with the changes in the strength of these interactions,
and they provide a direct quantitative measure of cooperative effeatydingerms of

energies.

6.2 Introduction

Beryllium and its derivatives are extensively used in the chemical indu$By167]
[168]. Just to mention a few of their applicatioelementaBe isemployedas an
alloying agent, in a low percentage, to producelagyeening alloys such as Be{l69]
[170] with many applications ithe electronis industry[171-173]. Its highmelting point,
low density and high thermal conductivity make it a useful material for heat dissipation
[174-175]. Since thel980's it has beeawmsed to fabricateghtweightmirrors with good
dimensional stability176-178]. Due to its low thermal neutraabsorption Beis also
employed as moderator in nuclear reactors. Its oxide is a very good heat conductor, but at
the same timeés an excellent electrical insulator used in telecommunicatod in

ceramicg179-182]. Its chloride derivative catalyzesafirriedelCrafts reactiorand
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forms many interesting complexg$66]. Be and its compounds aneweververy toxic
mainly if inhaled as dudeading tathe secalledchronic beryllium diseasg83-185].

This has motivatechuchinterest in unravelinghe mechanisms behind the high toxicity
of this element. In some of these studidgs been suggested that&gs as a

"tetrahedral proton" displacing"™Hirom strong hydrogen bond$86-190]. This implies

that strong hydrogen bonds are an ideal binditegfor Be. Besideshis nev binding
mechanism seems é&xplain how Be migrates through a biological system passing from
oneprotein to another via exchangeable hydrogen s{if0].

These ideas are essentially based on the formal similarity betwesrdHB&" ions.
Furthermore, neutral beryllium derivatives have been shown to lead to very strong
closedshell interactions with typical Lewis bases, forming what have been named
beryllium bond4191] becaus®f their similarity with conventiondlydrogenbonds
with which they share some common characteri§tig@$]. One of the most important
signatures of many closesell interactions is cooperativity, reflected in changes in their
strength when more than one of these interactions occurs in the sagme. syst
Cooperativity has been extensively studied in hydrogen bonded syfl@ih492208]
but it is also present in other weak interactif#@9]. In this respect, it has been shown
very recently that cooperativity is rather strong between beryllium aee am intra:
molecular hydrogen bonds, in such a way that the strengths of both-steeed
interactions become mutually altef@d.0]. For instance, the intramolecular hydrogen
bond (HB) holding together the imidazole dimer becomes significantly reedawhen
the imidazole monomer acting as the proton donor forms a beryllium bond withoBeH
BeFR: [210]. Also of importance, when the BeXholecule is attached to the imidazole
acting as the HB acceptor, the HB cleaves and is replaced by a berylliurarizbad
dihydrogen bond (structueein Scheme L One of the most important findings is that
the complex in which Be is tetracoordinated to the two X ligands and the two imidazole
molecules (structurle in Scheme 1is not the global minimum on the potetenergy
surface, as might be expec{2dO].
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Schemel

Hence, although Be has a clear propensity to be tetracoord|t8&d88, 189, 211-
212], the formation of beryllium bonds may favor arrangements in which the level of
coordination is clearly smaller, because of the significant electron density redistribution
associated with the formation of beryllium bonds.

Since water is ubiquitous in the physiological mediamnificant attention was paid
to the way in which B¥ interacts with water. It seems well established th&t Bems
tetracoordinated clusters when interactvith water[188, 212-213)], followed by the
deprotonation of one of the water molecules. It is not evident however whether this
arrangement would be prefed when Be is already attached to two ligands but is still
able to form stable beryllium bonds. Hence we have considered it of interest to
investigate here the effects that beryllium bonds may produce on the hydrogen bonds
which stabilize water clusterBor this purpose we have taken as suitable model systems

the water dimer and the water trimer interacting with bothBeatd Bek.

6.3 Computational details

In our theoretical survey of the complexes between the water dimer and trimer with
BeX2 (X = H, F) wehave used the B3LYP hybrid density functional metfidi-215],
because it has been shown to be well suited for the description of water ¢iL&kers
216-217], provided that a sufficiently flexible basis set is used. As well, this hybrid
functional prowdes a reliable description of beryllium borjd81]. More importantly,

B3LYP has been shown, using G4 calculations as a reference, to be a reasonable choice

when trying to describe simultaneously beryllium bonds and hydrogen [ir@¥sin

fact other fuctionals that performed better than B3LYP as far as the description of HBs
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is concerned, such ¥8LYP, M05-2X, M06-2X or B97D methodsfurn out to not be a

good alternative when both beryllium bonds and hydrogen bonds coincide in the same
system[210]. This is because thaynderestimate the strength of fioemer, but

overestimate the strength of the latter, whereas the B3LYP approach slightly
underestimates the strength of both cleskell interaction$210]. Nevertheless, using

the clusters of BelHwith two water molecules as a suitable benchmark case we have
verified that the relative stability order found at the B3LYP level is in agreement with the
one obtained through CCSD(&¢faugpV QZ single point calculations carried out on
CCSD/631+G(d,p) optinzedgeometriesgeeTable B1 of the supporting information
Appendix B.3.

For the geometry optimizations and the evaluation of the harmonic vibrational
frequencies a-81+G(d,p) basis set expansion was used. Final energies werategan

single point calculations carried out with a large818.+G(3df,2p) basis set. The

harmonic vibrational frequencies were used to assert that the stationary points found were
local minima (having no imaginary vibrational frequencies) on the sporeding

potential energy surface (PEShe interaction energies it have been calculated by
subtracting from the total energy of each complex the energies of the isolated monomers
in their equilibrium conformation.

Beryllium bonds are characterized & significant charge transfer from the lguers
of the Lewis base (in this case the oxyd@me pairs of a water molecule) towards the
emptyp orbital of Be and to thegex* antibonding orbital of the Bexmoiety[191]. An
efficient way to quantify thee charge transfer interactions is through the NBO second
order interactions between the occupied orbitals of the Lewis base (the water cluster) and
the empty orbitals of the BeX.ewis acid[218]. Also in the framework of this approach
it is possible to alculate the Wiberg bond orders which also provide a goodtitptave
measire of the strength of the bofiil9].

An alternative and complementary view can be obtained through the quantuyn theor
of atoms in molecules (QTAIMJL, 57], based on a topologicahalysis of the electron
density. Using this approach it is possible to define thea#led molecular graphs of the
system as a thredimensional plot, which shows the posisai the maxima of the

density, associated with the positsaf the nucleias well as the firsbrder saddle points
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(usually called bond critical points, BCPs). The molecular graph is completed by adding
the bond paths, which are the lines connecting two neighbor maxima, passing through the
BCP between them. The electron denglig, Laplacian of the density, and the energy
density calculated at the BCPs provide useful information about the strength and nature
of the interaction between two atoms in the molecular system.

A further perspective iavaileble within the framework o TAIM is basedon the
evaluation of atomic energypmponent$3-4]. QTAIM defines atoms as open systems
bounded by zero flux surfaces, called atomic basins. Integration over these basins yields
very accurate atomic information. The QTAIM method is welluoented and further
technical details for atomic energy evaluation are described in ref¢ddntichas been
demonstrate{B-4] that atomic energies are a useful tool for describing internal energy
changes in weakly bound systems. The changes in atoergies correlate to changing
atomic stabilities within the system, thus giving insight into the distribution of the
stabilization and destabilization present in the BEXO moieties. The atomic energy
changedor the clusters are calculated with resgedhe energy of each atom as it exists
in the BeX or HLO monomerGaussian 0970] was used to generate the B3LYP/6
31+G(d,p) wave functionwhich were then analyzed using the AIMAII suite of programs
to evaluate the QTAIM properti¢89].

6.4 Results and dscussion

Themolecular graphs of the clusters formed by two and three water molecules with
BeH, are shown irFigure6.1. The analogous graphs for the BeBmplexes are shown
in Figure B.1of the supporting informatio(AppendixB.3). Figure6.1 also includes the
molecular graphs of BerH.O:BekH, water dimer and water trimer, in order to facilitate
the discussion of cooperative effects. The nomenclature adopted hereafter is as follows:
the water dimeBeX: clusters will be named in general\&®(BeX2). The different
stable minima will be identified by addirsgb to this acronym, following a decreasing
stability order. The same convention will be used to name the clusters involving three

water moleculesthe general acronym being in this c¢€&(BeX2).
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Figure6.1 Molecular graphs of {D:BeH;, water dimer, and water trimer and the
optimized clusters formed by two and three water molecules with. Bgd ts
denote BCPs. Electron densities are in A.andB denote respectively the BeH
molecule and the water molecule attached to through a beryllium bond.

The corresponding optimized geometries are summarizedle B.2of the
supporting informationTable B3 collects the B3LYP/&1+G(d,p) and B3LYP/6
311+G(3df,2p) total energies. The interaction energies as well as the relative energies of
the different complexes, referring to their corresponding global miniraaiaen in
Table6.1 The interaction energies of the water dimer and water trimer, as well as those
of H.O:Berk and HO:Bek are also reported to facilitate theadysis of the result$:or

the sake of simplicityin what follows we will discuss in detail only the characteristics of
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the Behb clusters, which can be easily extended to the clusters that involya8éfe

Lewis acid.

Table6.1 Interaction energies (& kJ moth)?and relative stabilitie€G°208 kJ mot')®
of the complexes formed between water dimer and water trimer with BexH, F).

WD(BeH,)s WD(BeR)s WT(BeH,)s WT(BeR)s
S | Bnt DG%gs | Eint DG%gg Eint DG%gg Eint DG%gs
A |-138.2 [ 0.0 -159.9 0.0 -195.3 0.0 -220.8 0.0
B |-1229 | 14.2 -148.1 12.5 -190.4 2.5 -219.1 0.05
C -182.5 15.8 -214.0 11.7
D -169.4 17.7 -192.4 19.2

aThe interaction energies for the water dimer and the water trimer at the same level of accurabylare:
and-72.4kJ mol?, respectively. The ieraction energies for complexdsO:BeH; and HO:BeF, are-77.6
and-90.4 kJ mat, respectively® Relative stabilities have been calculated at the B3LYP/6
311+G(3df,2p)//B3LYP/631+G(d,p) level of theory.

ForWD(BeH2) conplexes only two stable local minima have been located.
Interestingly, he lessstable one corresponds to the structure in which Be appears
tetracoordinated forming two beryllium bonds with the water molecules. As could be
easily anticipated, the interaati@nergy for th&VD(BeH2)b clusters is less than twice
that of the HO:Bek complex since, as shown by the electron densities at the BCP, the
two beryllium bonds i'WD(BeH2)b are weaker than the one in®tBeX.. This is
because in the former Be behaves @ouble electron acceptdie structure of the
global minimum YWD(BeH2)a) results from the attachment of the Be>éwis acid to the
HB donor of the water dimer. For Behhis structure is stabilized through the formation
of an (O-:-Be) beryllium bond @ dihydrogen bond between one of the protons of
water molecul€C and an H in the BeHmnoiety (note that for BeRhis latter interaction
is replaced by a H---F hydrogen bond). Accordingly, the interaction energy for the
WD(BeH2)a complex is larger tharhé sum of the interaction energies calculated for
water dimer and for the 4@-BeH, complex. Note however, that the difference:
Ein(WD(BeH2)a) - Eint(water dimer) Eini(H20:BeX) (-35.5 kJ mof) does not measure
the strength of this additional H---H laibecause in th&/D(BeHz)a complex non
negligible cooperative effects appear. A perusal of its molecular graph clearly shows that
both the OH---O hydrogen bond and the Be---O beryllium bond become reinforced with
respect to the isolated water dimer andih®:BeH complex. Hence, the enhanced
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stability of thewD(BeHz)a complex with respect t&/D(BeH2)b is not only due to the
fact that the former is stabilized by three closedll interactions (one beryllium bond,
one HB and one dihydrogen bond) insteativaf (beryllium bonds), but also because two
of these interactions are reinforced due to cooperativity effects. Indeed the beryllium
bond becomes stronger\D(BeHz)a than in BO:BeH: because the water molecide
interacting with the Bekmolecule, is athe same time a proton donor to the water
moleculeC, enhancing its electron donor capacity. This reinforcement of the O---Be
interaction is also reflected in the NBO characteristics of this bond. Whereas in the
H2>0:Bek complex the GBe bond has a partation of 6% from the Be orbitals, its
participation increases to 8% in tD(BeH2)a cluster. Also the Wiberg bond order
goes from 0.290 to 0.336. The OH---O HB becomes reinforced as well, because the water
moleculeB acting as the HB donor is simultansbuacting as an electron donor to Be,
which strongly enhances its proton donor capacity. On the top of that, the donor acceptor
capacity of water moleculg is enhanced becau€eis not only a proton acceptor with
respect td, but also a proton donor the OH---HBe dihydrogen bond with respecito
Again, this is reflected not only in the increase of electron density at the BCP from 0.025
a.u. to 0.045 a.u., but also in the NBO second order orbital interaction energies, which
show that while in the watelimer the interaction between the O lone pair of the HB
acceptor and theor* antibonding orbital of the HB donor is 29 kJ mpthe same
interaction in theVD(BeH2)a cluster amounts to 81 kJ mol

Four different local minima have been located for Beldsters involving three water
molecules. The three less stable complexes arise from the solvatMin(BeH2)a and
WD(BeHz2)b with a third water molecule. Starting frodD(BeH:)a, when the third
water molecule solvates the water moled®ildirectly interating with BeH, one obtains
the G symmetry structur®/T(BeHz2)b. If the third water molecule solvates water
moleculeC (the one not interacting with the Bghholecule) then the much less stable
clusterWT (BeH2)d is obtained. Local minimuv T (BeH2)c arisesfrom the solvation of
the Be tretracoordinatedD(BeH2)b complex.Due to the symmetry of it complex,
regardless of which water molecule is solvat&oiC) the resulting cluster is the same.
The global minimunWT (BeHz)a wasobtained by attaching BeHlo one of the oxygen

atoms of the water trimer. Although the three oxygens in the water trimer are not strictly
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equivalent, no matter which oxygen is chosen for theBdtdchment the optimization
always yield3NV T (BeHz)a. It is important to notice that ithis cluster, one of the HBs in

the water trimer has been replaced by a beryllium bond and a dihydrogen bond. Similar to
what was already found f&WD(BeH2)a, in this case the cooperative effects are
significant and responsible for the enhanced stalaifithis structure with respect to the
tetracoordinated BaNT(BeH2)b). Indeed when the molecular graph of the complex

WT (BeHz)a is compared with that &/ D(BeHz)a, one may observe that besides the

new, rather strong, HB formed betwe@mandD (electron ensity of 0.040 a.u.), the
electron density at the BCP of all the other cleskell interactions increases: for the
beryllium bond betweeA andB from 0.063 a.uto 0.066 a.u., for the HB betweBmand

C from 0.045 a.uto 0.060 a.uand for the dihydrgen bond betweeld andA, from

0.023 a.uto 0.031 a.uThese changes in the electron density distribution reflect the
changes in the charge transfer between the monomers integrated in the cluster. In fact,
going fromWD(BeHz)a to WT (BeHz)a, the O-Be bondfurther increases the

participation of Be orbitals from 8% to 9%, whereas the Wiberg bond order goes from
0.336 to 0.442. Similarly the NBO interaction energy between the O lone pair of water
moleculeC and theson* antibonding orbital of the water moldeB increases from 81

kJ motin theWD(BeHz)a cluster to 140 kJ mdlin theWT (BeH2)a cluster.

Cooperative effects also appear in cluster(BeHz)c. A comparison of its molecular
graph with that of'WD(BeH2)b shows that the beryllium bond betwe®mandB is clearly
reinforced whereas the other beryllium bond (betweamdC) remains unperturbed.
Also, the HB between both water molecuBeandD is stronger than in the water dimer.
Conversely, the formation & T (BeHz)b leads to both cooperative and atioperative
effects. The electron density at the beryllium bond critical point (betvesardB)
increases from 0.063 a.u. to 0.071 a.u., when going YiniBeHz)a to WT (BeHz)b but
the electron density at the HB critical points between the water mol¢@+BsndB-D)
and at the dihydrogen bond critical poirdsC andA-D) decreases from 0.045 ata.
0.036a.u. and from 0.023 a.u. to 0.020 a.u., respectively. The enhancement in the
stability of the beryllium bond reflects the increase in the electranrdmpacity of the
water molecule interacting with Belecause it is acting as a double proton donor. For

this same reason the HBs between this water molecule and the other two become weaker.
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6.5 An alternative perspective in terms of atomic energy compants

In thissection we will show that the decomposition of the total interaction energy into
atomic energy components offers a new perspective for analysis of the bonding
characteristics of different closethell interactions, also accounting for the obed
cooperative effects.

In Figure6.2 we have plotted the same systems dSgure6.1, however the atoms
are represented in a way to visually indicate the changes in atomic energy. Atoms
experiencinga negative (stabilizing) energy change are red and atoms experiencing a
positive (destabilizing) atomic energy change are blue. The size of the spheres
representing the atoms is directly correlated to the magnitude of the atomic energy
change. Thus a larged atom is greatly stabilized while a small blue atom is slightly
destabilized. The values of the atomic energy changes have been labeled. The atomic
energy changes are calculated with the respect to their value in the corresponding free
monomer, evaluad in its equilibrium conformatiotomic data for Belland Bek
systems as well agaphs for the BefH>O complexes are available in teapporting
information(Appendix B.3.

The first conspicuous fact is that in water clusters the oxygen atoms éstaiilized,
whereas all hydrogen atoms become destabilized. This result quantitatively confirms the
idea that the hydrogen atoms strongly contribute to mitigate the electron density
redistributions produced by charge donations, ionizations or chantjes in
electronegativity of the heavy atoms of a molecular sysfems explains for instance
why the ring strain energy of the threemberedhlkyl ring decreases dramatically on
going from the perfluorinated cyclopropane moleculertsubstituteayclopromne,
[220-221] or whythe relative stability of carbocations and carboan[@88] decreases
with ther degree of substitutiomndmore recently why the interaction energies of
CoH2F2 with CuF are weaker than those calculated for the unsubstituted parent
compound, whereas f@-F>, which does not contain hydrogen atoms, gives the opposite
result[223].
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Figure6.2 Change in atomic energy for the formation of water dimer, trimer, and
BeH:(H20),, n=1-3, sysems Values for the relative energy change of each atom are
labeled (kJ mot). Stabilized atoms are red, destabilized atoms are blue. Atom size
corresponds to the magnitude of energy change. A, B, C, and D denote labels as in
Figure6.1. For hydrogens wbh are hidden the energy is included in parentheses. The
atomic energies for the atoms in Beadhd HO monomers are: Be3.78x10), H (-
2.02x16), and O (1.98x19, H (1.03x10), respectivelyin kJ mot’. Structures were
prepared using VMD softwaifé14].
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When a beryllium bond is formed, for instanceéhiaH>.O:BeH: complex,the Be atom
becomes systematically destabilizédng with the hydrogen atoms attached to it,
because the measure of stabilization is closely related to the accumulation of electron
density on the atom in question. When a dihydrogen bond is formed, for instance in
WD(BeHz2)a, the hydrogen of water molecuBeparticipating in the bond destabilizes
more than the H present as a spectator. Conversely, the negatively charged hydrogen
atomof A participating in the bond is stabilized with respect to the one not directly taking
part in it. Similarly, the hydrogen atowhich participates i@ HB is theone which
destabilizes the most. Let us consider, for instance, the water trimer. Thiyitiregens
participating in the hydrogen bonds have destabilization energies around 100kJ mol
whereas for the H atoms which do not participate in the HBs these values are around 12
kJ mof?,

Furthermore, the larger the destabilization of the H atoticgaating in a HB the
stronger the HB. This is clearly seen when comparing the values for the water dimer and
water trimer. In the former, the relative atomic energy of the H atom participating in the
HB is 61 kJ mot, whereas in the latter these enesgiee around 100 kJ mblas it
corresponds to stronger HBs in the trimer than in the dimer. Similbegreater the
destabilization of the Be atothe strongetheberyllium bondin which it participates.
Compare, for instance the values of:BeH: with those oWD(BeH2)a).

These results clearly show that the changes in the atomic energy components mirror
the corresponding changes in the strength of hydrogen bonds, beryllium bonds and
dihydrogen bonds and therefore they should be able to accouiné foooperative
effects. In the previous section we have shown that in chAétgBeHz)a cooperative
effects reinforce the beryllium bond, the HB betwBesndC, and the dihydrogen bond
betweerD andA. In perfectly harmony with these findings it is obv&et that on going
from WD(BeHz)a to WT (BeHz)a the destabilization energy of the Be bond increases
from 312 kJ mot to 324 kJ mof and at the same time the destabilization energy of the H
of water moleculd participating in the HB, and the H atom of wateoleculeD
participating in the dihydrogen bond also increases by 8.2 and 4.3 %Jresgectively.

It is worth noting that in the dihydrogen bond, not only the H of the water molecule
becomes more destabilized (by 4.3 kJ fobut the H of the BetHmoiety becomes less
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destabilized (by 10.8 kJ m¥). Finally, the atomic energy components also show that the
new HB formed between water molecu@sndD is weaker than the one present
betweerB andC, since the destabilization energy of the H partionggin the bond is
48.2 kJ mot smaller. This is not surprising if one takes into account that molBcule
transfers charge to Be and this dramatically enhances its intrinsic acidity and therefore its
proton donor capacity. The same trends are observeédef@omplexes involving Beks
shown inFigure B.2of the supporting information. This figure shows that going from
WD(BeF2)ato WT(BeF2)a the destabilization energies of the Be atom and of the H
atoms participating in thB-C andD-A HBs increase by B, 18.4, and 10.9 kJ md|
respectively. Note that coherently, the stabilization energy of the fluorine atoms
participating in the F---H HB increases, in absolute value, by 19.7 k3. mol

The atomic energy components also account forcaperative effets. This is
apparent form the calculated values of clugi@r(BeHz)b with respect to those of
WD(BeH2)a, from which it derives. The Be destabilization energy in the former is 15.9
kJ mof! larger than in the latter, indicating a clear cooperative effamtyversely, the
destabilization energy of the H atoms of molec@emndD participating in the HBs
decreases by 5.9 kJ mipindicating in this case some antioperativity. The same
applies to the H atoms of both water molecules participating in tiydrdipen bonds,
whose destabilization energies decrease by 10.0 k3. @oherently, the destabilization
energy of the H atoms of the Bghhoiety involved in these dihydrogen bonds increases
by 6.1 kJ motl.

It should be emphasized that the advantagesioguatomic energy components to
analyze cooperative effects, with respect to other methods that are based on the analysis
of the electron density, is that they provide a quantitative measure of these effects directly
in terms of energies. In fact, wherettveak interactions involved in the cluster are of the
same kind, as for instance in the water trimer, the calculation of the energy of each of the
three HBs involved in this cluster using the atomic energy components is straightforward.
Additional work, lowever, is required to see whether it would be possible to calculate the
energy of the closehteractions stabilizing the clusters when they have a different

nature, as iWD(BeXz) or WT(BeX2) complexes.
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6.6 Conclusions

The interaction of BeX(X = H, F) with water molecules leads to the formation of
strong beryllium bonds. The significant electron density redistribution these -dbskd
interactions produce in the whole system results in significant changes in the proton
donor and proton acceptor capaafithe water molecules involved. This is evident from
significant cooperative and argooperative effects. The existence of cooperativity
actually explains why the tetracoordinated beryllium atom is not present in the global
minimum of complexes with twor three water molecules. In fact, the most stable
clusters can be viewed as the result of the attachment oftBébe water dimer and the
water trimer, rather than as the result of the solvation of the Belecule. Thus, in the
WD(BeX?2)a cluster the BX> molecule interacts with the water acting as a HB donor,
strongly reinforcing the watexater interaction and closing a ring through the formation
of a dihydrogen bond with the HB acceptor. SimilAfiy (BeX2)a can be viewed as the
result of replacing amof the HB in the water trimer with a beryllium bond plus a
dihydrogen bond, also resulting in very large reinforcements of the-water
interactions.

We have also shown that the decomposition of the interaction energies in atomic
components is a vergliable tool to describe all these clossell interactions and that it
could very likely be extended to other interactions, such as halogen bonds or agostic
interactions. The changes in the atomic energy components are correlated with the
changes in t strength of the interactions, and can therefore account for cooperative or
anti-cooperative effects.
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6.8 Chapter Summary and Relevance

This chapterdemongtatesthat significant cooperative and astooperative effects are
present in the interaction of beryllium halides and its derivatives with small water clusters,
which explains the lack of a tetrahedral global minimum for the beryllium interactions.
Changpsin the atomic energy componemt®ecorrelated with changes in the strength of a
variety of closedshell interactions, inclushg hydrogen bonds, beryllium bonds and di
hydrogen bondsnd providea quantitative measure of cooperative effects directigrms

of energies.
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Chapter 7 WaterWiresInteractingwith One orTwo lons
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In the following chapter atomic energies are used to evaluate the local changes in water
wires as they interact with ionghis local analysisestablished in earlier chapters, allows

the total stabilityof the water wirdo be decomposed into contributions from theven
contributions from the water moleculés interestingrendis revealedthe stabilizingor
destabilizing effecof the ions on the water molecules correlatedto the traditional
classificationof ions as structure makersr structure breakers/isualization ofatomic

energy changes for the protonated water wires emphasizes the usefulness of this method
for asimplevisual assessmertf local changes in stabilityn the final sectiora counter

ion is introducedo evaluate the effect of twgposing ions on the water wifgond critical

point values as well as oxygemxygen bond distances are used to support atomic energy
analysis.
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7.1 Abstract

Water wires provide necessary function in cells involving the movement of water
molecules and ions across membranes. We report a series of highbléviéb (MP2)
calculations on (kD). water wires up to n=7, interacting with a set of halatesand
alkali and alkalineearthmetalions (X = CI, Br, F, H*, Li*, Na', K*, C&"). We use
B a d eatordssin molecules analysi@TAIM) to report the change in local (atomic)
stability within the water wire after the ion is introduced. Interaction withF, Li*, and
Na' resuts inthenet stabilizatiorof waterrelative toa neutal water wire Interaction
with K*, C&*, CI, and Bryields a net destabilization relative to the neutral water wires.
These trends reproduce properties of kosmotregichaotropic ions. Protonath of the
water wire results in a clear shift in the local stability, with an asymmetric distribution of
energy as the wire increases in length. Hydreg@mdng H atoms are always
destabilized, but the atomic energy for the-hgdrogen bonddH atoms inceases for
cations and decreases for anions. We also evaluate systems containing two ions, NaCl
and KCI, separated by an n=7 water wire. The local water stability in the presence of

counter ion is essentially the sum of the individual influences ofisalzdied ion.

7.2 Introduction

Water wires are chains of water molecules connected through hydrogen bonds. They
can be isolated in metakrganic frameworkf224-226], are present in aqueous abiase
neutralizatiof227-228] and play a key role in the mechsmis of some enzym¢§229]

[230]. Of particular importance is the nature of water wires in various forms of
confinement, including carbon or boron nanotul284-236], hydrophobic crystal
channelg237], and peptiddased nanotubg238-240]. This keen inteest is due in part
to the fundamental role of water wires in cell life. They have an active role in many
biological systems including aquaporif&i1], potassium channe[242] and proton
channelg243-248]. These membrane pores provide the mechanisthéonovement of
water molecules, ions and H+ protons in and out of {&418]. Hydrophilic functional

groups lining channel pores may be incorporated into the hycitomyeated chains
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crossing cell membranes and local environment likely has a large toke stability and
function of water wires. Computatial studies on water wir@gll thusoften include a
representation of the membrane pore, employing molecular dynamics (MD) analysis to
maintain computational efficiency. the MD approachchemical ingractions are
modelled using sophisticated empirical approximations (forcefieldshawelthe ability
to simulatedynamic behaviour of water and ions in the channels. Askeytcomingpf
forcefield representation anoversimplified description of watébehaviour. Common
models such as TIP3P and SPC/E describe water molecules-pslannable point
charges constrained to a rigid geometry, quantum behaviour such as bond breaking and
proton transfer is not possible, and the models are generally patiaetete reproduce
bulk water propertietsee Appendix A.1)This design significantly influensehe final
water structur¢233]. For example, lack of polarizability can have a substantial effect on
the dipolesf water wires inside GramicidiA channelg250]. Care must be taken when
interpreting reports of novel hydrogen bond environments for viidlear channels
described using these methods. We note that some approaghtte MSEVB
approactj251], do allow bonebreaking/formation and have bestcessfullyapplied to
describeproton channelslespite not including water properties such as electronic
polarizability and nuclear quantizati¢262].

An alternativeto the MD approach is to usab initio methods to evaluate isolated
water wires. Early @alculations applietHa r t r e (#IF) Bnalgsi253-254]to map the
potential energy surface of proton transfer in water by evaluating the stability of
H*(H-0)n wires in gas phase environment using frozen geometries. More recently,
Patharasarthet al [255] fully optimized reutral water wires up t80 molecules long
using densityfunctional theory (DFT), HF and Mglld?lesset perturbation (MP2)
approaches in gas phase to show that cooperativity increases at a much greater rate for
water clusters than water wires. In fact, slygstems of & waters did not form stable
linear minima when optimized using the MP2 method but rather tended to optimize as
clusters. Karakust al [256] used DFT to evaluate water wire formation in highly
charged environments, in order to study watesrmpmena observed in mass spectrometry
experiments. Sastet al. employed DFT to study the subsequent binding energy of
neutral clusters of water molecul@$7] and chains of water interacting with a set of
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mono and divalent ions, considering the influwe of ions on the cooperativity of the
water interactiorf258]. They found that cooperativity as well as the ions influence was
reduced dramatically after addition ef32vater molecules.

Membrane pore channels can be highlysetective, and many famts governing
thar ion selectivity are still unknown. In part, this is because the nature -ofater
interactions remains a unique area of chemical discd268/264]. A recent
experimental study has shown that water interacts cooperatively withveeigats and
anticooperatively with positive ion@65], further reinforcing our interest in the nature
of ion influence on water. Evaluating the local response of waters tiniansater wire
environment would provideovelinsight into the nature dheseinteradions, perhaps
elucidatingdetails of the mechanism behind the impressive ion selectivity of some
membrane pores. Such a stadlyoprovides a interestingpne-dimensional look at the
generabehaviour of ioAwater solvation.

In this report we ealuate the local properties of neutral water wires using MP2
anal ysi s gaamtdm tBeard ahitonds sn moleculeQTAIM) [1]. We introduce
a set of alkali, alkaline eardnd halide ions to study how the wateithin the water
wiresareinfluencedby positive or negative ions. Finally we evaluate two systems with
pairedion interactions to evaluate the influence of a counter ionQTA&M analysis
providesthe ability to isolate the properties of individual waters in each water wire and to
directly compare the influence of the ions on the water wire. We also consider local
bonding information obtained from bond critical point analysisvall asgthe geometries

of the water wires.

7.3 Computational Methods

We study water wires up to 7 waters in length3 A long) with a helixype
geometry. Although the length of a channel spanning a typical biomembrane may
accommodate chains up to 20 waters If#6$], the actual length of a water wire is likely
to be less: either existing in a narrow region withpoee or interrupted by functional

groups lining the channel of the pore. Additionally, the majority of studies on the
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structure of hydration of ionic salts use a molar ratio of water to salts betwkkeméth
a few studies up to §261]. This corresporglto an approximate mean distance between
ions of ~12 A, on the order of awater chain. The water wires were fully optimized
using the MP2 methof@2] with a Pople 6311++G(d,p) basis set usipussian 0970].
An IEF-PCM water dielectric was included help stabilize the water wires. The
calculations also apply setbnsistent virial scaling (SCV$y1, 71] which improves the
quality of the optimized wavefunction by simultaneously minimizing the energy with
respect to a scaling factor for all coordesgtmolecular orbital coefficients, and the
molecular geometrf63]. After the wires were optimized, an ion was introduced at the
appropriate end: H Li*, Na', K*, C&" at the hydrogen bond donor end, oy €I, Br at
theacceptor endand these struates were then fully optimized using the same level of
theory. Frequency calculations were used to ascertain that all structures evaluated were
true minima on the very complicated water potential energy surface. We emphasize that
these water structures aret global minima, which would likely adopt a clustered
geometry, but do represent local minima. The wavefunctions were evaluated using
AIMAII [69] to calculate critical points in the electron density topology and to
decompose the topology into local atarnontributions. There are many resources which
describe critical point analysis in detail, including the correlation between the properties
of the electron density at a bond critical point (BCP) and the nature of thaf33026 7-
272]. The local evaluain of atomic energies in water clusters hlsobeen previously
described in the literatufd-5, 7].

Local st (Apafdtoms igthe nquEal water wire (yWvere evaluated relative
to the energy of the isolated water monomer,

PE ( at odp=H(atom WW) i E(atom in monomer) (7.1)
where n is the number of waters in the water wire and E is its atomic ebecgy.

atomic stabilities for the water wires plus ions,()\are evaluated according to the

change in atomic energy relative to the ndwtiaer wire,

@E ( at o =E@tonWin W) 1 E(atom in W) (7.2)
where X is the interacting ion. @E(X) is e\
in atomiclAeQpr gy €¢stmp&bi |l i zing E@rAisan i ncrea
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destabilizing. The results aresuialized by plotting the molecular system using celour
coded atoms, whe@)<dd ars ateadm avpAiOlna blgeB). wi t h  @E
The size of the atom is also scaled so that it is proportional to the magnitude of energy
change and relative atomi@bitlities can be judged by visual inspectidnargely
stabilized atom is represented by a large red sphere and a moderately destabilized atom is
represented by a moderately sized blue sphere. If the energy change is very small (less
than+1 kcal mof') the atom is nooloured (white) and will haveralativedefault
s pher e sThesdigued wer iederated using the VMD progiadd]. All
reported atomic energies are scaledfy [ [1], according to the virial relatioh

W Y ¢ whereV andT are the potential and kinetic energies, respectively.

We define total interaction engrEint) as,
Eint = [E(Wh)] T [NE(H20) + E(X)], (7.3)
The relative interaction energyi(#) is for a neutral water wire interacting with an ion

Thisis defined as the difference between the neutral water wire and the water wire plus

the ion:
Eint = [E(WX)] T [E(Wn) + E(X)], (7.4)

Therelativeinteraction energy is equivalent to the sum of the atemérgy stabilities in
the system, so thatd&l  E &)EwhereE(A) is the energy of an atom in ¥V With
respect to the effect of basis set superposition error (BSSE)evaction energywe use

a large basis set whiahill minimizethe BSSE[45]. Furthermore, it has been shown
previously that whilghe effect of BSSE on water wires may lower the interaction
energies slightly, all trends remained consistent for the sequential growth of the water
wire [258].
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7.4 Results and Discussion

7.4.1 Neutral Water Wire

Figure7.1 Optimized structures of the neutral water witdelecular graphs (top) and
local energy changes (bottom). Green dots in the molecular graphs are bond critical
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The optimized structures of the neutral water wires are refiegssas molecular

graphs and as atomic energy stabilitieBigure7.1. Neutral water chains have been

stabi

discussed in previous reports and we focus our discussion on the changing local (atomic

or water) stabilities of each water wias length increases, relative to the energlyeof

water monomer. Local water stability is the sum of the stabilities of the atoms

compromising that water. Frofrable7.1 it is clear that the stability of the initial
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donating wéer (far left Figure 7.) decreases as the chain increases in length,-2om

kcal mol* (stabilized) to +0.7kcal mot* (destabilized)for n increasingrom 2 to 7. The

final accepting water (far righFigure 71) decreases in stability fror3 to-0.5kcal mof

! The central waters are the most stabilized, and also there is a slight asymmetry in the
stability of the water wire, with the accepting side being more stable than the donating
side. The nothydrogen bonding hydrogen T#P) on the first donatig water does not
experience significant change in local energy for wires with n=3 or greater. In terms of
bond critical point analysis, the strength of the hydrogen bond interaction increases as the
chain length increases. This is indicated by increalsatien density at the hydrogen

bond bond critical points (HBCPs),predominantlyat the center of the water wire.

While the central waters have the strongest HB interactiorBEBs also refledhe
asymmetric distributionf the atomic stabilitiegsheHBs on the donating sidee slightly
stronger than the HBs on the accepting side. Previous reportalbairedicated that

HBs originating from the left or the right may have differing ener@@epending on the

local environmen)t[266].

Table7.1. Energy per watemniwaterwiresn=2-7.

W E(W)?2

n=2 n=3 n=4 n=5 n=6 n=7
1 -1.8 -0.6 0.1 0.5 0.8 0.7
2 -2.6 -7.3 -6.7 -6.4 -6.1 -5.9
3 -1.6 -7.0 -6.8 -6.5 -6.3
4 -1.1 -6.7 -6.6 -6.4
5 -06 -6.5 -6.3
6 -0.3 -6.2
7 -0.5
TP -4 -9 -15 -20 -25 -31

aEnergy inkcalmol. E ( W) ="THEsEhg tatal €nergy,
T= EE(W) for W

7.4.21on Interaction

When the neutral water wires interact with an mech watewill undergo a change in
stability that depends on the nature of the ion. Cations interact with the oxygen at the

donor end and anions interact with a hydrogen at the acceptor end. The energy changes
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are defined relative to a neutral water
influence if it were to interact with a water wire already forneegl,in a membrane
channel (notwithstanding the environmental effects of the channel itself). The change
relative toan isolatedvater monomer can be obtained by simple addition of the atomic
stability of the neutral water wire (Wto the atomic stability of the water wiréup the
ion (WrX).

The total interaction enerd¥int) for each iorpluswater wire is plotted against wire
length, n, inFigure7.2a. It is clear thatheions have an overall stabilizing influence on
the water wirg and that tfs stabilization is constaas the length of the water wire
increases, with the exception of tthere the influence of the extra proton on total
stabilization becomes diminished as the clemgthincreases. The order of ion influence
on net stability ig= > CI > Br for anions and H> C&* > Li* > Na" > K* for cations. In
terms of cooperativity (&op=Eint/NHs, SeeFigure7.2b), the neutral water wire shows the
expected slight cooperativif255] indicated by a gradual increas interaction energy
per hydrogen bond. For the water wires with the ion presespi&decreasing, most
dramatically in the FHcase. Thispparent losef cooperativity is likely because the
electrostatic ion interaction strongly overshadows theexivity of the hydrogen

bonds in the water chain.

(a) g (b) Y

1ol %

-20+ * F
= & , & gl
S 30 g * x = Br
3 50 o
3] o V4
= 40 = = Na
e P o Ca

50— . w \ . \ uf =30 * W

2 %) 4 5 6 7 1 2 <) 4 5 6
n NyB

Figure7.2 Total interaction energy,ifg for ions interacting with water wires n=2a),
and aerage energy per HB c&=Eint/nHs, where ms=numberof hydrogen bondg).
The xaxis is the number of water molecules in the chain.
Changes in local atomic stabilisg.the neutral water wire (WY can be obtained by
decomposing the relative interaction energy into contributions from each oxygen and

hydrogen atom. IrFigure 7.3 the stability of each oxygen atom (O), hydrogen bonded
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hydrogen atom (FP), nonhydrogen bonded hydrogen aton®), and hydrogen atom
interacting with an ion (K is plotted along the length of the water wire, for n increasing
from 2 to 7 waters. The general shape of the curves, indicating the atomic stability
moving from left to right along the water chain, is consistent for all n and the largest
change irenergyis clearly experienced by the atoms closest to the ion. After ~syat

the stabilities attain a constant value. The oxygen atoms are the largest contributor to the
net stability of the water wire. I nterest.i
determine if the oxygen will be stabilized or destabilized; ®&F and K are

destabilizing, while F C&*, Li* and N4 are stabilizing. The stability of the oxygens is

also dependern the length of the water wirajth the exception of G4, as the water

wire increases in length the energy change for oxygen d&s@amagnitude, indicating
more or less stability depending on the nature of the ion. iifhi'ehce on oxygen

stability is greatest for Cand K, followed by Li*, Br and N&4. For F and C&" the

oxygen stability is influenced largely by proximityttee ion, and only minimally by the
lengthening of the water wire.

For the hydrogen atoms, it is clear that the local energy is not affected by the length of
the water wire but depends only on proximity to the ion and the ion charge. This
influence on staibity approaches zero after ~3 waters from the ioffd-re destabilized
regardless of ion type, however th&'Bs are destabilized for cation interaction but
stabilized for anion interaction. In the cation systems, both hydrogens of the final
accepting water molecule are destabilized between +10 to +4 kcat,math Li* having
the largest influence. In the anion systentssddestabilized between +7 to +3 kcal rhol
while the norinteracting H on the same water is stabilized18/to-4 kcal mot®.

Fluoride has the largest influence on the stability ¢f H
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Figure7.3 Local atomic stabilities for atoms in water wire interacting with i&@h

point on a line represents the stability of an oxygéet, i H™B atom in a water

molecule along the water wire, plotted against the position of that water in the wire, for

the set of WX water wires, n=2. Oxygens are open circles, hydrogen bonded hydrogens

(H™®) are open triangles and nbydrogen bonded hydregs (H'"8) are plus signs. For
anions, the hydrogen interacting directly with the iof)(l4 marked as a cross.

While atomic stabilities are useful to discuss the local source of stability in the water
wires, it is also instructive to combine these dit#s in order to discuss the contribution
to netstability from the water wirgs.from the ion. These values are represented in
Figure7.4. En* for the ionsplus-water wire reveal a net stability invariant with respect
to chan length. When the stability is divided into wawstion contributions, net stability
for the water molecules shows a dependency on the nature of the ion as well as the length
of the water wire. For Li Na" and F, the water chain has an increase abgity as the

chain grows in length. For BICI, K*, and C&"the water chain is increasingly
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destabilized. Despite having the greatest net stability, @atias only a minimal effect

on the local energy changes of the waters and ion.
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Figure7.4 a) Total stability for all waters in the wire, &ability of the ion, chet
stability of the water wir@s.the neutral wirdEin/*). Thex-axis is length of water wire

(n).
7.4.3BCPand Geometry

Bond critical pint analysis is a powerful tool for quantifying the strengths of
hydrogen bonding interactions. It has been shown that the magnitude of electron density
at the hydrogetvond bond critical point (HEBBCP) is directly related to hydrogen bond
strength[268, 271-272]. To supplement our atomic energy analysis we report the HB
BCP values for each water wirgigure7.5). The shape of thglots forneutral water
wires indicates greater HB strength in the center of the wire, with wet®at the
ends. Addition of the ions has the effect of increasing the electron density at-the HB
BCPs predominantly near the point of interaction (rayfdeptorside for anions and left
donorside for cations). For'FCI, Li* and C&* the shape of #hcurvechangews.the
neutral waterdensity at the HEBCP nearest the ion is stronger th@athe center of the
wire, by a significant amount in the case oflF*, and C&'. lons Bf, Na and K
maintain a slight maximum for the central HBs. The etectensity of the HB furthest

from the ion wire does not change the neutral water value for all lengths RZ3It is
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clear that the ion influence on HB strength in the water wires is limited to the waters

closest to the ion.
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Figure7.5 Electron density at hydrogen bond critical points for each HB ity Water

wires. The xaxis indicates position of the HB in the water wire. The donating water

(interacting with cations) is on the left and acceptingew@nhteracting with anions) is

on the right.

We also include @D distances for each water ins\ahd W in Figure7.6. The

influence of the ion on hydrogen bond length is clearly largest for the waters closest to
the ion, whichhave a significantly shortened@ bond. Comparing witkigure7.5, it is
clear that the density at HBCPs is increased for shortenedddonds. The ion which
has the greatest influence on BCP density is ftlewith a HBBCP increase of 0.015
a.u. The QO distance for the HB nearest to the ion if W shortened by the greatest
amount among this series of ions (0.13 A). Even with such a large influence on the initial
water in the chain, the final wateliB shows no significarinfluence from the fluoded s
presence. This agrees with the observed minimal change in the atomic stabilities for that

final water.
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Figure7.6 O-O distances for HBs in Wand W water wiresinteracting with a)
cationsandb) anions. Labelled values aPeO distances in AThex-axis is the position
of the HB in the water wires, beginning from the donor émthe legend, W indicates
the neutral water wire.

7.4.4Structure Makers and Breakers

Although the impact of the iotlecreases sharphfter two or three water molecules,
the overall energy of each water molecule is still influenced by the presence of the ion,
with the oxygen atoms experiencitige mossignificant change in energy. This is the
sourceof the overall stability ofhe W, wires. What is interesting is that, as mentioned,
the sign of the local oxygen stability does not correlate with the sign of the formal charge
on the ion. Although the concept of kosmotropes and chaotropes reagamel
significant reappraisal over recent ye@®1], we find it interesting to point out that there
is an agreement between thstoricd i vi si on of i onsvsinto Astr u
Astructure breakerso and t hewiras.donamwhiechamef t he
classified as kosmotropes (having a positive ordering effect on the surrounding waters),
correspond to those ions which also have a stabilizing influence on the water in the water
wires: Li*, Na’, F. The ions which are chaotropeshieh tend towards disordered
surrounding water, are those ions which have a destabilizing infloertbe water in the
water wires: K CI, Br. We stress that theetinteraction between the water wires and
ions is always stabilizindghowever it is interesting that the local nature of this interaction

appears to reproduce a trend that has long pervaded the discussion-abnvstdration.
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7.4.5H" Interaction

The nature of a proton interacting with a water wire is uniquely different from the
interaction ottheother ions. This is because the addition 6fésults in a proton transfer
to a central water, resulting in the formation of a Zundel ion or a hydronium cation.
Because of its importance in biological systems, proton transfer in water wires has been
extensively studiedi247, 251, 273-274]. While acomprehensiveiscussion of this
phenomenois beyondhe scopeof this report atomic energy analysis offers a unique
perspective of the proton transfer in the water wire and welistusghese results.
From plots of the local stabilities iRigure7.7 it is clear that the oxygens are all
stabilized and the hydrogen atoms are all destabilized. There is a clear shift in the local
stability as the chain increases in length. The mim at the second oxygeinthe n=24
water chain shifts to a minimum at the third oxygen for-@=mdicating that the Hhas
migrated from the second to third water as chain length increases " FlstaHilities
show a clear peak for thésthat brackethis protonated water. Note that when the length
increasepastn>4, the destabilization of the initiaFfihas diminished considerably.
H"MB stabilities also show a shift for the third water in the chains with n>3, with a
maximum forthe hydrogen attaetl to the newly protonated water molecule, and the
H"HBs pracketing this watdreing similar. The visual representation of the local stabilities
in Figure7.8 clearly shovs the movement of the proton as n increases. Notice that th
largely stabilized oxygen is rfartherthan 3 waters along the wire, even as n increases to
7.

We have also plotted the hydrogen bond critical point densities fof (Bigure7.9).
It is clear that the protonated water wires laasignificant increase in HB strength, skewed
towards the beginning of the water wire. The greatest increase-BdHB(coinciding
with the strongest HB) occurs either between tHad 3¢ water for n=3,4 or the'8and
4™ water for n=57. For the wies with an odd number of waters there are two HBs of
nearly equal strength, for even numbered water chains there is clearly only one HB which

is the most stable.
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7.4.6Paired-lon Interactions

An extremely interesting questioagardingthe nature of ions interacting with water
wires is the influence that a counter ion will have on the local stability of the waters. We
demongrate this effecfor the n=7 water wires interacting with Nand K, including CI
as the counter ion. The relative interaction energies of these systems are repicabde in
7.2 Eind* in this casas essentidy the sum of the influences of the isolated cation and
anion interacting with the water wire. Decomposing the interaction energy into local
water stability, the graphs Figure7.10 show the net stabilities for the waters in the
water wires, as well asabilities of each oxygen and hydrogen atom. The local energy
changes for the atoms in the patied water wires are clearthe combination of the
i ndi vidual il onsd6 influence on the waters i
atomic stabilities foH"® in W74 is a sum of the separate plots &f'Bifor W+ and
W+, The oxygen atoms asgaininfluenced the most by the ions, with oxygen
stabilization in W< and WNaC! clearly a sum of the singlen interactionslf each
isolated ion destalides the oxygen atoms, as ifi &d Cl, the oxygen atoms of the
pairedion water wire(W-“%") will have an even greater destabilization. Alternatively, for
WwNeClthe N4 stabilizes while Cldestabilizes the oxygen atoms, and the combined
result has anxygen stabilization that lies between the isolatedvialnes While the

shape of the curves for the paired ion interactions are similar, the position of the curve for
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NacCl is shifted to reveal greater local stabilization per water than KCl. Prealauiio
MD studies on NaCl and KCI solvati¢p64] report that while the structure of the

solvation waters for these ion pairs is similar, average residence times in the first

solvation shells was nearly double for NaCl vs KCI. TélativeHB strengths, as

determined by electron density at HEECPs, are summarized fgure7.11. Theshape of

the pairedion curveclearly reveals the combined effects of each ion on the water wires.

It would be very interesting to consider the influence of paiwed for watewires

shorter than n=7.

Table7.2 Interaction energies for isolated ion and pai@uinteraction with a neutral
n=7 water wire.

Eint® WK WANA* WCt WAKCL  y/NACL W7
net stability -35.3 -35.3 -37.0 -42.0 -41.5 -30.8
relative toW, -4.5 -4.5 -6.2 -11.1 -10.7
aEnergies in kcal mol
NaCl KCI
) 0.040+ 0.040
s 0038 0.038-
% 0.036- 0.036-
@ 0.034 0.034
T 0032 0.032-
= 0.030] 0.030
0.028 0.028

1 2 3 4 5 6

S NaCl 3¢ Na 4 Cl & W

1 2 3 4 5 6
S KCl X K + C & W

Figure7.11 Bond critical point electron densities for hydrogen bonds in NaCl (top) and
KCI (bottom) water wires. The-axis indicates hydran bond position, where 1
corresponds to the first-bond
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7.5 Conclusions

In our report we have studied the local stability of-dmaensional helixype water
wires as they interact with a series of ions: X 5 Bff, F, H*, Li*, Na', K*, C&* as well
as the paired NaCl and KCl ions. Stabilities are evaluated at the atomic level using
Bader'squantum theory ohtoms in molecules.d8ults show that the stability for the
neutral wire is centered in the middle of the wire, having greater atomic energy changes
for central waters. The accepting end of the water wire haslgligbte stability than the
donatingend. When an ion is introded at either the donor (cation) or acceptor (anion)
end of the water wire, the local stability reveals the largest influence to be for the3irst 2
waters in the water wirg¢rendingtowardsa constantocal stabilityfor waters further
from the ion. Oygen atoms bear the majority of the energy change, and are
stabilized/destabilized depending on the nature of the ion present. The energy change for
oxygen atoms does not correlate to formal charge of the ion but rather follows the
traditional trends of abilizing kosmotropes (FH", Li*, and N4) vs.destabilizing
chaotropes (K CI, and Br). The local atomic stabilities reflect a large increase in
hydrogen bond strengthlsoconfirmedthrough increased hydrogémndbond critical
densitiesandshortenedbonddistances. Whea proton is introducetb a neutral water
wire, an asymmetric shift is observed so that thegthains closest to the donor end of
the water wire, and the energy changesgreater on the donor sid€his is clearly
represented ursg the atomic energies visualizatidfor the systems where the n=7 water
wire interacts with a pair of ions (NaCl and KCI), the net stability for the waters can be
clearlydecomposeithto the isolated contributions from individual ions. Althaugpth
ion-water wireshave anet stabilizatiorthat is nearly equal, the curve for NaCl is reveals

greater stabilization per water than KCI.
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7.7 Chapter Summary and Relevance

Previous studies have reported shertrange influence of ions on water wires by
evaluating sequential hydrogen bondrgies as the chain grows in length. The current
analysis combireB a d eQTAIN topologycritical pointanalysiswith local atomic
energy change® support tis picture ofa netshortrange influencehowever there is
alsoanatomicenergychange which ioreases as the wire increases in lenQifAIM
energies also provide unique picture of the classification of the local effecthefions
on the water molecules whidorrelates with structure makes.structure breaker ideas
of ion solvation. Visualiation of theQTAIM energies is a powerful todd quickly
demonstragsthis, as well aso highlight the position of the greatest change in local
stability when the water wire is protonated. The decomposition of the total energy into
local partss also useful in discussing the combined influence of two ions arater

wire.
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Chapter 8 Atomic Energy Analysis of Cooperativity, Anti
cooperativity, and Noigooperativity in Small Clusters of
Water, Methanol, and Formaldehyde
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int  [EC", )-4xE()] %,
Lo E . . g.
P, 4'.. e YAE(atoms)
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L. Albrecht and R. J. Boyd;omp. The. Chem.(2014)In press DOI: 10.1016/j.comptc.2014.08.022
Reproduced with permission from The Journal of Computational Theoretical Chemistry.

Chapters 4 and Beveal@ that in the evaluation of cooperative water clustéosal
stability increasgwith increasing cooperativityjowever there is also the question thie
influenceof changingcluster sizeon localstability. Is there a dependendgr the local

atomic eergies on the size of the clusters? In order to further evaluate the cdpacity
atomic energy analysis talistinguish betweencooperative and necooperative
interactiors, small clusters (n=2) of methanol, water and formaldehyde ewaluated

next These systems demonstrate, respectivebpperative anticooperatie andnon
cooperative bonding interactions and therefore provide a useful test case for the influence
of systemsize on atomic energy analysis of weak interacti®hs. following chapter wa
published as an invited article in @esial issue of Computational and Theoretical

Chemistry on "Understanding structure and reactivity from topology and b&yond
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8.1 Abstract

The local and regional stabilities in clusters of water, methanol, and fotmydkelep
to the tetramers have been analyzed from an atomic energy perspective. We optimize
structures at the MP2/811++G(d,p) level with some CCSD(TYA.1++G(d,p) single
point energies, and then decompose the electronic densities into atomic partiseusing
atoms in molecules (AIM) approach. We consider the changes in atomic energy in the
clustersvs.the isolated monomer. This method of analysis allows us to reveal the variety
of stabilities within these hydrogdionded clusters, including indicationsamioperative,
anti-cooperative, and necooperative interactions. Cooperatively interacting clusters
have increasing stability at the atomic level as the cluster size grows. This is not observed
in the anti and noRcooperative arrangements of water anuni@ldehyde clusters. The
cooperativity in methanol clusters is dominated by ther€jibns, with negligible energy
change in the methyl regions. Formaldehyde clusters, including the lowest minimum
Abucket o cluster, do notomsdnergyamlysgisi f i cant
supported with bond critical point data as well as charge and geometric values. We
represent the local stability in the clusters using a simple visual approach that allows

areas of increased or decreased stability to be easilprieted.

8.2 Introduction

Characterizing the interactions in molecular systems normally involves interpreting
changing geometries and evaluating total energies. Shortened bonds may reveal important
areas of stability and decomposing the total energy in tefelearostatics, charge
transfer, or polarization can help us understand the sources of this stability. To add to
these standard methods of analysis there i
topological analysis of the electron density, as describdteiatoms in molecules (AIM)
theory[1, 57, 275]. The AIM approach provides access to a wealth of information about
molecular system directly from evaluationitsfelectron density. Many reports apply
AIM, using electron density topology to describepeudies such as group transferability,

relationships between bond critical point values and bond streaigtigcteristics of
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bonding interactions, and other applications that are well described in the litgsafure
267-268 271, 275278]. In the AIM mehod, the electron density of a molecule is
partitioned into atomic constituents from which local properties can be determined. This
provides a way to directly evaluate the local (atomic) or regi@glf(gnctional group)
changes occurring as moleculgstems interact. In this report we use a unique
application of AIM density partitioning, one that takes advantage of the ability to
evaluate the local energy of each atom in a molecule by integrating over its partitioned
density[100]. By evaluating changean atomic energies when molecules interact, we
show that local and regional stabilities can be directly represented bothamder
intramolecularly. Furthermore, we represent this stability using a simple visual method
that gives a direct picture of tlbhanging energy within a system.

To demonstrate the effectiveness of the atomic energy analysis we turn our attention to
small clusters that can demonstrate either cooperative ecauperative interactions.
Cooperativity isoften described asreon-pairwise increase in stability observed when
two or more weak interactions operate in condeplays an important role in the
stability of many molecular clusters and is a central part of the behaviour of some
molecules ircondensed mediure.g.in a solveat environmentas well as irprocesses
such as protein foldingndenzymeactivity. Hydrogenbonded integictions[12, 279-281]
were perhaps the firsboperative systems to be obsenaattl theircooperativity has
been wellstudied using experimental, treticaland combined approachgs3, 116,

127-128 130,192 196 201-202 282-293]. Cooperativity also existsetweerother
kinds ofweak interactionssuch ashalogen bondinffl11, 209 294-296] andion-" [297-
298] interactions Furthermore,ite interplay otooperativity between differintypes of
weak interactions ialsoan area of important stud98-299], e.g.hydrogen bondplus
halogen bondf300-302], beryllium bondgplushydrogen6] or halogenbonds[8], and
hydrogen bonds combined with idrinteractiong299, 303]. The cooperative behaviour
between two bonding interactions is not always a stabilizing association. It can instead
result in what ioftenreferred to as antor nonrcooperative bieaviour, where the
combination of norcovalentinteractions yields systenthat isless stabilized than the
isolated bonding interactiofi299, 304]. This is observeth the lineaHCN/HNC*
molecules [305], in someion-" [303] interactions and has beerbserved in various
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arrangements of water clust§bs 127-128]. Anti-cooperativitycouldhave an important
role in biological systemsnhibiting molecule docking ominimizinginteraction strength
despite theresencef multiple bonds thatnight otherwig be stabilizing. Théalance of
cooperative andnti-cooperative behaviowvithin small waterclustersmay be an
important influence in the dynamic behaviour of bulk wér

Application of atomic energies to the study of cooperativity is particulaejul
because it allows one to diagnasereased or decreased stability withnaeding to
separate the system to explore it, as is the cdsagmentation method454, 162, 286,
304]. This is particularly importantdzause cooperative stability isatiai molecular
result thatelieson manybody interactions of the third and higher osf806] which are
often approximated or truncated in energy decomposition approaches. These higher order
interactions can have a considerable influence on the t@ajer g. the third and
fourth-order manybody interactions in water clusters can contribntee thar0% and
4%to the total interaction energy, respectivElg].

We havepreviously used thiatomic energy analysts explore cooperative
interactionsm a variety of systems, including hydrogen bonding in water clysets
andberyllium bonding combined with hydrogen bond[6§ andhalogen bondingg]. To
further explore thability for atomic energies to represeaoperative behaviour in
weakly ineracting systems we present here calculatiortbree sets of small molecular
clustershat encompass a range of strong to weak hydrogen bonding. Water, methanol
and formaldehyde clusters from nd2are optimized with MP2 theory and then evaluated
at theatomic level. Water clusters in cooperative and-emtiperative arrangement
provide an interesting look at aitiboperativity as well as a standard of comparison to
previous studies. Methanol and formaldehyde deliver increased complexity in hydrogen
bonding and furthermoreofmaldehydelusterscanadopt geometries that do not possess
cooperative stability; we demonstrate this at the atomic level. We use atomic energies as
well as other topological tools available in Alglanalysethe interaction#n thee
clusters and then present their local stabilities visuallysimple and accessible way.
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8.3 Computational Methods

8.3.1 Wavefunction evaluation

Previous analysis has demonstrated the suitabilityafekPlesset second order
perturbation theor{32] for the evaluation of cooperativity imaterand methanol clusters
[282, 290, 307]. Single point coupled cluster calculations were also performed on select
systems (methanol and formaldehyde) to verify their energiesyppersing
information, Table B.4in Appendx B.4). We use a large triple zeta basis set including
diffuse functions and polarizability on hydrogen and heavy ator8$16+G(d,p), which
is important for weak interactions. The large basis set was also chosen to minimize
possible BSSE errgB808]. Wecompare this Pople basis set to a similar Dunning basis
set (augcc-pVTZ) which was previously shown to not require BSSE correction for weak
interactiong304], and see that the Pople basis set provides a reasonable compromise for
the range of structuresaluatedgee spportinginformation Table B.5. All molecules
have been fully optimizednd theiwvibrational frequenciesvaluatedo ascertain that
they ae stationary minima on their potential energy suda®©ptimizations and
frequency calculationsere performed usinGaussian 0970].

Total stabilization of the clusters defined bytheinteraction energy (k),

Eint = E(n-mer) ce nE(monomer), (8.1)
wher-mefina refers to the d4).meetotal choperativiyr or t e
(Ecoop) is Metimes defined as the difference between the average hydrogen bond (HB)

energy and the energy of a single HB in the dimer structure:
Ecoop = EnBzZEint(dimer), (8.2)

where% % j I , m=number of hydrogen bonds in the cluster. Although this is a
usdul method of comparison, it is not strictly accurate, as we will discover in the

discussion of methanol clusters.
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8.3.2Atoms in mlecules evaluation

The doms n molecules analysis requiresacurate evaluation of the wave function
includingproper minimizabn of nuclear forces to reducewgion from the virial
theorem. Ideally we wouldptimize the systems using satbnsistent wrial scaling
(SCVS)[61, 71], whichwill simutaneously minimizehe energy with respect to a
scaling factor for all coordinadge molecular orbital coefficients, and tm®lecular
geometry[63]. We have evaluated the largest of our systems with this approach to ensure
that there is no significant deviation in accuracy of the wavefunction as the system size
increases (semupportiry information Tables B.6 and B)7All reported atomic energies
are scaled byp | , according to the virial relatioh @ Y ¢. Local energy
change are evaluated by calculatitigeincrease or decrease in atomic engrgyatom

in a clusterelative totheisolaied monomer

3% AOIT I % A QE(dtomEnimonindn.D | (8.3)

A decrease in energyE<O0) is stabilizing and mincreasen energy ¢E>0) is
destabilizing.The resultsare visualized by plotting molecular systems usiolgur-coded
atoms[3],wherean at omBOwBst hedog an &0sbloemhewizetothe o
atomis also scaled so that itpsoportional to the magnitude of energy chafgaus, a
largely stabilized ators represented bylargered sphere and a moderately destabilized
atomis represented by a moderately sized blue sphere. If the erfeaggecis very small
(less thart1 kcal mott) the atom is colourless (white) and will have a default spiizee
of Alo.

AIM analysis also yields other important information from density topology, in
particular the characterization of critical points. fiehare many resources which describe
this analysis in detail, including the correlation between the properties of the electron
density at a bond critical point (BCP) and the nature of that [g8W271]. We will use
this correlation to support our discigssof the relationship between local stability and
atomic energy changes. All AIM analyses were performed within the AIMAIl Fiffe
Atomic energy figures were generated using the VMD prodfam).
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8.4 Results and Discussion

8.4.1Water clusters

We havepreviausly reportedan atomic energy analysis of water clusters from the
dimer through tolte hexame}5-4], and the cooperativity in water clusters has also been
extensively studied using other theoret@atl experimental approach&som the atomic
energy pespective, cooperativity was represented by an increase in stabilization or
destabilization of the atoms in the water molecules as the cluster size increased. To
extend this analysis we evaluate here a linear trimer system that has a water molecule
acting & a double donor: donating two hydrogen bonds and receiving none. This
arrangement has previously been shown ascajperativg127, 196]. We were unable
to isolate the analogous trimer system with a central water accepting two HBs; in all
attempts we fond either a saddle point (with two imaginary vibrational frequencies) or
the structure collapsed to the global minimum cyclic trimer. We next evaluate an anti
cooperative tetramer systda?8] where two waters are double donors and the remaining
waters ag double acceptors. Here, the double donating water should be more stabilized
than the double acceptf®, 130]. We also include atomic evaluation of the global
minimum dimer, trimer and tetramer so that a direct comparison can be made at the

current levebf theory. A summary of the engrghanges is compiled ifable8.1.
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Table8.1 Summary of energy changes for water clusters.

E( A
Cluster 5 ﬁ’HB(‘ )5 EnelH:0) | En | Evs | Ecoop
Dimer
A 14.3 14.6 3.6 3.3
B 17.2 7.2 7.2 2.7 6.1 6.1 -
Trimer
vl A 33.4 23.6 3.8 6.0
yelic o 33.1 23.6 3.7 5.8
cooperatlve
c 32.8 23.5 3.2 6.0 17.8 5.9 0.2
Linear A -25.3 10.9 10.9 -35
anti- B -15.0 5.7 5.7 3.6
cooperéive ¢ -15.0 5.7 5.7 3.6 10.7 5.4 0.7
Tetramer
Cyclic. 424 30.3 4.3 7.8 31.3 78 | 1.7
cooperatlve
. 222 8.1 8.1 6.0
Cyclic 222 8.1 8.1 6.0
antr
cooperative C 25.2 10.9 10.9 3.4
D 25.2 10.9 10.9 3.4 -18.8 4.7 1.4

2Energies are in kcal mél Labels AD refer to monomers in the clustegeFigure8.1. gE(A) is the
stabilization for atom A. FE is the hydrogeibonded hydrogen atom andHi is the norhydrogen bonded
hydrogen atom. &{(H20) is the sum of all atomic energy changes in a given water monbBmer[E(n
mer)in E( mono mer ) ]usahdEEmE defined in tie text.

Net energy stabilities for the monomers in the clusters show that waters which are HB
acceptors in the linear trimer system are more stabilized than those in the dimer system
(by ~ 1 kcal moh). Local atomic values show sitter energy changes for the accepting
waters in the anttooperative trimer than in the dimer, by about 2 kcal'mdhe
donating water has essentially the same stabilization as that of the donor molecule in the
dimer, although the local energy changesgreater in magnitude (by about 10 kcal ol
for the oxygen and 4 kcal mbfor the hydrogen atomsJhe electron densities at the
hydrogen bond critical points (HBCPs seeFigure8.1) are larger in the dimer
indicating anticooperative character. Comparing the two trimer clusters, the cyclic global
minimum is more stable than the linear system by 7 kcaf nidie atomic energies in
this cyclic cluster have larger stabilization for oxygen atoms (by up kzai8not') and
larger destabilization of the hydrogen atoms patrticipating in the hydrogen bonds (by ~13
kcal motY). The HBBCPs are larger in the cyclic system, indicating stronger hydrogen

bond formation.
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Figure8.1 Molecular graphs (left) and atomic stétiéls (right) of water clusters} dimer,

i) cooperative cyclic trimer, iii) anttooperative linear trimeiv) cooperative cyclic

tetramer, v) antcooperative cyclic tetramer. Green dots in thr@aoular graphs are bond

critical points.Electron densities at hydrogen bond critical points are labeled in a.u.

Atomic energiesare labeledn kcal mott. For clusters with symmetry, monomer energies

are only labelled oncéabels and orientation for megular graphs match those of the

atomic energies. For atomic stabilities, stabilizedrastare red and destabilized atoms

are blue. The sphere diameter is proportio
so that an atom with a larger energy change will have a larger sphere Fadiesergy

changes less thari kcal mot! the spheresi coloured white

Comparing the anttooperative trimer cluster with its tetramer analogue, we notice
right away that the HBBCP densities in the tetramer system continue to decrease. This
indicates that the four HBs in the tetramer are each weaketrtadawo formed in the
trimer, indicating antcooperativity. This is opposite to the cyclic systems where density
at HB-BCPs is significantly increased going from trimer to tetramer. Thecaoperative
tetramer cluster is more stable than the lineardrisystem by 8 kcal miél Atomic
energies show that the net stabilization of the double donor waters in the tetramer are
larger than those in the trimer and the double accepting waters are stabilized by about the
same amount as the single accepting waettse trimer. These double accepting waters
have norhydrogen bonded hydrogens"(l8) that are more destabilized than those of the
trimer (by 5 kcal mot) and an oxygen atom that is significantly more stabilized (by 10
kcal mott). Compare this with thdouble donating waters, which have a reduced oxygen

stabilization combined with a reduced hydrogen destabilizasahe trimer. A greater
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stability for double donating waters has been previously observed in water hexamer
clusterg5]. Compared to theooperative tetramer, the energy changes for tHeadd
oxygen are significantly diminished, and the energy change"&tislincreased. This
indicates an overall antiooperative interaction. Local atomic energies thus reveal a

varied distribution of stailization for individual water molecules within the clusters.

8.4.2 Methanol Clusters

Methanol clusters havgeen the subject of mamxperimentaktudies but only a few
theoretical exploratiosn Some of the discussion has focussed ondbperativity
obseredin theformation of methanol clusters. Previous rep{&2, 284, 290, 309]
indicatethat the hydrogedond interaction of the methanol clusters strengthens
cooperatively as the cluster size increa3ée role of the mett group in the overall
stabilty provides an interesting discussion for the atomic energy analysis. The bonding
interactions of methanol are much more restricted than water, with only one HB donor
per monomer. Although it is possible that a methanol could act as a double acceptor, we
report atomic energy analyses for only the (cooperative) global minima of methanol

clusters up to the tetramer. The energy changes are summarizdues.2.

Table8.2 Summary of aergy changes for methanol clustérs

mE ( A) P Eet | P Fer
O C HOH Htrans Hinner Houter (Me) (OH)

Enet Eint EH B Ecoop

Dimer
A|-212 75 16.4 -3.4 -1.6 -1.8 0.7 -48 | 4.1
B | -11.2 -93 6.6 3.3 4.0 4.1 2.0 -46 | -27| 6.8 | -6.8
Trimer
A | -347 04 245 -1.5 3.0 21 39 -10.2 | -6.3
B | -353 1.9 24.6 -1.2 14 2.4 44 -106|-6.2
C|-349 1.9 24.5 -1.8 1.6 2.2 40 -104]|-6.4|-189|-63| 05
Tetramer

| 445 1.0 316 21 29 27 | 44 -129]|-85]-340]-85] -17
2Energies in kcal mdl Labels AD refer to monomers in the cluster, s@gure 8.2 E(A) is the
stabilization for atom A @f@&H)=qE(O)+qE(H), similarly for gEne{Me). qEne=qEne{ OH)+ qEne{Me).
Htansis the hydrogen that is trans to the OBl bond, H'"®'is the hydrogen atom that points over the ring
(towards another hydrogen oretbpposite monomer),°H"is the hydrogen that points away from the ring.
En=[E(n-merin E( mo n o me r ) }s&nl Bp&drerdefined i the text.
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The energy changes of the dimer systhffer slightly from the ringlike clustersand
we will discusghose values first. In the dim@&mne moleculean be considered a donor
monomerand the other an acceptor mononfeiadB, respectively, irFigure8.2).
Atomic energy changes fearbon and oxygen show that trendr methanol has a
destabilized carbon and stabilized oxygen (consistent with the ring clusters) whereas the
acceptor methanol has both of these atoms stabillzedmethyl hydrogensnahe donor
monomer are stabilizealy about-2 to-3 kcal mott, with the hydrogen trans to theHD
group (H@"Y having thdargeststabilization. The methyl hydrogens of the acceptor
monomer are destabilized by abedtkcal molt, andH""Son theacceptor monomes
slightly lessdestabilizedhan its neighbour hydrogerBond critical point values fdhe
donor monomer show an increase in density at ff@ BCP and decrease in densities for
the GH and OH BCPs (vs.the isolatednonomer). The acceptor monomer is opposite
this, with the C'O BCP decreasing and theHCBCPs increasingl'he net energy change
of themonomes s -2 kcal mol* for the donor and4-kcal mof? for the acceptor. The
local atomic energies show a variatiarstabilizationfor the donows.acceptor
methanolsconcurrent with previous hydrogéonding analysed.ocal differences in the
methanol dimer havalso been discussed previousging bond lengths and vibrations
[290], and our results are in perfect agreement with this analysis
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Figure8.2 Molecular graphs (left) and atomic stabilities (righthwéthanoklusters. i)
dimer, i) trimer, iii) tetramer BCP densities in a.u. andergies in kcal mol. For
clusters with symmetry, monomer energies are only labelled babels and orientation
for molecular gaphs match those of the atomic stabilittesethe caption oFigure8.1

for furtherdetails
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For the cyclic clusters of the trimer and tetramer, the local atomic energy changes
clearly represent cooperativitfEachoxygen atomis stabilized, with an increase in
stabilizationfor theoxygens irthe trimervs.the tetrame(-35vs.-45 kcal mol?,
respectively. The alcohol hydrogethat forms the hydrogen bond<{H is concurrently
destabilizedwith the destabilizatiomcreasing from+16 kcal mot! in the dimer to+25
kcal moft in the trimer and-32 kcal mot! in the tetramerAs in the dimer, Ef"Shas the
greatest stabilizationZ kcal molt), whereas the remaining hydrogens are destabilized
(+2 kcal mott). Bond critical point densities support the greatabilizationof H"'™®,
evident in the slight increase in density at@kl BCP. +0.004a.u.in thedimer,+0.003
t0 0.005 au. in the trimer and+0.003 au. in the tetramerThere is also amall shift in
the GH stretching vibrations, of about 4% Hz (unscaled frequeies), for this
hydrogen Thus the atomic energy analysis is again in perfect agreemerpreitious
reports

The net stabilization per each monomer in the clusters, defined as the sum of all
atomic energy changes in a given water monogields theaverag HB strength-6.3
kcal mot? in the trimerand-8.5kcal mol! in the etramer It was surprising to note that
trimer does not actually reaka net cooperativity per HiB oneconsides only total
energiesthe average HB energy in the trimer is 0.5 keal less than the dimer
hydrogenbond energyWe testecthe accuracyof the MP2calculationsusingCCSD(T)
single point calculations on the methanol cluséers found that th€ECSD(T) results are
nearl identical to the MP2 analysise@Table 8.3. By considering regionanergy
changesve can further explore theurces of net stabilitfrhe energy changes of the
alcohol grouglearly indicate &ooperative stabilizatiorthe stabilization othe OH
groupin thetrimeris twice that of the OH in théimer, andn the tetramer it is nearly
three timeghat of the dimerHowever, thenet stabilization of the cluster depends on the
energy change of all the atoniespite increased stabilization of the OH groups in the
tetramer, thenethyl groupsn the etramer and trimer are destabilized by about the same
amount(about twice that of the accepting methanol group in the dimer). THaus,
cooperativity present in the trimernsaskedecaus®f local destabilizatioper methyl
group This methyl destabilizeon islikely a result of thesmallerring formation where
the methyl groups on the trimer are much closer together than in the alternating
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arrangement of the tetramer. Notice that carbon atoms have adtogec

destabilizationn the trimervs.thetetramer.Thelocal energy analysis allows us to isolate
these local and regional stabilitiefien discussing cooperativity ltydrogenbonded
systems. Simply decomposing the net interaction into only HB contributoarhd lead

to incorrect assumptions altdhe cooperative character of the $Hone.

Table8.3 MP2 and CCSD(T)//MP2 energies for methanol clusters

Cluster Energy(Ha) Eint Ens Ecoop
Monomer | -115.445220 (-115.477241)| -- -- -- -- -- --
Dimer -230.901300 (-230.965263)| -6.8 (-6.8) | -6.8 (-6.8) | -- --
Trimer -346.365781 (-346.461647)| -18.9 (-18.8)| -6.3 (-6.3) | 0.5 (0.5)
Tetramer -461.835152 (-461.962494)| -34.1 (-33.6)| -85 (-8.4) | -1.7 (-1.6)

aEnergies in kcal mdlexcept where noted otherwisell structures optimized at MP2/&11++G(d,p). No
ZPE correction. Values in italics are CCSD(F¥B1++G(d,p)//MP2/€311++G(d,p) single point
evaluations. Definitions for energy terms ag able8.1

8.4.3Formaldehyde lasters

Formaldehyde is an interesting and important molettisehas only recently
undergone much theoretical explorat[@85, 293 310-314]. Formaldehyde dimers have
been measured experimentd®L5] andab initioand DFT calculationf314-317]
reprodice a Ggeometry as the minimum energy dimer structure, matching the
experimental results. There is also a planam@nimum with a sidéby-side interaction
(which we refer to as ishtobtlelGenthimym. tafgext | i es
clusterscandemonstrate cooperative stabilization ortoooperative stabilization,
depending on tharrangement of the interacting monomers. The cooperativity in the
formaldehyde clusters @diminished compared to that observedimilar systems of
formamide adlisterd318]. The case of formaldehyde provides an interesting test for the
atomic energies analysis: will the energetic changes fully distinguiskcoaperative
interactions from cooperative interactions at the atomic levelfivestigate thisve
evalude both dimer minima (€and Gn) as well aghree types ofrimer and tetramer
geometries: iccular clusters with onl{CH® O interactioss, stacked clusters which adopt a
sideby-sideCH¢ O interaction, and a threimensionafi b u ¢ dustér &hich
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incorpomates additionaC”O contactss well a<CHé O bonds (se€igure8.3). The
circular geometry hagreviouslybeenshown to demonstrate cooperative stabilization,

whereas the stacked geometryaported to be aon-cooperative interactiormhe atomic

energies for the clusters can be found@atle8.4.
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Figure8.3 Molecular graphs (left) and atomic stabilities (right) of formaldehyde clusters.
i) dimer G, ii) dimer G, iii) cyclic trimer, iv) cyclic tetrameiv) stacked trimer, vi)

stacked tetramer, vii) bucket trimer, viii) bucket tetramer. Energies in kcal Fai

clusters with symmetry, monomer energies are only labelled babels and orientation
for molecular graphmatch those of the atomic stabiliti€Seethe caption oFigure8.1

for furtherdetails
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Table8.4 Summary of energy changes in formaldehyde clusters

PE( A) Enet
Cluster 0 C B nHB (Cl‘r;;O) Eint Ens Ecoop
Dimer
Cs -1.2 7.5 8.0 -0.9 -1.6 3.2 -1.6 --
c A | -23 7.8 8.1 1.6 0.5
2h B 6.5 2.5 0.3 0.3 -3.4 -3.9 2.0 --
Trimer
Cyclic 16 -11.9 118 -06 2.2 -6.7 22 | -07
A | -06 75 7.7 -1.0 -1.4
Stacked B 2.1 -15.1 7.0 7.0 -3.3
C | -06 75 7.7 -1.0 1.4 | 616 | -15 | 0.0
A | 30 -108 100 1.8 2.0
Bucket B | -109 3.3 1.3 1.7 -4.6
cC | -63 2.5 0.8 1.6 -1.4 | -8.03 - -
Tetramer
Cyclic 28 -11.2 120 -05 2.4 9.5 24 | -
A | -06 7.6 7.9 -1.0 -1.3
B -1.8 -150 6.9 6.6 -3.3
Stacked | 18 150 69 66 | -33
D | -06 7.6 7.9 -1.0 -1.3 | 917 | -15 | 01
A | 65 1.7 4.1 0.2 -3.8
Bucket B | -108 -3.2 6.4 3.0 -4.6
ucke c| 67 66 8.3 0.7 4.2
D | -7.1 2.5 5.1 2.6 -1.9 | -14.48| -- -

2Energies in kcal mdl Labels AD refer to monomers in the cluster, $égure8.3. qE(A) is the
stabilization for atom A H"B is the hydrogeibonded hydrogen atom and"i is the norhydrogen
bonded hydrogen atom,&CH-0) is the sum of all atomic energy changes in that mondeer. [E(n+
mer)i n E( mono mer ) Jusahd E&gE defined in tite text.

For the dimers, the lowest energyg@ometry has a'@ contact as well as a CH
bond whereas the;geometry has two CHO bonds. Monomer A in thes@imer
(which donates the hydrogen) has a stabilization very similar toftkia ononomers in
the Gn dimer, with the exception of an increased stabilization on the oxygen and a
destabilization of B by just under 2 kcal md| this results in a very small monomer
stability of only-0.5 kcal mot. The HB acceptor (monomer B)sha stabilization of3.4
kcal moft, which is more than twice the monomer stabilization in thecster. The
local atomic energies in thexkXluster are smaller than in monomer A, and have a
stabilized carbon (+2 kcal m8land a destabilized oxygé+V kcal mott). The
hydrogens on monomer B have negligible energy change, despite a small increase in BCP

density for the CH bond (+0.002 a.u.). The BCP value for the C=0 bond is decreased as
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well (by ~0.003 a.u.). A key difference between the two dirisetise CH O and C'O
bond critical point densities. The Guster has a CHO BCP of 0.0127 a.u., which is
0.005 a.u. larger than the €8 bond in the & dimer. Although the Ecluster is clearly
the more stable of the two geometries, thestacked geometry hasmilar bonding
interactions athe cyclic and stacked clusters. We include it in the discussion to provide a
comparison with the changing energies as these clusters increase in size.

In thecyclic geometries, amall amount o€ooperative stability is demonstratesthe
cluster increases in sizehd@ net stabilization per formaldehya®nomerabout 0.7 kcal
mol? greater in the trimer than in ti@n dimer, matching the small increase in stability
per hydrogen bondConsidering the local atomic energissmecooyerativity isevident
from theincreasing magnitude of stabilization or destabilizaienatom carbon atoms
are about «cal mol* more stabilized and the""® are about 4«cal mol* more
destabilizedn the trimervs.Czn dimer. Anincrease in density #ie CH O bond critical
points of the trimerkly 0.002 a.u.) is supportive of minimal cooperativitye also notice
that the GO BCPs have a reduced densfiy892a.u.in the trimer vs 0.394.u.in the
Condimer. Comparing the cyclic trimer with the dyctetramer, minimal cooperativity
becomes even more evident. The average energy change per hydrogen bond is only about
0.3 kcal mot greater than the trimer system. Concurrently, the local energy changes are
also minimal: oxygen atoms have only 1 kcalltnincreased stabilization and the
remaining energy changes are nearly negligible. The net energy change per molecule is
2.4 kcal mot (only 0.2 kcal mot more stable than in the trimer). Geometric parameters
and BCP values also do not indicate sesimgerease in cooperativity at the tetramer level
(seeTable8.5), with values nearly consistent for both systelmgact, the only
geometrical parameter with a nroegligible change is the CHD hydrogerbond
distance, which isitectly reflected by the oxygen energy change.
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Table8.5 Some geometric and topological properties of cyclic formaldehyde clusters

Property Dimer (Gn) Trimer Tetramer
BCP(C=0) 0.394 0.392 0.392
BCP(GH"®) 0.281 0.282 0.283
BCP(GH) 0.277 0.277 0.277
BCP(CH 0) 0.008 0.010 0.010
R(C=0) 1.216 1.218 1.218
R(C-H"®) 1.101 1.100 1.100
R(C-H) 1.105 1.105 1.105
R(CH O) 2.580 2.419 2.408

2BCP electron densities are in a.u., distances in A, angles ieetedi® is the
hydrogen involved in the HB in the ring.

For the stacked geometri¢se average stabilization per Hithe trimer and tetramer
clusters is 1.5 kcal m@d) whichis not significantly different from that of the dimer (1.6
kcal molY). Local atomic energy changes show a greater stabilization foetiteal
formaldehyde moleculegg. those that do not have free hydrogéBsn the trimer and B
and C in the tetramerThe atomic energiedo not reveakooperativityin the stacked
clustersincreasing theumber othydrogen bonds does not reveggnificantly different
stabilizationbetween the trimer and tetramer clustést stability of entralmolecules
for both trimer and tetramare-3 kcal mol* andoutermoleculesare-1 kcal moft. The
local atomic stabilizations ar@soessentially the same in bdtimer and tetramerBond
critical point values agree withe atomic energy stabilization, wiBCP densities
consistent for both clusters.

The clustered geometriase the most shkde of the three arrangements, by about 1
kcal mot! for the trimer and %cal mol! for the tetramer. In these systems thereGii®
contacts as well as CHD hydrogen bonds, as was observed in thdir@er (for the
trimer there is only one extra’© contact ormmolecule B, but in the tetramer system all
molecules hava C"O contacin addition to a hydrogehond interactioh In the timer
system, molecule A hashafurcatedhydrogen bond betweehe oxygers of the
neighbouring molecule3he relatively large destabilization of this bifurcated hydrogen
(+10kcal mot?) is matched by a large stabilization of its carbon centdrikcal mol™?)
and only a minimal stabilization of the oxygen atefkcal mot?). This is opposite to
the other molecules in the cluster, which have largely stabilized oxygetes-10 kcal
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molt) andminimally destabilized carbons (~K&al mot?). It is alsounlike the C and O
stabilities in the planar and stacked systems that all have stabilized carbonTdtems

BCP density of the & bondthat forms théifurcated hydrogers increased(.282 au.
vs.0.2780.280 au. for nonbifurcated CH bondsand the €O BCP density is decreased
(0.392 a.uys.0.3930.395 a.u. in the other monomers), indicating a weakening of the
C=0 bond and strengthening of the CH bond. Monomer B and C in this trimer cluster
have a bonding environment that is similar to the acceptmomer in the &dimer, with

the exception of the oxygen on B forming an extra interaction with the carbon on C. The
atomic energies for B and C are also similar: a stabilized oxygen and destabilized carbon
and hydrogens. There is an increased stabibizdtr the doubly interacting oxygen on
monomer B, resulting in the largest net stability by about 2 kcal.igith the exception

of the hydrogen atoms, there is negligible difference for the atomic stabilities in monomer
A of the trimer cluster and trealogous monomer B of the Cs dimer. This could be an
indication that there is no cooperative stabilization present here. Indeed, the bond critical
point densities are also essentially the same for both monomers.

In the tetramer bucket arrangement theecthree different bonding environments.

The oxygen atom can form two interactions with two carbon atoms (B), one carbon and
one hydrogen atom (C and D) or two hydrogen atoms (A). The net stabilities for the
molecules in the cluster are abeditkcal mot*, with the exception of D which is onig

kcal mot*. Molecule D also has the largest C=0 BCP density, and the smallest CH BCP
density (with concurrently larger and smaller bond distances). The oxygen of monomer B
forms two C'O contacts and has the largssbilization in the cluster, as was also the

case in the trimer cluster.

Comparing the general energy changes for the molecules in the cluster arrangement
the planar or stacked system it is clear that there are different sources of stabilityfor eac
In the planar and stacked geometries it is the carbon atoms that undergo the greatest
stability and the HBs that undergo the majority of the destabilization; there is a minimal
change in oxygen energy for these systems. In the cluster geometridslityheogorm
C"O contacts redistributes the energy changes so that the carbon atom now experiences
relatively significant stabilization. The destabilization of the hydrogen atoms is also
significantly less. The ability to form'@® contacts dominates thmvest energy
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structures for these small formaldehyde clusters, as was demonstrated for clusters from
the dimer up to the tetramer. There is a very minimal amount of cooperative stability in
the clusters, as is demonstrated by consistent atomic energyesifaneach bond type
despite the number of interactions formed per cluster.

8.5 Conclusions

We have evaluated the local and regional stabilities within clusters of water, methanol
and formaldehyde from an atomic energy perspective, comparing our resulb®mndth
critical point (BCP) analysis and some geometrical parameters. Water clusters
demonstrate both cooperative and -aoperative interactions. The cyclic, global
minima for the water clusters are cooperative (as has been previously observed) and show
increases in local stabilization and destabilization as cooperativity increases. The anti
cooperative, double donating trimer has a stabilization that is only half what is found in
the cyclic trimer, and local and regional energy changes are similariyeedlhe anti
cooperative tetramer structure, with both double donating and double accepting water
molecules, also has diminished energy changes and reduced electron density at bond
critical points. From the atomic energy changes it is clear that theeddoabhting water
is more stabilized than the double accepting water; this is not observed from BCP
densities because symmetry dictates that the hydtoget BCPs are equivalent.

In the methanol clusters the HB cooperativity defined by total interaatienyy is
surprisingly negative at the trimer level. We confirm our calculations using CCSD(T)
single point energies. The local energy changes, however, strongly support cooperative
stability for the OH groups, with increasing atomic stabilization (oxygand)
destabilization (hydrogens) as the cluster size increases. The methyl groups show
negligible stability changes, however the hydrogen atoms trans to th©®bind have a
consistently greater stabilization that the other hydrogens in the methyl group.

For the formaldehyde clusters we consider two minima for the dimer. Our results
agree with previous observations that th@@ntation is more stable than thenCA
small amount of cooperativity is present in the circular clusters, with slight incieases

regional stabilities as well as increasing stabilization and destabilization at the atomic
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level. The stacked geometries do not show any cooperativity, as is confirmed by both
consistent atomic energies and BCP values. The bucket geometries, whad$ocan
incorporate CO contacts, are the most stable of the clusters. We compare energy
changes for the @ contacts in the bucket geometries with the energy changes ig the C
dimer (which also has a"© contact), and do not find any significant differencéoical

stability, perhaps indicating that there is no cooperativity in these more stable systems.
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8.7 Chapter Summary and Relevance

In this chaptertiis demonstried that local changes in energy are a useful tool to
distinguish between cooperative.norncooperatie andanti-cooperative interactions.
Some key findings aras follows:whenthere is no cooperativity presentthe bonding
interaction the localatomc energies remain consistent even as the clusters grow in size;
atomic energy analysis of a symmetric clugseich ashe anticooperative water

tetramey provides insighinto the distribution of stability that is not available using bond
critical pointvalues or bond lengths aloredcooperativity @an be localized at the
functional group whicltonstituteghe cooperativéonding species, such as the alcohol

group in methanol clusters.
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Chapter 9 Changing Weak Halogen Bonds into Strong Ones through
Cooperativty with Beryllium Bonds
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Reprinted with permission fromn Albrecht, R. J. Boyd, O. M4, M. Yarfek, Phys. Chem. ,A2014) 118
(23), 420%4213.DOI: 10.1021/jp5032291Copyright 2013 Amerian Chemical Society.

This final chapter was a collaborative effort. The contribution from this author was to
provide the QTAIM analysis andomediscussion related to the atomic energies. The
benchmarking associated with the QTAIM analysis o aontrbuted from this author.
The relevance of this chapter is to provide an example of the applioA@@IMIM atomic
energy analysi® evaluation ofnultiple nonrequivalentlosedshell bonding interactions,
and to demonstrate the usefulness of visualizati@omic energy changes fassessment

of local stabilities.
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9.1 Abstract

The mutual interaction between beryllium bonds and halogen bonds within
H2Be---FCI---Base complexes, where Base includes a wide set of N and O containing
Lewis bases, has been sedliat the MO&X/6-31+G(d,p) level of theory. The reliability
of this theoretical model was assessed by comparisonawithitio CCSD/augcc-pVTZ
reference calculations. Cooperative effects were investigated within the framework of the
atoms in moleculetheory (AIM), by analyzing the topology of the electron density and
the changes in the atomic energy components. The decomposition of the total stabilization
energy into atomic components is found to be a very reliable tool to describe halogen bond
interadions. Both the topological analysis of the electron density and the changes in the
atomic energy components of the binding energy show the existence of strong cooperative
effects between beryllium and halogen bonds, which are in some cases very imtense. |
general, there is a correlation between the intrinsic basicity of the Lewis base participating
in the halogen bond and the resulting cooperativity, in the sense that the stronger the base

the larger the cooperative effects.

9.2 Introduction

Cooperativity isone of the most important and common characteristiceghmr non
covalent interactionfs, 130, 127, 157, 192-194, 196, 200-202, 204-205, 207, 209, 279,
284-285, 305, 313 319-333]. It has long been recognized that the stability of water
clusters and mey other hydrogen bonded polymers has its origin in the fact that the
interaction between a hydrogen bond (HB) acceptor and a HB donor is strengthened
when one or both of them interact with an additional HB donor or HB acceptor,
respectively. In additiorotcooperativity, noftovalent interactions such as HBs,
dihydrogen bondg334], halogen bondgR94-295 335], pnicogen bondglL98, 253 336-

337], etc. share other common characteristics. In most cases these interactions involve
closedshell systems, withlectrostatic and polarization or chargansfer effects
commonly contributing to their stability, although the magnitude of various contributions

may vary within rather large limits. Recently, it has been shown that one of these closed
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shell interaction$ the sacalled beryllium bond, which is formed when a typical Lewis
base interacts with a BeXY derivative acting as a Be Lewisiacah lead to rather high
interaction energie[d 91]. The strength of beryllium bonds is not only electrostatic in
origin but is also closely related to the large chargesfer which usually takes place

from the Lewis base towards the empty 2p orbital of Be and towardsdkie(or sgey*)
antibonding orbital. The obvious consequence of this charge transfer is a significant
electron density redistribution in the Lewis base which leads to a dramatic enhancement
of its intrinsic acidity[338]. Electron density redistributions are also responsible for the
cooperativity found between beryllium bonds and hydrogen bonds whemtirese

covalent interactions stabilize molecular clusters, as has been shown for the interaction of
azole dimer$210] and water clusters with BeXlerivativeq6]. Strong cooperative

effects are also detected when the interaction takes place betweenrdiopimers,

such agiminomethyl)beryllium hydride or (iminomethyl)beryllium fluoride

[HC(BeX)=NH, X = H, F], in which the molecule has a terminal Lewis basic site (the
imino group) and a terminal Lewis acidic site (the BeX group), favouring the self
assembng of the system to form rather Bte linear or circular polymef839].

At the opposite end of the scale as far as the strength afowahent interactions is
concernedire the sacalled halogen bond294-295, 335], where the center acting as a
Lewis acid is a halogen atom. Many complexes stabilized through halogen bonds have
been described in the literature. The aim of this paper is to analyze possible cooperative
effects between rather weak interactions, such as halogen bonds, and rather strong
interactions, such as beryllium bonds. This analysis will be carried out under the
conventional perspective of the atoms in molecules (AIM) thEgry7] in terms of the
topology of the electron density and its Laplacian. To further this discussion, vedsaill
use an alternative perspective based on the evaluation of atomic energy com@pnents
This is also available within the framework of the AIM theory and has been shown to be
a rather reliable index to quantitatively describe internal energy changesk non
covalent interactions, and has been successfully applied in the analysis of cooperativity
between hydrogen bonds in water clusférS] and hydrogen bonds and beryllium bonds
in (H20)nBeXz (n = 11 3, X = H, F) complexefs].
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The idea is to expke the changes undergone by the halogen bond in FCI---Base
complexes when the FCI in turn forms a beryllium bond with BeHield
HoBe---FCI---Base clusters. To define the set of Lewis bases to be investigated we
consider it of interest to includ®mpainds that present basic sites which are commonly
found in biological systems. Hence, we have included a set of bases where the basic site
is a carbonyl group in a variety of functional environments, namely formaldehyde,
acetaldehyde, acetone, formamide] &armic acid. We also consider bases in which the
basic site is an amintype nitrogen. In this case we have included ammonia and its
methyl derivatives to check the sensitivity of cooperativity between beryllium and
halogen bonds to substituent effe€timally, to investigate the effect of the hybridization
of the basic site, we have included other nitrogen bases such as methanimine, hydrogen
cyanide, imidazole and pyridine, in which the nature of the N basic site changes. To these

sets we have addedratydrofuanas an example of a cyclic ether.

9.3 Computational Details

Since the aim of this study is to evaluate the changes in the strength of halogen bonds
that interact cooperatively with beryllium bonds, the first step is to assess the appropriate
theoetical method to describe these weak interactions. For this purpose we have chosen,
as a benchmark set;Ibases in which the hybridization of the basic site changes, namely
ammonia, methanimine and HCN, and also formaldehyde as a good prototype of a
carboryl base. The geometries of the complexes between FCI and the aforementioned
benchmark compounds were optimized using the followm@itio theoretical models:
MP2/augcc-pVTZ, CCSD/cepVTZ, CCSD/auegcc-pVTZ, as well as the following
densityfunctional treory (DFT) methods: B3LYIR214-215], M06 [340] and M062X
[340] in combination with a ®1+G(d,p) basis set expansion. For all the benchmark
complexes the CCSD/awag-pVTZ calculations were used as the common reference.
Optimizations and benchmark calcidais were performed without symmetry constraint
using theGaussian 0program[70].

As shownin Figure B.3of the supporting informatioAppendix B.5) MP2 strongly

overbinds the complexes, yielding halogen bonds that are up to 0.22 A too short.
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Convergly, CCSD/cepVTZ yields distances that are too long (up to 0.11 A) showing the
importance of the diffuse functions. The behavior of B3LYP is similar to that exhibited
by MP2, although the optimized distances are slightly longer. No significant differences
are observed when the B3LYP functional is replaced by the 406ne. However, the
agreement between the CCSD/augpVTZ halogen bond lengths and those obtained
with the M062X functional is rather good, and deviations are almost constantly equal to
0.03A, indicating that this functional is well suited for the description of weak non
covalent interactions.

The second step of our assessment focused on the basis set expansion. All molecule
pairs were reptimized at the MO@X/6-311++G(d,p) level, followe with frequency
evaluations and AIM analysj69]. Some benchmark complexes were optimized at the
MO06-2X/6-311++G(2df,2pd) level, including complexes with acetone, formaldehyde,
HCN, methanimine, and methylamine as base. Since we are interested indhe use
atomic energy components, that is, the energy obtained for each atom through integration
over the corresponding atomic basin asreefiin the AIM theory frameworld], we
have used as a suitable reference for this assessment the molecular vilis¢eatio
supporting informationk-igure B3 in Appendix B.5. It can be observed that using the
larger 6311++G(d,p) basis set will improve the virials significantly for the complexes,
and that increasing the number of polarization functions to 2df,2pd yetdshal further
improvement. Considering atomic stabilitiee(t he ef f ecti ve change
energy as Betdinteracts with FGBase to form the pBe---FCI---Base complex), the
smallest basis set yields energy values very close to the largsdtasith increased
polarization functions (sdeigure B4 of the supporting informatiom Appendix B.5 as
well asFigure B5 and SectioB.5.2for further information on unscaled atomic energies
and the AIM method). We conclude that the use of the snaB&+G(d,p) basis set is a
good compromise between economy and accuracy for this kind of analysis. The same
basis set expansion has been used to obtain the corresponding molecular graphs, which
are the ensemble of the critical points of the electronityensaxima (nuclei) and first
order saddle points (bond critical points), and the zero gradienttihes 1) or bond
paths connecting them. The charge transfer taking place between the interacting subuni
has been calculated by means of the natural bond orbital (NBO) nj2i&jd
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From the energetic viewpoint, cooperativity can also be also analyzedadngs rokthe
manybody interaction energy (MBIE) formalisfil7, 126] in which the interaction
energy of a ternary ABC complex can be obtained as the sum eabduyo energy
interactions:

3006 V06 OO 06 9.1)
(with similar expressions fBC and AC), and threbody energy interactions:
30060 0060 OO ©O6 0O
9.2)
30006 30006 30060
In equations (1) and (B(A), E(B), E(ABpare computed with the geometriesythave in
the ternary complexote that the first two terms on the right side of 8)(define the

interaction energy of the ternary complex:
O 0066 06 06 0606 9.3)

whereas the binding energwif, is given by a similar expression in which the energy of
the monomers is computed at their equilibrium conformatithe MBIE analysis will

be carried out at the M062X&1L+G(d,p) level of theory. We have checked the reliability
of this model for some suitable examples by using iederence the values obtadret

the CCSD(T)/augc-pVTZ level of theory (Sed@able B.11of the supportingniformation

in Appendix B.5.

9.4 Results and discussion

The molecular graphs of the complexes are shown in Fi@uka®.4a whereas the
changes of the atomic energy componentsiguonplex formation are shown in Figures
9.1b-9.4b. The sum ofitomic energy changes yields the total energy change for the
complex formationin part (a) of each figure, thHast column shows the molecular graph
of the complex between FCIl and the Lewasé, stabilized by only a halogen bond. The
second column shows the original complex now interacting withy Baléwing
cooperative effects to arise between the new beryllium bond and teigtiag halogen

bond. In part (b) of each figure, the firstwmn shows the changes in the atomic energies
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when the FCI---Lewis base is formed, and the second column shows these changes when

the HBe--FCI---Lewis base complex is formed.

9.4.1Amines

In Figure9.1a the results for ammonia and guccessive methyl derivatives are
shown. Regarding the first column, we see the expected increase in strength of the Cl---N
halogen bond with the number of methyl substituents, reflected in an increase of the
electron density at the bond critical poiBGP). Consistently, the ClI---N internuclear
distance decreases in the same order. The important result is found in the second column
where we see that each halogen bond becomes stronger when the FCI molecule forms a
beryllium bond with Beld and this reirdrcement also increases with methyl
substitution. In fact, whereas the electron density at the Cl---N BCP increases by 0.066
a.u. in the ammonia cluster with Begirteraction, this increase becomes 0.075, 0.080 and
0.081 a.u. for methyl dimethyt and trimethylamine, respectively. Also importantly, the
corresponding Be:--F beryllium bonds are reinforced as well, and this reinforcement also
increases with methyl substitution. Indeed, the electron density at the Be:--F BCP for the
isolated HBe---FCI complexnot shown in the figure) is 0.023 a.u. and when this moiety
interacts with a Lewis base to form the corresponding Cl---N halogen bond, the value of
the electron density at the Be---F BCP increases to 0.062, 0.070, 0.074 and 0.077 a.u. for
ammonia, methy| dimethyt and trimethylamine, respectively.

These cooperative effects are also well described by the atomic enenggnents, as
shown inFigure 9.1b. In thisalternative representation of the complexes, edom is
represehed by a sphere whose diameter is prop
energy change. The sphere is red when the atom experiences a negative (stabilizing) energy
change and blue if it experiences a positive (destabilizing) energy change. For @&oms w

an energy change of less thethkJ mot! the sphere is left uncoloured.
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Figure9.1 Complexes involving ammonia, methytlimethyt and trimethylaminea)

Molecular graphs. Electron dsities at the BCPs in alo) Change in atomic energy

upon formation of the complexes. Values for the relative energy change of each atom

are labeled (kJ md). Stabilized atoms are red, destabilized atoms are blue. Atom size

corresponds to the magnitudkenergy change. Structures were prepared using VMD

software[114].

It is clear that in thél.Be--FCI---Lewis base complexése BeH molecule as a whole

is destabilized by the interaction, whereas both halogen atoms F and Cl become stabilized
and this &bilization increases with methyl substitution. Using this perspective, the
relative strengths of the beryllium and halogen bonds are reflected in the stabilization
undergone by the F and Cl atoms of the FCI moiety and in the changes observed for the
atomric energy components of the Begtoup and the N atom of the Lewis base. Indeed,
the strengthening of the halogen bond on going from ammonia to trimethylamine is
reflected by increasing stabilization of the Cl atom and concomitant destabilization of the
N atom of the base. Similarly, the strength of the beryllium bond is mirrored in the

increasing stabilization of the F atom and the increasing destabilization of the BeH
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group. A comparison of the first and second columRigfire9.1b shows that the
aforementioned changes for F and Cl atoms are larger inBe +H-CI---Base

complexes than in the FCI---Base ones, due to cooperativity between beryllium and
halogen bonds. Indeed, the strength of the halogen bond depends onttbe ateeptor
capacity of Cl which obviously increases when the FCI molecule forms a beryllium bond
in which the F atom behaves as a Lewis base transferring charge to Be, and therefore
enhancing the Lewis acidity of Cl. Reciprocally, the beryllium bondimes also

reinforced whera FCI molecule forms a halogen bond with a Lewis base, because the
charge transferred from the Lewis base to FCI enhances the basicity of the fluorine center
and therefore its electron donor capacity. In the FCI---Base complexsseanthis

manifest as an increase in the atomic destabilization of F, going from rtethyl
trimethylamine.

These changes in the electron donor and electron acceptor ability of the active centers
within these complexes are easily detected by an NBO amdigs example, for the
FCI---NHs complex the NBO analysis shows that this complex is stabilized through the
interaction between the N lowpair of the ammonia molecule and e * antibonding
orbital, the secondrder interaction energy between these orbitals being 137 kJ mél
and the charge transfer amounting to 0.13 e. Consistently@éénd length increases
from 1.639 A in the isolated FCI molecule to 1.691 A in the FCI- 3 Bbinplex.

Similarly, for the HBe---FCI| complex the NBO analysisvesls a charge transfer from
one of the longairs of the F atom towards the emptgrbital of Be and thes ger*
antibonding orbital. Consistently, the Beidoiety in the HBe---FCI complex departs
slightly from linearity (the HBeH angle being 162.4°) dinel BeH bonds become slightly
longer. When both nenovalent interactions are allowed to interact by forming the
H2Be---FCI---NH: complex, the NBO analysis detects the formation of two new bonds,
one between Cl and N with 75% participation of the N atbiand 25% of the Cl

orbitals, and another very polar bond between F and Be, with 94% contribution of F
orbitals. Hence, the €\l and the Bd- internuclear distances shrink by G63thd 0.399

A, respectively, and the Belgroup now becomes significanthent (HBeH angle

138.1°). Logically, the charge transfers involved in the formation of these two new bonds

necessarily decrease the electron density at4Bedend which becomes 0.249 A longer
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in the new complex.

A final point of discussion is to congidthe twebody components of the interaction
energies. The same discussion of cooperativity that we interpret from the characteristics
of the electron density is also observed through the decomposition of the total energy into

its manybody contributionsThese values are summarizedaible9.1.

Table9.1 Binding energies, md interaction energie&int and the tweand threebody
interaction energy componen¥’E andD’E) for ABC (A = Beh, B = FCI, C = Lewis
base) complexes. The values within parentheses correspond to thedymteractions
in the binary AB and BC complexes. All values are in kJ‘mol

Lewis Base | Ebind | Ent | DPE(AB) | DPE(BC) | D’E(AC) | ED’E | D’E
NHs3 -105| -231| -73(-13) | -80 (-56) -4 -157 | -74
Methylamine | -139 | -307| -94 (13) | -117 (71) -5 217 | -90
Dimethylamine | -163 | -369 | -115 ¢13) | -151 ¢85) -5 272 | 97
Trimethylamine| -173 | -388| -129 ¢13) | -182 (95) -5 -315 | -73

We notice right away that the interaction energiesmuch larger than the binding
energies; this is because of a large distortion in the geometries of the three monomers
when they form the complex. The valuelBE clearly shows that in all cases the
interaction energy is much larger than the sum ofwleebody components of the ternary
complex. These twbody interactions are always dominated by the contributions of their
nearest neighbors, AB and BC. The third component, AC, is relatively insignificant.
Cooperativity is also reflected in the largeibgalute) values of thB’E terms when
compared with the interaction energies in the free binary complex®s; +H-Cl and
FCI---Lewis basdvalues within parenthesge These data are in perfect agreement with
our previous discussion: both theB¢:--FCI beyllium bond and the FCI---Lewis base
halogen bond are reinforced through cooperativity, and this reinforcement steadily
increases with the intrinsic basicity of the Lewis base attached to FCI.

9.4.2Different N Lewis bases

Cooperativity between beryllium andlbgen bonds clearly changes with the nature of

the basic site of the Lewis base participating in the halogen bond. This is apparent when
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the complexes formed by ammonia, methanimine and HCN are compared. As shown in
Figures9.2a,b the halogen bond formexdstrongest with methanimine and weakest with
HCN, but what is more important from the perspective of our study is that the
reinforcement of both halogen and beryllium bonds, as a result of their cooperativity,
follows the same trend: much larger in metin@ine than in ammonia, and also larger
than in HCN, as shown by the relative increase of the electron densities at the
corresponding BCPs (Sé&ggure9.2a).
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Figure9.2 Complexes involving ammonia, methanimine and H&N\Molecular
graphsp) Change in atomic energy upon formation of the complexes. Same
conventions as ifigure9.1.

The same conclusion is reached by analyzing theiatemergy components (see
Figure9.2b). The stabilization of F and Cl is the largest for the methanimine complex and
the smallest for the HCN complex. In fact, the Cl atom in the HCN complex is actually
destabilized by the BeHnteraction. The net stabilization of the atoms in the Badl
FCI atom groups within the HCN complex has a destabilization of +37 k3 o
same atoms in ammonia and methanimine are overall stabilizéd land-56 kJ mot.,
respectively. This featungoints to some kind of artiooperative effect which cannot be
detected just by looking at the electron densities at the BCPs. Indeed, from these electron

densities the only thing we can conclude is that they increase much less for the HCN
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Lewis base thafor ammonia or methanimine. In terms of stability imparted by the

formation of the beryllium bond, the binding energy for the interaction ot BétH

FCI---HCN is much smaller26 kJ mot') than in the complexes involving ammonizg

kJ moft) or methaimine (96 kJ mot'). We also note that the®l interaction changes

with the BeH interaction, actually becoming weaker the stronger the cooperative

influence. What the analysis in terms of the atomic components is showing is that for

HCN the lowered ataic stabilization comes not just from the formation of the beryllium

and the halogen bonds, but also from the diminished influence of@h&dénd. For the

complexes involving ammonia and methanimine, the overall cooperative reinforcements

of the beryllium and halogen bonds are much larger than the weakening of the FCI bond.
The discussion in terms of twmpdy interaction energies is again consistent with the

picture obtained through the dysis of the electron density. The values summarized in

Table9.2 show a significant difference between binding and interaction energies. These

values reach a maximum for methanimine, the most basic compound, and are

significantly smaller for HCN, which is the weakest base of the three corciddse in

this case, as observed in the amines, the interaction energy is larger than the sum of the

two-body components, which are again dominated by the nearest neighbor contributions.

Table9.2 Binding erergies, king, interaction energiegint, and the tweand threebody
interaction energy componen’E andD’E) for ABC (A = Bek;, B = FCI, C = Lewis
base) complexes. The values within parentheses correspond to thedymteractions
in the binary ABand BC complexes. All values are in kJ rhol

Lewis Base | Epna | Em | D’E(AB) | DPE(BC) | D’E(AC) | ED’E | DE
NHs -105 | -231 | -73(13) -80 (56) -4 -157 -74
Methanimine -122 | -326 | -95 (13) -118 (50) -5 -239 -87
HCN -37 -70 | -33(13) -20 (20) -2 -55 -15

Cooperativity is also large when dealing with nitrogen atoms belonging to aromatic
rings as in the casd imidazole and pyridine (sdggure9.3a,b). It is worth noting that
these cooperative effects are particularly strong in the pyridine complex, where the
electron density at the halogen BCP increases by 0.142 a.u. and théoksl sy
0.501 A (from 2.227 to 1.726 A). Concomitantly, the beryllium bond is also reinforced
significantly, its electron density increasing by 0.075 a.u. and the Be:---F distance
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shrinking 0.22 A (from 2.000to 1.478 A). This indicates that the chargesfer from F
towards Be is very large. The consequence is a dramatic enhancement of the
electronegativity of the F atom, which recovers part of the charge transferred 1byBeH
depopulating the Il bonding region, a phenomenon known as the bond aotivat
reinforcement (BAR) rul¢341]. Consistently, the electron density at th€ FBCP

decreases dramatically and th€ Fbond almost cleaves. The near cleavage of 1#8& F

bond favors the formation of a dihydrogen bond between one of thel§drbgen

atoms and one of the CH hydrogens of the pyridine ring. Once more, this description is in
agreement with the changes observed in the atomic energy components. As illustrated in
Figure9.3b, the stabilization of the Cl atom is muletnger than in the methyl amines and
methanimine, and similarly larger than in imidazole. As well, the stabilization of F is
much larger in pyridine than in the complexes involving oth@oNtaining Lewis bases.

It is also worth noting that the formatiohthe aforementioned dihydrogen bond between
the Behk group and the aromatic ring is reflected in a dramatic destabilization of the CH
hydrogen of the ring with respect to the other ring hydrogens (+8#30 to+59 kJ

mol?) and also by a larger destii#ation of the hydrogen atom attached to Be which
participates in the dihydrogen bond, with respect to the one that does not participate in
this interaction (+94/s.+62 kJ mot!).
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Figure9.3 Complexes involving imidazole and pyridir@.Molecular graphsb)
Change in atomic energy upon formation of the compleSa®se conventions as in
Figure 9.1
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9.4.3 Carbonyl bases

In general terms, the behavior obserfer complexes involving different carbonyl
Lewis bases is similar to the one described above foortiaining Lewis bases. By
comparing the results for formaldehyde, acetaldehyde and acetone it is apparent that both
perspective$ the molecular graphs drihe atomic energy componeintgdicate an
increase in the cooperativity between beryllium and halogen bonds with increasing
number of methyl substituents (Segure9.4). In addition, both descriptions indicate
that substitutn by an amino group, going from formaldehyde to formamide also leads to
an enhancement of cooperativity, whereas substitution by a hydroxyl group on going
from formaldehyde to formsiacid has the opposite effesinaller changes in BCP values
and reduceeénergy changes for Be, F and CI. It is worth noting that, as discussed above
for HCN, here again the cooperative effect is largely diminished when analyzing the
atomic eergy components of formic aci@he chlorine has a negligible energy change,
the sum 6the atomic energies of thexBe---FCl group is destabilizing (+Jknol?), and
the FCI bond critical point has a much smaller decrease in electron density. These results
clearly ratify that cooperativity between beryllium and halogen bonds is a general
phenomenon that depends on the intrinsic basicity of the Lewis base, and that in general
the stronger the base the larger the cooperative effects.

It is also interesting to emphasize that some subtle effects are detected with the two
approaches we aremsidering for our analysis. For instance, for the
H2Be---FCI---acetaldehyde complex, the topology of the electron density shows the
existence of an intramolecular hydrogen bond between a hydrogen atom of the methyl
group and the Cl atom, and also of a ditogen bond between the same methyl hydrogen
and one of the hydrogen atoms in the Bgkbup. The analysis of the changes in the
atomic energy components shows that this methyl hydrogen atom in the
H.Be---FCl---acetaldehyde complex is more destabilizeckggBol?) than the other two
(25 kJmol?), and that concomitantly the H atom of the Beirbup interacting with its
also more destabilized (24 kiblY) than the other one (15 kdol?).
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Figure9.4 Complexes involving carbonyl bases: formaldehyde, acetaldehyde, acetone,
formamide, formic acid angtrahydrofurana) Molecular graphsh) Change in atomic
energy upon formation of the complexes. Same conventions as in Bityure

Finally, it is interesting to note that the complex wé#trahydrofurarbecomes
symmetric when it interacts with BeHn the FCI---tetrahydrofurarcomplex the FCI
molecule practically aligns with the O atomtefrahydrofuranthe FCIO angle being
177.1°, yet the complex has no symmetry, belonging to {ip@iGt group. However, in
the HBe:--FCI---ietrahydrofurartomplex, not only the FCIO arrangement remains
practically linear (FCIO angle = 176.1°), but the whole complex BagrGmetry,
becausehe HBeFCIO group lies in a symmetry plane which bisects #& EH. bond
of the fivemembered ring opposite to the O atom. This arrangement seems to favor a
stabilizing norbonding interaction between the negatively charged hydrogen attached to

Be with he positively charged H atoms of thed4CH> mentioned above.
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9.5 Conclusions

In agreement with previous studies of water clusters interacting with beryllium
hydride, the decomposition of the interaction energies into atomic components is found to
be a veryeliable tool to describe different closstell interactions such as halogen
bonds. Both the topological analysis of the electron density and the changes in the atomic
energy components of the interaction energy show the existence of strong cooperative
effects between beryllium and halogen bonds. In some cases this cooperativity is so
intense that halogen or beryllium bonds that were initially rather weak, for example
between FCI and pyridine and betweesBel and FCI, become both much shorter and
stronger lcause of their mutual interaction. In general, there is some correlation between
the intrinsic basicity of the Lewis base patrticipating in the halogen bond and the
cooperativity, in the sense that the stronger the base the larger the cooperative effects.
This explains why cooperativity increases with methyl substitution either for N or for O
containing bases, and why it increases when a methyl group is replaced by an amino
group, which enhances the basicity of the system through the conjugation of the amin
lone-pair with the basic site. Also interestingly, the analysis in terms of atomic energy
components permits the quantification of some-entiperative effects, undetectable

using only bond critical point electron densities.
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9.7 Chapter Summary and Relevance

In thischapterthe decomposition ahteraction energies into atomic components is found

to be ausefultool to describe halogen bondsmbining withberyllium bonds There isa
generalkorrelation between thatrinsic basicity of the Lewis base participating in the
halogen bond and the cooperativity, in the sense that the stronger the base the larger the
cooperative effectsThese cooperative effects weféectivelydemonstrated by

visualization of thencrea in the local energy changes for the interacting atoms.
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Chapter 10 Future Work

Initially this thesis was meant to include a chapter on the local energy changes in
water molecules as they solvate the amino acids, evaluated ustRguiiaello molecular
dynamics(CPMD) and QTAIM analysis. This largely came about because of interesting
discussion surrounding the important role of water in protein folding. The project was not
completed, largely due to time limitations because the necessary groundwork for the
QTAIM energy analysis had to be completed before a discussion of larger systems could
be made with confidence. While the project did not make it past the preliminary CPMD
stage, it would be wonderful in the future to use AIM to explore any correlation between
thelocal influence of the aminoagd on t heir sol vandthergeofvat er 0 s
each amino aciddés solvation in the folding
One other project which remains to be completed is a benchmark evaluation of the
atomic energies in a large & of diatomic and triatomic homand heteremolecular
systems. Although the local analysis of water clusters and other systems which involve
hydrogen bonding has been welplored in this thesis, it would be beneficial to explore
the nature of systent®ntaining a larger variety of atoms. Some calculations for this
project have been completed, however the analysis remains to be finished.
It is my hope that the future will see further exploration of chemical phenomena using
the quantum theory of atoms molecules energy analysis.
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Chapter 11 Conclusions

In this thesis, lectron density topology as described ia uantuntheory of atoms in
molecules wa used t@valuatehe local @ergy changes ia range of systems including
water clusters, wateviresinteracting with alkali alkaline earth metal and halide ipns
smallsystems demonstrating cooperative,4coonperative and antiooperative hydrogen
bonding interactions, andosedshell interactiongombiningberyllium, hydrogerand
halogen bondingrheenergy changes reflect atomstabilitiesandare used tecreatea
visualrepresentatioof the local stability for systemaith interactions as described
above Importantconclusiongrom eachthesischapterare summarized below.

In Chapters 4 and 5yaluatin of water clustergH-O)n=2.6 reveals thatrelative to the
water monomerall oxygenatomshave a decrease in atomic energy (indicating
stabilization)and hydrogen atomacrease in atomic energy (indicating destabilization)
with the exception of the wer dimer Hydrogenbond cooperativityfor the cyclic
clusterss demonstrated at an atomic level by an increase in energy change that matches
the increase in stability. Smalhuatiors in atomic energiewithin theseclustersare
correlated tavater georetry and reflecvariations in hydrogen bond strengthsthe
water hexamers, the simpeoperativitythat wasobserved irthecyclic systemss
diminishedasthe linearityand symmetrpf thehydrogen bond interactions dost The
prism, cage and bagustersdemonstrat@ large range dbcal water stabilitiedue to
multiple bonding partnerand competingooperative and antiooperative interactions.

Analysis of theinteractionbetweerBeX, (X = H, F)and thewaterdimer and trimem
Chapter Geveak a significant electron density redistribution within the whole systasm
a result of théormation of strong beryllium bonds between water molecules and the
BeXz derivative. There is aubstantiathangen the proton donor and proton acceptor
capady of the water molecules involve@ooperative and antiooperative effects are
againdemonstratedt the atomic levehroughthe atomic stability analysi$he changes
in the atomic energy components are correlated with the changes in the strengtfe of t
interactions, providing a quantitative measure of cooperative effects directly in terms of

energies.
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In thestudy ofwater wires interacting with a set akali, alkaline earth metal and
halideions (Chapter 7)local stability within the water wireevealgthat, relative to the
neutral water wirewateris stabilizedvhen interacting withr, H*, Li*, and Na ionsand
destabilizdwhen interactingvith K*, C&*, CI, and Brions These trendmatch
properties of kosmotropies.chaotropic ionsVisualization ofthe changingitomic
energieslearlyrepresentincreasedocal stabilityat the position of thprotonfor the
protonated water wiresyStemsthat contain two ionseparated by an n=7 water wire
demonstrate thahé local water stability ithe presence @ counter ion is essentially the
sum of the individual influences of each isolated ion.

In Chapter 8atomic stabilities werevaluatedor cooperative, anttooperative and
non-cooperative clusters of methanol, water and formaldehyspecévely. While the
cooperatively interacting clusteshowincreasing stability at the atomic level as the
cluster sizencreasesthis is not observed in nerooperatie arrangements of
formaldehyde. This indicatébat the atomic energy analysis camrectly represent these
nontcovalent interactiongzurthermore, the atomic energy analysis was able to reveal
local stability insight that was not available using BCP or total energy analysis alone. The
changesn the atomic energy components correlathwhanging types of interactions,
providing a direct, quantitative evaluation of cooperative effects in terms of energies.

In the final chapteratomic energynalysiscombined withan evaluation of bond
critical pointsshowsthe existence of strong coopéve effects between beryllium and
halogen bondsThere is a generabrrelation between the intrinsic basicity of the Lewis
base participating in the halogen bond and the resulting cooperativity, in the sense that
the stronger the base the larger thepayative effectsThis general correlation is
supported by the atomic energies representation of increasing local stabilities for the
systems with stronger Lewis bases.

In conclusiontheat omi ¢ ener gy analysis QhAaMde avail a
topologcal evaluation of the electron density isexteptionallyuseful tool for
evaluating the distribution of local stability in weakly interacting systems, in particular
for hydrogen bonding and closstiell interactionsEnergy changesanreflectthe
coopeativity in these systems and the visualization of the resulting atomic stabilities
provides a unique perspectigkthe nature of these chemical interactions.
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Appendix A Supporting Information for Chapter 3

A.1 Modelling Water Classically

Water can be represented as a model species with several point charges or smeared
charged regions centered either at nuclei or betweelei to mimic the real electron
distribution within the water molecule. Properties such as polarization can be implicitly
included[342] and flexibility may be incorporated using harmonic or anharmonic bond
stretching potentials, though these come witlieasing computational expense. The
water models most commonly applied for laggale biochemical analysis are usually
simple models such as TIP3P or SPGigure Al provides a comparison of the
performance of some classieehter models with respect to experimental values. They
are classified into groups of rigid models (R), rigid and polarizable models (R,P), flexible
models (F), and flexible and polarizable models (F,P). It is clear that even within model

types, the perfeanance can vary considerably.
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Figure A1 Some physical properties of water models. Model type is defined as
F=flexible, P=polarizable, R=rigid. Horizontal dashed lines are the experimental
properties, with values included oretleft. Data was obtained from referer@43].

The dipole moment is the averaged bulk vagef-diffusionis a measure of the
influence of hydrogen bonds on translational movement. The density maximum is the
temperature at which the model yields thehieigt density for bulk water. Notice that the

SPC/E model fares surprisingly

well for a simple rigid model.

The large variety in performance of each model indicates that great care should be

used in setting up a simulation. If the property of interelsea transfer or dynamic

ability involving water flow, a multsite model such at TIP5P would be a good choice.

For analyses requiring a dynamic response to temperature variation (for example in the

heat denaturing of a protein), a simpler model suchR3H would be a wiser option

[344]. No model has yet managed to reproduce all properties of bulk water with any great

deal of accuracy. These errors in water models are derivative from the inherent

differences between a classically modeled water systerii ané a | 0

water mo |

Some of these characteristics, and the steps taken to account for them in the models, are

listed below.
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Water molecules are highly polarizable and susceptibtée surrounding environment.
Nearby ions, charges or reaction fields @ffect the electron density within a real water
molecule, redistributing it according to the surrounding environment. In some cases this
promotes formation of elsewise unstable water structures, sticblasg water chains
observed in mass spectromet&periment$256]. Although polarization is inherently an
electronic property, there are several ways of including polarizability in classical water
models[342]. This can include adjustment of partial atomic charges and introduction of
dipoles at or neahe oxygen charge center (see for example refe{84&¢). Many

simple adjustments aim to improve correlation with bulk water behaviour. There may be
consequential errors to this when describing the electrostatic interactions of water in non
bulk enviraments, such as near biomolecules and membrane interfaces. More
complicated ways to improve polarizability are also available, involving inddigede

models, Drudescillator models, and fluctuatirgharge modelg346].

Water molecules in bulk liquid amorequivalent.

This is a result of polariz@n as well as the cooperativnature of the hydrogen bond.

Each new bonding interaction from a water molecule (or a solute molecule) can either
enhance or diminish the existing water hydrogen bonds, degeodithe orientation of

the water molecules. This is especially evident within small water cl§Stei87]. The
cooperative effect in water is an electronic effect, which is difficult to mimic using
classical approaches. Polarizable models aid in prayidibetter description of the

varying hydrogen bond strengths in water, however they do not reproduce possible
changes in geometry, such as fluctuating bond lengths and angles. Flexible models allow
variation in geometries, however they have been crtitlzecause of theiendency to
produce a narrowing of the HOH bond angle (to <16dm 104) [347]. It is worth

noting that experimental arad initio values for gas phase water clusters (often
considered to be descriptive templates for true bulk watestsicture) report that the

HOH bond angle can be as narrow as°J@35]. Considering that many rigid bulk water
models fail to reproduce the proper complexity of the potential energy surface observed

in bulk water, this progression in flexible modelsynpaove useful.
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Wateris capable of proton transport

This is the driving force behind many addse reactions, enzyme catalysis, and energy
transfer and conversion processes in biomolecules, and it is perhaps the most complicated
propertyof water. It nvolves the making and breaking of both covalent and hydrogen
bonds, potential quantum effects suclpeontunneling and large zero point energies,

and a protonic charge thedn bedelocalized over multiple water molecules (rather than
the classical efinition of an isolated kD" species). Proton transport is all but impossible
to model using classical methods. Specialized models such as the Multistate Empirical
Valence Bond Method (M&VB) [348] are capable of modelling proton transport using
MD deteministic methodsAb initio molecular dynamics (AIMD) models are also
available; however, they require considerable computation time and are only realistic for
small systems. Interpretation of AIMD results is also dependent on an understanding of
the undding quantum theory, and care must be taken in modeling the types of electron

electron interactions as observed in hydrogen bonds.

Water is mofO® than just AH

Finally, even if a water model could capture all of the above properties, there would still
remain serious difficulties in transferring
does not consist purebf water molecules. It is a system of molecular species including

ortho and para water molecules, isotopic contributions, and hydrogen iogdioditie

species.

Despite these shortcomings, the models developed in the past 40 years do allow us to
mi mic some of waterds behaviour and have p
biomolecular systems through their dependence on water. The atswesy
experimental anomalies have been clarified through application of molecular modelling
[349]. A more thorough review of current models in use, as well as their performance
with respect to experimental observations, is available in refef@d¢g and a current
discussion of water models (as well as many characteristics of water) is available in
referencg343].
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A.2 SCVS Implementation inGaussian 09

The SCVS method was first available commercially inGlagissian 09G09) program
in version B.01 andmproved in version C.01. There is no keyword, but sample inputs
are available in test93®st939 and test945 in the GO09 test directory included with the
program installation. An example input for a SCVS optimization of formamide is
provided inFigure A.2

Figure A.2Sample input for SCVS implementation@aussian ORev.C.01
(test937.com

#p opt=tight mp2(full)/6 - 311g** extralinks=1112 density=current
int=readb
Gaussian Test Job 937:
Formamide mp2(full)/6 - 311G**//mp2(full)/6 - 311G** SCVS
01
C -0.15457920 0.41470365 0.00000000
@] -1.19796161 -0.26101347 0.00000000
N 1.08304695 -0.16570783 0.00000000
H -0.15135510 1.52911778 0.00000000
H 1.17773711 -1.15080964 0.00000000
H 1.90345745 0.38153249 0.00000000

A.3 Obtaining Accurate .wfn/.wfx Files from Gaussian

Although it is preferable to use AIMQB to transform a formatted checkpoint file into a
usable .wfx or .wfn file, in sominstances (such as when pseudopotentials are present) it
iS necessary to useaussian 0% write the .wfx or .wfn file. This can be achieved using
the OUTPUT=WFX or OUTPUT=WFN command in the route section. If the .wfn file
for a postHartree Fock calcation such as MP2 is generated3aussian 0@ising a
version older than B.01 then there are some important considerations. FSQpost
correlated calculations the virial ratio will be written incorrectly to the .wfn file,
reflecting the SCF energy rathtian correlated values. This must be manually updated to
the correct virial using the total correlated eneigy, EUMP2) and the kinetic energy
(KE). Note that this is not required for later versions of Gaussian or if AIMQB is used to
write the .wfx fle. The keyword DENSITY=CURRENT is required for p&TF

correlated methods, so that the natural orbitals of the correlated first order density matrix
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are written to the .wfn file. In the case of a single point calculations, even if AIMQB is
used to writedhe .wfx file it is necessary to include DENSITY=CURRENT in the
Gaussian route section so that the correlateddndgr density appears in the .chk file
and thus .fchk file. Also for single point calculations, it is recommended that the FORCE
keyword isincluded so that nuclear coordinate energy gradients will be written to

the .fchk file. If an unrestricted peSICF calculation is requiredd. UMP2 or
UCCSD(T),etc), POP=NOAB must be included in the route section so that the alpha
and beta natural gpiorbitals of the firsbrder density matrix are written separately to the
traditional AIM .wfn file. This is not required if the .fchk file is to be used by AIMQB to
write the .wfx file. Finally, there is a small chance (in Gaussian03) that the molecular
orbital coefficients will be written to the .wfn file in standard orientation but the nuclear
coordinates will remain in the input orientation. This can be avoided by including the
NOSYMM keyword, or by using AIMQB to write the .wfx file from the .fchkefil
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Appendix B Supportinginformation forPapers

The supporting information for the majority of the chapters in this thesis is available
online. In particular, nformation such a€artesian coordinates for optimized structures

and raw data for atomic properties ¢danaccessed online using the doi for each paper.

B.1 Chapter 4: Visualizing Internal Stabilization in Weakly Bound Systems
Using Atomic Energies: Hydrogen Bonding in Small Water
Clusters

L. Albrecht, R. J. Boyd). Phys. Chem. 42012), 116 (15), 3948951 DOI: 10.1021/ip301006g

Supporting Information AvailableGeometric parameters for MP2 optimized water
molecules, QTAIM atomic properties, and NPA chardéss maerial is available free of
charge via the Internet attp://pubs.acs.otg

B.2 Chapter 5. Atomic Energy Evaluation of Eight Low-Lying Water
Hexamer Structures

L. Albrecht, S. Chowdhury, R. J.dgd,J. Phys. Chem. A2013) 117(41), 10799, DOI:
10.1021/jp407371c

Supporting Information Availablé&seometric parameters for SC\KP2 optimized water
hexamers and QTAIM atomic propertiesluding bond critical point data his material
is available free of charge via the Internettab://pubs.acs.org

B.3 Chapter 6. Cooperativity between hydrogen bonds and beryllium bonds
in (H20)nBeXz (n = 11 3, X = H, F) complexes. A new
perspective.

L. Albrecht, R. J. Boyd, O. M@, M. YafieBhys. Chem. Chem. Phy2012) 14, 145414547 DOl

10.1039/C2CP42534C

Additional supporting informatiorB3LYP/6-31+G(d,p) optimized geometries for the
water dimer and trimer, and the®).BeXz (n =1-3, X = H, F) complexes are available
online atwww.rsc.org/pccp
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Table B1 CCSD(T)/augcc-pVQZ//CCSD/631+g(d,p) total energies (E, hartrees) and

relative free energiesG, kJ mott) for WD(BeH)aand WD(BeH)b clusters

Cluster E DG
WD(BeH2)a -168.6327986 0.0
WD(BeH2)b -168.6309422 5.6

Table B2 B3LYP/6-31+G(d,p) optimized geometries for the water dimer and trimer,

and the (HO), BeX» (n =1-3, X = H, F) complexes. Coordinates are in A

(H20)2 (H20)s
8 0.007035-0.004858 -0.097332 8 -0.101541 0.0407520.188709
1 0.051539-0.001213 0.871549 8 -0.104155 0.112758 2.597583
1 0.921804 0.004924 -0.391940 8 2.297625-0.086707 1.210611
8 -0.036388 -0.000158 2.801888 1 -0.459409 0.144352 0.712880
1 -0.480854 0.761251 3.188979 1 0.855712 0.037268 2.435930
1 -0.463204 -0.772899 3.186401 1 1.678129-0.061769 0.456557
1 2.863824-0.851074 1.071128
1 -0.216065 0.7602003.298802
1 -0.521876 0.7134250.731370
H.O:BeH H.O:Bek,

-0.005288 -0.086058 0.031365
0.090649 0.043361 0.981203
0.831224 0.032480.431610
-1.461878 -0.468328 -0.729727
-2.416897 -0.554075 0.227869
-1.217990 -0.569053 -2.058924

0.006243-0.109381 0.039354
0.097696 0.050165 0.984616
0.828029 0.051275.436231
-1.430742 -0.626080 -0.699025
-2.428713 -0.762837 0.313671
-1.189281 -0.761918 -2.100199

D(BeHj)a

0.231893-0.355351 0.065392
0.432347-0.257056 1.032568
0.878889-0.869867 -0.425130
-0.1/6819 0.133774 2.562190
0.071117 0.878418 3.118954
-1.031620 0.365476 2.137819
-1.310974 -0.039255 -0.407613
-1.970435 0.480978 0.690091
-1.574879 -0.353119 -1.694842

D(BeFR)a

-0.010017 0.0347570.004271
-0.046112 0.009449 0.991300
0.877659-0.015587 -0.368897
-0.883847 -0.272349 2.404471
-1.076897 0.353437 3.108835
-1.720902 -0.444878 1.929394
-1.386141 -0.441314 -0.782538
-2.428108 -0.585736 0.231617
-1.249944 -0.614030 -2.190441

D(BeH2)b

0.304537-0.040250 -0.037072
0.170000-0.165803 0.909899
1.078731 0.5225670.157365
-1.126013 0.8007830.711415

D(BeF2)b

0.017861-0.006769 0.012679

0.015296 0.012662 0.978246

0.935105 0.014565).288829
-0.801538 1.4597040.580612

POSPFRORRPRARPRPOIZSFRPARPORPOS PRARRP®

-2.075746 0.721716 0.298837 -2.163994 0.881044-1.569202
-0.590441 1.8495691.447553 -2.064318 1.231212-2.463671
-1.703397 -0.356897 -1.950329 -2.983005 1.2306091.195441
-1.704272 0.0843022.808197 0.142248 2.0055271.572662
-2.611625 -0.605349 -1.740576 -1.453064 2.003772 0.624599
T(BeHz)a T(BeF,)a
-0.827683 0.0836890.074616 -0.028250 0.027247-0.030927
0.287437 0.887919 2.262396 0.072458 0.028553 2.532292
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2.199576-0.877434 1.695828
-0.462637 0.444054 0.943649
1.092861 0.316417 2.258671
1.704271-1.366450 0.996093
2.852349-1477902 2.065362
-0.136975 0.765965 3.117031
-1.429185 0.7014030.350782
-0.289252 -1.218040 -0.739715
0.677684-1.897025 -0.031915
-0.891914 -1.379670 -1.941900

2.699190-0.401141 2.545822
-0.072476 0.025687 0.982083
1.042671-0.081777 2.706743
2.810317-0.486046 B75322
3.419055 0.150782 2.863962
-0.381606 -0.635957 3.059658
-0.839691 0.3413380.439828
1.308890-0.195358 -0.933229
2.475327-0.505945 -0.107312
1.085779-0.028414 -2.335528

T(BeH2)b
0.283775 0.054532 0.308774
0.107100 0.108950 1.272917
1.176398 0.29762%.019611
-1.167379 -0.276968 2.458295
-1.670910 0.294853 3.045302
-1.764328 -0.523872 1.723960
-0.863284 -0.429113 -0.710910
-2.032304 -0.733909 -0.055011
-0.420297 -0.430796 -2.012225
2.062638 0.5157571.551315

T(BeF2)b
0.021612 0.034822 0.033028
-0.058286 -0.114557  1.001832

0.894945-0.114750 -0.395060
-1.179101 0.041413 2.359225
-1.10937 0.471667 3.215979
-1.837810 0.539012 1.839335
-1.084826 0.9334590.724780
1.835702 0.2119351.847792
1.095799 0.66352%.295747
2.226300-0.392317 -2.485442

PROPRPRARPPORPRPOSIPFRORPRPRARPRORPRPOSIPFRPRORPRARRPORPRPOISIFRARRPRRRER®

-0.092572 -0.168611 1.048406
0.904144 -0.286281 -0.268392
-0.957059 -0.332416 2.391789
-1.072113 0.397652 3.026301
-1.785612 -0.397808 1.883284
-1.357415 -0.334551 -0.823198
-2.415549 -0.320963 @M64688
-1.157889 -0.480706 -2.155757
-1.310468 1.770723 4.249033
-1.699249 2.620257 4.016735
-1.575835 1.592357 5.157053

CORPRPROAPFPOIPPOSIOCORRPORMRPRRPORPPOISIOCORPORARPRPOR LOSOCORMRRRERRPR®

1.282838 0.184652.040023 -0.680538 1.262990-2
2.828460 0.0527131.903750 -2.221351 1.237377 0.129047
T(BeH>)c T(BeF;)c
0.159874-0.449575 0.121021 -0.016461 0.013474 0.018584
0.076286-0.157034 1.061387 -0.010186 0.044088 1.009334
0.692270 0.185488).368030 0.888184 0.0311710.312244
-0.919111 0.0355272.478394 -0.615930 0.581222 2.528472
-1.151170 0.850253 2.934092 -0.151209 1.036058 3.236433
-1.669413 -0.174614 1.867314 -1.158324 1.251088 2.059041
-1.406948 -0.675919 -0.581906 -0.947961 1.3045480.635112
-2.333360 -0.599734 0.489155 -2.268733 0.555991-1.579772
-1.446556 -0.031491 -1.806540 -3.118613 0.8448 -1.224240
-1.429830 -2.421233 -1.006456 -2.188359 0.9018252.478376
-2.121690 -2.885423 -0.520600 -1.695164 1.909980 0.528584
-1.638583 -2.479684 -1.946537 -0.135357 1.9605951.674566
T(BeF2)d T(BeF,)d
0.012415-0.122697 0.049398 -0.020480 0.104705 0.008291

-0.081595 0.055967 1.026376
0.869150-0.008011 -0.344076
-0.734289 -0.226274 2.401041
-0.912178 0.503055 3.027897
-1.589775 -0.506165 2.020181
-1.336934 -0.549844 -0.725830
-1.240832 1.853233 4.214542
-1.855019 2.572044 4.018121
-1.337395 1.655869 5.154800
-2.388749 -0.729809 0.273745

-1.200535 -0.837213 -2.121250
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Table B3 B3LYP/6-311+G(3df,2p)//B3LYP/&31+G(d,p) total energies (hartrees)

water -76.463373
water dimer -152.934352
water trimer -229.41373
BeH -15.9234856
Bek -214.689368
H.O:BeH?2 -92.4161175
H>O:BeF2 -291.1860227
WD(BeH2)a -168.9017818
WD(BeH2)b -168.896473
WD(BeF2)a -367.674095
WD(BeF2)b -367.6694464
WT(BeH?2)a -245.3850267
WT(BeH2)b -245.3837711
WT(BeH2)c -245.3815168
WT(BeH2)d -245.3753606
WT(BeF2)a -444.1586208
WT(BeF2)b -444.158092
WT(BeF2)c -444.,1559868
WT(BeF2)d -444.1479908
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0 048 C e 4
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WD(BeF2)a WD(BeF2)b
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Figure B1 Molecular graphs dhe optimizectlusters formed by two and three water
molecules with Bef Red dots denote BCPs. Electron densities are infaandB
denote respectively the Belmholecule and the water molecule attached to through a
beryllium bond.
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Figure B2 Change in atomic energy for the formatiorBef:(H20),, n=1-3, systems.
Values for the relative energy change of each atom are labdlewbtk). Stabilized
atoms are red, destabilized atoms are blwemAsize corresponds to the magnitude of
energy changé, B, C, andD denote labels as in Figuéel. For hydrogens which are
hidden the energy is included in parentheses. The atomic energies for the @efds in
and HO monomers are: Be3. 7x10°), F (-2.63x10°), and O (1.98x19), H (1.03x16),
respectively, in Bmol™.
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