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ABSTRACT

FUNDAMENTAL STUDIES AND ENGINEERING MODELING OF HYDROGEN
BONDING

By
Aseel Mohamed Ahmed Bala Ahmed

This project aims to enhance the engineering modeling of hydrogen bonding, or association, by
blending ab initio quantum calculations, fundamental molecular level findings from experimental
techniques, and thermodynamic models. Because of the ubiquity of hydrogen bonding,
applications for an improved association model are extensive, ranging from drug design to plastics
manufacturing. Therefore, a substantial amount of work has been aimed at improving traditional
thermodynamic tools, which often fail to capture the behavior of associating systems accurately.
To guide models, spectroscopic techniques have been leveraged to gain insight into the interactions
between molecules in the liquid phase, but interpretation is difficult. Moreover, with the
advancement of computational chemistry technology, molecular dynamics (MD) and quantum
mechanical (QM) calculations have also been utilized to understand the characteristics of hydrogen
bonded clusters. However, few studies have combined all 3 techniques (the thermodynamic model,
spectroscopy and ab initio calculations) in a rigorous way. To this end, an activity coefficient
model for association is developed using Wertheim’s perturbation theory and its capabilities and
limitations are explored with parameters from literature. Furthermore, a sequential MD and QM
protocol is designed which facilitates the interpretation of the hydroxyl vibration in infrared
spectroscopy and a method is developed to quantify the entire band. Finally, the methods are used

to calculate the value of the association constant for an alcohol + alkane system.
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KEY TO SYMBOLS AND ABBREVIATIONS

interaction parameter for molecules in a mixture, calculated with mixing rules

interaction parameter for i number of molecules of a single component in Chapter
3; activity of species i otherwise

interaction parameter for interactions between molecules of components i and j
CPA parameter for attractive term

fitted spectroscopic parameter

fitted residual term parameter

molar Helmholtz energy (extensive if accompanied by underbar); absorbance in
Chapters 6, 7

absorbance of species i

scaled absorbance

fitted residual term parameter

association with variable equilibrium constant

size parameter of mixture, calculated with mixing rules

size parameter for i number of molecules of a single component
fitted spectroscopic parameter

fitted residual term parameter

free contribution to the second virial coefficient

Intermediate CPA parameter for attractive term

fitted spectroscopic parameter

concentration of component i (apparent unless accompanied by subscript T)

apparent dimensionless concentration of component i
XV



Cr.m, dimensionless true monomer concentrations of component i in a mixture

C}?Mi dimensionless true monomer concentrations of component i in a pure solution of
component i

CLAM continuous linear association model

CPA cubic-plus-association model

d fitted spectroscopic parameter

DFT density functional theory

EOS equation of state

ECR Elliott’s combining rule

ESD Elliott-Suresh-Donohue model

f constant in Eq. (3.14)

fi fugacity of component i

f fitted spectroscopic parameter

g function defined by Eq. (3.18) in Chapter 3; radial distribution function otherwise

g fitted spectroscopic parameter

G molar Gibbs energy (extensive if accompanied by underbar)

h function defined by Eg. (C.1)

h fitted spectroscopic parameter

H molar enthalpy (extensive if accompanied by underbar)

IR infrared spectroscopy

k Boltzmann’s constant

ks reaction rate constant for forward reaction

k. reaction rate constant for reverse reaction

XVi



KLL

KVL

LLE
LACT

LCST

MD

MW,

nBi,free

nBi,total
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Chapter 1. Introduction to Thermodynamic Modeling of Associating Systems

Thermodynamic models play an essential role in the chemical industry. These tools provide
valuable information on the qualitative and quantitative responses of a system to variations in
temperature, pressure and composition. As such, they are necessary in the design of process
equipment, allowing engineers to extrapolate the system’s behavior to conditions that have not or
cannot be investigated with bench-scale experiments. Of particular importance is the use of
thermodynamic models for the design and operation of separation units, such as distillation
columns, which can constitute as much as 70% of a plant’s costs. Due to this high expense, the
optimization of each component of a separation process, including the accuracy and robustness of
the thermodynamic models, is an active area of research.

In today’s chemical industry, process streams contain more polar components than ever before.
Dow Chemical and Fluor manufacture large quantities of alcohols, ketones and esters. Honeywell
UORP is interested in biorefining pyrolysis oils to fuels, a process that includes three-phase mixtures
that are difficult to model. In cases like these where one or more components in a system can
hydrogen bond, the relatively strong associations within and between molecules complicate
thermodynamic modeling. Indeed, traditional models do not specifically account for hydrogen
bonding between molecules, but instead lump effects into dispersion terms of the equations. For
example, the non-random two liquid (NRTL) [3] model is commonly used in industry due to its
relative simplicity and flexibility. This model represents molecular asymmetry with up to three
parameters per binary, two for pair interactions at infinite dilution and one to adjust model to
deviations from ideality at intermediate compositions. However, because the binary parameters
are intended to represent relatively nondirectional dispersion interactions the model can fail to

accurately represent components that hydrogen bond. This means that, when extrapolated to new



sets of conditions, NRTL can perform poorly and can therefore not be used with confidence. This
is illustrated in Figure 1.1 for the vapor-liquid (VLE) and liquid-liquid equilibria (LLE) of
methanol in cyclohexane. When the VLE envelope is fitted (solid lines), the same parameters yield
a poor prediction of the LLE, incorrectly indicating a three-phase vapor-liquid-liquid (VLLE)
condition which would occur where the LLE binodal lines extrapolate to the VLE. Conversely,

when the LLE is fitted (dashed lines), the model falsely predicts a higher temperature azeotrope

and improperly shifts the VLE.
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Figure 1.1: NRTL representation of VLE and LLE of methanol (1) — cyclohexane (2).Solid

lines are fitted to the VLE envelope (t,, = 661.8/T, 75, = 753.425/T, and a,, = 0.422) and

dashed lines are fitted to the LLE envelope (t,, = 0.7523 — 5.772/T, 15, = 147.8 + 2204/T,
and a, = 0.2). Markers are experimental VLE [4] and LLE [5] phase equilibria data.

To make models more flexible and robust, it has been demonstrated [6,7] that hydrogen bonding

is best calculated explicitly as a separate term.



1.1. Background

Hydrogen bonding is a type of dipole-dipole interaction that occurs between a hydrogen atom
bonded to a 'proton donor' and a neighboring strongly electronegative 'proton acceptor'. While
weak compared to a covalent bond, this interaction is responsible for the higher melting and boiling
points of water and alcohols relative to hydrocarbons with similar molecular weights.

In thermodynamics literature, the terms ‘““association”, “cross-association”, and “solvation” are
used to describe the phenomenon of hydrogen bonding. Association, or “self-association”, refers
to hydrogen bonding between two molecules of the same component, such as between two
methanol molecules or between two water molecules. Cross-association describes hydrogen
bonding between molecules of two different components which are also able to self-associate, such
as an interaction between a water molecule and a methanol molecule. The term solvation is used
in cases where one or both components involved in a hydrogen bond do not self-associate.
Examples of solvating systems are water + ethers or chloroform + ethers. Though these definitions
describe distinct behavior, the terms are often used loosely in literature. Frequently, the term
“association” 1s used for convenience when referring to all three types of hydrogen bonding
collectively and we adopt this convention in the present document.

To provide context for current state of the art in association modeling, we describe two categories
under which most thermodynamic models fall: equations of state (EOS) and activity coefficient
(y) models. Thermodynamic modeling is based on quantifying departures or difference from
idealized mixture states. The primary difference between the two classes is the choice of idealized
state. Ideality, as it refers to ideal gases or solutions, is a simplified hypothetical state which is

used as a conceptual reference point in thermodynamic model design. From this starting point,



contributions are incorporated to calculate the differences between ideal and real solution
dynamics. In many cases, the major contribution to non-ideality is due to hydrogen bonding.
1.1.1. Equations of state (EOS)

Equations of state (EOSs) use departures from ideal gases to model mixture behavior. An ideal gas
is a collection of point particles which do not interact with one another by collision, repulsion or

attraction. The fugacity of each component of a gas mixture, £;, is given by [8]

A

fi = yip:P 11
where y; is the vapor phase mole fraction of component i, P is the total pressure. The component
fugacity coefficient, ¢;, quantifies the departure from an ideal gas mixture, and is unity for an ideal
gas. Equations of state (EOS), such as the van der Waals and Peng-Robinson equations of state,
calculate deviations from this idealized state by adding the effects of repulsive and attractive forces
and association in solution. As such, the fugacity coefficient is separated as

att + ln @iassoc _ an 1.2

In®; =In@;"? +1n@;
where Z = PV /(RT) is the compressibility factor and can also be separated into the same
contributions.

In@; =n@;"°" +1n ;""" +1n ;"> — In(1 + Z7° + 7% 4 79s50¢) 13
Classical EOSs omit the association term entirely. However, newer models such as the Statistical
Associating Fluid Theory (SAFT) [9], Elliott-Suresh-Donohue (ESD) [10] and Cubic-Plus-
Association (CPA) [11] were developed to include hydrogen bonding explicitly. While the
theoretical basis of these models is solid, and they are popular in academics, there are three barriers
that impede their wide adoption in the chemical industry.

The first barrier that limits wide spread use is that the parameters for these models are determined

by fitting to a large quantity of pure component vapor pressure and density experimental data,



which are frequently unavailable to industry over a suitable span. When new compounds are
developed, data is expensive to obtain over wide ranges, and limited data results in significant
uncertainty in parameter fitting.

The second barrier to wider adoption is that dispersion forces and the association forces are both
‘attractive’, so proper attribution is difficult to discern when fitting parameters. This challenge is
demonstrated for ethanol in Figure 1.2 using calculations of the pure component vapor pressure as

a function of temperature.

8
= 61
[
o
= 4
a o
\é 5 | Q’%‘!.~
(@]
o !\
- 0 T &.41
'2 T T T T T
0.0018 0.0024 0.003 0.0036 0.0042 0.0048 0.0054
UT (K1)
6
~ -
55 -
g
S 57
a
§4'5 | e Exp Data
= 4 e Prms from Kontogeorgis 2006
— = Prms from Kontogeorgis 2010
35 T T T T 1
0.0024 0.0026 0.0028 0.003 0.0032 0.0034

UT (K

Figure 1.2: Vapor pressure as a function of temperature for ethanol calculated using two
sets of CPA parameters. Blue markers are experimental data, black dotted line are calculated
with parameters from Kontogeorgis (2006) [1] (referred to in Chapter 5 as PM1) and dashed
lines are calculated with parameters from Kontogeorgis (2010) [2] (referred to in Chapter 5 as
PM2). The bottom plot is a zoom-in of the top plot.



The two black lines are both calculated using the CPA EOS and the only difference is the fitting
method used to obtain the pure component parameters. For the dotted line, the parameters were
fitted to pure vapor pressure and density (PM1) [1] and, for the dashed line, parameters were fitted
to vapor pressure, density, and spectroscopic data (PM2) [2]. The numerical values of the
parameters in PM2 are up to 37% different than those in PM1.

In both fits presented in Figure 1.2, the CPA parameters were fitted to data over a wide temperature
range. Despite this, the PM1 parameters clearly fit the vapor pressure much better than PM2
parameters. Indeed, the PM2 fit underestimates the vapor pressure of ethanol by 22 kPa at
T=338.17 K when the constraint is added to also represent spectroscopic data. The challenge in
fitting indicates that several reasonable solutions exist for the fitting problem and that it is under-
specified, and still may not represent all properties accurately. Even when fitted to a large amount
of data, the parameters are sometimes not known with confidence. Making small adjustments to
one parameter requires refitting of all parameters.

The third obstacle for more wide-spread adoption of EOSs is that the ability to represent mixtures
is sensitive to accuracy of fitting the pure component property data. For example, if the parameters
fit vapor pressure poorly at purity such as ethanol with the PM2 parameter set, the resulting mixture
phase diagram will be skewed and fail to match experiment, even if the mixture deviations from
mixture ideality are correct. This difficulty is further discussed in Chapter 5.

1.1.2. Activity coefficient models

In contrast to EOSs, activity coefficient (y) models, such as NRTL and UNIversal QUAsIChemical
(UNIQUAC) [12], calculate deviations from an ideal solution state and are commonly used for
liquid states. For this approach, component fugacities of each component i in solution are

calculated relative a standard state liquid fugacity, f;°, often set to be that of a pure component.



fi = xyif° 1.4
where x; is the mole fraction of component i. The ideal solution model requires that the activity
coefficient, y;, is unity. More specifically, the ideal solution model requires several important
constraints, including:

1. No excess volume, V =Y, x;V; where V and V; are the mixture molar volume and the
component molar volume respectively, and no excess entropy, S =,;x;S;—
R Y x;Inx; where S and S; are the mixture molar entropy and the component molar entropy
respectively. These constraints are approached when molecules in a mixture have similar sizes
and shapes.

2. No excess energy or UE = 0. This constraint requires that the energy of all intermolecular
interactions, including hydrogen bonding, are the same regardless of the molecule types
involved across the composition range. This constraint is approached when mixing methanol
and ethanol for example.

Deviations from these ideality constraints are corrected in activity coefficient models by

combinatorial, residual and association y contribution respectively. Models are typically

developed for the logarithms of the contributions, which are added according to [8]:

Iny; = Inyfo™ +1Iny/® + Inyfssoc 1.5

Compared to EOSs, activity coefficient models are not limited by the first and third challenges

outlined in Section 1.1.1. First, y models can be used with limited pure component data because

vapor pressure and density data are required only for the limited range where the models must be
applied. Secondly, pure component fugacities and vapor pressures can be represented by
correlations separate from the mixture model, decoupling the fitting of the pure component and

mixture properties.



Despite these advantages, activity coefficient models that capture effects of hydrogen bonding
have not gained wide acceptance. Until the mid-1990s, models primarily used a chemical theory
approach where the association is represented by chemical species [13-16]. Chemical theory is
difficult to generalize, which creates a barrier for wide-spread use. Fu and Sandler [6]
demonstrated that the more general technique of Wertheim’s theory could be used, but did not
develop expressions that are readily applied in a generalized way. Development of activity models
has languished while most development effort has focused on equations of state.

1.1.3. Association modeling

Association is most commonly modeled in thermodynamics with chemical theory or Wertheim’s
perturbation theory, which is the method used in CPA and the SAFT families of equations. While
the chemical and Wertheim’s theories are different, there are several parallels between them. One
such similarity is that both methods have two key quantities: an association constant and another
variable that is related directly to the fraction of “monomers” or molecules that remain non-bonded
at equilibrium. A common challenge between EOS and activity coefficient models is discerning
the value for these variables. In fact, published association constants can vary up to a factor of four
to five depending on the source. A fundamentally satisfying method to obtain accurate association
constants is to quantify the real monomer fraction in solution and fit the association parameters to
the monomer fraction.

Some efforts have been made to determine monomer fractions from molecular dynamics
simulations using atomistic force fields. While more rigorous than fitting to macroscopic density
and vapor pressure data, the monomer fractions and hydrogen bonding depend significantly on the
force field employed. Kwac and Geva [17] show that the relative population of monomers can

vary by up to 13% between various force fields. A better approach is to probe the microscopic



nature of the interactions with spectroscopic tools such as infrared (IR) or nuclear magnetic
resonance (NMR) spectroscopy. The advantage of these techniques lies in the measurement of the
experimental response due to the types and relative quantities of microscopic species existing in
solution. However, attainment of high-quality information from these techniques remains
challenging. For example, this work will show that the IR extinction coefficient varies by
approximately 20 times for different types of hydroxyl groups in solution. Due to overlapping
peaks, individual species have not previously been determined experimentally with confidence.
NMR provides a time-averaged measure of hydrogen bonding and, in cases with multiple
equilibrating species, the measurements provide only broad insight into the specific distribution of
hydrogen bonded species in solution.

1.2. Research objectives

The project developed in this dissertation integrates multiple tools to improve the thermodynamic
modeling of associating systems: a new activity coefficient model, spectroscopy and MD + QM
simulations. The complimentary relationship between these facets provides new quantitative
insights that overcome the limitations and exceed the capabilities of the individual tools acting
alone. First, a flexible thermodynamic activity coefficient model is developed that incorporates
Wertheim’s association term. Next, the key model quantity, the monomer fraction, is extracted
from IR and NMR spectra. Finally, to overcome the challenges associated with spectral analysis,
MD + QM simulations are used to estimate the extinction coefficients of various species and
predict their distribution in solution. Ultimately, the objective of this work is to advance knowledge
of hydrogen bonding by quantifying its effects at a molecular level to lend physical significance

to engineering models for industry.



1.3. Dissertation outline

This remainder of this document is organized as follows: Chapter 2 describes the relation between
the concentration-based equilibrium constant, K- and the activity-based equilibrium constant, K,,.
Equilibrium reactions and chemical theory are often described by K. which is assumed to be
independent of composition in the liquid phase. However, from the thermodynamic perspective, it
is actually K, that remains constant with composition as it is directly related to the Gibbs energy.
The chapter explores the relationship between the two types of equilibrium constants, and their
use in reaction engineering. In Chapters 3 and 4, the two most prevalent association theories in
thermodynamics, chemical theory and Wertheim’s perturbation theory, are shown to be
numerically and analytically identical under reasonable approximations. We demonstrate a direct
relationship between the concentration-based equilibrium constant K. used in chemical theory,
and the Wertheim association constant A4®j by relating them both to the activity-based
equilibrium constant, K,. Moreover, an activity coefficient association contribution (y%$5°¢)
model, named the Wertheim Association Gamma (WAG), is developed to provide generalized
method to integrate association into thermodynamic y models.

Chapter 3 considers associating species in an inert solvent. In Chapter 4, the analysis is extended
to systems that solvate in addition to forming chains. Existing literature in this area has rarely
detailed the species in chemical theory. Therefore, objectives of Chapters 3 and 4 are to elucidate
how various species must be counted in chemical theory and to demonstrate the relationship with
Wertheim theory.

The WAG model developed in Chapter 3 is used in Chapter 5 to model the behavior of methanol
and ethanol-containing binary and ternary systems of industrial significance. The purpose of this

work is to demonstrate the capabilities and limitations of the functional form of the y¢55°¢ when
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combined with traditional physical models such as NRTL [3], Wilson [18], and Scatchard-
Hildebrand [19,20] and compare with the SAFT and CPA models. To this end, the values of the
association constants (A%:P/) are set to values determined from published CPA parameters.

In Chapters 6 and 7, fundamental studies are leveraged to obtain more physically significant values
of A4iPj. First, a successive molecular dynamics and quantum mechanics (MD + QM) approach
to investigating molecular association is outlined. Molecules are classified according to their
participation in hydrogen bonding, and their response to excitation by infrared is studied. A
universal map is created that relates the hydroxyl IR band characteristics and the bond length of
the hydroxyl in alcohol monomers and clusters. Then, the QM maps are used to analyze
experimental IR spectra to calculate A4:PJ for butanol + cyclohexane. In the final Chapter 8, the
main conclusions of the project are summarized and recommendations for future work are

outlined.

11



Chapter 2. Relation of Concentration-based Equilibrium Constants to
Activity-based Equilibrium Constants in the Liquid Phase

Concentration-based equilibrium constants are used widely in modeling chemical kinetics for
elementary reactions in both the gas phase and liquid phase. However, activity-based equilibrium
constants are the rigorous values based on thermodynamic minimization of the Gibbs energy. The
relation between the concentration-based constants and the activity-based constants is well-
documented in textbooks for the ideal gas phase. This research note shows the relation between
the equilibrium constants in the liquid phase and discusses conditions under which the
concentration-based equilibrium constant is independent of composition.

2.1. Introduction

Characterization of chemical equilibria is necessary for chemical reactor design, and of interest for
understanding limitations of chemical conversion. A requirement for chemical equilibrium is that
the Gibbs free energy of the reaction is minimized, and the standard state Gibbs energy change is
related to the activity-based equilibrium constant, K, [8]. As such, from a fundamental
thermodynamic perspective, K, is independent of composition for a given reaction. However, in
practice, this compositional independence is commonly assumed for the concentration-based
equilibrium constant, K., for reactions in both the gaseous and liquid phases. The use of
concentrations in the liquid phase is often explained using the empirical law of mass action rather
than on a basis of thermodynamic principles [21-23]. In this work, we show why this approach is
valid for ideal gases and explore the conditions under which the approximation is reasonable for

liquids.
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2.2. Gibbs energy and the activity-based equilibrium constant
For the purposes of this communication, we consider the reaction components E and F combining
into a product composed of eE and fF.

eE + fF = EF; 2.1
Commonly, reactions are generalized using stoichiometric coefficients, |v;| and stoichiometric
numbers, v; [21]. Thus, the stoichiometric coefficients for this reaction are e, f, and 1 respectively

for the three species, and the stoichiometric numbers are vy = —e, vp = —f , and vgp. = 1.

Fr
While there is only one product for this simple example, the results set forth here are not limited
to single-product reactions.

Thermodynamic analysis focuses on the activity-based equilibrium constant defined by

N
Ko =| @

i=1

2.2

where a; is the activity of species i and depends on the standard state. The activity-based
equilibrium constant is dimensionless, independent of composition and depends only on
temperature. The equilibrium constant value is calculated via

—RTInK, = AG® = Z VAGE; 2.3

i
where AG? is the standard Gibbs energy of reaction and AGy; is the standard state Gibbs energy
of formation of component i. The value of the equilibrium constant depends on the standard state
used for each component and the value will be different when ideal gas standards states are used
compared to when liquid standards states are used. Commonly, all the components use the same

standard state, though this is not required. In many cases, pure thermodynamic quantities are not
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known, and the value of the equilibrium constant is determined empirically from applying Eqg.
(2.2) or approximations. The activity in Eq. (2.2) is given by

a; = fi/fio 2.4
where f; is the component fugacity and f° is the standard state fugacity. A standard state is
specified at a particular composition, state of aggregation, and typically chosen to be at the
temperature of the reacting system and a specified standard state pressure, P°.
2.3. Gas phase activity-based equilibrium constant
When the reactants and products are in the gas phase, the fugacity is calculated using an equation
of state, f; = y;@;P, where y; is vapor mole fraction and ¢ is the component fugacity coefficient.
Using the common standard state of a pure ideal gas at a pressure of 1 bar, f;° = P° = 1 bar, and
for the reaction of Eq. (2.1), inserting activities from Eq. (2.4) into Eq. (2.2) gives

K = YEeFanEeFfP/PO 2.5
“ (YE@EP/PO)Q(YEgaFP/PO)f

where commonly P° is omitted from the expression and P is expressed in bar to assure that K,
remains dimensionless. When the gas phase is ideal, the fugacity simplifies by neglecting gas
phase nonidealities, ¢; = 1, and recognizing the molar concentration for species i, and denoting it
by square brackets, [i] = y;P/(RT):

K'Y = VEeFy _ |Ee ] K 2.6
a — ygeyp/ Petf=1 - [E]e[F]/ (RT)(e+f-1) - (RT)(e+/—D

The expression in Eq. (2.6) is only valid for ideal gases as noted with the superscript ig. The

concentration-based equilibrium constant found within the equation is defined as

N e [EeFf] 2.7
=] [ = ey
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This relation is shown widely in many texts and developed only for ideal gases and/or used without
proof for condensed phases [8,21-25]. Since K, is independent of composition, it is obvious from
Eq. (2.6) that K, is independent of concentration for ideal gas species. However, for liquid phases,
the ideal gas law does not apply and thus, [i] # y;P/(RT). Therefore, (RT)®*/~V is not the
correct conversion factor between the liquid phase K, and K. values and the general relation for
condensed phases is not obvious. The following section demonstrates the relation between K, and
K. in condensed phases and explains the conditions under which liquid-phase K. can be expected
to be independent of composition.

2.4. Liquid phase activity-based equilibrium constant

One method to explore the composition dependence of K, in the liquid phase is to use a standard
state of 1 M in Eqg. (2.3), and to use the concentration scale for activities in Eq. (2.4). However,
activity relations for nonelectrolytes on the concentration scale are uncommon. This work will use
the mole fraction scale to understand the relation between K, and K and the conditions where K
may be expected to be independent of composition in the liquid phase.

The use of K, also arises from reaction kinetics. Chemical kinetics are routinely modeled using
concentrations to represent the driving force [21-23] for the reaction rate. For the reaction in Eq.
(2.1), the commonly-used concentration-based rate expression for an elementary reversible
reaction in a batch reactor is

1d[E] _ 1d[F] _d[E.Ff] . 2.8
Tedr T far T a = k[E1[F) — k,[E.F;]

where k¢ and k,. are the forward and reverse rate constants, d[E]/dt and d[F]/dt are the rates of
change of E and F concentrations, respectively. The term d[EeFf] /dt is the rate of change for

concentration of E, Fy. Rate laws represent the non-equilibrium reaction phenomena, and a lengthy
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review regarding the use of the law of mass action is available [26]. For the purposes of this note,
we accept the form of Eq. (2.8) as sufficient for engineering application for ideal gases. If valid,
since the forward and reverse rates are equal at equilibrium, then

K :k_f: [E.F] 2.9
"k [EI[FV

In the liquid phase, using a liquid standard state, the activity is a; = x;y;f;/f;° where f; and f;° are

V(P—Psat) V(Po_Psat)

exp (T) and f° = ;¥ P exp (T) at P

evaluated according to f; = @f% P

and P° respectively. Ignoring the minor effect of pressure on liquid fugacity, the equilibrium

constant for the example reaction of Eq. (2.1) results in [8]

N 2.10
XE,F¢YE,F
Ki = | |(xiyi)vi et
i=1

- (xpvE)e(xpyr)”
To introduce concentrations for condensed phases, molar densities are typically used according to
x; = [i]/p 2.11

where p is the mixture molar density. Thus, the relation between K, and K is

Kt = Kpet/-Vk, 2.12
where
_ VEeFy 2.13
L =
vEVe

Because K|, is independent of composition, and molar density and activity coefficients change with
composition, then K. may be expected to display composition dependence via Eq. (2.12), which
is in conflict with the frequent empirical use of K- for modeling of reactions that approach reaction
equilibrium. Certainly, activity-based kinetics can model the composition dependence [27,28], but
improved clarity of the relation between the K. and K, would benefit the kinetics and

thermodynamics communities.
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Within chemical engineering, activity coefficients are commonly modeled by [12,29]

Iny; = Inyf°"™ + Iny/®s 2.14

L

where comb indicates the combinatorial entropy contribution, often given by Flory’s equation [30]
or some variant, and res indicates the energetic and other residual effects that are commonly
modeled with adjustable parameters [12,29]. Note that Eqg. (2.14) combined with Eq. (2.10)

becomes

comb,,res comb
X X 2.15
Ké EenyEeFf YEeFf EenyEeFf KTes — KgombK]res

= (xE]/gomehres)e(XFyzgome;es)f N (XE]/Ecomb)e(xpymeb)f Y

where the superscript L indicates liquid phase and K£°™ is represented by the Flory equation,

denoted explicitly in the superscript:

comb res
Flory __ erFf)/EeFf res _ VEepf 2.16

; K% =
’ 14
“ (xEybgomb)e(xFngomb)f (VEGS)e(y;es)f

Appendix A demonstrates that use of Flory’s equation for configurational entropy under two
conditions. First, Flory’s equation assumes that the packing factor, which is the fraction of the total
volume that is occupied by molecules and a measure of how “packed” molecules are in a given
system, is universal. Second, the molar volumes are assumed to be additive on reaction, meaning
that Vg g s =eVe+ fVr which is satisfied if mass density of reaction products and reactants are all
the same as shown in Appendix B. The calculation results in
K™ = K Kyexp(e + f — 1) 2.17

where K, = VEeFf/(ngpf) with V; representing the molar volume of species i. Note Ky exp(e +

f — 1) is independent of concentration. Thus, we conclude that Flory’s equation justifies density

appearing in Eq. (2.12) and that
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Ki = KcKyK)®exp(e + f — 1) 2.18
Because K% is independent of composition, dependence of K. on composition is coupled to
composition dependence of K;*°. We expect K to be independent of composition when K ® is
constant, defined by Flory as an athermal solution (K, *° = 1), and approximately independent of

composition when residual contributions are small. Components often have large differences in
molar volumes (thus molar densities) creating a composition dependence of molar volume (thus
molar density). However, mass densities, p*, are frequently found experimentally to be in the range
of 0.8 kg/L < p* < 1 kg/L. In cases where the reactants and products of a reaction have the same

mass densities, the molar volumes are additive (Vg,r, = eVg + fV¢) as shown in Appendix B.
Then, under the assumption of Flory’s equation with a constant K,**, K. will be constant. Note
that the Flory configurational contribution to K, cancels the molar density appearing in Eq. (2.12).

Also, this analysis indicates that when residual activity coefficients are used with K, the activity
coefficient models should not include the combinatorial contribution to avoid double-counting the

combinatorial effect.
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Appendix A: Development of the activity-based equilibrium constant for athermal solutions
Here we develop the expression for K, for an athermal solution using Flory’s equation [30] for the
activity coefficients. Considering Flory’s theory for the combinatorial activity coefficient, we write
the following expression:
d; OF d;
lnxl-yf"mb=lnxi+ln<—l)+1——l=ln¢i+1——l Al

l xl xl

where ®; is the volume fraction for component i defined as: ®; = x;V;/ X x;V;. Therefore, the

equilibrium constant ratio for products and reactants is

Xg,r,VEoky Pp, Prr, edp fd
1n< il ALV E— =ln< e”ff>—1+e+f— ey $0 IO g
(xEygomb) (xFyPgomb) CDE b

F
If the molar volumes are assumed to be additive on product formation and Ve, = €Ve + fV¢, and

recognizing the molar density p = 1/ ¥,; x;V;, the equilibrium constant ratio can be written as:

b

XEg,F o VEF,

1nK§“’”=1n< i il
(xEngomb)e(xFVmeb)f

<erFf VEeFf 1
n
xg xf VEV] peY

A3

)—1+e+f

E F] Ve, F
anFlOTy=1n< [Ec ! ° T exp(e + —1> A4

Kg' ™ = KcKy exp(e + f — 1) A5
where we define for convenience a composition-independent term

VEeFf

A.6
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Appendix B: Effect of mass density on volume of mixing

Here we show that if mass density is constant upon mixing or reaction that excess volume is zero.
If mass density of the mixture and components are all equal:

MWy MWy MW,

B.1
v Ve Ve

where MW; and V; is the molecular weight and molar volume of component i respectively.
Using the definition of average molecular weight MW,,;;,, = xg MWy + xp MW}, and selecting E
as a basis for the right-hand side:

XMWy + xg MW _ MWy

B.2
v Vi
Rearrange for V
MWy + xg MWE)V,
(xg E TXF Ve —v B.3
MWg
Similarly, if the mass densities are equal, from Eq. (B.1):
_ LW, B.4
T MW, '
Substituting Eqg. (B.4) in Eq. (B.3), shows that the excess volume is zero
MWV
XEVE + XF( MWE ) = xEVE + xFVF = Vmix 85

Because most liquids have very similar mass densities, the excess volume can often be neglected

in all but the most precise work.
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Chapter 3. Relation of Wertheim Association Constants to Concentration-
based Equilibrium Constants for Mixtures with Chain-forming Components

Several association modeling approaches have been developed to accurately describe the
properties of polar solutions. Chemical theory and Wertheim’s perturbation theory are among the
most popular of these and they have been shown to yield similar functional forms for the
contributions of association to Helmholtz energy and activity coefficients. In this paper, we study
Flory polymerization theory through the work of Campbell and elucidate its correlation to
Wertheim’s theory. A simple key relationship between the concentration-based equilibrium
constant and Wertheim’s association constant is developed for systems in which all associating
components have one acceptor and one donor site. Algebraic and numerical proofs are given for
the equivalence of Flory’s polymerization theory and Wertheim’s perturbation theory for pure
fluids and mixtures. Additionally, a new generalized activity expression is developed for
Wertheim’s theory.

3.1. Introduction

3.1.1. Motivation

As global demand for renewable chemicals and fuels increases, new pathways for their
manufacture are being proposed. These projects include upgrading of natural oils, and
fermentation of pyrolysis products to chemicals and fuels. The ubiquitous presence of polar
components in biobased process streams complicates the design of industrial separation units.
Traditional thermodynamic models, such as non-random two liquid (NRTL) and UNIversal
QUAsIChemical (UNIQUAC), are incapable of accurately representing LLE and VLLE in these
systems without utilizing more parameters than can be determined with confidence of physical

relevance [31].
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The limitations of traditional models for polar systems are largely due to their crude representation
of important molecular interactions; specifically, hydrogen bonding. Polar molecules that
hydrogen bond (or associate) with each other form clusters of chains and/or rings which cause
large deviations from ideal behavior. These interactions are responsible for higher boiling points
and enthalpies of vaporization of hydrogen bonding compounds compared to molecules of
comparable size and polarity that lack the ability to hydrogen bond. The extent and nature of
association varies under different conditions including solution composition, temperature and
pressure. Therefore, it is necessary for thermodynamic models to incorporate hydrogen bonding
explicitly rather than lumping the contributions with nonpolar (van der Waals) and simple dipole-
dipole interactions.

3.1.2. Historical perspective

Association models can be classified into three categories: chemical theories, lattice models and
perturbation theories. Apelblat [32,33] presents a historical summary of the advancements made
in association modeling from 1884 to 1984. Among the most noteworthy contributions is
Dolezalek’s [34] theory representing hydrogen bonding as an equilibrium reaction governed by an
equilibrium constant. The original theory, often called ‘ideal’ chemical theory, considers the true
species formed through hydrogen bonding (e.g. dimers, trimers etc.) to otherwise behave ideally.
In other words, physical interactions between the complexes in solution are ignored. This
simplification is difficult to justify and has proved inadequate for many systems especially in
modeling liquid-liquid immiscibility. The Dolezalek approach was therefore enhanced by
combining the chemical theory contribution with a conventional model, such as NRTL [35] or

UNIQUAC [36], to capture the physical interactions.
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With chemical theory, several decisions must be made a priori regarding the species that exist in
solution and the equilibrium constants for various hydrogen bonds. The continuous association
model, also known as the Mecke-Kempter model, makes the simplification that the value of the
equilibrium constant does not depend on the chain or ring size formed. While there has been some
discussion on the contradiction of this assumption with spectroscopic evidence [37], it is often
adopted as a first-order representation of the complexation in solution.

Lattice models represent the system as a lattice of empty and occupied sites and investigate the
extent of association by quantifying interactions between adjacent occupied sites. Perhaps the most
prominent lattice model is the one presented by Guggenheim [38] which accounts for non-
randomness in the solution. Hydrogen bonding has since been integrated into several lattice models
[39-42].

Perturbation theories add the association to a non-associating reference fluid. Gubbins [43]
recently presented a review of work done in this area. Several perturbation theories [44—46] have
been developed but the simplest and most popular is Wertheim’s theory [47—50], which is the basis
of a number of equation of state (EOS) models including Elliott-Suresh-Donohue (ESD) [10,51],
cubic plus association (CPA) [11,52] and the statistical associating fluid theory (SAFT) family of
equations [9,53-57].

Numerous independent researchers [58-60] have compared association models. Economou and
Donohue [58] found that for many systems, both chemical theory (using activity-based K,) and
Wertheim’s theory yield essentially the same functional form for the association contribution,
despite differences in their origins and derivations. Wolbach and Sandler derived relations between
K, and Wertheim’s association constant for ideal gases and used quantum calculations to estimate

values of the Wertheim association constant for molecules with multiple sites [59,61]. Chapman
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et al. [9] noticed the similarity in polymer distributions using Wertheim’s theory in the SAFT
model compared to Flory’s polymerization theory (using concentration-based K;). Campbell
rearranged the Flory polymerization theory and was able to find a similar algebraic form but the
terms were not identical [16]. Thus, the analytical equivalence of the Wertheim theory and Flory’s
polymerization theory has not yet been proven. In this work, we compare the two approaches for
systems of chain-forming species in which the associating components each have an acceptor site
and a donor site to contribute to association. Examples of these systems include pure alcohols,
alcohol + inerts and alcohol mixture solutions. We also provide algebraic and numerical proofs of
the equivalence of Flory’s theory and Wertheim’s theory when the packing factor is universal, and
the excess volume is zero.
3.2. Theory and analysis
A nonideal system’s behavior is described using either deviations from ideal gas mixtures using
fugacity coefficients, or deviations from ideal solutions using activity coefficients as discussed by
Prausnitz and Tavares [62]. Fugacity coefficients are readily calculated with an equation of state
through the compressibility factor, Z. It is common practice to separate contributions to Z relative
to the ideal gas value, Z%9, according to the nature of the nonideality causing the deviations.

7 — 719 =7 _ 1= 7rep 4 zatt | yassoc 3.1
Here Z"¢P and Z ' represent effects of the repulsive and attractive forces and Z55°¢ accounts for
hydrogen bonding between molecules. Contributions to the Helmholtz energy departure at fixed T
and V are correspondingly

— Al — tt
(A Alg)T,V = ATeP 4 patt 4 passoc 3.2
In a model such as the SAFT EOS, a bond term is added to both Z — Z'9 and(A — A%)_ . An
alternative approach is to consider the excess Gibbs energy (GF), related directly to the activity
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coefficient, y, of each component and separate perturbations according to their sources. Deviations
caused by differences in the size and shapes of molecules are accounted for by an entropic
combinatorial contribution which ignores all attractive interactions and is the only term remaining
at infinitely high temperatures. The association contribution represents non-idealities due to
hydrogen bonding and the residual term accounts for other interactions that are not as well-
understood and typically includes adjustable parameters. The contributions combine in a
multiplicative form. However, it is conventional to calculate the logarithms of the activity
coefficients and present the relationship as

Iny = Iny®™ + Iny®sso¢ 4 Inyres 3.3
The focus of this work is the y#55°¢ term. We begin by introducing the nomenclature used to
describe the apparent and true concentrations in associating solutions. Here, the term ‘apparent’ is
used to denote ‘stoichiometric’ or ‘superficial’ concentrations of species in a mixture which is the
overall amount added in composing the mixture divided by the mixture volume. The speciation
that occurs in solution results in ‘true’ species, which are model-dependent. For example, in a pure
alcohol, the apparent mole fraction of alcohol is unity, but the solution can also be described in
terms of concentrations of true monomers, dimers, trimers and so on. Notations vary in literature,
and the distinction between apparent and true molarity is not always clear. In this work, a subscript
T is used to denote the true quantities. Every solution will contain some ‘free’ or ‘unassociated’
molecular species which is described as monomer and denoted with the subscript M, which is
understood to be a ‘true’ quantity.
3.2.1. Association term — Wertheim's theory
Wertheim’s perturbation theory calculates the probabilities of various site interactions that result

in the formation of complexes. Each molecule type in solution may have any number of acceptor

26



(A) and/or donor (D) sites and bonding between each pair is governed by an association constant,
A4iPj. Notation for the acceptor and donor sites subscripts differs in literature, thus comparisons
must be done carefully. In early literature, the i and j denote the host component. However, as
noted by Michelsen [63], the summations are greatly simplified by indexing the acceptor and donor
sites rather than the site hosts because site hosts can have more than one type of each site. We
write summations over sites in this work. The acceptor and donor terminology allows the model
to lend itself to any type of complexation, including covalent bonding. Depending on the number
and types of sites attributed to a molecule of a component, different association schemes can be
used as reviewed by Kontogeorgis and Folas [64]. Alcohols, for example, are commonly modeled
using the 2B association scheme which corresponds to having one acceptor and one donor site per
molecule (Figure 3.1). We follow this convention in the present work. A detailed explanation of
the theoretical development of Wertheim’s theory is given by Chapman [9] and Zmpitas and Gross

[65].

R R R Ilt "‘ R
o, .O 0L .
ATCH),  “SHT NHL NH, NH

Figure 3.1: 2B association scheme. Hydrogen bonded oligomers with two bonding sites per
molecule. The acceptor and donor sites are labeled on the leftmost molecule.

The Helmholtz energy departure at fixed temperature and volume due to association derived from

Wertheim’s theory is implemented in SAFT and CPA as

assoc

(4- Aig)T,V
RT

s XP1

all site
types B;

where B; is generic notation for an acceptor, donor, or bivalent (acceptor/donor) site, ng g, nost IS

the apparent number of moles of the component hosting site B;, and N, is the number of identical
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sites of type B on the host. The term X5i = nBufree ;pBitotal js the fraction of sites of type B that

remain non-bonded at equilibrium, calculated through the balance on the probability of binding:

-1

mating
sites E;

XBi=|1+ z Xg, hostNEjXEijBiEj) 35

where E; is generic notation for a site which mates with site B;, xg. 505 denotes the component
] j

apparent mole fraction of the site E; host and ABiEj js an association constant parameter between

site i of type B and site j of type E. In this work p is molar density and thus AZi£j has units of molar
volume.

With chain-forming components, when each hydrogen bond formed, one acceptor (A) and one
donor (D) site are consumed. Thus, in a pure fluid with the 2B association scheme, the fraction of
molecules non-bonded at each acceptor site is the same as those free at the donor sites. Therefore,

numbering acceptor and donor sites on the same host using the same subscripts,

X4i = xPi 3.6

For mixtures of associating species with the 2B model, Eq. (3.6) is contingent on A%iPj= APj4i,
which is true when certain cross-coefficients equations are used. The reader should recognize that
site indexes i and j match the host indexes for the 2B model indexing discussed here. The
combining rules we use to calculate cross-coefficients are consistent with Eq. (3.6) and are
discussed in Section 3.2.6.

To derive a formula for y;2°%°¢ using Wertheim’s theory, we consider the work of Michelsen and
Hendriks [66] in deriving a generalized function which reduces to Eq. (3.4) when maximized and
results in the association contribution to chemical potential. This approach is extended to calculate

the fugacity coefficient of each component in the mixture in Elliott and Lira [8] (Important
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corrections are made in the errata [67]). Calculating the activity coefficient from the fugacity
coefficient for a given component for the case of conventional mixing rules, van der Waals Z"¢P,

a universal packing factor, and no excess volume yields (Appendix C)

assoc X5 1 B;,0 3.7
lnyk = z NBi In W —E(l—X ")
sites B;

onk
1p .

+5— z xBi hOStNBi(l - XBL)
2pe 4

sites B;

where X5i is given by Eq. (1.4), and X5 represents the fraction of sites free when the host for the
site is pure. These constraints are identical to those used in Flory’s polymerization theory. This
activity coefficient equation is easier to apply than the equation of Fu and Sandler [6] because
derivatives of X5i are not needed. A more general expression is given in Appendix C, Eq. (C.14).
3.2.2. Flory’s concentration-based equilibrium constant

In chemical theory, the energetic effects associated with hydrogen bonding are embedded within
an equilibrium constant, K. This parameter could be based on the concentrations (K;), mole
fractions (K,) or activities (K,) of the products and reactants. Flory’s well-known work on
oligomer modeling used a concentration-based equilibrium constant and provided a discussion on
the inconsistency of K, with statistical mechanics [30]. Flory’s original form of K, and variations
of it have since been applied in several publications. Chemical kinetics are commonly described
in practice using concentrations, and for reversible reactions are consistent with K., which is
frequently assumed to be independent of composition. This simplification is explored in Chapter

2 where we prove the assumption to be valid only when K, is invariant with composition. For

pure alcohols or alcohol + inert systems, some of the variations of K for the formation of a chain

of size i+1 from a complex of size i and a monomer are shown in Table 3.1. Here, p,;. represents
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the pure alcohol molar density. The quantity ®; is the volume fraction. The variable p; = n;/V,
is the true molar density which is smaller than the apparent molar density p = ny/V, because
bonding reduces the number of moles, ny < nq. In EQ. (3.11), rac is a measure of the molecular
size of the associating species relative to some reference (4. = p" /paic), chosen by Campbell
to be the molar density of methanol at 303.15 K. The term z; denotes the true mole fraction of
component i.

Table 3.1: Concentration based equilibrium constants. Variations of the concentration-based
equilibrium constant used in literature. The subscript numeral on K differentiates between

models.
K. References Eqn
K. = Criv1 _ Ziva 1 Flory [30], Renon and 38
U7 CriCy ziZy Pr Prausnitz [68,69] (eqn. 2) '
& i 7. Flory [30], Nagata [70], Nath
K, = o ngl 1 .l+1 Pate _ Kc1Paic and Bender [71], Renon and 3.9
TitMl ZiZm Pr Prausnitz [68,69] (eqn. 1)
Drivq Ziy1 Parc i+ 1 1+1
K = - = =K, —_— A
[ I 1 . ref i
K, = T,i+1 .”'alc _ZimipP " _ Ko pref Brandani [73i764]a Campbell 311
O dyi+1l  zizy pr [16]

3.2.3. Relationship between K, K. and A

To understand the relationship between K, and K, we use equations for a pure component with
one acceptor and one donor. These are later extended to mixtures using combining rules in Section
3.2.6. We begin with the thermodynamic definition of the activity-based equilibrium constant:

N [o]
Ziy1 Qi1 P

K, = —
ZiZy PiPu P

3.12
where P° is the standard state pressure, typically 1 bar. Inserting Eq. (3.8) into Eq. (3.12) yields
— 3.13
®ipu P
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Economou and Donohue [58] discuss different conventions used for equilibrium constants. By
comparing the monomer fraction derived from various models, they conclude that A must be
proportional to K, at the same T. Wolbach and Sandler [59] explore the relationship further and

show that in the case where the vapor phase is an ideal gas

. RT
Alg — fKa_ 314
PO
where f is a constant that depends on the association scheme used to model the component in

solution. For liquid components modeled with 2B, Eq. (3.14) becomes

RT
A= egKaF 3.15

where g is a function that depends on the equation of state used to calculate the fugacity coefficient
ratio. The value of this function depends on the mixing rules used for the true solution of monomers
and oligomers. The most accepted and widely used combining rules for complexes, introduced by
Heidemann and Prausnitz [75], are

a; = i‘ay 3.16

b, = iby 3.17
where a,, and b,, are the interaction and size parameters for monomers respectively. Heidemann
and Prausnitz [75] show that when Egs. (3.16) and (3.17) and the Lorentz-Berthelot mixing rules

(b = Xjxjbj, a = X; ¥ xjxa;) are followed, then g is given by Eq. (3.18).

ngzrep 3.18
g= f dn
o 1N

Here, n is the packing factor. From this equation, an important observation can be made. While
K, depends only on temperature, Wertheim’s association constant A of Eq. (3.15) is also a function

of the density of the solution due to the g function. Kontogeorgis and Folas [64] summarized the
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assumptions taken in various models in literature and the resulting forms of g. When the van der
Waals repulsive term is used, Eq. (3.18) gives the radial distribution function at contact distance,
g(o). Moreover, applying the combining rules (Egs. (3.16) and (3.17)) to the van der Waals
equation for the component fugacity coefficients provides a useful relationship between the
fugacity coefficient and true compressibility factor, Z;, as shown in Appendix D. Calculating the
ratio of the fugacity coefficients for the reaction of a complex of size i and a monomer to form a

complex of size i+1 yields

In (“Dj(p’”) = g(0) —InZ, 3.19
i+1
or

— 3.20
nyeRT @j4q

Substituting Eqg. (3.20) into Eq. (3.15), then converting to apparent density and inserting Eq. (3.13):

4 @i@MK _ PK, PiPm Mo _ Kcipr o

= — == 3.21
Ponr Piq ¢ P°p @iy1 nr p nr

Recognizing that p/p = (nT/K)/(no/K) = ny/n, yields a remarkably simple A-K relationship
for pure fluids based on the K, definition of Eq. (3.8).

A= K¢ 3.22
This result is intuitive considering the conclusions arrived at by several investigators [58,60,66]
on the mathematical similarity of chemical and Wertheim’s theories. However, it is powerful in
that it allows one to use and compare both association models with ease.
3.2.4. Association term — Campbell’s chemical theory model
Pradhan et al. [76] developed a chemical theory model by integrating an equilibrium constant into

the Flory-Huggins (FH) theory. Campbell [16] extended the expression to systems containing any
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number of alcohols. In this section, we clarify the relationship between this set of equations and
other association models.

Following Flory [30], Campbell writes

Chu
Inychem = ln< 21‘; ) — (¥ —¥) 3.23

xi T,M;

where C’'r , and C’%Mi are the dimensionless true monomer concentrations of component i in a

mixture and at purity, respectively. All concentrations C’, are made dimensionless by dividing by
pef the liquid molar density of methanol at 303.15 K. ¥ is the total molar concentration of the

true complexes in solution which Campbell showed is given by

C!
‘P=Zlv-; ¥ =~ 3.24
i ' Y1+ XK i

where the summations are over apparent species and C; is the apparent dimensionless
concentration of component i. As shown in Appendix E, Campbell’s ¥; can be recognized as the
total molar concentration of species with a free end group i.

The Flory concentration-based K¢y, ji = Cr(jn+1y/(CrnyCrej1y) 1S the equilibrium constant for
the association between a chain of length n with a non-bonded acceptor i, forming a bond with
monomer j donor, resulting in a chain of length n + 1 with a non-bonded j acceptor end. Campbell
does not discuss acceptors or donors, but the nomenclature helps clarify how, when the alcohol
monomer donor bonds to an end of a chain, it can still participate through its free acceptor. Note
that the nomenclature for acceptors and donors could be flipped without changing the balances.
Campbell provides mathematical derivations for Egs. (3.23) and (3.24). The free end on a chain
could be an acceptor or a donor. Considering the end to be an acceptor, ¥; represents the

dimensionless molar concentration of non-bonded acceptors of type i. Because each alcohol
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molecule possesses one acceptor site, the dimensionless apparent molar concentration of all
acceptors on component i in solution is equal to C;. Therefore, the fraction of unbonded acceptors

is

._ Ai

or ¥; = ¢/ X%, Substituting the dimensionless concentration in terms of molar densities C; =
®;p;/p" = x;p/pT¢, we find that

W, = x;pX4i/pref 3.26

Therefore, Y ; K¢;;'W; can be written as }; ; xjpl(@,jiXDf/pTef. Simple manipulation will show that
the right expression of Eq. (3.24) is the same as Eq. (1.4).
3.2.5. Algebraic equivalence of chemical and Wertheim'’s theory

For a binary alcohol (1) + inert (2) system, Wertheim’s theory (Eq. (3.7)) gives

XA
Iny,%5°¢ = 21n <_AO> —(1-x49 + ﬁxl(l .
X4 P1
3.27
XA
= Zln <W> +XA'0 - (1 - CDI) _XACDl

)]
Inygssoc = £y (1 = x4y = 224 (1 x4 3.8

P2 X2

For the same system, we begin the analysis of Campbell’s model by calculating ¥ and ¥? by
combining Egs. (3.24) and (3.26):

xpX4  x
w=w1+w2=;f:—ef+l% 3.29

p1 X0 o_ P2

pref; 2 = Jrer 3.30

Yy =
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Next, we calculate the values of Cry, and C75,,. Campbell provides the relationship between the
concentration of monomers ending with group i and C; given as Cr y, = WZ/C!. Substituting into

this equation with the definition of C; and Eq. (3.28), we find for both components in the mixture

and at purity

r_ XP rpaNE . X2P
CT'M1 - pref X ) ’ CT,Mz _W 331
w0 _ P1oyanN? q0 _ P2
CT(')M1 - pref X ) ’ CT(,JMZ _pref 3.32
Therefore, by combining Egs. (3.29-3.32), Eq. (3.23) for the alcohol becomes
nyerem = 20 (2 ) 4 10 (22) = xaa, — 214 @, 4 x40 3.33
nyy —nm+nx—1— 1_x_1+ 1+ .
Adding and subtracting 1, and rearranging yields
" x4 @, o)
Iny{"¢™ = 21n YA0 +X40 — (1 - ®y) — X4, +ln<—) +1-—
1 1 3.34
— assoc Flory
= Iny; +Iny;
where Flory’s equation [30] for the combinatorial contribution to activity coefficients is
d; OF
Iny/"™ =In (—l) +1-— 3.35
Xi Xi

Similarly, rearranging Eg. (3.23) and substituting Egs. (3.29-3.32) for the inert solvent gives

X (0)) [0}

In yZChem = Lp(l - XA) +1n <_2) +1— 2 _ In y&55°¢ 4 In yZFlory 3.36
pZ XZ xz

In yichem =1n ¥, assoc 4 1p yiFlory 3.37

Thus, this provides analytical proof that Campbell’s chemical theory incorporates combinatorial
effects through Flory’s equation. Consequently, when Wertheim’s theory is compared to
Campbell’s model, the Flory term must be added separately. When calculating activity coefficients

using Campbell’s chemical theory, the combinatorial term is inherently included.
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3.2.6. Calculating association parameters

To clarify the comparison further, we provide some numerical calculations. Early work done in
determining K. for binary alcohol + inert systems used data reduction of mixture data to fit
association constants [68,69]. Commonly, the value of K, is assumed to be independent of solvent
species or concentration. Therefore, models based only on the properties of the pure associating
compound were developed. Nath and Bender [71] based K. on the temperature and enthalpy of
vaporization at the normal boiling point of the alcohol. Lobien [77] calculated smaller K values
than others using limiting activity coefficient data. Because these approaches differ considerably,
there is significant scatter in the resulting K- values for the same alcohol [71]. For CPA and SAFT,
the A4iPj values are typically determined by fitting density and vapor pressure [9,11,78].

In this work, to provide numerical calculations, we follow the approach outlined by Nagata [70]
in applying the Brandani [73]’s work. The model essentially assumes that the only differences
between the vapor pressure of an alcohol, P;;>?, and that of a non-associating compound with an
identical molecular weight and chemical formula, i.e. its homomorph, P,“?, are the consequences

of hydrogen bonding. Therefore, K. is determined by matching the two vapor pressures through

Eq. (3.38).

(Pvap _ Pvap)(V e — Bfree)
P(ffép = Yglc,nglc,MP:ap exp< ate L RT e ale ) 3.38

where B‘{[Cee is the free contribution to the second virial coefficient evaluated using Hayden and
O’Connell’s calculations [79] and y 2. 5, is the activity coefficient of the alcohol monomer in pure

alcohol as given by Flory’s equation.

The volume and mole fractions of monomer in pure alcohol are calculated as [70]
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QI)0=1+21<(;2—,/1+41(CZ 239

M 2K ,>

xy = 1— KoY 3.40
Ethers were selected as homomorphs for alcohols and their vapor pressures were determined using
Ambrose’s [80] correlation with the same n* (effective number of carbon atoms in the ether
homomorph) values as Nagata. Our resulting values of K., are given in Table 3.2.

Table 3.2: Equilibrium constant for primary alcohols. K-, and K, calculated at 50 °C

AICOhOI KCZ KCI == A
Methanol 111.0 4549
Ethanol 81.48 4803
n-Propanol 71.27 5381
n-Butanol 69.88 6458
n-Pentanol 57.09 6233

We have refitted the K., values to be consistent with all of our physical properties. We assume
Nagata’s [70] values for the enthalpy for the formation of a hydrogen bond.

To extend the analysis to alcohol mixtures, the cross-association parameters for dissimilar
components are related through combining rules. Common combining rules that have been
developed and tested [11,51,54,61,81-83] are variations of an arithmetic or geometric mean of the
pure components’ association energy and volume parameters. Kontogeorgis [64] outlines a
number of these and provides a brief summary of work done in identifying the most accurate rules
for various classes of mixtures. We find that Flory’s polymerization theory and Wertheim’s
perturbation theory yield identical results for alcohols described with a 2B model, regardless of
the combining rules used if Eq. (3.22) is maintained for the cross coefficients. Therefore, further
exploration of the effect of the combining rules lies beyond the scope and intentions of this work

and for alcohol mixtures, we use Suresh and Elliott’s [51] combining rule given by:
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AAiBj= AAjBi— \W 3.41

3.2.7. Numerical equivalence of chemical and Wertheim’s theory

We implement the abovementioned approaches to provide numerical evidence for the equivalence
of chemical theory and Wertheim’s theory. Within the constraints discussed, we find that the two
approaches produce exactly the same results for systems in which the associating components can
be described by the 2B association scheme. This is illustrated in Table 3.3 for two alcohol + inert
systems at 30 and 80 mol% of alcohol and one alcohol + alcohol system at 30 mol% of methanol.
Both theories yield the same monomer fractions and activity coefficients.

These results prove that Campbell’s observation of the similarities between his association model
and Wertheim’s perturbation theory are justified. Indeed, when combinatorial effects are added to
the perturbation theory and the correct relationship between the association parameters of the two
models is implemented, their mathematical forms become identical. Chapman’s recognition that
Wertheim’s model gives the same distribution as Flory’s model is also consistent with this work.
Future work in this area will look at extending the analysis to components with multiple acceptors

and donors.
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Table 3.3: Calculated parameters and intermediate values for Flory and Wertheim’s theories for three systems.. The reference
density of methanol used for Campbell’s theory calculations is 0.02440 mol/cm®. For methanol + ethanol, the cross coefficient is
A#1D2 = A42D1 = 2559 cm3/mol or K, ;;= 62.44

System Ethanol (1) + n-Pentanol (1) + Methanol (1) +
y n-heptane (2) n-heptane (2) Ethanol (2)
X1 0.3 0.8 0.3 0.8 0.3
T (K) 344.9 344.7 368.4 383.1 347.0
Component i 1 1 1 1 1 2
Kcs 67.37 67.65 53.60 40.30 60.76 64.16
y 0.2680 0.1790 0.2427 0.1419 0.1025
W) 0.0944 0.0942 0.0749 0.0849 0.1203 0.0966
Campbell’s cly, 0.0101 0.0123 0.0119 0.0184 0.0043 0.0095
Chemical
Theory Cio, 0.0128 0.0128 0.0149 0.0192 0.0145 0.0134
n
Xy n—° 0.0301 0.0230 0.0396 0.0527 0.0056 0.0124
T
In yShem 0.7195 0.06100 0.5280 0.03109 -0.002853 | -0.0004456
A4Pi (cm®/mol) 2761 2773 2197 1652 2490 2629
XA = XD 0.3167 0.1696 0.3633 0.2566 0.1361 0.1330
Ny
Wertheim's i 0.0301 0.0230 0.0396 0.0527 0.0056 0.0124
Theory In y asso¢ 0.9281 0.09320 0.5513 0.03344 0.02999 0.004305

Iny "™ -0.2086 -0.03220 -0.02337 -0.002351 -0.03285 -0.004751
In yShem 0.7195 0.06100 0.5280 0.03109 -0.0028533 | -0.0004455
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3.3. Conclusions

In this work, we outline derivations for Wertheim’s perturbation theory’s activity coefficient
model and chemical theory and compare the two models. The focus is for the 2B scheme where
each associating component has one acceptor and one donor site per molecule such as alcohol +
inert and alcohol + alcohol mixtures. In these cases, the association strength A%4ij in Wertheim’s
theory is found to be equal to the concentration-based equilibrium constant K.; used in Flory’s
polymerization theory. This elucidates the relationship between the two association models.
Furthermore, we consider Campbell’s implementation of chemical theory and show that the
activity coefficient model is the sum of Flory’s combinatorial term, calculated on an apparent
basis, and the association contribution calculated with Wertheim’s perturbation theory. The
similarities drawn by Campbell between his theory and Wertheim’s theory are therefore consistent
with this work. The correlation between the association models also supports Chapman’s
understanding that the species distribution predicted by Flory’s and Wertheim’s models are
identical. Finally, we provide in Egs. (3.7) and (C.14) a new generalized expression for activity
coefficients from Wertheim theory useful when the packing factor is universal and excess volume

is zero.

40



APPENDICES

41



Appendix C: Derivation of the Wertheim association contribution to the activity coefficient

Following Michelsen and Hendricks [66] and to abbreviate notation, we define, at equilibrium,

h = Z XB; hostNBl-(l — XBi) ¢l
all site
types B;
Elliott and Lira [8] show that
ding
Z4550¢ = —0.5(1 + ( ) h C.2
dInnp T
dlIn
In GEssO¢ = Z Ny, In(XP) —0.5n0< . g) h s
sites B; M TV njzg ’

onlyonk

We will use these equations to calculate and simplify the equation for y**°. By definition,
Helmholtz energy is a natural function of temperature and volume.

AV, T,nqy,ny,...,ny) C4

For an activity coefficient, we need a derivative of Helmholtz energy at constant T and P [6]. At

constant T,

dA = <—)Tn V+Z( ) dny, -

ank T.Vnjzk

The expansion rule gives

Gw)  =(%) o)
ank TJPJn];tk GK Tn ank

The association contribution to the fugacity coefficient can be calculated from

N ( 64) C6
ony .

T.PNjzk TV njzk

i (aéassoc) =1In gDassoc C.7
RT ank T'K'njik
and
aAaSSOC C8
o — _passoc
(o)
—_ Tn

And making the appropriate substitutions into Eq. (C.6):
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1 (aéassoc) ZaSSOC_ Cg

- - _ ~assoc
RT\ on, y Vit Ingi

T,P,nj¢k

Substituting Egs. (C.1 and C.2) yields the universal equation

1 (aAassoc)

ﬁ = z NBi lnXBi

T,Pnje sites B;
onlyonk
Y C.10

Vi ding ding
v G, ) (G,)
%4 dlnnp/,. . ony,

To simplify this further, we assume that Z"°? is given by the van der Waals equation. Applying

ank

+1h
2

T’K'nj::k]

Eq. (3.18) resultsin g = 1/(1 — bp) = (1/(1 — np).

(alng
dInnp

(lne) ey
o\ on, Ve 1—np\V

) =np /(L —1np) C.11
Tn

Eqg. (C.10) becomes

L Ve 1 Vi ( brpxk ) C.12
Bl — —_— _——
N, In(X )+2hlv(1—np) V(1—np

1 aAassoc
ﬁ( ank )

T,PNjzk sites B;
onlyonk

If excess volume is zero and the packing factor is universal,

1 (dAassoc 1/p . Cu13
ﬁ( an ) Np, In(X%1) + E(p_> Z XB; hostNBi(l — XPi)
k 7TPnjsk sites B; k7 allsite
onlyonk types B;
Using this equation, y*%°° can be calculated as
" y’cclssoc _ i (aéassoc) B i (aéassoc) C.14
RT ank T:P:njik i RT ank T:P:njxk pure k

This results in Eq. (3.7) in the text. Note that x;p/p, = ®; when excess volume is zero.
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Appendix D: Relationship between the fugacity coefficient and true compressibility factor

Beginning with the fugacity coefficient relation, we substitute van der Waals equation of state

7 = PV 14 bpr  apr D.1
T n.RT 1—bpy RT

and its implementation into the Helmholtz departure equation

—_ Alg
@2y _ —In(1 - bpy) — =X >
nRT Pr) =Rt

For a true associated species in a pure fluid

bipr  2pr¥Xr;ai; InZ D.3
— bpr RT T

Applying Eq. (3.16) and (3.17), calculating Eqg. (D.3) for a monomer and a dimer gives

In®; =—1In(1-bpr) + 1

D2 D.4
In ¢AM =— In(1—-bpy) —InZ;
Pp
or
D PV(1-—b D D.5
ipDz = Zr(1—bpr) = L pr) = ipltl
Pu nrRT PiPum
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Appendix E: Relation of Campbell’s concentration variable in terms of the molar
concentration of species

Here, we provide proof that W; is the true concentration of all chains ending with i. Beginning with

the definition of ¥; in Campbell’s [16] paper:
_ l; lJ /; ! El
¥, =Ciy + Z a;i(Ciy +Z ay,j(Cpq + 2 a(Crg + -
j k l

where
ij,i = KC4,jiCiI,1 E.2
Multiplying through Eq. (E.1),
! ! ! ! E.3
Wi=0Cii+ z a;;Ciq + Z aj,; Z Ak, jCr1 + Z @i Z A, j Z aCrq + -
J j k J j l
In Campbell’s appendix C, the concentration of all chains of length n ending in i is given by
E4
Cin = Z @;iCin1
J
This equation provides a recursion for simplification. Recognizing Eq. (E.4) in the second, third,

and fourth term on the right hand side of Eq. (E.3) can be expressed as

Ci,= Z aj,l-Cj'Jl and C;,z = Z ayjCrq and Cp, = z a;,Cl4 ES
j k l
Then
Y ’ ! ’ E6
lpi =C i1 + Ci,2 + a:j,l- Cj,Z + aj,i ak,j Ck,Z + -
j j J

Simplifying the third and fourth term on the right with Eq. (E.4) again,

/ / / / E.7
lpi = Ci,l + Ci,Z + Ci,3 + Z Aj i Cj'3 + .-
J
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This procedure applied continuously to all sums in Eq. (E.3) yields the result that ¥; is also the
true concentration of all chains that end in i.

! ! ! ! ! E-8
Wi=Cy+C+CistCiyt = Z Ci;
J
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Chapter 4. Relation of Wertheim and Chemical Theories in Systems with
Association and Solvation

Hydrogen bonding is usually calculated in thermodynamic models using chemical or Wertheim’s
theory. Although the basis of the two methods is different, several researchers have noted parallels
between them. In fact, our previous study derives analytical and numerical proofs of the
equivalence of chemical and Wertheim’s theories for the case of an alcohol + inert system. In this
work, we extend this finding to a complex ternary system containing a chain-forming component
and two non-chain-forming components. The non-chain-forming molecules have only acceptor
sites or donor sites, but not both. One molecule has two acceptor sites, and the other a donor site.
The main objectives of this work are to elucidate the complicated counting that must be done in
chemical theory to correctly account for all the bonded species that can form in solution and to
demonstrate the equivalence of the two approaches for this complex system. The work also
demonstrates how Wertheim’s free site fractions can be used to determine species concentrations.
4.1. Introduction

As mixtures containing water, alcohols, organic acids and esters occur frequently in the chemical
industry, new methods are being developed to accurately model their thermodynamic behavior.
The challenge with these types of components is their propensity for hydrogen bonding which has
a significant effect on many of the mixture physical properties. For example, hydrogen bonding is
responsible for the high melting and boiling points of water relative to other chemical compounds
of similar molecular size. To robustly capture this behavior, it is now widely accepted that
hydrogen bonding, or association, must be represented explicitly as a separate term in

thermodynamic models.
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Association can be modeled several ways and the most common methods fall into one of two
categories: chemical theory or perturbation theory. Chemical theory is based on the representation
of hydrogen bonding as a chemical reaction, described by an equilibrium constant K., which
results in the formation of a new species. This concept was originally proposed by Dolezalek [34]
and has since been implemented to understand on a wide variety of associating systems including
liquid metals [16,37,68,75,84-91]. In particular, Nagata et al. have published an extensive body
of work [84,92-94] applying chemical theory to a wide range of organic mixtures. With alcohols,
a simplified model, called the Mecke-Kempter model, is often used which assumes that the value
of the equilibrium constant is the same regardless of the size of the cluster formed. A challenge in
chemical theory that has yet to be resolved is that the types of species that may be formed in
solution must be known, or assumed, a priori and the equations for multicomponent mixtures with
arbitrary sites are complex.

More recently, perturbation theories such as Wertheim’s theory have become more common in
thermodynamic modeling. Developed in the mid-1980s [47-50,65], Wertheim’s perturbation
theory is a statistical mechanics approach derived for molecules with a repulsive core and attractive
“sites” and it calculates the probabilities of hydrogen bonds forming between sites. The method
can be used for any type of association including charge transfer complexes. For hydrogen
bonding, acceptor sites are allocated to the electronegative atom(s) which will accept a proton and
donor sites are allocated to the protons. Huang and Radosz [55] tabulate schemes that have been
developed for site allocations and the common 2B scheme used for alcohols is given in Chapter 3.

and repeated here (Figure 4.1) for the reader’s convenience.
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’. .. ‘- A - acceptor

N

f H !D donor

Figure 4.1: 2B association scheme. The 2B scheme is commonly used to model alcohols by
calculating the association between an acceptor site on the oxygen and a donor site on the
hydrogen.

The probability of association is described by an association constant, A4:®J between each binary
pair. Wertheim’s theory has been implemented into several equations of state such as CPA [11,52]
and the SAFT family of equations [9,54-56,95]. In our previous work [96], we created an activity
coefficient association contribution with Wertheim’s theory by adapting methods developed by
Michelsen and Hendricks [66]. We also show that with reasonable simplifications, the association
constant A%4iPj is equivalent to the concentration-based equilibrium constant K, and that the two
association theories yield the same results for the activity coefficient for alcohol + inert and alcohol
+ alcohol systems. This aligns with prior work beginning with Elliott et al. [10] who were the first
to document the relationship between the activity-based chemical association constant, Ka, and
perturbation theories. Economou and Donohue [58] then used this equivalence analytically for
pure and binary mixtures in which associating components possess 0, 1 or 2 sites each. Similarly,
Campbell et al. [16,85] recognized the same parallels using the concentration-based equilibrium
constant K. algebraically for mixtures containing any number of alcohols and, later, for those
containing any number of alkanes and any number of alcohols. Perhaps the most significant
contribution of Campbell’s earlier work is the novel method for counting clusters in solution by
tracking the cluster size and end molecule identity of each cluster. While this scheme is innovative,
it’s implementation is time-consuming and cumbersome for more complex mixtures, such as water

+ alcohol, where the number of sites per molecule is greater.
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In this work, we outline the calculations in chemical and Wertheim theories for a hypothetical
ternary mixture in which one of the components possesses two identical acceptor sites and no
donor sites. The presence of such a component complicates chemical theory because certain
species resulting from hydrogen bonding can be formed in multiple ways. The main objective of
the current work is to prove that the species calculation used in Wertheim’s theory is in agreement
with that of chemical theory. To this end, we implement a counting scheme and show that the
monomer fractions obtained by the two association theories are identical.

4.2. Theory and analysis

The hypothetical system chosen for this work consists of a component with two identical acceptor
sites, such as 1,4-dioxane, a component with one donor site, such as chloroform (where the
electronegativity of the chlorine atoms makes the hydrogen atom susceptible to hydrogen
bonding), and a component with one acceptor and one donor site, which is the “2B” scheme often
used to model alcohols. We use E, F, G to designate components rather than A, B, C to avoid
confusion in use of A for acceptor and C for concentration. The components are illustrated in

Figure 4.2.

G, <) >

Figure 4.2: Hypothetical molecules for analysis. The system studied in this work is a ternary
mixture of these three molecule types, where the acceptor sites are solid dots and the donors are
open dots

4.2.1. Implementation of Wertheim’s perturbation theory
At equilibrium, molecules which hydrogen bond form clusters of various geometries and sizes.
We refer to the molecules that remain free without any sites bonded as “monomers”, a term

borrowed from polymer science. For both chemical theory and Wertheim’s theory, the fraction of
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molecules that remain as monomers at equilibrium is the key term on which all subsequent
calculations depend. Therefore, it is of particular importance that this quantity is known with
certainty. When calculating mole balances, a distinction is important between a balance which
counts individual molecules as if no association is occurring, the apparent mole balance, and that
which counts each species formed after association has taken place in solution, the true mole
balance. The number of species decreases when bonding occurs. Therefore, the true total mole
count, ny, is always less than the apparent mole count, n,.

To study the monomer fractions calculated by Wertheim’s perturbation theory, the equation for
the fraction of free sites, XBi = nBufree /pButotal js ysed. This X represents the fraction of sites of
type B; that remain non-bonded at equilibrium, where nB:/7¢¢ is the number of moles of site B;
that are free and nBvtotal js the total number of moles of site B; in solution. Variable i can be an
index or can be a site host identity; in this work we use the site host identity because the two
acceptor sites on E are equivalent. B is a generic variable that can represent an acceptor A, donor
D, or carboxylic acid site C which describe a site that can bond with other C to form dimers. X5:

is calculated via

XBi = 1+ z xmatej hostNmatermateijBimatej 4.1

mating
sites mate;j

where mate; is generic site notation that can represent an acceptor, donor, or C-site to which B;

can bond. Variable Xmate; host is the apparent mole fraction of the component which hosts mate;,
Ninate; is the number of sites identical to mate; on the host for mate;. p is the solution’s apparent

molar density and APi™4%¢; is the association constant for an interaction between mate; and B;.
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Applying Eqg. (1.4) to the four unique sites in the hypothetical system yields the equations in Table
4.1.

Table 4.1: X8i Equations for sites in hypothetical system. The equations are used to calculate
the fraction of free sites of each type

Interactions involving Wertheim XB: Equation Eq
Ag, Acceptors on E 1 — X4E = X4E (xppXPF AAEDF 4 x,pXPc AAEDG) 42
Ag, Acceptor on G 1 — X4¢ = X46 (xp pXPF AA6PF 4 x, pXPc A46D6) 4.3

Dg, Donor on G 1 — XP6 = XP6(2x pXAEA4EDG 4 x,pXAcAAcDa) 4.4
De Donor on F 1 — XPF = XPr(2xp pXAEAAEPF 4 x . pX46 A\AGDF) 45

Here, X4&, X4c, xPcand XPF are the free site fractions of the acceptors on component E and G and
donors on G and F respectively. For a given molecule of component E, the monomer fraction is
equal to the joint probabilities that the first acceptor is free, and the second acceptor is free. If
interactions at the two sides are considered to be independent of one another and recognizing that
XBi represents the probability that site B; is free

4.6

n
ME — P(Acceptor 1 free N Acceptor 2 free) = XAE - X48 = (X4E)?2

No,E
where n,, 5 is the moles of E monomer, ng is the total apparent moles of E molecules and the P

represents probability. Similarly, for components F and G:

Ny r 47

= P(Donor free) = XPF
No,r

Ny 4.8

= P(Acceptor free N Donor free) = X4¢xPa
0,G

4.2.2. Implementation of chemical theory

Calculating monomer fractions with chemical theory is more complicated than Wertheim’s theory
for two reasons. First, chemical theory is a species-wise approach rather than a site-wise approach.
Therefore, one must have a priori knowledge of all the possible species that may form in a solution

of components. Figure 4.3 shows the bonding schemes that can form in the hypothetical ternary

52



mixture studied here. Because molecules of component G possess both an acceptor and a donor
site, they can form chains in solution. Therefore, it should be noted that each molecule of

component G in Figure 4.3 can be replaced by a chain of G molecules.

G,

_______________________

_______________

_______________

————————————————————————————————————————

®
&
2
)

S )

Figure 4.3: Bonding schemes for hydrogen bonding in a mixture of E, F and G. The bonding
schemes circled and denoted by * can be formed in two ways.

As with Wertheim’s theory, the species formed in solution can be described with chemical theory
by four key types of association upon which the remaining associations are related. Each can be
described by an equilibrium constant as shown Table 4.2.

Table 4.2: Key associations in the hypothetical system and their equilibrium constants.

Crer
= Ky = —1EE |
E+F = EF K¢y T 49
GM + GM = Gz CT,GZ CT,GH_l
K Kep = = 4.10
Gy +G; = Giyq ¢ ¢ CreuCrey  CronCre;
Cr e
= Kes = =228 ,
E+Gy =EG Kes T 411
C
F+ Gy = FG Kea Key = —28 4.12
CrrCrey

A subscript of T on concentration indicates a true value. The common assumption is that the change
in Gibbs energy for each bond type is independent of cluster size, thus logarithms of the

equilibrium constants add, and the K. for any compound is the product of the K.’s for the
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constituent species. From these four interactions, the hydrogen bonded clusters can be formed as

summarized in Table 4.3.

Table 4.3: Other species formed in hypothetical system. This table outlines the equilibrium

constants associated with each species formation and the relation to the key association

constants.
E +2F = EF, Kes = K4 Ky = CreF, 4.13
CT,EC%,F
Gy +iGy = Giyq Kee = K Kee = CT'Gi+_1 4.14
CT,GMCTL",GM
E +iGy = EG; K¢y = KesK51 K, = CT,Egi 4.15
2Cr5Che.,
F +iGy = FG; Keg = KeaKEST Keq = CT,ng 4.16
Cr FCTL",GM
E +iGy +jGy = GEG, Keg = K&KH2 . _ TGS 4.17
c8 CT,EC;TG];W
E+iGy+jGy+F SFGEG | Ko =KZ2K.2 K, o — Crraire; 4.18
P 20 CR Crg
iGy +E+F = GEF Kcio = KesKei K51t Kopg = — Cr,EF 4.19
2C} 6, CrsCrr
E+iGy +F = EG;F Kci1 = KesKeaKEST Koiy = CT,;Gip 4.20
ZCT,EC;",GMCT,F
F+E+iGy+F = FEG;F Kcip = Ko1Kes KooKt Kooy = CT,F'EGL.F 4.21
2C75Cr6, C F
E +iG; +jG; + 2F @ FGEGF | K., = K2,KZK ™ o = Crrairar 4.22
e Cip

The second complexity with chemical theory is correctly accounting for species that can be formed

in multiple ways and which of the ways are indistinguishable by symmetry. In our hypothetical

system, all species formed through an unsymmetrical bonding scheme, denoted by an asterisk in

Figure 4.3, can be formed in two ways as illustrated for species EF in Figure 4.4. This occurs

because E has two identical acceptor sites. To account for these multiple pathways, the equilibrium

constant equation for these “reactions” contains a factor of 2 in Table 4.2 and Table 4.3.
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+ or
Acceptor 1 Acceptor 2 %
Figure 4.4: Counting species in chemical theory system. Some species may be formed through
multiple pathways.

Next, we outline a careful implementation of chemical theory to a mole balance of the three

components in our system. To begin with, the mole balance for component E is given by

(o]
xgp = Crg+ Crpr + Crpr + Z(CT,EGi + Crger + Cregr + CT,FEGiF)
i=1

2 — 4.23
+ Z (CT,GiEGj + CrreiEG; + CT,FGiEGJ-F)

i=1 j=1
The double sums in Eq. (4.23) are simplified to a converging series with a closed solution. This

calculation is demonstrated in Appendix F for }.;2, >'%2, Cr¢.gq.- Substituting the equilibrium
i=12j=1LT,6EG; g q

constant relations in Table 4.2 and Table 4.3 for the species concentrations and putting all K,

values in terms of K1, Ko, Kcz and Ky

C 4.24
“TE = (1 - KCZCT,GM)Z [(1 + KClCT‘F)Z(l - I(CZCT,G)\,I)2

XgP
+ 2 KC3CT,GM(1 - KCZCT,GM)(]- + K1 Crp)(1 + KC4CT,F)

-1
+ (KC3CT,GM)2(1 + KC4CT,F)2]

Similarly, the mole balance for F and G can be calculated and rearranged as
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xpp = Crp + Crpgr + 2Crppy + Z(CT,FGi + Crger + Crpgir + ZCT,FEGiF)

o =1 4.25
+ Z z (CT,FGL'EG]' + ZCT,FGiEGjF)
i=1 j=1
C
ﬁ = (1 - KCZCT,GM)Z [(1 + 2K61CT,E(1 + KCICT,F)) (1 - KCZCT,GM)2
+ (1 - KCZCT,GM)(KC4CT,GM(1 + 2K¢3Cr ) 4.26

+ 2Kc1Ke3CreCryg,, (1 + 2KC4CT,F))
21
+ 2K3Ke4CrpChg, (1+ KeaCre)]

Xep = z(iCT,Gi + iCr g, T iCrpg, +iCrger + iCrpr + iCT,FEGiF)

=1 o 4.27
+ z Z(i +j) (CT,GL-EG]- + CrreiEG; + CT,FGiEGjF)
i=1 j=1
c
DM = (1= KeaCry) | (14 2KeaCra(1+ KesCre) ) (14 KeaCri) (1
X 4.28

-1
- KCZCT,GM) + 2Kg3CT,ECT,GM(1 + KC4CT,F)2]

The simplification of the double sums in Egs. (4.25) and (4.27) is demonstrated in Appendix G.
4.2.3. Numerical equivalence of chemical and Wertheim'’s theories
To investigate parallels between the two association theories, it should be recognized that

monomer fractions of each component are related by

Xgp
Crr _ vo 4.30
XFp
Crau _ yagye 431
xGMp

where the left and right-hand sides pertain to chemical theory and Wertheim’s theory respectively
and the mixture density is calculated by assuming no excess volume of mixing, p = 1/ Y.;(x;/p:).
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Based on the simplifications of our earlier work [96], the concentration-based equilibrium
constant, as defined in Table 4.2 and Table 4.3, is equivalent to the association strength parameter,
ABiC, Therefore,
Kcq = AAEDF K¢, = A6Pe Kc3 = A4EDG Kcq = A4GPF 4.32

For this study, the chosen vales of the association constants do not represent values expected from
experiment. Rather, we have chosen parameter values that yield concentrations which are visible
on the plot axes (see Table 4.4). Standard liquid densities of dioxane, chloroform and methanol
were adopted for components E, F, G respectively as summarized in Table 4.4.

Table 4.4: Association parameters and component densities. Concentration based equilibrium
constants are equivalent to A%:%j in Wertheim’s theory with the simplifications used here

Association Parameters (cm3/mol)
Ko = AAEPF 5000
Ko, = A6Pa 10000
K3 = A%EDa 7000
K4 = A6PF 12000

Component Densities (mol/cm?)

P& 1.167E-02
PF 1.242E-02
Pg 2.479E-02

Next, the values of the monomer fraction of each component is calculated. For both association
theories, this involves solving simultaneous equations using successive substitution or other
iterative techniques. With chemical theory, Egs. (4.24), (4.26) and (4.28) are solved
simultaneously to find values of Crp, Crr and Crg,,. Similarly, for Wertheim’s theory, the
equations in Table 4.1 are solved simultaneously to yield values for X4&, Xx4¢, XPcand XPF. Both
methods yield identical results and this is demonstrated for a solution composition of xz; = 0.2,
xp= 0.2 and xg,,=0.6 in Table 4.5 and Table 4.6. The selected composition provides an

environment where complex formation is extensive and only small fractions of the available sites
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are free. Because the number of species is infinite, the chains are summed in Table 4.6 by bonding

scheme.

Table 4.5: Calculated monomer fraction values. Component monomer fractions for a solution
composition of xz = 0.2, xz= 0.2 and x;,,=0.6 where p = 1.741E-02 mol/cm?

Chemical Theory | Wertheim’s Theory Monomer Fraction
Value
C
Monomer fraction of E XLZ (X4E)? 7.50E-02
E
) Crr D
Monomer fraction of F — XPF 2.92E-02
XppP
. CT,GM A D
Monomer fraction of G — XA6 XP6 5.55E-03
Xy P

While Wertheim’s theory is easier to implement to find the monomer fractions, it does not directly

provide species distributions. Table 4.6 demonstrates how species distributions can be obtained

from both methods.
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Table 4.6: Chemical and Wertheim’s theory concentration equations and calculated values at x; = 0.2, xy= 0.2 and x¢,,=0.6.

Crx % 10* (mol/cm?®)

Species Chemical Theory Cr Wertheim’s Theory Cr
Cr Eq. (4.24) xgp(XAE)? 2.61
Crr Eq. (4.26) xppXPF 1.02
Crc,, Eq. (4.28) xgpXA46 XPe 0.58
¢ C XAc xPa
Z Cro. ST - 6P 1.38
e 1—-Crg,Kc2 1 — x;pX46XPc A4cDg
CT,EF ZCT,FCT,EKC1 ZXEP(XAE)Z prXDFAAEDF 265
CrreF C7rCrpKé (xppXPF)2xgp(X4E)? (A4EPF)? 0.67
= Cr pC D 4G yD
ZCT,FGi SReLALLL c4 (eppX ) (g pX™0X ) AcDF 1.68
— 1= CrgyKez 1 — xgpX46XPcA46De
> 2C+ =C Ag\2 Ag yD
ZCT,EGi rE c3 20 p (X)) (xgpX CX76) A4EDG 5.04
— 1= CrgyKez 1 — x;pX46XP6A4cPa
d Ag yD Ag\2 D
ZCTG-EF 2onureCrr Kc1Kes 20xgpX X0 Cepp (X7F) ) Cep pX77) AAEDFAAEDG 2.56
e~ 1= CrgyKe2 1 — x;pXAcXPcA4cDa
Z c 2Cr5Cr,6yCrF Ko 2(xgp(X4€)?) (xgpX A XP6) (xppXPF) AAEDG AAGDE 6.15
- TEGE 1-="CrgyKe2 1 — xgpXAc XPc AAGDa '
> 2 Ag yD A2 Dp\2
ZCTFEG-F e P Kc1Kc3Kea 20t pX7eX) (epp (X)) (xppXF) AAEDFAAEDG AAGDFE 3.12
e~ 1—-Crg,Ke2 1 — x;pX46XPc AAcPa
R C’IZ",G Cre xopXA6XP6)2 (xpp(XAE)?
ZCT,GiEG] M > CZ‘3 ( Gp ) ( Ep( ) )(AAEDG)Z 243
o (1= Crg,Ke2) (1 — xgpXAcXP6 A46Dc)?
2 — ZCT’FCZ’ Cre 2 xDr X 46 xD6)2 YAE)2
Z z Crroe, T.Gm _ 2. Keq (xppX7F) (xgp _~ )A(JZEPE )%) (A4EDPG)2 AAGDF 5.94
i=1j=1 (1 — CT,GMKCZ) (1 — xgpX4eXPeA4cPa)
2 & C%.C%. C DFy2 Ag D62 AEN2
ZZCT,FGiEGjF T.F“T,Gm T,EZKngKCg‘l (xppXPF)* (xgpX 6 X76)* (xgp(XF) )(AAEDG)Z(AAGDF)Z 3.62
=< (1 — CT,GMKCZ) (1 — x5 pXAcXPa AAcDc)2
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Next, we explore the species distribution in solution by varying the composition of the ternary
mixture. For the plots shown in Figures 4.5-4.8, x is fixed at 0.2 (with the exception of the pure

G composition point), x is varied from 0 to 1 and the balance of the composition is x.
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Figure 4.5: True monomer fraction of components in system of study and fractions of
acceptors and donors. The mole fraction of component F is fixed at 0.2.
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Figure 4.6: Distribution of species with component E when x;=0.2. The bottom plot is a
zoomed panel of the top plot
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Figure 4.7: Distribution of species with component F when x=0.2. The bottom plot is a
zoomed panel of the top plot
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Figure 4.8: Distribution of species with component G when xz=0.2. The bottom plot is a
zoomed panel of the top plot
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Figure 4.5 shows the mole fraction of monomers for each component and the percentage of
acceptors and donors in solution. The successive three plots show how components E, F and G are
distributed in solution.

The fraction of acceptors and donors in solution are calculated by the ratio of acceptors (or donors)
to the total sites in solution. Acceptors are in excess to the left of x; = 0.7 and because the
association constants are large, almost all of the donors are bonded until above x; = 0.6 where
some F remains free. In Figure 4.6 the true mole fraction of monomer E, (zz = nyg/ny =
pr./pr), stays near the apparent mole fraction of E on the left side of the figure because, although
the true moles of E decrease due to bonding, the true mole fractions are calculated using the total
moles of all species after bonding, which is less than the apparent moles, (n; < ny or pr < p),
used to calculate the apparent mole fraction (x; = ny/n,). For example, at the composition x; =
0 and xz; = 0.8, prg = 7.26 x 1073 mol/cm?, p; = 9.48 x 1073 mol/cm?® and p = 1.18 x
1072 mol/cm3. This yields a z value of 0.766. Moreover, almost all the F is associated, and the
dominant species are E and EF. At x; = 0.4 the apparent E and apparent G are equimolar, so the
E G; compounds are favored. At x; = 0.6, the ratios F /Gand E /G are equal, and thus the dominant
species are EG;F, FG,EG;, and EG;.

The figures show the sum of mole fractions for oligomers rather than oligomer distributions. For
a pure solution of a chain-forming compound such as component G, it can be shown that the true
mole fraction of monomers is always larger than the mole fraction of any oligomer species. The

number of moles of a chain of G molecules of length i is [8,67]:

n; .
or = 7, (pAASPS (X70)2) 433
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where ny is the total true number of moles and z,, is the true monomer fraction of G. Note that
for pure component G, X4¢ = XP¢ and therefore, X46XP¢ can be written as (X46)2. Further, it is
shown that:

where n, is the total apparent number of moles. Combining Egs. (4.33) and (4.34) yields:

ﬂ — (XAg)Zi(pAAng)i—l 4.35

0

Using this equation, the relationship between n; and n;,; can be calculated to be:

Mi+1 _ pAAGDG (X AG)2 4.36

i
Recognizing that (X4¢)?2 is the monomer fraction in solution, we note an interesting trend. As the
value of A46P6 js increased, molecules are more likely to form bonds and therefore (X4¢)?
decreases. This occurs such that pA46P6 (X46)? is always a fraction and n;,, is less than n;. In
other words, there are always more monomers in solution than dimers, more dimers than trimers
and so on. This trend is calculated with Wertheim’s theory in Figure 4.9 for pure methanol at
Pueon = 2479 x 1072 mol/cm?® for four values of A46¢Pc. As a reference, the cubic-plus-
association (CPA) equation of state value for the A4¢Pcfor pure liquid methanol with itself is
approximately 16000 cm3/mol at 298.15 K. More interestingly, as A4¢Pc approaches infinity, the

distribution of various cluster sizes becomes uniform.
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Figure 4.9: True mole fraction of methanol chains calculated with 4 values of A4¢Ps
4.2.4. Activity coefficients
As further demonstration of the equivalence of Wertheim and chemical theory methods, we
illustrate the calculation of activity coefficients. In our previous work [96], we demonstrated that
the association contribution to the activity coefficients, assuming van der Waals correction to

Flory’s equation and no excess volume, results in:

B;
In y,, 4559¢ = Z N, [In X —1(1 — XBu0) +1£ Z x Ng (1 — XBi)
k B; XBi0) 2 2 oy Bi hostB; 4.37
sites B; all
onk sites B;

where the superscript 0 represents the pure state for component k. In our previous work [96], the
logarithm operator was missing on Equation A14 and it should have appeared as

4.38

assoc

In y 550 =

1 (aAassoc)

1 aAassoc
7 S

B ﬁ ank

mix

ank

T'P'njik T'P'njik

purek

The activity coefficient from chemical theory is
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Pry
0
XkPly

Iny, "™ = In +i( Sk — Pr) 4.39
Yk - o Pt — Pr .

Note that the molar densities are equivalent numerically to the molar concentrations used above in

the reaction equilibria. The previous work [96] showed that the two approaches are related by

Flory’s equation through Iny¢™™ = Iny2%%°¢ + Iny, Y. Table 4.7 summarizes calculation of

the activity coefficients from the two approaches using the concentrations determined above.
Figure 4.10 shows the activity coefficient contributions for mixtures with increasing compositions
of component G when the mole fraction of F is fixed at 0.2. The association parameters and the
pure component densities used in all calculations are given in Table 4.4.

Table 4.7: Calculated parameters and intermediate values for activity coefficient
calculations. The selected composition is x;z = 0.2, x = 0.2 and x; = 0.6 and p = 1.741E-02
mol/cm?®, p; = 3.889E-03 mol/cm?

Component k E F G
Xy, 0.2 0.2 0.6
Pl 2.62E-04  1.01E-04  5.80E-05
Chemical Phay 1.17E-02  1.24E-02  9.38E-05
theory PPk 1.17E-02 1.24E-02 1.53E-03
In yghem ~1.52 —2.51 —6.65E-02
X4 0.274 - 0.190
xP - 2.91E-02  2.93E-02
XA0 1.00 - 6.15E-02
Wertheim’s XD - 1.00 6.15E—02
Theory
In ygssoc -1.43 —2.45 ~1.08E-02
Iny,Flery —9.17E-02  —-6.40E-02 -5.57E-02
Iny, chem ~1.52 ~2.51 —6.65E-02
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Figure 4.10: Calculated values of the activity coefficient contributions. For each component,
Wertheim’s theory (——), chemical theory (- @ -), and Flory’s theory (-#-) contributions are
shown as a function of the apparent mole fraction of G. The mole fraction of component F is
fixed at 0.2.

4.2.5. Perspective on further generalization

It is worth noting that the system chosen for this study is intentionally rather simple compared to
those encountered in the chemical industry. By definition, components which contain only one
type of site, such as components E and F, limit the extent of association in solution. When a
molecule of F binds to an acceptor site, it seals one end of the chain from further association. With
mixtures of water, alcohols and/or glycols, hydrogen bonding is extensive and can create cyclic

species that cannot be captured by Wertheim’s theory [97]. Though chemical theory can capture

cyclic species [13,98], specifying the species to include in solution is challenging. However, even
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without considering cyclic species, the intricacy of chemical theory is in stark contrast with the
simple elegance of Wertheim’s theory where all site bonding is calculated using the site balance
introduced in Eq. (1.4). Chemical theory requires correct identification of all possible bonding
schemes and the number of combinations through which each can form. It is thus this complexity
that has increased the popularity of Wertheim’s theory in the area of thermodynamic modeling.
The parallels between chemical and Wertheim’s theories have been noted by several independent
researchers [10,16,58]. Indeed, in our own previous work [96], the algebraic and numerical
equivalence of the two theories is shown for simple mixtures containing chain-forming species,
specifically pure alcohol and alcohol + inert type systems. However, in those cases, the alcohol,
modeled in the same way as component G here, results in only chain equations that are more easily
manipulated. The presence of species E creates a complexity that has not been previously
demonstrated. To our knowledge, no preceding work has shown the numerical equivalence of the
two methods for multicomponent non-chain-forming species with this rigor.

4.3. Conclusions

In this work, we explore the numerical equivalence of chemical and Wertheim’s theory for a
hypothetical system that contains a chain-forming component and molecules with multiple sites
which can only solvate. For chemical theory, the calculations are outlined carefully to elucidate
the oftentimes complicated counting procedure required to account for all associating species.
Moreover, the effect of the value of the association parameters on derived monomer fraction values
is studied. We demonstrated how Wertheim site free fractions can be used to calculate species
concentrations. It is found that, when implemented carefully, Wertheim and chemical theory yield
identical species distributions for the given system, providing that cyclic species are not present.

Because the system of study is a mixture of generalized non-specific components, we expect that
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the work presented here can be extended to all other chemical systems that do not form cyclic
species. Although both theories are fundamentally the same, Wertheim’s theory has a distinct
advantage due to the simplicity of its universal equations and is therefore recommended as the

superior method for determining monomer fractions.
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Appendix F: Simplification of double sums without a multiplication factor

Here, we demonstrate double sum simplifications such as that of

[ee] [ee]
Z Z CrgiEG; = (CT,61E61 + Cr 6,66, T CrEc, + ) F1

i=1j=1
+ (CT,GZEGl + Cr,e6, t Crec, + ) +

Careful inspection of the equilibrium constants shows that whenever i + j sum to the same value,

all concentrations where G is redistributed on both sides of E are identical, i.e.

CT,GZEGZ = CT,G3EGl = CT,GlEG3 = F.2

Therefore, the double sum can be written as a single sum:

o

oo [o9]
Z Z Cr686, = Z iCr.6e6; = Cr6.66, t 2Cr6,86, T 3Cr686, + F.3

i=1j=1 i=1

Substituting the definition for the equilibrium constant for this reaction from Eq. (4.17):

Z Z CrgiEG; = KCZ3CT,EC’12",GM + ZKC23CT,EC’12",GM(KCZCT,GM) F4
i=1j=1 .
2
+ 3KCZ3CT,EC72",GM(KCZCT,GM) + -
2 2 2
Z Z CT,GiEGj = Ki3CrpCrgy, (1 + 2Ke2Crgy + 3(KCZCT.Gm) + ) F5
i=1j=1

Recognizing the converging series

> . 1 F.6
Z(i+1)a‘ =———=1+2a+3a%*+-
: (1—-a)?
=0
results in the following simple term:
K(?SCT,ECYZ",GM
CT,GiEGj = 2
(1 - KCZCT,GM)

i=1 j=1

F.7

70



Appendix G: Simplification of double sums with a multiplication factor
For the double sums involving an (i + j) coefficient, such as,

z Z ((i +j)CT,GiEGj) = (2Cr¢,r¢, + 3Cr,c,p6, + 4Cro.ec, + )

i=1j=1
+ (BCT,GZEG1 + 4CT,GZEGZ + SCT,GZEGs + )

+ (4Cr g, + ) + oo
Applying Egs. (F.2) and (4.17) again yields two single sums.

z Z(i +j)CT,GiEGj = K&CrgCh g, (2 + 6KcyCrg,, + 12KeaChg + )

i=1 j=1

= KC%3CT,EC72",GM Z k(k — 1)(KCZCT,GM)j_2

= KCZ3CT,EC72",GM Z((l +D+ 0+ 1)2) (KCZCT,GM)i
i=0
2
(1 + 2KCZCT,GM + B(KCZCT,GM) + )

= K&Cr pCt
coTTETTGm + (1 + 4KC2CT,GM + 9(KCZCT,GM)2 + "‘)

The first sum is addressed in Appendix A. The second sum is also a converging series.

Z:(z+1)2 ) =1+4a+9a®+-

Applying Egs. (F.6) and (G.3):

1 1+ KeoCrgy,

ZZQ +J)Cr6e6; = = K&CrgCf g,

i=1j=1

+
(1-KezCra,)” (1= KeaCrgy,)

o 2KECrpChg
Z Z(l +])CT,GiEGj = N
=1 = (1 - Kc2Crgy,)
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Chapter 5. Applications of a Wertheim association activity coefficient model to
methanol and ethanol-containing mixtures

A new activity coefficient method for associating systems, Wertheim Association Gamma (WAG),
is evaluated for methanol and ethanol-containing binary and ternary mixtures. The method
combines Wertheim’s perturbation theory, Flory’s theory and a residual contribution. This residual
contribution is represented using several existing thermodynamic models including NRTL,
Scatchard-Hildebrand and a variation of Wilson’s equation developed by Nagata. The capabilities
and limitations of the models are compared to those of PC-SAFT and CPA. The WAG-NRTL and
WAG-Nagata approaches capture the behaviors of these mixed systems well when modeled with
four parameters. Meanwhile, WAG with Scatchard-Hildebrand (WAG-SH) out-performs CPA and
PC-SAFT in several cases, with only two fitted parameters. Lastly, the limitations of existing
methods for calculating association parameters are explored and shown to need improvement.
5.1. Introduction

Primary alcohols have many important uses in the chemical industry. Ethanol has been studied
extensively as a promising alternative to petroleum-derived chemicals and fuels [99-101].
Methanol is often used as a raw material in the manufacture of important compounds, such as
methyl-tert-butyl ether, and to prevent the formation of gas hydrates in the oil and gas industry
[102]. In such cases, the thermodynamic behavior of the systems can be difficult to represent with
traditional models and more advanced methods must be used. For alcohols, water, organic acids
and other polar molecules, it is now well-established that models that include hydrogen bonding
effects perform better than those that do not. For this reason, association equations of state, such
as SAFT [9] (and its derivatives [54-56,95]), CPA [11] and ESD [10] provide better representation

of these types of systems.
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Though theoretically more rigorous, equations of state require fitting of several pure component
parameters, requiring extensive vapor pressure and density data that are often not available for
new compounds. Lack of data results in large uncertainty in parameter values. Further, the
dispersion terms and association terms are both attractive and correct attribution of effects to the
respective interactions is difficult when fitting limited macroscopic data. In contrast, activity
coefficient (y) models have been favored by industry for many applications (particularly those at
low or moderate pressures) because the fitting of pure-component properties is only required in
the range to be modeled, and attention can be focused on the mixture nonidealities. Additionally,
the representation of the mixture is not biased by challenges in fitting the pure component behavior.
Association has been modeled in activity coefficient models as early as 1969. Harris and Prausnitz
[103] combined the van Laar equation with Dolezalek’s [34] chemical theory to represent physical
interactions and hydrogen bonding respectively. The Dolezalek approach describes the formation
of a hydrogen bond as an equilibrium reaction guided by an equilibrium constant. More recently,
Karachewski [13] combined this association theory with Scatchard-Hildebrand [19,20] and
derived the value of the equilibrium constants of hydrogen bonding from NMR spectroscopy.
Asprion et al. [7] demonstrated that use of chemical theory with local composition models can
suppress false prediction of VLLE. An alternative method for calculating association is
Wertheim’s perturbation theory [47-50]. This model has become increasingly popular in recent
years and is described in more detail in Section 5.2.1. Fu and Sandler [6] were the first to integrate
Wertheim’s theory for association into UNIQUAC [12], an activity coefficient model, achieving
significant improvement for binary systems. The model was also extended to a predictive UNIFAC
method [104] with good results, albeit with the association parameters regressed to experimental

phase equilibria data without consideration of actual spectroscopically measured association.
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Unfortunately, both of Fu's models include a derivative term that make them difficult to generalize
for multicomponent systems. In our previous work [96], we developed a generalized y expression
for association which will henceforth be referred to as the Wertheim Association Gamma (WAG)
method. This development eliminates the need for the complex derivative in Fu and Sandler’s
work yielding a general equation that can be applied readily in multicomponent systems. More
importantly, the generalized y association term can be attached to existing activity coefficient
models to enhance their ability to model systems with hydrogen bonding. In this work, we explore
the capabilities and limitations of three variations, WAG-NRTL, WAG-Scatchard-Hildebrand
(WAG-SH) and WAG-Nagata, for various systems of industrial importance and then compare
their performance to two association equations of state, CPA and PC-SAFT.

5.2. Model theory and parameters

In this section, we outline the models compared herein. In cases with the WAG models, the vapor
phase non-idealities are calculated using the Hayden O’Connell [79] model which has long been
recognized for its accurate modeling of the vapor phase. Liquid phase non-idealities are calculated

using an activity coefficient model which is a product of three contributions:

comb,,res

Y=1v yresyassoc 51

or

11’1)/ — lnycomb +1n yres + lnyassoc 5.2

The terms y €™ y"¢Sand ys5°¢ are the combinatorial, residual and association contributions to
the activity coefficient y respectively. The combinatorial contribution calculates the entropic
effects that arise due to differences in molecular sizes and shapes in solution. In theory, this would
be the only term remaining at liquid densities and infinitely high temperature. The residual

contribution accounts for molecular interactions between unlike molecules. In practice, depending
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on parameters used, this term can remain at liquid densities and infinitely high temperature. The
association contribution calculates the effects of hydrogen bonding.

5.2.1. Association contribution

Association is often modeled using Wertheim’s perturbation theory [47-50], a statistical
mechanics approach that quantifies that probability of bonds forming between sites on molecules.
Acceptor and donor sites are allocated on electronegative atoms that accept hydrogen bonds and
the protons that can be donated respectively. In our previous work [96], we introduced a
generalized activity coefficient contribution for association using Wertheim’s perturbation theory.
The model assumes conventional mixing rules, no excess volume, and a universal packing fraction.
Further details regarding the development of the model are given in Appendix C of Chapter 3 and
are omitted here. The resulting functional form is given by:

Aj
In ykassoc — Z Ny [In X_ — 1 (1- XAi,O) + lﬁ 2 X5 n tNB-(l _ XBi)
. i XAiJO 2 2 Pk L i nos i 53

onk sites B;
where X4i and X4¢0 represent the fraction of sites free in the mixture and when the host for the

site is pure respectively. N, is the number of identical A; sites on a molecule of host component.

X4i can be calculated using:
-1

XA = [ 14 2 st Np, X2 pAMP) 5.4
D

j
where D; represents any site that A; can bond to and A% is the association constant for the two
sites. The variable XD host is the apparent mole fraction of the component that hosts the site. Donor

sites are solved by using a similar equation obtained by flipping the acceptor and donor identities

in the equation.
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5.2.2. Combinatorial contribution
The combinatorial contribution is commonly calculated using the well-known modified Flory’s

equation:

CI)i, i,
In ¥, =In (—) +1-—L 55

X X

where ®;" is the volume fraction or modified volume fraction for component i calculated by

assuming zero excess volume:

x; VP
;= W 5.6
In Flory’s original theory (and unless otherwise specified in this work), p = 1. Despite its extensive
application, Flory’s theory does have known shortcomings such as assuming a universal packing
factor. This is reasonable for smaller molecules of similar size where the entropy effects are small.
However, the assumption of constant packing factor is inaccurate for polymers in solvents where
entropy of mixing is significant [105]. Various attempts to correct such weaknesses in the theory
commonly use the Staverman-Guggenheim (SG) theory [38,106] which has been integrated into
well-known models including UNIQUAC [12] and UNIFAC [29]. Recent work by Vahid et al.
[105] compares the excess entropy term calculated using several methods with results from
discontinuous molecular dynamics simulations. They found that Flory, both alone or corrected
with SG, underestimated the excess entropy for certain values of packing factor and
misrepresented its skewness with respect to equimolar composition.

Other semi-empirical variations of Flory’s theory exist which replace the molar volumes in Eq.
(5.6) with the UNIQUAC parameter r; and/or using fractions for the power, p. Donohue and
Prausnitz [107] were the first to suggest using r; with a non-unity power in the Flory-Huggins
model, which combines Flory’s theory with Scatchard-Hildebrand. Kikic et al. [108] compared
the excess Gibbs energy calculation from Donohue and Prausnitz model with others that corrected
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Flory-Huggins with a modified SG term. They tested both /> and V2/3 for the SG term and
showed that both modifications far out-performed traditional SG for aliphatic hydrocarbons.
Following these studies, two groups published modified UNIFAC models that incorporate a non-
unity power in the Flory portion of the model. The first, which was developed at the University of
Dortmund and is therefore often referred to as the Dortmund modified UNIFAC [109,110], sets
p = 3/4 and retains the SG correction. The second, developed at the University of Denmark
(Lyngby), is sometimes referred to as the Lyngby modified UNIFAC model [111,112] and follows
Kikic et al.’s suggestion of using a power of 2/3. The Lyngby modified UNIFAC model also
removed the SG correction completely, citing work by Sayegh and Vera [113] showing that the
correction often has little effect or sometimes overestimates the combinatorial contribution leading
to unrealistic excess entropies.
In our own work, we performed preliminary comparisons between:

1. Traditional Flory’s theory (Eq. (5.6) with p=1)

2. Traditional Flory’s theory (Eq. (5.6) with p=1) + SG

3. Modified Flory’s theory (Eq. (5.6) with p =2/3)

4. Traditional Flory’s theory (Eq. (5.6) with p=1) + van der Waals entropy correction [8,67]
A survey of several systems showed no appreciable differences in the fitting of binary systems
studied in this work. In all cases, the residual term compensated for differences in the
combinatorial term. Accepting that the original Flory and the Staverman-Guggenheim have some
deficiencies, we follow Kikic et al. and Sayegh and Vera’s recommendations and model the
combinatorial contribution using Eqg. (5.6) with p=2/3 and no additional correction. The decision

to use molar volumes rather than the UNIQUAC r; parameter was made based on the note by Kikic
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et al. that the former case showed a slight advantage over the latter in modeling linear alkanes. The
use of volumes provides some temperature dependence in the Flory term.

5.2.3. Residual contribution

Three models for the residual contribution are tested in this work: non-random two liquid (NRTL)
theory, a model developed by Nagata, and Scatchard-Hildebrand yielding the WAG-NRTL,
WAG-Nagata and WAG-SH models respectively. In this section, we provide a brief overview of
each of these In y;;*® models.

Activity coefficient models for liquid phase modeling may assume random mixing or consider
variations in local compositions. In contrast to random mixing models, which assume that species
are randomly dispersed in solution, local composition models represent the compositional
differences between the solvent shell of a molecule and the bulk fluid. This variation is modeled
by defining a constant, Q;;:

xi/xj
where x;; is the mole fraction of molecules of component i around a molecule of component j. Q;;

represents a ratio of the local composition to the bulk composition of the fluid and is calculated
differently in every model.

The NRTL equation, which was developed by Renon and Prausnitz [3] in 1968, calculates Q;;
with adjustable parameters, a;; and 7;;:

‘Qij = exp(—aijrij) 5.8

Here, 7;; is the interaction energy parameter between a molecule of component i and one of
component j and a;; = a;; is called the non-randomness parameter. The value of Iny ™ is then

calculated through:
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— ), Y
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Often, 7;; is fitted by two parameters to increase the temperature dependence of the term:

Ty = 8y 4= 5.10

NRTL is a commonly used model in the chemical industry because its functional form makes it
remarkably flexible. However, its parameters lack the theoretical significance necessary to derive
physical meaning or predict their values without regression. In this work, NRTL models (both with
and without WAG) are called 2-parameter models if @;; is set to 0 and only b; ; s fitted. The 27
indicates that there will be two b;; values used to fit each binary system: b, and b,,. The 4-
parameter model fits both a;; and EU—. The non-randomness parameter, a;;, is not fitted to each
individual system. Instead, a;; = a;; was set to 0.2 when the system has a liquid-liquid

immiscibility and 0.3 otherwise.
Another local composition model, Wilson [18], is the basis of what is referred to herein as the

Nagata model. Wilson used the variable Aj; to represent local composition. Ellliott and Lira [8,67]
show that, with some rearrangment, Wilson’s parameter Aj; is related to Q;; in Eq. (5.7) through:

Vv AWilson Vv
_Ql.j:Aji:—l'exp<— JL >:7;Tij 5.11

V; RT

where A]‘-’;’”S"” is a fitted parameter. With careful evaluation of the terms in Wilson’s original
equation, it is possible to separate Flory’s theory [8,67]. For convenience, one can consider Flory
to be the combinatorial contribution to the excess Gibbs energy, GZYis°™ and attribute the other

terms to a residual contribution, GEWisonres,
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GE,Wilson — GE,Flory + GE,Wilson res 512

[OF
GEFlory — RTZ x; In (x—l> 5.13
~ l

L

. A[/I(ilson
GEWilsonres — _RTZ x; In Z (q)j exp <_ URT )) 5.14
i J

In their 1997 work, Nagata et al. [15] used this idea to combine Eq. (5.14), which they refer to as

the physical contribution, with a chemical term based on Flory’s theory. In the chemical term, the
molar volume in Eq. (5.6) is replaced by a UNIQUAC volume parameter raised to 2/3, and the
chemical contribution is calculated in terms of the true monomer activities. This approach is very
similar to that developed by Campbell [16] and we show in our previous work that the resulting
“true” Flory activity coefficient, y<"¢™, is related to the traditional Flory activity coefficient,

yFlory through:

lnychem — lnyFlory + lnyassoc 5.15

Therefore:

In yNagata =1ln yWilson,res +1n yFlory +1n yassoc 5.16

Nagata’s model was shown to provide excellent fits of excess enthalpy, binary and ternary
equilibria data. For this reason, we chose to test the capabilities of the “residual term” in Wilson

and Nagata’s work given by:

OF X P;T;
In yiNagata,res — —In Z CD]- T |+ —_t_ z Zk_Titik 5.17
- Xi X 2 Pj Tjk

where ®; = x;V;/ Y.; x;V; is the volume fraction for component i. The quantity 7;; is calculated
through Eqg. (5.10) and the 2- and 4-parameter implementations of this model are fitted in the same

way as described above for NRTL. To avoid confusion, we refer to this as WAG-Nagata, rather
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than Wilson, to make it clear that only the residual portion of Wilson is used and the association
and combinatorial contributions are calculated as described in Sections 5.2.1 and 5.2.2.

The third residual model evaluated here is Scatchard-Hildebrand (SH). Developed in the early
1930s [19,20], SH is a regular solution theory which extends the van der Waals equation of state

to mixtures. The excess Gibbs energy and In y"¢* have the form:

n-1 n
GETeS ~ UETes = Vz Z ;DA 5.18
i=1 j=i+1
n n n
res Vi SH 1 SH
Iny/* ==k Z 0L ASH — EZ Z ;DAL 5.19
k=1 k=1 j=1

where V is the mixture molar volume calculated by assuming no excess volume, V = }; x;V;, ®;
is the volume fraction of component i and Aff’ is a combined term that can be related to the
solubility parameter of each component §; through:

A = (6; — 6))* + 26,65k 5.20
The solubility parameter, &;, is a measure of the internal energy departure per molar volume of a
component and is therefore often referred to as the cohesive energy density. k;; of Eq. (5.20) is a
binary interaction parameter that can be fitted to experimental mixture data. Because adjusting k;;
is equivalent to fitting A;;, we regress 4;; as:

Al = a;T + by, 5.21

where d;; and b; ; are the fitted parameters.

In summary, In y will be calculated using the following 3 WAG models:
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In y = lnyNRTL,res +1n yMod Flory +1n yassoc 5.22
In y = In ySH,res + ln}/MOd Flory +1n yassoc 5.23

lny =1n yNagata,res +1n yMod Flory +1n yassoc 5.24

5.2.4. EOS model parameters

The WAG models developed in Egs. (5.22-5.24) are compared to CPA and PC-SAFT. These EOS
models are used as a reference and thus, their derivations are not provided here but can be found
in references [11] and [95] for CPA and PC-SAFT respectively. We use the implementations in
version 9 of AspenPlus® and we fit the binary interaction parameter, k;; with the forms

implemented in AspenPlus®:

kij = dij + bum (CPA)
5.25
_ . 298.15K

5.2.5. Association parameters

Often, A4:Pj of Eqn. 5.4 is calculated by fitting to pure component properties. In this work, the

WAG models use the CPA association parameter, given by:

AiD;
. N D) 5.26
AAiDj = g(O')ﬁCPAJbCPA.iJ' <eXp< kT ) - 1)

where bcp,;j is the CPA covolume term, e4Pj is an interaction energy parameter, k is

Boltzmann’s constant, and ﬁ;izj is a fitted parameter. The term g (o) is the radial distribution

function at contact given by:
1 5.27

g(0) =——g——
1- TbCPAP

82



The values of CPA parameters used in this work are given in Table 5.1. The values of e4” and
£4P in the table refer to the self-association interactions, which occur between acceptors and
donors on molecules of the same component. Using Huang and Radosz’s [55] notation, alcohols
are modeled with a 2B scheme (one acceptor site, one donor site) and water with 4C (two identical
acceptor sites, two identical donor sites). For ethanol, one set of CPA parameters are used for all
the WAG models and another is used for the CPA fits they are compared to. The reasoning for this
choice is given in Section 5.4.

Table 5.1: CPA parameters used to calculate A42. The terms 4P and B4 pertain to self-
association interactions

_ Qo,cpa AD
Compound 7&%” (If)/fggl) (bar |2_2 Cicpa mgtl)_"’ll)r L pAP  Reference
mol)

Methanol 512.6 0.03098 4.053 0.4310 245.91 0.0161 [1]
Ethanol (CPA) 513.9 0.04910 8.672 0.7369 215.32 0.0080 [1]
Ethanol (Other) 513.9 0.04690 6.701 0.7987 247.72 0.0127 [2]

Water 647.3 0.01452 1.228 0.6736 166.55 0.0692 [114]
n-Pentane 469.7 0.09101 18.20 0.7986 [114]
n-Heptane 540.2 0.1254 29.18 0.9137 [114]
n-Decane 617.7 0.1787 47.39 1.1324 [114]

Cyclohexane  553.6 0.09038 21.26 0.7427 [114]

Cross-association, which occurs between molecules of different components, is approximated by
combining self-association parameters according to simplifying rules called combining rules.
Elliott’s combining rule (ECR) states that:

AAD) = \[p4iDipAD; 5.28
For WAG models, we implement a modification. The ECR includes the radial distribution function
of the pure components i and j in A4i®i and calculates their geometric mean values of the
association parameters. However, this eliminates any compositional dependence of g(o) for the

mixture. Therefore, we modify the rule as follows:
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AAiDi A4jDj

g(0y) g(oj)

5.29

AP) = g (o)

Where the pure component g(o;) values are determined at the pure component densities at the

same temperature. Assuming that exp (6::) -1 = exp( ) Eqg. (5.29) can be applied by

setting:
AiDj _ A:D; Aij
'BCPA bCPA,ij - \/'BCFL’AL'BCPA bCPA,ibCPA,J' 5.30
A;D; AiD;
eAiPi 4 e4jV]
edilj — — 5.31

2
where ﬁc ’bCPA ij Is a constant in this work. For the CPA model, the CR-1 combining rules are

applied for cross-association such that:

4Dj | gAiligtili 5.32
CPA CP CPA
A;D; A;D;j
e4Pi 4 €%

ediPj =~ 5.33

2

For the PC-SAFT model, parameters are obtained from literature for associating [115] and inert

[95] components. The association parameter is given by:

AD;
A‘“)J—ghS ADJO' exp € -1 5.34
kT

where g *is the radial distribution function for hard spheres calculated with the Carnahan-Starling

[116] equation and: where k4i®i has units of volume and o;; is the temperature-independent
3

kAiPj = W(—“ Tudy ) 9.35
O.S(O'ii + O-]J)
segment diameter for component i. Egs. (5.33) and (5.35) are the combining rules used to model

cross-association in PC-SAFT.
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5.3. Model comparisons

To isolate the capabilities of the residual model for all WAG models, the Wertheim association
parameter was calculated using the CPA parameters from Table 5.1 consistently for all models
except PC-SAFT. Only the residual term parameters were adjusted. Liquid molar volumes were
calculated using DIPPR molar volumes as provided by the AspenPlus® databases given in Table
5.2. PC-SAFT parameters are given in Table 5.3.

Table 5.2: AspenPlus® databases used in calculations. WAG-* denotes all WAG models

Model Databases in AspenPlus®
WAG-* APV90 PURE35, NISTV90 NIST-TRC

CPA APEOSV90 AP-EQOS, APV90 PURE35, NISTV90 NIST-TRC
PC-SAFT APV90 PURE35, APV90 PC-SAFT

Table 5.3: PC-SAFT pure component parameters. The terms 4P and k4P pertain to self-
association interactions

Compound m gi; (A) ek(K) €eP/k(K) w4  Reference
Methanol 1.526 3.230 188.9 2900 0.03518 [115]
Ethanol 2.383 3.177 198.2 2653 0.03238 [115]
Water 1.066 3.001 366.5 2501 0.03487 [115]
n-Pentane 2.690 3.773 231.2 [95]
n-Heptane 3.483 3.805 238.4 [95]
n-Decane 4.663 3.838 243.9 [95]
Cyclohexane 2.530 3.850 278.1 [95]

Hayden-O’Connell parameters were used as provided by AspenPlus® ver. 9 (given in Appendix
H) without adjustment. Excess volume was assumed to be zero, and all mixture molar volumes
used for volume fractions were temperature-dependent. To facilitate regressions, the WAG and
residual models were programmed as a user activity coefficient subroutine for AspenPlus®.

Data sources used for regression are summarized in Table 5.4 and the values of the regressed
parameters are given in the Appendix. When multiple data sets are available from the source, all

sets are used in the regressions.

85



Table 5.4: Data used for parameter regression.

System Data fitted to
Methanol + n-heptane VLE [117], LLE [118]
Methanol + cyclohexane VLE [117], LLE [5], HE [119]
Methanol + n-pentane VLE [120]
Methanol + water VLE [121,122]
Methanol + ethanol VLE [123-125], HE [126]
n-Heptane + cyclohexane | VLE [127] (point at x,, = 0.984 omitted), HF [128]
Ethanol + n-decane VLE [129], HE [130]
Ethanol + cyclohexane VLE [131], HE [132]

The goodness of fit for each regression is given in this work by the sum of squares value, SSQ,
calculated by:

k m _ Lexp
55Q = Z Z ( stddevl] ) >-36

i=1j=1

Here, L is generic notation for all properties used in the regression such as mole fractions or heats

of mixing. The superscript ‘exp’ refers to the experimental value and stddev;; is a standard
deviation assumed for the experimental data; stddev;; is 0.1 K for temperature values in the VLE

data sets and 0.01 K for those in LLE data sets, 0.1% for excess enthalpy data, 1% for vapor mole
fractions, and 0.1% for pressure and liquid mole fraction data. These weights reflect the confidence
with which each property can be obtained experimentally.

Table 5.5 gives the total SSQ of each model for all systems tested here with the exception of two.
The methanol + pentane system was omitted because 4-parameter WAG models and NRTL were
deemed unnecessary due to the satisfactory fits of the 2-parameter versions. The methanol +
cyclohexane system was also omitted because the 2-parameter WAG-NRTL model did not
converge. From these results, the four parameter versions of WAG-NRTL and WAG-Nagata
provide the best overall fits. This is not surprising when compared to CPA and PC-SAFT since the

equations of state were fitted with only two parameters each. However, it is encouraging that
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WAG-SH and the 2-parameter variation of WAG-Nagata, which are also fitted with just two
parameters, perform better than the CPA and PC-SAFT for the systems tested.

Table 5.5: Total SSQ for systems studied in this work. Systems for which only some model
were fitted have been omitted from this table and (2) and (4) denote the number of fitted

parameters
Model Number of fitted | 101 550 x 10°
paramete rs

WAG-NRTL(4) 4 1.12
WAG-Nagata(4) 4 1.82
NRTL(4) 4 2.13
WAG-SH 2 8.14
WAG-Nagata(2) 2 9.30
CPA 2 11.9
NRTL(2) 2 19.7
WAG-NRTL(2) 2 27.2
PC-SAFT 2 425

While the total SSQ provides a reasonable overview for the fit, it is important to consider each
regression individually to understand the limitations of each model. For example, the high SSQ
value for PC-SAFT misrepresents the majority of fits. This SSQ is large due to the moderately
poor representation of the methanol + n-heptane liquid-liquid equilibrium. To explore fits more
carefully, Table 5.6 arranges the models according to SSQ value for each system. Each of the
models will be represented by the line and/or color in Table 5.7. In some figures, certain lines may

be obscured due to overlap with others.
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Table 5.6: Model performance in order of best fit. Numbers are SSQ x 10 values and (2) and (4) indicate the number of fitted
parameters in the model. (*) denotes that only VLE (not excess enthalpy) data was fitted

WAG- WAG- WAG- WAG- | PC-
'\r/]'f’rt]za?;r']; NRTL(4) NFg'E)(“) Nagata(4) W'é‘SGéSH Nagata(2) Clgg‘ NR1T8'5(2) NRTL(2) | SAFT
P 8.83 ' 16.0 ' 87.0 265 419
Methanol + NRTL(4) CPA WAG | WAG T wagsH | o WAG” | NRTL(2)
cyclohexane 17.6 206 | Nagaa() | NRTL(A) | "py g™ | SAFT [ Nagata(2) |- a0
' ' 23.8 245 ' 80.3 107
Methanol + | WAG-sH | /2G| WAG 1 PC 1 cpa | NRTL(2)
n-pentane 0470 | Negata(@) | NRTL2) | SAFT | 5455 | (597
' 0.215 0241 | 0279 : '
WAG- WAG- PC- | WAG- | WAG-
Me\fvgat‘gf' * Nagata(4) N?Ig‘é“) WOAfg’QSH ng'l-éz) Nagata(2) gg?s SAFT | NRTL(4) | NRTL(2)
0.133 ' : ' 0.244 : 0525 | 0564 | 0.790
WAG- WAG- | WAG- WAG- | PC- WAG-
Mg:ﬁ:ﬂg: * | NRTL@) '\'OF;g'ggé) Nagata(4) | NRTL(2) | 0o 4'-3(12) Nagata(?) | SAFT é:gg SH
0.00872 | % 00108 | 00423 | © 00716 | 00993 | © 0.664
n-Heptane+ | O I NRTLER)* | WAC | WA T nRTL@) | WAC Twag-sH| o | cpa
cyclohexane | A0 g 095y | NRTLE)™ | Nagata(®) | 5117 | NRTL(H) |7 gggq | SAFT 409
0.0152 ' 00153 | 00172 | © 00193 | © 00893 | ¥
Ethanol + WAG- WAG" | pesAFT |waG-sH | VAG | WAGT | \RTL@4) | NRTLR) | CPA
n-decane NRTL(4) | Nagata(4) | =7 35 agy | Nagaa@) | NRTL(2) |5 5y 12.0 13.0
151 168 ' ' 5.3 5.64 ' ' :
Ethanol + WAG- ) WAG L wag-sH | VRS | P NrTL@) | (WAS INRTLR) | cPA
cyclohexane NRTL(4) | Nagata(4) 0.392 Nagata(2) | SAFT 0.560 NRTL(2) 143 108
0.305 0.318 : 0401 | 0443 ' 0.645 ' :
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Table 5.7: Legend for plots in Model Capabilities section

Model Notation in Figures
WAG-NRTL (2 parameters) | == == == == or ©
WAG-NRTL (4 parameters) or e
WAG-Nagata (2 parameters) or
WAG-Nagata (4 parameters) or

WAG-SH or °
NRTL (2 parameters) — = wm OO
NRTL (4 parameters) — O ®

PC-SAFT - emm mm == O O

CPA or °

In the upcoming sections, we show phase diagrams, heat of mixing plots (when applicable),
activity coefficients and percent errors for the K-ratios calculated by the various models. As an
additional measure of the model fits, the percent error of the K-ratios is calculated for each binary

as:

KVLe*P — KV
% error = RV Lo X 100% 5.37

where KVL is the K-ratio in the vapor-liquid equilibrium (VLE) region and the superscript of exp
indicates experimental values. For the liquid-liquid equilibrium (LLE) region, KVL is replaced by
the K-ratio in the LLE region.

5.3.1. Binary system with no association

First, we test the capabilities of the residual and combinatorial activity coefficients with a simple
binary mixture of two inert components, n-heptane and cyclohexane. The results are given in
Figures 5.1-5.4. The 2-parameter WAG and NRTL models were unable to simultaneously fit the
VLE and heat of mixing data well. Because the heat of mixing is small and inconsequential for
nearly ideal systems such as this, the parameters were fitted only to the VLE data. Therefore, the
lines for the 2-parameter WAG and NRTL models are shown in the VLE diagram but omitted

from the heat of mixing diagram. All the models were able to describe VVLE behavior equally well.
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Figure 5.1: Phase equilibria diagram for n-heptane + cyclohexane at 101.3 kPa.
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Figure 5.2: Heat of mixing for n-heptane + cyclohexane at T=298.14 K and 101.3 kPa. The
WAG-NRTL(4) line is obscured by the WAG-Nagata(4) and NRTL(4). The WAG-SH, CPA and
PC-SAFT lines are overlapped.
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Figure 5.3: Calculated and experimental activity coefficients for n-heptane + cyclohexane
at 101.3 kPa. Data and fits correspond to the experimental data in Figure 5.1
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Figure 5.4: Percent errors of K-ratios for n-heptane + cyclohexane system. Figures (a) is the
K-ratio of n-heptane and (b) is the K-ratio of cyclohexane in the VLE region at 101.3 kPa
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5.3.2. Binary systems with self-association

Figures 5.5-5.8 show fits for the methanol + n-heptane system. The fits for heat of mixing exhibit
a linear segment that spans the predicted LLE for each model. NRTL and WAG-NRTL(2) are
unable to capture both phase equilibria simultaneously. NRTL’s poor representation, both for the
fitted phase equilibria and the predicted heat of mixing in Figure 5.6, can be explained by its lack
of association. Including the Wertheim association term in WAG-NRTL improves the fit
significantly. However, WAG-NRTL(2) does not have the temperature dependence necessary to
fit the LLE region accurately and two more parameters must be included. PC-SAFT also shows a
poor fit in the liquid-liquid region. The other models are able to represent the phase equilibria with

comparable accuracy.
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Figure 5.5: Phase equilibria diagram for methanol + n-heptane at 101.3 kPa. Experimental

VLE and LLE data is shown by markers.
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Figure 5.6: Heat of mixing for methanol + n-heptane at T=298.15 K and 101.3 kPa.
Experimental data [133] is shown for the miscible region (xue0x<0.1464 and x .oy > 0.8899).
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Figure 5.7: Calculated and experimental [4] activity coefficients for methanol + n-heptane
at 101.3 kPa. Data and fits correspond to the experimental VLE data in Figure 5.5
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Figure 5.8: Percent errors of K-ratios for methanol + n-heptane system. Figures (a) and (c)
are K-ratios in the VLE region and (b) and (d) are K-ratios in the LLE region

The fitting results of the methanol + cyclohexane system are very similar to those of methanol +

n-heptane, which are given in Figures 5.9-5.12. NRTL and the two-parameter WAG models

provide poorer fits, particularly in the LLE. The excess enthalpy data in Figure 5.10 is fitted well

by the four parameter WAG models. While capable of capturing the magnitude well, CPA and

WAG-SH are slightly inferior in capturing the minor asymmetry in the heat of mixing.
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Figure 5.9: Phase equilibria diagram for methanol + cyclohexane at 101.3 kPa.
Experimental VLE and LLE data is shown by markers.
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Figure 5.10: Heat of mixing for methanol + cyclohexane at T=416.29 K and 1900 kPa.
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The methanol + n-pentane system is described in Figures 5.13-5.15. The parameters were fitted to
data at two temperatures, 372.7 and 397.7 K, and the results at both conditions were very similar.
The higher temperature fits are shown here. It is clear that both CPA and PC-SAFT have difficulty
describing the dew line for methanol + n-pentane. In contrast, WAG-Nagata and WAG-SH capture
both phase lines very well with only two fitted parameters each.
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Figure 5.13: Phase equilibria diagram for methanol + n-pentane at T=397.7 K
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Figure 5.14: Calculated and experimental [120] activity coefficients for methanol + n-
pentane at T=397.7 K. Data and fits correspond to the experimental VLE data in Figure 5.13.
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Figure 5.15: Percent errors of K-ratios for methanol + n-pentane system. Figure (a) is the K-
ratio of methanol and (b) is the K-ratio of n-pentane in the VLE region at T=397.7 K

Ethanol + cyclohexane fits are provided in Figures 5.16-5.19. This system has no liquid-liquid
immiscibility. Three models perform particularly poorly for this system: NRTL(2), NRTL(4) and
CPA. The first two models falsely predict an LLE and the last miscalculates the azeotropic
composition. WAG-SH and the four parameter WAG models describe the VLE and heat of mixing

data much better for this system.

98



356

354

352

Temperature (K)
2
(=)

(5]
N
=

342

340

338

336 T T T T

04 . 0.6
Mole fraction of methanol

Figure 5.16: Phase equilibria diagram for ethanol + cyclohexane at 101.3 kPa.
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Figure 5.17: Heat of mixing for ethanol + cyclohexane at T=298.14 K and 101.3 kPa.
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Figure 5.18: Calculated and experimental activity coefficients for ethanol + cyclohexane at
101.3 kPa. Data and fits correspond to the experimental VVLE data in Figure 5.16.
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100




Figures 5.20-5.22 show the model fits for ethanol + n-decane. The parameters were fitted to the
data in the figures and two more P-xy VLE data sets in Narasigadu et al. [129]. The P-xy fits at
the other temperatures are similar and, therefore, omitted for brevity. Linear segments in the bubble
line or the heat of mixing indicate prediction of VLLE.
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Figure 5.20: Phase equilibria diagram for ethanol + n-decane at T=338.17 K
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Figure 5.21: Phase equilibria diagram for ethanol + n-decane at 101.3 kPa
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Figure 5.22: Heat of mixing for ethanol + n-decane at T=298.15 K and 101.3 kPa.
The binary ethanol + n-decane system is especially challenging for all models tested. NRTL (4)
incorrectly predicts VLLE for the isothermal fits between 328 K and 348 K. WAG-NRTL (4)
begins to incorrectly predict VLLE at a temperature slightly above 328 K and WAG-Nagata (4)
does so at a temperature between 328 K and 298.15 K. WAG-SH and PC-SAFT do not incorrectly
predict VLLE at 328 K but they cannot model the steep rise in the bubble line for the P-xy
diagrams. The heat of mixing data shown in Figure 5.22 does not indicate phase splitting at 298.15
K, which would appear in the form of a linear section. Therefore, the VLLE predicted by almost
all models tested here at temperatures above 298.15 K is incorrect and illustrates a shortcoming of
the models. The CPA EOS generates a wider P-xy envelope than the other models due to the
difference in the association parameters used for CPA. The A4P value used in CPA is
approximately 1/5™ that of the value used in the WAG models and therefore, the hydrogen bonding

is modeled to be weaker. The regressed residual portion must then compensate for the association
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term in order to match the experimental data and the resulting residual contribution is
overestimated. This demonstrates the importance of correctly quantifying the association effects
on non-ideality and the difficulties that arise when the balance between y25%°¢ and y"¢ is
incorrect.

Exploring the models’ predictions at lower temperatures reveal another challenge with WAG-
NRTL and WAG-Nagata. For ethanol + n-decane, the experimental data used in the parameter
regression was between 445 and 328 K. However, when the phase behavior was extrapolated 60
K lower, both models incorrectly predict a lower critical solution temperature (LCST) near 260 K.
Interestingly, although CPA, PC-SAFT and WAG-SH provided inferior fits of the experimental
data, they did not predict an LCST when extrapolated to low temperatures. We attribute this
advantage to the temperature dependence of the residual contribution in the EOS models. Thus,
future work will focus on studying the temperature dependence of the residual contribution for the
local composition models.

5.3.3. Binary systems with self- and cross-associating systems

Two systems with cross-association are modeled in this work. Figures 5.23-5.26 and 5.27-5.30
show the fits for methanol + water and methanol + ethanol respectively. For the first system, all
the models describe the data well with no difficulty. However, the methanol + ethanol binary is
more complicated because it is so close to an ideal solution. Almost all models can capture the
phase behavior and heat of mixing for the system well except for CPA and WAG-SH. CPA is

especially poor at modeling the system and Section 5.4 explores this limitation further.
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Figure 5.23: Phase equilibria diagram for methanol + water at 101.3 kPa
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Figure 5.24: Phase equilibria diagram for methanol + water at T=298.14 K (bottom) and
T=308.14 K (top)
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Figure 5.25: Calculated and experimental [121,122] activity coefficients for methanol +
water at T=298.14 K, T=308.14 K and P=101.3 kPa from top to bottom. Data and fits
correspond to the experimental VLE data in Figure 5.23 and Figure 5.24.

105




% error in methanol K-ratio
o &Aoo N R o
L L L
(o] E.

0 0.2 04 0.6 0.8
Mole fraction of methanol

% error in methanol K-ratio

0 0.2 04 0.6 0.8
Mole fraction of methanol

1o
0

-10

20

-30

-40

=50

-60

=70

-80

-90 ] ]

% error in methanol K-ratio

0 0.2 04 0.6 0.8
Mole fraction of methanol

1 ot
= O = o o

% error in water K-ratio
.
2 [#0]

—_
=

13

% error in water K-ratio

(d)

(o]
oo

O »|®O
o ol
L Jo Jeof @

® O
® O

O @O
O eCeo®
oce O
[ ]
(o]

T

@

0.2 04 0.6 0.8
Mole fraction of water

0 0.2

04 0.6 0.8
Mole fraction of water

0.2 04 0.6 0.8
Mole fraction of water

°
1

Figure 5.26: Percent errors of K-ratios for methanol + water system. Figures (a-c) are K-
ratios of methanol and (d-f) are K-ratios of water in the VLE regions at T=298.14 K, T=308.14
K and P=101.3 kPa from top to bottom.

106




1120

1070

1020

970

920

Pressure (kPa)
B |
B |
=

0 0.2 04 0.6 0.8 1
Mole fraction of methanol

Figure 5.27: Phase equilibria diagram for methanol + ethanol at T=298.14 K (bottom) and
T=413.13 K (top)
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Figure 5.28: Phase equilibria diagram for methanol + ethanol at T=298.14 K
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Figure 5.29: Calculated and experimental activity coefficients for methanol + ethanol at
T=298.14 K (bottom) and T=413.13 K (top). Data and fits correspond to the experimental VLE
data in Figure 5.27.

108




[§e]
=]
—
h

- (@) (b)
E 15 A 2 10 1
o o g e ©
¥~ 104 @ M5 - °®
% 5 o E 0 o0 ®
% b g ® 0O 8 9 o o g g °
£ 0 - ° .5 - °
= -5 A 5 -10 A o
: . 5
© -10 1 @ L£-154 @
-].5 T T T T -20 T T T T
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Mole fraction of methanol Mole fraction of ethanol
25 25 y
Cc
g 200 s 20 O
T 15 {@ S |l ®
v v 15
= 10 - -
- . @] 10 - .
E 54 ® g
E 0 4 ® % 1@ ® 8
- (@) = ]l O
= _gzgﬁﬁgl." o. g0 é 8 ag
= 7 o %.O. S o 8 8 g ® o O e
£ -10 - o £ .5
o o o f; o
X -15 A > -10 -
° ([ ]
-20 1 1 1 1 '].5 1 1 1 1
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Mole fraction of methanol Mole fraction of ethanol
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5.3.4. Ternary systems

The parameters that were obtained by regression to binary data are used to predict the behavior of
the components in a ternary mixture. Mathias and Kister [134] have shown that including ternary
LLE in the regression of binary parameters can lead to improved simultaneous representation.
However, to explore the behavior for predictive capabilities, the simultaneous regressions were
not performed in this work. The phase diagram for methanol + n-heptane + cyclohexane is given
in Figure 5.31 and the K-ratios for each of the components are given in Figure 5.31. The predicted
LLE compositions are most accurate for the four parameter WAG-NRTL and NRTL models.
WAG-SH and CPA also provide a good prediction. However, PC-SAFT and the other two-

parameter WAG variations struggle to capture the methanol and cyclohexane rich phase.
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Figure 5.31: Phase equilibria diagram for methanol + n-heptane + cyclohexane at 101.3 kPa
and 298.15 K. Parameters used were fitted only to binary data.
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kPa and 298.15 K.
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Similarly, the ternary diagram for methanol + ethanol + cyclohexane and K-ratios for the
components is given in Figures 5.33 - 5.34. The performance of the models is much different for
this system. NRTL’s false prediction of an LLE between ethanol and cyclohexane creates the
wrong envelope in the figure. While this is the worst description of data, the other models are also
weak at predicting the behavior of this system. However, WAG-SH provides the best prediction,

out-performing CPA and PC-SAFT.
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Figure 5.33: Phase equilibria diagram for methanol + ethanol + cyclohexane at 101.3 kPa
and 298 K. Parameters used were fitted only to binary data.
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5.3.5. General findings and recommendations

Some general conclusions can be drawn from the results shown in this work. The first is that 4-
parameter variations of WAG-NRTL and WAG-Nagata models provide excellent fits of
experimental data for binary systems. The total SSQ of these two models is 47% and 15% smaller
than that of 4-parameter NRTL, which is the model with the next smallest SSQ, and are therefore
recommended as four parameter models. For systems that are difficult to model, the performance
of WAG-NRTL model could be further improved by fitting the «;; parameter. However, because
the goal of this work is to compare WAG-Nagata and WAG-NRTL with the same number of
adjustable parameters, this was not examined for the systems studied here, and is therefore left for
future studies.

Amongst two-parameter models, the WAG-SH model developed here is a clear frontrunner.
WAG-SH has been shown to correlate the behavior of the systems in this work better than the
equations of state. It is particularly interesting to compare it to CPA. The functional forms of the
energetic contributions in both WAG-SH and CPA are very similar but the SSQ for WAG-SH is
only about 70% of that for CPA. The differences are that WAG-SH uses a 2/3" power on the
volume terms in Flory’s theory whereas CPA does not, and the liquid volumes are calculated
differently. Additionally, CPA includes a correction for Flory’s theory derived from the van der
Waals equation [8,67].

The parameter of d;; is small for WAG-SH, CPA and PC-SAFT across all systems. However, the
parameter b;; of WAG-SH is consistently larger than that of CPA and PC-SAFT, in some cases
by three orders of magnitude. This is because, the k;; parameters in the EOS are corrections to the

attractive parameter which have an imbedded temperature dependence in their functional form. In

contrast, the fitted parameters in WAG-SH, and indeed all the WAG models, provide all of the
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temperature dependence of the residual term. Therefore, the difference in the magnitude of the
parameters between the WAG and EOS methods is expected. The small values of the fitted
parameters in the equations of state indicate that the functional form of the equations adequately
captures the temperature dependence of the experimental data. However, the fits generated by them
are still weaker than those by the 4-parameter models for most systems. This is a consequence of
the poor compositional dependence of CPA and PC-SAFT compared to WAG and NRTL.
As indicated by Flemr [135], NRTL and Wilson (and by extension, Nagata’s model) share a
common flaw: violation of local composition pair conservation (Flemr’s condition) given by.
NyNpg = NyNgp 5.38
N; is the total number of i molecules and N;; is the number of i molecules around j. Lin et al. [136]
showed that the non-compliance of these models to Flemr’s condition is due to the use of
Boltzmann weighing factors for local compositions. Instead, they introduced a flexible weight, f;,
characteristic of each species, to enforce pair conservation. The resulting function, while more
fundamentally correct, requires iterative solution. Moreover, similar to EOSs, the equation is less
flexible with respect to composition than NRTL or Nagata. Despite this, an interesting future
extension of this work can explore combining a residual contribution that obeys Flemr’s condition
with the combinatorial and association contributions used in this work.
The SSQ analysis reported here is only strictly applicable to the current set of systems and will
therefore not necessarily represent all systems. However, the relative performances of the models
are expected to yield similar trends. Further, some conclusions for this work may be dependent on
the association parameter. An observation in this work is that experimental alcohol + inert infinite
dilution activity coefficients increase rapidly at infinite dilution. When the phase behavior is fitted

using a model without chemical association, false LLE can be predicted because the residual
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models do not include this rapid rise at infinite dilution (except for Nagata). However, adding
chemical association has a strong effect at infinite dilution, and suppresses the tendency for false
LLE because the association term creates very large infinite dilution activity coefficients before
LLE begins to occur. Larger values of association constants permit fitting of infinite dilution
activity coefficients while diminishing the tendency for false LLE and warrants further study.

Future work will also investigate the relative magnitudes of the contributions to the activity
coefficient, y. For the WAG models and the systems tested here involving alcohol + hydrocarbons,
the activity coefficient is dominated by the association contribution. The ratios of y%5°¢ to the

total y at infinite dilution compositions are given in Table 5.8.

Table 5.8: Association contribution to the total activity coefficient at infinite dilution

Component Y aAsS0€ [y
System at infinite WAG- WAG- WAG-SH WAG- WAG-
dilution NRTL(4) | Nagata(4) NRTL(2) | Nagata(2)
Methanol + Methanol 1.255 1.234 1.177 1.082 1.145
THPA® | nHeptane | 1368 1274 1.069 1.070 0.903
Methanol + Methanol 0.988 0.958 0.954 - 0.924
Cyclohexane
T=335 K Cyclohexane 0.880 0.793 0.725 - 0.712
Methanol + Methanol 2.844 3.845 3.905 2.848 4.129
Water
T=350 K Water 1.226 1.793 1.881 2.055 1.794
Methanol + Methanol - - 1.061 1.073 1.089
nTeane | n-Pentane : : 0897 1060 0.955
Methanol + Methanol 1.056 1.048 0.935 1.025 1.028
Ethanol
T=340 K Ethanol 1.064 1.060 0.902 1.029 1.030
Ethanol + Ethanol 0.877 0.861 0.851 0.773 0.840
Cyclohexane
T=345 K Cyclohexane 0.680 0.684 0.711 0.725 0.641
Ethanol + Ethanol 1.429 1.448 1.245 1.211 1.212
n-Decane
T=380 K n-Decane 1.680 1.283 1.392 1.434 1.281
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In general, the ratios are very similar across all WAG models for every system. However, there is
significant variation in the calculated y ®%55°¢ /y* values for the methanol + water system. Since
the calculated values of y#s$°¢ and yM°4 Flory gre constant for a given system and condition, this
is an indication that the calculated energies of the dispersion interactions, described by y"¢%, are
very different depending on the calculation method used. Compared to Nagata and SH, NRTL
calculates larger deviations from ideality at infinite dilution due to dispersion interactions. Thus,
future work should include consideration of infinite dilution values.

5.4. Association parameter value

The parameters used to model ethanol with CPA were different than those used to calculate the
ethanol association parameters in WAG. In the former case, the parameters, which will be referred
to here as PM1, were calculated by fitting to vapor pressure and saturated liquid density data [1].
This procedure is typical of equations of state such as PC-SAFT and CPA. However, other studies
have employed different methods for the same purpose. For example, Renon and Prausnitz [68]
and Campbell [16] fit the association parameters directly to binary phase equilibrium data. Others
[70,96] follow an approach developed by Brandani et al. [73] that calculates the association
parameter by quantifying the difference between the vapor pressure of an alcohol and that of an
ether homomorph with a similar molecular size. In a recent study, Kontogeorgis et al. [2] refitted
CPA parameters to data that included the fraction of molecules that are non-bonded at equilibrium
(monomers). This quantity was calculated from spectroscopy and the resulting parameter set, PM2,
was found to be significantly different from those calculated previously. The values fitted to
spectroscopy for ethanol give more association and thus a larger association contribution to infinite

dilution. Unfortunately, the parameters also do not simultaneously represent the vapor pressure.
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We illustrate this difference for ethanol + cyclohexane and ethanol + n-decane in Figures 5.35 -

5.36.
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Figure 5.35: Comparison of phase equilibria fits with two sets of CPA parameters for
ethanol + cyclohexane at 101.3 kPa. Solid lines are fits calculated using PM1 parameters [1]
and dashed lines are calculated with PM2 parameters [2]
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Figure 5.36: Comparison of phase equilibria fits with two sets of CPA parameters for
ethanol + n-decane at T=338.17 K. Solid lines are fits calculated using PM1 parameters [1] and
dashed lines are calculated with PM2 parameters [2]
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The solid and dashed lines in Figures 5.35 - 5.36 are fits of the CPA model made using PM1 and
PM2 parameters respectively. The end points for pure ethanol are completely missed by the PM2
parameters. Thus, PM1 parameters were implemented for CPA fits in this work. Exploratory work
showed that most of the WAG models resulted in false LLE when regressed with PM1 for ethanol
+ cyclohexane. Also, because of the direct relationship between A4P and monomer fraction, the
PM2 parameters, which are fitted to the monomer fraction, are expected to be more fundamentally
consistent with reality. Therefore, we elected to use PM2 parameters for ethanol to calculate the
association parameter for WAG models.

The A4P parameters for the self-association of primary alcohols as calculated by the various

approaches described are shown in Figure 5.37.

50
15 - —A—Renon (1967)
~ 40 4 —e—Campbell (1994)
£ 35 —0—Bala (2016)
%“E“‘ T —=CPA (1996)
= s —¢CPA w/PM2 (2010)
5 ——PC-SAFT (2002)
= 20 A
X
o ].5 ]
=
<] 10 -
5 .
0 1 1 1 1 1
0 1 2 3 4 5 6

Number of carbon atoms in primary alcohol

Figure 5.37: AP for the self-association of the primary alcohols at 298.15 K calculated by
fitting to different properties.Parameters were calculated by fitting to pure component
properties (CPA [1,64], PC-SAFT [115]), binary VLE data (Renon [68], Campbell [16]) or vapor
pressures of ether homomorphs (Bala [96], using methodology from Nagata [70]). The marker
‘x” shows the association parameter calculated with the PM2 parameters which are fitted to
spectroscopic and pure component data
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For the methods of Renon, Campbell and Bala, association was modeled using chemical theory
and the calculated parameter was the equilibrium constant, K. In these cases, we use the finding
of our earlier work [96] which showed that, with reasonable assumptions, A4? = K, to compare
the values of the AP,

It is immediately clear from Figure 5.37 that the value of A4P can vary by a factor of over 6
depending on the calculation method used. This is due, in part, to the fact that all these methods,
with the exception of the one that yields the PM2 CPA parameter set, lack molecular-level
experimental insight. Instead, they depend on macroscopic manifestations of hydrogen bonding.
To address this situation, more fundamental techniques such as spectroscopy must be utilized in
parameter calculations and we explore these methods in the following chapters. It is worth noting
that A4P calculated for the self-association of ethanol from the PM2 parameters, which include
spectroscopic information, falls more in line with the values calculated from other methods and
are close to that calculated by PC-SAFT. The work of Asprion et al. [7,137,138]uses spectroscopy,
but is not directly useful in the Wertheim framework. Regardless of the uncertainty in the exact
value of the association constant, this work demonstrates that inclusion of association is important
to improve the performance of traditional activity coefficient models.

5.5. Conclusions

In this work, a Wertheim activity coefficient term is combined with existing thermodynamic
models including NRTL, Scatchard-Hildebrand and the energetic part of Wilson’s equation. The
resulting models are used to fit phase equilibria and heat of mixing data for methanol and ethanol-
containing systems and compared to CPA and PC-SAFT. The four parameter WAG models were
found to perform the best, with sum of squares errors that were 3 to 22% of those of 2-parameter

models. Among the two parameter models, WAG-SH provided comparable or, in some cases,
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superior results to CPA and PC-SAFT. Including association improved the models’ capability to
fit simultaneous VLE and LLE data even though there was uncertainty in the association constant
value. While CPA parameters from literature were used to calculate the association parameter
values in this work, the resulting fits highlight the importance of incorporating spectroscopic

findings in determining accurate values of the association parameter A4P.
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Appendix H: Parameter values for Hayden O’Connell and the regressed residual terms

Table H.1: Regressed parameters values. The parameter a;; was not regressed but is tabulated
for convenience

aij aji bij bji aij
WAG-NRTL(2prms) - - 530 -318 0.2
WAG-NRTL(4prms) -2.71 0.233 1400 -426 0.2

, WAG-SH -0.0505 24.7 -
=3 CPA -0.0298 0.0336 :
% £ | WAG-Nagata(2prms) - - -140 -17.5 -
£ 2 | WAG-Nagata(4prms) 4.85 -0.691 -1532 177 -
=2 = NRTL(2prms) 0 0 541 387 0.2
NRTL(4prms) 0.781 -3.96 335 1515 0.2

PC-SAFT 0.0830 -0.0455 -
WAG-NRTL(2prms) - | - 374 | -225 0.3

LS WAG-SH -0.128 57.7 i
5 2 CPA -0.0186 0.0557 :
& T | WAG-Nagata(2prms) - i -79.4 222 i
8|  NRTL(@prms) - : 552 492 0.3
PC-SAFT 0.0534 0.00770 -
WAG-NRTL(4prms) -0.645 | -0.643 732 | -101 0.2

_ WAG-SH -0.0965 46.8 -

3 CPA** 0.0320 0.00782 -

\3/ § WAG-Nagata(2prms) - - -14.1 -80.1 -

S £ | WAG-Nagata(4prms) 1.62 -0.196 -502 -23.7 i
2 g NRTL(2prms) - i 354 459 0.2
NRTL(4prms) 0.0803 -4.780 347 1906 0.2

PC-SAFT 0.0726 -0.0220 -
WAG-NRTL(2prms) - - 41.2 -20.4 0.2
WAG-NRTL(4prms) -6.61 5.56 2170 1746 | 0.2

. WAG-SH -0.0154 7.10 -

=3 CPA -0.122 0.122 -

S § | WAG-Nagata(2prms) - - -5.63 -18.1 -

£ 3 | WAG-Nagata(4prms) 5.635 -1.732 -1721 472 -
YT NRTL(2prms) ] i 138 749 0.2
NRTL(4prms) 1.35 -0.554 -63.0 690 0.2

PC-SAFT 0.0634 -0.0363 -
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Table H.1 (cont’d)

dij a;i b;; bj; aij

WAG-NRTL(2prms) - - 201 -55.6 0.3
WAG-NRTL (4prms) 0.466 -0.529 292 -52.5 0.3

L3 WAG-SH -0.0189 17.4 -

o= CPA -0.0560 0.0947 -

S & | WAG-Nagata(2prms) - - -152 -19.6 -

£ 2 | WAG-Nagata(4prms) | 0.3605 -0.103 -256 16.8 -
w 5‘ NRTL(2prms) - - 187 794 0.3
NRTL(4prms) -0.00483 0.912 238 415 0.3

PC-SAFT 0.0646 -0.0225 -
WAG-NRTL(2prms)* 0 0 -95.1 123 0.3
WAG-NRTL(4prms) 0.0367 -0.494 -142 344 0.3

= WAG-SH -0.0202 8.41 -

- CPA 0.0123 -0.0119 .

8 E WAG-Nagata(2prms)* 0 0 -193 184 -

% 2 | WAG-Nagata(4prms) -0.159 0.625 65.4 -259 -
ooy NRTL(2prms)* 0 0 -123 149 0.3
NRTL(4prms) -0.0382 -0.435 -131 334 0.3

PC-SAFT -0.00573 0.00787 -
WAG-NRTL(2prms) - - -473 322 0.2
WAG-NRTL (4prms) 12.7 -4.74 -2881 720 0.2

* WAG-SH -0.147 -26.6 -
=S CPA -0.0881 0.0163 -
£ 2 | WAG-Nagata(2prms) - - 130 59.6 -
£ = | WAG-Nagata(4prms) 1.72 -2.76 -489 1058 -
= NRTL(2prms) - - -111 345 0.2
NRTL(4prms) 3.59 -3.563 -1224 1430 0.2

PC-SAFT 0.00387 -0.0759 -
WAG-NRTL(2prms) - - 67.8 -63.2 0.3
WAG-NRTL (4prms) -0.868 0.712 336 -291 0.3

to WAG-SH 0.0145 1.28 -
? g CPA** 0.0155 -0.0365 -
2 2 | WAG-Nagata(2prms) . . -49.4 32.2 .
ﬁ E WAG-Nagata(4prms) 1.03 -0.660 -327 215 -
= NRTL(2prms) - - 62.8 -53.8 0.3
NRTL(4prms) -1.03 0.929 351 -320 0.3

PC-SAFT 0.00926 -0.00830 -
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Table H.2: Hayden-O’Connell n;; parameters.The value of n;;, which is dimensionless, for
alcohol + alkane binaries is zero

Comp j
Methanol Ethanol
‘o | Methanol 1.63 1.55
e
S | Ethanol 155 1.4
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Chapter 6. Quantitative Analysis of Infrared Spectra of n-Butanol + Cyclohexane with
Quantum Chemical Calculations

Hydrogen bonding has profound effects on the microscopic behavior of molecules. Infrared
spectroscopy (IR) allows for the analysis of molecular vibrations by excitation with infrared
radiation. However, quantitative analysis of the hydroxyl band in the IR spectrum, where hydrogen
bonding is most prominently expressed, is non-trivial. Specifically, the broadness of the band and
the range of variation of the O-H absorption coefficient complicate the analysis. In the present
work, sequential MD and QM simulations are used to develop functions that relate the vibrational
frequencies to the integrated absorption coefficients of hydroxyl bands. This relationship is then
used to quantitatively calculate the mixture concentration of alcohol molecules from experimental
IR spectra by integration across the entire hydroxyl band. Finally, universal maps to relate bond
lengths, vibrations and NMR chemical shifts are proposed.

6.1. Introduction

In infrared (IR) spectroscopy, molecules are excited with light in the mid IR wavelength region
and the amount of light absorbed by the sample is detected. Absorption of light at different
wavelengths induces vibrations of different bonds within the molecule and analysis of the resulting
spectra can yield information about the types of functional groups it possesses. IR spectroscopy
has long been used in this way to identify chemical compounds through the interpretation of band
patterns. Moreover, quantitative analyses of IR spectra can be used to gain insight into the
concentration of functional groups in a solution. For example, Williams et al. [139] explored the
relationship between absolute integrated intensities of the C-H stretching and bending bands of
gas-phase alkanes. The authors compared density functional theory (DFT) calculation results to

experimental IR spectra and found that the number of C-H bonds in the molecules studied is
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linearly correlated with the integrated intensities of C-H stretching and bending bands. IR is also
frequently used in chemometrics [140]. Several researchers have been able to correlate intensities
of various classes of compounds with physical characteristics of the molecules such as the number
of methylene groups [141], molecular size [142] and degree of branching [143].

The O-H stretching bands have been the focus of many studies that aim to understand the complex
effects of hydrogen bonding [37,144-151]. These bands occur between ~3200 cm™ and 3700 cm
! and their combinations appear in the form of two overall peaks: a sharp higher frequency peak
and a broad lower frequency peak. The formation of hydrogen bonds is known to decrease the O-
H stretching band frequency and increase its integrated intensity [152]. Wu et al. [146] investigated
supercritical and liquid methanol and found that an isothermal increase in density causes the
integrated spectroscopic area to increase and the hydroxyl vibrational band to shift to lower
frequencies. Expectedly, isobaric heating has the opposite effect. Due to these widely varying
measurement response factors compared to C-H bonds, vibrations associated with free and
hydrogen-bonded hydroxyl groups are much more difficult to interpret in quantitative terms and
have therefore largely been interpreted qualitatively. To overcome some of the challenges involved
in IR analysis of hydroxyl peaks, computational tools such as molecular dynamics (MD) [153] and
quantum mechanical (QM) [139,144,154-159] simulations are being leveraged to elucidate the
effects of hydrogen bonding on IR peak characteristics. MD and QM calculations balance
computational expense with modeling rigor. The former method is less demanding of
computational time and resources but does not model electronic effects, which are the basis of
hydrogen bonding and, in particular, result in the distributions of hydrogen bond types. Indeed,

Kwac and Geva [17] show that, depending on the choice of empirical forcefield, the simulated
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relative populations of species can vary by as much as 20%. For this reason, MD is often used in
conjunction with QM [17,160-162] rather than as the primary tool for investigation.

A recent development in the computational sphere is empirical mapping. This approach, developed
by Skinner et al. [163-167] for water, creates functions or “maps” that relate vibrational
frequencies to properties that can be calculated with reasonable accuracy from MD calculations.
In this way, one can obtain a meaningful fundamental understanding of a system’s IR response
without having to use excessive computational resources. Mesele and Thompson [168] extended
these techniques to primary alcohols, developing several “universal” maps that relate the transition
frequencies, dipole derivatives and position matrix elements to the electric field on the atoms.

In this work, we aim to present a combined computational and experimental approach which
leverages the power of simulations to address the challenges of interpreting the infrared behavior
of O-H bonds. Furthermore, we apply this technique to quantitatively analyze the entire hydroxyl
band and calculate the relative and absolute concentrations of hydroxyl groups in the various
contexts (monomers and clusters) existing in solution. In all our discussions, references to the
hydroxyl vibrational bands pertain to the vibrations of the covalent O-H bond and not vibrations
of the actual hydrogen bond (which appear at much lower frequencies [152]). Additionally, the
term ‘apparent concentration’ will be used to refer to concentration of species in solution ignoring
the clusters formed by hydrogen bonding — the molecules are counted individually. The term
“apparent concentration” in chemical engineering is synonymous with “formal concentration” in
chemistry literature.

6.1.1. Analysis of the O-H stretching band

Quantitative interpretation of infrared spectra begins with the Beer-Lambert law, which relates the

observed IR absorbance of a solute to its concentration in solution according to:
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A = &Cl 6.1

where A; and C; are the observed absorbance and concentration of the absorbing solute i
respectively. The pathlength, [, is the length of the sample that the IR light beam passes through
and ¢; is the molar absorption coefficient, also known as the extinction coefficient, of species i.
The latter parameter is a measure of the IR absorbance of a single bond vibration at a selected
wavenumber and is often assumed to be independent of concentration for the solute. In common
practice, solutions of known concentrations are prepared and analyzed with IR spectroscopy. Then,
a peak corresponding to a vibration in the solute molecules is chosen in an area where overlap with
solvent bands is minimal. The absorbance peak height values are then plotted against the
experimental concentrations of the solutions. Finally, the value of ¢ is calculated as the gradient
of this plot, which is ideally linear, and used in subsequent studies to analyze solutions of unknown
concentration.

However, the Beer-Lambert law is not universal; it fails under conditions where the relationship
between A; and C; becomes non-linear. This occurs when the solute molecules interact
significantly with one another or solvent molecules, such as in high concentration solutions. In
these cases, the value of the molar absorption coefficient, &, can vary dramatically for the same
bond depending on the molecule conformation and its microenvironment. This contributes to the
broadening of the observed IR band and complicates quantification. Moreover, there is
disagreement in the literature concerning the assignment of vibrational bands. In earlier studies
[137,145,169], vibrational bands were assigned to hydrogen bonded clusters and were
distinguished based on the size of the cluster. Hall and Wood [170] were the first to propose that
covalent O-H bond vibrations should be classified individually according to if and how they

participate in hydrogen bonding. If the O-H is neither accepting nor donating a hydrogen atom, it
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is classified as an o bond. If it is accepting one hydrogen atom but not donating, it is classified as
a B bond. These and the other 4 categories of bonds are illustrated in Figure 6.1. Using femtosecond
IR pump probe studies of ethanol clusters, Woutersen et al. [171] were able to assign the a, S, y

and & bonds to experimentally deconvoluted peaks as far back as 1997.

i
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Figure 6.1: Types of covalent O-H bonds

This approach to IR band interpretation is more aligned with the fundamental basis of IR excitation
as a bond perturbation rather than a molecular or cluster-wide phenomenon. Therefore, Hall and
Wood’s classification system has been adopted more frequently in recent work [147,148,150,172]
and will also be used in this work.

6.1.2. Motivation

While research in this area is extensive, we are unaware of any work demonstrating quantification
of the entire hydroxyl IR band area for alcohols and relating the area to the apparent concentration.
Such a relationship has profound implications for the study and modeling of hydrogen bonding.
Indeed, in the development of engineering models for the association of an alcohol in an inert
solvent, the key parameter that defines the extent of hydrogen bonding is the fraction of hydroxyl

protons that remains nonbonded at equilibrium. Once this value is determined, some assumptions
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can be made about the types of species present in solution and the energy of their formations. A
simple model that has often been adopted [98,173,174] for alcohol + inert systems is the CLAM,
or Continuous Linear Association Model. As the name suggests, CLAM accounts only for linear
species in solution and assumes that each hydrogen bond has the same energy of formation
regardless of the size of the cluster it forms. The motivation behind the current study is to develop
a procedure capable of accurately determining the fraction of free hydroxyl protons and conduct a
thorough quantitative analysis of the O-H IR bands.

6.2. Computational methods

To analyze the vibrational spectra derived from infrared spectroscopy, a combined molecular
dynamics (MD) and quantum mechanics (QM) approach was used. In this section, these
computational techniques are outlined.

6.2.1. Molecular dynamics simulations

Molecular dynamics simulations were carried out using the AMBER 14 package [175]. The
AMBERY4 force field was implemented with the AM1-BCC charge method and no modification
to the force field parameters. For each concentration, a cubic box of n-butanol and cyclohexane
molecules was created at the ideal solution density using PACKMOL [176] and the energy of the
system was minimized within 1500 steps. Next, the box was heated up with a 40 ps NVT run,
using a time step of 2 fs, in two stages. The temperature was ramped up from 0 to 283.15 K during
the first 9000 steps then maintained at that temperature for the remaining 11000 steps. Finally, a
10.4 ns NPT production run was conducted at 1 bar and a time step size of 2 fs. The temperature
and pressure were controlled using the Langevin thermostat (with a collision frequency of 2 fs)
and Berendsen barostat respectively; both implemented with default parameters. During the NVT

and NPT simulations, periodic boundary conditions were enforced in the x,y and z coordinates.
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The cutoff for non-bonded interactions was set at 8 A and a continuum model was used for
Lennard-Jones interactions beyond this range. Electrostatic interactions were calculated using the
Particle Mesh Ewald (PME) summation method with default settings and parameters. Only bond
lengths involving hydrogen were constrained using the SHAKE algorithm. This method was
repeated for n-butanol + cyclohexane and ethanol + cyclohexane at the equimolar composition.
The simulation details that varied between systems are given in Table 6.1.

Table 6.1: MD simulation details. Box and run for n-butanol + cyclohexane systems studied in

this work
System n-Butanol + Cyclohexane | Ethanol + Cyclohexane
Alcohol mole fraction 0.1 0.5 0.5
Number of alcohol molecules 26 128 168
Number of cyclohexane molecules 230 128 168
Initial cubic box length (A) 40 40 36
Temperature (K) 283.15 283.15 298.15

Production run length (ns) 10.4 10.4 13.0

The production runs were longer than 10 ns in all cases, giving all the systems ample time to
equilibrate. Furthermore, only the last 2.4 ps of the simulations were analyzed for hydrogen
bonding information.

The hydrogen bond criteria were defined as an O-O distance < 3.2 A and an O-H--O bond angle
> 130°. Using this definition, hydrogen bonded clusters of various sizes were identified, and each
bond was assigned a class based on the categories in Figure 6.1. For the current study, only linear
species are analyzed. Furthermore, the low incidence of structures including n and ¢ bonds
suggested that they play a minor role; they are thus neglected.

To verify thermal equilibration, Figure 6.2 shows the number of times each n-butanol molecule
appears as a 8, 6 or y bond in trimers in approximately 590 evenly spaced frames collected every

40 fs in the last 2.4 ps of the production run. Each molecule appears in a trimer in about 15% of
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the frames. The x-axis is the unique identifying number of each n-butanol molecule in the box.

The distribution is random for the three bond types across all molecules in solution.

120 T T T T T T
x Total &4 As3 ® Asy @ As}
x
x
100r , " > e M
x L xX X X x x ** % % ”
& * % x aw ¥ 7 x XX x *x & x ox x
3] x <& % XX % X % x >
8 80 B x xxx X xX % X % » ”. xxx x by 3 x % % Xx x X
@ ™ % x *x % x x % x * x
= x x * X % x X
8 x XX % x Xx
o x x x
qa 60 'x " ke 3 =
5 & &
E 40} * i -
o A )
2 L Ava 20
IR0 ump WP od
20 N
8 %,n
0 ] 1 1 1 I} 1
0 20 40 60 80 100 120

Molecule ID #

Figure 6.2: Bond distribution in trimers calculated with MD simulations for an equimolar
n-butanol + cyclohexane mixture. The distribution illustrates that molecules are equally likely
to sample all bond types.

6.2.2. Quantum mechanics simulations

Once the hydroxyl bonds were classified, each cluster was prepared to undergo QM calculations.
Careful implementation of QM simulations is a balance between accuracy and computational
expense. For this reason, performing extensive calculations over the entire box was not feasible
and an alternative was necessary. In this work, all molecules with atoms that fell within 5 A of the
hydroxyl hydrogen atom in the hydrogen bonded cluster were retained in the simulation

environment. All other molecules were excluded. This cutoff effectively ensures that the sampled

environments were representative of the whole box while minimizing the computational effort
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required for quantum calculations. To this end, we also constrained all atoms and bonds except for
the -CH>-O-H groups in each alcohol molecule of the hydrogen bonded cluster of interest.
Gaussian 09 [177] was used to optimize the geometries of each cluster and perform the frequency
calculations. The B3LYP [178] level of theory and 6-31G* basis set were chosen shown [154,159]
to capture the effects of hydrogen bonding accurately for a reasonable computational cost.
Finally, the IR vibrational information calculated underwent two tests. In the first, the final atom
positions were checked to ensure that the covalent bond classifications made earlier had not
changed during QM optimization. Secondly, vibrational coupling between multiple -O-H bonds
was estimated by calculating the displacement of each -O-H hydrogen atom in the cluster using:
displacement = Ax} + Ayh + Azf 6.2
where Axy, Ayy and Az is the displacement of the hydrogen atom in the x, y, and z directions
respectively. Several studies have shown that vibrational coupling between different groups have
an effect on the spectra [149,172,179,180]. However, in this work, we are interested in comparing
the behaviors of individual bond types. Therefore, to reduce the effects of coupling, vibrations
were excluded from analyses if they could not be confidently assigned to only one —O-H bond.
We define confidence as having one hydrogen atom’s displacement in a vibration being at least
0.3 A2 greater than any other’s in the optimized geometry.
6.3. Experimental methods
Experimental IR data collection was performed by William G. Killian, a member of the Lira Lab
at Michigan State University and will be included in his Ph.D. dissertation [181]. Therefore, this
section provides a basic outline of the experimental methodology for context. Cyclohexane,
ethanol and n-butanol were purchased in anhydrous forms at purities of 99.5%, 99.5% and 99.8%

respectively and further dried using 3 A molecular sieves for at least 72 hours. Samples were
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prepared volumetrically in a glove box and then transferred to scintillation vials to be removed
from the inert environment for analysis.

Infrared absorbance spectra were collected on a JASCO FT/IR-6600 spectrometer using a Specac
demountable temperature-controlled liquid flow cell (GS20582) with CaF, windows and PTFE
spacers. The system was allowed to stabilize for 10 minutes at each temperature. The pathlength
for all measurements was 0.01092 cm. A background of the empty cell was taken at each
temperature and subtracted from the sample data. For each reported spectrum, 128 scans were
accumulated with a resolution of 2 cm 2,

6.4. Results and discussions

6.4.1. Processing and preliminary analysis of experimental IR spectra

The raw IR spectra were processed as follows. The hydroxyl band region is determined to be
3049.9 to 3755.2 cm™. First, the solvent bands were removed from the spectra by subtracting
concentration-weighted spectroscopic data of neat cyclohexane at the same temperature and
pathlength of the sample. The concentration was calculated by assuming ideal volume of mixing
using temperature-dependent volumes through V = ); x;V;. The processed experimental IR
spectra for n-butanol in cyclohexane in the region of the hydroxyl stretching band is given in Figure
6.3 for xz,0n = 0.1. As the temperature increases, the peak at ~3650 cm™ and shoulder at ~3540
cm, P; and P, respectively, increase in absorbance while the broad peak centered at ~3320 cm'?,

P;, diminishes.
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Figure 6.3: Experimental O-H IR band for a 0.1 mole fraction of n-butanol in cyclohexane.
Data was collected at five temperatures between 30 °C and 70 °C

While band assignment is a topic of great interest to the scientific community, we defer such
discussion to the following chapter. In this work, we instead conduct a quantitative analysis of the
entire hydroxyl band. To this end, we begin with an investigation of the physical significance of
the absorbance band area. Figure 6.4 shows the relationship between the area under the entire O-

H absorbance band and the apparent concentration for four concentrations at five temperatures.
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Figure 6.4: Total absorbance band area of the O-H band for n-butanol + cyclohexane data
as a function of the mole fraction for 4 compositions. Spectra were collected at xg,, o=
0.0469,0.0678, 0.0817 and 0.100 and the lines indicate the line of best fit given by the equations
on the figure. A thermal correction for density is applied.

When temperature rises, it is expected that an increasing number of hydrogen bonds will break,
forming smaller chains and monomers. Thus, the distribution of the different bond types will
change. However, at a given composition, the total quantity of hydroxyl groups should remain
constant across the temperature range studied here. To correct concentration for the effect of

temperature on the density, the band areas plotted in Figure 6.4 are scaled with a thermal correction

factor which is defined as:

pr¢f 6.3

where p and p™¢/ are the mixture densities at the temperature of the experiment and a reference
temperature (298.15 K) respectively. The mixture density is calculated by assuming no excess

volume. Therefore, p = (¥; x;V;) ! where V; is the molar volume of component i.
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It is immediately clear from Figure 6.4 that the assumed linearity of A; and C; that is traditionally
assumed for a given absorbance in the Beer-Lambert law does not apply for the overall hydroxyl
band. If it did, all of the points (at all temperatures and compositions) would be reasonably well
represented with a single straight line that passes through zero on both axes. However, while data
at each temperature is quite linear, the intercept varies significantly between temperatures,
indicating that the changing distribution of bond types is not being captured. This discrepancy is
expected as hydrogen bonding is known to conflict with the assumptions that underlie the Beer-
Lambert law. Figure 6.4 is evidence that the molar absorption coefficient, €, must vary at different
vibrational frequencies. Next, the results of the QM/MM analysis are shown to provide key
insights into this variability, resulting in relationships between absorption intensity, wavenumber,
and covalent bond length.
6.4.2. Results from MD+QM
In this section, we investigate the calculated IR characteristics of the hydroxyl stretch. Because of
the computational expenses associated with each QM calculation, the scope is limited to
monomers, dimers, trimers, and tetramers and Table 6.2 lists the numbers of each bond and species
type analyzed.

Table 6.2: Number of each species and bond analyzed with QM calculations. All species

larger than a monomer have one B and one y bond. Trimers and tetramers also possess one and
two & bonds respectively. Cyclic clusters are not considered.

Xguon =0.1 Xguon =0.5 Total

" Monomer 653 366 1019
5 Dimer 153 230 383
:-;. Trimer 53 52 105
Tetramer 46 23 69

a 653 366 1019
§ B 252 305 557
@ ) 145 08 243
y 252 305 557
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The calculated “intensity” from Gaussian09 is the integrated absorption coefficient, y, in units of

km/mol, which is defined by the equation:

Y = e(V)dv 6.4
band

In this function, the integral spans the entire absorption band. Like the molar absorption
coefficient, the integrated absorption coefficient is directly related to the derivative of the dipole
moment and is a measure of the intensity of a transition. Literature on the relationship between the
integrated absorption coefficient, ¥, and the molar absorption coefficient, &, is somewhat scarce.
However, Spanget-Larson [182] provides a simple interpretation of the process which involves
assuming a function for £(¥). When a Lorentzian function is assumed for e(¥), then v is related
to the peak height selected for ¢,,,, Vvia a constant. For the purposes of this work, the results will
be scaled by a constant and thus avoiding the need for numerical conversion or specification of the
Lorentzian parameter values. We use ¥ reported by Gaussian09 as a measure of each hydroxyl’s
IR absorbance, with the understanding that it is proportional to the peak height &,,,,. Following
standard practice, the vibrational frequencies resulting from Gaussian are scaled by a factor of 0.96
to correct for the limitations of the B3LYP/6-31G* model and better match experimental IR data
[183].

To visualize general trends, the average vibrational wavenumbers and integrated absorption
coefficients for different bonds and species are given in Table 6.3. The first observation is that
with an increase in the apparent concentration of alcohol in the simulated box, there is a slight red-
shift in almost all the vibrational frequencies, most prominently those of the @ and £ bonds. In
general, there is also a red-shifting tendency for bond vibrations as the size of the chain they are

on grows. Indeed, the difference is most prominent between dimers and larger oligomers with

dimer B and y bonds having vibrational frequencies that are, on average, ~9 and ~50 cm™ greater
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than those of trimers and tetramers respectively. Table 6.3 follows a trend that increases in the
order a, 8, y, & though the differences between species are more complex.

Table 6.3: Average calculated vibrational frequencies and integrated absorption
coefficients

Vawg (€M) Yavg (Km/mol)
Species | Bond
XBuOH — 0.1 XBuOH — 0.5 XBuOH — 0.1 XBuOH — 0.5
Monomer a 3602 3587 31.90 53.97
B 3601 3583 52.33 72.32
Dimer
y 3479 3471 376.5 411.0
B 3589 3572 68.31 96.21
Trimer y 3418 3414 464.1 525.2
o) 3410 3412 583.9 537.0
B 3586 3574 68.39 87.65
Tetramer y 3436 3426 426.8 428.1
o) 3387 3363 628.8 675.9

Figure 6.5 shows the vibrational frequency and integrated absorption coefficient associated with
each hydroxyl vibration at both apparent concentrations, xg, oy = 0.1 and xg, oy = 0.5. When the
two concentrations are considered separately, we observe little difference in the trends, indicating
that apparent concentration has little effect on the ¥- 1y relationship. Therefore, they are plotted
together in Figure 6.5 and the different markers denote the four bond types studied here: «

(diamonds), B (triangles), y (squares), and & (circles).
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Figure 6.5: Hydroxyl stretching frequencies and integrated absorption coefficients for two
concentrations of n-butanol + cyclohexane mixtures calculated from QM simulations.
Diamond, triangle, square and circle markers denote a, 3, y, and § bond vibrations respectively.
The solid line is a line of best fit determined visually.

It is evident that the two bonds in which the hydrogen atom is free, a and £, overlap completely
and are responsible for the sharp higher frequency peak in the O-H stretching band. Together, these
two bonds constitute all the free hydroxyl protons in solution. This is convenient since the key
parameter required for the thermodynamic modeling of alcohol + inert systems is the fraction of
the free O-H protons. Moreover, there is significant disagreement in the literature concerning the
a-f overlap in IR spectra. Several authors have assumed that 4 bond vibrations do not contribute
significantly to the sharp free O-H proton peak, instead allocating it entirely/predominantly to the
a vibration [184-186]. In these cases, it is assumed that most clusters in solution are in cyclic form
(resulting in few g bonds), that the g peak occurs at different frequency altogether, or that the

intensity of the £ absorbance is significantly less than that of the a. However, the results of our

QM calculations are consistent with more recent work in this area [2,150]. While there is a red-
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shift in the g vibration due to charge redistribution when an oxygen atom accepts another proton,
this shift is very slight. This indicates that the electronic structure is only weakly affected when an
oxygen in a hydroxyl hydrogen bonds. The next observation is that the y bonds appear at a lower
frequency and have greater integrated absorption coefficients, (approximately 3-10 times that of
the a and S bonds). The § bonds follow the same pattern with respect to y bonds with integrated
absorption coefficients that are 3-20 times that of the « and 8 bonds). The frequency trend is easily
explained by recognizing that, as the hydroxyl protons become more “shared” due to hydrogen
bonding, the covalent bond is weakened. As a result, the potential energy well in which the
hydrogen in moving is effectively broadened, causing the vibrational frequency of the hydroxyl to
red shift. The increase in intensity is caused by an increase of the dipole moment due to charge
distribution that occurs through the hydrogen bond as the proton vibrates between the two oxygen
atoms.

The most valuable finding of this work and, in fact, the most obvious is that the relationship
between the integrated absorption coefficient of an O-H bond and its vibrational wavenumber
follows a curve that is independent of the bond category. The relationship can be described well

by an inverted Gaussian function of the form:

. s & — &)? B (¥ — 3597)2
Y=a—bexp <— ( ¥ )) = 1500 — 1455 exp (— <W>> 6.5

where the parameters d, b, ¢ and d are visually determined. This fit is plotted as a black line in

Figure 6.5. It is worth noting that a polynomial function was insufficient in capturing the curve
characteristics well. Previous studies in this area have recognized patterns in vibrational
characteristics. For example, as early as 1956, Huggins and Pimentel [187], using notation X-H -

Y to indicate that a variety of electronegative groups, found similarly interesting patterns for a

142



wide range of hydrogen-bonding systems. They show that a monotonic relationship between the
vibrational X-H frequency and AB, which is defined as the difference between the intensity in the
solvent minus the intensity in chloroform, a weak hydrogen bond donor. More recently, Mesele
and Thompson [168] conducted DFT calculations on neat alcohols and showed that the empirical
maps that relate transition frequencies, position matrix elements, dipole derivatives and the electric
field are surprisingly linear. Moreover, these relationships were identical for all 4 primary alcohols
tested and were predicted to hold to all other alcohols. Having independently uncovered this
pattern, we further explore the applicability of Figure 6.5 and Eq. (6.5) by repeating the described
procedure for an equimolar mixture of ethanol and cyclohexane at 298.15 K. The resulting plot of
vibrational frequencies and integrated extinction coefficient overlaps completely with data in
Figure 6.5 as shown in Figure 6.6 for all bond types.

Further, we also include the results of Murdoch et al.’s work [144] in which the vibrational
behavior of ethanol clusters from monomers to hexamers was calculated with DFT methods. The
clusters were optimized in vacuum and the effects of conformation (anti and gauche) were also
investigated. In Figure 6.6, the linear species are included as filled squares. For the cyclic species,
we noted that, while there was a wide scatter in the intensities of the bond vibrations, each high
intensity vibration was coupled with a low intensity vibration. From an experimental perspective,
an IR experiment will collect the average intensity. Thus, we averaged the values of frequency and
integrated extinction coefficient for all the molecules in each cluster and included them in Figure
6.6 as filled triangles. The fit of these calculations with our own is striking. Though untested thus
far, Figure 6.6 is a promising indication that the inverted Gaussian fit may be representative for

other alcohols.

143



1400

1200 A

1000

[}

o

o
I

oS

o

o
1

Integrated Absorption Coefficient
(km/mol)

0 - saca=2 .
3700 3600 3500 3400
Wavenumber (cm-?)

3300 3200

Figure 6.6: Hydroxyl stretching frequencies and integrated absorption coefficients for
other systems calculated from QM simulations. Unfilled diamond, triangle, square and circle
markers denote «, 8, y, and & bond vibrations of ethanol + cyclohexane respectively (this work).

Filled small circles are butanol + cyclohexane data (this work). Filled squares and triangles

denote linear and averaged cyclic ethanol oligomers respectively (Murdoch et al. [144]). The
solid line is a line of best fit determined visually.

6.4.3. Scaling and further analysis of experimental IR spectra

To quantify the number of bonds in the hydroxyl band in Figure 6.3, we revisit the Beer-Lambert
law and use the integrated extinction coefficient, 1 in place of . At the wavenumber of every data
point, a value for the v is calculated and used to scale the absorbance. In addition to this, the
wavenumber quantities found using QM calculations must be applied carefully when interpreting
experimental data. It should be recognized that relative relationships between ab initio calculated
IR features are more reliable than absolute values. Therefore. we adjust the inverted Gaussian
function developed in Eq. (6.5) such that the wavenumber of the minimum, which is decided by
parameter ¢, matches the free-end peak center in the experimental spectra. Therefore, we set ¢ to

3645 cm™* and 1 is calculated according to:
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3 A A(D)/1

vt 1500 — 1455 exp (— (%))

where A represents the scaled absorbance at wavenumber ¥ and represents a concentration
response by the system to IR irradiation. Plotting the resulting scaled spectra yields Figure 6.7
which is visually very different from the original spectra in Figure 6.3. Peaks P; and P, now
dominate in intensity while P; is diminished considerably.
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Figure 6.7: Scaled absorbance spectra for n-butanol + cyclohexane at xg,,og = 0.1. Spectra
are scaled with the integrated absorption coefficient function

Calculating the area under the new scaled spectra and comparing the results with the experimental

mole fraction provides Figure 6.8, which is analogous to Figure 6.4.
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Figure 6.8: Scaled absorbance band area of the O-H band for n-butanol + cyclohexane data
as a function of the mole fraction of 4 experimental compositions. Spectra were collected at
Xguoy=0.0469,0.0678, 0.0817 and 0.100 and the line indicate the line of best fit given by the
equations on the figure. A thermal correction for density is applied.

The relationship between the band area and the apparent mole fraction is corrected significantly.
First, at a given composition (and correcting for temperature effects on density due to thermal
expansion), the integrated concentration response of the system is remarkably close regardless of

temperature for all the compositions studied. This is especially clear when the sample standard

deviation between temperatures is compared as in Table 6.4. The standard deviation is calculated

using the equation:

stddey \/Z(Area —sllje;m Area)® 6.7

where s is 5, the number of temperature data points at each composition.
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Table 6.4: Areas and standard deviations for the absorbance and scaled absorbance bands

Absorbance Band, A Scaled Absorbance Band, 4
XBuoH T(°C) Area Area Std Area Area Std
Dev Dev
30 94.94 17.73
40 82.05 17.74
0.0469 50 68.35 22.35 17.54 1.0013
60 53.85 16.98
70 38.40 15.37
30 154.1 26.78
40 138.1 27.08
0.0678 50 120.2 27.91 26.82 0.4453
60 102.0 26.52
70 83.99 25.91
30 187.1 30.69
40 168.9 31.11
0.0817 50 149.2 32.48 30.87 0.5723
60 126.7 30.16
70 105.6 29.69
30 229.9 35.04
40 209.2 35.37
0.1 50 186.3 34.68 35.27 0.3828
60 165.1 35.97
70 142.3 35.80

Figure 6.8 demonstrates that, with the scaled spectra, the Beer-Lambert law can be applied
successfully to the entire O-H band permitting quantification of the hydroxyl band to determine
the alcohol concentration in solution. The functional form of the inverted Gaussian function
developed in Eqg. (6.5) results adequate scaling. To our knowledge, no other work has performed
a comparable quantitative analysis of the O-H band due to its known complexity. The work
presented here provides a powerful tool that maps the band characteristics to the concentration in
solution, effectively placing the absorptions of all O-H sites, regardless of their context, on a

quantitatively equal footing.
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6.4.4. Universality of spectroscopic characteristics

An interesting and important universality emerges from the QM calculations of various properties
demonstrated here for an equimolar mixture of ethanol + cyclohexane at T = 298.15 K. The same
computational technique described in Section 6.2 were carried out on the system. Figure 6.9 shows
how the length of the optimized O-H bond length correlates with its vibrational frequency.
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Figure 6.9: Relationship between the covalent O-H bond length and vibrational frequency
calculated for equimolar ethanol + cyclohexane mixture. Diamond, triangle, square and circle
markers denote «, 5, v, and § bond vibrations of ethanol + cyclohexane respectively

The relationship is described extremely well by a linear function of the form:
Loy = —5.764 X 107°¥ + 1.178
where L,y is the length of the hydroxyl bond in Angstroms and ¥ is the wavenumber in cm™.

Furthermore, the IR vibration also shows a distinct relationship with the NMR chemical shift of

the hydroxyl calculated with Gaussian09 as shown in Figure 6.10.
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Figure 6.10: Comparison of calculated NMR and IR characteristics for equimolar ethanol
+ cyclohexane mixture. Diamond, triangle, square and circle markers denote a, 8, y, and §
bond vibrations of ethanol + cyclohexane respectively
While some relationship between these different molecular characteristics is expected, the direct
correlation is striking. Hydrogen bonding is often considered to be a complex phenomenon with
random effects on mixture properties. These figures show that, with careful implementation and
analysis, computational simulations have the power to create models that relate the bond length,
vibrational behavior and NMR response. These universal “maps” allow for the prediction of one
of these elements from the others and can have far-reaching impacts on the analysis of the

molecular behavior of alcohols.
The visual fit of Eq. 6.5 may require refinement as more data become available at lower
concentrations, or with other alcohols. Typically, ab initio calculations at the level of theory

implemented here would be expected to require additional scaling beyond the frequency shift that

is implemented. However, with the currently available data, such scaling is difficult to justify
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because the current constants provide scaled areas with excellent linear correlation to experimental
data.

In future work, we aim to leverage these maps to gain quantitative insight into the speciation that
occurs due to hydrogen bonding. It will be important to study the behavior of cyclic species and
include them in model development. Our preliminary work with Murdoch [144]’s data for cyclic
species in Figure 6.6 indicates that bonds in cyclic clusters behave very similarly to § bonds. For
this reason, we expect that they will also be well-represented with the QM correlation developed
here. However, the behavior of n and ¢ bonds is less easy to anticipate without further calculations.
Therefore, future directions will explore the infrared responses of these bonds. Finally, we aim to
calculate the values of association parameters for a thermodynamic model developed in an earlier
work [96] from spectroscopic findings.

6.5. Conclusions

In this work, the hydroxyl vibrational band is analyzed quantitatively for alcohol + inert mixtures
using insights from QM simulations. First, MD simulations were carried out to generate sample
environments around O-H bonds. Then, selected clusters were further analyzed with QM
calculations to gain an understanding of their spectroscopic characteristics. It was found that the
integrated absorption coefficient and vibrational frequency of a group can be related by an inverted
Gaussian function. Through a variation of the Beer-Lambert law, this function can be used to
calculate the concentration of hydroxyl groups in solution from IR spectra. Finally, universal
“maps” between the O-H bond length, its vibrational frequency, integrated absorption coefficient

and NMR chemical shift were developed.
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Chapter 7. Integration of Quantum Calculations and Spectroscopy for
Wertheim Alcohol Association

In this work, we provide preliminary calculations and results for the derivation of Wertheim
association parameters from spectroscopic findings. IR and NMR spectra for mixtures of n-butanol
+ cyclohexane mixtures were collected and analyzed using a combination of thermodynamic
modeling and insight from MD+QM calculations. While some results are discussed, the challenges
encountered herein lie beyond the scope of this dissertation. As such, recommendations are given
for future directions that will help advance the current work and address its limitations.

7.1. Introduction

7.1.1. Hydrogen bonding and infrared spectroscopy

Several analytical tools have been applied to further the understanding and modeling of hydrogen
bonding including Raman scattering [153,188-190], neutron diffraction [191-193] and NMR
spectroscopy [13,14,194]. Infrared spectroscopy [146,150,169,195-198] has been especially
instrumental in uncovering the behavior of molecules that hydrogen bond. There is an established
understanding that the effects of hydrogen bonding are most evident in the changes occurring in
the O-H vibration region. For this reason, research is often focused on investigating the effects of
various conditions, such as temperature and pressure, on the characteristics of the hydroxyl
vibrational band [146]. As hydrogen bonded cluster sizes increase, the high frequency O-H
vibrational peak decreases and a second broad O-H peak increases at lower frequencies
[144,150,154]. The spectrum is fitted with curves to represent the experimental data. The
contributions of the hydroxyl bonds to the band is known in general terms [199]. However, the
curve fitting procedure has historically been conducted without recognizing the importance of

variations in extinction coefficient with wavenumber. Deconvolution typically uses several

151



symmetrical peaks that are assigned to specific bonds or species based on the absorbance
dependence on temperature or pressure. As indicated by Barlow [200], a common challenge with
this approach is that the problem is under-constrained; comparable fits can be obtained from
several different interpretations depending on the initial guess.

Computational simulations are increasingly being leveraged to lend more insight to hydrogen
bonding in alcohols [17,139,154,155,160] and its effect on their IR vibrations. Studies have
included molecular dynamics (MD) [153], quantum mechanical (QM) [139,144,154-159] and
hybrid multi-level (QM/MD) simulations [17,160-162].While MD simulations are less
computationally expensive than QM calculations, they neglect quantum effects which are
important in hydrogen bonding. Another shortcoming of MD was highlighted by Kwac and Geva
[17]. Using simulations of CH30D in carbon tetrachloride, they found that the relative populations
of hydrogen bonded clusters calculated are dependent on the harmonicity, polarizability and
damping of the empirical MD forcefield. The relative populations of the different bonds varied by
up to 20% percent depending on the choice of forcefield. Furthermore, in their MD simulations
with ethanol + water mixtures, Gereben et al. [201,202] were not able to identify a forcefield model
that represented experimental scattering X-ray structure factors well across the composition range.
Instead, different forcefields were recommended depending on the composition simulated.

In Chapter 6, we developed a sequential MD + QM method to calculate the IR vibrational
frequencies and integrated absorption coefficients of different types of O-H bonds. These were

classified according to how their atoms participate in hydrogen bonding as shown in Figure 7.1.
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Figure 7.1: Types of covalent OH bonds

Though all the bonds in Figure 7.1 occur in solution, it is often assumed, especially in chemical
engineering thermodynamics, that n and ¢ bonds are formed in minimal quantities and are thus
ignored. Moreover, cyclic species are usually neglected. Gereben et al. recently extended their
work with ethanol + water to study cluster formations [203] and found that 60% (for an 80 mol%
ethanol in water mixture) to 95% (pure water) of hydrogen bonded molecules were bonded in
cyclic clusters. Considering this, the assumption of no cyclic species is difficult to justify.
However, the thermodynamic models which use this assumption are often capable of representing
experimental data reasonably well [14,68,173]. Therefore, as a first approximation, we ignore
cyclic species in this work and defer their analysis to future work.

The work covered in Chapter 6 aimed to quantify concentration of alcohol molecules in an alcohol
+ alkane mixture using the infrared O-H vibration. To this end, QM calculations were conducted
to find relationships between several spectroscopic properties including the vibrational frequency

of an O-H bond and NMR shift of its proton. A key finding was the correlation shown in Figure
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6.6 (and repeated in Figure 7.2 for the reader’s convenience) between the integrated absorption

coefficient, ¥, and the wavenumber of O-H vibrations.
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Figure 7.2: Hydroxyl stretching frequencies and integrated absorption coefficients for
n-butanol + and ethanol + cyclohexane mixtures calculated from QM simulations.
Diamond, triangle, square and circle markers denote «, 3, y, and § bond vibrations respectively.
The solid line is a line of best fit determined visually

It was shown that the relationship is very well modeled by an inverted Gaussian function given

by:

.7 -2 (¥ — 3597)?
Y=a-—bexp <— (T)) = 1500 — 1455 exp (— (W)) 7.1

When used to analyze the experimental spectra, the minimum of the Gaussian function, where «
and S bonds fall, was shifted to match the free-end peak wavenumber in the spectrum by adjusting
parameter ¢ to 3645 cm™. The quantity 1 was used with the Beer-Lambert law to calculate a
“scaled” absorbance that is directly related to the total O-H concentration. In this work, we extend

this method to calculate the concentrations of «, 8,y and 6 bonds. Further, this cluster distribution
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is used to calculate association (or hydrogen bonding) parameters for thermodynamic modeling of
the alcohol + alkane systems.

7.1.2. Thermodynamic modeling of hydrogen bonding

Capturing the effects of hydrogen bonding is important for the thermodynamic modeling of many
systems encountered in the chemical industry. In our previous work [96], we developed a model
that calculates deviations of the real solution from an ideal solution reference straight via an
activity coefficient term, y, which is unity for an ideal solution and non-unity otherwise.
Deviations due to hydrogen bonding were calculated using Wertheim’s perturbation theory [47—
50], a statistical mechanics approach which assigns sites on molecules which act as hydrogen bond
acceptors and/or donors. A common scheme used for alcohols is the “2B” scheme in which the
oxygen is designated as an acceptor site and the hydrogen as the donor site. Mathematically, this
behavior is captured through:

B;
1 assoc _— N. |1 X _1 1 — xBuo lﬁ N. (1 — XBi
nyg B; n XBi0 2 ( ) + 2 Dk xBi host Bi( ) 1.2
all

onk sites B;

where XB: and XB:0 are the fraction of sites B; which remain free (not bonded) in the mixture and
when the site host is pure, respectively. Variable xg, o is the apparent mole fraction of the
molecule that hosts site Bi. The number of identical B; sites on a host is given by Ng.. For example,
the two hydrogen atoms in water are modeled as identical sites due to the symmetry of their host
molecule and the assumption that they will interact in the same way with their microenvironments,
independent of bonding order.

Careful consideration on the definition of the term X5i in Wertheim’s theory, given in Eq. (7.3),

reveals a physical significance relevant to IR spectroscopy.
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nBufree 7.3

B; —
Xo= nButotal

Here, nBi/Tee and nButotal gre the moles of sites with free B; sites and the moles of total B; sites
respectively. For alcohols and alcohol + inert (non-hydrogen bonding component) mixtures, X5
represents two sites simultaneously, the fraction of free acceptor sites (oxygen atoms), X4, and the
fraction of free donor sites (hydrogen atoms), X°, at equilibrium. Because each hydrogen bond
involves one acceptor and one donor site, the material balance when the alcohol is the only

associating species yields X4 = XP. Coupling this with Eq. (7.3) yields:

nD,free

C
XA =xP = — ZatB 7.4
nD,total Calc

where Cq,p is the concentration of a and 8 bonds and Cg,, is the apparent concentration of the
alcohol. Moreover, Wertheim’s theory includes a function that relates the fraction of free sites to
an association parameter, A4P. For the case considered here where the alcohol is dissolved in a

non-associating solvent:

X4 =2/ (1 4T+ 4x cpA®0) 75
where x4 is the mole fraction of alcohol in the mixture and p is the solution molar density.
Therefore, by using Eq. (7.4) and Eq. (1.4), it is possible to regress spectroscopic measurements
of X4 to find the value of the association parameter A4P. The generalized model and form of Eq.
(3.7) are provided in our previous work [96].

Wertheim’s theory has been incorporated into several thermodynamic equation of state models
including the cubic-plus-association (CPA) [11,52] and the statistical associating fluid theory
(SAFT) family of equations [9,54-56,95]. In these models, the association parameter is normally

found by regressing macroscopic experimental data such as phase equilibria data, vapor pressures
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and/or saturated liquid densities. However, as shown in Figure 5.37 in Chapter 5, these methods
can yield values of A4P that differ by factors of up to four to five depending on the data used for
the fitting. This discrepancy is greater than the expected dependence on solvent. An alternative
approach is to derive association parameter values from data collected using fundamental tools
such as IR and NMR spectroscopy. Studies that leverage these tools often calculate a
concentration-based equilibrium constant, K. (or a directly related form of the equilibrium
constant) instead of A4P. In these cases, association is modeled using chemical theory which is a
distinct form but, if applied with reasonable assumptions, equivalent to Wertheim’s theory [58,96].
7.1.3. Motivation

In this work, we extend the quantitative MD + QM analysis methods developed in Chapter 6 to
calculate the concentrations of different types of O-H bonds in solution. Further, the aim is to
describe the methodology and provide preliminary results for the calculation of association
parameters for the thermodynamic activity coefficient model in Eg. (3.7). This primary method
will involve interpretation of the infrared spectra of n-butanol + cyclohexane mixtures. Nuclear
magnetic resonance (NMR) spectroscopy is used as a complementary tool to confirm findings
from IR.

7.2. Experimental methods

The complete methodology for the computational and IR studies is identical to that in Chapter 6
and details can be found in Sections 6.2 and 6.3. For the NMR experiments, two protocols were
used. In the first, we followed Karachewski’s [98] NMR procedure closely and collected data at
T=34°C. Samples were prepared volumetrically in a glove bag under a continuous flow of nitrogen
gas. Anhydrous n-butanol, cyclohexane and deuterated cyclohexane at purities of 99.8, 99.5% and

99% respectively, were purchased from Sigma-Aldrich and used with no further purification. For
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dilute samples with an alcohol mole fraction less than 0.03, the solvent was completely replaced
with deuterated cyclohexane (Sigma Aldrich— isotopic purity > 99.6 atom % D) for the purpose of
diminishing the solvent proton shifts such that no significant overlap occurs with the alcohol O-H
proton shift. For samples at compositions greater than 3 mol% n-butanol, a coaxial tube system
was used in which the inner tube contained the prepared sample and the outer tube contained
deuterated cyclohexane (for locking) and TMS (as an internal reference). For dilute samples, the
outer tube was left empty and the inner tube contained the sample with 0.5 mole% TMS. Data was
obtained using a Varian 600 MHz superconducting NMR Spectrometer and the temperature was
calibrated with ethylene glycol.

For data collected at other temperatures, a very similar procedure was used but the coaxial tube
system was replaced with a simpler single tube configuration and all samples were prepared using
deuterated cyclohexane as the solvent. In these cases, data was obtained using a Varian 500 MHz
NMR Spectrometer.

7.3. Results and discussions

In IR spectroscopy, the consequences of hydrogen bonding are most evident in the region of the
O-H stretching vibration, in which the bands combine and appear as two peaks between ~3200 and
3700 cm™. As mentioned in Chapter 6, the raw spectra are processed to remove solvent bands and
the O-H bands are determined to begin and end at local minima on either side of the two peaks.
Furthermore, the method developed earlier to create more physically significant spectra by scaling
the absorbance with the integrated absorption coefficient function in Figure 7.2 is repeated here.
However, in this chapter, the integration ranges determined for each individual spectrum by
finding the minima on either end of the hydroxyl band. These ranges are provided in Table 7.1.

Table 7.1: Frequency range defined as hydroxyl band for each spectrum
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Temperature (°C)
XBuoH 30 40 50 60 70
0.0469 | 3055-3750 | 3064-3752 | 3091-3750 | 3092-3750 | 3153- 3752
0.0678 | 3048-3751 | 3053-3751 | 3067-3751 | 3076—3752 | 3089 - 3752
0.0817 | 3050-3751 | 3058-3751 | 3066-3751 | 3076-3751 | 3088- 3751
0.100 | 3049-3752 | 3050-3755 | 3056-3752 | 3066-3752 | 3078 - 3752

Although the integrated ranges are not consistent across all temperatures and compositions, the
difference between the integrated areas calculated using this method compared to that in Chapter
6 (in which a fixed range was integrated for all spectra) is only 1.2%. In the future, we plan to
conduct the analysis described in this chapter over a fixed wavenumber range for a wider variety
of systems and conditions. However, the minor change in the integration limits would not affect
the preliminary results provided here.

Figures 7.3-7.6 show the raw and scaled spectra for n-butanol + cyclohexane at four
concentrations. There are some features of the O-H vibrational band that are well-documented
which are evident in the raw spectra. First, the band consists of two peaks: a sharp, high-frequency
peak and a broad, lower-frequency peak. The former peak is often attributed to free end group
protons, a and S bonds [146,150,153,154,204], though there is some disagreement on whether
contributes significantly to this peak [185,186]. As the temperature is increased, the sharp free end
peak increases in absorbance while the broad O-H peak diminishes. This is evidence of shifting
bond distributions as hydrogen bonds break at higher temperature [144,146] and more monomers
form in the solution. Moreover, as the proton in a bond becomes more tethered to others by
hydrogen bonding, its vibrations occur at lower frequencies and higher intensities. This is evident

in our own work in Figure 7.2 as well as that of others [153,205,206].
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Figure 7.3: Raw (top) and scaled (bottom) O-H IR band for a 0.0469 mole fraction of
n-butanol in cyclohexane. Data was collected at five temperatures between 30 °C and 70 °C at a
pathlength of 0.01092 cm.
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7.3.1. IR band assignments
It has been recognized that IR vibrational bands are more accurately attributed to bonds
[147,150,172,207], as first proposed by Hall and Wood [170], rather than to entire hydrogen
bonded clusters. For this reason, we begin peak assignments by studying how the «, B, y and &
bonds vibrate in the QM simulations. The number of the different species and bond types analyzed
to generate the QM calculated distributions in this work is given in Table 7.2.

Table 7.2: Number of each species and bond analyzed with QM calculations for the

distribution plot in Figure 7.7 and Figure 7.8. All species larger than a monomer have one
and one y bond. Trimers and tetramers also possess one and two & bonds respectively.

Ethanol + Cyclohexane | n-Butanol + Cyclohexane
Xgeon = 0.5 Xpuon =0.1and 0.5

Monomer 859 1019

g Dimer 413 383
:,5,- Trimer 236 105
Tetramer 223 70

a 859 1019

g 8 872 559
@ 5 682 245
v 872 559

Figure 7.7 shows the distribution of vibrational frequencies of a, B, y and & bonds calculated
through QM simulations of ethanol + and n-butanol + cyclohexane mixtures. Findings from the
two systems are plotted together because separate plots showed no discernable difference between
them. To create the figure, the vibrations of each bond type were binned in 5 cm™ wide bins and
normalized, and the resulting lines were smoothed with a 7-bin moving average and normalized to
display the relative populations for each bond type as a function of wavenumber. These processing

steps were carried out to refine the shape of the distributions and display relative information about
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them more clearly. It should be emphasized that only semi-quantitative information should be
obtained from this figure from the peak shapes. The peak heights should not be compared between
bond types because the data are insufficient to reflect the distribution of bond types at the simulated
concentrations. Instead, the value of Figure 7.7 lies in its ability to reveal approximate peak shapes
and a qualitative description of the vibrational frequencies of different bond types relative to one
another.

In agreement with other studies [146,150,153,154,204], Figure 7.7 shows that « and B bonds
vibrate at the same frequency and show significant overlap. This confirms that the g bond
contribution to the sharp high-frequency O-H peak should not be ignored. Moreover, the QM
calculations show that some of a and S hydroxyls are found at frequencies red-shifted from the
high frequency peak. This finding is noteworthy as most previous work has considered only the

high frequency peak to represent all the a and S hydroxyls [150,153].
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Figure 7.7: Smoothed normalized distributions of bond types from QM simulations of
n-butanol + and ethanol + cyclohexane mixtures. Vibrational frequencies of a (n=1878),
(n=1430), y (n=1430), and 6§ (n=927) bonds are binned in 5 wavenumber bins and smoothed

with a 7-bin moving average
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(N=796), Ynmer (N=634) and § (n=927) bonds are binned in 5 wavenumber bins and smoothed
with a 7-bin moving average
Another interesting observation is made when the vibrations of the y bond on dimer clusters, ypim
is separated from that of y bonds on larger oligomers, yymer- AS shown in Figure 7.8, yYpim
vibrations are blue-shifted by about 50 cm™ compared to ¥ y,er. Interestingly, § bonds on dimers
display no similar shift compared to those on larger clusters. We hypothesize that the reason for
the shift in y is the small size of the dimer molecule. This causes the frequencies of protons in the
Ypim boONds to be higher as they have characteristics that are a hybrid of those of the g hydrogen
it is attached to and those of y bonds on larger clusters, yymer- FOr species larger than dimers, the
YNmer Proton is separated from £ proton by one or more § bonds, so the vibrational mixing lowers

its frequency. To our knowledge, this is the first time this distinction has been made and we use

this finding to guide the peak fitting and assignment procedure described in the next section.
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7.3.2. IR peak fitting

Quantitative fitting of infrared spectroscopy requires the overlap between constituent peaks to be
accurately determined [208]. As alcohol + inert mixtures become more concentrated in alcohol,
extensive hydrogen bonding causes the broad O-H peak to have more and more overlap with the
free end peak. Therefore, as indicated by Wandschneider et al. [155], it becomes difficult to
calculate the concentration of free ends when the mole fraction of alcohols exceeds 0.3. For this
reason, we limit our study to the mixtures shown in the spectra in Figures 7.3 - 7.6 where the
alcohol mole fractions are below 0.100.

Based on the line shapes found from the QM calculated vibrational frequency distributions, we fit
each scaled experimental IR spectrum with 6 Gaussian peaks: one for , § (visually determined

to require 2 peaks), Ypim, Ynmer @and 8. Each Gaussian peak, P; is given by the function:

~ ~ 2
P, = f exp (— <(V %g‘)> ) 76

where f;, g, and h, are fitted parameters. To focus the search for correct parameters, the regression

is constrained such that the concentration of 8 bonds is equal to that of y bonds. This physical

constraint holds as long as no branched chains exist in solution as is assumed in our work. The

area under a Gaussian curve is given by f;h,\/rr
- 7.7
Pgrdv+ | Pgpdv= [ B, dv+ | B, dv
fﬁlﬁﬁl + fﬁzﬁﬁz = f;’DimEVDim + f;’NmerEVNmer 78

Initial guesses for the wavenumbers of the peak apexes were determined from the shifts of the g,

Ypim» YNmer @and & peaks in Figure 7.8 relative to the a peak. The upper and lower bounds set for
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the wavenumbers was +80 cm™ from the initial guesses. Figures 7.9-7.12 show the results of the

fitting to the spectra at the four lower temperatures for each of three concentrations studied here.
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Figure 7.9: Peaks fitted to scaled IR spectra for n-butanol + cyclohexane mixture at
Xpu,on=0.0469. Figures a, b, ¢, d and e indicate data at T= 30, 40, 50, 60, 70 °C respectively

168



0.2
(a)
—Scaled IR Data
8 0.15 1 - Fitted Spectrum
E (8]
5 —p
2 01
o - Y
< Dim
E _’YNmer
S 0.05 ),
7%}
7
0 =
0.25 0.3
(d)
g 0.2 1
5 0.15 1
w
o) 0.15 1
<
s 0.1
3% 0.1 1
7%} |
0-05 0.05 4
0.25
02 0.3 1
(] A
= 0.25 -
£ ]
S 0.15 : 0.2 1
"2 I
G ; \ 0.1
0 “»A"A 0

3700 3600 3500 3400 3300 3200 3100

Wavenumber (cm” I )

3700 3600 3500 3400 3300 3200 3100

Wavenumber (cm” : )

Figure 7.10: Peaks fitted to scaled IR spectra for

n-butanol + cyclohexane mixture at

Xp,on=0.0678. Figures a, b, ¢, d and e indicate data at T= 30, 40, 50, 60, 70 °C respectively

169




Scaled Absorbance

e
A

Scaled Absorbance

0.05 1

Scaled Absorbance

0.05 1

e
S
w

0.25 1

0.2 1

0.15 1

0.1 1

3700 3600 3500 3400 3300 3200 3100

Wavenumber (cm” : )

0.3

0.25 1
0.2 1
0.15 1
0.1

0.05 1

0.3

0.25 1
0.2 1
0.15 -
0.1 1
0.05 1

——Scaled IR Data
.......... Fitted Spectrum
X

—

=~ ~7pim

’YNmer

=

3700 3600 3500 3400 3300 3200 3100
Wavenumber (cm™")

Figure 7.11: Peaks fitted to scaled IR spectra for n-butanol + cyclohexane mixture at
Xp.on=0.0817. Figures a, b, ¢, d and e indicate data at T= 30, 40, 50, 60, 70 °C respectively

170




Scaled Absorbance

e
ot
W

Scaled Absorbance

Scaled Absorbance

0.05 1

0.1 1

0.05 1

0.25 1

0.2 1

0.15 1

0.1 1

3700 3600 3500 3400 3300 3200 3100
Wavenumber (cm” I)

——Scaled IR Data
s Fitted Spectrum

-«
—

==~ Dim
7 Nmer

—)

0.3 1
0.25 1
0.2 1
0.15 1
0.1 1
0.05 1

3700 3600 3500 3400 3300 3200 3100

Wavenumber (cm” l)

Figure 7.12: Peaks fitted to scaled IR spectra for n-butanol + cyclohexane mixture at
Xpuon=0.100. Figures a, b, ¢, d and e indicate data at T= 30, 40, 50, 60, 70 °C respectively

171




The concentration of each of the bond types is calculated by multiplying the areas under the
corresponding peaks by the constant relating scaled peak areas to apparent concentrations given in

Figure 7.13. The scaling factor is 1/37.47 = 0.0290.
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Figure 7.13: Scaled band area as a function of apparent n-butanol concentration. The
equation for the line of best fit provides a convenient method of relating the calculated apparent
concentrations from the scaled band area.

The hydroxyl species distributions calculated from the scaling factor are given in shown in Figure
7.14. In plots were a gray bar appears, the fitted spectrum was not able to fit the experimental
concentration exactly and therefore there was an “unassigned” portion. Conversely, plots in which
the bars exceed unity indicate that the fitted peaks over predict the prepared concentration value.
These slight discrepancies are especially prominent in the plots for the two most dilute sample and
are likely due to experimental error in preparing the samples. The exception to this, though, is the
fit of the data at T=70 °C and xz,,0y = 0.0469 which has an unassigned percentage of 13.1%. The

peak shape for the raw spectra in Figure 7.3 has unexpected features that are indicative of a

problem with the experiment, such as evaporation.
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In general, however, the plots show several encouraging trends. First, the percent of a bonds
increases with temperature by an average of 16.1% from 30 °C to 70 °C. This is consistent with
the fact that more hydrogen bonds break as temperature is increased, converting large clusters to
smaller oligomers and monomers. For the same reason, the fractions of § bonds should and, for
the most part, do decrease with increasing temperatures. The trends for 8 and y are less predictable
because their concentrations depend on the rate at which larger clusters break down to form smaller
clusters (which increases the number of fand y bonds) compared to the rate of dimers breaking to
form monomers (which decreases the number of fand y bonds). However, from Figure 7.14, it is
observed that the 8 + y concentrations decrease slightly but consistently for the three most dilute
samples, suggesting that the rate of large cluster disintegration to smaller (non-monomer) species
is greater. For the highest concentration, the 8 + y concentrations decrease until the T = 50 °C
point then increases again. From this, it may be deduced that the two rates balance at approximately
50 °C at this concentration.

An interesting trend is noted when the concentration of abonds is plotted as a function of n-butanol

mole fraction (see Figure 7.15):
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Figure 7.15: Concentration of a bonds vs. mole fraction of n-butanol.
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There is a linear decrease at all temperatures except for the data point at T=70 °C and xg, oy =
0.0469. This is further evidence that the data point is flawed and should be measured again and
refitted. However, the relationship shown in the figure for the other data points is striking.

To calculate the association parameters in the following section, the concentration of free ends

must be known. Therefore, the calculated values for C,., s are given in Table 7.3.

Table 7.3: Concentration of free ends (a + B) in mol/mL calculated from fitted Gaussian
peaks

T (°C)
30 40 50 60 70
0.0469 | 2.16E-04 2.36E-04 2.51E-04 2.63E-04 2.43E-04
0.0678 | 3.25E-04 3.51E-04 3.70E-04 3.92E-04 4.03E-04
0.0817 | 3.65E-04 3.95E-04 4.14E-04 4.31E-04 4.50E-04
0.1001 | 4.04E-04 4.37E-04 4.61E-04 4.96E-04 5.20E-04

X

7.3.3. IR calculation of association parameters

To extract quantitative information from IR spectroscopy, it is necessary to assume some form of
model for the species in solution and assign bands accordingly. Recently, Chen et al. [209]
calculated the dimerization equilibrium constant for 3-ethyl-2-methyl-3-pentanol in
tetrachloroethylene for quantitative analysis of infrared spectra. This system was intentionally
chosen for the study because steric hindrance was thought to limit the extent of association to
dimers. The analysis was consistent with this notion, but simple computer simulations point to
little trouble going from dimers to linear and cyclic trimers. Such limited hydrogen bonding
systems are, of course, unusual among alcohols which hydrogen bond extensively. For association
of alcohols, models and band assignments vary widely in literature. A common model for alcohol
+ inert systems assumes that chains of infinite sizes can form continuously in solution. Such

models have been used with some success to interpret associating systems [14,37,68,89,210-212].
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In contrast, Asprion et al. [7,137,138] published several papers which assume only monomer,
dimer and one other n-mer formation (1-2-n) where n was a fitted parameter. The work
supplemented an existing thermodynamic model, UNIQUAC, with chemical theory and derived a
value of K- from infrared spectra. Many other studies obtain best fits of their experimental data by
assuming at least one cyclic species (most often a cyclic trimer [150,213] or tetramer
[144,185,186,214]) is stable enough to exist in appreciable quantities at equilibrium.

In this work, we aim to derive a value for the Wertheim association constant, A4? and therefore
consider only linear species. First, we regress the values of A4P to best fit the calculated free end

concentrations in Table 7.3 using Eq. (1.4). The resulting fit is given in Figure 7.16.
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Figure 7.16: Calculated and fitted concentrations of free end (a + B) hydroxyls. Markers
indicate the concentrations derived from IR at T= 30 (crosses), 40 (triangles), 50 (circles), 60
(filled circles), 70 (diamonds) °C respectively.

Then, the A4P value is further separated using the form used in CPA:

AD
AP = g(a)K*P <exp (6 T/ k) = 1) 79
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The K4P and €4P /k are regressed to best fit the A4P found in the first step. The quantity g(o) in
Eq. (7.9) is the radial distribution function defined as:
1
g0)=—7395— 7.10
1- 7 bcpap
where bepa = Yx;bcpa; is the CPA covolume term and p is the mixture apparent molar density.

The final fit of A4 is given in Figure 7.17.
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Figure 7.17: Derived association parameter values from IR analysis (solid line) compared
to CPA A4P values (dashed line) for the self-association of n-butanol. Markers indicate the
AP values from fitting the IR measurements.

While we plot the CPA value of A4Pin the figure as well, it should be recognized that the CPA
calculations are not the standard to which other values of A4 must be compared. However, it does
provide reference values. It can be seen that the association parameter calculated from the IR fits

has a weaker temperature dependence with its e4P /k parameter being 18% smaller than that of

CPA. This parameter is a measure of the enthalpy of the hydrogen bond and the value calculated
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from IR (2065 K) corresponds to an energy value of 4.1 kcal/mol which is in the correct range for
hydrogen bonds. The IR-derived K4P parameter is about 12% larger than that of CPA though the
physical significance of K4P is less defined. In the next section, we leverage another spectroscopic
tool, NMR, for the calculation of association parameters.
7.3.4. NMR calculations and results
A useful complement to IR is proton nuclear magnetic resonance (*H NMR) spectroscopy.
Chemical shifts of proton spins observed in NMR spectra are a result of differences in the electron
shielding of hydrogen atoms on a molecule due to their immediate environment. Unlike IR and
NIR, the timescale of an NMR measurement is long relative to the lifetime of a hydrogen bond.
Therefore, NMR spectra illustrate a time-averaged observation rather than an instantaneous one.
However, there are no issues with varying extinction coefficients as there are with IR. Furthermore,
with modern equipment, this form of spectroscopy is highly sensitive [98] and accurate to 0.1 ppb
[215].
For alcohol + hydrocarbon systems, the work of Gutowsky and Saike [216] is heavily cited for the
derivation of the relationship between the observed shift, ¥ , for an O-H site and the weighted
average of the shift of the free OH groups and the associated OH groups given by:

l

C |/ ¢t C!
17'=CM 17,(4+Z[<Cl>173,,+ (i = D | hmer .11
alc = alc alc

where ¥, ¥yand Ty, are the observed chemical shift, the monomer chemical shift and the

chemical shift of hydrogen bonded protons respectively. C} is the concentration of linear clusters
of size i. It is assumed that end-groups and monomers have the same shift and all complexed

species (linear and cyclic produce the same shift.
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In this section, we derive the values of the self-association A4P parameter for n-butanol from NMR.
To this end, we test out two models: the 1-K Continuous Linear Association Model (CLAM) that
was implemented by several studies [68,98,173] and a new model that we have developed, called
the 2-K CLAM. As indicated by its name, the 1-K CLAM model neglects non-linear species and
assumes that the formation of every hydrogen bond is governed by the same equilibrium constant,
K. While the simplicity of this type of model is appealing, its often insufficient in capturing real
behavior [98]. For this reason, Karachewski et al. developed several more sophisticated models
including the LACT [98] (linear association with cyclic trimer) model and AVEC [13] (association
with variable equilibrium constant) models. These models require more fitted parameters and, in
the case of the AVEC model, have no closed form. This means that “infinite association
possibilities” must instead be approximated by selecting some very large oligomer size as a cutoff.
While this is unlikely to affect the physical significance of the model parameters significantly, any
a priori assumptions that must be made are a disadvantage.
For the 2-K CLAM maodel, we recognize an important phenomenon regarding the energetic and
entropic effects that accompany the formation of a dimer. The formation of the first hydrogen bond
releases less energy than subsequent bonds which benefit from a “cooperative effect” [155]. When
a hydroxyl group is already accepting or donating in a hydrogen bond, the charge redistribution is
such that the bond becomes more receptive to another association. As such, it seems justified to
include a different K for dimer formation than other oligomers. The 2-K CLAM does this by:

1. Combining a complete mole balance of alcohol molecules with the law of mass action using

the equilibrium constant for larger oligomer formation, K¢ ymer
2. Subtracting the dimer term from the mole balance

3. Re-introducing the dimer term with a different equilibrium constant, K.
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Similar to our calculations with IR spectra, we derive the association parameters from NMR
spectra by fitting the CPA A4P equation in Eq. (7.6). Therefore, the 1-K CLAM requires fitting 3
parameters: K4P, €4P/k and the chemical shift of hydrogen-bonded protons, ©y,,.,. The
monomer shift is obtained experimentally as the shift visible for an extremely dilute n-butanol +
cyclohexane mixture (xp,01<0.002). The 2-K CLAM model requires fitting 5 parameters: K42,
€5” /k, Kiimers €nmer/k and Tymer.

Figures 7.18-7.20 show the observed chemical shifts relative to the monomer shift for various mole
fractions of n-butanol in cyclohexane at three temperatures. The black lines show the fits obtained

by the 1-K and 2-K CLAM models when all the parameters, including the €4? /k parameters, are

fitted.
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Figure 7.18: O-H proton chemical shift as a function of n-butanol mole fraction for n-
butanol + cyclohexane mixtures at 26.3 °C. Inset shows a close-up of the dilute region. The
markers, dashed line and solid line indicate experimental data, the 1-K CLAM model and the 2-K
CLAM model respectively. The black lines include the e4? parameter in the regression while red
lines fix 4P at the CPA value of 2526 K.

180



Observed shift - monomer shift

0

0 0.005 0.01 0.015 0.02

0 0.2

T

0.4

0.6 0.8 1

Mole fraction of n-butanol

Figure 7.19: O-H proton chemical shift as a function of n-butanol mole fraction for n-
butanol + cyclohexane mixtures at 34 °C. Inset shows a close-up of the dilute region. The
markers, dashed line and solid line indicate experimental data, the 1-K CLAM model and the 2-K
CLAM model respectively. The black lines include the 4P parameter in the regression while red

lines fix e4P at the CPA value of 2526 K.
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Figure 7.20: O-H proton chemical shift as a function of n-butanol mole fraction for n-
butanol + cyclohexane mixtures at 41 °C. Inset shows a close-up of the dilute region. The
markers, dashed line and solid line indicate experimental data, the 1-K CLAM model and the 2-K
CLAM model respectively. The black lines include the e4? parameter in the regression while red

lines fix 4P at the CPA value of 2526 K.
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The shortcomings of the 1-K CLAM are very evident in both the concentrated and dilute region.
In contrast, the 2-K CLAM is much more capable of describing the dilute region where dimers are
a dominant species. The regressed parameters calculated from NMR are given in Table 7.4.

Table 7.4: Regressed parameters from NMR analysis and corresponding CPA parameters
for comparison

IR derived 2-K CLAM (NMR
CPA K, 1-K CLAM (N_T)ner
(NMR) Dimer, K‘gD AD ’
KNmer
K4P 6.535E-01 | 7.31E-01 3.135E-03 1.722E+00 5.118E-02
€'’ /k (K) | 2.526E+03 | 2.07E+03 4.182E+03 1.712E+03 3.525E+03
Vmer 6.136 5.281

The parameters are derived from NMR are very different from both CPA values and those derived
from the IR fitting. The €4P /k parameter of the 1-K CLAM model is almost double that of derived
from the IR fits (a difference in the enthalpy of the hydrogen bond of approximately 4.2 kcal/mol)
and the K4P parameter is less than three orders of magnitude smaller. With the 2-K CLAM, the
dimer enthalpy parameter is very low (3.4 kcal/mol) and that of larger oligomers is very high (7
kcal/mol). The NMR algorithm can yield multiple solutions with similar fits to the data. To
demonstrate this, we fixed the value of €4” /k to the CPA value of 2526 K for both the 1-K CLAM
and 2-K CLAM and refitted the other parameters. This yields the red lines in Figures 7.18-7.20.
The values of the shift vy remained almost the same but K4P, K4P and K42 ., were found to be
0.696, 0.1166 and 1.341 respectively. These quantities are closer to CPA and IR-derived values.
This indicates that a more reasonable solution exists but that the regression program must be

constrained in order to find it. More work must be done to correct for this and we outline this and

other future work in Section 7.4.
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7.4. Summary of future work

This chapter contains preliminary analyses and results for the calculation of Wertheim association
parameters from IR and NMR spectroscopy. As an ongoing project, there are several areas that
will be further pursued in the future. Firstly, the fitting of the scaled infrared spectra should be
revisited. Specifically, the spectrum at T=70 °C and xz, oy = 0.0469 produced strange trends as
discussed earlier. This may be due to errors in the experimental IR data collection because
evaporation can occur at high temperatures. However, this may also be due to the low wavenumber
cutoff which marks the end of the integration area. This is most clearly visible in Figure 7.3 where
the line is discontinued at a lower wavenumber than the other spectra. Currently, the range of the
plot is determined by finding the minima on either side of the O-H band. However, in the future,
data should be integrated between band limits that are consistent for all temperatures and
concentrations.

Though the QM species distributions in Figure 7.8 suggest that the a hydroxyl, like the 8 hydroxyl,
is best described by two Gaussian peaks instead of one, adding another peak to the fitting procedure
may result in difficulties in discerning differences between the two types. For this work, the g
hydroxyls were represented by a broad low peak in the high frequency region and the a hydroxyls
were represented by a tall narrow peak. However, because the a and S distributions are so similar
in Figure 7.8 separation of the species may not be correct. Rather, it may be more realistic combine
the two peaks together as the sum a + £, eliminate the area constraint between g and y hydroxyls,
and, instead. focus on improved initial guesses for the y hydroxyls.

Regarding the shape of the fitted peaks, it may be worthwhile to explore other line shapes beyond
Gaussian such as Lorentzian or gamma distribution functions. Some researchers have found

success by combining two functions such as with the Gaussian-Lorentzian curves [200]. However,
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this requires including more parameters for unclear benefit. Instead, it is recommended that
Lorentzian functions be used for the peaks that convolute to form the sharp high frequency peak
and Gaussians be used for the others. In this way, the same total number of parameters is
maintained but the two peaks are analyzed differently.

Secondly, we encountered some challenges in calculating association parameters from NMR
spectra. The key issue is that many combinations of parameters can yield reasonably accurate
representations of the experimental data. In such cases, it is important that the stability of the final
solution be tested by perturbing the initial guesses and ensuring that the same result is reached
[200]. To correct for this issue, it is recommended that more constraints be defined to remove
degrees of freedom.

Moreover, although the 2-K CLAM model was shown to represent NMR data more accurately,
there is no equivalent form of the model within Wertheim’s theory. A model with the accuracy of
2-K CLAM but flexibility and practicality of Wertheim’s theory would be very powerful.
Therefore, this endeavor warrants further study. Lastly, none of the models tested in this work
considered cyclic species. With linear species, an n-mer contains n-1 hydrogen bonds whereas a
cyclic n-mer contains only n hydrogen bonds. This counting discrepancy is not accounted for with
Wertheim’s theory, which serves as the basis of our thermodynamic model. While it may be
difficult to adapt the functional form of Wertheim’s theory for cyclic species, the idea is worth
pursuing because, if successful, the resulting model will be a valuable contribution to the field.
Additionally, hydrogen bonding in these types of clusters can be studied using the MD+QM
method developed in Chapter 6. This insight can help improve chemical theory models by

providing a physical basis for the assumptions used.
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Appendix I: Derivation of the 2-K CLAM model
To derive the 2-K CLAM model, we start with an apparent mole balance written in terms of

concentration by dividing both sides by total volume, V,

Noaic Ny + 2np + 3Ny + - 1.1
v oo v
Ca,C=CM+2CD+SCTn-+---=CM+2iCi 1.2

Defining two equilibrium constants, one for the formation of dimers and another for all subsequent

oligomers:
Cp d,/2V, 1 @) 1.3
Kep=—= 7 =5—2Vu
Cy  (Pu/Vam) 2y,
_Crri _ . __Cn _ WN-1) Dy 1.4
Kc nmer = - VyforN > 2
Combining Egs. (1.3 and 1.4) and rearranging yields
Cy = KC,DKé‘f,;,ZnerCﬁ forN > 1 1.5
Eq. (1.5) can be substituted into the mole balance in Eq. (1.2),
Cate = Cu + ) NKcpKier Clf = G + 2K pCli + 3K oK umer G + 1.6

N=2

Rearranging:

KC,D

Catc = Cu <1 + 2K pimCut + 72— (3(KeumerCu)” + #(KeymerCu) + - )) 1.7

C,Nmer

Recognizing the converging series

C . 1
Z(i+1)a‘=m=1+2a+3a2+m 1.8
i=0

Eq. (1.7) can be written as
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K 1
Cate = C | 1+ 2K¢ pCyp + 2 ( s—1- ZKC,NmerCM) 1.9
KC,Nmer (1 - KC,NmerCM)

Kcp 1
Coac =Cy 1+K >—1
C,Nmer (1 - KC,NmerCM)

1.10
Substituting

DPymer = CnmerVnmer .11

and recognizing that the apparent molar volume of an alcohol, V. is the volume of the monomer

[ 1 \

Pope = Py | 1+ 77— 1| 1.12
CNmer (1 - KC,Nmer V_M) /
M

V) yields

Rearranging in terms of ®,,, Eq. (1.12) can be written in the form of a cubic equation
aOCD]?/, +a1(b12\4+a2cDM+a3 = 0 |13
where a,, a;, a, and a; are:

2
4 = KC,DKC,Nmer - KC,Nmer
0=

VA24 1.14

_ 2(KC,Nmer - KC,D) KC,Nmer 2 )
a, = Vo + " alc 1.15

_ 1 _ C,Nmer
a,=-1-2 v, (OJ 116
a; = dgyy, 1.17
The chemical shift is then calculated from Eq. (7.11):
L Cn, (YL . ¢\, 1.18
v = Uy + Z Ty +| G—1)=— | DNmer :
Calc = Calc Calc

Substituting Eq. (1.2) for C,, and rearranging yields:
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(1 - Z(l -1) alc) 7 i (i — 1) o Dhmer 1.19

i=2
or
I N LN G
VB =hp= Y (- S — Ty =) (-, 120
— Calc o Calc
=2 =2
where A and A, represent the observed chemical shift and the chemical shift of hydrogen-bonded
protons relative to the monomer shift respectively. Written in terms of volume fractions and

assuming that the volume of an N-mer is given by V; = iVy,:

q)Nmer/VNmer AuN — Z (i - 1) q)Nmer A

(i — 1) —Dmer/ Nmer _Z TNmer 5
Da1c/Vu l Daic N .21

&MS

i=2
Finally, substituting the definitions of the equilibrium constants in terms of volume fractions (Egs.

(1.3 and 1.4)) and rearranging gives:

1.22

K
Ay = [ﬂ CI)M CNmer q)M((I)alc q)M)]

M q)alc
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Chapter 8. Conclusions and Future Directions

The objective of this project is to combine spectroscopic tools and computational techniques to
improve the thermodynamic modeling of systems with hydrogen bonding. To this end, this
document begins by outlining two common methods for modeling association in thermodynamics:
chemical theory and Wertheim’s theory. Noting a gap in literature on the relationship between
concentration- and activity-based equilibrium constants for the liquid, we first explore this
question in Chapter 2. It is shown that the two equilibrium constants can be related by using Flory’s
theory [30] and that the concentration-based equilibrium constant, K., can only be assumed to be
independent of composition when residual contributions to non-ideality are also constant. In
Chapter 3, K, which is the association parameter in chemical theory, is shown to be identical to
A%iPj| the association parameter in Wertheim’s theory for alcohol + inert type systems under
reasonable assumptions of zero excess volume and universal packing factor. A Wertheim activity
coefficient model (WAG) is also introduced based on methods developed by Michelsen et al. [66].
Furthermore, algebraic and numerical proofs of the equivalence of the two theories are derived for
these systems when only linear species are present. This finding is extended to other systems that
contain both associating and solvating components in Chapter 4. The activity coefficient model
developed in Chapter 3 is tested in Chapter 5 using literature (CPA) A4i®j values and its
performance is compared to that of existing association equations of state. It is found that, when
combined with NRTL or Nagata’s residual term and fitted with four parameters, the WAG models
are able to capture the behavior of methanol and ethanol-containing systems well, generating fits
with the lowest overall SSQ value. Among the two parameter models, WAG-SH, which combines
WAG with Scatchard-Hildebrand provided the best fits and predictions of the experimental data.

Indeed, WAG-SH performed similarly or better than the association equations of state tested, PC-
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SAFT and CPA. Chapters 6 and 7 describe work on the analysis of IR spectra for the calculation
of A%Pj values. In the former, the hydroxyl vibrational region in IR spectra of alcohol + alkane
systems is quantified for the first time and related to the apparent concentration of alcohol in the
mixture. This is accomplished by using relationships between IR properties found by MD + QM
calculations of hydrogen bonded clusters. In Chapter 7, preliminary calculations for the value of
A%P; from the analysis of IR spectra of n-butanol + cyclohexane mixtures are shown. This
deconvolution procedure lies beyond the scope of this thesis. However, detailed recommendations
for future directions in the IR analysis portion of this project are outlined. Other future work is
categorized and summarized in Table 8.1.

Table 8.1: Accomplished and future goals for research project

<

3 5

. |2
Project Goal 2| o
=

S| 5

LL

Explore similarities and differences between association modeling theories
Develop an activity coefficient model for Wertheim’s theory (WAG model)

Test modeling capabilities of WAG for VLE and LLE of alcohol + inert
systems

Test predictive power for LLE of ternary systems of alcohol + inert systems
Test modeling capabilities of WAG for systems with association and solvation

Test modeling capabilities of WAG for components that only solvate
Develop a 2-parameter WAG model analogous to 2-K CLAM
Create an AspenPlus® user model for industrial partners to explore

Thermodynamic Model

Release AspenPlus® user model for public use

Establish reliable IR protocols and benchmark methods against literature

Establish reliable NMR protocols and benchmark methods against literature

Assemble database of spectroscopic data for alcohol + inert systems

Spectroscopy

Assemble database of spectroscopic data for other challenging systems
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Table 8.1 (cont’d)

Project Goal

Future Work

| Completed

Develop scripts and run MD simulations

Develop scripts to analyze MD simulations for hydrogen bonding information

Develop scripts to conduct QM calculations on linear clusters

Develop scripts to conduct QM calculations on non-linear clusters

MD + QM

Run MD+QM calculations for alcohol + inert systems

Run MD+QM calculations for other challenging systems
Use MD+QM findings to quantify IR peak
Use MD+QM findings to quantify concentration of free ends

Overall

Calculate association parameters from spectroscopy (IR, NMR) and MD + QM

Test modeling and predictive power of WAG with new association parameters

For the thermodynamic model development, the derivation of the WAG function should be
revisited to relax some of its underlying assumptions such as the use of a constant packing fraction.
Moreover, the WAG model should be tested for more systems that contain solvating components.
An especially complex case occurs when components that do not associate but are capable of
solvating, such as dioxane and chloroform, are mixed. In these cases, the combining rules
introduced in Chapter 5 cannot be used and association parameters must be estimated through
other means. Furthermore, for consistency across all phases, it will be beneficial to extend the
WAG model to be able to capture association in the vapor phase by adapting the Hayden O’Connell
model [79]. Once this is completed, the WAG user model, which has already been developed to
function with AspenPlus®, a process design software package, can be released for commercial
use. In this work, we developed a chemical theory variation with two equilibrium constants: one

for the formation of a dimer and another for subsequent association. The model is shown to be
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more capable of fitting NMR chemical shifts than single parameter models. However, Wertheim’s
theory is more easily generalizable than chemical theory. Therefore, future efforts should be
invested in developing a Wertheim association theory that allows for two association parameters.
In terms of computational experimentation, future work should include MD + QM calculations
like those developed in Chapter 6 for different classes of systems. Additionally, the characteristics

of non-linear clusters, such as ring and branched structures, should be investigated.
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