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Abstract

Quantitatively describing biogeochemical cycles or groundwater contaminant mobility
and fate is challenging. Much of the challenge lies in the fact that such descriptions must
be multiscale. For example, the fate of nitrogen added to agricultural soils depends on
the atomic level interaction of the particular nitrogen species with soil components, the
micron to kilometer scale dynamics of mineral and organic colloids in the subsurface, the
local abundance and activity of particular microbial populations, the geological characteristics of the subsurface and weather. My interest in this dissertation is the lower
half of this continuum: describing how to move from the atomic to the micron scale
in environmentally relevant chemistry. In some instances this is straight forward, the
specific heat of water can be rationalized from the properties of small clusters of water
molecules, in other cases it is less so, the details of how atomic scale interactions combine
to produce micron scale structures are nonlinear.
This nonlinearity in moving across spatial scales is often found in environmental
chemistry in two areas: the solid/water interface and the chemistry of macromolecules.
Sugars of varying lengths are macromolecules of particular interest as they are ubiquitous and both have relatively long lifetimes and a defined chemical structure (to ease
subsequent analysis). In this dissertation I develop tools to aid in the characterization
of both the solid particle/water interface and the calculation of sugar properties: I apply second harmonic generation spectroscopy to characterize adsorption on chemically
heterogeneous colloid particles and the surface potential of the mineral colloid/water
interface and investigate the appropriate level of electronic structure theory for the calculation of sugar properties, test the application of several atomistic materials force fields
to sugars and apply replica exchange molecular dynamics to investigate hydrogen bonding in disaccharides in vacuum. Taken together this work lays the foundation for full
experimental and computational characterization of the mineral/water, cell/water and
cell/mineral interfaces: the ground work for quantitative description of atomic through
micron scale phenomena in the environment.
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Chapter

1

What is a geochemist and am I one?
1.1

Minerals, Rocks and the Physical Chemistry
of the Earth’s Surface

Geochemistry is, historically, the study of minerals and rocks. Formerly its interest
largely lay in how these materials are formed at elevated temperatures and pressures, and how they change when they reach the Earth’s surface [2]. The sort of
knowledge that come from understanding these processes is both basic (in the sense
of basic research) and poetic: we can understand the stuff of the hills. Decades
of work has clarified that the atomic structure of rocks and minerals is of large
importance to all sorts of questions of possible interest: e.g. atomic structure influences the mechanical properties of rocks, important in understand geohazards and
the magnetic properties of rocks on very small spatial scales turn out to straightforwardly influence the magnetic field of the earth (see Lin et al. [3] and Mao et
al. [4] for two recent studies). While structural information on the atomic scale is
important it is often sufficient, particularly for processes at elevated temperatures
and pressures, to gain this insight averaged over length scales ≥ a millimeter. To
clarify, if the the chemistry of rock formation is of interest, there is often much useful insight that can be gained from crushing large samples and analyzing both the
crystallography (through powder X-ray diffraction) and the chemical speciation
(perhaps through digestion procedures and atomic absorption spectroscopy). The
utility of such measurements makes clear that, for many materials and processes of
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interest, macroscopic properties can be deduced from an atomic scale description:
we do not need to understand the details of how atoms and molecules combine.
Once rocks are brought to the surface they begin to change phase (to weather)
to reflect changes in pressure, temperature and local chemistry (changes in amount
of volatiles and local redox conditions). Clearly here as well we would like to understand the sorts of phase changes that might happen and in particular what
elements will be released to or taken up from the environment. Much useful information can be gained by approaching the problem in the same way we approach
the formation of rocks in the subsurface: we can measure the averaged atomic constituents of the rocks present in a manner that averages over spatial dimensions ≥
1 mm. In practical terms this sort of study might involve using the mass balance
of particular elements in large riverine systems to gain insight into averaged chemical weathering in a catchment area [5, 6]. Alternatively, we might take particular
rocks back to the lab, crush them, and measure the release or uptake of particular elements from solutions of varying composition (thus spatially averaging)[7].
In either case, however, these measurements just parameterize weathering for the
particular conditions sampled. To really understand what is happening we need
to know more. Part of the problem is that the chemistry that occurs is inherently
multiscale: breaking a particular bond in a particular place influences its neighbors, incorporating elements to form a new phase makes it somewhat more likely
that the neighboring material will also change phase. In short, to quantitatively
understand weathering we need to understand not only the mechanisms by which
several types of atomic scale transitions happen, but also the mechanisms which
influence the likelihood of particular changes happening at particular points in
space: how atomic scale phenomena combine.
For both sociological and technological reasons in the last 30 years the notion of
what constitutes geochemistry has sharply expanded. There are geochemists who
work on better ways to remediate contaminated groundwater [8], geochemists who
study the chemical basis for the stability of the climate system [9] and geochemists
who work on the chemical constraints imposed by the environment on microbial
metabolism [10]. To an even greater degree than weathering, quantitative understanding of these sorts of problems requires understanding many component
processes, each of which operate over different spatial and temporal scales. For
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example, bacterial cell surfaces are festooned with several different types of heteropolymers. A molecular level understanding of how metals adsorb to microorganisms in the environment would thus require answering at least two physical
questions of sharply different scales: how does the conformation of cell surface
polymers change with changing solution chemistry and what are the energetically
accessible mechanisms of metal↔functional group association.
The notion that the full description of a system of interest may require understanding the operation of multiple processes that have different spatial and
temporal scales is familiar in the Earth Sciences for the description of systems
from the meter to kilometer scale: e.g. erosion and uplift in models of landscape
evolution. It is less familiar in the description of systems from the molecular to
micron scale, but the same logic applies. In both cases we are interested in the fate
of a system that, taken as a whole, can be thought of as navigating a highly corrugated phase space with many accessible local minima. The complexity in both
cases exists because our systems of interest have enough energy to migrate between
different stable states on relevant timescales, but not enough energy to overcome
all barriers easily. In the angstrom to micron scale realm we might particularly
expect to encounter these sorts of problems in two broad classes of systems: interfaces, particularly the mineral/water interface, and understanding the change in
conformation of macromolecules found in the environment with changes in local
chemistry.

1.2

Solid/Water Interfaces

The sort of complexity I have described is expected to exist at the mineral/water
interface for several reasons. Definitionally interfaces are disordered relative to the
bulk and are two dimensional. Both these characteristics enhance the possibility
of the development of molecular structures with extended order. Examples of such
interface specific structures include the self-assembly of adsorbed natural organic
matter at the mica/water interface and surface reconstruction at the Calcite/water
interface in the presence of Mg2+ [11, 12]. Because of the physico-chemical balancing act expected to occur at the mineral/water interface it is further reasonable
to point out that small departures from equilibrium of adjoining bulk phases are
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expected to lead to large changes in interfacial structure and properties.

1.3

Macromolecules

In addition to the importance of cell bound heteropolymers already mentioned,
extracellular heteropolymers are of clear relevance to a variety of environmental
processes. For example, the aggregation, and subsequent sedimentation, of diatom
blooms in marine surface waters, determination of water column metal speciation in lakes and in the retention of nutrients in soils [13, 14, 15, 16]. In each
case we are interested both in the functional group/functional group interaction
of a macromolecule and a mineral surface (or smaller dissolved species) and in the
energetically favorable macromolecular conformation in a particular chemical environment. Understanding the free energy of macromolecular conformation change,
both in solution and at surfaces, while preserving atomistic detail, is a challenging
problem. As for interfacial structure the difficulty is that the potential energy
surface describing these systems has a sufficient number of minima, separated by
energy barriers sufficiently small that significant changes in conformation can occur
on time scales of human relevance.

1.4

Predicting the Outcome of Multiscale Processes

The analytical and computational challenges in dealing with these problems are
significant. In addition to utilizing tools designed to probe a range of temporal
and length scales, both interfacial and macromolecular species are generally trace
components of environmental samples. Thus we require a tool, or collection of
tools, that can give multiscale insight and allow us to investigate the fate of trace
species.
There is the source material for generations of interesting work in these broad
categories. I therefore focus, in what follows in this dissertation, on two aspects of
this problem. The description of the water/solid interface in aqueous colloidal suspensions using second harmonic generation (SHG) and classical titrations, and the
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energy of conformation change in carbohydrates using a variety of computational
techniques.
As mentioned above, the stability and transport of mineral colloids is important
both in understanding the mobility of sparingly soluble contaminants in groundwater and biogeochemical cycling in lakes and oceans. The colloid/water interface
is thus of interest both because of the trace components it may remove from solution and because adsorption on its surface may significantly influence the particle’s
subsequent mobility. The transport properties of colloidal particles are often successfully understood as a result of micron scale interfacial charge and or potential.
Of principle importance, then, is the development of tools that may both help
quantify adsorption at the colloid/water interface and also recover the interfacial
electrical properties. In principle, SHG allows the possibility to accomplish both
these goals in a single measurement.
Carbohydrates are ubiquitous in the environment. They appear end attached
to cells (as in the case of lipopolysaccharides attached to Gram negative bacteria),
extruded from cells, dissolved or stable in solution (often the principle component
of extracellular polymeric substances or EPS), as the building blocks of microbial
biofilms, and as organic glue in particle aggregates in lakes and the surface ocean
[17, 13, 14, 15, 16, 18]. They are flexible relative to other heteropolymers (e.g.
proteins) and thus their conformation change is often difficult to characterize experimentally. This difficulty highlights the utility of being able to build accurate
computational descriptions of these molecules from the bottom up: starting with
an accurate description of their electronic structure for small fragments, moving
to classical atomistic descriptions (that parameterize electrons) for disaccharides,
and investigating the utility of statistical mechanical tricks in speeding up phase
space sampling for these molecules.

1.5
1.5.1

Outline of the Dissertation
Chapter 2: A review of particle SHG

In this chapter I first outline some of the basic theoretical underpinnings of SHG
and explain why it, therefore, is an attractive analytical tool. I then review the
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literature on colloid SHG to give some idea of the method’s applicability in colloid
chemistry.

1.5.2

Chapter 3: Multisite adsorption in aqueous latex suspensions

This chapter is an analysis of high resolution SHG isotherms describing the adsorption of the triphenyl methane dye Malachite Green on several different types of
polystyrene latex particles. The purpose of this study is to demonstrate the feasbility of using SHG isotherms collected in this manner to probe adsorption on materials with interfacial chemical heterogeneity (analogous to many mineral surfaces).
This chapter is scheduled to appear in the Journal of Physical Chemistry C, under
the title Second Harmonic Generation as a Probe of Multisite Adsorption at SolidLiquid Interfaces in Aqueous Colloid Suspensions with the authors R. Kramer
Campen, De-sheng Zheng, Hongfei Wang, and Eric Borguet. Dr. Zheng worked
with me on

3
4

of the analyses, performed

1
4

of them independently and helped

understand the data. The experiments were conducted in the laboratory of Dr.
Wang who provided significant insight into how they might best be performed.
Dr. Borguet provided the initial idea for the experiments, collaborated in all data
analysis, and helped in refining the argument. I performed

3
4

of the SHG exper-

iments, all the data analysis and constructed the argument and wrote the text.
The separation experiments described in the text were performed by Ali Eftekhari
using a protocol I helped create.

1.5.3

Chapter 4: Titrations and Surface Potential of Aqueous Suspensions of Nanoporous Silica

In this chapter I describe the connection between classical titrations, usually taken
to tell us something about surface speciation, and surface potential, as measured
by SHG, for aqueous suspensions of nanoporous silica. The content of this chapter
will be submitted for publication with the authors: R. Kramer Campen, Allison
K. Pymer, Satoshi Nihonyanagi and Eric Borguet. Ms. Pymer performed all of
the titrations and 15% of the reported SHG results as well as collaborating in the
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interpretation. Dr. Nihonyanagi helped trouble shoot the laser system, aided in
data interpretation and made the AFM measurements. Dr. Borguet helped refine
the data interpretation and prose style and procured funding for the work. I had
the original idea for the work, did 85% of the SHG measurements, did the data
analysis and wrote the text.

1.5.4

Chapter 5: Computational Chemistry Primer

In this chapter background is provided for the computational methods used in
Chapters 6, 7 and 8. The purpose of the text is to provide sufficient context for
those chapters for nonexperts in the techniques employed.

1.5.5

Chapter 6: Electronic Structure and Classical Atomistic Energies of a Gas Phase Disaccharide

This chapter evaluates the relative energy of a variety of conformers of an α(1→4)
linked disaccharide when calculated using various types of electronic structure
theory and two existing molecular mechanics force fields (neither of which were
specifically parameterized for carbohydrates). This work has appeared in the
Journal of Molecular Structure: THEOCHEM in 2007 (volume 18, pages 9-22)
with the title Calculating gas phase energies of an α(1-4) linked disaccharide:
electronic structure theory and classical atomistic simulation. The coauthors of
the paper are R. Kramer Campen and James D. Kubicki. The original idea for the
work described was Dr. Kubicki’s and he helped in the interpretation and revision
of the manuscript. I performed all of the simulations, wrote the text of the paper
and constructed the bulk of the argument therein.

1.5.6

Chapter 7: Hydrogen bonding in Electronic Structure Methods

In this chapter I attempt to evaluate the applicability of several different electronic
structure methods to the calculation of relative energies of mono-, to oligosaccharides. As much of sugar relative free energy is determined by differential hydrogen
bonding, I test candidate model chemistries by calculating the interaction energies
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and frequencies of the water/water, methanol/water and water/methanol dimers.
The energy results are evaluated by comparison to computationally expensive theory and experiment while the calculated frequencies are evaluated by comparison
to experiment. In addition to the comparison I describe a simple model to help
understand the degree to which inaccuracies in interaction energy may propagate
to inaccuracies in calculated frequencies. This chapter will be submitted for publication with coathor James D. Kubicki. Dr. Kubicki’s contribution to the work
was to help procure its funding and to collaborate in deciding which simulations
to run and in their analysis.

1.5.7

Chapter 8: The influence of glycosidic linkage neighbors on conformation change in gas phase disaccharides.

In this chapter I take an existing empirical, atomistic force field parameterized for
sugars and use it to explore the relative free energy of conformational change for a
series of twelve disaccharides in vacuum. The disaccharides are chosen so as to lend
insight into the degree to which C−O−H groups neighboring the glycosidic linkage
contribute to inter-monosaccharide hydrogen bonding. Phase space is searched for
each disaccharide using replica exchange molecular dynamics. This chapter is
currently in review for publication. The authors are R. Kramer Campen, Ana Vila
Verde and James D. Kubicki. Dr. Vila Verde wrote most of the scripts used in
the analysis and collaborated in refining the argument in the text. Dr. Kubicki
helped procure funding for the project and helped refine the argument presented.
I wrote all the text, ran over 90% of the simulations, did the great majority of the
data analysis and had the original idea for the work.

Chapter

2

Characterizing the Colloid Interface
with SHG: Background
2.1

Connecting macroscopic observations of particle size and structure with microscopic observations of particle surface chemistry

Perhaps the simplest property of a colloidal dispersion, an emulsion or aerosol is
its stability. The last sixty years have shown conclusively that stability, of many
suspensions, can be predicted with three pieces of information - the particle shape,
its surface potential and its dispersion interactions in solution - using the DLVO
theoretical framework (independently developed by Verwey and Overbeek in the
Netherlands and Derjaguin and Landau in Russia [19, 20]). There are a suite of
methods available for the description of particle size: linear light scattering, atomic
force microscopy (AFM), transmission or scanning electron microscopy (TEM or
SEM), analytical centrifugation and various types of filtration [21]. An astute
choice of analytical method allows the description both of average single particle
size and geometry as well as a statistical description of aggregates containing many
particles [22]. Similarly, there are a number of methods available for assessing
particle surface potential: including various electrokinetic techniques, fluorescence
yield measurements [23], probe molecules [24] and surface force microscopy [25, 26].
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As might be expected, there are also a number of ways of quantifying the dispersion
interaction strength between two particles: the surface force apparatus, as well as
contact angle and surface tension measurements [27, 21].
In many systems of interest, however, the DLVO approach is unable to predict suspension stability. One way of understanding its shortcomings is to note
that the theory includes two types of forces (electrostatic and VdW) in a manner
that is averaged over entire (single) particles. This conceptual model may fail to
describe suspension stability both because other forces are present (e.g. entropic
interactions in the case of mineral particles coated in natural polymeric materials)
and/or because an averaged description of the forces that are present throws away
information critical to quantitative understanding [28]. For systems having either
type of additional complexity a molecular level description of the particle/solvent
interface is critical.
Properties beyond stability are of large practical importance in all kinds of
suspensions. For example, it is often of interest to understand the rate of chemical
reactions that occur at particle or droplet surfaces (e.g. water droplets and carbon particles in the atmosphere or metal particles employed in catalysis [29, 30]).
For such systems macroscopic information about the relevant particles, e.g. their
shape, crystallinity and surface charge, is required. Clearly, however, any quantitative characterization of these processes also requires interfacial molecular information (it is important to measure the time evolution of the concentration of
reactants and products as well as the specificity with which reactants and products
adsorb to surfaces). So once again we are faced with a situation in which we require both insight into the macroscopic particle properties and the molecular level
characteristics of the particle/solvent interface.
What is needed is an analytical method that is a probe of molecule type, number and conformation/orientation and is sensitive to interfacial species. Systems
containing liquids, gases (at ambient and elevated pressures) and solids are all of
interest, so either one method that is useful in all of these environments or several complementary methods are needed. That most of our systems of interest
are not under vacuum significantly complicates analysis (methods that use either
molecules or electrons as probes are precluded unless the system is stable under
desiccation). In order to answer the chemical identification question and quantify
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the number of adsorbates conventional vibrational spectroscopies and NMR are
obvious choices. However, neither of these analytical techniques are, in principle,
surface sensitive, and thus their application to interfacial environments generally
requires either a challenging cancelation of a bulk signal, a special sample cell
[31, 32] or, in the case of surface enhanced Raman, the interface of a type of particle known to provide a large signal enhancement [33, 34, 35]. In addition to their
utility in particle sizing applications, scaning probe microscopies can also provide
some insight into the conformation of macromolecules at solid particle interfaces
[36]. However, these microscopies are, at best, an approximate probe of polymer
conformation and in order to make the measurement it is generally necessary to
immobilize particles on solid supports. Such an immobilization might be expected
to alter the conformation of the interfacial species in a manner difficult to predict
or constrain. For particles of well defined geometries (before and after macromolecular adsorption) it may also be possible to gain some insight into macromolecule
adsorbate conformation by measuring particle size with and without adsorbate
and, for polyelectrolytes, at various bulk ionic strengths [37]. However, this approach is prone to difficult to quantify artifacts and is, at best, still an approximate
probe of molecular conformation [38].
In principle, then, the ability to characterize the molecular constituents of
interfaces in dispersions, emulsions and aerosols ranges from possible (the surface of some metal particles by surface enhanced Raman) to virtually nonexistent (the surface of oil droplets in an aqueous emulsion). Many of these analytically challenging systems can be addressed by taking advantage of the second order coherent optical processes Second Harmonic Generation(SHG) and Sum
Frequency Generation(SFG) and the second order incoherent process of HyperRayleigh Scattering(HRS)[39, 40]: in which photons of frequency ω1 and ω2 are
absorbed and one photon of frequency ω1 + ω2 is emitted. These methods can, in
principal, be interface specific probes in dispersions, emulsions or aerosols of molecular number, type and conformation/orientation. They are applicable to virtually
any optically accessible colloid, aerosol or emulsion.
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2.2

Theory of Second Order Nonlinear Optical
Spectroscopy

2.2.1

What are they?

The interaction of an electric field (hereafter termed the fundamental or driving
field) with matter can produce a response that involves a change in state population of the atomic or molecular constituents of the material (class 1 or active
spectroscopies) or a response that involves momentary exchange of energy between light and matter followed by a reradiation of this energy (class 2 or passive
spectroscopies) [41]. SHG/SFG and HRS are all class 2/passive spectroscopies so
this type of phenomena is here my focus: in each case two photons are absorbed
and one photon of the equivalent energy is emitted. The following formulation of
SHG/SFG and HRS follows that presented previously by Wang [42]. I begin at
the molecular level and in the dipole approximation, then show how the molecules
add to create macroscopic quantities.
It can be shown, within the context of classical electrodynamics, that that the
amplitude (A) of a field radiating from a driven dipole at a large distance from
the dipole is proportional to the projection of the second derivative of the induced
dipole moment (µ) onto the unit detection vector for a given detection angle and
polarization (~e) [43]:
A ∝ ~e ·

∂2µ
≈ ~e · ~µ
∂t2

(2.1)

The further simplification on the rhs of equation 2.1 follows from the slow wave
assumption: that the radiation of the induced dipole is fast relative to its oscillation. As the driving field increases in intensity it is convenient to represent the
induced molecular dipole as a power series with terms of increasing order (where
µ(i) is the ith order dipole moment):
~µ = µ~(0) + µ~(1) + µ~(2) + µ~(3) + . . .
~ 1E
~ 2E
~3 + . . .
~ 1E
~ 2 + β (3) E
~ 1 + β (2) E
= β (0) + β (1) E

(2.2)

In which β (i) is the ith order molecular polarizability and is an (i+1) rank tensor
~ j is the driving field at frequency j (where j=1,2 or 3 in
with 3i+1 terms while E
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equation 2.2). SHG is the coherent second order process in which both of the
~1 = E
~ 2 ) while in SFG their relationship
driving fields have the same frequency (E
is arbitrary. In most experimental configurations HRS is an incoherent second
order process in which both driving fields have the same frequency. Because it will
be my focus in the next two chapters, and for clarity of exposition, the rest of this
discussion emphasizes SHG.
Equations 2.1 and 2.2 thus imply that the intensity of the induced radiation
in the farfield can be written (where ~ei+1 is the unit observation vector for the ith
order dipolar radiation):

¯
¯2
I ∝ A2 ∝ ¯~ei+1 · ~µ(i) ¯

(2.3)

To connect this molecular level description to experimental observables requires
averaging over many molecules. Coherent processes, such as SHG or SFG, and
incoherent processes, such as HRS, average differently. For coherent processes
the total radiated intensity is the absolute value of the orientationally averaged
molecular fields squared,
¯
®¯2 ¯

®¯2
Icoh ∝ ¯ ~ei+1 · ~µ(i) ¯ = ¯~ei+1 · β (i) : ~ei , . . . , ~e1 ¯
¯
Ã
!¯2
¯
¯
X
¯
¯
∝ ¯~ei+1 ·
χ(i) : ~ei , . . . , ~e1 ¯
¯
¯

(2.4)

i,...,1

Where we have now rewritten the intensity expression in terms of the macroscopic
ith order susceptibility, χ(i) , which is defined in relation to the polarization per unit
volume (P (i) ):
P~ (i) = P~ (1) + P~ (2) + P~ (3) + · · ·
~ + χ(2) E
~E
~ + χ(3) E
~E
~E
~ + ...
= χ(1) E

(2.5)

For most applications equation 2.4 needs to be further modified to include the
influences of the linear response of matter to radiation on the higher order response.
This is done by transformation of all field vectors (~e ’s in equation 2.4) using
a tensorial local field factor Li that includes both corrections for differences in
macroscopic linear optical properties between the bulk phases and for any deviation
of the interfacial microscopic optical properties from that inferrable from the bulk
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phases[44, 45].
For incoherent optical process intensities, rather than fields, add. As a result
intensity per unit volume is the average of the squared molecular quantities,
Iincoh

D¯
¯ E D¯
¯2 E
i ¯2
(i)
¯
¯
∝ ~ei+1 · µ
= ~ei+1 · β : ~ei · · · ~e1 ¯

(2.6)

The principal consequence of this difference, both from planar and particle interfaces, is that it is more difficult to relate the field vectors describing the driving
and radiated fields to molecular quantities for incoherent processes: interpreting
the average of squared quantities is more difficult than interpreting the square of
averaged quantities. This means, on a practical level, that the possibility of recovering adsorbate orientation information from incoherent processes in general (and
the second order incoherent process HRS in particular) is limited. In particulate
systems HRS has found its principal application to nanoparticles, 30 nm and under, the surface of which might be expected to have a high concentration of atomic
scale defects [46, 47, 48, 49, 50, 51, 52, 53, 54]. In the next two chapters I focus
on SHG and treat HRS as a background to subtract from the SHG signal.

2.2.2

What is the origin of interface specificity?

In the dipole approximation (assuming condensed phases are composed of driven
and radiating dipoles) even order optical processes do not occur in centrosymmetric
phases (the forthcoming discussion follows [55]) such as bulk gases, liquids and
many solids. To see why this is so we consider an induced macroscopic second
order polarization from two identical driving fields (i.e. SHG):
~E
~
P (2) = χ(2) E

(2.7)

In a medium that has inversion symmetry (i.e. is centrosymmetric) a change in
sign of the driving field causes a change in sign of the induced polarization,
³
´³
´
~
~
−E
−P (2) = χ(2) −E

(2.8)
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But algebraically equation 2.8 implies that,
~E
~
−P (2) = χ(2) E

(2.9)

is also true. By inspection it follows that the only way that both equations 2.7
and 2.9 can be satisfied is if χ(2) is identically zero for all centrosymmetric phases.
However, at the interface between two centrosymmetric phases symmetry is
always broken. For these systems, then, SHG comes only from the interface. Bulk
liquids are subject to density fluctuations that are often slow relative to the time
scale for SHG/SFG emission. Because these density fluctuations are randomly
distributed they lead to generation of incoherent second harmonic light, namely
HRS, from bulk centrosymmetric phases [56, 40]. In most experimentally accessible
particulate systems the magnitude of this bulk HRS signal is small relative to the
interfacial signal (SHG).

2.2.3

What is the origin of chemical specificity?

To this point I have described the origin of the macroscopic susceptibilities (the
χ(1) ,χ(2) and χ(3) terms) and discussed how these can be connected to the molecular
polarizabilities (β (1) ,β (2) and β (3) ) (i.e. equation 2.4). The various order molecular
polarizabilities can be measured experimentally [57] or calculated using treatments
of varying complexity. The details of each of these methods and their applicability
are well beyond the scope of this article, and are, in any case, not necessary to
gain a clear physical picture of the topics still to be discussed.
It is, however, important to note two qualities of the molecular polarizability that are relevant to the experimentalist: if the driving field is tuned near an
electronic or vibrational transition in the molecule the magnitude of the β will
increase, often by a factor of > 104 [55]. The usual discussion of SHG or HRS
implies probing of an electronic transition while SFG is typically taken to be a
vibrational probe. This distinction does not spring from any theoretical basis, in
principle SHG is just a specific type of SFG where the two driving fields have the
same energy, rather it is practical: for technological reasons SFG has most commonly been performed by a combination of IR and visible beams while SHG has
been performed using one beam of 700-1000 nm in wavelength. The selection rules
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for resonances in SHG or SFG are similar: resonant enhancement of the molecular
hyperpolarizability (in either SHG or SFG) at the frequency of the (or one of the)
driving fields (ω) requires that the probed species have a nonzero transition moment and a nonzero anti Stokes Raman polarizability tensor at ω [58]. Resonant
enhancement is also possible if the probed species has a nonzero transition moment
and two photon absorption polarizability tensor at the sum of the frequencies of
the two driving fields. It is the tuning of the driving fields to resonances of either
type in the interfacial molecular species that provides SHG/SFG/HRS with chemical specificity. Taking advantage of this specificity it is, for example, possible to
distinguish different types of molecular adsorbates by the presence (or absence) of
resonance enhancement at a particular wavelength (see e.g. reference [59] for the
detection of the adsorption of Chromium in one redox state).
The β (2) and χ(2) tensors are third rank. If all terms in each tensor are preserved, any interpretation of macroscopic results in terms of molecular quantities
is difficult. Fortunately symmetry, on both the molecular and macroscopic levels,
acts to severely reduce both the nonzero and the independent terms in each tensor. For example, for a CH2 group (which possesses C2v symmetry) there are only
(2)

(2)

(2)

(2)

(2)

five independent, nonzero elements of the β (2) tensor: βaac , βbbc , βccc , βaca = βcaa ,
(2)

(2)

βbcb = βcbb [52]. Similarly interfaces that are isotropic (in the plane of the interface)
possess (in the case of SHG) only three independent macroscopic susceptibilities:
(2)

(2)

(2)

(2)

(2)

(2)

(2)

χzzz , χzxx = χzyy , χyzy = χyyz = χxzx = χxxz [60].

2.2.4

What differences exist between second order and linear scattering?

All the points discussed in the preceding sections apply equivalently to SHG/SFG
from planar or particulate interfaces. The additional difficulty in particle applications is that we now transform a problem in interpreting a reflected SH beam
to one in interpreting a scattered SH beam. Put another way, we now expect the
ISHG in equation 2.4 to be some function of, in addition to the interfacial molecular
properties, the phase relationship between the χ(2) on one side of the particle and
the χ(2) on all others. This origin of the signal in the phase relationship between
SH emitted from different portions of the particle surface can be seen clearly in
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a planar arrangement that is a sandwich of centrosymmetric medium B between
two slices of A [61]. In the simplest possible case, where neither A nor B attenuate the driving or radiated fields, the phase lag between the SH generated on the
upstream side of B and that generated on the downstream can be given (where
L is the thickness of the B layer, c is the speed of light and n2ω and nω are the
refractive indices of the B layer at the indicated frequencies):
δ = (k2ω − 2kω ) L =

2ω
[n2ω − nω ] L
c

(2.10)

The resulting SH intensity is just the sum of the fields from the two interfaces
multiplied by a phase factor:
¡
¤¢2
£
ISH ∝ E2ω eiδ − 1

(2.11)

As equation 2.11 makes clear, in the event that the phase factor is π, i.e. L is
of order of the wavelength of the driving field, we expect the intensity to be four
times that from an individual sheet (i.e. emission from both sides constructively
interferes with the other).
Solving even the linear light scattering problem, in the limit of single scattering,
for a particle of arbitrary shape and refractive index requires a numerical solution
to Maxwell’s equations ultilizing the appropriate boundary conditions [62]. The
general second order light scattering problem is equally complicated and currently
well outside the realm of typical particle characterization applications. Two analytical solutions to the second order scattering problem for semiconductors and
insulators have, however, been offered that allow a quantitative connection between
macroscopic and microscopic susceptibilities given several simplifying assumptions.
In common, both approaches assume a spherical particle however, in one approach
the material dielectric functions of the particle and the surrounding medium are
assumed to be the same (or relatively close) but the size of the particle is allowed
to vary (Rayleigh-Gans-Debye or Wentzel-Kramers-Brillouin scattering) while in
the second approach the particle is assumed to be small but the material properties
are allowed to arbitrarily vary (a multipole expansion of the full solution retaining
only the initial nonzero terms) [63, 64].
While the detailed expressions for ISHG in particulate systems are complicated,

18
the polarization and direction selection rules, and their contrast with linear scattering, can be understood from general symmetry arguments (where the same
arguments also apply to SFG) [65, 66]. For simplicity I assume a spherical particle
(shown in Figure 2.1) in which the driving field propagates along z and the SH
field is detected at some nonzero angle θ from z in the x-z plane. Taken together
these two vectors define the scattering plane (in this case x-z). From inspection it
is clear that the single particle system has a plane of reflection in the scattering
plane but no such symmetry operator normal to the scattering plane (here I am referring to the system as the combination of the fundamental beam, the particle and
detected beam). Polarization combinations that have odd numbers of perpendicularly polarized fields do not reproduce this physical symmetry and thus are neither
expected theoretically nor observed experimentally [67, 66]. This implies that for
SHG the combinations ⊥in → kout or kin → kout are permitted (two and zero perpendicularly polarized fields respectively) while kin → ⊥out or ⊥in → ⊥out are not
(one and three perpendicularly polarized fields respectively). For linear scattering
the same symmetry requirements apply for spherical particles but we now need
only consider two fields (one in and one out). By the same logic ⊥in → ⊥out and
kin → kout are both permitted (two and zero perpendicularly polarized fields) while
⊥in → kout and kin → ⊥out are not (one perpendicularly polarized field each). For
transmission in the forward or backward direction, when θ = 0◦ or 180◦ , there is
no unique definition of the scattering plane. This implies that it is only possible
to resolve the polarization state of the incoming beam relative to the outgoing.
Because that is all that is necessary to meet the symmetry requirements for linear scattering (scattering is allowed if incoming and outgoing polarizations are the
same, prohibited if they are not) linear scattering is allowed in the forward and
backward directions. For a transmitted SH beam (where θ = 0) any polarization
combination that is allowed can be equivalently described as a polarization combination that is forbidden. For this reason SH scattering in the forward or backward
direction is not allowed [65, 66]. This logic necessarily applies to any particle that
has similar symmetry to a sphere, regardless of its optical properties. Both the
theoretically predicted polarization and directional selection rules and the angular
dependence of SH scattered light have been shown to agree with experiment for
systems of a variety of different particle sizes and material types [67, 65, 68, 66].
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Figure 2.1. Cartoon of a single particle indicating coordinate system. In the geometry
shown the x-z plane is the scattering plane.

With this grounding in the origin of second harmonic or sum frequency spectroscopy I can move on to review specific examples of the techniques’ applications
to particles. There are an increasing number of works that describe the SHG/SFG
response of arrays of nanoparticles. Due to spatial constraints I do not discuss
these further here, instead I focus on work on dilute dispersions, emulsions and
aerosols in the single scattering limit.

2.3
2.3.1

Literature Review
Demonstrating Surface Specificity

As is hopefully clear from the discussion above, the cancelation of second harmonic emission in centrosymmetric phases applies only under the assumption that
the interaction of the driving field and material can be described in the dipole
approximation. Quadrupole and higher order contributions do not cancel in the
bulk and thus, in systems rich in polarizable electrons, may overwhelm the dipolar
surface contribution. Thus the initial task in describing SHG from the surface of
particles in situ was to demonstrate that the origin of the observed signal was the
surface. This was accomplished ten years ago by Wang et al. [69] who investigated
the adsorption of the triphenyl methane dye Malachite Green (MG) on ∼ 1µm
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polystyrene latex particles in an aqueous suspension. Tuning their driving field to
a resonance of MG allowed straightforward demonstration that the ISHG in aqueous solutions containing MG and particles was several orders of magnitude larger
than ISHG from suspensions containing just particles in water which was larger (by
2
∼2x) than ISHG from only water. In addition they showed that ISHG ∝ Idriving
,

that ISHG ∝ [M Gsurf ]2 and that ISHG scaled linearly with the concentration of
particles. Taken together these points argue strongly that the observed light at
double the frequency of the driving field is a second order passive spectroscopy
that is coherent with respect to number of adsorbates on a given particle, but
incoherent with respect to number of particles.

2.3.2

Adsorption: adsorption free energy, adsorbate surface density and competitive adsorption.

Armed with evidence that ISHG can be a interface sensitive probe of adsorbed
molecules on micron sized particles a next logical step is to quantify adsorption:
to generate an adsorption isotherm that allows the description of the ∆Gabs and,
possibly, adsorbate density. This process has now been reported for polystyrene
latex particles, as well as aminated, hydroxylated and carboxylated latex particles (once again using Malachite Green as a model adsorbate) [70, 71, 72]. One
interesting point from this work is the astonishing sensitivity of SHG used in this
manner: less than one percent of a monolayer can be detected easily. Such sensitivity is far better than that generally available for adsorption at colloid interfaces
using separation techniques - principally because of artifacts in mechanical separation. Such sensitivity also makes it possible to qualitatively distinguish between
different simple surface models for adsorption — in one study a Langmuir model
accounting for bulk depletion was shown to fit the data more accurately than the
simpler conventional Langmuir model [70]. In attempting to quantitatively distinguish between surface models more data points and more rigorous data analysis
have been shown to be important [72].
As a practical concern the measurement of adsorption for some species of interest, by monitoring ISHG with a driving field generated by 700-1000 nm light
(the effective wavelength range of the relatively common Ti-Sapphire laser), is
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difficult because of low molecular hyperpolarizabilities in this wavelength range.
Several studies have shown that one way to quantify adsorption in these systems
is use the relatively nonpolarizable species of interest to displace a more polarizable one [73, 74]. If the adsorption free energy of the polarizable species has
been previously measured this makes it possible to interpret the ∆Gads of the relatively nonpolarizable species. The initial demonstration of this idea considered
the displacement of Malachite Green from a polystyrene sulfonate latex particle
and the displacement of the dye Bromocresol Purple from talc particles each by
a methacrylate based surfactant (surfactants of molecular weight 3300 and 8500
were examined on the PSS particles while only the 8500 g/mol surfactant was examined on talc) [73]. The results of this analysis suggested similar free energies
8500
of adsorption in each case: ∆G3300
ads,latex = −11.7 ± 0.1, ∆Gads,latex = −12.3 ± 0.1

and ∆G8500
ads,talc = −12.0 ± 0.2 kcal/mol. The measurement of the adsorption of
a low polarizability species by displacement of a more polarizable one has also
been applied to describe the adsorption of poly-L-lysine (both of degree polymerization 14 (PL14) and 75 (PL75)) on polystyrene sulfonate microparticles, once
again by the displacement of Malachite Green [74]. In this study the free energy of adsorption of each species on polystyrene sulfonated latex microparticles,
L14
L75
∆GPads
= −14.40 ± 0.05 and ∆GPads
= −16.57 ± 0.09 kcal/mol, was determined.

Application of a Langmuir model, and independent surface adsorbate density measurements (performed via a separation protocol), led the authors to conclude that
nearly 50x greater bulk concentration of PL14 was required for surface saturation
than that for PL75, principally, they argue, because the high charge density of
the larger adsorbate leads to a local inversion of the underlying polymer charge,
causing adsorbate/adsorbate repulsion.
The studies discussed thusfar have shown that, provided adsorption occurs in
a monolayer, and an appropriate surface model is known, it is often possible to
infer such quantities as adsorbate density and, therefore, the average area per
adsorbate, from an adsorption isotherm. It is also possible, however, to access the
average area per adsorbate molecule by approaching the problem from the opposite
perspective: creating a system in which the number of surface species is constant
but the total area of the interface is changed. Hartings et al. demonstrated this
approach using a hanging water droplet (in air) of several millimeters in diameter
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covered by surfactant [75]. They found the expected scaling in particle size for
ISHG from a particle with constant surfactant concentration: ISHG ∝ r4 .
All particulate species discussed so far have been spherical so it is fair to ask
whether the same sort of experiments can be performed if this is not the case. This
has been demonstrated for the adsorption of the dye 4-(2-pyridylazo)resorcinol
(PR) on platelet shaped Na-Montmorillonite particles (in which the length of the
platelet was ∼ 0.5µm while its thickness was ∼ 0.01µ m) in aqueous suspension [76]. Because the thickness of an individual particle is much less than the
wavelength of the light used to generate the driving field (and thus the second harmonic emission from molecules absorbed on either basal plane might be expected
to cancel) these results were interpreted as indicating that ISHG originated from
PR adsorbed on the edges of the particles, not the far larger basal planes. This
interpretation was substantiated by the observation that ISHG (when both the
driving field and SH detection were vertically polarized) fluctuated in a manner
not seen for spherical latex or oil droplets [77]. These fluctuations were interpreted
as the result of particles rotating within the focal volume (maximum ISHG would
be expected when the particle was aligned with the polarization). This rotation
was quantified by taking the autocorrelation of the time series of ISHG (similar to
linear light scattering) and solving for the time constant of a single exponential fit
to the data. The experiment was repeated in a series of mixtures of glycerol and
water and it was shown that as the ratio of glycerol:H2 O increased (i.e. solvent
viscosity increased) the time constant describing the autocorrelation of ISHG also
increased.
While it is clear that SHG can be used to describe competitive adsorption,
in the sense of using a species that is relatively unpolarizable for a driving field
of a given frequency to displace one that is, SHG can also be used to describe
interparticle competition: the movement of adsorbates from one population of
particles to another. Yan et al. demonstrated this idea for systems containing
Malachite Green and clay and latex particles [78]. In their first experiment ISHG
was monitored as clay particles were added to a solution containing MG adsorbed
on latex. The signal was found to decrease linearly with increasing concentration
of clay. Because the system was at equilibrium before the addition of the particles
these results were interpreted to mean that MG had adsorbed onto the surface
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of the clay particles (with the postiviely charged MG adsorbing principally to the
negatively charged basal planes from which cancelation of the second harmonic
emission is expected). A similar experiment was also performed with the addition
of latex particles to a solution containing MG on latex. Here, with a doubling
of particle number the authors observed a 75% decrease in ISHG . These results
were rationalized by noting that the bulk concentration of MG was relatively low
and that, therefore, increasing particle number likely caused a redistribution of
adsorbed MG onto the new surfaces. Since ISHG scales linearly with the number of
particles but quadratically with the number of molecules adsorbed on a particular
particle, this scenario would lead to the observed decrease in signal.
Thusfar the studies discussed have utilized particles that are effectively insulators. There have, however, been several efforts to describe the adsorption of
various molecules on the surface of semiconductors and metal particles [79, 80]. In
the semiconductor case a study was performed of non-centrosymmetric Anatase
(TiO2 ) in an aqueous Catechol solution using SHG spectroscopy (performed by
scanning the wavelength of the driving field). The study resulted in a description
of the energy of the charge transfer band (∼2.72 eV for these 400 nm particles) of
the particulate TiO2 -catechol complex. Notable also in this work was the separation of the surface charge-transfer band signal from the bulk (as mentioned above
Anatase is non-centrosymmetric). This deconvolution was performed by taking
advantage of the fact that the relative phase of the two contributions is different.
In addition, a Catechol adsorption isotherm on these particles was generated, producing (through an application of the Langmuir model) an estimate of the ∆Gads .
Adsorption of “Protein A” on gold particles (1.8 ± 1.2µm in diameter) has also
been demonstrated. In this case no attempt was made to isolate the source of the
second harmonic signal (i.e. surface or bulk in origin) but it was noted that ISHG
from a number of gold particles trapped between two glass slides (before and after being exposed to solution containing protein) markedly decreased with protein
present. That the signal was in fact a second order scattering process (as opposed
to e.g., liner scattering or two photon fluorescence) was shown by its sharp peak
in frequency space and its quadratic dependence on the incident power. The decrease in ISHG with protein adsorption was rationalized by noting the likelihood of
the adsorbed protein localizing valence band electron density and rendering them
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relatively less polarizable.
To this point the examples discussed have included solid particles in liquids
and liquid droplets in liquids or air. In addition to this list work has been done
on bubble surfaces in solutions containing surfactants [81, 82]. Bubbles in nonNewtonian fluids boast many properties that are significantly different from those
in Newtonian [83]. Among the differences is the mechanical response of the bubble
to induced, medium frequency (from 10-60 Hz), oscillation. Ortegren et al. argue
that in this frequency range the interfacial zone (between air and bulk surfactant
solution) is effectively isolated from the bulk reservoir of surfactant and that as a
bubble volume oscillates surfactant molecules leave the surface, go into the interfacial zone and return to the surface [82]. The surface specificity and relatively high
time resolution available in their SHG set up allow observation of this process in
real time.

2.3.3

Surface Potential and Charge for Insulators

Thusfar I have reviewed work describing adsorption of various molecules on particles that are insulators, semiconductors and metals. While the material response
of the semiconductor and the gold particle was clear the surface characteristics of
the insulating particles were less so: the work described has only been useful in
learning about the interaction of adsorbates and particles, not in the description of
particle surfaces in the absence of resonant adsorbates. Two studies have demonstrated that it is possible to quantify surface charging at the latex particle/water,
oil droplet/water and water droplet/air interface using SHG [84, 68]. In order to
understand how this works it is necessary to turn our attention to the third order
~E
~ E.
~ If all three of the driving fields in this
term in equation 2.5: P (3) = χ(3) E
expression are oscillating we expect to find this third harmonic emission at a frequency that is the sum of the frequencies of the three interacting fields. However,
if one of the fields does not oscillate this additional polarization contribution is
expected to radiate energy at the same frequency as the second harmonic. The
first suggestion that nonresonant ISHG was sensitive to a static surface electric
field from an insulator was offered by Ong et al. who proposed that the development of such a DC field could explain the variation in ISHG observed at the planar
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silica/water interface as a function of pH and ionic strength [85].
Using the decrease in ISHG as a function of ionic strength Yan et al. [84] quantified the surface potential of an emulsion of oil droplets and a dispersion of latex
particles, both in water. Assuming surface potential and surface charge at these
interfaces can be described by the Guoy-Chapman model, and further assuming
that surface charge does not change with ionic strength, allowed the authors to
also quantify both surface potential and charge. Further, Yan et al. found their
surface charge estimates to agree well with surface charge estimates by other means
and argued that their probe of surface potential is more direct than conventional
techniques (i.e. measurement of electrophoretic mobility).
To understand the generation of electrical storms in clouds it would be useful
to understand the charging behavior at the surface of water droplets. Recent
laboratory work has demonstrated [68] that second harmonic light radiated from
a single charged droplet at

1
2

the wavelength of the driving field show the expected

polarization dependence, driving field power dependence, angular dependence and
, furthermore, that ISHG from relatively charged droplets was much larger than
that from uncharged. Taken together these observations suggest that it should be
possible to quantify droplet surface charging in the laboratory and possibly, with
technological advances, in the atmosphere using SHG.

2.3.4

Liposomes: adsorption, membrane crossing, charge
and potential

To this point I have discussed principally solid particles suspended in a liquid
medium. For these systems diffusion of surface species into the particle is generally
slow. Liposomes are an interesting departure from this paradigm in that they have
no well defined bulk-particle phase. In fact, given typical experimentally employed
lipids, and a liposome of at least several hundred nanometers in radius, the length
scale between outer surfaces (i.e. one side of the liposome to the other) is on
the order necessary to generate SHG while that crossing the bilayer is not. This
suggests that if a resonant adsorbate exists in equal concentration on both the
interior and the exterior of the leaflet there would be expected to be no SHG
signal while if it is adsorbed only to the outside of the liposome signal would be
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expected. In a series of papers over the last eight years Eisenthal and coworkers
have investigated this idea to try to understand the factors that might influence
the transport of Malachite Green into a liposome [86, 87, 88, 89, 90].
In the initial study of Srivastava et al. ISHG was found to rapidly increase
after addition of Malachite Green to a solution containing dioleoylphosphatidyl
glycerol (DOPG) liposomes and then decrease over several hundred seconds to some
equilibrium, nonzero, level [86]. Following the DOPG results this experiment was
also performed using liposomes formed with another lipid, dipalmitoylphosphatidyl
glycerol (DPPG). In this case no decrease in ISHG with time was observed. DPPG
is known to form a gel phase at room temperature while DOPG is a liquid crystal
[91, 92]. As the gel phase liposome is expected to be relatively impermeable to
MG the results of these two experiments were taken to suggest that the decrease in
ISHG observed in the first experiment occurred because of diffusion of MG across
the membrane and its subsequent adsorption to the membrane’s inner surface.
The non-zero level of ISHG in the DOPG experiment at long times was taken to
represent an area effect (there is more surface area, and therefore more Malachite
Green molecules, on the outer sides of the membrane than on the inner).
In subsequent work MG diffusion across the DOPG membrane was once again
studied — this time with DOPG membranes mixed with varying amount of cholesterol [87]. Previous work on the DOPG/cholesterol system, using other methods,
had argued that cholesterol tended to decrease permeabilitiy with respect to cations
(see [93] and [94] as well as other references in [87]). In this work much the same
sort of experiments were performed as in the previous: a suspension of liposomes
(composed of DOPG with varying amount of cholesterol) was created and then
Malachite Green was added. Immediately after adding MG ISHG increased rapidly
(within 1 second) and then decreased to a nonzero value over hundreds of seconds.
Here the time scale of this decrease was quantified by fitting a single exponential
to the data. Such fits made it possible to show, generally in line with previous
work, that an increase in cholesterol from 0 − 50% leads to an increase in the time
constant for barrier crossing by the cationic MG of ∼ 5.5x.
In the next two studies the charge density of the liposome was characterized
and its influence on Malachite Green (MG) transport into the liposome quantified.
In the first [89], the ISHG for a suspension of liposomes (without MG) was mea-
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sured as a function of ionic strength. Following the logic discussed earlier [85, 84]
the change in this signal was assumed to be the result of increased screening of
the surface potential with increased ionic strength and surface charge density was
calculated using the Guoy-Chapman model. The resulting calculated charge denÅ
sity was found to correspond to 70 charge
or about one charge per phospholipid

head group. The influence of liposome charge on MG adsorption and transport
across a bilayer was studied by constructing liposomes of mixtures of the negatively charged palmitoyloleoyl-phosphatidyl glycerol (POPG) and the zwitterionic
palmitoyloleoyl-phosphatidyl glycerol (POPC) [89]. Using a similar approach to
data analysis (and assuming very few MG molecules exist in solution inside the
liposome), the authors were able to calculate both a time constant for membrane
crossing and a ∆Gads for the adsorption of MG to the membrane surface. Both
of these quantities were found to linearly increase with the POPG(-):POPC(- and
+) ratio (rationalized by noting that MG is cationic at the experimental pH).
In the most recent work the initial experimental system, MG and DOPG liposomes, was revisited, this time with the addition of various concentrations of NaCl
to the aqueous phase [90]. In this series of experiments the same initial increase
in MG was found followed by a decrease over several hundred seconds. However,
the final value of ISHG was shown to be a function of NaCl (in the sense of higher
concentrations of NaCl giving a larger final ISHG ). These results were rationalized
by suggesting that DOPG is relatively permeable to MG, but relatively impermeable to the much more hydrophilic cation Na+ . If this is true it seems reasonable
to believe that in an aqueous solution containing liposomes, NaCl and MG the
transport of the cationic MG across the lipid membrane would cause the build
up of a transmembrane potential gradient that would oppose further transport.
This idea was tested by measuring the time constant for transport of MG across
the DOPG membrane in the presence of the antibiotic valinomycin (known to act
as a transmembrane conduit for alkali cations [95]). The time constant for MG
transport, in a solution containing 12.5 µmol of MG, 10 µmol of NaCl and at pH
4 in the absence of valinomycin was found to be 90 sec−1 . In solutions identical
except for 1.25 · 10−8 molar valinomycin this decreased to 30 sec−1 while with the
addition of 1.25 · 10−7 molar valinomycin the time constant further decreased to
6.2 sec−1 .

28

2.3.5

Determination of macroscopic susceptibility components

None of the applications discussed to this point (i.e. dielectric materials largely
in the single particle limit) have necessitated the analysis of experimental data
in such a manner so as to solve for the components of the macroscopic susceptibility tensor (either because of the physics that might reveal or as the initial step in making a quantitative connection with molecular scale quantities).
This topic has been addressed experimentally for SHG in one recent study [66],
where ISHG for a system containing Malachite Green in water and either 55
or 85 nm radius latex particles was measured as a function of scattering angle and polarization of the driving field.

These authors found that their re-

sults could be well described using the phenomenological theory they had earlier
with one adjustable parameter:
¯³ developed [63], and that
´ ³the data could be fit ´¯
¯ (2)
(2)
(2)
(2) ¯
(2)
(2)
¯ χ⊥⊥⊥ + 4χ⊥kk − 2χk⊥k / χ⊥⊥⊥ − χ⊥kk + 3χk⊥k ¯ . No attempt was made to
interpret this macroscopic susceptibility ratio in terms of molecular quantities.
Similarly Roke et al. demonstrated, in an SFG analysis of a suspension of larger
silica particles (with covalently attached stearic acid) in chloroform [65], that, using their Rayleigh-Gans-Debye formalism [64] (equivalent to that described in [63]
for this system) analysis of the angular dependence of ISF G,CH3 could give three in(2)

(2)

(2)

dependent local macroscopic susceptibility ratios: namely χ⊥kk /χ2⊥⊥⊥ , χk⊥k /χ⊥⊥⊥
(2)

(2)

and χkk⊥ /χ⊥⊥⊥ . As in the SHG work mentioned above, however, no attempt was
made to link these macroscopic quantities to molecular orientation. A quantitative connection of macroscopic susceptibility elements and molecular quantities
was subsequently offered by Roke et al. [96] to describe molecular level ordering
of a stearic acid monolayer covalently attached to silica particles in CCl4 as the
colloid phase was changed from a gel to a sol through increasing particle concentration. This effort, the first rigorous connection between macrosopic and molecular
quantities for colloidal systems, is a major step towards making SHG/SFG an interfacial probe of molecular orientation/conformation for these types of materials
and has significant implications for the solution of a variety of colloid chemistry
problems.

Chapter

3

High Resolution ftSHG Isotherms at
the Particle/Water Interface
3.1

Introduction

Much of the chemistry that confers useful properties on the products we use,
helps our body function effectively, and controls the quality of the environment in
which we live, is heterogeneous. Often this chemistry occurs at the surface of solid
particles in colloidal dispersions. An understanding of the molecular mechanisms
of adsorption and reaction at such particle surfaces should give insight into, for
example, the stability of microorganisms in the marine water column, help in
understanding the dispersion rates of contaminants in the ground water of certain
aquifers and may aid in the development of better products: more stable paint and
cosmetics and more efficient biosensors [97, 98, 99, 100].
Detailed chemical knowledge of these environments requires characterizing the
number of adsorbates at the particle surface, their orientation or conformation
and, if adsorption is specific, the functional group/functional group association by
which it is mediated. Classical surface science techniques (such as XPS and TEM)
typically involve the use of electrons or molecules as probes and are thus generally
unsuitable for solid/liquid interfaces [30]. While often applied to measure adsorbate
conformation at planar interfaces [36], scanning probe techniques are difficult to
apply to colloidal systems without first immobilizing the particles on some kind of
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surface, as is commonly done for particle size measurements [101]. Conventional
(i.e. linear) spectroscopic measurements of adsorbed species typically require either
difficult cancelation of a large bulk signal (e.g. H1 NMR of water adsorbed on silica
[102]) special sample geometry (e.g. attenuated total reflectance FTIR [31]) or are
not generally applicable to all adsorbates on all types of particles (e.g. surface
enhanced Raman [103]).
The simplest method of quantifying adsorption on solid surfaces in colloidal dispersions is through an adsorption isotherm. In principle, an adsorption isotherm
reflects the details of interaction of an adsorbate with a surface: e.g. does an adsorbing molecule interact with the surface specifically or nonspecifically, if adsorption
is specific is there one type of surface functional group engaged in interaction with
the adsorbate or many, do the adsorbates interact, does multilayer adsorption occur? Typically this sort of plot is generated via a separation protocol: a series
of samples of constant particle concentration and variable amounts of analyte are
created and allowed to interact. After interaction the particles are separated from
the sample (most often using either centrifugation or filtration) and the resulting
depletion of the analyte in the remaining bulk solution is measured. This procedure is time consuming and therefore such analyses are often restricted to a small
number of samples [104].
Understanding many adsorbate/colloid systems requires a knowledge of the
number and relative energies of any surface adsorption sites present. For example,
understanding of the fate of Cu in groundwater hinges on the recognition that it
adsorbs on clay minerals by three different mechanisms (each of which may be
independently enhanced or suppressed with changes in pH, ionic strength or competition from other adsorbates) [105, 106]. In the past, the presence of discrete
adsorption sites has often been determined by spectroscopic methods with relative adsorption energies calculated (from bulk thermodynamic quantities or direct
molecular simulation of the surface). Often such measurements require relatively
inaccessible equipment (synchrotron based x-ray absorption spectroscopies) or are
relatively time consuming (electronic structure calculations of surface systems containing several hundred atoms). In principle, the presence of multiple adsorption
sites (although not their chemical identity) and the relative density and energy of
these sites can be inferred from adsorption isotherms. If possible, such measure-
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ments would provide useful insight into relatively complex adsorption phenomena
that is difficult to gain by other means. The application of adsorption isotherms
in this manner has most often been limited by the relatively small number of measurements in the typical separation experiment: a sufficiently coarse sampling of
the isotherm obscures subtle changes in curvature that may provide physical insight. The ability to quantitatively distinguish multiple and single site adsorption
on particle surfaces in colloidal dispersions thus requires a method that can sensitively and rapidly make many measurements. Such a method could be extremely
useful in the mechanistic understanding of virtually all molecular processes that
occur at particle surfaces.
Second Harmonic Generation (SHG) is an interface specific second order optical
process [39, 60] with sensitivity to <1% of a monolayer in many cases and general applicability to both equilibrium and dynamical properties at various planar
interfaces [107, 108]. Ten years ago the unambiguous application of SHG to adsorbates on aqueous colloids was demonstrated [69]. Since then SHG has been used
to characterize adsorption at the surface of soft colloids [87], on mineral colloids
[76], of dye molecules, surfactants and polypeptides on latex particles [73, 74, 71],
as well as colloidal surface potential and charge density [84]. The subsequent automation of both SHG measurement and sample creation, using a flow through
system (ftSHG) [73], made it possible to create relatively high resolution adsorption isotherms (i.e. more than one hundred measurements) in a fraction of the
time necessary to create a low resolution isotherm (i.e. 5–10 measurements) using
the separation protocol.
Latex microparticles are often used as in situ biosensors because of their ease
of functionalization and large surface area [109, 110]. In order to fully exploit
these particles as scaffolds for subsequent sensor design it would be useful to have
molecular level information on the number of functional groups at their surfaces.
Polystyrene is relatively unreactive so particle biosensor synthesis is often done
on functionalized latex particles that, in addition to surface phenyl groups, have
some concentration of more reactive surface groups (e.g. carboxyl or amino) [111].
Quantifying the amount and binding energies of each site would provide insight into
more efficient strategies for sensor synthesis. High resolution adsorption isotherms
on such surfaces using an appropriate probe molecule should provide insight into
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this problem.
Here we employ the triphenyl methane dye Malachite Green (MG) as a probe
molecule for study of the surfaces of plain, carboxylated and hydroxylated polystyrene latex particles, denoted PPS, cPPS and hPPS respectively, in an aqueous
dispersion. MG is a useful probe molecule (see Figure 3.1) for these particle surfaces because at our experimental pH it is cationic as well as being relatively
polarizable. The former characteristic implies that MG should experience significant electrostatic interaction with the surface, while the later allows the possibility
for adsorption via Van der Waals interactions. This combination implies that the
adsorption of MG may be specific at some significant fraction of available surface
sites.
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Figure 3.1. Cartoon depiction of Malachite Green and particle surfaces

In this study we compare adsorption isotherms generated for this system using
both separation and ftSHG methods. We find, in line with expectations, that the
ftSHG isotherms (which typically have 10x more data points than the separation
isotherms) allow us to quantitatively distinguish between the goodness of fit of
different phenomenological surface models in a manner not often possible with
separation data. We also find, once again in line with expectations, that isotherms
describing the adsorption of Malachite Green on cPPS and hPPS particles are better described by a two site Langmuir model, while isotherms describing adsorption
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on PPS particles are better described by a single site. Taken together, the separation and ftSHG experiments allow the determination of both surface site energies
and absolute adsorbate densities.

3.2
3.2.1

Methods
Experimental Details

PPS (1.053 µm diameter), cPPS (0.984 µm) and hPPS (0.915 µm) particles were
purchased from Polysciences Inc (Polybead Polystyrene, Carboxylate and Hydroxylate Microspheres) and used as received. We expect the surfaces of PPS particles to
expose a significant density of phenyl groups along with some small number of sulfonate
groups, while cPPS and hPPS particles are expected to have significant concentrations
of carboxyl/hydroxyl, phenyl and the same small concentration of sulfonate groups [112].
Malachite Green was purchased in its carbinol form from Sigma Aldrich and also used
as received. Solutions were acidified using reagent grade concentrated HCl and Millipore
18.2 MΩ-cm grade water. All experiments were conducted at pH 3. All glass and teflon
bottles used in making solutions were cleaned using the SC1 (30% H2 O2 , NH4 OH and
H2 O (1:1:4) boiled for 30 minutes) cleaning procedure while optical cuvettes used in the
creation of UV-Visible absorbance spectra were cleaned with piranha solution (to avoid
possible cuvette etching in SC1).
Adsorption isotherms were generated using a separation protocol for PPS, cPPS and
hPPS with the particle separation step accomplished via centrifugation. Samples with a
particle concentration of 109 particles/mL were prepared in teflon centrifuge tubes and
centrifuged at 20,000 rpm (relative centrifugal force = 36,700 g) for 12 minutes. Tests
of particle removal efficiency with these parameters suggested removal rates better than
90%. For the centrifuged samples, moles adsorbed were quantified using the measured
absorbances (at 617 nm) of samples containing MG with and without particles, the
particle surface area provided by Polysciences and the absorption coefficient of Malachite
Green at pH 3 and 617 nm as measured from a dilution series of samples containing MG
in water at pH 3.
To generate the SHG isotherms we used a system shown schematically in Figure 3.2.
This apparatus has been described before [73], so will be only briefly reviewed here: a
broadband, tunable, mode-locked femtosecond Ti-Sapphire laser system (Millennium Xs
and Tsunami 3955, Spectra-Physics Inc) was used to generate 800 nm light. This light
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was focused onto the sample jet and filtered to remove second harmonic generated prior
to the sample. After passing through the sample it was collimated, filtered to remove
the incident beam, focused into a monochromator, and detected at 400 nm using a high
gain photomultiplier tube (R585, Hamamatsu) and photon counter (SR400, Stanford
Research Systems). Laser power at the sample was 260 mW.
Tunable
10W Diode
Ti-Sapphire
Laser
Laser

L1, L2, L3, L4 = lens
S = sample

Monochromator
Red Filter

PMT

Blue Filter
S

Gated Single
Photon Counter

L4
L2
L3

L1
Pump

Incident
Laser
PC

Computer
Controlled
Titrator
Particle
Reservoir

Stirring
Control

Figure 3.2. Schematic of the set up for the ftSHG experiment
The sample delivery system was a particle reservoir (initial particle concentration
was 108 particles/mL) connected, via teflon tubing, to a metal nozzle just above the
beam path, collected via a metal funnel below the beam path and returned to the reservoir. Sample was circulated through this loop using a peristaltic pump and Malachite
Green was added to the particle reservoir using a computer controlled burette (CAT
Contiburette). Over the course of experiments on PPS, cPPS and hPPS the volume of
fluid in the reservoir increased by less than 5%. Data analysis with and without volume
correction indicated no difference between the two: results presented here are model fits
to data without volume correction. For each data point collected in the experiment we
counted for 20 seconds. After counting we added an additional aliquot of MG to the
reservoir, waited 10 seconds for the system to equilibrate and counted again.
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3.3
3.3.1

Data Analysis
General Considerations

Measured SHG intensity (ISHG ) from systems with interfacial adsorbates is known to
depend on adsorbate number, orientation, hyperpolarizability and bulk and interfacial
refractive indices [39, 60, 113]. For our system the bulk refractive indices are similar at
400 and 800 nm ( 1.55 for PS and 1.3 for water [114, 115]) and the interfacial density of
MG at surface saturation is low relative to systems (e.g. Langmuir-Blodgett monolayers)
in which interfacial refractive index is known to vary as a function of surface coverage
[113]. We therefore expect any changes in interfacial refractive index with Malachite
Green adsorption to have a minor effect on our measured ISHG . Our SH frequency (400
nm) is close to resonance with the MG electronic transition at 424 nm (see Figure 3.3).
Prior work describing the adsorption of MG at the surface of oil droplets in water has
shown no evidence for adsorption influencing the 424 nm transition [116]. We therefore
follow prior workers [117] and argue that, over the MG concentration range used and
given the 800 nm fundamental, the molecular hyperpolarizability of MG is not likely to
change as a function of surface coverage.

Figure 3.3. UV-Visible absorbance spectrum of a 35 µmol solution of MG at pH 3
This leaves us with a measured quantity that responds both to number of adsorbate
molecules and their orientation. For planar interfaces it has been demonstrated that
it is possible to choose a set of experimental conditions that ensure ISHG is relatively
insensitive to adsorbate orientation change [118, 119, 120, 121]. However, no such work
has been done for colloidal interfaces. Fortunately, for the construction of adsorption
isotherms it is of little importance whether MG absorbs in different orientations at
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different particle surfaces. To interpret our isotherms in the usual manner it is only
necessary that MG orientation is not changing as a function of surface coverage. We
can assess the likelihood of this scenario qualitatively by examining the shapes of the
measured ftSHG isotherms.
To zeroeth order we imagine three possible shapes for adsorption isotherms (see
Figure 3.4). Option A is typically interpreted as indicating monolayer, Langmuir-like
adsorption, option B as indicating multilayer adsorption, surface coverage induced rearrangement or multi-site adsorption with wide separation in site energies (e.g. this shape
is commonly found in acid/base titrations of aqueous solutions of polyprotic acids or
oxide surfaces [85]) and option C as possibly indicating competitive adsorption. If adsorption at our particle surface occurs as a monolayer we expect ISHG to increase with
increasing initial concentration up to some saturation value because of its dependence
on # of MG molecules adsorbed. If changes in orientation of adsorbed MG occur as
a function of number of MG molecules at the colloidal particle surface (MGsurf ), and
these changes act to enhance SHG per molecule, we would expect ISHG to be enhanced
at sufficiently high initial concentration of MG, qualitatively similar to isotherm type B.
If changes in molecular orientation at high MGsurf act to diminish SHG per molecule
we expect a qualitative picture similar to isotherm type C. Only if changes in ISHG due
to orientation are negative and of precisely equal magnitude to those due to increasing
MGsurf would isotherm A result when changes in molecular orientation as a function of
surface coverage are important. Because this scenario seems unlikely and because our
data were in general of type A, we believe it reasonable to interpret ftSHG isotherms
that are similar to type A as being indicative of monolayer adsorption and resulting
solely from increases in adsorbate number.

Figure 3.4. Qualitative types of adsorption isotherms
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3.3.2

Mathematical Description of the Data

In the separation experiments, molecules adsorbed are measured directly so data were
fit to expressions of the form (where N = molecules adsorbed, Nm = maximum number
of molecules adsorbed and θ = fractional surface coverage),
N = θ · Nm

(3.1)

Following prior workers [73], the intensity of second harmonic radiation (ISHG ) can be
written,

³
´2
ISHG = Iback + α + ξ · θeiφ ≈ (ξ · θ)2

(3.2)

in which Iback is the background contribution to the measurement, α is the non-resonant
coherent contribution from water at the particle surface, ξ is the signal associated with
full surface coverage of MG, θ is the surface coverage (a function of C: initial concentration of Malachite Green) and φ is the phase relationship between the α and ξ components
of the signal. Extensive testing suggested that the signal from aqueous solutions of MG
and solutions containing bare particles was small relative to the signal from the surface
bound MG species (<2% of maximum intensity). Furthermore, we saw no evidence
for interference (no departures from ISHG ∝ (ξ · θ)2 ) between these two components at
low MG concentration. For this reason we fit the SHG data using the simplification of
equation 3.2 shown on the far right: we assumed Iback and α are zero.

3.3.3

Phenomenological Surface Models

To interpret the data requires a phenomenological surface model that relates the initial
concentration of MG added (C) to fractional surface coverage (θ). There are a large
number of such models described in the literature, some of which are based on physical
assumptions about the system they purport to describe while others are purely empirical.
If an empirical surface model offers an accurate description of data little is learned
about the underlying chemistry (although the extraction of model parameters may prove
useful in the comparison of different data sets). Armed with physically based models of
the surface/adsorbate interaction, however, it is possible to determine which of several
hypotheses regarding adsorbate interaction with a surface is more consistent with the
data. In what follows we derive a series of six physically based models, each with
different assumptions regarding the interaction of an analyte and the surface. In deriving
these models we start with the simplest and then, by relaxing the assumptions in each
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derivation, move on to the more complex. The two interacting Langmuir models and
the generalized two site Langmuir model are new in this work [72].

3.3.3.1

Assumptions

1. Adsorption occurs in a monolayer.
2. Adsorbate molecules do not interact.
3. Adsorption occurs at a single type of surface site. All surface sites have the same
energy.
4. There is an excess of adsorbate in solution.
5. Adsorption and desorption occur by the reaction (in which SSA is an adsorption
site of type A),
M Gsol + H2 O − SSA  M G − SSA + H2 O
are first order with respect to all reactants and products and are characterized by
the equilibrium constant (KA ) which can be written as the rate constant of the
forward reaction divided by the rate constant of the backward reaction

3.3.3.2

k1
k−1 .

Derivation of the Classical Langmuir Model

Since we are interested in systems at equilibrium with respect to adsorption, we know
that the forward and backward reaction rates must be equal. Expressing this thought
algebraically gives,
k1 [M Gsol ][H2 O − SSA ] = k−1 [M G − SSA ][H2 O]

(3.3)

It is convenient to substitute for the reactants and products in equation 3.3 as follows,
[M Gsol ] = (C − NA )
[H2 O − SSA ] = (NmA − NA )
[M G − SSA ] = (NA )
[H2 O] = 55.5
where C is the initial concentration of Malachite Green, NA is the concentration of
adsorbed Malachite Green, NmA is the maximum concentration of filled surface sites
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(i.e. maximum concentration of adsorbed Malachite Green), and the concentration of
water is everywhere assumed to be 55.5 mol
. Substituting these expressions as appropriate
L
and introducing the equilibrium constant (KA ) allows us to rewrite equation 3.3 as,
KA

(C − NA )
(NmA − NA ) = NA
55.5

(3.4)

It is worth noting that implicit in this equation is the notion that equilibrium must lie
somewhere short of surface saturation. In other words, when NmA = NA this model
will diverge. In practice this is not a large problem, as much useful information can be
gathered from isotherms well short of this limit. Applying assumption 4 to equation 3.4,
i.e. assuming there is an excess of Malachite Green in solution, and performing some
algebra gives the usual form of the Langmuir model (in which θ is the fractional surface
coverage),
¶
µ
¶
KA C
KA C
NmA −
NA
NA =
55.5
55.5
¶
µ
¶
µ
KA C
KA C
=
NmA
NA 1 +
55.5
55.5
µ

θ=

NA
NmA

=

1

KA C
55.5
AC
+ K55.5

(3.5)

In the next section we derive the classical version of the Langmuir model without assumption 4: we allow for the possibility of depletion of Malachite Green from the bulk
by adsorption.

3.3.3.3

Classical Langmuir Model with Bulk Depletion of Adsorbate:
the generalized Langmuir modlel

If C ≈ NA equation 3.5 will not apply. Taking equation 3.4 and rearranging terms gives
a quadratic equation in NA ,
¢
KA ¡
CNmA − CNA − NA NmA + NA2
= NA
55.5 µ
¶
55.5
NA + CNmA = 0
NA2 − C + NmA +
KA
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which can then be solved using the quadratic formula. Multiplying through by

1
NmA

then

produces an expression for the fractional surface coverage (θ),
³
NA
=
θ=
NmA

C + NmA +

55.5
KA

r³

´
±

C + NmA +

55.5
KA

´2

− 4CNmA

2NmA

(3.6)

While somewhat more complicated this expression is as easy to use in fitting adsorption
isotherm data as the classical Langmuir isotherm. However for analytical techniques
that only give adsorption isotherms in terms of fractional surface coverage (e.g. SHG)
the classical Langmuir model does not allow the determination of the surface saturation
concentration NmA . However, the generalization of the classical Langmuir model shown
in equation 3.6, and hereafter called the generalized Langmuir model, does. This means
that should the generalized Langmuir model best describe the data it is unnecessary to
measure NmA by other means.

3.3.3.4

Classical Langmuir Model with Adsorbate Interaction: the interacting Langmuir model

Returning to the initial list of assumptions, we next derive a surface model that relaxes
assumption 2: that allows for adsorbate interaction. One possible way in which adsorbate
interaction might happen is in a two molecule complex. The existence of such a complex
would imply that two reactions govern adsorption. As earlier,
M Gsol + H2 O − SSA  M G − SSA + H2 O

(3.7)

M G − SSA + M G − SSA  M G − SSA · · · M G − SSA

(3.8)

but in addition,

Assuming the surface complexation reaction (i.e. equation 3.8) can be characterized by
an equilibrium constant KS =

k1S
k−1S ,

that it is first order with respect to all reactants

and products, and that no added surface sites are available for the two molecule complex
(i.e. the dimer forms between two molecules adsorbed at the usual type A sites) then
the system at equilibrium is described by two equations,
KA

C − NA
(NmA − NA ) = NA
55.5

(3.9)

41
and
KS (NA )(NA ) = NA2

(3.10)

where NA2 is the concentration of the surface complex. Rearranging equation 3.9 and
assuming C >> NA produces the usual classical Langmuir equation,
Ã
NA =

1

KA C
55.5
AC
+ K55.5

!
NmA

(3.11)

Rearranging equation 3.10, and substituting into equation 3.11 gives an expression for
NA2 in terms of constants and an experimentally accessible parameter,
"Ã
θ = NA2 =

1

KA C
55.5
AC
+ K55.5

!

#2
NmA

KS

(3.12)

Adding equations 3.11 and 3.12 and doing some additional algebra results in an equation
suitable for interpretation of experimental data,
NA + 2NA2
=
NmA

Ã
1

KA C
55.5
AC
+ K55.5

!

Ã
+ 2KS

1

KA C
55.5
AC
+ K55.5

!2
NmA

(3.13)

For every dimer there are two Malachite Green molecules. Because SHG scales linearly
with number of molecules adsorbed, in interpreting SHG isotherms it is necessary to
multiply the number of adsorbate complexes by two. It is further worth noting that
while this model does assume that C >> (NA ,NA2 ) it still allows the determination of
monomer surface saturation concentration (NmA ) from an SHG experiment. Hereafter
we call the surface coverage model described in equation 3.13 the interacting Langmuir
model.

3.3.3.5

One Site Langmuir Model with Adsorbate Interaction and Bulk
Depletion

In the previous section we described a Langmuir model of adsorption with surface
interaction. The model was derived, however, with the assumption that C >>
(NA , NA2 ). It is straightforward to derive a surface model for the case in which
no assumptions are made about the relative magnitudes of C and NA but still
assuming C >> NA2 . Equation 3.6 is the solution for equation 3.9 making no
assumptions about the relative size of C and NA . This implies that for a system
with adsorbate interaction in which significant bulk depletion may occur NA and
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NA2 can be written as,
³
C + NmA +
NA

NA2

=

=

55.5
KA

r³

´
−

C + NmA +

55.5
KA

2
³
´ r³
55.5
C + NmA +
 C + NmA + KA −


2

´2

− 4CNmA
(3.14)

55.5
KA

´2

2
− 4CNmA 
 KS


(3.15)

Adding equation 3.14 to double equation 3.15 and then dividing by NmA produces
an isotherm appropriate for fitting to experimental data,
³
NA + 2NA2
NmA

C + NmA +
=


55.5
KA

r³

´
−

µ
55.5

+
C + NmA +
KA

C + NmA +

55.5
KA

2NmA
¶ sµ
−

´2

− 4CNmA

55.5
C + NmA +
KA

(3.16)
2

¶2

− 4CNmA 

KS
2NmA

Hereafter we describe the fractional surface coverage model shown in equation 3.16
as the generalized interacting Langmuir model.
3.3.3.6

Derivation of Two Site Classical Langmuir Model

In this section I take the classical Langmuir model and relax the assumption of
adsorption at a single surface site (assumption #3). In chemical notation I mean
that there are two distinct types of surface sites, each with their own adsorption
energy, at which adsorption occurs by the reactions,
M Gsol + H2 O − SSA  M G − SSA + H2 O

(3.17)

M Gsol + H2 O − SSB  M G − SSB + H2 O

(3.18)

and

Using the same notation as earlier, but introducing analogous terms for the type
B sites, equilibrium with respect to adsorption at the ‘A’ sites implies that,
KA

(C − NA − NB )
(NmA − NA ) = NA
55.5

(3.19)
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The only difference between this result and that in equation 3.4, is that now the
concentration of Malachite Green in solution is the initial concentration less the
amount adsorbed at the type A sites and the amount adsorbed at the type B sites:
[M Gsol ] = C − NA − NB . If we now make the assumption that C is large relative
to NA and NB and further rearrange terms we are left with the usual expression
for the one site Langmuir model,
KA C
NA
55.5
=
AC
NmA
1 + K55.5

(3.20)

The same logic produces a Langmuir like equation for the type B sites,
KB C
NB
55.5
=
BC
NmB
1 + K55.5

(3.21)

It is worth noting before continuing that any representation we have of type B sites
(in a two site model) is subject, as is the classical Langmuir, to the restriction that
NB can only asymptotically approach NmB : that lim NB 6= NmB . Because, in our
C→∞

system, adsorption at A and B sites is happening at the same time in interpreting
experimental data we are really interested in the fraction of total sites that are
filled,
NA + NB
NmA + NmB

¶ Ã KA C !
NmA
55.5
=
AC
NmA + NmB
1 + K55.5
Ã
!
µ
¶
KB C
NmB
55.5
+
BC
NmA + NmB
1 + K55.5
µ

(3.22)

As written, this equation can be used to fit the results of SHG/SFG experiments.
If this model is found to accurately describe the data it allows us to calculate the
relative number of A and B sites without any additional experiments. Hereafter
the model in equation 3.22 is described as the two site Langmuir model. Should
we wish to fit this model to a separation experiment an expression for the moles
adsorbed (not the fractional surface coverage) is required. This requires slight
modification of equation 3.22,
Ã
NA + NB = (NmA )

1

KA C
55.5
AC
+ K55.5

Ã

!
+ (NmB )

1

KB C
55.5
BC
+ K55.5

!
(3.23)
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We are left with this relatively simple result because we assumed that C >>
(NA + NB ). In the next section we, partially, relax this restriction.
3.3.3.7

Derivation of Two Site Langmuir Model with Depletion with
Respect to One Surface Site

Returning to eqn 3.19 assuming only that C >> NB and rearranging terms gives,
KA

(C − NA )
(NmA − NA ) = NA
55.5

(3.24)

This is the same as the equation for the one site depletion Langmuir model and
can be solved, as before, to produce an expression for NA ,
³
C + NmA +
NA =

55.5
KA

r³

´
−

C + NmA +

55.5
KA

´2

− 4CNmA

2

(3.25)

We are interested, however, in a situation in which the system is also at equilibrium
with respect to the type B sites. This means we can write an expression similar
to equation 3.25 for these surface sites, namely,
KB

(C − NA )
(NmB − NB ) = NB
55.5

(3.26)

Rearranging terms eventually allows us to write an expression for NA in terms of
NB ,NmB , KB and C,
55.5NB = KB CNmB − KB CNB − KB NA NmB + KB NA NB
55.5NB = KB (CNmB − CNB − NA NmB + NA NB )
55.5NB = KB (NA − C)) (NB − NmB )
55.5NB
+C
NA =
KB (NB − NmB )

(3.27)

Substituting equation 3.27 into 3.25 gives an expression for the number of molecules
adsorbed at type B sites with no restriction on the relative magnitudes of C and
NA . After some rearrangement of terms,
NB =
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µ

KB NmB C − NmB NmA −

NmB 55.5
KA





111 + KB C − NmA − 55.5 −
KA

sµ

¶

55.5
C + NmA +
KA

+ NmB



¶2

− 4CNmA 

−1
sµ
¶2
55.5
− 4CNmA 
C + NmA +
KA

(3.28)

While they look complicated equations 3.25 and 3.28 are expressions for NA and
NB in terms of quantities which are constant with increasing concentrations of
Malachite Green, namely, NmA , NmB , KA , KB and the independent variable C.
This means adding equations 3.25 and 3.28 and dividing by NmA + NmB produces
an expression,
θ

=

NA + NB
=
NmA + NmB
³
´ r³
55.5
C + NmA +
 C + NmA + KA −


2




µ

KB NmB C − NmB NmA −


55.5
KA

NmB 55.5
KA



111 + KB C − NmA − 55.5 −
KA

´2

− 4CNmA
+
sµ

¶
+ NmB

sµ
C + NmA +

55.5
KA

C + NmA +
¶2

−1

(NmA + NmB )

55.5
KA



¶2

− 4CNmA 

−1 

− 4CNmA  
(3.29)

which is appropriate for fitting experimental data and that can yield NmA and
NmB with no additional experimental characterization.

3.3.4

Fitting Models to Data

As with any fitting of a model to data, a good fit does not prove that the model
accurately captures the underlying phenomenon nor does it suggest that other
models (i.e. beyond those tested) may not better describe the data. What a good
fit does do is to demonstrate that, of the models tested, the better fitting one is a
better description of the data.
In order to quantify the differences in goodness of fit between different models
fit to the same experimental data the reduced chi squared (χ2red ) of each fit was
calculated [122]. In the limit of infinitely many data points with perfectly known
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error, and if the chosen model correctly describes the data, this parameter would
be 1. The closer to this limit, either with respect to number of measurements or
knowledge of error, the greater should be the ability to distinguish quantitatively
between different surface models. On average each ftSHG isotherm contained ∼10x
more measurements than a separation experiment. Clearly these larger data sets
should allow determination of χ2red with much greater precision for each attempted
model fit and hence a much enhanced ability to quantitatively distinguish the most
appropriate model.
In initial attempts at data analysis we observed some dependence of model
parameter(s) on initial guess(s). We addressed this problem by testing model solutions to 5,000–10,000 initial guesses (varying each model parameter over 4–5 orders
of magnitude) and using those which produced the lowest χ2red . All fitting was performed using the analysis and visualization software Igor Pro (Wavemetrics). For
each minimization we employed this program’s standard implementation of the
Marquadt-Levenberg algorithm. Two examples of the results of this process, best
fits to one of the ftSHG cPPS and one of the ftSHG PPS experiments are shown
in Figure 3.5.
In order to calculate a χ2red for each model/experimental data pair an estimate
of error for each measurement is required. For the ftSHG data the standard deviation associated with photon counting was used for this purpose. In most cases
this counting error is likely an underestimate of the true error: there is likely some
contribution from sample preparation. For experiments on planar interfaces it
is relatively easy to estimate the total error (sample preparation, counting, optical alignment, laser intensity, etc.) by comparing the signal from a sample to a
relatively stable reference (often a quartz crystal). Unfortunately suspensions of
particles scatter light in a different manner than either crystals or bulk liquids,
thus either of these media is, at best, a mediocre reference [67]. We made some attempts to check our measurements vs. ISHG in our set up from bulk water but have
no expectation that this is an ideal reference. We expect, therefore, that ISHG error
will be underestimated and that, as a result, the magnitude of the χ2red for these
data will be too high. However, as we are principally interested in the best model
description of data for a given experiment, and we expect this additional error to
be random, every model fit is expected to overestimate χ2red in a similar manner
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and this problem seems unlikely to be significant. We estimated the error for each
point in the separation experiments on the basis of replicate measurements.
To summarize, we analyzed our data as follows: for each experiment we applied
each of the six models, for each model attempting 5,000–10,000 different initial
guesses. Next for each model we chose the initial parameters that produced the
lowest χ2red . This gave us six possible solutions (one for each model) for each
experiment. Attempts to fit a particular model to replicate experiments of MG
adsorbed on the same particle type would produce the same χ2red (if we knew the
error accurately and had the same number of data points for each experiment).
We thus averaged χ2red for the fit of each model type to each replicate experiment.
The model which produced the lowest average value over replicate experiments on
a given particle type was taken to be the best (see Table 3.1).
Having chosen the best fitting model the next step is to evaluate that model’s
parameters. We calculated our best guess for a model parameter, in fitting data
to a particular experiment, by averaging all values of that parameter for solutions
within 0.001 of the minimum in χ2red . We then averaged the value for the given parameter attained from fitting to replicate experiments on the same system. These
results are reported in Tables 3.2 and 3.3. This approach is equivalent to assuming that all fits of a given model to a particular system (e.g. all fits of the 2 site
Langmuir model to the cPPS experiments) were equally good. We analyzed parameter uncertainty in this manner because our use of a model that is nonlinear in
its parameters and our difficulty in finding a stable external reference made both
error estimates from local curvature of the χ2 surface and/or from Monte Carlo
simulations of the data difficult.
For some fraction of our ftSHG experiments (one experiment on hPPS and
one on PPS particles) we found that there was relatively large (and physically
implausible) variation in model parameters for the best fit solutions. Often in these
cases the standard deviation of a particular parameter was larger than the value of
the parameter itself. In general these fitting difficulties occurred with experiments
with relatively fewer data points than others. We therefore assumed that this
large deviation in model parameter values was caused by a lack of precision in the
determination of χ2red , i.e. an under sampling of χ2 space by the data, and did not
consider these results further.
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3.4

Results and Discussion

In general, we wish to answer two questions from these experiments. Firstly, what
is the best model for each particle type (in particular is there evidence that a
two site model offers a better description of MG adsorption at particle surfaces
likely to have two adsorption sites)? Secondly how precise is our knowledge of
the parameters gleaned from this best model? The first question is addressed by
calculating the χ2red of each model fit to all experiments and averaging χ2red for all
fits of a particular model to all experiments on a particular particle type.
Cursory inspection of these results, shown in Table 3.1, leads to several immediate observations: for ftSHG experiments on cPPS and hPPS particles there is
no difference between generalized versions of our models and simplified versions
that assume the bulk concentration of Malachite Green is well in excess of that at
the surface ([M Gb ] À [M Gs ]). This observation suggests that for these systems
[M Gb ] À [M Gs ] and that application of the generalized models with the hope of
gaining extra parameters is not appropriate. Secondly, it is clear that, to within
one standard deviation in χ2red , the two site model is a better description of the
data than either the classical Langmuir or the interacting Langmuir for MG adsorption on cPPS and hPPS particles. The analysis of ftSHG measurements of
MG adsorption on PPS particles leads to markedly different conclusions. For this
system the generalized models appear to be consistently favored over the simplified models, arguing that in this case [M Gb ] ≈ [M GS ]. In addition, for the MG
on PPS system, it seems clear that the classical Langmuir model offers the best
description of the data. Prior studies of the MG on PPS system have reported
that, in a comparison between a generalized and a simplified Langmuir model the
generalized was superior, in agreement with our findings [70]. However, in that
work no attempt to quantify this superiority.
The averaged χ2red values tabulated in Table 3.1 give us a quantitative measure of the goodness of fit to each type of model. We can see these differences
qualitatively by comparing the fits of simplified versions of the models to a cPPS
experiment and generalized versions of the models to a PPS experiment (Figure
3.5). Comparing these two results highlights that the two site model is a markedly
better fit for the cPPS case over the entire concentration range (see fit residuals
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Table 3.1. χ2red for model fits to SHG and separation experiments. Reported values are
averages ± one standard deviation. NA on this table indicates experimental analyses for
which no physically valid fit to the data could be found. The acronyms PPS, hPPS and
cPPS indicate particle type, the number in parentheses indicates replicate experiments
and ftSHG or sep indicate data from an SHG and separation experiment respectively.
Lang

gLang

iLang

giLang

2Lang

g2Lang

assumption

[M Gb ] À [M Gs ]

NA

[M Gb ] À [M Gs ]

NA

[M Gb ] À [M Gs ]

NA

cPPS(3)/ftSHG

11.3±5.2

11.4±5.3

11.6±5.3

11.6±5.3

1.6±0.8

1.6±1.0

hPPS(2)/ftSHG

6.0±0.1

6.0±0.1

6.1±1.1

6.1±1.1

2.5±0.3

2.5±0.4

PPS(3)/ftSHG

18.1±9.4

6.9±0.3

15.0±6.5

11.9±7.6

18.5±8.0

18.6±10.2

cPPS(2)/sep

NA

26.2±4.9

7800±0.3

23.9±4.2

NA

60.4±66.7

hPPS(2)/sep

NA

2.0±0.6

2270±7.9

4.8±1.8

NA

3.3±1.1

PPS(2)/sep

NA

1.4±0.3

863±NA

1.02±0.3

NA

27.5±36.7

also shown in Figure 3.5) while all models appear to be equivalent for the PPS.
One set of separation data for cPPS and one for PPS particles is also shown in,
once again, Figure 3.5 for comparison purposes.
In line with expectations our attempts to interpret our separation experiments
are considerably less conclusive (see Table 3.1). We expect to be able to determine
χ2red less precisely, and therefore have less ability to distinguish between different
surface models, for the separation experiments than the ftSHG for two reasons:
generally the ftSHG experiments have 10x more data points and, while precise
minimum error estimates for the ftSHG experiments are relatively straightforward,
precise error estimates (of any kind) for the separation experiments are not. That
said, it is clear that none of the simplified versions of our models describe MG
adsorption on any particle for these experiments. We conclude from this result that
[M Gb ] is of order [M Gs ] for all separation experiments. This difference between
the ftSHG and separation experiments is consistent with the fact that the particle
concentration used in the separation experiments was 10x higher than that used in
the ftSHG. As mentioned above, figure 3.5 also shows one separation experiment
on cPPS and PPS particles respectively. While no fits to this data are shown in
the figure, it is clear by inspection that the ability to justify the application of the
two site model to the cPPS particles would require many more data points than
collected in the typical separation experiment.
Having determined the best fitting models to the ftSHG generated isotherms we
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Figure 3.5. MG adsorption data for the cPPS (a) and PPS (b) systems. Also shown
is the square of the adsorbate density from the separation experiments as well as the
residuals from the cPPS fits.
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proceeded to examine the model parameters generated from each of the fits (Table
3.2). Inspection of these model parameters suggests several characteristics for the
MG on hPPS and cPPS systems. Firstly, fits to multiple experiments produce site
energies and relative abundances which are statistically distinguishable. Secondly,
site energies resulting from the two-site fits are also physically distinguishable:
the difference between the site energies for a given particle type is significantly
greater than kT. For example, for MG adsorption on cPPS ∆Gads = -40.3 and
-51.7 kJ/mol for sites A and B respectively. By comparison thermal energy (kT)
under these conditions is 2.4 kJ/mol. For the experiments on PPS particles we
calculated a single surface energy and site density of -48.8 kJ/mol and 5.4 · 1013
molecules/cm2 . Both the site energy and density differ from previous studies of
this system, by Wang et al.[73] and Eckenrode et al. [71] at pH 4 which found -51.8
kJ/mol and 2.6·1013 molecules/cm2 and -51.7 kJ/mol and 3.71·1013 molecules/cm2
respectively. In general these differences fall within experimental error but it is
worth noting that both particle surface characteristics and MG protonation state
are expected to differ as a function of pH. pH dependent surface properties may
explain the variability we observe.
Table 3.2. Model parameters resulting from the best fits shown in Table 3.1. NA
indicates model parameters that are not applicable in the best fit model for a given
particle system.
particle type
hPPS
cPPS
PPS

∆GA , kJ/mol

∆GB , kJ/mol

-43.7(-0.2/+0.3)
-40.3(-0.8/+1.2)
-48.8(-1.2/+2.3)

-54.6(±0.2)
-51.7(-0.9/+1.3)
NA

NmA
Nm ,

%

84±1
65±3
NA

NmB
Nm ,

%

16±1
35±3
NA

Nm , molec
cm2

NA
NA
5.4(±2.4) · 1013

It is possible to rationalize the conclusion that there are two kinds of adsorption sites for the cPPS and hPPS particles and only one kind of site on the PPS
particles based on what is known about the bulk chemistry of each particle type.
As described by the manufacturer, all particles contain, in addition to polystyrene,
trace amounts of sulfonate containing surfactant while the hPPS and cPPS particles contain polystyrene, sulftonate containing surfactant and a polymer rich in
the desired functional group. While the surface concentration of each species, and
the bulk concentration of phenyl groups, have not been measured, the bulk concentration of carboxyl, hydroxyl groups (in cPPS or hPPS particles) is 5-10

mmol
L
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while the concentration of sulfontate groups (in cPPS, hPPS and PPS particles)
is 2.5-5

µmol
L

[112]. The significantly lower bulk sulfonate concentration suggests

that there may simply not be enough sulfonate groups at the PPS particle surface
for such sites to be quantitatively important in describing MG adsorption. If this
is true it then argues that adsorption of MG on PPS particles likely occurs only at
phenyl groups while adsorption on hPPS or cPPS particles occurs at hydroxyl or
carboxyl groups in addition to phenyls. We expect that the adsorption energy of
MG at phenyl groups might be different at different particle surfaces (because the
orientation and packing density of phenyls may change with molecular environment [123]). However, it seems reasonable to suggest that the variability in MG
adsorption energy at phenyl groups is less than the variability in MG adsorption
energy between carboxyl and hydroxyl groups. If this is the case the type B sites
on cPPS and hPPS particles are likely phenyl groups while the A sites are the
hydroxyl or carboxyl groups.
Our results are, however, consistent with a more complicated scenario in which
multilayer adsorption occurs on cPPS and hPPS (where the second adsorption
site is adsorption of MG on MG) but not on PPS particles. For such multilayer
adsorption to be consistent with our data adsorbate molecules in the first and
second layer would have to be similarly oriented relative to the surface, otherwise
some decrease in ISHG (i.e. a type C isotherm from Figure 3.4 such as for binary mixtures of acetone and water [121]) would be expected at high [M Gb ], and
∆Gads for adsorption of MG on MG would have to be relatively similar to that of
MG on polystyrene (otherwise our results would more closely resemble the Type B
isotherm in Figure 3.4). Given our knowledge of the colloid synthesis (in particular
the fact that the functionalized latex particles are a mixture of polystyrene and
some other functional group bearing polymer) the relatively simpler conclusion of
surface chemical heterogeneity (and monolayer adsorption of MG) seems substantially more likely. Within this constraint our results are also consistent with more
complicated surface models: principally one or two site models that assign a distribution (of varying complexity) of site energies to each adsorption site. In reality
adsorption is likely characterized by such a distribution of energies for chemically
identical sites (one possible mechanism might be a distribution in orientation of
particle surface functional groups [123]). However, we did not attempt to use such
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models in describing our data for two reasons. Firstly we wanted to limit the
number of free parameters for each of the fits to data as much as possible in order to facilitate the ability to resolve χ2red differences between models. Secondly,
in order for a distribution of site energies to influence our qualitative conclusions
(e.g. cause us to mistake two site adsorption for one) the distribution of adsorption
energies for a single functional group would have to be of order of the difference in
adsorption energies for chemically different functional groups. This scenario seems
unlikely.
If our tentative identification of each of the surface sites on this particle is
accurate, then the relative site densities for each particle type are an indicator of
the relative amount of each polymer at the particle surface, and give insight into the
effectiveness of the particle synthesis in imparting surface functionality. However,
placing limits on the ability to functionalize these particles by the attachment of
other molecules to carboxyl or hydoxyl groups requires that we actually quantify
the density of these groups at the surface. As discussed above, for the ftSHG
experiments on cPPS or hPPS [M Gb ] À [M Gs ]. In this situation the generalized
two site Langmuir model reduces to its simplified version and we can only estimate
relative amounts of the two sites. To quantify site densities on the hPPS and cPPS
particles requires use of the separation data.
Cursory inspection of Table 3.1 suggests that it is impossible to choose a best
model for description of data from the separation experiments. However, the parameter Nm , the total number of molecules on the surface at saturation, appears in
each of the model treatments. We therefore averaged the results of this parameter
for all model applications to each particle type and report this data in Table 3.3.
Put another way, we have assumed that the Nm calculated in each model is equally
valid (recall that for the separation experiment no single model stood out as providing the best fit to the data), and that the deviation of each of these estimates
from the true value of Nm is random. To within our measurement precision the
density of surface sites on each particle type are the same. Knowing Nm (total
number of surface sites) for the hPPS and cPPS particles we can calculate the
density of each type of surface group (Table 3.4). This information is of use should
one desire to functionalize these particles. For instance, in an application requiring
the attaching of a polypeptide via an amide bond to a carboxyl group, 4.4 · 1013
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molecules/cm2 would be the maximum attachment density attainable on cPPS.
The Nm for MG adsorbed on PPS particles was already obtained by model fit to
the ftSHG data and agrees with the Nm measured from the separation experiments
to within the estimated precision.
Table 3.3. Maximum number of surface sites, Nm , for each particle type. Nm is an
average over all possible χ2 s given an inability to distinguish the best alternative.

particle type
hPPS
cPPS
PPS

Nm , sites/cm2
5.9 · 1013 ± 2.5 · 1013
6.8 · 1013 ± 1.4 · 1013
4.0 · 1013 ± 2.7 · 1013

Prior work describing the adsorption of MG on PPS, sulfonated PPS and aminated PPS particles observed a trend in adsorption energies that could be rationalized by electrostatic arguments: adsorption of cationic MG on nominally negative
sulfonated PPS particles was most favorable, followed by adsorption on neutral,
i.e. PPS, and positively charged particles, i.e. aminated PPS [71]. We observed
no such trend in our results: cPPS particles are expected to be nominally positive
while PPS and hPPS are both expected to be neutral. The differences between the
studies may possibly be explained by the different pH we employed (pH 3 to pH 4)
but may also be a function of the model chosen to describe the surface: Eckenrode
et al. [71] used a single site, generalized Langmuir model to extract surface characteristics from isotherms describing MG adsorption on sulfonated and aminated
PPS particles. Based on the results presented here it may be worthwhile to revisit
this analysis for these relatively complex surfaces.
Table 3.4. Calculation of absolute numbers of surface sites.

particle type
hPPS
cPPS
particle type
PPS

NmA , sites/cm2
5.0 · 1013 ± 2.1 · 1013
4.4 · 1013 ± 9.1 · 1012
Nm,SHG ,molec/cm2
5.4 · 1013 ± 2.4 · 1013

NmB , sites/cm2
9.4 · 1012 ± 4.0 · 1012
2.4 · 1013 ± 4.9 · 1012
Nm,sep ,molec/cm2
4.0 · 1013 ± 2.7 · 1013
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3.5

Conclusion

Colloids in aqueous suspension of interest to a variety of fundamental and applied
problems often have chemically heterogeneous surfaces. This heterogeneity can
make it difficult to understand adsorption at colloid surfaces as it provides multiple
mechanisms by which even physisorption might occur. While it is thus important
to quantify the relative density and adsorption energies of multiple adsorption sites
on the colloid surface, this measurement is challenging. Here we demonstrate that
with the creation of high resolution adsorption isotherms this information can be
inferred with relatively high precision from simple measurements.
Specifically, we here create adsorption isotherms of the MG/latex particle system using the ftSHG and separation techniques. The ftSHG technique differs from
the separation technique principally in allowing the collection of isotherms with
many data points due to the ability to automate both sample creation and measurement. In addition, because of the inherent surface sensitivity of SHG, the ftSHG
technique may be used to create isotherms of relatively sparse surface species. We
find that our ftSHG isotherms allow us to quantitatively distinguish between the
appropriateness of several different surface models for a given particle/adsorbate
system. This type of analysis is not possible for our, and virtually all, isotherms
generated using conventional, separation techniques.
After determination of the best fitting model we find, in agreement with our
expectations, that PPS particles have one adsorption site (probably surface phenyl
groups) while cPPS and hPPS particles have two (most likely surface carboxyl and
hydroxyl groups, respectively, in addition to the phenyls). We expect these site
densities (see Table 3.4) to be of use to those interested in efficiently functionalizing
these particles for biotechnology applications. This study also suggests that it may
be useful, when possible, to conduct ftSHG and separation experiments in parallel:
that the methods provide complementary information.

Chapter

4

Linking Surface Potential and
Titrations of Nanoporous Colloidal
Silica
4.1

Introduction

The development of an accurate macroscopic description of the adsorption of contaminants and nutrients at the mineral/water interface is essential in protecting
ground water resources and understanding the ecological consequences of changing
climates [124, 125, 126]. Quantitative macroscopic descriptions of such phenomena
are likely to be the most generally applicable, over variable solution chemistry and
temperature, if derived from an accurate molecular level description. Such a molecular level description has also been advanced as a possible explanation for amino
acid chiral selectivity and, as an added bonus, would be of clear relevance to the
design of new materials with improved biocompatability or electronic properties
[127, 128, 129].
Of fundamental importance in any molecular level description of the mineral/water interface is the link between mineral surface electrical properties (which
can be straightforwardly linked to the stability of aqueous suspensions of mineral
particles and the adsorption of ions) and surface chemical speciation (which is
significant in all molecular scale interactions). In particular, we would like to un-
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derstand how chemical changes in the aqueous phase drive changes in both the
chemistry and charge or potential of the mineral surface. This problem is an inherently multiscale one: how do we relate knowledge of the behavior of molecules
on a surface to description of the macroscopic quantities of surface charge or potential. For most surfaces of environmental interest the link is through the specific
adsorption of ions that then determine surface charge/potential [130, 131, 132]. For
oxide surfaces (our particular interest hereafter) in systems with low concentration
of other ionic species the potential determining ion is typically H+ or OH− and
it is therefore to be expected that at a particular pH (the pHpzc ) the macroscopic
surface charge will vanish. Expressed chemically it might equivalently be said that
two reactions dominate surface chemistry (where M is any metal cation),
+
>MOH+
2 ¿ >MOH + H

(4.1)

for pHs more acidic than the pHpzc and,
>MOH ¿ >MO− + H+

(4.2)

for pHs more basic than the pHpzc . For systems in which protons are the potential
determining ions changes in particle stability and metal adsorption with pH can
often be rationalized by noting the electrostatic interactions that result from this
simple chemistry [133].
In order to predict the adsorption of protons, metals and oxyanions on oxide
surfaces several different types of surface complexation models (SCMs) have been
developed [134, 135, 136, 137, 138, 139]. While in detail the approaches differ,
the general themes are similar: a hypothesized surface reaction is written that
accounts for the electrostatic work necessary to bring an ion from bulk liquid to a
charged mineral surface. Ions are hypothesized to adsorb at specific surface sites
distinguished by either their position in the plane of the surface (in this approach
the reaction constant at each site is often derived using either bulk or surface
crystallographic parameters) or their position in a direction normal to the surface
(an approach rationalized by the differing degrees to which ions are thought to
remain hydrated while near surfaces). In all approaches counterions not specifically
adsorbed (i.e. >∼8 Å from the surface) are assumed to decrease in concentration
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exponentially while moving away from the interface (i.e. are assumed to follow a
Boltzmann distribution) and the problem is further simplified by assuming that
all mineral surfaces are planar, impermeable to ions and do not dissolve over the
experimental conditions.
The surface complexation approach has been successful in describing protonation or deprotonation in acid/base titrations (equivalent to surface charge if only
reactions 4.1 and 4.2 occur) for a wide variety of oxide surfaces. Unfortunately, the
(perhaps distressingly common) silica/water interface has often shown additional
complications. Firstly, a recent NMR study of change in Silicon polymerization
state with pH suggested that with increasing pH the silica surface experiences both
the expected deprotonation reaction,
>SiOH À >SiO− + H+
and a base catalyzed polymerization with no net gain or loss of protons by the
surface [140],
Deprotonation:
+ Polymerization:
= Net Reaction:

>SiOH À >SiO− + H+
>SiO− + >SiOH À >SiOSi< + OH−
2>SiOH À >SiOSi< + H2 O

(4.3)

Secondly, the acidity of the silica surface is markedly different than other oxides,
principally because of its low dielectric constant [141]. Thirdly, and perhaps related to both of the first two points, studies of aggregation dynamics and silica
interfacial tribology are consistent with the existence of a hydrated, gel-like, layer
at the silica/water interface [142, 143]. As the thermodynamic favorability of silica
dissolution is known to increase exponentially with increasing pH [133], it is not
surprising that the nominal thickness of this gel-like layer is thought to increase
with increasing pH as well.
While useful, the general application of surface complexation models, even to
simplified laboratory systems, is complicated. Each model has numerous parameters that can sometimes be predicted from scaling relationships with bulk crystal
properties [138] but in other cases must be determined either from fits to titration
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data or from direct measurement [144]. Because of the large number of parameters in most surface complexation models, it seems clear that the quantitative
description of the mineral/water interface can only benefit from the measurement
of multiple properties. Potentiometric titration (i.e. measurement of protons lost
from the surface with increasing pH: σm ) and the change of surface potential as a
function of pH are two such constraints. Several prior authors have measured both
these properties for the silica/water, quartz plate/water interfaces and aqueous
suspensions of silica particles [145, 143].
The presence of nanoporosity in mineral phases is known to play an important
role in organic matter preservation, contaminant mobility and the bioavailability
of small labile organic molecules and metals [146, 147]. Such porosity in effect
changes a two dimensional interface into a three, thus violating one of the usual
assumptions in the surface complexation modeling approach. Chemically the behavior of mineral phases with porosity may differ from that of nonporous materials
in two major ways: a possible filtering effect if the mineral pores have an effective
size that is smaller than that of the counterion and surface site density that is well
in excess of that crystallographically possible for nonporous materials (given an
external geometric surface area)[148, 149, 150].
Silica particles synthesized using the Stöber process are known to be nearly
monodisperse and have significant nanoporosity [151, 152, 149]. The pores in these
materials have been shown to have an effective length scale of < 6 Å both in vacuum
(where the internal surface area can be quantified by adsorption of H2 O but not
N2 ) and in solution where the σm can be > 10 x higher when titrating with NaOH
than when using a base with a larger cation [153, 149]. Various electrokinetic measuresments have also been performed on Stöber particles [149, 154]. In particular,
Minor et al. found that charge density determined by conductivity measurements
(i.e. σc ) at pH 8-10 was

1
3

of that determined by potentiometric titratation (i.e.

σm ) for 300 nm particles [154]. They rationalized this observation by noting that
counterions held far enough within a particle are likely immobile (and thus the
charge they screen effectively invisible in conductivity measurements). Based on
the σc : σm ratio and electrophoretic mobility measurements of suspensions of the
same particles, they proposed that at pH 8-10 ∼

2
3

of σm is not able to commu-

nicate with solution on the measurement time scale and that this proton loss has
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been completely compensated by Na+ gain.
Many electrokinetic measureables, for example, streaming potential, electrophoretic mobility and conductivity, require a system in which fluid is flowing parallel to a solid/liquid interface. This movement of fluid introduces hydrodynamic
forces in electrical measurements that must be accounted for in any quantitative
scheme. In, for example, the experimental set up of Minor et al. a cm long packed
plug of Stöber silica particles experiences a pressure gradient of ∼

1
2

atm. The

shear forces introduced by such gradients are well in excess of any experienced in
natural surface waters (e.g. lakes and oceans) and so it seems reasonable to ask
what sort of surface charge would be measured by a method that probes surface
electrochemical properties in their absence.
Non-resonant second harmonic generation (SHG) is a second order optical process, in which two photons of frequency ω are absorbed and one of frequency 2ω
emitted. The intensity of second harmonic light (ISHG ) has been demonstrated to
respond to changes in surface potential of the insulating solid/water interface both
for planar systems and colloidal suspensions [85, 84, 88]. For our purposes this
approach has the advantage of allowing interrogation of the Stöber silica/aqueous
interface in-situ, in a stable colloidal suspension. In this work we conduct potentiometric and salt titrations of aqueous suspensions of Stöber silica particles and
measure the intensity of emitted SHG (ISHG ) as a function of salt concentration at
various pH. In so doing we find, in agreement with prior studies of these materials,
that a large σm develops with increasing pH that does not appear to influence the
surface potential as observed through SHG.
The application of SHG in this manner is important both in the description of
the colloidal dynamics of microporous silica in natural waters (e.g. diatom blooms
and their subsequent aggregation) and in the interaction of ecologically important
small molecules with these substrates. More generally this application of SHG
highlights its ability to complement more traditional electrochemical techniques
in the description of the electrical properties of porous mineral interfaces. Since
such materials are both ubiquitous in nature, and of demonstrated importance in
a wide variety of chemical and engineering contexts, this appplication of SHG is
expected to prove of wide utility.
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4.2

Methods

Silica particles, with a diameter of 1 µm, synthesized by a low-temperature Stöber
protocol, were purchased from Alfa-Aesar and used as received. Solutions were
creating using reagent grade NaOH (Fisher, ACS Certified), NaCl (J. T. Baker,
ACS Reagent), HCl (Fisher, ACS Certified) and Millipore 18.2 MΩ, ultra pure
water. Samples for optical analysis had a concentration of 108 particles/mL while
those for titrations were 1010 . Stability of the samples used in the SHG analyses
was verified both by the stability of the SHG signal over time scales in excess of our
measurement period, by measurement of optical attenuation (in a JASCO V-530
UV/Vis Spectrophotometer) at both 400 and 800 nm as a function of changing
pH and salt concentration and through measurement of particle size (via dynamic
light scattering) of suspensions of particles over several days.
Analyses of multiple samples by BET-N2 gave a sample surface area of 5.15±0.2
2

m , in approximate agreement both with the geometric surface area assuming the
g
2
manufacturer’s particles radius — 12 mg — and with the geometric surface area as

estimated from AFM measurements (Molecular Imaging, Pico Plus) we performed
on drops of particle suspension deposited on glass slides and then dried — 9-17
m2 .
g

For our SHG measurements we used the light from an Ar ion laser (Coherent
Innova 310) to pump a tunable Ti/Sapphire laser (Coherent Mira Seed). The
output of the Ti/Sapphire laser is pulsed with a frequency of 76 MHz, and in the
configuration employed for our experiments had a pulse length of 150 fs, an average
wavelength of 800 nm and a bandwidth of 7 nm (full width half maximum). The
light emitted from the Ti/Sapphire was focussed, filtered (to remove any 400 nm
light generated by optical elements before reaching the sample) and sent through
a 2 mm path length cuvette containing a stable suspension of silica particles,
collimated, filtered to remove 800 nm light and focussed into a monochromator.
The signal from the monochromator was quantified by an attached photomultiplier
tube counted to a gated photon counter. The system is shown in Figure 4.1 along
with the processes estimated efficiency. The average power at the sample was 480
mW.
Titrations were carried out following the procedure described by Zelazny et al.
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Figure 4.1. Experimental details for SHG measurements

[155] where the titrant was either concentrated NaCl or NaOH. For both types
of titration samples were allowed to equilibrate for 24 hours before the analysis.
After each addition of NaOH or NaCl the sample was allowed to equilibrate for
two minutes before measurement of pH.
Dissolved silica was quantified by the colorimetric procedure of Strickland et
al. [156]. Although results above pH 8 are reported in this study, a pH at which
dissolution of silica is thermodynamically significant [133], we did not observe
significant concentrations of dissolved silica for any of the solution pHs and salt
concentrations reported.
Model fitting was carried out using a brute force approach in which 8,000
different initial guesses were tried and the result with lowest reduced χ2 reported.

4.3

Results

Results for repesentative potentiometric titrations are shown in Figure 4.2. Qualitatively these results are similar to previous experiments describing titrations of
the silica/water system: from pH 2-6 σm is relatively low and increases rapidly
thereafter. These results differ from titrations of nonporous silica particles in that
σm is significantly higher [157, 158, 159, 148, 160, 161, 143]. Much prior experimental work on various types of silica has suggested that the maximum number of
surface sites is 4.6-4.8 sites
where the surface area can be determined either by gas
nm2
adsorption (typically BET-N2 ) or microscopy and each method yields equivalent
results[162, 138]. As indicated in Figure 4.2, σm for the Stöber silica particle in
our experiment is much higher than this presumed physical limit.
However, this result is in good agreement with a variety of prior work on Stöber
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Figure 4.2. Titrations of Stöber silica particles using 0.1, 0.01 and 0.001 mol
L NaCl
(4, ¤ and ° respectively). Uncertainty indicated is the estimated analytical error in
single measurements. As noted in prior studies, the reproducibility of titrations of this
material at 0.1 and 0.01 M was substantially less[163]. Cross hatched rectangle indicated
sites
the equivalent, in mol
m2 , of 4.6-4.8 nm2 . σm is the moles of protons lost from the surface
with increasing pH per unit surface area (as measured by BET-N2 ).

silicas that have measured both gas adsorption (with molecules of varying sizes)
and performed base titrations using either bases or cations of varying size. Taken
together, as mentioned above, these studies suggest that particles synthesized using
the Stöber protocol are nanoporous and that the pores have a critical dimension
of ∼ 6 Å[152, 149, 153, 163]. In agreement with prior authors we expect our σm
in a titration of using NaOH and NaCl to exceed the theoretical maximum site
density because these particles have extra (not accessible through N2 adsorption
but accessible in potentiometric titrations with a small base and counterion) surface
area as compared to nonporous material.
ISHG was measured as a function of increasing NaCl concentration beginning at
a variety of initial pHs between 7 and 10. A representative experiment is shown in
Figure 4.3. All other results were qualitatively similar: an exponential decrease in
ISHG with increasing NaCl concentration. A similar pattern in ISHG with changing
salt concentration has been observed for a wide variety of other interfaces: oil in
water emulsions, aqueous suspensions of latex particles, the TiO2 /water interface,
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Figure 4.3. A representative plot of variation of ISHG with change in NaCl concentration. The experiment shown had an initial pH of 10 and a particle concentration of
108 mL−1 . Error indicates counting reproducibility for this sample. Solid line is fit to the
model in equation 4.12.

the water/fused silica prism interface, the Al2 O3 /water interface and functionalized
glass slides [85, 84, 88, 164, 165, 166]. The only notable departure from this pattern
is for pHs more acidic than the pHpzc where at both the TiO2 /water and the
Al2 O3 /water interface, ISHG increases exponentially with added NaCl.
Salt titrations were also performed at initial pHs of 10.9 and 7.2 (in which
concentrated aliquots of NaCl were added to each solution containing particles
and the resulting proton uptake by the surface measured). A titration at each pH
is shown in Figure 4.4. Of immediate note here is that the moles of protons lost
from the surface (when normalized by the BET-N2 surface area) increase linearly
with increasing salt concentration. For an idealized, nonporous surface this is
unexpected: one might anticipate that increasing concentration of bulk counterions
would more efficiently screen surface charge (in our case higher bulk concentration
of Na+ would more efficiently screen >SiO− groups from each other) but that, as
the maximum surface charge density is approached (for a given pH) fewer protons
would be lost from the surface. Indeed this conceptual model appears to apply to
previous titrations of nonporous silica [143].
Nearly 40 years ago Lyklema proposed that this model be revised for porous
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Figure 4.4. Salt titrations from initial pHs indicated. Both pHs show linear loss of
protons from the surface with increasing salt concentration. Surface area is from BETN2 adsorption.

materials [167]. In his theory, the principal role of the pores is to drastically
increase the number of surface sites available for the specific adsorption of ions (the
exact amount depends on the thickness of the porous layer). This drastic increase
suggests that at sufficiently high surface potential or salt concentration the specific
adsorption of counterions will dominate loss of protons at the surface: the reaction
>SiOH + Na+ À >SiO· · · Na + H+ will be sufficiently more favorable than >SiOH
À >SiO− + H+ that every proton lost from the surface will be replaced by an
Na+ . In this limit σm should increase linearly with increasing NaCl concentration,
as we observe. One might also expect that the effective particle surface charge
(determined by the concentration of >SiO− ) would be just a small fraction of σm ,
as we will also observe for our data.
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4.4
4.4.1

Analysis
The Triple Layer Model

As discussed above, there is a thirty year history of description of protonation,
deprotonation and ion adsorption at oxide surfaces as a function of pH using surface
complexation models. Because our silica particles lack any crystallographically well
defined surfaces we follow prior authors and employ a one site triple layer model
in their description [138]. In this scheme the specific adsorption of both protons
and counterions (in our case Na+ ) is permitted and assumed to occur at different
distances from the surface (see Figure 4.5). Proton adsorption (i.e. protonation)
occurs at the ‘0’ plane, relatively close to the surface. Specific Na+ adsorption
occurs further from the surface, at the ‘β’ plane, and the remaining surface charge,
given by the concentration of >SiO− and equivalent to the charge at the ‘d’ plane,
is neutralized by Na+ ions held diffusely. The layers between the 0 and β and β and
d planes are treated as parallel plate capacitors and therefore the charge/potential
relationship at the 0 and β planes is given by (where C1 is the capacitance of the
0-β layer and C2 the capacitance of the β-d),
σH = C1 (ψ0 − ψβ ) = [> SiOH]

(4.4)

σβ = C2 (ψβ − ψd ) = [> SiONa]

(4.5)

and

The charge potential relationship at the d-plane (for a planar interface) is given by
the solution of the Poisson-Boltzmann equation generally attributed to Guoy and
Chapman (where k is Boltzmann’s constant, T is temperature in Kelvin, e is the
charge of the electron in coulombs and ε is the product of the vacuum permittivity
and the dielectric constant of water),
µ r
¶
2kT
π
−1
ψd =
sinh
σd
e
2εkT [N a+ ]

(4.6)

In this model, protons lost from the surface (σm ) can be written,
σm = σβ + σd = [> SiONa] + [> SiO− ]

(4.7)
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Figure 4.5.
Schematic description of the triple layer model for protonation/deprotonation experiments on a negatively charged surface using Na+ as a counterion.

Inspection of Figure 4.5 suggests that the TLM may have several shortcomings
for solid phases with significant porosity,
1. The number of total surface sites might be expected to drastically increase
for porous vs. nonporous materials.
2. If the pores are sufficiently large that both H+ and Na+ can penetrate but
are <30 nm (the length scale of the electric double layer) the electrostatic
contribution to ion adsorption energy within individual pores will be minimized.
3. If the pores are sufficiently long, electrostatic forces might be expected to
increase the diffusivity of counterions in the particle surface normal direction:
into the particle.
In his 1968 paper Lyklema addresses each of these potential problems by solving
for a system with an exponential decrease in porosity (as one moves away from the
surface), where adsorption (i.e. counterion density) is determined by a Langmuir
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equation and electrostatic interactions aid the diffusion of counterions into the particle interior. This solution of the Langmuir equation gives a counterion distribution with increasing distance from the surface and this density is then substituted
into the Poisson equation giving what Lyklema terms the Poisson-Langmuir (P-L)
equation. Solution of the P-L equation with the appropriate boundary conditions
allows two significant qualitative conclusions: that significantly higher σM should
be measured for porous oxides than for nonporous and that, for sufficiently high
salt concentration every proton lost should be replaced by an Na+ ion: the concentration of >SiO− should be constant with increasing salt concentration. Inspection
of Figure 4.4 suggests that our results meet both criteria. More quantitative evaluation of these results using the Poisson-Langmuir model is challenging. The model
is a numerical solution to a second order differential equation, and its solution is
strongly dependent on the thickness of the porous layer, a quantity of which we
have no independent measurements. For these reasons this we do not here pursue
this approach further.
If [>SiO− ] is constant with increasing salt concentration large σm does not reflect the electrical charge on the particle, as might influence either the subsequent
adsorption of trace ionic species or the stability of suspensions, but instead an
exchange of Na+ for H+ that predominantly occurs in the particle interior. To
gain insight into the magnitude of electrostatic forces at the particle surface requires employing a technique that is surface sensitive. Prior work with Stöber
silica particles has accomplished this either through titrations using bases with
counterions to large to fit into the interior pores, or through electrokinetic measurements [149, 153, 154, 163]. In a series of experiments using 300 nm Stöber
particles de Keiser et al. found that titrating using a base with a large counterion
big
produces equivalent σm
for both Stöber and nonporous silica particles [149]. As

mentioned previously, experiments by Minor et al. on the same particles, measuring conductivty through cm long plugs, found that the charge density inferred
from conductivity (σc ) using relatively small counterions is <

1
3

of σm (when σm

is measured using small bases and counterions). From either set of observations it
seems clear that the adsorption of large trace ions and particle stability is determined by the chemical state of adsorption sites near the particle surface and that
these significantly differ from the σm measurable by titration with NaOH.
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4.4.2

Analysis of ISHG

In much prior work the change in nonresonant ISHG with increasing salt concentration for insulator/water interfaces has been shown to be the result of changing
surface potential (ψsurf )[85, 84]. Ong et al. [85] proposed a model of ISHG for these
systems (where ω is the frequency of the output from the Ti/Sapphire laser, 2ω
is the frequency of the SHG, χ(2) and χ(3) are the macroscopic second and third
order optical susceptibilities, Eω is the electric field generated by the laser and
Esurf is the field generated by the charged silica surface and x is a surface normal
coordinate),
I2ω

¯
Z
¯ (2)
(3)
¯
∝ ¯χ Eω Eω + χ Eω Eω

∞
0

¯2
¯
Esurf ∂x¯¯

(4.8)

Calculating the integral and assuming that the potential infinitely far from the
surface is zero gives,
¯
¯2
I2ω ∝ ¯χ(2) Eω Eω + χ(3) Eω Eω ψsurf ¯

(4.9)

Because the potential drop in bulk water with increasing distance from the silica/water interface is much more rapid than that in bulk silica (see Figure 4.6 for
a schematic representation), and because only differences in potential are physically meaningful, ISHG is expected to be sensitive only to changes in ψsurf caused
by changes in the composition of the aqueous phase. The second term on the
right hand side of equations 4.8 and 4.9 is sensitive only to the presence of ordered
water molecules. The change in water ordering with increasing salt concentration
is known to be small relative to the change in the magnitude of ψsurf (e.g. see
the review by Fenter and Sturchio [168]) so Eisenthal and coworkers have further
proposed that data describing the change in ISHG with salt concentration can be
described by a simplified version of equation 4.9 (where A and B are constants for
a given experimental set up),
I2ω = |A + Bψsurf |2

(4.10)

As mentioned above, ISHG generally decreases exponentially with increasing
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Water
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x
Figure 4.6. Cartoon representation of change in potential with distance moving from
the silca/water interface either into bulk silica or bulk water.

salt concentration. This observation holds true both for surfaces that deprotonate
with increasing salt concentration (e.g. TiO2 and SiO2 ) and for surfaces that do
not (e.g. the water/latex, water/oil and water/liposome interfaces). One consequence of this exponential decrease is that the largest change in ISHG occurs
at low salt concentration. Inspection of the equilibrium equations in the TLM
suggests that small changes in small total amounts of counterion are expected to
cause minimal changes in either ψ0 or ψβ . In contrast ψd changes more signifip
cantly (ψd ∝ sinh−1 [N a+ ]−1 ). Thus, the fact that a significant decrease in ISHG
is observed with increasing salt concentration is consistent with the SHG data
describing changes in ψd . The particular form of the change in ψd with salt concentration (or, alternatively, the change in the length scale of the electric double
layer with change in salt concentration) is given by the inverse debye length(λ−1
Debye )
where,

r
λ−1
Debye

=

ε
2βe2 [N aCl]

(4.11)

Figure 4.7 shows the calculated (λDebye )−2 for salt concentrations employed in the
experiment along with some SHG data. The agreement of (λDebye )−2 with the
type of decrease observed in ISHG also argues that the change in ISHG with salt
concentration principally responds to changes in ψd .
If this is true it implies that we can substitute equation 4.6 into equation 4.10
and model changes in ISHG as,
ISHG

¯
µ
¶¯2
r
¯
¯
£
¤
2
π
−1
−
¯
¯
> SiO
= ¯A + B sinh
+
βe
2εkT [N a ] ¯

(4.12)
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Figure 4.7. SHG data from Figure 4.3 plotted with the inverse debye length squared.
Both show similar dependence on the NaCl concentration.

for a large range of salt concentrations. If, as discussed above, [>SiO− ] is constant,
this implies that by fitting the ISHG data as a function of salt concentration we
can recover its value.
The fitting of ISHG over a range of pH values from 6-10 gives a value of [>SiO− ]
(i.e. σd ) of 0.025±0.018 coul
m2 . This result has several implications. Firstly, the
fact that σd is constant with increasing pH implies that the dependence of ψd
on salt concentration, above a particular pH, is constant. This is in qualitative
agreement with observations of streaming potential over a fused silica surface [169].
The σd as measured by SHG also agrees, to within our error, with the surface
charge density (σc ) of 300 nm Stöber particles by Minor et al. at pH 9: 0.055
coul . The fact that our measured σ is in agreement with the Minor et al. results,
d
m2

to within experimental error, supports the conclusion that, for mineral particles,
the hydrodynamic forces and the packing of a plug necessary to measure the σc ,
do not influence the electric double layer structure. Prior studies of the interfacial
potential of the fused silica/water interface using SHG have found a constant charge
density above pH 5 [85]. In that work the σd measured from SHG measurements
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was 0.139 coul
. The smaller measured σd for the Stöber silica/water interface is
m2
consistent with this type of silica surface having atomic scale porosity that allows
greater specific adsorption of Na+ on our particles. If we assume that the external
surface of these particles has a site density of 4.6 sites
and all possible surface sites
nm2
were >SiO− the resulting charge density would be 0.740 coul
. This suggests that
m2
only 15% of the available sites need to be converted from >SiOHto¿SiON a to
move from the σd measured for the fused silica prism to that measured for the
nanoporous silica/water interface.
We are left, then, with a measurement of ψd , a surface property, and a quantity
σm that is a combination of both a bulk and a surface measurement. If the bulk
contribution to σm is not too large relative to the surface it seems reasonable to
assert that we may be able to use the measured σm in the TLM and, employing
chemically realistic parameters, reproduce ψd as calculated from the SHG data.
This approach is equivalent to employing an effective particle surface that actually
lies somewhere within the the porous layer. It holds out the hope that it may be
possible to predict protonation/deprotonation for some porous materials without
the experimental effort necessary to explicitly characterize the porosity.
Five parameters, KH , KN a , C1 , C2 and the total surface site density (σtot ) are
necessary for the TLM (see Appendix A). Because the equilibrium constants describe chemistry on the atomic scale it seems reasonable to assume that they will
be changed little by the transition from a porous to a nonporous surface and we
therefore employ values of KH and KN a derived in the literature [138]. The other
three parameters, however, are expected to change for a porous interface. In particular we might anticipate that capacitances would be higher for a nanoporous
surface (counterions can move closer to surface charge). Using the data for the
low pH salt titration experiment (see Figure 4.8) it is straightforward to demonstrate the feasibility of this approach. As expected, the capacitances necessary
to reproduce the laser data are higher than those used with success in describing
charging of nonporous silica [138]. Interestingly, in order to avoid unrealistically
high capacitances σtot is somewhat lower than the experimental determination for
amorphous silica. Attempts to repeat this process using data from the high pH salt
titration experiment were not successful. This failure is consistent with a scenario
in which at higher pH a greater percentage of σm is from the bulk or a scenario in
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Figure 4.8. Comparison of ψd from SHG data to the ψd calculated from NaCl titration, with initial pH 7.23, using the TLM. ψd (TLM) is calculated given KH = 10−7 ,
F
F
KN a = 10−0.9 , total surface sites = 3.1 sites
nm2 , C1 =4 m2 and C2 =1.5 m2 . The former two parameters are those applied with success by Sverjensky to describe the deprotonation and
electrophoretic mobility of nonporous silica particles [138]. The later three parameters
F
differ from those he employs (namely total surface sites= 4.6 sites
nm2 and C1 = C2 = 1.05 m2 )

which the substantial changes in particle structure have occurred, perhaps by the
polymerization mechanism described in the introduction.

4.5

Conclusions

In this study we have performed acid/base and salt titrations as well as analyzing
the change in nonresonant ISHG with changing salt concentration for aqueous suspensions of Stöber silica particles. In agreement with prior results we find that the
σm measured in titration with a relatively small base (OH− ) and a relatively small
counterion (Na+ ) is significantly larger than that measured in prior studies of suspensions of nonporous silica particles. Despite this large σm , the particle surface
charge, σd , as quantified by the dependence of ISHG on changing counterion concentration, is relatively small. The relatively small σd is in agreement with prior
estimates of σd for these materials determined by conductivity through a porous
plug composed of packed Stöber particles. Both our and prior results suggest that
much of the proton loss measured with increasing pH for these particles must be
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compensated by Na+ adsorption: >SiOH groups are exchanged for >SiONa with
increasing bulk concentrations of NaCl.
Motivated by the possibility of describing these particles with an effective surface (which includes some of the porous layer) we also attempted to describe the
σm measured in the salt titrations using the TLM and optimizing three parameters (σtot , C1 and C2 ). This approach proved fruitful for a salt titration over a
relatively low pH range but not able to describe the salt titration results at basic
pH. This failure can be rationalized by noting the likely greater bulk contribution
to σm made at more basic pH.
The role of mineral pores in preserving labile organic matter and the significance
of diatom frustules in ensuring large macromolecules cannot penetrate to the cell
membrane are well documented [170, 147]. It seems likely that the same sort of
compensation of surface proton loss we observe in Stöber silica, and the resulting
severing of the link between protonation/deprotonation and electrostatics of the
interface, is likely to be important in these systems as well. We expect that studies
along the lines described here to those types of materials should be important in
gaining a molecular level understanding both of macromolecular adsorption, and
silica and organic matter transport in terrestrial and marine systems.
Finally, this work suggests the applicability of SHG in measuring quantities
usually accessed through electrokinetic methods. In addition to pointing to future
work in which it should be possible to both do interface specific spectroscopy and
measure interface potential on a single sample simultaneously, measuring potential
in this manner does not require the hydrodynamic perturbation necessary in most
electrokinetic techniques and may more straightforwardly allow the measurement
of surface potential under elevated temperatures and pressures. It is further expected that some gain in precision will occur in these measurements when, as has
been already accomplished for the adsorption of dyes on various particles [73], the
measurement of the SHG from particle suspensions with varying amounts of salt
is automated.

Chapter

5

Computational Methods
In the following I outline the computational methods used in the next three chapters. As each of the following chapters are pitched at a level appropriate for
publication many of the relevant background details of each method have been left
out. This chapter is an attempt to remedy that problem: to provide the reader
the necessary tools to understand what follows. Unless otherwise referenced, the
discussion in this chapter follows the presentation in Christopher Cramer’s Essentials of Computational Chemistry: Theories and Models and Frank Jensen’s
Introduction to Computational Chemistry.

5.1
5.1.1

Hartree-Fock Theory
Schrödinger’s Equation and Energy

Formally, quantum mechanics postulates that all molecular systems can be described by a wavefunction (Ψ) that when acted on by a suitable operator will
return a scalar property of the system. The usual scalar property of interest is the
energy (E) and the operator that produces this quantity the Hamiltonian (H). In
mathematical terms (assuming energy is time independent),
HΨ = EΨ

(5.1)
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For most chemical questions, and certainly for this dissertation, the Hamiltonian is
written as the sum of five contributions: 1.) the kinetic energy of the electrons 2.)
the kinetic energy of the nucleus 3.) the attraction of electrons for the nucleus 4.)
interelectronic repulsion and 5.) internuclear repulsion. Written mathematically
this gives,
X ~2
X ~2
X X e2 Zk X e2 X e2 Zk Zl
2
2
H=−
∇ −
∇ −
+
+
2me i
2mk k
rik
r
rkl
i
i
i<j ij
k
k
k<l

(5.2)

in which i/j and k/l are indices that run over electrons and nucleii, ~ is Plank’s
constant divided by 2π, mk the mass of the nucleus k, me the mass of the electron,
∇2 the Laplacian, e the electron charge, Zk the atomic number of the kth nucleus
and rab the distance between particles a and b where a particle is either a nucleus
or an electron.
Two general observations can immediately be made about H. Firstly, the right
hand three terms in equation 5.2 are potential energy quantities while the left
hand two are kinetic. The potential terms resemble what one would write for a
Newtonian system, while the kinetic terms (instead of being expressed as

(momentum)2
2m

are written as the kinetic energy operator (T),
T =

−~2 2
∇
2m

(5.3)

Finally it is clear from the Hamiltonian definition that Ψ must be a function of 3N
coordinates (where N = nucleii + electrons).
In principle there are an infinite number of Ψ’s and associated E’s for any
molecule. It requires no loss of generality to stipulate that all Ψ’s must be orthonormal. For a one particle system with a wave function dependent on three
cartesian coordinates this means,
Z Z Z
Ψi Ψj dxdydz = δij
Z
Ψi Ψj dr = δij

(5.4)

If we now take equation 5.1 for a particular Ψi , multiply it by Ψj and integrate
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over all space we have,
Z

Z
Ψi HΨj dr =

Ψi EΨj dr

Because energy is a scalar quantity, it can be factored out of the integral and, using
equation 5.4 we find,

Z
Ψi HΨj dr = Ei δij

(5.5)

This equation turns out to be useful because it suggests that, given a wavefunction
of a one particle system, we would just need to solve the integral on the left hand
side of equation 5.5 and energy would be straightforwardly calculable: clearly in
order to solve this integral we need to describe the wavefunction. Before this is
done it is useful to describe several of the wavefunction’s properties.

5.1.2

The Variational Principle

Because there are an infinite number of possible orthonormal wave functions, we
can create a trial wave function (Φ) that, as long as Φ spans all appropriate nuclear
and electronic coordinates, is composed of a linear combination of other, orthonorP
mal, wave functions (Φ = i ci ψion ). Because ψion s are orthonormal, it follows that
√
the sum of their coefficients must be equal to the 1,
Z
2

Φ dr = 1 =
=

Z X
X

ci ψion

i

X

cj ψjon dr

j

Z

ψion ψjon dr

ci cj

ij

=

X

ci cj δij

ij

1 =

X

c2i

(5.6)

i

Using equation 5.6 to rewrite equation 5.5,
Z
ΨHΨdr =

Z ÃX
i

!
ci Φi H

Ã
X
j

!
cj Φj

dr
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=

X

Z
ci cj

Φi HΦj dr

ij

=

X

ci cj Ej δij

ij

=

X

c2i Ei

(5.7)

i

On the surface, it is not immediately clear how this helps — we still need to know
how to calculate the coefficients. However, recognizing that this system must
possess a ground state energy (E0 ) and combining equation 5.6 and 5.7 gives,
Z

Z
ΦHΦdr − E0

Φ2 dr =

X

c2i (Ei − E0 )

(5.8)

i

Because Ei > E0 by definition and because all the coefficients are positive real
numbers and greater than zero (both conditions being a necessary consequences of
Φ being composed of a linear combination of ψs) and given equation 5.6 it follows
that,

Z
ΦHΦdr ≥ E0

(5.9)

This relationship is significant because it provides a proscription for the construction of a trial wave function. Furthermore, while Φ was constructed from an
orthnormal set of Ψs for a one particle system, equation 5.9 suggests that this
need not be the case: that we can evaluate which of two trial wave functions is
better by simply asking which produces the lower energy.

5.1.3

The Born-Oppenheimer Approximation

Because neutrons and protons are ∼2000 x more massive than the electron, most
computational chemistry applications assume that nucleii are stationary relative to
the electron. This approximation (generally credited to Born and Oppenheimer)
implies that any nuclear motion is independent of the electrons (and thus independent of electronic energy) and that nuclear-nuclear repulsion is a constant for any
given geometry. Put another way, we assume that the Hamiltonian for electronic
energy is not dependent on nuclear-nuclear repulsion and that therefore one might

79
safely write,
(Hel + Vn ) Ψel (qi ; qk ) = Eel Ψel (qi ; qk )

(5.10)

where qi is the electrons coordinates’, qk is the nuclei’s, and they are separated by
a semicolon to indicate that the former is a variable, while the later is a parameter.
While this might be expected to simplify computation, the Born-Oppenheimer
approximation also has direct physical implications. It is generally convenient
(both in electronic structure and classical calculations) to think of chemical reactions or molecular conformational change as occuring on a potential energy surface (PES). This PES describes, either directly or through a parameterization, the
electronic state of a molecule as a function of nuclear position. Implicit in this formulation is that nuclear positions do not change with change in electron position.
If they did, it would be necessary to replace the notion of a PES with a multidimensional surface describing a molecules electronic state through a probability
density.

5.1.4

Linear Combination of Atomic Orbitals

The general problem of constructing a trial wave function for a molecular system
is an exercise in describing an unknown function as a sum of simpler functions
whose form is known. For the one electron case (i.e. the hydrogen atom) this
system can be exactly solved. It therefore seems reasonable to, as a first guess,
describe a molecular wave function (φ) as a linear combination of the hydrogen
wave functions (ϕ).
φ=

N
X

ai ϕi

(5.11)

i=1

It is worth emphasizing, however, that this is just a convenient mathematical
formalism. For example, we have every reason to expect that orbitals well above
the hydrogen ground state will be required to describe the distribution of electron
density in bonds. Clearly an infinite number of hydrogen wavefunctions would
be an accurate description of any molecule. Just as clearly, however, such an
expansion is computationally intractable. The effort to describe the molecular
wave function as a finite set of simpler functions (known as a basis set) is a constant
tension in electronic structure calculations: we seek the simplest possible basis set
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that can produce a wave function of sufficient quality such that it, when operated
on by the Hamiltonian, will allow calculation of a molecular property at the level
of accuracy desired. Clearly in order to solve for the molecular wave function we
need to know the values of ai . One method of their determination is illustrated
next through the construction of the secular equation.

5.1.5

The Secular Equation

The energy of our guess wave function can be described using equations 5.6 and
5.7,
³P
´
R P
( i ai ϕi ) H
j aj ϕj dr
³P
´
E = R P
a
ϕ
dr
( i ai ϕi )
j
j
j
R
P
ϕi Hϕj dr
ij ai aj
R
= P
ai aj ϕi ϕj dr
P ij
ai aj Hij
E = P
ai aj Sij

(5.12)

where the shorthand Hij (termed the resonance integral) and Sij (termed the
overlap integral) have been substituted. These integrals are substantially more
complicated than in the prior section (for one thing the hydrogen wave functions
are not orthonormal). However, because the system is variational, it is clear that
as we get closer and closer to the true wave function we obtain lower and lower
energies from each guess. Put another way, we have a system of N equations
(equation 5.12 for each j) and N unknowns (the values of aj ). By the variational
principle the ground state energy must have the property,
∂E
=0
∂aj
Performing this differentiation over the N variables in equation 5.12 gives rise to
a system of N equations that must hold true for all j,
N
X
i=1

ai (Hji − ESji ) = 0

(5.13)
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This system of equations has a nontrivial solution if and only if the determinant
of the a matrix composed of the value of (Hji − ESji) is zero. This determinant
is known as the secular equation,
¯
¯ H11 − ES11 H12 − ES12 · · · H1N
¯
¯
¯ H21 − ES21 H22 − ES22 · · · H2N
¯
..
..
..
¯
.
.
.
¯
¯
¯ HN 1 − ESN 1 HN 2 − ESN 2 · · · HN N

¯
− ES1N ¯¯
¯
− ES2N ¯
¯=0
..
¯
.
¯
¯
− ESN N ¯

There will be N values of E that satisfy this constraint. These values of E can
then be substituted into equation 5.13 to solve for the appropriate values of the
coefficients ai . For the one electron system the lowest E refers to the ground state
while others reference excited states. Obviously since each describes a different
molecular orbital all coefficients will differ.
In simple recipe form, then, the optimal one electron wave functions for a
molecular system can be attained by the following steps,
1. Select a set of N basis functions
2. For that set of basis functions, determine the N 2 values of both Hij and Sij
3. Form the secular determinant and determine the N roots Ej of the secular
equation.
4. For each of the N values of Ej , solve the set of linear equations 5.13 to
determine the basis set coefficients ai .

5.1.6

Many Electron Wave Functions

To this point I have alluded to a mechanism for constructing a molecular wave
function as a sum of one electron wave functions. To do better it is necessary to
more carefully consider the molecular Hamiltonian. If the only two terms in the
molecular Hamiltonian are one electron kinetic energies and the nuclear attraction
terms (where N is the total number of electrons, M the total number of nuclei
and the Hamiltonian that includes only these two terms is generally termed the
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Hartree product Hamiltonian), the operator is separable,
N
X

HHP =

hi

i=1

hi = −

M
X
X ~2
e 2 Zk
∇2i −
2me
rik
i
k=1

(5.14)

Given this one electron Hamiltonian it is possible to define the corresponding one
electron Schrödinger equation,
h i ψi = ε i ψi

(5.15)

With this result it is possible to demonstrate that that the Hartree Product (HP)
wave function is a product of the one electron wave functions,
HHP ΨHP = Hψ1 ψ2 · · · ψN
N
X
=
hi ψ1 ψ2 · · · ψN
i=1

= (h1 ψ1 ) ψ2 · · · ψN + · · · + ψ1 ψ2 · · · (hN ψN )
= (ε1 ψ1 ) ψ2 · · · ψN + · · · + ψ1 ψ2 · · · (εN ψN )
N
X
=
εi ψ1 ψ2 · · · ψN
i=1
N
X

Ã
=

!
εi ΨHP

(5.16)

i=1

This treatment, however, has ignored any electron/electron repulsion. Clearly for
systems that contain more than one electron we expect this to be a significant
portion of the total energy. It can be shown (although I will not do so here) that
a one electron Hamilitonian with electron/electron repulsion can be written (in
which ρj is the probability density of electron j and rij is the distance between
electrons i and j),
hi = −

M
X
X ~2
e 2 Zk
∇2i −
+ Vi
2m
r
e
ik
i
k=1

(5.17)
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One sticking point to this formulation is that ρj = |ψj |2 : in order to calculate the
one electron probability densities it is necessary to know the wave function. Since
the whole purpose of this exercise is to solve for the wave function it is clear that
any analytical solution to this problem would be impossible. This difficulty can
be finessed by using an iterative procedure (after Hartree): guess the one electron
probability density ψj , use the guess and the resulting one electron Hamiltonian
(from equation 5.17) to construct the ΨHP , use the new value of ΨHP to recalculate
ρj and proceed until you have reached acceptable convergence.

5.1.7

Electron Spin

Fully describing the addition of electron spin to the one electron Hamiltonian is
a challenging, and for purposes of this dissertation, not necessary. In this section
I only emphasize some of the implications of including this property in our description of a molecule. The Pauli exclusion principle, usually presented as the
assertion that no two electrons can have the same four quantum numbers, is often taught as an explanation for why any orbital cannot contain two electrons of
the same spin. It can be shown with a more general treatment of the quantum
mechanics, however, that this principle is one manifestation of the more general
requirement that electronic wave functions be antisymmetric: that they change
sign when indices are inverted. This condition is not satisfied with the ΨHP wave
function described above. The problem can be straightforwardly seen by thinking
about a two electron system in which both electrons (a and b) have different wave
functions but the same spin (where α is a spin eigenfunction),
ΨHP = ψa (1)α(1)ψb (2)α(2)
If we now perform the permutation we are left with the not generally true statement,
ψa (1)α(1)ψb (2)α(2) = −ψa (2)α(2)ψb (1)α(1)
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This situation is remedied by treating the wavefunction as a “Slater Determinant”
(where the

√1
2

factor is necessary for normalization),

1
ΨSD = √ [ψa (1)α(1)ψb (2)α(2) − ψa (2)α(2)ψb (1)α(1)]
2
For an arbitrary number of electrons (N) the Slater Determinant wave function is
more compactly written in determinant form (where χ is a product of a spatial
orbital(ψa ) and a spin eigenfunction),
¯
¯ χ1 (1) χ2 (1)
¯
¯
¯ χ1 (2) χ2 (2)
¯
..
..
¯
.
.
¯
¯
¯ χ1 (N ) χ2 (N )

¯
χN (1) ¯¯
¯
· · · χN (2) ¯ 1
¯√
..
..
¯ N ! = ΨSD
.
.
¯
¯
· · · χN (N ) ¯
···

This representation of the the molecular wave function helps us in two ways: it
captures the essential indistinguishability of electrons (every electron appears in
every quantum state in the matrix representation of ΨSD ) and it captures the
reduced probability of finding two electrons of the same spin close to each other in
space. This physical effect, often termed the Fermi Hole, is the result of quantum
mechanical exchange repulsion and its accurate description is important in many
applications – among which are the development of density functionals.
Modern Hartree-Fock theory is simply a solution for ΨSD using the type of iterative SCF approach already described. It has two principle limitations. Firstly,
it is inherently single determinantal. In the process described above we search
for the single wave function that, when operated on by the Hamiltonian, returns
the lowest possible energy. This wave function is produced by a single Slater determinant. In chemical situations with degenerate frontier orbitals (i.e. multiple
possible orbitals produce a HOMO and LUMO that are approximately equal) this
single determinantal approach is inadequate. This limitation is generally termed
HF theory’s neglect of ‘non-dynamical correlation’. Since I am interested principally in the application of electronic structure methods to carbohydrates (single
determinantal molecules) this shortcoming is of no great significance.
What is more important is that HF also neglects the instantaneous correlation
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of one electron with any other (through the SCF procedure any given electron feels
only the average density of all other electrons). This instantaneous, or dynamic,
correlation, is critical for the accurate description of dispersion interactions. Since
my principal interest lies in understanding the energetics of conformation change in
carbohydrates, where each conformation is stabilized by nonbonded interactions,
all subsequent discussion is devoted to methods that overcome this HF shortcoming
using a variety of strategies.

5.2

Dynamical Correlation in Molecular Orbital
Theory

Because the addition of dynamical correlation to molecular orbital theory involves
an extensive mathematical formalism, in what follows I give only a qualitative
description.

5.2.1

Møller-Plesset Perturbation Methods

Initially recognized by Møller and Plesset in 1934 [171] perhaps the most straightforward formulation for including electron correlation beyond HF lies in iteratively
expanding the Hamilitonian around the ground state wave function (typically labeled MPn, where n is the order of the expansion). The expansion of the Hamiltonian allows the formally straightforward description of the excitation of electrons to
virtual orbitals (in my case of interest this excitation being induced by dispersion
interactions). Each order perturbation requires successively more complicated excitations (doublets for MP2 and MP3, singlets, doublets, triplets and quadruplets
for MP4).
In an ideal world one might expect that the addition of each perturbation
would lead to a solution progressively closer to the actual energy, perhaps with
an oscillating convergence towards the true value. In principle such convergence
is not formally required: perturbation methods of finite order in general, and
MPn methods in particular, are not variational. This implies that calculation of
MPn energies in the basis set limit converge towards a value whose relationship
to the true energy is poorly defined. In practice the trend shown in Figure 5.1
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is generally observed. As is clear from inspection, MP3 typically results in a
calculated energy that is further from the the true energy than either MP2 or
MP4 and thus calculations of this type are rarely performed. The cause of this
convergence behavior can be appreciated by recognizing that the MP approach
is a formal means of taking a Taylor expansion in electron/electron repulsion.
Because this energy can be a significant portion of the total, the convergence of
the series is not well behaved. While there are no formal guarantees that higher
order MP theory will be particularly successful much empirical work suggests that
MP4 can in many instances be extremely accurate, accounting for more than 95%
of correlation energy when paired with an appropriately larger basis set [172].

HF

Energy

MP3

MP4
MP2

Figure 5.1. Typical convergence behavior of MPn computation with order as modified
from Jensen [173]

5.2.2

Coupled Cluster Methods

MPn methods give all possible corrections (singlet, doublet, triplet, etc.) to the
order Hamiltonian chosen. The couple cluster approach is a perturbation method
that includes all corrections of a given type to infinite order. This is done by
operating on the Hartree-Fock wave function using an exponential operator (Ti )
(where N is the number of electrons and the T operators generate all possible
excitations of a given type),
Ψ = expTi ΨHF
Ti = T1 + T2 + · · · + TN

(5.18)
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Table 5.1. Formal scaling behavior for electronic structure methods as a function of
number of basis functions (N)

Scaling Behavior
N3
N4
N5
N6
N7
N8
N9
N10

Method(s)
DFT
HF
MP2
MP3, MP4(SDQ), CCSD
MP4, CCSD(T)
MP5, CCSDT
MP6
MP7, CCSDTQ

Because CC is also a perturbation method, it is not formally variational. However,
the CC method has been empirically shown, when including triple excitations
composed of singles and doubles (called the CCSD(T) level of theory) to be superior
to MP4 and indeed the ‘gold standard’ for computation of most practical systems
(e.g. see Dutta and Sherrill [174]). As is clear from Table 7.7, both MP4, and
CCSD(T) have formally unfavorable scaling. It would obviously be helpful if some
sort of model chemistry could be utilized that allowed the inclusion of electron
correlation and had better scaling than than either the MPn or CC methods.
Density functional theory (DFT) methods hold out this promise and so it is to
them that I move on in the next section.

5.3
5.3.1

Density Functional Theory
Rationale and a brief introduction

Calculating energy using molecular orbital methods is complicated: the wave function has odd units (the square root of electron probability density) and its calculation is computationally demanding. Furthermore, from a practical point of view
both HF and, in particular, post-HF molecular orbital methods scale poorly with
system size. In an ideal world it would be useful if there was a physical property of
a molecular system whose description would allow the straightforward calculation
of energy and if the resulting computation time would scale more favorably with
system size than N4 .
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Because operating on the wavefunction with the Hamiltonian can compute
energy it seems reasonable that whatever molecular property (a function or a
functional of which might straightforwardly lead to energy) we try to substitute
for it should be a function of the same physical properties of the system as the
Hamiltonian. In principal such a shared dependence would suggest that we might,
at the very least, use the physical property to calculate the operator (and then
solve for the wave function in the manner already described). The molecular
Hamilitonian is a function of the nuclear positions, atomic numbers of each nucleus
and total number of electrons. One physical property that might fully describe
these coordinates is the electron density; integrating density over all space gives the
total number of electrons and maxima in electron density surround each nucleus.
The former point can be expressed straightforwardly in mathematical notation
(where N is the number of electrons and r a spatial coordinate),
Z
N=

ρ(r)dr

The second point, that the position and atomic number of each nucleus must
be calculable from the electron density, is more subtle. At issue is whether the
density is degenerate: whether the same ground state density can be produced by
two different sets of nuclear positions/atomic numbers. We can show this crisis to
be averted by examining the implications if it were to be true (what follows is a
abbreviated version of the approach taken by Hohenberg and Kohn in 1964 [175]).
Start with a system in which two different sets of nuclear coordinates (in the dft
realm often termed two different external potentials: νa and νb ) are consistent
with the same ground state density (ρ0 ). For each external potential there is a
corresponding Hamiltonian (Ha and Hb ) each of which will have a ground state
wave function (Ψ0 ) and associated energy E0 . By the variational principle we
expect that,
E0,a < hΨ0,b |Ha |Ψ0,b i
After some algebra we can rewrite,
E0,a < hΨ0,b |Ha − Hb + Hb |Ψ0,b i
hΨ0,b |Ha − Hb |Ψ0,b i + hΨ0,b |Hb |Ψ0,b i
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hΨ0,b |νa − νb |Ψ0,b i + E0,b
Because the external potentials (νa and νb ) are one electron operators, the integral
in the last line can be simply rewritten in terms of the ground state density,
Z
E0,a <

[νa (r) − νb (r)] ρ0 (r)dr + E0,b

(5.19)

The same series of operations on E0,b gives,
Z
E0,b <

[νb (r) − νa (r)] ρ0 (r)dr + E0,a

(5.20)

Adding equations 5.19 and 5.20 results in the mathematically (and physically)
impossible condition,
Z
E0,a + E0,b <

Z
[νb (r) − νa (r)] ρ0 (r)dr +

[νa (r) − νb (r)] ρ0 (r)dr + E0,b + E0,a

Z
<

[νb (r) − νa (r) + νa (r) − νb (r)] ρ0 (r)d(r) + E0,a + E0,b

E0,a + E0,b < E0,a + E0,b

(5.21)

As equation 5.21 clearly cannot be true the ground state electron density functional
must map to a unique set of nuclear coordinates.
Given that the ground state electron density is single valued with respect to
nuclear coordinates, Hohenberg and Kohn further pointed out that it must also be
variational. This follows straightforwardly from the recognition that given a fully
described electron density one can determine a Hamiltonian and then solve for a
trial wavefunction as indicated earlier. Expressed in mathematical notation,
hΨtrial |H|Ψtrial i = Etrial ≥ E0
Put another way, if we had some method of calculating energy from a trial electron
density we could be certain that any density that produced a lower energy was a
density closer to the ground state.
Of course if one had to use the density to calculate the Hamilitonian, then
calculate the wave function and finally calculate the energy, no improvement over
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Molecular Orbital theory would be gained. What is required is a way of going
directly from the density to the energy.

5.3.2

Kohn-Sham self-consistent field methodology

In 1965 Kohn and Sham recognized that an algorithm much closer to the final goal
(a direct method of moving from electron density to molecular energy) could be
generated by a bit of computational jujitsu [176]. The key sticking point in the
molecular orbital description of molecules is the calculation of electron/electron interaction. The first step in the Kohn-Sham algorithm is generating a Hamilitonian
for a fictitious system of non-interacting electrons that has the same density as a
real system. As should be clear from the Hartree-Fock discussion, this approach
implies that the molecular Hamiltonian can be represented as simply the product
of one electron operators (thus substantially simplifying their solution). Dividing
such an energy functional into components gives,
E [ρ(r)] = Tnie [ρ(r)] + Vne [ρ(r)] + Vee [ρ(r)] + ∆T [ρ(r)] + ∆Vee [ρ(r)]

(5.22)

where Tnie is the kinetic energy of the non-interacting electrons, Vne is the nuclear
electron potential energy, Vee is the classical electron-electron repulsion, ∆T is
the correction to the electron kinetic energy (for an interacting system) and ∆Vee
contains all non-classical corrections to the electron-electron repulsion energy. The
first three terms in equation 5.22 can be rapidly calculated (in analogy) to the
Hartree-Fock discussion. The last two are typically lumped together to form a
single exchange-correlation energy functional (Exc [ρ(r)] = ∆T [ρ(r)]+∆Vee [ρ(r)]).
If Exc could be described exactly we could solve for energy exactly in a manner
that includes electron correlation and scales with N 3 . Unfortunately, while the
work of Hohenberg and Kohn proves that an exact Exc functional must exist, it
provides no proscription for finding it. In the intervening years a wide number of
approaches have developed to deal with this problem; some of these Exc functionals
contain emipirical parameters fit to experiment while others are functionals developed to fit the known theoretically limiting behavior of Exc . In practice, then,
while HF is an approximate molecular theory (correlation energy has been consciously ignored) that can be solved exactly, DFT is an exact approach that can
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be solved only approximately. In the following I consider the methods of defining
Exc employed in this dissertation.

5.3.3

Local Spin Density Approximation

In the simplest possible representation Exc will only depend on electron density.
This is an inherently local assumption, it says that Exc at any given point (x,y,z)
only depends on electron density at that point. The mathematical restrictions this
approach places on electron density are limited; density only needs to be single
valued at every point in space. The most computationally practical application
of this approach has been via the calculation of the Exc functional for a uniform
electron gas. In my case I employ a local spin approximation using Slater exchange
and the correlation functional of Vosko, Wilk and Nusair for this material [177]
(LSDA).
It is worth emphasizing that the LSDA functional does not require that the
electron density be the same at every point in space, but rather only that Exc
at any given point and given electron density be calculated as if all other points
were an electron gas of the same density. While this approach for calculation of
Exc generates some surprisingly accurate results (this issue is addressed in detail in
reference [178]), it tends to overestimate correlation energies. This has the practical
consequence of underestimating bonding energies and overestimating nonbonded
interactions. In spite of these well known limitations LSDA calculation is often
useful as a limiting case for subsequent refinement of calculated properties.

5.3.4

GGA and meta-GGA

It seems reasonable to believe that part of the failure of the LSDA approach comes
from its inability to describe the nonlocality of electron density in molecular systems. In light of this one might ask whether creating an Exc which is a function
of both electron density and electron density gradient (i.e. essentially creating a
series expansion of electron density at each point in space where each terms adds
additional nonlocal information) can improve matters. Creating an Exc that is
dependent on both of these terms is an approach termed the generalized gradient
approximation (GGA).
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In practice GGA methods tend to split the correlation and exchange contributions apart. In the chapters that follow I employ a GGA exchange functional
after Becke (based on generating the correct long range behavior and empirical
parameterization to the noble gasses (B )) and a nonempirical GGA functional after Perdew, Burke and Ernzerhof (formulated so as to reproduce as many of the
limiting behaviors of the density gradient as possible and abbreviated (PBEx ))
[179, 180]. For a correlation functional I employ that of Lee, Yang and Parr
(based on fitting four empirical parameters to the electronic structure of the Helium atom (LYP )) and the correlation functional of Perdew, Burke and Ernzerhof
(formulated with the same approach as their exchange functional and abbreviated
(PBEc )) [181, 180].
Meta-GGA functionals are an attempt to take the ‘density-expansion’ in GGA
one step further: introduce further nonlocality. As for the GGA case there are both
empirical and non-empirical functionals. Here I employ one, nonempirical, metaGGA, that of Tao, Perdew, Staroverov and Scuseria (typically abbreviated TPSSx
and TPSSc respectively) [182]. It differs from PBE in that it is also dependent on
the electron kinetic energy density. The additional limiting bevior possible at the
nucleus allow several improvements over most GGA functionals, among which is
the formal elimination of self-interaction. I also employ the empirical meta-GGA
exchange and correlation functionals MPW [183] and B95 [184]. Both of these
functionals have been demonstrated to perform particularly well in the description
of nonbonded interactions in a recent bench marking exercise [185].

5.3.5

Hybrid Functionals and Adiabatic Connection

Since a portion of the problem in correctly describing Exc hinges on the correct
description of the quantum mechanical exchange energy, and since this quantity is
correctly described in HF theory, it seems reasonable to ask why not just write an
expression for Exc in which the HF exchange energy figures explicitly. As discussed
above, the formal definition of Exc does not overlap with that of molecular orbital
theory, so the exact equation by which the two are combined needs to involve at
least one empirical constant, for example (where in this case a is such a constant),
DF T
+ aExHF
Exc = (1 − a) Exc

(5.23)
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As long as the contribution to Exc from different functionals is being empirically optimized it is reasonable to ask whether there is some other collection of functionals
(possibly containing additional empirical parameters) the Exc resulting from which
is still better at reproducing experimental data. The most widely used along these
lines is the B3LYP functional (where a, b and c are empirical parameters derived
from fitting to experimental data and ∆ExB indicates the gradient correction of
Becke’s 1988 exchange functional [179]),
B3LY P
Exc
= (1 − a) ExLSDA + aExHF + b∆ExB + (1 − c) EcLSDA + cEcLY P

(5.24)

The values of a, b and c in this expression are generally taken to be 0.2, 0.72
and 0.81. It is of historical interest to note that these parameters were originally
optimized by Becke [186] for a functional of slightly different form (his original
functional replaced (1 − c)EcLSDA + cEcLY P with EcLSDA + c∆EcP W 91 ). Despite its
use of coefficients not originally optimized for its Exc , equation 5.24, first proposed
by Stephens et al [187], has been extraordinarily successful at reproducing a wide
variety of experimental data and has thus become a default method for much of the
calculation of molecular properties over the last ≈ 20 years (with 2,472 citations
of Becke’s original paper and 2,318 of the Stephens et al revision as of 4/2007 in
ISI’s Web of Science).
In addition to B3LYP I also use, as a result of it scoring high on tests of
its ability to describe nonbonded interactions by prior authors [188], the hybrid
meta-GGA functional MPWB1K [189].

5.4

Atomistic Force Field Methods

Both density functional and molecular orbital methods explicitly account for electrons. Clearly doing so is necessary for any system which requires the description
of excited species as well as bond breaking or formation. Just as clearly, however,
there are many situations of chemical interest that do not meet either of these requirements. In particular, it might be expected that an accurate description of the
free energy of macromolecular conformational change (a particular interest in this
dissertation) might lend itself to a parameterized description of electron behavior.
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Decades of work suggest that it is possible to describe the relative free energy
of macromolecular conformation change using simple analytical expressions for
potential energy (effectively describing molecules as a systems of balls linked by
springs). Because such functions parameterize the behavior of electrons it follows
that they will contain empirical terms whose magnitude needs to be either inverted
from experimental results or derived from ab initio calculation. From even this
minimal description several characteristics of this approach should be clear,
1. No given set of functional forms and empirical parameters (in combination
termed a force field) is a unique description of any molecular potential energy
surface.
2. A force field can be assured of being effective only in describing compounds
for which it has been parameterized.
3. Because there is no unique description of any potential energy surface the
specific form of interactions chosen is typically a trade off between simplicity (for ease of computation of larger systems) and complexity (for greater
flexibility in dealing with different types of systems)
In this thesis I employ three different force fields: the COMPASS [190, 191],
CFF95 and GLYCAM[192, 193, 194, 195]. Each of them differ in the range of
materials whose properties they were parameterized to reproduce (condensed materials for COMPASS, abiotic, organic molecules for CFF95 and carbohydrates
for GLYCAM). Each of them also have different functional forms (ranging from
relatively complicated to relatively straightforward) and different procedures for
determining the values of each constant parameter in the chosen functional forms.
Historically the simpler interaction functional forms (among them AMBER
(GLYCAM is a carbohydrate force field designed to be compatible with the AMBER force originally developed for protein simulation) and CHARMM types) were
developed to describe large biological macromolecules. For illustrative purposes
the GLYCAM (AMBER type) potential energy expression follows,
Etotal = Ebonds + Eangle + Etorsions + EV dW + Eelect
X
X
=
Kr (r − req )2 +
Kθ (θ − θeq )2
bonds

angles
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2
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Rij ²Rij
ij
torsions
i<j

(5.25)

The bond and angle terms in this expression follow from the first non-zero terms in
a Taylor expansion around the equilibrium bond distances and angles (for classical
oscillators), the torsion term from a Fourier series (to allow for the possibility of
multiple minima between 0 and 360◦ ), the Van der Waal’s interaction from the
Lennard-Jones equation (empirically capable of describing the interactions of Van
der Waal’s complexes) and the electrostatic interaction is described by the classical
Coulomb’s Law[196, 197].

5.5

Coarse-Grained Simulation

To this point I have discussed molecular orbital and density functional approaches,
in which both electrons and nuclei are represented explicitly, and the atomistic force
field approach, in which explicit representation of all nuclei is maintained and the
behavior of electrons is parameterized. While I do not do so in this dissertation
much of the work in the chapters that follows is justified as a means of helping
to create more chemically realistic coarse grained (CG) parameterizations. In this
method individual nuclei are parameterized into effective beads [198, 199, 200, 201,
202, 203].
The benefits in this approach are much the same as in those in atomistic force
fields: the parameterization effectively reduces the system’s degrees of freedom
allowing computation of the properties of larger systems for longer amounts of time.
Similarly all the same caveats that apply to atomistic force field simulations apply
here as well: functional forms chosen to represent particular types of interactions
(e.g. bonded interactions) are not unique, CG force fields should only be expected
to be a valid description of those systems for which they are parameterized and the
simpler the functional form chosen to represent a particular interaction the larger
the system whose properties can be calculated in an accessible amount of time.
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Figure 5.2. One possible CG parameterization scheme for the disaccharide maltose.
The replacement of each monosaccharide by three CG beads has been shown to be
important in preserving some of the tertiary structure of larger polysaccharide composed
of this dimer [201]

5.6

Passing information between scales

To this point I have discussed computational techniques that explicitly represent
valence electrons, techniques that parameterize electrons but explicitly represent
nuclei and those that parameterize both electrons and nuclei. What remains is to
discuss how information can be passed between these different types of simulations.

5.6.1

Parameterizing from dynamics simulations

Most parameterizations, be they atomistic or coarse grained, are developed to describe a particular molecular system at a particular temperature and pressure range
(e.g. the great majority of the CHARMM parameter set, developed to describe
proteins under physiologically relevant conditions). Given this axiom, one way
to accomplish parameterization is as follows (here indicated for a coarse grained
parameterization),
1. Run a dynamics simulation using the more fundamental model chemistry at
a specific temperature and pressure.
2. Assuming the resulting trajectory has probed the phase space of the system
in which you are interested take a histogram of that property for which a
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parametric representation is desired. For example, in the parameterization
scheme shown in Figure 5.2 the coarse grained representation has a bond
between atoms C4 and C6 that does not exist in the atomistic representation.
The first step in creating this bond requires taking a histogram of the C4-C6
distance from an atomistic MD trajectory.
3. Armed with the histogram from the MD simulation choose a functional form
for the coarse grained interaction. A simple hamronic representation would
be generally applied to create the C4-C6 coarse grained bond.
4. With a histogram and a functional form of the atomistic data the coarse
grained parameters can then be determined by an optimization procedure
[204, 205, 206].
The same sort of logic can be applied to all the parts of the complete coarse grained
energy expression (e.g. the coarse grained C4-C6-C1 angle in Figure 5.2).
An entirely analogous procedure can also be carried out moving from a electronic structure molecular dynamics simulation to a classical atomistic parameterization. While some effort has been made along these lines using molecular
dynamics algorithms in which atoms move classically but the energy at each time
step is calculated using density functional theory, the extreme computing demands
of this approach limit its applicability to relatively small systems [207].

5.6.2

Using single point calculations to validate parameterizations

It is, as might be expected, possible to develop parameterizations using other constraints as well, principally all kinds of experimental data. Particularly popular in
this regard are crystal structures and some bulk properties (e.g. density). Because
many modern parameterizations combine both experimental and theoretical constraints one can easily imagine that it might be desirable to check the application
of a particular parameterization to a particular molecular system. This can be
done straightforwardly if there is a more detailed model chemistry that has been
demonstrated to be accurate for the types of molecules of interest.
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For example, in Chapter 6 I calculate the relative energy of a variety of conformers of the disaccharide α-Carrabiose. Calculation of the relative energies both
with the atomistic force field COMPASS and the hybrid GGA B3LYP (paired with
a suitably large basis set) allows the quantification of the error in the COMPASS
parameterization for these sorts of systems. Although I do not do it in this dissertation a similar sort of application can be imagined for a coarse-grained system:
the relative energies of two CG conformers are validated in relation to single point
calculations with a well parameterized atomistic force field.

Chapter

6

Electronic Structure and Classical
Atomistic Energies of the Gas Phase
Disaccharide α-Carrabiose
6.1

Introduction

Understanding the molecular mechanisms behind the rejection of biomedical implants [208], the initiation and persistence of biofilms [209] and the flocculation of
particulate organic matter from the surface ocean [14, 210] requires understanding
the interactions of carbohydrates in aqueous solution (predominantly polysaccharides) and abiotic surfaces (often metal oxides or carbonates). To quantitatively
predict the strength of these interactions, it is necessary both to know which carbohydrate functional groups associate with which surface functional groups, and
to understand the changes in conformation that polysaccharides undergo while
moving from bulk solution to an interface.
Gaining these insights experimentally is difficult. Past work on polysaccharide/interface systems has generally utilized either scanning probe microscopy
(SPM) [36] or conventional vibrational spectroscopies (IR or Raman) [211, 212,
213]. Unfortunately, the application of scanning probe microscopies to study
polysaccharide adsorption at interfaces is limited because they are only a rough tool
for measurement of polymer conformation, are incapable of probing buried inter-
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faces and provide limited chemical information. Spectroscopic techniques typically
furnish chemical information but provide only indirect insight into conformation
change. In addition, many phenomenon of interest occur at sub-monolayer interfacial concentrations of polysaccharide that are inaccessible using standard spectroscopies (although such concentrations are often accessible using non-standard
techniques such as surface-enhanced Raman or vibrational sum frequency spectroscopy [214, 33]).
Given that experimental approaches result in an imperfect picture of polysaccharide adsorption, it seems natural to complement experiment with computation.
In particular, a method that preserves atomic detail and allows simulation of molecular conformation is desirable. At first glance, classical atomistic molecular dynamics (MD) simulation seems an appropriate method of approaching this problem.
Unfortunately, exploring carbohydrate/mineral systems via classical atomistic MD
is problematic for both theoretical and logistical reasons. On the theoretical level,
polysaccharides, as do any polymer, have an inordinately large number of degrees
of freedom and thus searching phase space sufficiently for these molecules is difficult [215, 216]. On the logistical level, while much work has been devoted to the
simulation of polysaccharides in vacuum and, to a lesser extent, in solution, there
has been little work performed on the interaction of polysaccharides with abiotic
surfaces. Developing materials parameters for existing carbohydrate force fields,
or carbohydrate parameters for existing materials force fields, in the absence of
suitable experimental data requires a large body of electronic structure calculation
[217]. However, given such a validated force field it would be possible to use the
results of accurate classical atomistic simulations to parameterize chemically based
coarse grained (CG) models to describe these systems. Use of such well validated
coarse grained models (where atoms are combined into effective beads) to simulate
large scale structural changes, and subsequent back substitution of atomistic detail
into coarse grained optimized structures, could allow insight into both the desired
chemical and conformational aspects of the carbohydrate/interface problem [198].
Demonstrating the validity of the application of a force field developed for
condensed phases, in particular metal oxides, for saccharides would be a useful
shortcut towards atomistic simulations of polysaccharide/mineral phenomenon. If
such a force field could be shown to perform acceptably for saccharides, lengthy
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parameter development could be avoided. Because experimental gas phase saccharide data are rare, it is convenient to test the ability of materials force fields to
calculate saccharide structure and energy by comparison with electronic structure
calculation. However, to do so requires finding an accurate electronic structure
model chemistry to serve as a reference.
In the last ten years, an increasingly large number of workers have performed
electronic structure calculations of various mono-, di- and trisaccharide systems
[218, 219, 220, 221, 222, 223, 224, 225, 226, 227, 228, 229, 230, 231, 232]. Conclusions as to the appropriate model chemistry vary between studies but depend
predominantly on the level of precision demanded in the results. For example, a
high resolution study of energy/conformation relationships in p-cellobiose required
optimizations at B3LYP/6-311++G(d,p) [226], whereas for earlier electronic structure studies [225] of energy/conformation relationships in a disaccharide analog
HF/6-31G(d) was judged to produce acceptable results — presumably owing to
the previously recognized error cancellation that exists in this model chemistry for
non-bonded interactions (see e.g. references [218, 221] and references therein).
Our ultimate goal is to develop a coarse-grained treatment of polysaccharide
brushes as a means of better understanding the cell surface chemistry of Gramnegative bacteria. The lipopolysaccharides characteristic of these environments
are relatively densely packed (thus intramolecular H-bonding is expected to be
minimized), range up to ≈40 nm in length, and are characterized by both α and β
glycosidic linkages [233, 234]. Polymeric systems of this size are not amenable to
treatment by atomistic classical molecular mechanics. As a prerequisite to creating
a series of coarse-grained models, our goal is find an atomistic force field that could
be used to simulate a small portion of the lipopolysaccharide, as well as the relevant
abioitic surface, and use the resulting trajectories to derive suitable coarse-grained
potentials. To test a candidate force field, we need an appropriate model system.
In validating the use of any candidate materials force fields for application to
polysaccharides, we would ideally test the force fields ability to reproduce the relative energies of relatively large oligosaccharides, preferably using test molecules
that contain all the relevant monosaccharides in their likely order.

Unfortu-

nately, high level electronic structure calculations of such test systems are computationally prohibitive. In fact, to compare to as high a level of electronic struc-
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ture calculation as possible, we would like to choose a test system which is as
small as possible: just large enough to contain the essential structural elements.
Prior workers have argued that glycosidic torsion angles are of principal importance in determining the most stable conformers of di- and larger saccharides
[230]. In choosing our test system, we attempted to find the smallest possible
sugar molecule which would preserve a glycosidic linkage but would also minimize intramolecular hydrogen bonding (as seems likely for the lipopolysaccharide
brush). As a test case for our ability to calculate accurate relative energies of
an α linked disaccharide, we chose the molecule α-D-galactopyranosyl-(1→4)-3,6
anhydro-α-D-galactopyranose (see Figure 6.1). This molecule has reduced possibility for intramolecular H-bonding because of the anhydrogalactose monomer:
there is only one free methoxy group. The molecule β-D-galactopyranosyl-(1→4)3,6 anhydro-α-D-galactopyranose (known as Carrabiose) is one of the repeat units
of the polysaccharide β-Carrageenan and has been studied by prior authors using
both vacuum and explicitly solvated classical molecular mechanics [235, 236]. In
the remainder of this paper, our study molecule is referred to as α-Carrabiose. It
is worth noting before continuing that, for our purposes, any α-linked disaccharide
with only one free methoxy would have been equally useful.
In comparing disaccharide energies calculated using an atomistic materials force
field to those calculated using high level electronic structure theory, it is useful to
generate potential energy surfaces (PES) for each model chemistry, with respect to
glycosidic torsion angles Φ and Ψ (see Figure 6.1) for each model chemistry. Unfortunately, covering all of Φ/Ψ space using high level electronic structure methods is
computationally expensive (although recent work has demonstrated success using
a hybrid method whereby Φ/Ψ space is spanned using electronic structure calculation for the sugar backbone and classical molecular mechanics for the exocyclic
hydroxyl groups [232]). Here we take a different approach and ask whether a small
sample of the entire potential energy surface might yield statistically significant
differences between various methods (at a fraction of the cost necessary to calculate
the full PES). Following this procedure requires sampling relatively strained and
unstrained conformers over a range of glycosidic torsion angles, both to avoid any
systemic bias in our comparison and to help insure that any dynamics properties
inferred from the simulation are relatively accurate.
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In this study, a series of twenty four conformers of α-Carrabiose (eight different
glycosidic torsions with three different primary alcohol rotamers for each) were
energy minimized using a force field developed for condensed phase materials applications (COMPASS [190, 191]), and one developed for organic and biomolecular
applications (though not specifically for carbohydrate simulation) with demonstrated success in simulating monosaccharide properties (CFF95) [229]. In choosing these force fields, we did not wish to evaluate classical force fields already parameterized for carbohydrates (hence our avoidance of later versions of the CFF,
the CHARM type CSFF force field [237] or the Amber type force field GLYCAM
[192, 193, 194]). Such comparisons have been performed by others previously [229]
and are the subject of ongoing work in our group. Rather our interest here lies
in the ability of force fields not specifically parameterized for carbohydrates, but
rather parameterized for abiotic materials of interest, to reproduce carbohydrate
properties calculated using high level electronic structure theory.
In choosing an appropriate model chemistry for the calculation of disaccharide
electronic structure, we are interested in two different questions: what is the correct
representation of electron correlation in these systems, and what is the dependence
of disaccharide relative energies on the size of the basis set employed in the calculation. We address the first question by choosing three theoretical methods that
employ different approaches in their description of electron correlation.
Hartree-Fock (HF) theory calculates electron exchange energy exactly and ignores correlation. While significant electron correlation is expected to occur in
systems as extensively hydrogen bonded as carbohydrates, HF theory is a valuable starting point in calculating sugar conformer energy because it has proven
somewhat successful in the past when paired with a small basis set [232].
In Becke’s three parameter (B3LYP) hybrid generalized gradient approximation (GGA) density functional, electron correlation and exchange energies are calculated through a combination of HF exchange, the Becke 88 (B88) density functional for exchange [179], and the Lee, Yang and Parr [181] and Vosko, Wilk and
Nusair correlation functionals [177]. B3LYP is empirical in the sense that the
weight given to each of these terms is determined by fitting to a series of experimentally derived atomization energies, ionization potentials, proton affinities and
total atomic energies for a variety of first and second row atoms [186]. B3LYP has

104
been demonstrated to reproduce properties of some H-bonded systems with high
accuracy (e.g. the water dimer [238]). Unfortunately, because its functional form
is relatively complicated, evaluating possible sources of error is difficult. Furthermore, prior authors have pointed out that B3LYP does a poor job in describing
both Van der Waals complexes and some H-bonded systems [239, 240, 241] and
have argued that this deficiency might be attributable to deficiencies in some of the
formal properties of the B88 functional that become important in the description
of weak non-bonded interactions.
In an attempt to understand whether such issues were likely to be significant in
the calculation of sugar properties, we also calculated the energies of the same 24
conformers using the non-empirical GGA density functional of Perdew, Burke and
Ernzerhof (PBE) [180, 242]. In addition to satisfying the correct formal constraints,
PBE is relatively simply formulated, and thus more amenable to error analysis than
B3LYP. Recent empirical tests have argued that this functional is an improvement
over B3LYP in calculation of the properties of both some hydrogen bonded and
Van der Waals complexes [239, 243, 244, 245].
In this paper, then, we provide insight into two distinct questions, the appropriate level of theory for electronic structure calculations of low H-bonding α-linked
disaccharide systems, and validation of the application of several force fields developed for simulation of abiotic materials to these systems.

6.2

Methods

Eight conformers of α-Carrabiose were constructed using the Visualizer module of
the program Cerius2 (version 4.9 - Accelrys Inc). The eight conformers differed in
their glycosidic torsion angles (see Figure 6.1 and Table 6.1). Prior work has shown
that, ignoring molecular overlaps, the amplitude of change in the potential energy
of disaccharides is ≈10-15 kcal/mol over Φ/Ψ space [235, 236, 230]. Preliminary
calculations suggested that the conformers described in Table 6.1 span this energy
range. In general, we oriented the ring hydroxyl groups (i.e. O2-HO2, O3-HO3,
O4-HO4, O2’-HO2’, O1’-HO1’) in a counter-clockwise manner occasionally deviating from this guideline to enhance H-bonding in certain conformers. For each
conformer, energy minimizations were run from three different initial conforma-
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tions of the primary methoxy group: gauche(g)trans(t,) gg, and tg defined relative
to the torsion angles O6-C6-C5-O5 and O6-C6-C5-C4 respectively. Structural analogues were created using the Visualizer module by deleting hydroxyl groups and
substituting either H, CH3 or F groups.

Figure 6.1. Structure and atom numbering scheme of modified Carrabiose: α-Dgalactopyranosyl-(1→4)-3,6 anhydro-α-D-galactopyranose. The glycosidic torsion angles
are defined as Φ=C2-C1-O1-C4’ and Ψ=C1-O1-C4’-C3’

The COMPASS force field has been successfully utilized in a variety of materials applications [190, 191, 246, 247]. As our principal interest lies in ascertaining
the applicability of COMPASS to saccharides, for the eight tg and gg conformers
we first optimized each structure using COMPASS (all optimizations conducted
using the OFF module of Cerius2 , with default settings for energy terms included
in COMPASS and minimization parameters). After optimizing each structure in
this manner, all structures were re-optimized using the CFF95 force field (minimizations done in the same manner in Cerius2 ) and various electronic structure
model chemistries. Electronic structure calculations were performed with Gaussian 98 and 03 [248]. The procedure for the electronic structure calculations was
to perform a geometry optimization and then, in most instances, to follow it with
a single point energy calculation using a larger basis set. All optimizations and
single point calculations were performed with the HF, B3LYP and PBE functionals
using the same series of Pople style basis sets. All PBE calculations were carried
out using both the PBE exchange and correlation functionals [180]. Harmonic
frequencies were calculated for structures already optimized using the indicated
model chemistry.
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Theoretical methods were not mixed: e.g. single point energy calculations using HF were performed only on structures geometry optimized using HF. Using
the notation “basis set for energy calculation/basis set for optimization”, we employed the following model chemistries (all basis set combinations were tested
for all structures using HF, B3LYP and PBE): 6-31G(d)/6-31G(d), 6-31+G(d,p)/631G(d), 6-31++G(d,p)/6-31G(d), 6-311++G(d,p)/6-31G(d), 6-31G(d,p)/6-31G(d,p), 631+G(d,p)/6-31G(d,p), 6-31++G(d,p)/6-31G(d,p), 6-311++G(d,p)/6-31G(d,p), 6-31+
G(d)/6-31+G(d) and 6-311++G(d,p)/6-311++G(d,p). In general structures optimized
using either HF/6-31G(d,p), B3LYP/6-31G(d,p) or PBE/6-31G(d,p) showed similar
statistics and trends to those optimized using HF/6-31G(d), B3LYP/6-31G(d) and PBE/
6-31G(d). For this reason the former results are not further discussed, although they are
shown in Tables 6.9, 6.10 and 6.11. Convergence thresholds for the optimization portion
¡
¢
of the calculations were, for forces, max(rms) ≤ 4.50 · 10−4 3.00 · 10−3 Hartrees/Bohr,
¡
¢
and, for displacements, max(rms) ≤ 1.80 · 10−3 1.20 · 10−3 Å. The iterative energy
evaluation portion of the calculation was performed with a convergence threshold of
≤ 6.275 · 10−4 kcal/mol. Generally, the inclusion of this convergence criterion in the
SCF portion of the calculation (equivalent to scf=tight in G98 and G03) has been recommended in cases where diffuse functions are included in the employed basis sets [228].
We deviated from the procedure described above in the case of the eight α-Carrabiose
conformers with a tg methoxy orientation. In our initial attempts to optimize these
structures using COMPASS, we found that for conformers 1 and 3 there were no stable
tg structures. For this reason for these eight conformers, we took structures optimized
using COMPASS with the methoxy group in a ∼gt position, changed the methoxy torsion
to −60◦ (as defined by O6-C6-C5-C4) and used these structures as starting points for
all electronic structure and CFF95 and COMPASS optimizations. In instances in which
comparisons with COMPASS are presented, relative energies for the ∼tg conformers are
calculated ignoring the energies of conformers 1 and 3.

6.3
6.3.1

Results and Discussion
General Considerations

Prior work [227] has suggested that electronic structure calculations should be capable
of capturing both relative energies and structural details of various conformers to within
our desired accuracy using the model chemistry B3LYP/6-311++G(d,p). As mentioned
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Table 6.1. Glycosidic torsion angles of α-Carrabiose conformers studied.

Conformer #
Φ
1
155
2
-86
3
-177
4
-154
5
179
6
124
7
-60
8
-45

Ψ
-159
-92
-162
-59
-79
-66
-149
-52

earlier, B3LYP is known to describe some H-bonding environments with high accuracy
but to be relatively less accurate for others. B3LYP’s failing in these systems has been
argued to be the result of an inability to describe weakly interacting non-bonded species
(as may happen in sugars if hydroxyl groups are constrained from assuming their optimal
position relative to one another). It has been demonstrated that the PBE exchange and
correlation functionals (PBEx and PBEc respectively) are more accurate than B3LYP’s
hybrid representation for some of these environments (by comparison to higher level
correlated calculations and experiment where possible) and it has been argued that this
improvement occurs because of the formally correct scaling and limiting properties of
PBEx some of which B88 does not satisfy [241]. However, in part because of the paucity
of gas-phase sugar experimental data, in part because useful systems are relatively large,
no such comparable work regarding the applicability of B3LYP (in comparison to other
GGA functionals) exists for saccharides. Here we do not consider this issue (it is the
subject of current work). Instead, we ask whether, for our collection of α-carrabiose conformers, trends in differences between calculated energies and the reference (B3LYP/6311++G(d,p)//B3LYP/6-311++G(d,p)) are similar for PBE and B3LYP paired with
the tested basis sets.
Before discussing the data it is useful to ask what magnitude of relative energy
difference is significant. Two energy thresholds were considered: the energy difference
between relatively strained and relaxed conformers, typically 10-15 kcal/mol for disaccharides, and the energy difference between minimum energy conformers and neighboring
saddle points, typically 2-3 kcal/mol [235, 236, 230]. Prior authors [219] have argued
that model chemistries that reproduce high level references to within 1 kcal/mol should
be sufficient to reproduce equilibrium structures of polysaccharides. If dynamics are
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important, however, it seems clear that accuracy must be less than kT (at 298 K ≈ 0.6
kcal/mol).

6.3.2

Relative Energies: Electronic Structure Results

Tables 6.2, 6.3 and 6.4 show the calculated relative energy for each of the ∼gt, ∼gg
and ∼tg conformers as a function of basis set size and theoretical method as well as the
mean error (ME), standard deviation of the mean error (SDME) and mean unsigned error (MUSE) for each method, calculated relative to B3LYP/6-311++G(d,p)//B3LYP/6311++G(d,p) energies. In what follows we employ the MUSE as the principal metric for
evaluating each of the model chemistries. For each suite of conformers, three observations concerning the B3LYP calculated energies are clear. In agreement with prior work
considering only monosaccharides [249, 228], the addition of diffuse functions on heavy
atoms for energy calculation yields results that are significantly closer to the reference:
generally MUSE decreases by more than one half with the expansion of the employed
basis set in this manner.

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

HF/6-31G(d)//HF/6-31G(d)
HF/6-31+G(d,p)//HF/6-31G(d)
HF/6-31++G(d,p)//HF/6-31G(d)
HF/6-311++G(d,p)//HF/6-31G(d)
HF/6-31+G(d)//HF/6-31+G(d)
HF/6-311++G(d,p)//HF/6-311++G(d,p)
PBE/6-31G(d)//PBE/6-31G(d)
PBE/6-31+G(d,p)//PBE/6-31G(d)
PBE/6-31++G(d,p)//PBE/6-31G(d)
PBE/6-311++G(d,p)//PBE/6-31G(d)
PBE/6-31+G(d)//PBE/6-31+G(d)
PBE/6-311++G(d,p)//PBE/6-311++G(d,p)
B3LYP/6-31G(d)//B3LYP/6-31G(d)
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)
B3LYP/6-31++G(d,p)//B3LYP/6-31G(d)
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)
B3LYP/6-31+G(d)//B3LYP/6-31+G(d)

2.97
3.30
3.29
3.44
3.26
3.37
1.96
3.46
3.44
3.60
3.33
3.39
2.58
3.72
3.69
3.88
3.58
3.66

9.45
9.03
9.01
8.77
9.19
8.75
9.68
9.42
9.37
9.28
9.50
9.20
9.57
9.19
9.14
9.05
9.32
8.99

0.75
0.67
0.67
0.68
0.73
0.64
1.44
1.72
1.69
1.77
1.57
1.51
1.53
1.56
1.53
1.61
1.43
1.34

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

-0.05
0.30
0.30
0.40
0.35
0.39
-0.24
0.81
0.80
0.85
0.73
0.68
-0.14
0.63
0.62
0.67
0.58
0.54

14.31
14.28
14.26
14.39
14.23
14.34
11.69
12.46
12.41
12.47
12.32
12.25
12.19
12.69
12.64
12.75
12.58
12.60

10.68
10.61
10.52
10.37
10.68
10.37
8.99
9.31
9.20
9.13
9.30
9.09
9.63
9.77
9.66
9.63
9.78
9.59

7.57
8.10
8.08
8.13
8.01
8.09
4.71
6.49
6.44
6.63
6.17
6.44
5.60
7.01
6.96
7.12
6.73
6.97

0.25
0.33
0.31
0.31
0.34
0.28
-0.68
0.00
-0.04
0.00
-0.10
-0.14
-0.34
0.11
0.07
0.13
0.04

0.88
0.84
0.83
0.84
0.81
0.84
0.97
0.33
0.35
0.32
0.41
0.31
0.67
0.08
0.07
0.09
0.17

0.72
0.64
0.63
0.62
0.64
0.63
0.88
0.27
0.29
0.25
0.33
0.27
0.54
0.11
0.07
0.13
0.12

Table 6.2. Relative energies (kcal/mol) of the eight α-Carrabiose conformers with ∼gt methoxy conformation optimized using
indicated theoretical methods and the 6-31G(d) basis set. Conformer number is defined by values of glycosidic torsions shown in
Table 6.1. Optimal model chemistries, from a price/performance standpoint are shown in bold.
Model Chemistry (Energy//Optimization)
1
2
3
4
5
6
7
8
ME
SDME MUSE
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B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

HF/6-31G(d)//HF/6-31G(d)
HF6-31+G(d,p)//HF/6-31G(d)
HF/6-31++G(d,p)//HF/6-31G(d)
HF/6-311++G(d,p)//HF/6-31G(d)
HF/6-31+G(d)//HF/6-31+G(d)
HF/6-311++G(d,p)//HF/6-311++G(d,p)
PBE/6-31G(d)//PBE/6-31G(d)
PBE6-31+G(d,p)//PBE/6-31G(d)
PBE/6-31++G(d,p)//PBE/6-31G(d)
PBE/6-311++G(d,p)//PBE/6-31G(d)
PBE/6-31+G(d)//PBE/6-31+G(d)
PBE/6-311++G(d,p)//PBE/6-311++G(d,p)
B3LYP/6-31G(d)//B3LYP/6-31G(d)
B3LYP6-31+G(d,p)//B3LYP/6-31G(d)
B3LYP/6-31++G(d,p)//B3LYP/6-31G(d)
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)
B3LYP/6-31+G(d)//B3LYP/6-31+G(d)

2.86
2.85
2.86
2.96
2.86
2.96
2.39
2.52
2.50
2.53
2.48
2.50
2.43
2.54
2.53
2.58
2.52
2.55

7.71
7.74
7.61
7.42
7.68
7.41
6.70
7.09
7.08
6.92
7.07
6.90
6.83
7.16
7.15
7.00
7.14
6.98

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.68
0.70
0.77
0.67
0.85
0.67
0.06
0.40
0.42
0.29
0.45
0.32
0.20
0.57
0.58
0.46
0.57
0.47

2.81
2.83
2.89
2.83
2.96
2.83
1.68
2.02
2.02
1.94
2.10
1.94
1.95
2.28
2.28
2.20
2.28
2.20

13.32
14.07
14.21
14.46
15.39
15.52
9.43
12.07
12.08
12.12
12.28
12.18
10.42
12.70
12.71
12.78
13.01
12.99

12.93
13.17
12.90
12.68
13.02
12.69
9.65
10.27
10.21
10.03
10.29
10.07
10.64
11.22
11.16
11.02
11.24
11.04

9.84
10.90
10.50
10.48
10.38
10.45
5.29
7.42
7.42
7.49
7.12
7.42
6.57
8.47
8.47
8.53
8.41
8.45

0.69
0.95
0.88
0.85
1.06
0.98
-1.18
-0.36
-0.37
-0.42
-0.36
-0.42
-0.70
0.03
0.03
-0.01
0.06

0.65
0.90
0.76
0.75
0.91
0.94
1.41
0.46
0.47
0.45
0.51
0.44
0.96
0.15
0.14
0.09
0.09

0.69
0.95
0.88
0.85
1.06
0.98
1.18
0.39
0.39
0.42
0.38
0.42
0.70
0.11
0.10
0.05
0.08

Table 6.3. Relative energies (kcal/mol) of the eight α-Carrabiose conformers with ∼gg primary methoxy orientations optimized
using the indicated theoretical methods and the 6-31G(d) basis set. Conformer number is defined by values of glycosidic torsions
shown in Table 6.1. Optimal model chemistries, from a price/performance standpoint are shown in bold.
Model Chemistry (Energy/Optimization)
1
2
3
4
5
6
7
8
ME
SDME MUSE
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B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

HF/6-31G(d)//HF/6-31G(d)
HF/6-31+G(d,p)//HF/6-31G(d)
HF/6-31++G(d,p)//HF/6-31G(d)
HF/6-311++G(d,p)//HF/6-31G(d)
HF/6-31+G(d)//HF/6-31+G(d,p)
HF/6-311++G(d,p)//HF/6-311++G(d,p)
PBE/6-31G(d)//PBE/6-31G(d)
PBE/6-31+G(d,p)//PBE/6-31G(d)
PBE/6-31++G(d,p)//PBE/6-31G(d)
PBE/6-311++G(d,p)//PBE/6-31G(d)
PBE/6-31+G(d)//PBE/6-31+G(d)
PBE/6-311++G(d,p)//PBE/6-311++G(d,p)
B3LYP/6-31G(d)//B3LYP/6-31G(d)
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)
B3LYP/6-31++G(d,p)//B3LYP/6-31G(d)
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)
B3LYP/6-31+G(d)//B3LYP/6-31+G(d)

2.90
2.97
2.94
3.05
2.96
3.05
2.36
2.56
2.54
2.58
2.55
2.59
2.42
2.61
2.59
2.66
2.59
2.65

7.35
7.28
7.27
7.08
7.32
7.07
6.47
6.76
6.77
6.62
6.75
6.59
6.54
6.77
6.78
6.65
6.77
6.64

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.53
2.20
2.16
1.91
2.36
1.96
2.55
1.78
1.79
1.52
2.06
1.67
2.42
1.86
1.87
1.61
1.95
1.74

4.55
4.21
4.16
3.97
4.39
4.03
4.06
3.27
3.25
3.06
3.59
3.21
4.07
3.49
3.48
3.30
3.59
3.44
14.72

17.98
17.49
17.42
17.34
17.52
17.35
14.68
14.30
14.26
14.13
14.45
14.10
15.15
14.85
14.82
14.73
14.82

14.47
14.19
14.05
13.65
14.36
13.72
11.99
11.55
11.45
11.13
11.87
11.31
12.65
12.38
12.29
12.01
12.49
12.16

11.75
12.11
12.04
11.82
12.12
11.85
7.95
9.06
9.02
8.93
9.07
9.00
8.93
10.00
9.96
9.86
10.03
9.91

0.12

-0.06

0.11
0.09
0.07

-0.35

-0.12

-0.41

-0.27

-0.25

-0.15

1.29
1.15
1.10
0.95
1.22
0.97

1.11
1.03
0.99
0.95
1.03
0.95
0.83
0.34
0.37
0.42
0.36
0.38
0.56
0.08
0.07
0.07
0.12

1.29
1.15
1.10
0.95
1.22
0.97
0.51
0.29
0.32
0.41
0.26
0.35
0.44
0.10
0.08
0.06
0.14

Table 6.4. Relative energies (kcal/mol) of the eight α-Carrabiose conformers with ∼tg methoxy conformation optimized using
the indicated theoretical methods and the 6-31G(d) basis set. Conformer number is defined by values of glycosidic torsions shown
in Table 6.1. Optimal model chemistries, from a price/performance standpoint are shown in bold.
Model Chemistry (Energy//Optimization)
1
2
3
4
5
6
7
8
ME
SDME MUSE
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Secondly, also in agreement with prior authors [249, 228], if only total energy is of interest, diffuse functions are not necessary in the geometry optimization portion of the calculation. Indeed, the combination of B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) results in
a MUSE not appreciably different than if the same structures were optimized using either
diffuse functions on heavy atoms, B3LYP/6-31+G(d)//B3LYP/6-31+G(d), or if their
energies were calculated using larger basis sets, B3LYP/6-311++G(d,p)//B3LYP/631G(d).
The third major feature of the B3LYP results is the significant variability of all the
error metrics. In part, this is the result of the fact that the test conformers have been
chosen to be as different as possible; we expect the total relative energies of each of
the conformers to be composed of different amounts of stereoelectronic and non-bonded
energies. It is also clear that some conformers show greater deviation from the reference
(regardless of method or basis set employed) than others. This observation is consistent
with an implicit assumption of our study, that the change in relative energies due to
changes in chemical environment are significantly larger than any imprecision due to
choice of model chemistry.
In general, the PBE results follow the B3LYP (see Tables 6.2, 6.3, 6.4). The MUSE
(as above calculated relative to the B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)
reference) decreases by, in general, more than

1
2

with the application of diffuse functions

on heavy atoms for energy calculation. Similarly, the basis set used for optimization appears to be relatively unimportant, the MUSE is similar for PBE/6-31+G(d,p)//PBE/631G(d) and PBE/6-31+G(d)//PBE/6-31+G(d). However, the MUSE does appear to
converge to ≈ 0.2–0.4 kcal/mol with increasing basis set size. This is in accord with our
expectations. As discussed earlier, the PBE treatment of non-bonded interactions often
differs significantly from that of B3LYP. Thus the fact that optimizations using these
two model chemistries appear to converge, with increasing basis set size, to relative energies that differ by 0.2–0.4 kcal/mol is consistent with a scenario in which this differing
treatment of non-bonded interactions is important for sugars. If this 0.2–0.4 kcal/mol
persisted in the large basis set limit (and with additional sampling of the α-Carrabiose
potential energy surface) this choice of functional could prove important in the development of molecular mechanics force fields that correctly predict sugar dynamics and
in the eventual application of ab initio molecular dynamics to predict sugar dynamic
properties.
The MUSE for conformer relative energies calculated using HF theory is generally
significantly larger than other (non-HF) model chemistries tested (see Tables 6.2, 6.3
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and 6.4). The HF neglect of electron correlation suggests that its representation of
important non-bonded interactions in sugars will be significantly different than either
PBE or B3LYP. This implies that if the relative energy of each of the 24 conformers
is largely determined by non-bonded interactions HF energies should differ to a greater
degree from the reference than either B3LYP or PBE. As noted earlier, prior workers
have suggested that for some H-bonded systems HF combined with a relatively small
double-ζ basis set (often 6-31G(d)) will be more accurate than HF using a larger basis
set or B3LYP with a small basis set [218]. These observations have been rationalized by
noting that HF with good quality basis sets tends to underestimate H-bonding because of
a tendency to concentrate electron density near covalent bonding regions at the expense
of regions either close to the nucleus or at longer distances. This tendency is partially
mitigated by small basis sets which, because of poor spatial resolution, effectively require
electron density to be more diffuse. Only our suite of ∼gg α-Carrabiose conformers
appears to show this effect (see Table 6.3). Lastly, we note that in cases where a decrease
in the MUSE of HF calculated conformer relative energies with increasing basis set size
occurs (∼gt and ∼tg conformers, see Tables 6.2 and 6.4) this decrease is substantially
smaller than either PBE or B3LYP. To summarize, HF, by virtue of its neglect of electron
correlation, is expected to do a poor job in describing non-bonded interactions regardless
of basis set size; this is what we observe.

6.3.3

Frequency Calculations of ∼gt Conformers

We have rationalized many of the trends in our results by noting that many of the
observed differences are consistent with non-bonded interactions playing a large role
in determining the relative energy of the various conformers. Prior work by others
has suggested that H-bonds between exocyclic hydroxyl groups play a large role in the
determination of the relative energy of disaccharides in vacuum (e.g. Kirschner et al.
[195] and references therein). If the improvement in total energies with addition of diffuse
functions on heavy atoms is due to a change in the representation of H-bonding, then the
difference in the harmonic frequencies corresponding to each of the six hydroxyl groups
for two conformers, calculated at a given level of theory, should change with basis set
expansion.
We tested this idea by carrying out harmonic frequency calculations of the eight ∼gt
conformers at B3LYP/6-31G(d), B3LYP/6-31G(d,p), B3LYP/6-31+G(d) and B3LYP/6311++G(d,p) (using structures previously optimized at these model chemistries). In order to account for all the exocyclic hydroxyl groups in an averaged manner, we compared
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OH ) for a particular conformer as a
the average frequency of the six hydroxyl modes (νavg
OH suggests a tightening
function of change in basis set size. An increase (decrease) in νavg

(loosening) of the OH stretch thus implying that, on average, H-bonding is likely weaker
(stronger). Each of the test conformers are optimized with the restrained torsion angles
indicated in Table 6.1. Some of the optimized structures, therefore, do not represent local minima in the α-Carrabiose PES. Our interpretation of the frequency results is based
on the assumption that this fact will not systematically bias the calculated frequencies
of the OH stretch modes.
As noted previously, one consequence of these differing torsion angles is that differavg
ent conformers have different amounts of intramolecular H-bonding. A change in νOH
of

one conformer relative to another with change in basis set, is consistent with a scenario
in which the representation of H-bonding has changed with change in basis set. The
avg
avg
values of each νOH
relative to that conformer with the lowest νOH
are shown in Figure

6.2. It is clear from inspection that the dominant change in these modes occurs with
avg
the introduction of diffuse functions on heavy atoms and that with this addition νOH

(with the exception of conformer 1) tends to decrease: B3LYP calculations using basis
sets with diffuse functions on heavy atoms give a more energetically favorable representation of H-bonding than those utilizing basis sets not including such functions. It is
worth noting that this softening of the relative OH stretch does not correlate with larger
avg
avg
relative νOH
. For example conformer 2 has a relative νOH
of 25.4 cm−1 at B3LYP/6-

31G(d) and 6.9 cm−1 at B3LYP/6-311++G(d,p) for a decrease of 18.5 cm−1 . On the
avg
other hand, conformer 7 has νOH
of 31.6 cm−1 at B3LYP/6-31G(d) and 23.5 cm−1 at

B3LYP/6-311++G(d,p) for a decrease of only 8 cm−1 . Qualitatively, this implies that
while addition of diffuse functions on heavy atoms leads to a softening of the OH stretch,
and thus the possibility of stronger H-bonding, there are other factors that are important in explaining the large decrease in MUSE of total energy with inclusion of diffuse
functions on heavy atoms.

6.3.4

Relative Energies of Structural Analogues

We further addressed this question by calculating the relative energy of a series of three
structural analogues to the eight ∼gt conformers. In the first set of analogs, we substituted H atoms for the hydroxyl groups, in the second methyl groups and in the third
fluorine atoms. The goal in choosing these three analogs was to test the energetic consequences of replacing hydroxyls with groups of lower electronegativity (the H atoms),
with lower electronegativity but larger volume (the methyls), and with groups of higher
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Conformer #
1,
2
3,
4
5,
6
7

35

-1

rel ν OH,avg (cm )

30
25
20
15
10
5

B3LYP/6-311++G(d,p)

B3LYP/6-31+G(d)

B3LYP/6-31G(d,p)

B3LYP/6-31G(d)

0

avg
Figure 6.2. Relative νOH
of eight ∼ gt conformers. The displayed results are unscaled
harmonic frequencies. Universal scaling factors are available for vibrational frequencies
calculated using B3LYP/6-31G(d) and B3LYP/6-311++G(d,p). These scaling factors
are similar, 0.9614 and 0.9613 respectively [250, 251], and therefore little qualitative
change in the results would be expected to occur by accounting for anharmonicity. All
avg
avg
relative νOH
are calculated relative to conformer eight which has the minimum νOH
in
all basis set combinations.

electronegativity, similar volume, to hydroxyls, and with little possibility for H-bonding
(the fluorine atoms). We then optimized all analogs using B3LYP and the same series
of basis sets employed earlier.
Inspection of this data (see Table 6.5) suggests that the MUSE of the relative energies of each analogue (where MUSE is calculated relative to the reference energy of
each analogue: B3LYP/6-311++g(d,p)//B3LYP/6-311++G(d,p)) decreases in much the
same way as that of the native sugar: single point calculations with diffuse functions on
the heavy atoms of structures optimized with smaller basis sets always allow significant
improvement in the precision of calculated energies. However, the magnitude of the decrease in the MUSE is much larger for the F substituted analog and the native sugar than
for either the hydrogen or methyl substituted analogs. These results are consistent with
a scenario in which the addition of diffuse functions on heavy atoms is less important in
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its representation of H-bonding than for the representation of relatively polarized bonds
in general: some portion of the improvement in precision of calculated disaccharide energies with the inclusion of diffuse functions on heavy atoms during energy calculation
may not be hydrogen bond specific but rather simply the result of a better description
of relatively polarized bonds generally.

H
H
H
H
H
H
CH3
CH3
CH3
CH3
CH3
CH3
F
F
F
F
F
F

Substituent
3.24
3.12
3.11
3.16
3.13
3.16
3.76
3.65
3.65
3.72
3.65
3.72
3.54
4.11
4.10
4.17
4.08
4.15

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)

B3LYP/6-31++G(d,p)//B3LYP/6-31G(d)

B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)

B3LYP/6-31+G(d)//B3LYP/6-31+G(d)

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

B3LYP/6-31G(d)//B3LYP/6-31G(d)

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)

B3LYP/6-31++G(d,p)//B3LYP/6-31G(d)

B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)

B3LYP/6-31+G(d)//B3LYP/6-31+G(d)

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

B3LYP/6-31G(d)//B3LYP/6-31G(d)

B3LYP/6-31+G(d,p)//B3LYP/6-31G(d)

B3LYP/6-31++G(d,p)//B3LYP/6-31G(d)

B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)

B3LYP/6-31+G(d)//B3LYP/6-31+G(d)

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

1

B3LYP/6-31G(d)//B3LYP/6-31G(d)

Energy Model Chem//Opt Model Chem

2.50

2.65

2.51

2.64

2.64

2.21

5.48

5.55

5.47

5.56

5.56

6.20

3.32

3.40

3.32

3.41

3.42

3.81

2

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

3

0.65

0.76

0.70

0.82

0.82

0.27

1.26

1.39

1.28

1.44

1.42

0.71

0.69

0.80

0.72

0.84

0.83

0.30

4

0.92

1.09

0.87

0.96

0.97

-0.40

3.28

3.28

3.29

3.29

3.31

3.27

1.39

1.44

1.40

1.44

1.45

1.30

5

15.19

15.29

15.27

15.28

15.33

14.06

14.78

14.79

14.80

14.78

14.82

14.79

12.65

12.69

12.71

12.70

12.74

12.67

6

5.90

6.02

5.89

5.97

6.01

4.85

9.00

9.04

9.00

9.01

9.03

9.63

4.78

4.84

4.78

4.83

4.84

5.19

7

6.65

6.83

6.67

6.81

6.83

5.41

12.47

12.51

12.47

12.52

12.53

13.01

5.36

5.36

5.36

5.38

5.40

5.80

8

-0.75
0.10
0.08
0.02
0.10

0.17
0.04
0.03
0.01
0.03

0.12
0.06
0.05
0.01
0.04

ME

0.46
0.08
0.07
0.04
0.08

0.40
0.06
0.07
0.01
0.06

0.28
0.05
0.06
0.02
0.04

SDME

0.75
0.11
0.09
0.03
0.11

0.31
0.06
0.05
0.01
0.05

0.24
0.07
0.06
0.01
0.05

MUSE

Table 6.5. Relative energies (kcal/mol) of the eight ∼ gt α-Carrabiose conformers and their structural analogues. Conformer
number is defined relative to the fixed values of the glycosidic torsions shown in Table 6.1. ME, SDME and MUSE are calculated
relative to the B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) energies of the specified analogue.
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Table 6.6. Relative energies, ME, SDME and MUSE for each of the analogs and the ∼
gt conformer of the native sugar. MD, SDME and MUSE differ from that in Table 6.5
in that they are calculated relative to the native sugar. Conformer numbers are those
defined in Table 6.1.
Substituent
H
CH3
F
Native Sugar

1

2

3

4

5

6

7

8

2.47

2.63

-0.69

0.00

0.70

11.96

4.09

4.67

2.47

4.22

-1.26

0.00

2.03

13.52

7.75

11.21

3.50

1.84

-0.65

0.00

0.27

14.54

5.25

6.00

3.66

8.99

1.34

0.00

0.54

12.60

9.59

6.97

ME
-2.23
-0.47
-1.62

SDME
2.29
2.59
2.69

MUSE
2.27
2.13
2.10

We know from the frequency calculations that there is a quantifiable change in the
representation of H-bonding with the introduction of diffuse functions on heavy atoms
that accompanies an increase in the precision of the calculated total energy. However, we
also know (see Table 6.5) that a similar type of improvement in precision of calculated
total energy can be seen for fluorinated α-Carrabiose analogues with increasing basis set
size. As mentioned earlier, prior authors have argued for the importance of the role of Hbonding in the relative energies of disaccharide conformers in vacuum (see [195] and references therein). If, however, steroelectronic factors or imprecision in the various model
chemistries act to determine the relative energies of the conformers, the MUSE of the
energies of the fluorinated analogues relative to the B3LYP/6-311++G(d,p)//B3LYP/6311++G(d,p) energies of the native sugar should be of similar size as the MUSE of the
native sugar conformers shown in Tables 6.2, 6.3 and 6.4.
A comparison of Table 6.6 with Tables 6.2, 6.3 and 6.4 clearly shows this is not
true. The presence of hydroxyl groups (and thus presumably H-bonding) is much more
significant than either steroelectronic effects or model error in determining conformer relative energy. For example, the ME, SDME and MUSE of the gt conformers calculated
using PBE/6-31+G(d,p)//PBE/6-31G(d) relative to the energies of these structures calculated using B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) are 0.00, 0.33 and 0.27
kcal/mol respectively while the ME, SDME and MUSE of the fluorinated analogs calculated relative to the same reference energies are significantly larger: -1.62, 2.69 and
2.10 kcal/mol. It thus seems reasonable to conclude, in agreement with prior workers on
other systems, that the relative energy of the various vacuum α-Carrabiose conformers
is largely determined by their H bonding interactions and the significant change in precision of calculated energy that accompanies introduction of diffuse functions on the heavy
atoms for the energy calculation (following optimization) is a result of an improved, likely
more energetically favorable, representation of this interaction.
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6.3.5

Relative Energies and Rotameric Preferences: COMPASS and CFF95

By comparison to electronic structure methods that employ energy calculations with
diffuse functions on heavy atoms, both CFF95 and COMPASS perform relatively poorly:
the MUSE of COMPASS calculated relative energies (MUSECOMPASS ) is ∼6x larger than
the best ab initio methods whereas the MUSE of CFF95 calculated relative energies
(MUSECFF95 ) is ∼10-12x larger (see Table 7). While this variability is significant, it
is worth noting that its magnitude may not preclude the utility of these force fields in
calculating carbohydrate properties. This is especially true for COMPASS where error is
often under the proposed 1 kcal/mol threshold for reproducing equilibrium conformations
[219].

∼ gt
∼ gt
∼ gt
∼ gg
∼ gg
∼ gg
∼ tg
∼ tg
∼ tg

Primary Methoxy

0.00

4.90

0.47

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

0.00

0.13

0.00

6.98

2.55

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

0.00

0.00
-0.05

1.24

4.80

2.54

0.00

1.34

0.00

0.00

5.37

2.54

COMPASS
CFF95

2.30

4
0.00

1.92

8.99

3.66

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

3
2.91

COMPASS
CFF95

8.26

4.10

2
9.30

1
4.71

Model Chem (Energy//Opt)
COMPASS
CFF95

1.69

-0.68

0.25

2.20

-0.37

0.23

0.54

-0.22

0.11

5

12.98

10.28

12.50

12.99

10.64

12.23

12.60

10.62

12.24

6

10.41

4.02

9.43

11.04

4.31

9.38

9.59

8.17

5.63

6.71

8.45

5.43

6.18

6.97

5.64

4.51

8
5.92

9.06

7

-1.22
-2.94

-1.10
-2.15

ME
0.07
-1.06

1.04
2.22

0.89
2.22

SDME
0.87
1.88

1.22
2.94

1.10
2.15

MUSE
0.66
1.41

Table 6.7.
Comparison of COMPASS and CFF95 energies for 22 conformers of α-Carrabiose with B3LYP/6311++G(d,p)//B3LYP/6-311++G(d,p) energies of the native sugar as a reference. Conformer numbers are defined in Table
6.1
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The concept of the anomeric effect in carbohydrates was originally employed to
describe the unexpected stability of axial (relative to equatorial) substituents on the
C1 carbon [252, 219]. This effect is typically rationalized by invoking either decreased
dipole/dipole interactions between C-O bonds and/or greater stabilization of pyranose
oxygen lone pair density when C1 substituents are axial. There are often changes in
several other structural parameters that accompany this observed axial preference. One
of these is relative lengthening of the O5-C1 bond. In order to handle the anomeric effect
and its structural consequences CFF95, and most force fields developed specifically for
carbohydrate simulation [253, 254, 237, 192], have a unique carbon atom type for the
anomeric carbon (C1). COMPASS has no such special atom type and therefore one
possible explanation for the deviation of COMPASS from the correct energies may be
that it incorrectly parameterizes the anomeric effect.
This hypothesis was tested for the eight ∼gt conformers (data from Table 6.2) by
examining the difference between the O5-C1 bond distance as calculated in COMPASS
and using B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p). If unsigned differences in
energy between each COMPASS optimized conformer and its reference correlate with
differences in bond length, we might conclude that a portion of the differences in energy
may be due to an inadequate representation of the anomeric effect. However, no such
correlation exists (see Figure 6.3). The lack of a correlation suggests that simply parameterizing an anomeric C atom type for COMPASS is unlikely to bring the calculated
energies closer to the reference results.
There are no COMPASS optimized energies for models 1 and 3 in their ∼tg orientation (see Table 6.7). This absence of results lies in the inability of COMPASS, using our
minimization protocol, to converge to a stable ∼tg structure. This may be a function
of the details of the minimization algorithm or convergence criterion; we did not investigate changes in these parameters rigorously. We did, however, perform several scans
of the O6-C6-C5-C4 torsion using COMPASS and found that in each case the depth of
the ∼tg minimum was less than 0.2 kcal/mol (results not shown). All of the electronic
structure calculations and CFF95 converged for all eight of the tg glycosidic conformers.
For comparison purposes to COMPASS, Table 6.7 contains the relative energies of the
∼tg conformers for non-COMPASS chemistries calculated by ignoring models 1 and 3.
To this point, only the relative energies of those structures with the same primary
methoxy orientation and different glycosidic torsion angles have been discussed. Another way of understanding the consequences of this shallow ∼tg energy minima in the
COMPASS structures is to compare the energies of primary methoxy rotamers with the
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O5-C1COMPASS - O5-C1ref (Å)

0.05
0.045
0.04
0.035
0.03
0.025
0.02

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

|Etot,COMPASS - Etot,ref|(kcal/mol)

Figure 6.3. Absolute value of difference between COMPASS and reference energies for
the ∼ gt conformers (data is from Table 6.2) plotted vs. the difference in O5-C1 bond
distance between COMPASS and the reference.
same glycosidic torsion angles. Following prior authors [195], we calculated a Boltzmann
probability for each rotamer (see Table 6.8). Doing so makes clear that both COMPASS
and CFF95 do a poor job in this regard: both significantly overstabilize the gg rotamer,
largely at the expense of the gt (with CFF95 doing a marginally better job than COMPASS). The problem of reproducing experimental rotamer populations of sugars using
an atomistic molecular mechanics approach is known to be difficult (see e.g. Arsenio et
al. [255]). Kuttel et al. [237] have argued that this is a consequence of deriving atomistic
parameters from static experimental data (e.g. crystal structure data): that both the relative magnitude of the rotameric minima and the energy barrier between minima need
to be parameterized in order for molecular mechanics approaches to correctly reproduce
solvated experimental rotamer populations and that most data used for parameterization addresses only a portion of the former requirement. Our test is much simpler than
theirs; we have only investigated whether vacuum molecular mechanics calculations can
reproduce the Boltzmann probabilities of high level vacuum electronic structure calculation: how accurate are the relative energies of the three rotamers in vacuum. Csonka
et al. [220] have argued that the correct vacuum stabilization of certain rotamers of
1C

4

α-L-Fucose requires employing a technique which accounts for electron correlation:

the fixed atom partial charges of classical molecular mechanics may preclude correctly
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Table 6.8. Primary alcohol rotamer populations (gt/gg/tg) of the eight α-Carrabiose
conformers.

Conformer #
1
2
3
4
5
6
7
8

COMPASS
0/95/5
4/96/0
6/94/0
5/95/0
8/92/0
7/93/0

CFF95
1/85/14
0/60/40
0/83/17
14/86/0
9/90/1
12/88/0
9/91/0
8/91/1

B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

4/61/35
1/45/55
2/58/40
46/50/4
86/13/1
44/54/2
81/17/2
83/16/1

reproducing certain rotamer populations. While this may be true, in the current system
it seems reasonable to conclude that, at minimum, special parameterization for reproducing rotameric populations would be necessary in either CFF95 or COMPASS in order
to successfully reproduce the electronic structure results.
As previously noted, most workers suggest that the minimum energy conformations
of disaccharides are largely determined by the glycosidic torsions. If this is true we expect
that the type of molecular scale conformational variation of interest in coarse-grained
representations of oligo- and polysaccharides (e.g. is the simulated molecule relatively
collapsed or relatively extended) should not be a function of primary alcohol conformation. It therefore seems reasonable that the failure of the force fields to capture the
correct primary alcohol rotamer populations, while perhaps a problem for the simulation
of detailed sugar structure, is unlikely to adversely affect simulation of the sorts of sugar
properties of principal interest to us.
If the error in total molecular energy calculated by CFF95 and COMPASS could be
shown to result from one part of their energy expression, this would be useful both as
an indication of which properties of calculated structures might be untrustworthy (e.g.
if all the error in total energy could be shown to be from the electrostatic component
non-bonded interactions should be questioned) and as a target for future force field
refinement. Correlations between the error in total energy and the relative energy of
each component in the classical energy expression would suggest that the total error
might be linked to an incorrect parameterization in the correlated component. We found
no such correlations in the CFF95 or COMPASS results. In general, CFF95 performs
somewhat less well on our tests than those offered by prior workers for monosaccharide
systems [256, 229]. It should be noted, however, that subsequent releases of the CFF
force field (beginning with the CFF2000 release available in the molecular simulation
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program Insight from Accelrys Inc.) contain explicit parameterization for carbohydrates
and thus might be expected to score better on ours (and more complicated) tests.

6.4

Conclusion

A perfect validation of the accuracy of various levels of electronic structure theory, or of a
particular classical atomistic force field, in calculating energy/structure relationships in
disaccharides would require the comparison of a PES generated by the candidate model
chemistry to be tested against one generated using the reference chemistry. Because this
method is computationally expensive, we here take a subset of the relevant conformers
and ask whether we can extrapolate useful lessons that may help avoid much more
time consuming validation. In order to validate the application of force fields to an
α-disaccharide, we are interested in determining the electronic structure method that is
the best combination of accuracy (with respect to total energy) and simplicity. We do so
by comparing the relative energy of a series of 24 α-Carrabiose conformers using the HF,
B3LYP and PBE methods paired with a series of Pople style basis sets of increasing size
and, following prior workers, utilizing B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)
calculated energies as a reference. We find that the significant improvement in both
B3LYP and PBE calculated energies occurs with the inclusion of diffuse functions on
heavy atoms for the energy portion of the calculation and that removing these functions
during geometry optimization does little to affect the subsequently calculated energy.
On average PBE calculated energies converge towards a MUSE (relative to the B3LYP
reference) that is 0.2-0.4 kcal/mol larger than that for B3LYP. It is possible that this
difference may be explained by the PBE representation of relatively weak H-bonding,
known to be more accurate than B3LYP’s for some H-bonded systems.
The HF calculated energies generally have the largest and most variable errors and do
not show the same systematic improvement as B3LYP or PBE with increasing basis set
size. For eight of the 24 conformers we observe the previously noted effect that HF/631G(d) calculated energies are relatively more accurate than HF paired with a larger
basis set. The relatively large error and the lack of improvement in the HF energies with
basis set size is consistent with a scenario in which non-bonded interactions play a large
role in determining the relative energy of each of the conformers.
Prior workers have argued for the importance of exocyclic H-bonding in determining
the relative energies of sugar conformers. We tested whether a change in the representation of H-bonding correlated with an increase in precision of calculated energy by calcu-
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avg
lating the relative νOH
for eight conformers using B3LYP/6-31G(d), B3LYP/6-31G(d,p),

B3LYP/6-31+G(d) and B3LYP/6-311++G(d,p). We found that the significant change
in this metric of collective H-bonding occurred with the inclusion of diffuse functions on
heavy atoms at which point H-bonding becomes more energetically favorable.
While H-bonding appears to become more favorable, the degree to which it became
avg
more favored, the shift in relative νOH
with expanding basis set, did not correlate with
avg
the magnitude of νOH
. This observation caused us to look for other factors that might

explain the improvement in energy calculation. We did so by creating a series of structural analogues (substituting H, CH3 and F for OH in the native sugar) and calculating
their relative energies using the same model chemistries and basis sets as earlier. We
initially compared the relative energy of each of the analogues to the energies of the analogue structures calculated at B3LYP/6-311++g(d,p)//B3LYP/6-311++G(d,p). This
comparison illustrates that while the precision of all structural analogues improves with
inclusion of diffuse functions on heavy atoms, the fluorinated analogue and the native
sugar show by far the greatest improvement. This suggests that it is less the representation of H-bonding that improves with diffuse functions on heavy atoms, than the
representation of polarizability.
This still left the question of whether the relative energies of the various conformers
could be best understood as a result of intramolecular H-bonding, steroelectronic effect
or some error in the model chemistry. By comparing the energies calculated for each of
the analogues using B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) with the native
sugar energies calculated at this level, we showed that while the fluorinated disaccharide
shows similar improvement in energy with inclusion of diffuse functions on heavy atoms
the presence of hydroxyl groups plays the critical role in the determination of conformer
relative energy. We thus conclude that the observed increase in the precision of calculated energy while using the B3LYP functional that occurs with the inclusion of diffuse
functions on heavy atoms occurs because of an increased accuracy in the representation
of H-bonding and that this change leads, on average, to H-bonding being energetically
favored.
Cramer et al. [219] have suggested that an acceptable criterion for a reasonably accurate carbohydrate force field would be reproduction of higher level ab initio energy
values to within 1 kcal/mol. We find that for analyses of energy as a function of varying glycosidic torsion angle COMPASS exceeds this standard, performing better in this
regard than CFF95 (rated highly by prior authors [229]). We further find that both
COMPASS and CFF95 do a poor job of capturing the relative energies of the various
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primary methoxy rotamers.
Prior workers have argued that the potential energy surfaces of di- and trisaccharides
and the conformation of larger oligosaccharides are largely determined by changes in potential energy as a function of changes in glycosidic torsion. The ability of COMPASS
to largely describe these changes suggests that it may be adequate for studies of large
scale conformational change of carbohydrates near interfaces. This paper is a step towards developing the tools necessary to understand such diverse (and significant) topics
as how microorganisms interact with surfaces, how to design better biomaterials from
first principles and how to understand the export of microorganisms and nutrients from
surface waters.
It is clear, however, that while COMPASS is generally accurate in describing disaccharide energy as a function of glycosidic torsion, it inaccurately describes the correct
populations of primary alcohol rotamers. For applications in which accurate simulation
of rotamer populations and/or other saccharide structural details as well as inorganic materials is necessary further force field development is warranted. Our suite of electronic
structure results serves as a useful target for such development.

HF/6-31G(d,p)//HF/6-31G(d,p)
HF/6-31+G(d,p)//HF/6-31G(d,p)
HF/6-31++G(d,p)//HF/6-31G(d,p)
HF/6-311++G(d,p)//HF/6-31G(d,p)
PBE/6-31G(d,p)//PBE/6-31G(d,p)
PBE/6-31+G(d,p)//PBE/6-31G(d,p)
PBE/6-31++G(d,p)//PBE/6-31G(d,p)
PBE/6-311++G(d,p)//PBE/6-31G(d,p)
B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

2.96
3.30
3.29
3.45
1.95
3.40
3.38
3.53
2.54
3.67
3.65
3.83
3.66

9.34
9.03
9.00
8.76
9.58
9.40
9.34
9.25
9.44
9.17
9.12
9.03
8.99

0.72
0.67
0.68
0.68
1.39
1.71
1.68
1.76
1.45
1.55
1.52
1.60
1.34

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

-0.11
0.30
0.30
0.40
-0.34
0.78
0.77
0.82
-0.23
0.61
0.60
0.66
0.54

14.42
14.28
14.26
14.39
11.73
12.43
12.38
12.44
12.25
12.67
12.62
12.73
12.60

10.70
10.61
10.51
10.37
8.97
9.29
9.17
9.11
9.60
9.75
9.65
9.61
9.59

7.57
8.09
8.07
8.11
4.78
6.42
6.37
6.55
5.63
6.96
6.91
7.07
6.97

0.24
0.32
0.30
0.31
-0.71
-0.03
-0.07
-0.03
-0.38
0.09
0.05
0.10

0.92
0.84
0.82
0.84
0.93
0.35
0.36
0.33
0.64
0.09
0.08
0.09

0.73
0.64
0.62
0.62
0.87
0.29
0.31
0.27
0.52
0.09
0.07
0.10

Table 6.9. Relative Energies of the eight test conformers with a ∼gt methoxy orientation after geometry optimization with the
6-31G(d,p) basis set. Conformer number is defined by values of glycosidic torsions shown in Table 6.1. ME, SDME and MUSE
are calculate relative to the B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) reference energies.
Model Chemistry (Energy//Optimization)
1
2
3
4
5
6
7
8
ME
SDME MUSE
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HF/6-31G(d,p)//HF/6-31G(d,p)
HF/6-31+G(d,p)//HF/6-31G(d,p)
HF/6-31++G(d,p)//HF/6-31G(d,p)
HF/6-311++G(d,p)//HF/6-31G(d,p)
PBE/6-31G(d,p)//PBE/6-31G(d,p)
PBE/6-31+G(d,p)//PBE/6-31G(d,p)
PBE/6-31++G(d,p)//PBE/6-31G(d,p)
PBE/6-311++G(d,p)//PBE/6-31G(d,p)
B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

2.87
2.88
2.86
2.96
2.39
2.52
2.50
2.54
2.44
2.55
2.53
2.58
2.55

7.62
7.64
7.61
7.42
6.65
7.09
7.08
6.92
6.76
7.15
7.14
6.99
6.98

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.63
0.80
0.77
0.68
0.03
0.41
0.43
0.30
0.17
0.57
0.59
0.47
0.47

2.77
2.91
2.89
2.83
1.64
2.03
2.02
1.94
1.92
2.28
2.28
2.21
2.20

13.46
14.20
14.21
14.46
9.52
12.08
12.09
12.13
10.54
12.70
12.71
12.77
12.99

12.92
13.00
12.90
12.69
9.63
10.26
10.21
10.02
10.64
11.21
11.16
11.01
11.04

9.81
10.53
10.49
10.46
5.36
7.38
7.38
7.45
6.62
8.43
8.43
8.49
8.45

0.68
0.91
0.88
0.85
-1.18
-0.36
-0.37
-0.42
-0.70
0.03
0.02
-0.02

0.63
0.72
0.70
0.70
1.28
0.44
0.45
0.42
0.85
0.14
0.13
0.08

0.68
0.91
0.88
0.85
1.18
0.39
0.40
0.42
0.70
0.10
0.10
0.04

Table 6.10. Relative Energies of the eight test conformers with a ∼gg methoxy orientation after geometry optimization with the
6-31G(d,p) basis set. Conformer number is defined by values of glycosidic torsions shown in Table 6.1. ME, SDME and MUSE
are calculate relative to the B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) reference energies.
Model Chemistry (Energy//Optimization)
1
2
3
4
5
6
7
8
ME
SDME MUSE
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HF/6-31G(d,p)//HF/6-31G(d,p)
HF/6-31+G(d,p)//HF/6-31G(d,p)
HF/6-31++G(d,p)//HF/6-31G(d,p)
HF/6-311++G(d,p)//HF/6-31G(d,p)
PBE/6-31G(d,p)//PBE/6-31G(d,p)
PBE/6-31+G(d,p)//PBE/6-31G(d,p)
PBE/6-31++G(d,p)//PBE/6-31G(d,p)
PBE/6-311++G(d,p)//PBE/6-31G(d,p)
B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d,p)
B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p)

2.90
2.97
2.95
3.06
2.36
2.56
2.55
2.59
2.42
2.61
2.60
2.67
2.65

7.27
7.28
7.27
7.08
6.42
6.75
6.76
6.61
6.48
6.77
6.78
6.65
6.64

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.39
2.20
2.17
1.92
2.36
1.82
1.83
1.57
2.26
1.89
1.91
1.65
1.74

4.40
4.22
4.17
3.99
3.83
3.30
3.29
3.10
3.89
3.52
3.51
3.33
3.44

18.00
17.49
17.42
17.35
14.56
14.33
14.29
14.16
15.11
14.88
14.85
14.76
14.72

14.35
14.19
14.05
13.67
11.77
11.58
11.48
11.16
12.49
12.41
12.32
12.04
12.16

11.61
12.10
12.03
11.82
7.82
9.05
9.01
8.92
8.81
9.98
9.95
9.85
9.91

1.21
1.15
1.10
0.95
-0.27
-0.23
-0.26
-0.39
0.02
0.10
0.08
-0.04

1.11
1.03
0.99
0.95
0.82
0.35
0.37
0.41
0.54
0.09
0.08
0.06

1.21
1.15
1.10
0.95
0.52
0.28
0.31
0.39
0.40
0.11
0.09
0.06

Table 6.11. Relative Energies of the eight test conformers with a ∼tg methoxy orientation after geometry optimization with the
6-31G(d,p) basis set. Relative Energies of the eight test conformers with a ∼gg methoxy orientation after geometry optimization
with the 6-31G(d,p) basis set.
Model Chemistry (Energy/Optimization)
1
2
3
4
5
6
7
8
ME
SDME MUSE
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Chapter

7

Hydrogen Bonding Using Electronic
Structure Methods: Interaction
Energy and Frequencies
7.1

Introduction

The computational description of macromolecular structure and function is critical in
the molecular level understanding of virtually all biochemical and many environmental
processes. For many systems (e.g. protein folding and the adsorption of macromolecules
at the solid/water interface) nonbonded interactions determine properties of interest.
Thus, to describe macromolecules computationally, a method of calculating nonbonded
interactions that can be scaled from 10–106 atoms is required. Because of the relatively
long length scale of electrostatic interactions ( r12 v.

1
r6

for dispersion) systems sized in the

upper half of this range are only conveniently accessible via classical approaches in which
electron behavior is parameterized and only two body interactions are considered. Such
parameterizations are typically developed through comparison to experiment or to more
computationally expensive electronic structure calculations carried out on representative
fragments of the larger system of interest [192, 193, 257].
Regardless of the method of parameterization, force field development is time consuming. Furthermore, most parameterizations are developed based on experimental or
computational studies of molecular systems near equilibrium. This implies that their applicability to nonequilibrium systems (e.g. deformation of mechanosensing proteins [258])
is not a priori assured. Finally, it is to be expected that for certain systems both macro-
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molecular conformation and bond breaking or formation will be of interest; thus requiring
explicit description of electrons. For the smaller systems of interest (macromolecules of
10-100 atoms) this problem can be approached using either semi-empirical molecular orbital or density functional methods (DFT). Because density functional methods should,
in principle, avoid some of the extreme parameterization necessary in semi-empirical
approaches, I hereafter focus on them.
For systems in which nonbonded interactions dominate, the significance of dispersion
forces runs from one of a variety of interactions that matter (e.g. hydrogen bonding in
liquid water [259]) to the sole force of importance (e.g. interactions in noble gas dimers
[243]). This observation makes clear the general need for an accurate representation of
electron correlation in the description of nonbonded interactions. In DFT alogorithms
electron correlation is captured in the exchange-correlation functional (Exc ). Generally
this functional is constructed using two types of approaches: parameterized so as to
reproduce fundamental experimental data or parameterized to reproduce theoretically
defined limiting behavior. Presumably if sufficient experimental or theoretical constraints
are introduced the resulting Exc functional will be capabable of calculating all desired
properties to the desired accuracy. The correct description of non-bonded interactions
is generally difficult using either approach because few theoretical constraints employed
in existing functionals apply to regions of low reduced electron density (the accurate
description of which might be expected to be of importance for description of dispersion
interactions) and because experimental constraints on the distribution of electrons far
from the nucleus are scarce [260, 261, 262, 189, 263, 185, 264].
In principle candidate functionals can be tested both in their ability to reproduce
experimental data and to reproduce the results of high level post Hartree-Fock molecular
orbital calculations or both. Computational validation in this manner requires a choice
of sufficiently small systems that high level reference calculations can be performed in a
reasonable amount of time. Our eventual interest lies in the computation of properties of
solvated carbohydrates. The simplest possible dimers that capture any of the interactions
expected to be important in such systems are the water→water, methanol→water and
water→methanol complexes (where X→Y indicates proton donor→proton acceptor) and
it is therefore on them that we focus.
The most basic parameter of such dimers accessible from electronic structure calculation is their electronic interaction energy (De ): their two body interaction. The
importance of three body interactions in water clusters has been shown to vary systematically with cluster size (see Keutsch and Saykally [259] for a discussion of this issue
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for the water dimer through hexamer). However, regardless of its absolute magnitude,
the strength of the three body interaction component relative to the two is always small,
suggesting that, as has been confirmed by decades of computational work on a variety of
biomacromolecular systems [265], pairwise interactions are sufficient to describe virtually
all hydrogen bonding. As a result of this long and fruitful tradition we anticipate that
the correctly calculated De of dimers should be directly relevant to the description of
larger systems.
The potential energy surface of carbohydrates is generally shallow relative to other
biological macromolecules [266, 267]. One consequence of this fact is that most experiments at finite temperature probe a mixture of conformers the exchange between which
is relatively rapid [268]. Disentangling the details of these mixtures, the particular conformers present and the energy barriers to their interconversion, can be challenging. The
free energy of carbohydrate conformation change is typically rationalized by changes in
the hydrogen bonding of exocyclic hydroxyl groups within or between monosaccharides
and to water molecules. Measured vibrational spectra in the hydroxyl stretch region are
expected to be particularly sensitive to these sorts of changes, but, absent vibrational
spectra from specimens containing only one conformer as a reference, they are difficult
to interpret. Conformer selective vibrational spectroscopy of vacuum and monohydrate
sugars, in conjunction with computation, can address this problem [269, 270]. To do
so with certainty, however, requires accuracy in the calculation of the shift in hydroxyl
stretch frequencies (δ(νOH )) with hydrogen bonding.
For most computational applications harmonic frequencies are calculated, then multiplied by an empirical scaling factor to recover experimental values (where a single scaling
factor is applied to a wide range of modes)[250, 251]. In this approach the scaling factor
accounts for both errors in model chemistry (as a result of a finite basis set and any
errors in the theoretical treatment) and anharmonicity. In principle there is no reason
why these two factors should combine in the same manner for each vibrational mode:
we might expect that a different scaling factor would be appropriate for each calculated
frequency. In addition, the combination of anharmonicity and model error into a single
scaling factor, and the application of this factor to many modes, makes both systematic
improvement and quantification of error in calculated frequencies challenging [1]. Despite these shortcomings, applications of uniform scaling factors have proven to be of
great utility.
However, interpreting experimental δ(νOH ) as a fingerprint of complex hydrogen
bonding patterns is a particularly stringent test of the ability to calculate accurate vi-
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brational frequencies and thus may benefit from any possible increases in accuracy. As a
first step in refining our approach to calculating vibrational frequencies it would be useful
to separate the influence of model chemistry error and anharmonicity. Recent advances
have made possible the routine calculation of anharmonic frequencies (hereafter I use
the term anharmonic frequency to mean a frequency calculated in the harmonic approximation with an anharmonic correction) for small molecules by perturbation techniques
[271]. Armed with such results error remaining in the calculated frequencies in our test
systems should be the result of error in model chemistry.
The observed magnitude of δ(νOH ) has often been used as a measure of hydrogen bond
strength [272]. As a result one might expect that error in the calculation of De (quantified
by differences with high level molecular orbital treatment) could be propagated to error
in the description of δ(νOH ). In reality each vibrational mode is a multidimensional
quantum mechanical oscillator. To make this problem analytically tractable we here
simplify substantially by describing each mode as a one dimensional classical anharmonic
oscillator (see appendix B for a full description) and, using the calculated frequencies
of the monomers, calculate an expected value of each νOH in the dimer accounting for
error in De . Chemical intuition, vibrational energy levels are very close in molecular
systems at finite temperature, and much work that effectively describes both low and
high frequency molecular vibrations in a classical limit [273], suggest that this simple
model may capture much of the relevant chemistry.
In this work, then, we examine the ability of various density functionals, varying
both in degree of locality — local spin density (LSDA)→generalized gradient approximation (GGA)→ meta-GGA — and in parameterization approach – both empirical and
nonempirical – to reproduce the De and δ(νOH ) of the water→water, methanol→water
and water→methanol dimers. We expect that these results will be of use in the interpretation of experimental δ(νOH )s measured in various condensed systems, the systematic
improvement in accuracy of computed νOH s, and as a general guide for choice of an
appropriate reference electronic structure model chemistry in the computation of the
properties of larger macromolecules (such as carbohydrates) that involve these interactions.

7.2

Methods

In this study we compare the results of Hatree-Fock theory (HF), second order MøllerPlesset perturbation theory (MP2) [171], a local spin density functional (LSDA) [175,
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176, 177], the nonempirical GGA of Perdew, Burke and Ernzerhof (PBE) [180], the three
parameter hybrid, empirical GGA of Becke as implemented in Gaussian 03 (B3LYP) [186,
187], the nonempirical meta-GGA of Tao et al. (TPSS) [182] and the hybrid empirical
meta-GGA of Zhao et al. (MPWB1K) [189, 184, 183]. The water dimer reference energy
is calculated using the W1 composite method of Martin and coworkers [274, 275].
All calculations were performed in Gaussian 03 [248]. Unless otherwise noted the
convergence criterion for all SCF (electronic energy) calculations was ≤ 6.275 · 10−4
¡

¢

kcal/mol and for geometry optimizations was max(rms) force ≤ 4.50 · 10−4 3.00 · 10−3
¡
¢
Hartrees
and max(rms) displacement ≤ 1.800 · 10−3 1.200 · 10−3 Å. In general we
Bohr

geometry optimized all monomers and dimers at the indicated model chemistry
and followed the optimization by a single point energy calculation. For the dimers
the single point energy was corrected for basis set superposition error using the
counterpoise method [276]. Harmonic and anharmonic frequencies were calculated
employing the same model chemistry, in each case, as that used in geometry optimization. Anharmonic frequencies were calculated using a perturbative technique
[277, 271]. Preliminary calculations indicated that the effect of BSSE on optimized
geometries or dimer frequencies was relatively small. As a result we did not correct
for BSSE in these types of calculations.
Following customary practice model chemistries are written (theoretical method
used for energy calculation)/(basis set used for energy calculation)//(theoretical
method used for geometry optimization)/(basis set used for geometry optimization).

7.3

Results and Discussion

7.3.1

Water dimer

7.3.1.1

Interaction energy

For practical calculation of carbohydrate electronic structure both relatively limited basis sets and theoretical methods that scale well with system size are required.
Prior work, both by us and others, has argued that a minimal basis set for calculation of carbohydrate energy is a Pople-style double-ζ with both polarization
and diffuse functions on heavy atoms: 6-31+g(d) [249, 228, 278]. Others have
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argued that recovery of detailed hydrogen bonding patterns requires a still larger
basis set: triple-ζ with both polarization and diffuse functions on hydrogens and
heavy atoms: 6-311++g(d,p) [223, 226, 227]. De of the water dimer with each of
our tested theoretical methods and paired with each of the these two basis sets is
tabulated in Table 7.1 and compared to experiment.
Table 7.1. Water dimerization energy (De ) of candidate model chemistries and experimental data. Model chemistry indicated is applied both for geometry optimization
and energy calculation.a Experimental result of Mas et al. [279]. b Experimental result of
Fellers et al. [280].
Model Chemistry
H2 O(H) (H2 O)2 (H) De (kcal/mol)
HF/6-311++g(d,p)
-76.053423 -152.113619
-4.25
MP2/6-311++g(d,p)
-76.274920 -152.556937
-4.45
B3LYP/6-311++g(d,p)
-76.458531 -152.925067
-5.02
PBEPBE/6-311++g(d,p)
-76.372494 -152.753757
-5.50
TPSS/6-311++g(d,p)
-76.459059 -152.926027
-4.96
MPWB1K/6-311++g(d,p) -76.416258 -152.840726
-5.15
LSDA/6-311++g(d,p)
-76.091060 -152.196958
-9.31
HF/6-31+g(d)
-76.017743 -152.042538
-4.43
MP2/6-31+g(d)
-76.209777 -152.427419
-4.94
B3LYP/6-31+g(d)
-76.422572 -152.853586
-5.30
PBEPBE/6-31+g(d)
-76.337181 -152.683680
-5.85
TPSS/6-31+g(d)
-76.423696 -152.855886
-5.33
LSDA/6-31+g(d)
-76.055301 -152.126241
-9.81
W1

Experimenta
Experimentb

-4.95
-5.00±0.7
-4.91

Inspection of Table 7.1 suggests several immediate conclusions. Firstly, as
expected, HF (regardless of basis set size) tends to underestimate the interaction
energy, presumably because of its neglect of dynamical electron correlation. Prior
workers have noted that, for a variety of hydrogen bonded systems HF paired with a
smaller basis set produces results closer to experiment than HF paired with a larger;
a result rationalized by asserting that the smaller basis set forces electron density to
be distributed over more space thus mimicking the effect of electron correlation for
nonphysical reasons [232]. Clearly this effect exists for the water dimer. Secondly,
as expected, LSDA tends to overestimate De ; a result rationalizable by its tendency
(over a wide range of basis sets) to overestimate correlation and underestimate
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bonding energies [178]. Thirdly, with the exception of LSDA, MP2 calculated
De changes the most with the 6-31+g(d)→6-311++g(d,p) transition. Prior work
has clarified that the convergence of MP2 energies with increasing basis set size
is slow relative to that of DFT methods or HF [281, 172]. The large change in
the MP2 energy is in line with that expectation. Furthermore, in general the
best performing DFT methods are, all with the 6-311++G(d,p) basis set, B3LYP,
TPSS and MPWB1K. This result is in agreement with prior work describing the
water dimer using B3LYP [238] and more general tests of non-bonded interactions
in which both TPSS and MPWB1K fared well [188]. Finally, it is clear that our
reference method, W1, produces a result well within the range of experimental
error.
The W1 composite method is a geometry optimization using B3LYP and a
double-ζ basis set followed by a series of CCSD(T) calculations with basis sets
up to 5-ζ. While quite accurate for a wide variety of thermochemical properties
its computational expense — both because of the poor scaling of the CCSD(T)
method with system size and because of its significant disk size requirements —
is great. For example, the use of this method, as implemented in Gaussian 03, on
a 16 processor, shared memory UNISYS ES7000 for the methanol/water system
requires in excess of 1.8 terrabytes of free disk space. While this disk requirement
can be substantially mitigated through use of quantum chemical programs that
code CCSD(T) more efficiently, it seems obvious that these disk space demands,
in addition to the poor scaling, prohibit the application of W1 as a computational
reference for all but the smallest systems of systems.

7.3.2

CCSD(T) extrapolation with three parameters

In using the W1 method we are really trying to address two issues at once: we
use CCSD(T) because we believe it to be accurate for nonbonded interactions.
However, to achieve this accuracy we need to extrapolate the CCSD(T) energy
to that calculated using an infinite basis set. In principle these two aspects of
the calculation could be separated if the difference between CCSD(T) and some
other, computationally less expensive, method was constant above a particular
basis set size. Tsuzuki et al. [282] describe such a method employing MP2 as the
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less expensive theoretical method. In their formulation the first step is to calculate complete basis set extrapolation MP2 energy (MP2cbs ) for all monomers and
complexes. This is done by calculating De using Dunning’s correlation consistent
basis sets without diffuse functions (cc-pVXZ where X is 2-5) [283, 284, 285] for
both the monomers and dimers. Armed with this series of results they extrapolate
to De for MP2 in the complete basis set limit by fitting the equation (where b and
c are empirical constants),
De (MP2/cc-pVXZ) = De (MP2/cbs) + b exp (−cX)

(7.1)

The difference between De (MP2) and De (CCSD(T)) is defined as,
De (∆CCSD(T)) = De (CCSD(T)/cc-PVTZ) − De (MP2/cc-PVTZ)

(7.2)

The complete basis set extrapolation of CCSD(T) (CCSD(T)cbsT ) is then,
De (CCSD(T)cbsT ) = De (MP2cbs ) + De (∆CCSD(T))

(7.3)

Much prior work has suggested that use of Dunning’s basis sets with additional
diffuse functions (i.e. the aug prefix) is useful in the accurate description of nonbonded interactions. In Table 7.2 and 7.3 we show the application of the Tsuzuki
et al. CCSD(T)cbs extrapolation using the aug-cc-pVXZ basis sets and compare it
to the W1 result. Empirically it is clear that this approach is capable of reproducing the W1 water dimer energies to within an energy of ±0.02
energy scale at 298 K is

≈0.6 kcal
.
mol

kcal
.
mol

The thermal

Based on an extensive amount of prior work

we expect that the barriers between minima on the saccharide potential energy
surface will be on the order of ≈1 kcal
[286, 222, 230]. It is clear, then, that by most
mol
energy criterion of interest an error of ±0.02 kcal/mol is insignificant.
Further inspection of Table 7.2 and 7.3 suggests that, in general, using geometries calculated with the 6-311++g(d,p) basis set (regardless of method) produces
CCSD(T)cbsT values of De closer both to the W1 and to experimental energies than
those using 6-31+g(d). We can further investigate the difference between geometries optimized at each level by examining the intermonomer distances (RO···O ).
These results are shown in Table 7.4. Generally, as expected, the RO···O distance
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Table 7.2. Illustration of the component energies for the water dimer from the
B3LYP/6-311++g(d,p) geometry calculated using the method of Tsuzuki et al.
Model Chemistry
De (kcal/mol)
B3LYP/6-311++g(d,p)//B3LYP/6-311++g(d,p)
MP2/aug-cc-pvDz//B3LYP/6-311++g(d,p)
MP2/aug-cc-pvTz//B3LYP/6-311++g(d,p)
MP2/aug-cc-pvQz//B3LYP/6-311++g(d,p)
MP2/aug-cc-pv5z//B3LYP/6-311++g(d,p)
MP2cbs //B3LYP/6-311++g(d,p)
CCSD(T)/aug-cc-pvTz//B3LYP/6-311++g(d,p)
∆CCSD(T)
CCSD(T)cbsT //B3LYP/6-311++g(d,p)
B3LYP/6-31+g(d)//B3LYP/6-31+g(d)
MP2/aug-cc-pvDz//B3LYP/6-31+g(d)
MP2/aug-cc-pvTz//B3LYP/6-31+g(d)
MP2/aug-cc-pvQz//B3LYP/6-31+g(d)
MP2/aug-cc-pv5z//B3LYP/6-31+g(d)
MP2cbs //B3LYP/6-31+g(d)
CCSD(T)/aug-cc-pvTz//B3LYP/6-31+g(d)
∆CCSD(T)
CCSD(T)cbsT //B3LYP/6-31+g(d)
W1

-5.02
-4.39
-4.69
-4.84
-4.89
-4.94
-4.72
-0.02
-4.96
-5.30
-4.36
-4.69
-4.85
-4.90
-4.95
-4.70
-0.02
-4.97
-4.95

follows trends in De : larger RO···O indicates a smaller De . In addition, it is clear
that 6-311++g(d,p) values of RO···O tend to be systematically larger, and closer
to experiment, than those calculated with 6-31+g(d). There are estimates of the
experimental water dimer distance (RO···O ) in the literature ranging from 2.946 to
2.976Å [279, 259]. While all calculated distances are systematically lower than experiment — a result generally attributed to experiments being performed at finite
temperature and the anharmonicity of the intermolecular potential energy surface
— HF geometries fall most squarely within the experimental range. As the HF
method explicitly ignores electron correlation, expected to play a significant role
in the water→water interaction, it seems clear that this is a result of fortuitous
error cancelation. Because a larger basis set is expected to create greater chemical
realism and because in this case RO···O s calculated with the larger basis set are systematically closer to an observed structural parameter, in what follows we restrict
ourselves to geometries optimized, and energies and frequencies calculated, using
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Table 7.3. Comparison of CCSD(T) extrapolated calculated after Tsuzuki et al. with
geometries and energies calculated using a variety of methods.
Model Chemistry
De (kcal/mol)
HF/6-311++g(d,p)//HF/6-311++g(d,p)
MP2cbs //HF/6-311++g(d,p)
CCSD(T)cbsT //HF/6-311++g(d,p)
LSDA/6-311++g(d,p)//LSDA/6-311++g(d,p)
MP2cbs //LSDA/6-311++g(d,p)
CCSD(T)cbsT //LSDA/6-311++g(d,p)
MP2/6-311+g(d)//MP2/6-311++g(d,p)
MP2cbs //MP2/6-311++g(d,p)
CCSD(T)cbsT //MP2/6-311++g(d,p)
MPWB1K/6-311++g(d,p)//MPWB1K/6-311++g(d,p)
MP2cbs //MPWB1K/6-311++g(d,p)
CCSD(T)cbsT //MPWB1K/6-311++g(d,p)
PBE/6-311++g(d,p)//PBE/6-311++g(d,p)
MP2cbs //PBE/6-311++g(d,p)
CCSD(T)cbsT //PBE/6-311++g(d,p)
TPSS/6-311++g(d,p)//TPSS/6-311++g(d,p)
MP2cbs //TPSS/6-311++g(d,p)
CCSD(T)cbsT //TPSS/6-311++g(d,p)

-4.25
-4.79
-4.84
-9.31
-4.08
-4.03
-4.45
-4.92
-4.95
-5.15
-4.95
-4.99
-5.50
-4.90
-4.92
-4.96
-4.91
-4.92

HF/6-31+g(d)//HF/6-31+g(d)
MP2cbs //HF/6-31+g(d)
CCSD(T)cbsT //HF/6-31+g(d)
LSDA/6-31+g(d)//LSDA/6-31+g(d)
MP2cbs //LSDA/6-31+g(d)
CCSD(T)cbsT //LSDA/6-31+g(d)
MP2/6-31+g(d)//MP2/6-31+g(d)
MP2cbs //MP2/6-31+g(d)
CCSD(T)cbsT //MP2/6-31+g(d)
PBE/6-31+g(d)//PBE/6-31+g(d)
MP2cbs //PBE/6-31+g(d)
CCSD(T)cbsT /PBE/6-31+g(d)
TPSS/6-31+g(d)//TPSS/6-31+g(d)
MP2cbs //TPSS/6-31+g(d)
CCSD(T)cbsT //TPSS/6-31+g(d)

-4.43
-4.92
-4.97
-9.81
-4.02
-3.97
-4.94
-4.97
-4.98
-5.85
-4.84
-4.85
-5.33
-4.87
-4.87

W1

-4.95
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Table 7.4. RO···O distance for candidate model chemistries in angstroms (Å).
Model Chemistry
RO···O (Å)
B3LYP/6-311++g(d,p)//B3LYP/6-311++g(d,p)
2.900
HF/6-311++g(d,p)//HF/6-311++g(d,p)
3.003
LSDA/6-311++g(d,p)//LSDA/6-311++g(d,p)
2.708
MP2/6-311++g(d,p)//MP2/6-311++g(d,p)
2.915
PBE/6-311++g(d,p)//PBE/6-311++g(d,p)
2.882
TPSS/6-311++g(d,p)//TPSS/6-311++g(d,p)
2.887
B3LYP/6-31+g(d)//B3LYP/6-31+g(d)
2.876
HF/6-31+g(d)//HF/6-31+g(d)
2.964
LSDA/6-31+g(d)//LSDA/6-31+g(d)
2.709
MP2/6-31+g(d)//MP2/6-31+g(d)
2.905
PBE/6-31+g(d)//PBE/6-31+g(d)
2.855
TPSS/6-31+g(d)//TPSS/6-31+g(d)
2.862

6-311++g(d,p).

7.3.3

Water dimer frequencies

Experimental and calculated (using B3LYP/6-311++g(d,p)) values of νOH are
shown, along with their shifts on dimerization (δ(νOH )) in Table 7.5. Interestingly,
calculating δ(νOH ) with anharmonic frequencies does not heighten agreement with
experiment as compared to those calculated in the harmonic approximation. As
the anharmonic frequencies account for physics not present in the harmonic approximation, this is difficult to understand (one might expect improved calculation
to move closer to experiment, not further away). One source of this continued disagreement may be errors in the calculated De .
The simplest possible model that allows testing of this hypothesis, while accounting for the calculated anharmonic frequency of the bonded OH, is one in
which the OH bond is treated as a one dimensional classical anharmonic oscillator,
the O· · · H interaction is a one dimensional harmonic oscillator, the oxygens are
assumed to be fixed relative to each other, and the degree of anharmonicity in the
calculated frequency is not a function of error in the calculation of the interaction energy (see Appendix B for a more detailed discussion). Armed with these
assumptions, and calculated harmonic and anharmonic frequencies from the water
monomer, it is possible to solve for the anharmonic correction to the harmonic
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Table 7.5. Experimental and calculated frequencies and shifts for the water dimer.
Calculated frequencies are produced using B3LYP/6-311++g(d,p). The νd|OH notation
indicates a hydroxyl stretch in the dimer. The additional acceptor or donor suffix indicates with which molecule in the dimer the mode is associated.
revised
anharmonic

experiment

anharmonic

harmonic

3745
3735

3915
3894
3815
3707
3924
3819

3730
3695

3601
3756
3657

3729
3693
3640
3540
3740
3647

-11
-21

-11
-47

-9
-30

-10
-45

-56

-107

-111

-19

asym
(νd|OH
):acceptor

asym
(νd|OH
):donor
sym
(νd|OH ):acceptor
sym
(νd|OH
):donor
asym
(νm|OH ):monomer
sym
(νm|OH
):monomer
asym
δ(νd|OH ):acceptor
asym
δ(νd|OH
):donor
sym
δ(νd|OH ):acceptor
sym
δ(νd|OH
):donor

3628

frequency of the monomer (where νm|a is the frequency of a particular mode with
both harmonic and anharmonic contributions in the monomer, mH is the mass of
the hydrogen atom, νm|h is the calculated harmonic frequency of the monomer and
km|a is the force constant for the anharmonic contribution to the monomer),
km|a

∂x2
2
2
= νm|a
− νm|h
mH

The anharmonic frequency of the dimer (νd|a ) can then be written (assuming the
mass of the hydrogen atom is 1),
r
νd|a =

2
2
De + km|a (∂x2 ) + νm|h
∂x2

(7.4)

Assuming that the anharmonic contribution to the monomer (i.e. km|a (∂x2 )) does
not change with hydrogen bonding and that both the anharmonic contribution to
the monomer and the hydrogen bonding energy prefactor (i.e.

2
)
δx2

do not change

as a result of any errors in calculated energy, it is possible to recalculate the various
OH stretch modes using equation 7.4 and the reference De energy. The calculation
of the harmonic, anharmonic and revised anharmonic shifts for various theoretical
methods are shown in Tables 7.5 and 7.6.
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Table 7.6. Shifts of the indicated hydroxyl modes. The suffix acc indicates the acceptor
water molecule while the suffix don the donor molecule in the water dimer. All of the calculations are performed using the indicated theoretical method with the 6-311++g(d,p)
basis set. MUSE = mean unsigned error. MSE = mean signed error
asym
δ(νOH
):acc

asym
δ(νOH
):don

sym
δ(νOH
):don

Experiment

-11

-21

-56

B3LYP(anh)
B3LYP(h)
B3LYP(rev anh)
HF(anh)
HF(h)
HF(rev anh)
LSDA(anh)
LSDA(h)
LSDA(rev anh)
MP2(anh)
MP2(h)
MP2(rev anh)
MPWB1K(anh)
MPWB1K(h)
MPWB1K(rev anh)
PBE(anh)
PBE(h)
PBE(rev anh)
TPSS(anh)
TPSS(h)
TPSS(rev anh)

-11
-9
-10
-8
-9
-9
-14
-20
-7
-15
-19
-16
23
-14
18
-11
-8
-9
-15
-5
-15

-47
-30
-44
-19
-21
-22
-34
-39
-18
-29
-33
-32
-33
-32
-31
-57
-34
-51
-106
-32
-106

-107
-111
-18
-31
-46
-36
-271
-287
-141
-67
-77
-75
-92
-104
-85
-151
-153
-135
-159
-146
-158

MSE

MUSE

-26
-21
5
10
4
7
-77
-86
-26
-8
-14
-12
-5
-21
-3
-43
-36
-36
-64
-32
-64

26
22
21
10
4
7
77
86
31
8
14
12
27
21
23
43
37
37
64
36
64

Several general conclusions follow from these results. Firstly, the minimal model
leads only to small improvements in the agreement of calculated frequencies with
experiment. As might be expected, the magnitude of improvement scales with the
difference of the candidate model chemistry and the W1 energy – thus, for example,
LSDA calculated frequencies improve on the application of the model most because
the error in interaction energy calculated using this theoretical approach is the
largest. There are three exceptions to this general trend of small improvement
with application of the minimal model. TPSS frequencies do not improve; this is a
function of the fact that De calculated using this method is nearly the same as that
using W1. MP2 frequencies move further from experiment with application of the
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model. This appears to be because MP2 suffers particularly from the attempt to
calculate De using 6-311++g(d,p) (MP2 calculated De moves significantly further
from the W1 energy as the basis set is expanded from 6-31+g(d)→6-311++g(d,p)
than HF). As comparison of the RO···O distance suggests, however, the geometry
calculated at MP2/6-311++g(d,p) is likely superior to the energy. In short, it
seems that for MP2 both frequencies and structure improve much more rapidly
than does energy with increasing basis set size. Lastly, for the MPWB1K calculated
frequencies the asymmetric OH stretch of the acceptor H2 O is the wrong sign (the
frequency of the monomer is larger than the frequency of the dimer). This appears
to be an isolated problem with this model chemistry (and in any case both the
mean error and mean unsigned error are favorable compared to some of the other
methods).
While the minimal model is successful at improving the calculated dimer frequencies, the improvement is, in general small. This result is consistent with a
scenario in which this simple model for the water→water interaction is missing
important physics. In particular, as is discussed below, further substanial refinement of the calculated frequencies may require accounting for anharmonicity in
the nonbonded interaction or multiple dimensions (e.g. the influence of bending
modes on the OH stretch).
There are extensive tabulated empirical scaling factors for the comparison of
harmonic frequencies calculated using HF and B3LYP in conjunction with basis
sets of varying size (fewer efforts along these lines have been made with more modern functionals). In much work, quantitative interpretation of measured spectra
has often rested on the application of these scaling factors to frequencies calculated
from several candidate structural models. If the logic of these scaling factors is
correct, it should be possible to recover experimental δ (νOH )s after multiplication
of calculated harmonic frequencies by a single constant. Examination of Table
7.6 makes clear no single scaling factor would be useful in improving calculated
δ (νOH )s beyond the accuracy already achieved. While it is challenging to estimate
the uncertainty in empirical scaling factors, a recent study has proposed that is
≈2% (results from Irikura et al. are shown in Table 7.7) of the total calculated
frequency. For calculated frequencies in the 3000-4000 cm−1 range this implies
that uncertainty in empirically ‘corrected’ harmonic frequencies should be 60-80

144
Table 7.7. Empirical scaling factors and estimated uncertainty from Irikura et al.[1]
Model Chemistry
Scaling Factor
PBEPBE/6-31+g(d,p) 0.9874±0.0254
B3LYP/6-31+g(d,p)
0.9632±0.0211
MP2/6-31+g(d,p)
0.9398±0.0285
HF/6-31+g(d,p)
0.9039±0.0236

cm−1 . Inspection of the magnitude of our calculated shifts suggests that no single
empirical scaling factor is likely to be at all helpful in systematically improving
calculated frequencies.

7.3.4

Methanol→water and water→methanol interaction energies

The water→methanol and methanol→water calculated De s for each model chemistry, and the CCSD(T) extrapolated energies for structures optimized with that
model chemistry, are shown in Tables 7.8 and 7.9. Ignoring both the HF and
LSDA calculated energies (expected to be too unfavorable and too favorable respectively) calculated De values for the water→methanol complex fall in the range
-4.89 to -5.82 kcal/mol. The CCSD(T) extrapolated energies for this complex fall
in the significantly smaller range -5.52 to -5.61 kcal/mol. Inspection of Table 7.9
reveals that for the methanol→water complex the De calculated using HF is also
relatively unfavorable, compared to other methods, while the De calculated using
LSDA is relatively favorable. The sole exception to the trend of HF and LSDA
bracketing all other calculated values of De occurs when using TPSS to describe
the methanol→water complex. The suprisingly unfavorable De calculated using
TPSS is unexpected and almost certainly incorrect. Understanding this error,
and its implications of the widespread application of this functional, is a topic
of current interest, but is not discussed further here. If we do not consider the
De s calculated using HF, LSDA or TPSS the calculated interaction energies of
the methanol→water complex using our candidate model chemistries range from
-4.33 to -5.25 kcal/mol while their CCSD(T)cbsT energies range from -4.94 to -5.01
kcal/mol.
Because of the difficulty in isolating heterodimers in the gas phase, experimental
constraints on the De of either the methanol→water or the water→methanol complexes are sparse. While the absolute enthalpy of formation of either complex or
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Table 7.8. Calculated De of the water→methanol complex for candidate model chemistries along with the complete basis set extrapolation of the MP2 and CCSD
¡ energies.
¢

Model Chemistry

Dimer
B3LYP/6-311++g(d,p)//B3LYP/6-311++g(d,p)
W→M
MP2cbs //B3LYP/6-311+g(d,p)
W→M
CCSD(T)cbsT //B3LYP/6-311++g(d,p)
W→M
HF/6-311++g(d,p)//HF/6-311++g(d,p)
W→M
MP2cbs //HF/6-311++g(d,p)
W→M
CCSD(T)cbsT //HF/6-311++g(d,p)
W→M
LSDA/6-311++g(d,p)//LSDA/6-311++g(d,p)
W→M
MP2cbs //LSDA/6-311++g(d,p)
W→M
CCSD(T)cbsT //LSDA/6-311++g(d,p)
W→M
MP2/6-311++g(d,p)//MP2/6-311++g(d,p)
W→M
MP2cbs //MP2/6-311++g(d,p)
W→M
CCSD(T)cbsT //MP2/6-311++g(d,p)
W→M
MPWB1K/6-311++g(d,p)//MPWB1K/6-311++g(d,p) W→M
MP2cbs //MPWB1K/6-311++g(d,p)
W→M
CCSD(T)cbsT //MPWB1K/6-311++g(d,p)
W→M
PBE/6-311++g(d,p)//PBE/6-311++g(d,p)
W→M
MP2cbs //PBE/6-311++g(d,p)
W→M
CCSD(T)cbsT //PBE/6-311++g(d,p)
W→M
TPSS/6-311++g(d,p)//TPSS/6-311++g(d,p)
W→M
MP2cbs //TPSS/6-311++g(d,p)
W→M
CCSD(T)cbsT //TPSS/6-311++g(d,p)
W→M

De kcal
mol
-5.36
-5.59
-5.58
-4.46
-5.37
-5.40
-10.06
-4.69
-4.69
-4.89
-5.64
-5.63
-5.39
-5.61
-5.61
-5.82
-5.56
-5.52
-5.34
-5.56
-5.52

the relative enthalpy of formation of the two is difficult to constrain, several experimental studies using different methods have observed only the water→methanol
complex [287, 288]. Such measurements are generally taken to suggest that the
water→methanol complex is energetically more favorable: a conclusion strengthened by a variety of computational studies [289, 290]. The difference between the
calculated De of the water→methanol complex and that of the methanol→water
complex is shown in Table 7.10. It is clear that every theoretical method tested,
paired with the 6-311++g(d,p) basis set, meets the experimental constraint.
It is finally worth refocusing on the CCSD(T)cbsT calculated De values for
the methanol→water and water→methanol complexes (-4.94 to -5.01 and -5.52
to -5.61 kcal/mol respectively). The range of values of calculated De s of the
methanol→water complex are, to within the likely error in the calculation, the
same as the best estimate for the De of the water→water interaction, while the
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Table 7.9. Calculated De of the methanol→water complex for candidate model chemistries along with the complete basis set extrapolation of the MP2 and CCSD
¡ energies.
¢

Model Chemistry

Dimer
B3LYP/6-311++g(d,p)//B3LYP/6-311++g(d,p)
M→W
MP2cbs //B3LYP/6-311+g(d,p)
M→W
CCSD(T)cbsT //B3LYP/6-311++g(d,p)
M→W
HF/6-311++g(d,p)//HF/6-311++g(d,p)
M→W
MP2cbs //HF/6-311++g(d,p)
M→W
CCSD(T)cbsT //HF/6-311++g(d,p)
M→W
LSDA/6-311++g(d,p)//LSDA/6-311++g(d,p)
M→W
MP2cbs //LSDA/6-311++g(d,p)
M→W
CCSD(T)cbsT //LSDA/6-311++g(d,p)
M→W
MP2/6-311++g(d,p)//MP2/6-311++g(d,p)
M→W
MP2cbs //MP2/6-311++g(d,p)
M→W
CCSD(T)cbsT //MP2/6-311++g(d,p)
M→W
MPWB1K/6-311++g(d,p)//MPWB1K/6-311++g(d,p) M→W
MP2cbs //MPWB1K/6-311++g(d,p)
M→W
CCSD(T)cbsT //MPWB1K/6-311++g(d,p)
M→W
PBE/6-311++g(d,p)//PBE/6-311++g(d,p)
M→W
MP2cbs //PBE/6-311++g(d,p)
M→W
CCSD(T)cbsT //PBE/6-311++g(d,p)
M→W
TPSS/6-311++g(d,p)//TPSS/6-311++g(d,p)
M→W
MP2cbs //TPSS/6-311++g(d,p)
M→W
CCSD(T)cbsT //TPSS/6-311++g(d,p)
M→W

De kcal
mol
-4.71
-4.96
-5.00
-4.01
-4.80
-4.87
-9.13
-4.08
-4.03
-4.33
-4.96
-5.00
-4.93
-4.96
-5.01
-5.25
-4.91
-4.94
-3.39
-3.86
-3.82

best estimate of the De for the water→methanol interaction is ≈ 0.5 kcal/mol more
favorable. If the interaction of the methanol hydroxyl with water is analogous to
the interaction of sugar exocyclic hydroxyls with water, this observation should be
reflected in the hydrogen bonding patterns observed around solvated sugars. In
particular, if the entropic effects of solvating a carbohydrate molecule are approximately equivalent when water acts as an H-bond donor or acceptor, the difference
in De implies that most solvation interaction will involve water as the proton donor
and that these interactions will be longer lived than those that involve water as
the acceptor.
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Table 7.10. Comparison of De of the W→M and M→W complexes. The W→M
complex is favored for all model chemistries.
MODEL CHEMISTRY
De (W→M)-De (M→W)
B3LYP/6-311++g(d,p)//B3LYP/6-311++g(d,p)
-0.65
HF/6-311++g(d,p)//HF/6-311++g(d,p)
-0.45
LSDA/6-311++g(d,p)//LSDA/6-311++g(d,p)
-0.93
MP2/6-311++g(d,p)//MP2/6-311++g(d,p)
-0.56
MPWB1K/6-311++g(d,p)//MPWB1K/6-311++g(d,p)
-0.46
PBE/6-311++g(d,p)//PBE/6-311++g(d,p)
-0.58
TPSS/6-311++g(d,p)//TPSS/6-311++g(d,p)
-1.95

7.3.5

Methanol→water and water→methanol frequencies

Results for the calculated frequencies in the harmonic approximation, anharmonic
frequencies and anharmonic frequenceis revised to account for error in De are shown
in Tables 7.11 and 7.12 along with the resulting δ (νOH ) on complexation calculated
using B3LYP/6-311++g(d,p). The results for all theoretical methods containing,
the δ (νOH )s as well as the calculated error relative to experiment are shown in
Tables 7.13 and 7.14. As the method CCSD(T)cbsT //B3LYP/6-311++g(d,p) is
demonstrated to produce energies close to W1 for the water dimer we here apply
that as a reference in modeling the frequency error for both the methanol→water
and water→methanol complexes.
In general, the patterns in frequency error are similar to those seen for the
water molecule. The MUSE of the hydroxyl stretching modes ranges from 5-10
cm−1 in favorable cases to 60-80 cm−1 in unfavorable. In general the ability to
calculate De with accuracy is not strongly correlated with the accurate calculation
of frequencies. For example, the MP2/6-311++g(d,p) De of the water→methanol
complex differs from the best guess by ≈ 0.6 kcal/mol. Despite this shortcoming
its calculated frequencies appear to be more accurate than those calculated using
MPWB1K, PBE or TPSS (all of which have more accurate De s).
Given this observation it is unsurprising that the application of the simple
model discussed above results in only small improvements in agreement of the calculated δ (νOH )s with experiment. As for the water dimer the marginal improvement is consistent with a scenario in which small deficiencies in the representation
of bonds collectively lead to error in calculated δ (νOH )s, quite apart from any com-
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Table 7.11. Hydroxyl stretches for the methanol→water complex in cm−1 . Experimental values of the methanol monomer and the methanol→water dimer are in a solid N2
matrix [291]. Experimental values for the water monomer are in the gas phase [292].
A prefix in the subscript of d or m indicates the referenced vibrational mode in either
the dimer or monomer. The superscript asym and sym refer to the asymmetric and symmetric stretches of the water hydroxyls. The superscript CH3 OH indicates the methanol
hydroxyl stretch.
Methanol→Water Experiment Anharmonic Harmonic Rev Anharmonic
asym
νd|OH
CH3 OH
νd|OH
sym
νd|OH
asym
νm|OH
CH3 OH
νm|OH
sym
νm|OH

³
´
asym
δ νm|OH
³
´
CH3 OH
δ νm|OH
³
´
sym
δ νm|OH

3714
3536
3627
3756
3682
3657

3711
3545
3621
3740
3672
3647

3915
3726
3815
3924
3849
3819

3709
3537
3620

-42

-29

-8

-31

-146

-127

-123

-135

-30

-26

-4

-27

plexation. As discussed above, earlier work on the water dimer has emphasized
the importance of anharmonicity and of the multidimensional nature of the potential energy surface in adjusting energy minimized RO···O values to experimental
conditions [279]. Our current approach models the calculated δ (νOH ) using calculated anharmonic frequencies by assuming that the non-bonded interaction itself
is harmonic. It had been our hope that anharmonic effects in this intermolecular
perturbation to an intramolecular mode would be small and thus could be safely
ignored. Another possible, and perhaps the most probable, explanation of our inability to model shifts in frequency is that this is not the case and that additional
complexity needs to be considered. Current work in our group focusses both on
the extension of the model to consider anharmonicity in the nonbonded interaction
and on its extension to consider multidimensional effects.

7.4

Conclusions

In this study we calculated the De and vibrational frequencies for the water→water,
water→methanol and methanol→water complexes using a variety of model chem-
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Table 7.12. Hydroxyl stretches for the water→methanol complex in wavenumbers
(cm−1 ). Experimental values of the methanol monomer and the water→methanol dimer
are in a solid Ar matrix[293]. Experimental data for the water monomer is in the gas
phase [292].
Water→Methanol Experiment Anharmonic Harmonic Rev Anharmonic
asym
νd|OH
3703
3711
3890
3710
CH3 OH
νd|OH
3663
3649
3844
3648
sym
νd|OH
3539
3505
3671
3499
asym
νm|OH
3756
3740
3924
CH3 OH
νm|OH
3682
3672
3849
sym
νm|OH
3657
3647
3819
³
´
asym
δ νd|OH
³
´
CH3 OH
δ νd|OH
³
´
sym
δ νd|OH

-53

-29

-34

-30

-19

-23

-5

-24

-118

-142

-148

-148

istries: HF, LSDA, B3LYP, MP2, MPWB1K, PBE and TPSS theoretical methods
paired with either the 6-31+g(d) or 6-311++g(d,p) basis sets. For the water dimer
we compared the calculated De s both to experiment and high level computational
results (either W1 theory or the extrapolation method of Tsuzuki et al. [282]).
For this system calculated De s systematically improved with the larger basis set.
Finally it seems clear that, accounting only for the De of water the optimal methods are either B3LYP, TPSS or MPWB1K paired with the 6-311++g(d,p) basis
set.
Because the larger basis set appears to provide better energies for the water
dimer, and because of a slight improvement in the calculated RO···O distances,
we subsequently only used 6-311++g(d,p) in calculating the energies of both the
methanol→water and water→methanol dimers. In the former case MPWB1K was
optimal with PBE and B3LYP also within ≈ 0.3 kcal/mol of the reference result.
For the water→methanol complex PBE, TPSS, MPWB1K and B3LYP all appear
similarly accurate.
Our interest in calculating frequencies lies both in the accuracy of any particular
model chemistry, and of the extent to which this accuracy may be influenced by
inaccuracy in De . While no clear trend emerged in answer to the first question
it seems that either B3LYP/6-311++g(d,p) or MPWB1K/6-311++g(d,p) would
be reasonable choice for frequency calculation in carbohydrates. In neither case,
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Table 7.13. Shifts of the indicated hydroxyl stretches of the Methanol→Water complexes in cm−1 . All of the calculations are performed using the indicated theoretical
methods with the 6-311++g(d,p) basis set. MUSE = mean unsigned error. MSE =
mean signed error.
Methanol→Water

asym
δ νOH

CH3 OH
δ νOH

sym
δ νOH

Experiment

-42

-146

-30

B3LYP(anh)
B3LYP(h)
B3LYP(rev anh)
HF(anh)
HF(h)
HF(rev anh)
LSDA(anh)
LSDA(h)
LSDA(rev anh)
MP2(anh)
MP2(h)
MP2(rev anh)
MPWB1K(anh)
MPWB1K(h)
MPWB1K(rev anh)
PBE(anh)
PBE(h)
PBE(rev anh)
TPSS(anh)
TPSS(h)
TPSS(rev anh)

-29
-8
-31
-5
-6
-6
-13
-19
-7
-15
-16
-18
54
-12
55
6
-8
5
-27
-22
-40

-127
-123
-135
-50
-61
-63
-280
-290
-151
-82
-96
-95
-101
-117
-102
-176
-167
-168
83
-296
122

-26
-4
-27
1
-1
1
-7
-15
-4
-12
-12
-14
54
-8
55
2
-4
2
-108
-26
-161

MSE

MUSE

12
28
8
55
50
50
-27
-35
19
36
31
30
75
27
75
17
13
19
55
-42
46

12
28
8
55
50
50
62
61
22
36
31
30
75
27
75
37
27
34
107
58
134

however, can accuracy greater than ≈30 cm−1 be assured for calculated values of
δ (νOH ).
We attempted to answer the latter question by application of a simple 1-D
model, that assumes the non-bonded interaction is harmonic, to the calculated
anharmonic frequency data. The application of the model lead to either none
or minimal improvement in the calculated values of δ (νOH ), consistent with the
importance of anharmonicity of the nonbonded interaction in both intermolecular
and intramolecular modes of the dimer.
In summary, then, it appears that, B3LYP/6-311++g(d,p) is an acceptable
choice for the calculation of energies and frequencies in carbohydrates. However,
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Table 7.14. Shifts of the indicated hydroxyl stretches of the Water→Methanol complex
in cm−1 . All of the calculations are performed using the indicated theoretical methods
with the 6-311++g(d,p) basis set. MUSE = mean unsigned error. MSE = mean signed
error.
Water→Methanol

Experiment
B3LYP(anh)
B3LYP(h)
B3LYP(rev anh)
HF(anh)
HF(h)
HF(rev anh)
LSDA(anh)
LSDA(h)
LSDA(rev anh)
MP2(anh)
MP2(h)
MP2(rev anh)
MPWB1K(anh)
MPWB1K(h)
MPWB1K(rev anh)
PBE(anh)
PBE(h)
PBE(rev anh)
TPSS(anh)
TPSS(h)
TPSS(rev anh)

asym
δ νOH

-53
-29
-34
-30
-22
-24
-26
-48
-39
-22
-34
-38
-39
-50
-34
-52
-4
-38
-4
-17
-37
-18

CH3 OH
δ νOH

-19
-23
-5
-24
-3
-4
-4
-10
-3
-5
-11
-13
-13
-6
-7
-7
-28
-5
-26
-28
-4
-29

sym
δ νOH

-118
-142
-148
-148
-47
-61
-57
-333
-328
-152
-106
-123
-123
-146
-127
-152
-198
-197
-187
-216
-188
-223

MSE

MUSE

-1
1
-4
39
34
34
-67
-60
4
13
5
5
-4
7
-7
-13
-17
-9
-24
-13
-27

17
21
19
39
34
34
76
80
26
13
9
8
15
13
16
46
36
42
48
34
50

it seems likely that MPWB1K/6-311++g(d,p) will turn out to be at least as, and
perhaps more, accurate. Understanding the remaining error in frequency calculation from either model chemistry requires a relatively sophisticated analytical
model. Development of such a model is a focus of current research.

Chapter

8

The Influence of Glycosidic Linkage
Neighbors on Disaccharide
Conformation in Vacuum
8.1

Introduction

Homopolysaccharides are ubiquitous in nature both as energy storage molecules
and in reinforcing cellular structure [294]. Understanding the chemistry of these
and other biological functions requires understanding both atomic and molecular
level properties of the polysaccharide of interest. On the atomic level the strengths
of individual bonds and of the non-bonded interactions of particular functional
groups are important in understanding the energy available in these compounds
and their solubility. On the molecular level the flexibility and secondary structure
of these molecules determine their macroscopic mechanical properties.
Heteropolysaacharides (often with a repeat unit of four to five) are also used in
a variety of organisms for a number of physiological functions. In bacteria, these
molecules can be both tethered to the cell surface, as is the case for Gram negative
cells (through a lipid anchor inserted in the outer membrane [295]), or extruded
from cells into solution [296]. Among their functions are cellular recognition, the
control of cellular adhesion, the storage of trace nutrients and as structural elements
(i.e. the building blocks) of biofilms [297, 298, 299, 300]. Bacterially produced het-
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eropolysaccharides can also have significant effects on food products (principally
dairy) with live microbial communities [197]. The detailed description of these systems requires, as is the case for homopolysaccharides, understanding both atomic
and molecular scale properties.
There is extensive evidence, both from simulation and experiment, that the
homo and heteropolysaccharides of interest (generally constructed of pyranose repeat units) are relatively stiff [301, 302, 303, 36, 197]. Because individual monosaccharides have limited flexibility (although ring ’flips’ are important in some biological contexts [304]) the structure of polysaccharides can often be predicted through
an understanding of the glycosidic linkage between monosaccharides. These linkages can be fully described by 2 (φ/ψ), or in the case of 1→6 connections, 3
(φ/ψ/ω), torsion angles (hereafter we consider only 1→2, 1→3 and 1→4 connections and so address only φ and ψ). Analogously to the standard practice in
constructing a Ramachandran plot for proteins, it is straightforward to generate a
Ramachandran plot for disaccharides, quantifying potential energy in vacuum as a
function of φ and ψ. Similarly to the protein case, such plots, while directly lending
insight into the linkage between monosaccharides, also have broader implication
for polysaccharide conformation (e.g. certain φ/ψ angles in proteins are indicative
of specific secondary structural motifs). It is generally implicit in plotting energy
as a function of φ and ψ that these are the most important degrees of freedom in
determining relative conformer energies.
Most of the physiological and materials applications alluded to above require
the consideration of sugar structure in water at temperatures ≈ 300 K. However, several decades of work have demonstrated the utility of the construction of
Ramachandran plots of potential energy as a function of disaccharide glycosidic
torsions in vacuum — in which the minimum energy conformer for each φ and
ψ is calculated (an approach generally termed the vacuum adiabatic map)[305,
306, 307, 308]. Despite their distance from most applications of interest, much
effort has been devoted to the construction of vacuum maps for three reasons.
Firstly, populated energy minima in classical molecular dynamics simulation, both
in vacuum and solution, often appear to roughly follow the vacuum map (e.g.
molecular dynamics simulations of carrabiose[235] and explicitly solvated β and κcarrageenan[309, 310]). Secondly, vacuum maps have been shown to be predictive

154
of disaccharide conformation in crystals [222] and are also clearly important in interpreting results from an increasing number of analytical techniques that directly
quantify the conformation and relative number of various disaccharide conformers
in vacuum [311, 312, 270, 269]. Finally, from a computational point of view, vacuum simulations have the advantage of consuming far fewer resources, and thus
are able provide an opportunity to test the application of new methods.
Initial efforts at generating vacuum adiabatic maps employed a rigid body approximation for each monosaccharide: calculating the potential energy using an
empirical force field as a function of incremental, independent, rotation of φ and
ψ [305]. Subsequent methodological improvement lead to the creation of ‘relaxed’
φ/ψ maps in which all degrees of freedom except the glycosidic torsions are minimized [306, 307, 222, 311]. Simple conformational searches revealed, early in this
work, the existence of ‘multiple minima’ at each point in φ/ψ space[313]. The
usual approach to surmounting this problem has been starting minimizations at
each φ/ψ point from a variety of initial structures [286, 311]. The number and nature of the starting structures minimized has generally been informed by available
computational resources and chemical intuition, with modern efforts employing
>10 per φ/ψ point.
While useful, vacuum maps suffer from shortcomings in the description of both
vacuum and solvated disaccharide dynamics simulation. In the former case, the
vacuum map (assuming a global minimum at each φ/ψ point has been identified)
neglects any influence of conformational entropy on the relative energy of a particular φ/ψ value. In the latter case the vacuum map clearly ignores any enthalpy
or entropy of solvation. Consideration of these problems should make clear that
what is really of interest is not a potential energy surface (as is described in the
adiabatic map) but rather a free energy surface.
If all conformational states could be well sampled, a conventional molecular
dynamics simulation could give this information. In practice, however, the disaccharide φ/ψ potential energy surface is too rough (with or without water) to allow adequate sampling using conventional MD in computationally accessible time
scales [314].
This time scale problem is well known in computational chemistry and physics
and is typically surmounted with one of two basic strategies: reducing the sys-
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tems’ degrees of freedom (e.g. coarse graining [315]), or retaining molecular detail
and adapting an enhanced sampling algorithm [316, 317]. Several recent studies
have addressed the coarse grained simulation of polysaccharides in concentrated
solutions or condensed phases [200, 201, 202]. This approach, however, requires
parameterizing the details of the flexibility of the glycosidic linkage and, in the
case of the solvated system, the disaccharide interaction with water. Since it is
the proper sampling of the glycosidic flexibility and disaccharide interaction with
solvent that we are ultimately after, an accelerated sampling strategy that retains
atomic detail seems preferable.
In the last ten years Brady, Naidoo and coworkers have addressed this problem
by application of adaptive umbrella sampling molecular dynamics to various disaccharides both in solution and in vacuum [318, 314, 237, 319, 267]. This approach
differs from conventional molecular dynamics in that an extra “umbrella potential”
is added to the total potential energy expression. This umbrella potential is taken
to be a function of φ and ψ and is chosen so as to render the system diffusive in
φ/ψ space. While rigorous, this approach is computationally intensive to implement because the form of the umbrella potential is not known a priori and as a
result must be iteratively refined through several computation cycles.
Adaptive umbrella sampling can be understood as part of a larger class of simulation algorithms, termed generalized ensemble algorithms, that allow enhanced
sampling of conformational states by searching phase space with non-Boltzmann
probabilities [316]. These methods are attractive because in principle they allow
the molecule of interest to sample conformations of widely different energy at a
rate limited only by diffusion. Problematically, as prior studies have observed
[314, 319], the determination of the weights necessary to search phase space diffusively is difficult. An alternative is to construct an algorithm where molecular
systems diffuse through temperature space and thus (provided the temperature
range is sufficiently large) also diffuse through energy space [317]. In its molecular
dynamics incarnation, this idea is implemented by running a series of conventional
molecular dynamics simulations, over a range of target temperatures, in parallel,
with the replicas swapping configurations after some elapsed time. This approach
gives thermodynamically exact results because detailed balance is maintained during the swapping, typically through use of the Metropolis criterion.
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Variously termed replica exchange molecular dynamics and parallel tempering
molecular dynamics (hereafter repMD), this algorithm has in the last 10 years been
employed in numerous studies of protein folding [317, 320, 321, 322, 323, 324, 325,
326, 327] but only once, to our knowledge, in the simulation of sugars [328]. That
study used the enhanced sampling provided by replica exchange MD (there termed
“parallel tempering Monte Carlo”) to study the water structure in concentrated
solutions of trehalose near their glass transition temperature.
Decades of experiment and simulation confirm the chemical intuition that disaccharide flexibility is a function both of the anomer of the nonreducing sugar (i.e.
α or β) and the type of connection (1→2, 1→3, 1→4 or 1→6). Less clear is the
degree to which the steroisomeric conformation at other positions on either pyranose ring helps determine energetically preferred conformations. Here we address
this problem in a systematic way by constructing relative free energy (or potential
of mean force: PMF) φ/ψ surfaces for a series of 12 disaccharides in vacuum (see
Table 8.1 for details). This approach allows us to describe the energetically favored
conformations and to quantify their relative free energy. We also demonstrate the
enhanced sampling that repMD provides for disaccharides in vacuum by comparing the repMD results at 300 K to results from conventional MD simulations of
equivalent length (i.e. the 300 K results of a repMD simulation containing 6 replicas, each run for 10 ns, are compared to a conventional MD simulation at 300 K
run for 60 ns).
In broad agreement with prior work we find that preferred conformations
are stabilized by intermonosaccharide hydrogren bonding. Geometric constraints
suggest that such intermonosaccharide hydrogen bonding should proceed largely
through neighbors of the glycosidic linkage: e.g. a conformation of α-D-Glucose
(1→3) α-D-Glucose might be stabilized by some combination of interactions of 5O,
2O, 2OH, 1O0 , 1OH0 , 3O0 and 3OH0 (see Figure 8.1 for a description of labeling
scheme). Our simulations suggest that the degree and type of neighbor involvement is a function of both the steroisomeric conformation of the linking atoms and
their neighbors.
PMF surfaces of the sort we have described are of use in quantifying the flexibility of di- and polysaccharides in vacuum. This information is important both
for its own sake, since increasingly conformer selective analytical techniques can be
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Table 8.1. Disaccharides simulated and model numbers by which they are referenced
in the text.

Model #
1
2
3
4
5
6
7
8
9
10
11
12

Common Name
kojibiose
nigerose
maltose
α-sophorose
α-laminarabiose
α-cellobiose
-

Systematic Notation
α-D-Glucose(1→2)α-D-Glucose
α-D-Glucose(1→3)α-D-Glucose
α-D-Glucose(1→4)α-D-Glucose
β-D-Glucose(1→2)α-D-Glucose
β-D-Glucose(1→3)α-D-Glucose
β-D-Glucose(1→4)α-D-Glucose
α-D-Galactose(1→2)α-D-Galactose
α-D-Galactose(1→3)α-D-Galactose
α-D-Galactose(1→4)α-D-Galactose
β-D-Galactose(1→2)α-D-Galactose
β-D-Galactose(1→3)α-D-Galactose
β-D-Galactose(1→4)α-D-Galactose

used to investigate di- and oligosaccharides in vacuum, and also as an intermediate
between the description of solvated and condensed phase di- and polysaccharides.
This kind of understanding of the free energy of conformation change is critical
both in the description of a wide variety of biochemical processes (ranging from
cell surface recognition to the mechanical properties of vascular plants) and designing better paper materials. Furthermore the demonstration of the application
of repMD for this purpose provides a potentially useful alternative to the more
computationally intensive adaptive umbrella sampling.

8.2

Methods

The 12 disaccharides employed in this study (see Table 8.1) were constructed using
a web–based carbohydrate builder [329]. The structures chosen, and the model
# by which they are referred to hereafter, are shown in Table 8.1. The atom
labeling scheme used in the study is illustrated in Figure 8.1. We defined the
glycosidic torsion angles in this work by reference to non-hydrogen atoms: φ=5O–
1C–1O–nC0 and ψ=1C–1O–nC0 –(n+1)C0 . All simulations were performed using
the NAMD program [330]. All conventional molecular dynamics simulations were
run in the canonical ensemble, with a timestep of 1 fs and all O-H bonds constrained
using the SHAKE algorithm. Nonbonded interactions were calculated using a
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cutoff of 12 Å with interactions tapered to zero starting at 10 Å. Temperature was
controlled at 300 K using a Langevin thermostat with γ = 5 ps−1 . The GLYCAM04
parameters were employed and, following the recommendation of their authors, all
nonbonded interactions between 1,4 atoms were scaled by 1 [192, 193, 194, 195].
Equilibration simulations of 200 ps were performed before all production runs. All
simulations were sampled every 4 ps. Visualization of all structures was performed
using VMD [331] and analysis using scripting extensions to VMD and IGOR Pro
(Wavemetrics).

Figure 8.1. α-D-Glucose(1→2)α-D-Glucose, i. e. model 1, indicating numbering
scheme. For this model φ=5O–1C–1O–2C0 and ψ=1C–1O–2C0 –3C0 (in general φ=5O–
1C–1O–nC0 and ψ=1C–1O–nC0 –(n+1)C0 ).

RepMD was run in NAMD following a previously described algorithm [317].
Summarized, our approach was to generate a series of six identical replicas whose
target temperatures were 300, 355, 421, 499, 591 and 700 K. Each replica was equilibrated for 200 ps and simulated for a total of 10 ns. All parameters describing the
simulation – time step, method of non-bonded interaction calculation, thermostat,
sampling of trajectory – were the same as for the MD simulations. Swaps between
replicas of neighboring target temperature were attempted every 1 ps. Swaps were
accepted with a Metropolis criterion: the probability of accepting a swap between
replicas running at temperatures i and i+1 is,
Pacc = exp[−(βi − βi+1 )(Ei+1 − Ei )].

(8.1)
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If a swap is accepted the target temperatures of each replica are exchanged, velocities rescaled to the target temperature, and the simulation allowed to continue
for another ps. Recent work [327] suggests our choice of 1 ps between attempted
replica exchanges is sufficiently long to avoid excessive correlation between acceptances (i.e. exchange two replicas in one attempt and reverse the exchange at the
next) but sufficiently short to be relatively efficient in searching phase space.
RepMD simulations were run for each disaccharide from multiple starting structures (see Table 8.2 for a list of initial φ/ψ values). After each simulation a normalized two dimensional histogram was created from all sampled φ/ψ values using
a 5◦ grid. The relative free energy (W) in any grid square can be related to the
probability of the system sampling that location [323],
P (φi , ψi ) =

1
exp[−βW (φ, ψ)]
Z

(8.2)

where P (φi , ψi ) is the probability of the system sampling φi /ψi and Z is the partition function. The PMF (or relative free energy) is then,
·

P (φi , ψi )
W (φi , ψi ) − W (φgm , ψgm ) = −RT ln
P (φgm , ψgm )

¸
(8.3)

in which the subscript gm indicates the global minimum. The PMF plots shown
in Figure 8.3 and 8.4 are based on the averaged normalized probability histograms
from each of the initial structures.
After construction and analysis of the PMF surfaces, hydrogen bond frequency
and type was calculated using one repMD simulation for each disaccharide. In
calculating these quantities we used two different groups of geometric parameters:
a looser definition, after prior authors [332, 333], in which a hydrogen bond has an
O· · · H–O angle >140◦ and an O· · · O distance <3.5 Å as well as a more restrictive
definition in which a hydrogen bond has an O· · · H–O angle >160◦ and an O· · · O
distance <3 Å. In general, while frequencies of hydrogen bonding are greater for
the looser criteria, no significant differences were observed for any disaccharide
in the atoms involved in hydrogen bonding nor in the relative importance of a
given hydrogen bond as a function of hydrogen bond definition. It is expected
that the criteria we tested may exclude some stabilizing interactions. However, in
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Table 8.2. Initial φ/ψ values for repMD simulations of each model.

Model #
1

2

3

4

5

6

φ
74.28
-86.85
73.63
73.74
-143.76
58.88
75.08
-78.14
68.46
52.4
-58.14
117.84
-77.99
63.91
-62.81
144.58
-81.23
-59.61
-63.51
150.52
-109.55

ψ
-136.09
-126.21
129.69
105.18
148.89
-119.77
-143.01
-130.21
28.7
148.8
-124.66
-134.54
34.03
-55.41
123.24
89.99
-103.49
-16.88
-116.01
-149.57
54.53

Model #
7

φ
71.28
-100.69
118.8
72.36
-84.01
86.71
74.62
-116.77
110.23

ψ
-137.25
-125.68
35.21
103.24
121.81
-85.71
105.41
124.31
-33.76

10

-59.07
135.85
-79.17

-125.15
-120.26
43.54

11

-61.18
134.24
-123.63

117.77
114.08
-61.32

12

-62.67
99.08
-76.18

121.43
149.03
-22

8

9

accord with chemical intuition, much prior work argues that any such interactions
not described are likely substantially weaker than those that fall within our criteria. Because the number of possible weak interactions is strongly limited by our
relatively small system, it seems unlikely that our criteria misses any significant
stabilizing interaction.

8.3
8.3.1

Results and Discussion
Diagnostics for repMD

RepMD works by having all replicas diffuse through the specified temperature
range. If the target temperatures of each replica are too far apart swaps will be
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infrequent and phase space will be searched poorly. Conversely, if replica target
temperatures are too close together, swaps will occur at most attempts and the
search of conformational phase space will be inefficient. Using our parameters
the acceptance rate of replica swap was ≈ 35% for all disaccharides studied (see
Table 8.3 for acceptance ratios of a representative simulation) well within the range
employed in previous studies.
Table 8.3. Acceptance ratios for a representative repMD simulation (in this case one
of model 3).

Target Temperature
T300 -T355
T355 -T421
T421 -T499
T499 -T591
T591 -T700

Acceptance Ratio
0.3522
0.3436
0.3246
0.3366
0.3296

Similarly, if sampling at a given temperature is sufficient, potential energy
histograms as a function of target temperature will be gaussian. Figure 8.2 shows
the potential energy distribution as a function of temperature for one representative
simulation. The histograms clearly follow the anticipated trend.
Taken together these metrics suggest that the system is well sampled at particular temperatures and that the replicas readily exchange between temperatures.
However, this gives no indication as to whether φ/ψ space is being adequately sampled. Hypothetically, if φ/ψ values from the high temperature replica in a repMD
simulation were random, one could be assured that all energy barriers could be
overcome. However, much prior work has demonstrated that steric clashes in
φ/ψ space lead to energies (relative to the global minimum) well in excess of 20
kcal/mol. Roughly doubling temperature does not provide sufficient energy to
overcome such barriers. Barrier hopping using significantly higher temperature
replicas with our relatively small systems is algorithmically challenging (integration schemes of the equations of motion become unstable). Fortunately it is also
unnecessary as the probability of disaccharides in vacuum or in solution existing
in such sterically prohibited conformations is low. In this study we insure that we
have reliably sampled all φ/ψ states accessible at 300 K by running repMD from
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Figure 8.2. Representative potential energy histograms as a function of temperature
for one repMD simulation (in this case of model 1). Each histogram has the expected
gaussian shape and the substantial overlap between histograms suggests that acceptance
ratios of replica swaps will be large enough to insure efficient searching of φ/ψ phase
space.

three or four widely spaced (in φ/ψ space) starting structures (see Table 8.2 for
a list of the initial values of φ and ψ for all repMD simulations of all models).
For all the disaccharides tested each starting structure resulted in a quantitatively
equivalent φ/ψ distribution. The resulting free energy surfaces (shown in Figures
8.3 and 8.4) are averages over the result from each starting structure. Because
of the lack of dependence of the observed PMF surface on starting structure we
interpret our results as indicating a relatively complete search of φ/ψ phase space.

8.3.2

Comparison of the repMD and conventional MD for
searching disaccharide phase space

Zuckerman et al. [334] have recently suggested that the repMD algorithm is unlikely
to give appreciable increases in computational efficiency vs. conventional molecular
dynamics for systems in which barrier heights are relatively small – as may be
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Figure 8.3. Relative free energy surfaces of all α linked models indicated by model
number. Contour interval is 0.25 kcal/mol. Minima on pmf plots of glucose dimers
(models 1,2 and 3) are from the vacuum adiabatic map of Mendonca et al. [311]

typical for biopolymers in solution. They arrive at this conclusion by assuming that
the rate-limiting step in searching phase space in biomolecular simulation can be
represented as an Arrhenius type energy barrier. If this is true it is straightforward
to show that a repMD scheme does not change the prefactor (the entropic part) and
the influence on the energy portion of the equation for small barriers is minimal.
The consequence of this argument is that the repMD algorithm should only lead
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Figure 8.4. Relative free energy surfaces of all β linked models indicated by model
number. Contour interval is 0.25 kcal/mol. Minima on pmf plots of glucose dimers
(models 4, 5 and 6) are from the vacuum adiabatic map of Mendonca et al. [311]. Mendonca et al. minima for the β linked models are calculated based on disaccharides with
β reducing monosaccharides

to enhanced sampling in cases in which barriers are suitably large.
It seems reasonable to believe that the energy barriers to conformational change
in vacuum would be larger than those in solution and thus, perhaps, sufficiently
large to lead to enhanced searching of phase space in repMD vs conventional MD.
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In any case, more recently Periole et al. [327] have argued that the rate of phase
space searching for a large peptide in water is not a function of barrier crossing, but
rather the rate at which the peptide changes conformation within broad minimum
energy basins, suggesting that repMD may lead to enhanced sampling even in the
absence of particularly high energy barriers.
In this study we address this issue empirically, by comparing the sampling
that repMD simulations offer of various degrees of freedom with the sampling of
equivalent length conventional MD simulations. Before discussing these results,
it is worth noting that the speed up (or lack thereof) referenced by Zuckerman
et al. in searching phase space using repMD is only algorithmic. Because only
temperatures are passed between replicas, repMD simulations (composed of many
short MD runs) will, on virtually all modern clusters, enjoy a hardware speed up
over long conventional MD simulations of a single system.
In terms of searching φ/ψ space we find generally that, for disaccharides with
two separated minima, sampling of a 10 ns repMD simulation is superior to a 60 ns
conventional MD simulation (see Figure 8.5). We also examined the sampling of
various other degrees of freedom, namely the dihedrals characterizing the orientation of the exocyclic hydroxyls and methoxys relative to each of the rings to which
they are attached. This comparison suggests that, while both repMD and conventional MD sample methoxy orientation extensively, sampling of exocyclic hydroxyl
confirmations is either roughly equivalent or superior in repMD (see Figure 8.6 and
8.7).

8.3.3

Relative Free Energy and Flexibility

Relative free energy as a function of φ/ψ is shown for the α(1→2), α(1→3) and
α(1→4) connected disaccharides in Figure 8.3 and for the β(1→2), β(1→3) and
β(1→4) in Figure 8.4. In addition, the location and relative magnitude of the
vacuum adiabatic minima for the six glucose dimers from Mendonca et al. [311] are
also shown (in that work they use different anomers of the reducing monosaccharide
for models 4, 5 and 6). In general, we have included minima identified by Mendonca
et al. that are up to 3.5 kcal/mol above their global minima. Minima of higher
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Figure 8.5. Comparison of sampling of ψ for the 300 K replica of a repMD simulation of
model 1 run for 10 ns and a conventional MD simulation, also of model 1, run for 10 and
60 ns. All simulations are in the canonical ensemble and started from the same initial
structure. Inspection suggests that sampling of the ψ ≈60◦ conformer is far better in
the 10 ns repMD simulation than in either the 10 or 60 ns conventional MD simulation.

Figure 8.6. Comparison of sampling of primary methoxy for the 300 K replica of a
repMD simulation of model 1 run for 10 ns and a conventional MD simulation, also
of model 1, run for 10 and 60 ns. All simulations are in the canonical ensemble and
started from the same initial structure. Sampling of the primary methoxy conformation
is similar in conventional and repMD.
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Figure 8.7. Comparison of sampling of the 3OH0 –3O0 –3C0 –2C0 dihedral for the 300 K
replica of a repMD simulation of model 1 run for 10 ns and a conventional MD simulation,
also of model 1, run for 10 and 60 ns. All simulations are in the canonical ensemble and
started from the same initial structure. Sampling of this exocylic hydroxyl group is
clearly enhanced in repMD.

relative energy would be expected to be relatively unpopulated at 300 K (at which
kT ≈ 0.6 kcal/mol). In addition to the PMF plots, hydrogen bonds observed (in
one repMD run) for each model and their frequency are indicated in Table 8.4.
Because the glycosidic bond in models 1 and 7 is α(1→2), and because the
models differ only in the steroisomeric conformation of the 4O-4OH and 4O0 -4OH0
groups, we might expect that the PMF, as a function of ψ and φ, would be equivalent. As Figure 8.3 makes clear, this is indeed the case. Further, we also find the
PMF surface of both models is in reasonable agreement with minima derived from
the vacuum map of Mendonca et al [311]. Such agreement implies that the role
of conformational entropy may be relatively minimal for these models. While the
general pattern of the PMF, namely φ values of ≈ 100◦ , is consistent with a role
of the exo-anomeric effect in stabilizing each of these conformers, analysis of the
inter-saccharide hydrogen bonding suggests that both models experience similar
hydrogen bonds with similar frequency (see Table 8.4). Correlation of the hydro-
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Table 8.4. Hydrogen bond type and frequency for each model for one repMD simulation
assuming a cutoff of <3 Å(<3.5 Å) in O· · · O distance and >160◦ (>140◦ ) in O· · · H–O
angle. Looser criteria appear in ( ).

Model #

1

2

3

4
5

6

Hydrogen Bond
5O· · · 3OH’–3O’
2O· · · 3OH’–3O’
2O· · · 1OH’–1O’
2O· · · 6OH’–6O’
2O· · · 4OH’–4O’
5O· · · 2OH’–2O’
6O’· · · 2OH–2O
2O· · · 3OH’–3O’

Frequency

Model #

Hydrogen Bond
5O· · · 3OH’–3O’
2O· · · 3OH’–3O’
2O· · · 1OH’–1O’
2O· · · 4OH’–4O’
2O· · · 6OH’–6O’
5O· · · 2OH’–2O’

0.21(0.47)
0.05(0.10)
0.04(0.14)
0.19(0.40)
0.13(0.30)
0.05(0.17)
0.04(0.09)
0.49(0.89)

7

0.17(0.39)
0.06(0.14)
0.05(0.12)
0.21(0.50)
0.04(0.11)
0.04(0.07)

5O· · · 3OH’–3O’
6O’· · · 2OH-2O
2O· · · 6OH’–6O’
2O· · · 3OH’–3O’

0.35(0.60)
0.17(0.32)
0.11(0.27)
0.31(0.63)

2O· · · 3OH’–3O’
3O’· · · 2OH–2O
2O· · · 2OH’–2O’
4O’· · · 2OH–2O
5O· · · 4OH’–4O’
5O· · · 2OH’–2O’
5O· · · 3OH’–3O’
6O’· · · 2OH–2O
3O’· · · 2OH–2O

0.22(0.42)
0.04(0.09)
0.13(0.29)
0.09(0.23)
0.06(0.25)
0.05(0.19)
0.21(0.60)
0.12(0.35)
0.05(0.12)

10
11

2O· · · 2OH’–2O’
2O’· · · 2OH–2O

0.21(0.38)
0.04(0.09)

12

3O’· · · 2OH–2O
2O· · · 3OH’–3O’

0.19(0.33)
0.14(0.33)

8

9

Frequency

gen bonds’ geometric parameters with ψ suggests that each minimum, for each
model, is stabilized by different H bonds (see Figure 8.8).
The glycosidic bond of models 2 and 8 is α(1→3). As for models 1 and 7,
2 and 8 differ only in the steroisomeric conformation of 4O-4OH and 4O0 -4OH0
relative to the ring to which they are attached. Inspection of the PMF surfaces
suggests that while both have one minimum located in the same general area in
φ/ψ space, the details surrounding this minimum differ. As for models 1 and 7
the location of this populated minimum is near, but not equivalent to, the two
lowest energy minima identified in the vacuum adiabatic map by Mendonca et al.
Inspection of hydrogen bonding suggests that, while both models are stabilized by
the same interactions, the role of the 2O· · · 4OH0 -4O0 interaction is substantially
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Figure 8.8. Hydrogen bond parameters for model 1 vs. ψ. ‘Strong’ hydrogen bond
geometric parameters are indicated by the cross hatched rectangles. These results suggest
that the ψ minimum centered at ≈-100◦ is stabilized by both a 5O· · · 3OH0 –3O0 and a
2O· · · 3OH0 –3O0 hydrogen bond, while the minimum in ψ centered at ≈60◦ is stabilized
only by a 2O· · · 3OH0 –3O0 interaction.

more important for the galactose dimer (model 8) than the glucose (model 2), while
the 2O· · · 6OH0 -6O0 behaves oppositely. Differences in the intensity of the former
interaction between models 2 and 8 are in line with expectations — in model 2 the
4OH0 -4O0 and 1O-3C0 groups are oriented similarly with respect to the reducing
monosaccharide ring, while in model 8 they are oriented differently. Additionally,
it is worth pointing out that the disagreement between the Mendonca et al. results
and those for model 2 likely springs, at least in part, from configurational entropy.
Inspection of Figure 8.9 shows that in model 2 ψ values between 75◦ and 125◦ are
predominantly stabilized both by a 2O· · · 6OH0 -6O0 interaction and a 2O· · · 4OH0 4O0 interaction. The overlap of two distinct stabilizing interactions in ψ space, both
involving the same H-bond acceptor, is missed in the vacuum adiabatic approach.
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Figure 8.9. Hydrogen bond parameters for model 2 vs. ψ. ‘Strong’ hydrogen bond
geometric parameters are indicated by the cross hatched rectangles. The minimum
in ψ centered at ≈100 is predominantly stabilized by both a 2O· · · 6OH0 –6O0 and a
2O· · · 4OH0 –4O0 hydrogen bond. The stabilization of conformers by multiple hydrogen
bonding interactions involving a single donor or acceptor is not accounted for in the
vacuum adiabatic map.

Models 3 and 9 both have a glycosidic bond that is α(1→4). Because the two
models differ in steroisomeric conformation of the 1O-4O0 group it seems reasonable
to expect that these two molecules should generate markedly different pmf surfaces.
While both structures have a φ value centered around +100◦ , a value consistent
with the exo-anomeric effect, the values of ψ differ by ≈60◦ . The different value
of ψ can be rationalized by noting that, given the difference in sterioisomeric
conformation of the 1O-4O0 group between the two monosaccharides, this change
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in ψ serves to minimize steric conflicts between the two monomers in each case.
Given the change in conformation of the linkage between the two monosaccharides,
differences in hydrogen bonding are expected. As shown in Table 8.4, the two
models do not share any hydrogen bonds. It is also apparent in the hydrogen
bonding pattern that model 3 has only one significant H-bond. The existence
of only one significant stabilizing interaction might be thought to minimize the
influence of configurational entropy on this structure, and indeed the PMF global
minimum nearly perfectly reproduces the location of the vacuum adiabatic global
minimum.
Models 4 and 10 both have a β(1→2) glycosidic bond. As is the case for models
1 and 7 these structures differ only in the steroisomeric conformation of the 4O4OH and 4O0 -4OH0 groups. As these groups are not close to the glycosidic linkage it
might be anticipated that the φ/ψ surfaces should be largely the same. As reference
to Figure 8.4 makes clear, this is indeed the case. Moreover, for both models the
great majority of sampled conformers have a φ value of ≈-100◦ , consistent with
the exo-anomeric effect for β linked sugars. As might be expected for models with
similar PMF surfaces, intermonosaccharide hydrogen bonds stabilizing the minima
are the same (model 4 enjoys marginally more flexibility and in this case a flipping
of the donor and acceptor in one interaction are observed). In the case of model
4, our PMF surfaces reproduce the global minimum of Mendonca et al. [311] but
do not noticeably capture any of the other low energy conformers. One possible
explanation for this discrepancy may lie in the slight structural difference (the
anomeric state of the reducing monosaccharide) between our model (α-sopherose)
and the sopherose studied by Mendonca et al. However, an alternative explanation
is that the secondary, tertiary and quaternary minima they observe in this molecule
are either un- or only weakly stabilized by hydrogen bonding. It seems possible,
therefore, that these conformers may simply be unstable at finite temperatures.
It should be emphasized in this case that our inability to sample the sopherose
secondary minima of Mendonca et al. in particular is almost certainly NOT an
artifact of searching phase space poorly as two initial structures for repMD analyses
were substantially closer to this point in φ/ψ space than to the global minimum.
Models 5 and 11 both have a β(1→3) glycosidic linkage. As is the case for
all other pairs of models described, these models differ only in the steroisomeric
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conformation of the 4OH-4O and 4OH0 -4O0 groups. Because this difference adjoins
the glycosidic linkage it seems reasonable to anticipate that it may play a significant
role in determining which regions of the PMF surfaces are populated. In general,
the populated regions of the PMF surfaces are similar to those previously noted
in the comparison of models 2 and 8: φ angles are ≈-100◦ , consistent with the
exoanomeric effect. The notable exception lies in the global minimum in model 5
(near φ=50◦ ) which is the secondary minimum in the vacuum map. As is clear
from Figure 8.10 and Table 8.4 this minimum is stabilized by two hydrogen bonds,
neither of which occur in Model 11: 4O0 · · · 2OH–2O and 5O· · · 2OH0 –2O0 . Models
5 and 11 differ in the steroisomeric conformation of the 4OH0 -4O0 group. In model
5 this group has a similar steroisomeric conformation to the 1O-3C0 while in model
11 it does not. These results suggest that orienting the 4OH0 -4O0 group similarly
to the 1O-3O0 allows several inter-monosaccharide hydrogen bonds not otherwise
possible.
Models 6 and 12, both β(1→4) linked, have PMF surfaces similar to the α(1→4)
linked pair, models 3 and 9. For both models 6 and 12 the principal minimum has
a φ value of ≈-100◦ (see Figure 8.4) a result consistent with the exo-anomeric
effect. In the case of model 6 the ψ value is ≈-150◦ while for model 12 it is ≈160◦
both results of which are rationalizable by an attempt to minimize steric clashes
between the two rings. The steroisomeric conformation of the glycosidic linkage
differs between the two models so, as expected, the intermonosaccharide hydrogen
bonding also differs (see Table 8.4).

8.4

Conclusions

In this work we describe the application of repMD to the construction of maps of
PMF as a function of glycosidic torsion angle for a series of twelve disaccharides.
We demonstrate that the technique is superior to long conventional MD calculations algorithmically (relative rate of sampling relevant states as a function of total
time simulated) in addition to its usual computational superiority.
Comparison of the PMF maps to vacuum adiabatic maps of the same molecules
gives reasonable agreement. However, the vacuum adiabatic approach does not
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Figure 8.10. Hydrogen bond parameters for model 5 vs. φ. ‘Strong’ hydrogen bond
geometric parameters are indicated by the cross hatched rectangles. Hydrogen bonds
stabilizing the minimum at φ ≈75◦ involve groups adjacent to the (1→3) linkage.

capture the effects of finite temperature and of configurational entropy on the
relative energies of different conformers, both effects of which are likely to be
important in the description of PMF surfaces for some disaccharides in vacuum.
Finally, we apply these repMD generated surfaces to study the role of the steroisomeric neighborhood in the existence of stable intermonosaccharide hydrogen
bonds. Comparison of α(1→2) and β(1→2) linked glucose and galactose dimers
(models 1/7 and 4/9 respectively) suggests that for each pair minima in the pmf are
stabilized by the same hydrogen bonds: changing the steroisomeric conformation of
4OH–4O and 4OH’–4O’ groups has little influence on (1→2) linked disaccharides.
In contrast, while α(1→3) linked glucose and galactose dimers (models 2 and 8)
show little difference in hydrogen bonding, β(1→3) linked glucose and galactose
dimers clearly do (models 5 and 11). This contrast suggests that the steroisomeric
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conformation around the 4C’ is much more important for β(1→3) linked sugars
than for α(1→3). Finally, comparison of hydrogen bonding patterns in α(1→4)
and β(1→4) linked glucose and galactose dimers (models 3/9 and 6/12) indicates,
as expected, very little similarity.
In this work we demonstrate the repMD can be usefully applied to understand
the thermodynamics of conformational change of disaccharides in vacuum. The
description of PMF surfaces in vacuum is of use both in the understanding of
disaccharide features in vacuum based analytical applications [311, 269] and also
as an initial description of the behavior of these molecules in aqueous solutions
and condensed phases.
Because of the relative stiffness of the glycosidic linkage, we further expect
that these results will be useful in describing polysaccharide properties both in
solution and in two and three dimensional condensed phases through monte carlo
growth methods. For insight into systems in which either oligo- or polysaccharides
need be simulated the repMD algorithm seems likely useful for understanding
thermodynamically favorable conformations of the these larger species as well. In
short the results presented in this study should be useful to investigators interested
in such diverse topics as basic physical chemistry of disaccharides, paper products,
plant physiology, the chemistry of dairy products and the bacterial cell surface.

Chapter

9

Conclusions and Implications
To gain a predictive understanding of most chemical cycling in the environment it
is necessary to understand how atomic level properties influence macroscopic. Because microorganisms are ubiquitous in much earth surface chemistry, and because
most prokaryotes have a characteristic length scale of 1 µm, the attempt to move
from atomic to micron scales in understanding earth surface processes generally
requires understanding the chemistry of the cell surface and how it interacts with
relevant abiotic species. In the long list of relevant abiotic species the interaction
of cell surfaces with minerals might be expected to be of particular importance.
Gram negative bacteria are festooned with compositionally variable lipopolysaccharides (LPS), in which the lipid portion of the molecule is inserted into the
membrane and the polysaccharide extends into solution [17, 233]. If we restrict
ourselves to these types of organisms and assume the cell surfaces are ‘clean’ (i.e.
not covered by natural organic matter) we are principally interested in the description of oligo- to polysaccharides, their free energy of conformation change and their
interaction with mineral surfaces. Clearly, both the particular functional groups
present on the LPS and on the mineral surface as well as the conformation of the
polysaccharide portion of the LPS (to the degree that it controls the number of
polysaccharide functional groups able to interact with the mineral) might be expected to be important. In addition, however, most bacteria have a net surface
charge, often rationalized by the presence of cell surface polyelectrolytic polymers,
under environmental conditions [335, 336, 337]. As a result of this cell surface
charge, it seems clear that any accurate description of the interaction of a cell
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and surface must include both the chemical speciation of the cell and surface, the
conformation of the cell surface polymers and the surface potential of both the cell
and the mineral surface.
Unfortunately there are a lack of analytical and computational tools well suited
to describe these systems. In this dissertation, then, I offer the initial steps in this
direction: I describe two experimental studies of the solid/water interface and
three computational studies of disaccharides and the interactions that determine
their free energy of conformation change. In the experimental work the goal was to
demonstrate the applicability of second harmonic generation spectroscopy (SHG)
to determine both adsorbate concentration on the surface of chemically heterogeneous colloids and to determine surface potential for similar environments as
a function of the chemistry of the liquid phase. In the computational work the
purpose was threefold: to evaluate several materials force fields for their applicability to disaccharides (i.e. Chapter 6), to evaluate the most appropriate density
functionals for the description of the nonbonded interactions likely to determine
the free energy of carbohydrate conformation (i.e. Chapter 7) and apply the enhanced sampling technique of replica exchange to a disaccharide to test our ability
to search the phase space of these complex molecules (i.e. Chapter 8).
In the remainder of this chapter I outline some future areas of interest in the
description of the interaction of cells with minerals and describe how they build
upon what I have, to this point, accomplished.

9.1
9.1.1

The Rock/Water Interface
Interfacial dielectric constant

Adsorption of trace components at the rock/water interface and the forces that
govern inter-particle interaction in aqueous suspensions of mineral particles are
usually modeled using a surface complexation model and DLVO theory respectively
[133, 132]. Both these theories describe the surface as smooth (atomically and
mathematically respectively) and impenetrable to counterions and both rely on
integrating the effects of macroscopic phenomena, such as surface potential, and
microscopic phenomena, such as chemical speciation and surface van der Waals
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interactions, within a single framework.
The extent to which the surface potential influences the fate of ionic species in
solution is strongly a function of the dielectric constants of the bulk phases. The
interfacial dielectric constant (where in this case the interface is the same as for
SHG: the layer of water molecules that are ordered by the interface) is expected to
be lower than that of bulk water [338]. This inference is in qualitative agreement
with force measurements, via AFM, in several different solvents [339].
In a recent study by Hongfei Wang and coworkers the interfacial dielectric constant was calculated, in a self-consistent manner, from SHG polarization dependence measurements of a Langmuir-Blodgett monolayer at varying pressures [340].
In order to perform this measurement quantifying the total number of molecules
present is necessary. Fortunately, the total number of ‘surface sites’ available to
any particular adsorbate can be constrained on the basis of adsorption isotherms
and tritrium exchange measurements. In principle, then, it is possible to quantify
the interfacial dielectric constant for the mineral/water interface as a function of
pH, ionic strength and any other environmentally important chemical parameters.
The implication of this work is that it is possible to use SHG to describe both the
number and type of adsorbates (as was done in Chapter 3) the surface potential of
the colloid/water interface (as was done in Chapter 4) and the change in interfacial
dielectric constant with adsorption.
Most surface complexation models assume that a layer several solvent atoms
thick of constant capacitance exists near the solid surface (where the capacitance
is just the dielectric constant of this layer divided by its thickness), and that
the capacitance of this layer does not change with adsorption [133, 135, 138].
When cells adsorb at mineral surfaces it is expected to be similar, from a chemical
standpoint, to a high adsorption density of free polysaccharide. In such a system,
one might expect both relative ordering of adsorbate molecules by the charged
surface and replacement of water molecules by sugar. Both these points suggest
that interfacial dielectric constant may be particularly likely to change with cell
adsorption. Quantifying this change could prove extremely valuable in integrating
cellular adsorption into existing theories of the mineral/water interface.
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9.1.2

Heterogeneous chemical speciation of the rock/water
interface

Surface complexation models describe the interface as being composed of a number
of discrete surface sites. These sites interact with their neighbors only in a mean
field sense (i.e. through the macroscopic surface potential). This type of mean field
generalization can be theoretically shown to fail under situations in which small
groups of sites interact more strongly with each other than their surroundings [341].
Such non-mean field behavior may also be able to rationalize the hysteresis often
observed in the titration of oxide surfaces [342] and is in qualitative agreement with
computational studies that suggest the importance of hydrogen bonding between
surface functional groups at the oxide/water interface in defining surface stability
[343].
In the mean field surface complexation approach all surface sites of a particular
type, e.g. all vicinal silanol groups at the the silica/water interface, behave the
same with respect to changes in aqueous phase pH or ionic strength. If the surface
behaves in a non-mean field manner chemically identical surface sites may behave
differently depending on the speciation of their neighbors (with respect to changes
in aqueous phase chemistry). In principle functional group specific AFM might be
able to quantify such non-mean field behavior, but problematically the functional
groups of interest (generally at least X-O− , X-OH and X-OH2+ where X is a
metal cation) are difficult to distinguish chemically. SFG spectrum at a variety of
oxide/water interfaces have described 2-3 spectroscopically distinguishable ‘types’
of water, where the two most common appear at 3200 and 3400 cm−1 and are
known as ‘ice-like’ and ‘water-like’ respectively in analogy with the IR absorbance
of these bulk phases [344, 345, 346, 347, 342, 348]. The relative ratios of the
intensities of each of these peaks are observed to vary both as a function of pH and
ionic strength. One plausible interpretation of such variability is that each type of
water is associated with a different mineral surface functional group and that as
the ratio of mineral surface functional groups change so does the ratio of waters.
Two dimensional infrared spectroscopy is a method of studying energy flow
in molecular systems, where initial absorption occurs in vibrational modes (e.g.
[349, 350]) . It has been shown to be of great utility in the description of hydro-
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gen bonding patterns both in bulk water, and in hydrogen bonding around and
too various types of solutes. Pump-probe SFG experiments, as previously demonstrated for the silica/water and silica/OTS/water interfaces [351], are interface
specific analogs of 2D-IR and, if different ‘types’ of water reflect different underlying surface sites, may be able to give insight into the spatial distribution of surface
sites. Clearly in the limit of non-mean field behavior characterizable by a length
scale of nanometers, this surface chemical heterogeneity might be expected to be
important in cell interaction with minerals.

9.2

Describing polysaccharides via computation

There are several existing force fields for the description of carbohydrates (in Chapter 8 I used the GLYCAM force field of Robert Woods and coworkers) and some
materials force fields (such the COMPASS force field I discussed in Chapter 6)
that appear to be adequate for some carbohydrate applications. Unfortunately
many oligo- or polysaccharides experience relevant conformational transitions on
timescales considerably longer than those accessible by atomistic simulation. As
mentioned in Chapter 8, in principle this problem can be overcome both by reducing the number of degrees of freedom in the simulation, one such example of which
is the simulation of a polymer on a lattice, or by enhanced sampling techniques.
In pursuit of the goal of the simulating the cell surface it would be useful to
develop parameters that offer a coarse grained description of individual polysaccharides (i.e. reduce degrees of freedom) valid both in the case of relatively low
polysaccharide density – individual polysaccharide chains are surrounded principally by water molecules – and in the case of relatively high – individual chains
interact significantly with other chains – and with both explicit and implicit representation of water molecules. Such a group of coarse grained parameterizations
can be developed from the results of classical atomistic molecular dynamics simulations using existing methods (see e.g. [204, 198, 199] and references therein). If
atomistic information is desired in each equilibrium state of the CG model, individual atoms can be back substituted into the simulation using previously developed
procedures.
Such coarse grained parameterizations of individual chains might be expected
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to be of technological and scientific interest, to my knowledge there are no computational studies in the literature that currently allow for simulation of the dynamics of oligo- or polysaccharides in dilute solution (although there are several in
condensed phases [202, 203, 200, 201]) for a variety of applications in both food,
bio- and geochemistry. There are, however, two methodological subtleties in their
construction: the choice of an appropriate atomistic force field to generate the
atomistic molecular dynamics trajectories used in the coarse grained parameter
development and propagation of the error from the atomistic simulation to the
CG.
The appropriate atomistic parameter set should be chosen based on the goal
of the simulation. As the ultimate goal here lies in simulating the interaction of
polysaccharide brushes with oxide surfaces it would obviously be useful to choose a
parameter set that might be expected to simulate both the free energy of saccharide
conformational change and the free energy of interaction of saccharide functional
groups with oxide surface functional groups reasonably accurately. Depending on
the oxide of interest it may be possible to use the COMPASS force field for this
purpose, or either GLYCAM or CHARMM based force fields.
Regardless of the force field chosen the accuracy of the particular interactions
between saccharide and surface functional groups can be assessed on small oligosaccharides using density functional theory. For example, the results of a CG simulation of a dilute oligosaccharide chain might suggest two stable conformers and
their relative energies. After back substituting atomistic detail, single point electronic structure calculations can be performed to ensure that the relative energies
produced using the two distinct methods are similar. As I demonstrated in Chapter 7, both MPWB1K and B3LYP (paired with a basis set of at least 6-31+G(d)
as discussed in Chapter 6) should be reasonably accurate for calculating relative
energies of selected conformers.
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9.3

The cell/water interface

9.3.1

Describing phase changes in ‘model cell’ surface polysaccharides via experiment

As mentioned earlier the outer membrane of gram negative bacteria is populated by
lipopolysaccharide molecules, in which the lipid is inserted into the membrane and
the polysaccharide is extended into the external environment [17]. This polysaccharide brush fulfills a variety of physiological functions in most organisms, it aids
in cellular adhesion to solid materials, it acts as a reservoir for trace nutrients, it
must help (or at least not hinder) the disposal of cellular wastes and it plays an
important role in cellular recognition and human infection [295, 233, 336]. Ex-situ
studies of these molecules reveal that their composition is highly variable both
between species, as a function of nutrient supply in the local environment, as a
function of cellular life cycle, as a function of extraction method and includes
both polyelectrolyitc and neutral polysaccharides [352, 336, 353]. The observed
differences in LPS composition as a function of extraction method could be overcome by an in-situ method of characterization but many of the problems centering
around the general area of producing a stable system for replicate studies are more
challenging.
It is worth emphasizing that the LPS of gram negative bacteria is characterized
by extreme atomic scale heterogeneity, but also collectively is required to perform
a relatively small number of physiological functions. One way to rationalize these
two, intuitively competing, demands is if many physiological functions are strongly
dependent on the phase (i.e. the average polysaccharide conformation) of the brush.
It seems reasonable to hypothesize that polysaccharide brushes that differ significantly on the atomic (or monosaccharide level) may change phase in a similar
manner as a function of changes in the local chemistry of the environment (pH,
ionic strength, solute composition). This implies that the detailed, monosaccharide level composition, of LPS that is observed to vary strongly both with change
in species and with environment may not be crucial in understanding physiological
function.
If this is true, ‘model cells’, latex particles with end-attached polysaccharides of
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varying composition, may be useful as analogs for the live cell interface. There are
several procedures in the literature that describe the synthesis of such ‘model cells’
[354, 355]. Armed with a variety of such model systems, and given an independent
quantification of the polysaccharide attachment density (straightforwardly obtainable through a separation experiment), it is in principle possible to conduct a
variety of second harmonic generation and sum frequency generation experiments
that would give insight into the in-situ behavior of these systems. For example, an SHG experiment might be imagined in which the adsorption of a probe
molecule is measured as a function of salt concentration (which might be expected
to change brush phase by screening inter-brush electrostatic interactions). Using
non-resonant SHG the surface potential of these systems can be quantified as in
Chapter 4: by measuring the dependence of ISHG on salt concentration. Because
this deformable polysaccharide layer may immobilize a significant number of ionic
species, this non-perturbative method of determining surface potential may prove
more useful than traditional electrokinetic methods (that impose shear forces on
the solid/liquid boundary) in understanding transport properties of cells in surface
waters. The νCO stretch of the ring C-O bond in sugars is sufficiently spectroscopically distinct from that of the exocyclic groups and is sufficiently far from the νOH
stretch of water that it may prove possible to directly quantify the conformation of
these polysaccharide brushes by monitoring the intensity and polarization dependence of this mode as a function of solution and brush chemistry using SFG. For
this measurement one might expect that as individual polysaccharides extended
into solution the conformation of the νCO would become narrower and the intensity
of the signal larger. On the other hand, if the average conformation of a surface
bound polysaccharide is a random coil, one might expect the signal intensity to be
low (photons emitted by most C-O bonds would tend to cancel with others arrayed
locally) and the width of the orientation distribution to be extremely large.

9.3.2

Describing phase changes in polysaccharide brushes
via computation

Armed with a chemically accurate coarse grained description of individual polysaccharide molecules in solutions of variable polysaccharide density it should be rela-
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tively straight forward to develop a description of polysaccharide brushes. Such a
description would allow the direct study of phase changes in the brush as a function of polysaccharide attachment density and solvent quality. For systems with
explicit water solvent quality might be understood as a function of the presence
of the occasional salt molecule in water or the parameterization of polysaccharide
protonation states appropriate for different values of bulk pH. For systems with
an implicit solvent the notion of solvent quality might be thought of as a Flory
parameter that can be radically changed to illustrate different qualitative behavior.
The implicit solvent approach clearly sacrifices a significant amount of chemical
detail and thus allows the description of much larger systems; a capacity that may
prove important if heterogeneity in polysaccharide brush phase (i.e. conformational
heterogeneity in the plane of the cell surface) has a relatively long length scale.
In addition to helping to describe the possible relationship between polysaccharide brush phase, polysaccharide attachment density and solvent quality, this CG
approach has the benefit of preserving the correct dynamics for the brush layer.
This implies that it should also be possible to understand how the diffusion rate
of smaller species either away from the cell (metabolic wastes) or towards the cell
(e.g. drug molecules) changes as a function of polymer brush phase.

9.3.3

Experimental description of whole cells

It may prove difficult to utilize either SHG or SFG to examine the surfaces of
real cells in suspension. The principle obstacle appears to be that the interior of
the cell is not a centrosymmetric object. This fact suggests that if the interfacial
signal one wishes to study is sufficiently small it may not be possible separate the
contribution of the interface from that of the interior of the cell. The extent to
which this is likely to be a problem depends on the the particular composition of
the cells in the samples studied and the intensity of the particular mode that is
the object of the analysis.
In any case, it should still be possible to do direct measurements of the cell
surface using a total internal reflection set up (analogous to the attenuated total
reflectance set up previously used in conventional FTIR measurements of cell surface polymers [356]). The great advantage of using SHG or SFG in this manner, as
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opposed to conventional IR, is that sensitivity should be much increased and that
the coherent nature of laser sources still holds out the possibility of quantifying
the orientation of cell surface constituents by the polarization dependence of their
second order emission. Clearly a variety of optically transmissive media (perhaps
fused silica prisms with a thin film of other vapor deposited minerals) should be
tested to determine the degree to which the particular signal measured is a function of the solid surface chemistry (keeping in mind that the goal is to minimize
the cell/mineral interaction).

9.4

The interaction of cells and surfaces

9.4.1

Coarse grained computational description

Using the coarse grained parameterization discussed above it should be possible
to simulate systems that include both a polysaccharide brush and, at arbitrary
distance from the brush, an oxide surface. Such a system should allow determination of the equilibrium distance of a cell from a surface (as a function of LPS
type and attachment density) as well as give some clues at to how the initial steps
of the attachment of cells on solid substrates might proceed. In addition, they
should help in understanding the effect that small changes in LPS composition, as
might be accomplished by a cell with relatively little energetic cost, will have on
the likelihood of a cell attaching (or detaching) from a particular solid substrate.

9.4.2

Experimental studies of model cellular adsorption

It should be possible to study the interaction of model cells and mineral surfaces in
two different ways. In the first experimental system one might create an aqueous
suspension that contains both mineral particles and model cells and then monitor
either the nonresonant SHG or resonant SFG signal as a function of changes in pH
and salt concentration. As these ‘master’ solution variables change it is expected
that the stability of the suspension would change as well. While monitoring of
the second order signal provides useful information about either the particle surface potentials or the molecular details of interaction (including the polysaccharide
functional group that participates in the interaction and the conformation of the

185
polysaccharide layer at the the time that it does) it does not provide any insight
into suspension stability. This information can be gained by measuring the first
order scattered light (at 90◦ ) at the same time as the second harmonic. Depending
on the concentration of particles employed in the experiment this scattered fundamental light should be sufficiently strong that it can be detected by a photodiode
(eliminating the need to have multiple monochromators, photo multiplier tubes
and photon counters). This series of experiments is then equivalent to monitoring
both conventional dynamic light scattering and SHG/SFG at the same time. The
former information can give insight into nominal particle size, aggregation rates
and manner of aggregation while the later can give interface specific information
while these aggregation processes are occurring.
Alternatively, if, for example, it is desirable to understand the fate of interfacial water in this system, it will probably prove necessary to sample the model
cell/mineral interface in a total internal reflection set up. The proposed experiment
would be analogous to that described above except that while in the later case the
goal was to choose a set of experimental conditions that minimized the interaction
of model or real cell and surface in this case the goal would be to choose a set of
conditions that encourage model cell/mineral surface interaction.
Regardless of whether the particle or total internal reflection methods are used,
of particular interest in this series of experiments would be the extent to which the
surface potential and molecular changes occurring at the model cell/water interface
with adsorption are equivalent for different types of oxide surfaces.

9.4.3

The interaction of whole cells and mineral surfaces

For reasons sketched above, the odds of this experiment working in a particle
set up are considerably smaller than that of the model cells. If the experiment
is performed using the total internal reflection set up our goals are analogous to
those in experiments conducted with model cells: to gain spectroscopic insight
into the chemistry of the cell surface as it interacts with minerals. Here conditions
should be chosen to maximize interaction, thus allowing us to explore the manner
in which the cell surface chemistry changes on exposure to the surface.

Appendix

A

The Triple Layer Model
coulomb
Definitions: mol
L are represented by [ ] while σ indicates a charge density in m2 .

All variables are the same as in the text. NA is Avogadro’s number.
The interface is described by the following system of equations.
[SiO− ][H+ ]
= exp(eβφ0 )
[SiOH]KH

(A.1)

[SiO− ][Na+ ]
= exp(eβφβ )
[SiONa]KN a

(A.2)

σH = [SiO− ] + [SiONa]

(A.3)

σtot = [SiOH] + σH

(A.4)

NA e[SiOH] = C1 (φ0 − φβ )

(A.5)

NA e[SiONa] = C2 (φβ − φd )

(A.6)

2
sinh−1
φd =
βe

Ã

s

NA e[SiO− ]

πβ
2²²0 [N a+ ]

Substituting equation A.4 into equation A.2 gives,

!
(A.7)
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[SiO− ][Na+ ]
= exp(eβφβ )
(σH − [SiO− ])KN a
Reorganizing terms gives,
[SiO− ] =

KN a
KN a
exp (eβφβ )[SiO− ]
+ exp (eβφβ )σH −
[Na ]
[Na+ ]

µ
¶
KN a
KN a
[SiO ] 1 +
=
exp (eβφβ )σH
+ exp (eβφβ )
[Na ]
[Na+ ]
−

[SiO− ] =

KN a exp (eβφβ )σH
[Na+ ] + KN a exp (eβφβ )

(A.8)

Substituting equation A.8 into equation A.1 gives,
µ

KN a exp (eβφβ )σH
[Na+ ] + KN a exp (eβφβ )

¶

[H+ ]
= exp (eβφ0 )
(σtot − σH )KH

(A.9)

Substituting equation A.5 into A.9 and canceling gives, after some rearrangement,
an expression for φβ ,
¶
[H+ ]
KN a exp (eβφβ )σH
[Na+ ] + KN a exp (eβφβ ) (σtot − σH )KH
¶
µ
[H+ ]
KN a σ H
[Na+ ] + KN a exp (eβφβ ) (σtot − σH )KH
KN a σH [H+ ]
³
´
2
Ae β
exp NC
(σtot − σH ) (σtot − σH )KH
1
µ

µ

µ

NA e(σtot − σH )
= exp eβ
+ φβ
C1
µ
¶
NA e2 β(σtot − σH )
= exp
C1
= [Na+ ] + KN a exp (eβφβ )




+

φβ =

¶¶

+

1
σH [H ]
[Na ] 
³
´
ln 
−
2
eβ
KN a
Ae β
exp NC
(σtot − σH ) (σtot − σH )KH

(A.10)

1

An expression for φ0 straightforwardly follows by substituting equations A.4 and
A.10 into equation A.5,
φ0 =

NA e(σtot − σH )
+ φβ
C1
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φ0 =

NA e(σtot − σH )
C1


+
+
1
σH [H ]
[Na ] 
³
´
+
ln 
−
2
eβ
KN a
Ae β
exp NC
(σtot − σH ) (σtot − σH )KH
1

(A.11)

Next I’m interested in deriving an expression for [SiONa]. This can be done by
substituting equations A.1 and A.2 into equation A.5. After some rearrangement
of terms this gives,
·

µ
¶¸
C1
[SiONa]KN a [H+ ]
NA e[SiOH] =
ln
eβ
[SiOH]KH [Na+ ]
µ
¶
[SiOH][Na+ ]KH
NA e2 β
[SiONa] =
[SiOH]
exp
C1
[H+ ]KN a
Further substituting equation A.4 gives,
(σtot − σH )[Na+ ]KH
[SiONa] =
exp
[H+ ]KN a

µ

¶
NA e2 β
(σtot − σH )
C1

(A.12)

It is then straightforward to write an expression for [SiO− ]
£

−

SiO

¤

(σtot − σH )[Na+ ]KH
= σH −
exp
[H+ ]KN a

µ

¶
NA e2 β
(σtot − σH )
C1

(A.13)

Finally it will prove useful to have an expression for φd in terms of measureables.
This can be done straightforwardly by rearranging equation A.6 and substituting
equations A.10 and A.12,
φd = φβ −

NA e[SiONa]
C2




+
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+

1
KN a σH [H ]
[Na ] 
³
´
ln 
−
2
eβ
KN a
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1
µ
¶
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NA e2 β
−
exp
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C2
C1
[H+ ]KN a

(A.14)

Appendix

B

1–D Classical Anharmonic Oscillator Model
B.1

Assumptions

1. The OH bond (see figure B.1) can be represented by an anharmonic oscillator.
2. The hydrogen bond can be described by a harmonic oscillator.
3. The system is at equilibrium so the net force is zero.
Fnb
O

Fb
H

O

Figure B.1. Cartoon representation of the 1-D oscillator model.

B.2

Mathematical Description
Fnb − Fb = 0

(B.1)

Fnb is defined (where kb|e is the effective force constant of the OH bond(including
both harmonic and anharmonic contributions), kb|h is the harmonic force constant
of the OH bond, kb|a is the anharmonic constant of the OH bond and δx is the
displacement),
F2 = kb|e ∂x = kb|h ∂x + kb|a ∂x2

(B.2)
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An expression for kb|a δx2 can then be written (where mH is the mass of the hydrogen atom, νb|e is the frequency of the OH bond including both harmonic and
anharmonic contributions in the monomer and νb|h is the harmonic frequency of
the OH bond in the monomer),
2
2
mH νb|e
= mH νb|h
− k2a ∂x
µ
¶
∂x
2
2
− νb|h
kb|a
= νb|e
mH

(B.3)

If the hydrogen bond interaction is harmonic, and we can approximate the hydrogen bond energy as the electronic interaction energy (De ) the hydrogen bond
strength can be written (where knb is the force constant describing the hydrogen
bond interaction),

¡
¢
1
De = knb ∂x2
2

(B.4)

These preliminaries out of the way, the frequency of the OH bond in the dimer
is given (where νd|e is the frequency of the OH bond in the dimer including both
harmonic and anharmonic contributions),
1
(knb + k2e )
mH
µ
¶
kb|a (∂x)
1
2
2
=
De + mH νb|h +
mH (∂x)2
mH

2
νd|e
=

If we further recognize that the mass in question is near to 1 (I am interested in
the movement of the hydrogen atom) νd|e can be written,
s
νd|e =

2
2
De + νb|h
+ kb|a (∂x)
(∂x2 )

(B.5)

In this expression the second and third term on the right hand side can be calculated from the monomer, while De and νd|e are calculated from the dimer. I
employ equation B.5 in the text by asking how changes in the value of De might
be expected to change νd|e .
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