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Abstract

Computer based molecular simulations have been used towards developing simple mixture composi-
tions whose physical properties resemble those of real asphalts. First, Monte Carlo simulations with the
OPLS all-atom force field were used to predict the density, heat capacity, thermal expansion coefficient, and
isothermal compressibility for small molecules similar to compounds found in asphalts. Similar calculations
were then performed on a 3-component mixture for which detailed property measurements were available
in the literature. Good agreement between simulation predictions and experiment (literature values) was
found in all cases. Molecular dynamics simulations were then used to estimate the same properties for two
asphalt-like mixtures. Different molecules were chosen to reflect the maltene, resin, asphaltene components
of an asphalt, with each mixture based on a different asphaltene structure taken from the literature. Different
density, glass transition, and bulk modulus properties were found for the mixtures, indicating the effects of
different asphaltene structures. Distributions in molecular orientation between molecules were also calcu-
lated, to learn the extent of predicted parallel vs. perpendicular ordering in the mixture. A key finding is that
molecules tend to order randomly over 3 nm length scales. A literature review of related asphalt chemistry
is included in the report as well.

Keywords: asphalt, asphalt calculation, asphalt composition, asphalt model, bitumen, density, molecular

dynamics, molecular simulation, Monte Carlo, OPLS, orientation
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Executive Summary

Computer simulations have been conducted in order to calculate the physical properties of mixtures
of molecules, with their concentrations chosen so they serve as a simplified model of asphalt. Different
molecules were chosen to reflect the maltene, resin, and asphaltene components of an asphalt. The energies
and forces originating from each molecule are represented using classical mechanics-based equations for
the contributions from each atom, with the underlying parameters taken from established studies in the
chemistry literature. The outcomes of the simulations are predictions of how model asphalts behave over
length scales of 1-5 nm and 1-10 ns (1 nm = 107° m, 1 ns = 102 s). For properties such as density and
heat capacity, which lead to predicting glass transition, these small scales are sufficiently large for predicting
macroscopic behavior of the mixture.

One long-term use of model asphalts is to assist with interpreting experimental measurements on real
asphalts. For example, why are particular experimental trends observed, such as an increase in the upper
temperature of the glass transition range when the asphaltene content in an asphalt is artificially increased?
(This was observed in studies at the Western Research Institute in the 1990’s.) The mixtures created in this
study form a starting point for addressing such questions on the molecular level. Ongoing work is addressing
such questions for polymer-modified asphalts.

Another long-term use of the model asphalt mixtures is to use them to address molecular-scale questions
about asphalts that are difficult or impossible to answer experimentally. How do different kinds of molecules
work together to achieve the overall response of asphalts to physical, chemical, or environmental stresses?
The challenge with model asphalts will be to recognize the extent that subtle chemical nuances among
molecules can be combined into larger amounts of few molecules.

In this study, the Monte Carlo simulation technique was first used to test the literature parameterizations
by predicting properties of asphalt-like small molecules, such as naphthalenes and phenanthrenes. The same
method was then applied to an asphalt-like mixture for which detailed property measurements were available
in the literature. Good agreement between predictions and literature values was found in all these cases.

Selected molecules from the parameterization tests were combined with asphaltene molecules selected
from the literature in order to constitute the asphalt-like model mixtures. Molecular dynamics simulations
were found to be more effective than Monte Carlo for reaching equilibrium states with these mixtures. The
resulting predictions of density and heat capacity showed qualitative trends that were consistent with known

experimental characterizations of real asphalts. Quantitatively, the model asphalt density was too low due
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to saturate alkane in the mixture being overabundant; this was recognized only when the project was being
completed. The densities and heat capacities suggested a sub-zero oC glass transition, but noise in the
simulation prevented a more precise determination. Calculations of the orientations between different parts
of the same molecule suggested that asphaltenes may buckle slightly more than smaller aromatic molecules,
even under low load conditions; this is being quantified further in follow-up work. Orientations between
different molecules that fall within a 30 A center-of-mass separation were largely equivalent to those of
randomly packed molecules. This counters hypotheses that aromatic molecules would all orient parallel
to one another. Within this overall random orientation, some weighting towards parallel configurations
was found in the mixture based on asphaltene molecules with a large aromatic core and small side chains.
Asphaltenes with a smaller core and longer side chains, which are shapes consistent with fluorescence
depolarization data, were not oriented parallel to a large extent.

In total, this report documents the simulation methods employed, method verifications using simple
molecules and mixtures, and the application of those methods to asphalt-like mixtures. A literature search
describing different measurements related to the underlying chemistry and structure of asphalts is included
as well. The mixtures developed are predicted to display properties that are similar to those of real asphalts

but are not exactly the same. Refinements to these models are being undertaken in followup studies.



Chapter 1

Introduction

Asphalts used in road construction are complicated, poorly defined, and inexpensive mixtures of hun-
dreds of chemical compounds [1]. Consequently asphalt physical properties measured under extreme con-
ditions, such as hot or cold temperatures, can span wide ranges, depending on the material source and its
physical, thermal, and chemical treatments during processing [1]. Within pavement and roadway design,
predictive modeling tools developed for chemical mixtures are then poorly equipped for guiding improve-
ments to asphalt properties.

What if simplified, chemically well-defined mixtures were known that could replicate the different be-
haviors of asphalts under conditions of interest? They would be useful for developing and testing meth-
ods for modifying asphalts in order to obtain targeted physical properties. Careful experimentation, which
is today’s standard, could then be supplemented by accurate, predictive modeling tools. Ultimately this
combination of tools could create engineering opportunities for high-performance highway asphalts to be
produced at near-commodity prices.

Projects sponsored by the Strategic Highway Research Program (SHRP) took a first step in this direc-
tion by creating a library of so-called ”core” asphalts [1-4]. These asphalts are well-defined from a highway
engineering perspective, and they have provided a context for subsequent research studies into asphalt mod-
ification strategies, the different contributions to physical properties from different asphalt components,
etc. [5]. While tremendous amounts of knowledge have been obtained, and recommendations for improved
asphalt binders have already been put in place [6], the question of which chemical process or procedure
provides the best modification strategy remains an open question. The SHRP core asphalts provide a good
starting point and excellent data, but in themselves they are not sufficiently well-defined on a chemical basis

for answering all molecular-level asphalt research questions that may be of interest.

1.1 Research Project

The goal of this research has been to use several chemical engineering modeling techniques to develop

— on the computer — idealized combinations of chemicals that form mixtures whose physical properties

13



14 CHAPTER 1. INTRODUCTION

are predicted to be representative of SHRP core asphalts. Such mixtures would not replace asphalts in
engineering applications. Instead, they would provide inputs for fundamental studies in order to elucidate
why different asphalts exhibit different physical properties, and how those properties could be tuned to more
desirable values. Analogous techniques based on solution thermodynamics have been developed in fuel
science [7, 8]. The fuel research results were mixtures (also called “recipes”) of 5-10 chemicals that exhibit

physical properties, such as temperature-dependent volatility, that resemble those of real fuels.

The calculations in this project were performed using molecular simulations. The overall ideas and

methods involved in molecular simulations are described in chapter 3.

1.2 Overall Chemical Description of Molecules in Asphalt

An overall chemical description of the molecules in asphalt is important for predicting additive solu-
bility and for assessing possible chemical reaction mechanisms. Measurements such as nuclear magnetic
resonance (NMR) spectroscopy can reveal the balance among aromatic, linear alkane, and branched alkane
chemical groups within an asphalt [9]. We consider it important for a model asphalt to capture this approxi-
mate balance in order to make reasonable estimates of how additives, such as polymers or plasticizers, will
modify an asphalt material. An advantage of using mixtures in simulations is that not all NMR features have
to be placed in a single, “average” molecule. Contrasting molecular features, such as polar vs. nonpolar,
aliphatic vs. aromatic, or linear vs. branched, can be placed on different molecules in the mixture in order

to provide both an appropriate composition and a correct balance of properties.

Existing asphalt chemical models provide some guidance about the size and polarity of different com-
pounds found in asphalts. Traditionally asphalts have been described using a “micellar model,” in which
polar compounds with aromatic functional groups (benzene rings, etc.) are dispersed in less polar, ”solvent”-
type molecules of lower aromatic content. (See ref [1] for the history of this model.) The dispersed
molecules also contain heteroatoms (atoms other than carbon or hydrogen) and have a larger molecular
weight compared to the solvent phase. Comparing among asphalts, differences have been reported in the
size of the polar domains: smaller packets of polar molecules (better solvation) vs. larger ones (poorer
solvation, with larger interfacial energies). Turner and Branthaver [10] found that the mixture comprising
the polar phase can be separated from the remainder of the nonpolar asphalt mixture via size exclusion
chromatography, confirming the appreciable difference in molecular weight. This overall polar/nonpolar
description provides a useful hierarchy for interpreting composition studies and mechanical properties. The
results from the proposed research will differ in that simplified, molecularly specific compositions will be-

come available as part of the results.



1.3. PHYSICAL PROPERTIES 15

1.3 Physical Properties

The focus here is to create mixtures that replicate several physical properties of asphalts that strongly
affect overall highway performance and durability. The research focused on properties that are well-defined
in a laboratory setting and, preferably, that are realizable on the molecular level (also called the “nanoscale”
in recent research trends). Examples of physical properties amenable to molecular-level chemical model-
ing tools are density, coefficient of thermal expansion, viscosity, and modulus. It is recognized that these
properties are not of primary interest (or perhaps much interest at all) in asphalt binder specification and/or
pavement design. They are chosen here because they are the properties predicted in the most straightfor-
ward manner from a molecule simulation. Macroscopic-level highway-level properties, such as cracking or
rutting, require additional information about road design and structure that isn’t accessible from the tools
planned for use in this study. In follow-up work to this project [11], methods are discussed for estimating the
shear viscosity of a model asphalt and its temperature dependence. Those methods, results, and relationships
to real asphalt binders will be available in the final report from that project.

Which properties of interest to highway usage of asphalts may be investigated on the molecular level?
The glass transition defines the range of temperatures over which an asphalt changes from a hard, brittle,
high modulus material (low temperature) to a softer, more elastic, moderate modulus material (warmer
temperatures). Below the glass transition, molecules are essentially locked in place and execute only slow,
local motions [12]. This potentially could benefit highway rutting resistance, since little asphalt flow can
occur. However, little energy can be absorbed, making the asphalt brittle. Above the glass transition,
molecules move freely and can reach new equilibrium arrangements (or “configurations”) after an imposed
physical perturbation, such as experiencing shearing forces from a vehicle. This more facile mechanical
response allows an asphalt system to resist cracking. However, the various moduli decrease as an asphalt is
heated through the glass transition, potentially making a road more prone to rutting. Clearly an appropriate
balance must exist in a successful roadway material. The glass transition behaviors of core asphalts are
available from both fundamental studies [2] and later research studies [10], for comparison purposes. For
SHRP core asphalts, the glass transition begins at low temperatures of -45 to -25°C (-49 to -13°F) and ends
over -6 to 10°C (21 to 50°F) [10].

Asphalt stiffness is a measure of its stress-strain behavior. The larger the modulus (Young’s modulus,
shear modulus, or bulk modulus for tension, shear, or compression respectively), the smaller the deformation
in response to an imposed stress [13]. Similarly, the maximum stress as a function of strain equals the
material strength. In relation to highway performance, Kluttz and Dongre [14] have reported that a low-
temperature binder stiffness of greater than 300 MPa, measured after 7200 seconds of load, is correlated
with pavement cracking at that same temperature [3]. This was the motivation for specifying the stiffness
(equivalent via time-temperature superposition) after 60 s at 10°C above the lower specification temperature.
Correlations have also been made between pavement cracking and properties such as viscosity and ductility
[3,15]. The time-dependence is a consequence of viscoelasticity: the ability of a material (such as asphalt)

to generate stress in response to both imposed strain (like an elastic solid) and imposed strain rate (like a
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viscous liquid). The temperature-dependent viscosity is related to the shear modulus at small deformations
via the methods of oscillatory shear [12]. Property data for asphalts are again available for core asphalts [2],
providing another target for the calculations.

1.4 Project Objectives

The key objective of this 12-month project was a model asphalt composition that is predicted to display
physical properties similar to those of Strategic Highway Research Program (SHRP) core asphalts. These
compositions can then be used in subsequent asphalt property prediction studies, using both modeling and
experiments to study length scales that range from molecular to macroscopic. A long-term objective is to
use the model asphalts to look as asphalt modification. While many chemical processes and/or procedures
are currently used to modify asphalt properties, the question of how best to improve asphalts and why such
methods work or fail remains an open question. One goal of the current project is to take a step towards a
molecular modeling platform in which such questions can be addressed.

Several specific tasks must be accomplished in order to accomplish these goals:
e Propose simplified asphalt mixtures based on asphalt characterizations in the literature.

e Conduct molecular simulations on model mixtures to explore and interpret the “whys” of asphalt

function.

e Compare physical property predictions from simulation to literature data. Use results and new knowl-

edge to improve and optimize model compositions.

e Each molecular simulation could require days to weeks of computer time, so there is a limit on the

number of iterations that can be conducted.
A desirable stretch objective that is probably not achievable within the 12-month time frame is

o Test asphalt additive strategies using molecular simulation. Keep parameters fixed so predictive capa-
bilities can be tested. One example would be to analyze how polymers and plasticizers affect asphalt

modulus as a function of temperature.

Such questions are being addressed during a subsequent project in the current year.

While conducting the work, it was recognized that the mismatch between the properties that are easest
to calculate first and the properties of most interest in practice (to asphalt chemists and pavement engineers)
created a situation in which extensive, direct comparisons with the same properties of SHRP core asphalts
were not possible. Comparisons with “typical” asphalt properties found in any source have been made
instead. Details of the materials being compared represent an attempt to make the comparisons useful for

readers of various interests.
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1.5 Task Descriptions

Determining a chemical mixture that replicates asphalt properties requires answering two overall model-
ing questions. 1) What physicochemical modeling approach yields sufficiently accurate property predictions
for asphalt-like mixtures, while maintaining molecule-level detail? 2) Within such a model, what sets of
chemical compounds lead to good agreement with the desired properties? Both questions rely on knowing

values and ranges of the asphalt physical properties that are to be replicated by the models discussed above.

The following specific tasks were chosen for this project:

Task 1. Method Validation

The first task is to validate the overall approach using pure compounds that are similar in size, shape,
and chemical functionality to those found in asphalts. An example is predicting the glass transition of alkyl-
substituted naphthalene molecules, which have structures shown in Figure 4.1. Molecules will be chosen
for which experimental glass transition data are available in the literature. The intent of this task is to
demonstrate that molecular simulation approaches using parameterized force fields are sufficiently accurate

for moderate molecular-weight compounds, such as found in asphalts.

Task 2. Initial Mixture Simulations

The second task is to choose small sets of molecules whose presence in asphalt and relative concentra-
tions are consistent with NMR asphalt speciation data [9, 16]. Preliminary asphalt mixture simulations will
be conducted using these compositions. Specifically, Monte Carlo and/or molecular dynamics simulations
will be used to determine equilibrium densities, expansion coefficients, glass transition ranges, and moduli
for the proposed mixture. These results will then be compared to literature data for a SHRP core asphalt.
Differences will be quantified between the predicted results for the model composition and the measured re-
sults for the core asphalt. Differences in glass transition that result from small changes in molecular structure

will assist with interpreting the glass transition behavior of complete asphalt mixtures.

Task 3. Mixture Composition Iteration

The third task is to modify the model mixture composition in order to achieve different physical prop-
erties. Based on the results from Task 2, relative concentrations will be changed and new simulations will
be conducted. The goal is to obtain predicted results from the model system that are comparable to those
of the desired experimental system. This process will iterate until convergence is as good as possible. It is

expected that many iterations will be required.

Task 4. Other SHRP Core Asphalts

The steps in Task 3 will be repeated, using the properties of another SHRP core asphalt as the target.
This task will be repeated for each core asphalt of high interest.
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1.6 Outline of this report

This report documents the first steps of the overall research project in developing model asphalts. Chap-
ter 2 summarizes related scientific literature in the fields of asphalt characterization and asphalt chemistry.
Chapter 3 explains the kinds of modeling tools used in this report and illustrates examples of intermediate
results. Chapter 4 applies these methods systematically to small molecules that have chemistries similar
to those in asphalts. Chapter 5 shows how the same methods can be applied to a well-defined mixture, in
order to predict mixture properties accurately. Chapter 6 describes the model asphalt mixtures and com-
pares their predicted properties with those of real asphalts. Molecular scale properties and ideas that can be
inferred from the model systems are discussed as well. Finally, chapter 7 concludes the report by relating

the modeling findings to the original tasks.



Chapter 2

Literature Survey

The objective of this chapter is to summarize information available in the scientific literature about the
molecular nature of asphalt. No works were found that seek the exact goals of this project. The many works
available instead provide context and guidance for the choice of molecules and relative concentrations to

use in this work.

2.1 Project Context

Several projects sponsored by the Strategic Highway Research Program (SHRP) of 1987-1992 addressed
the challenge of characterizing and evaluating asphalt binders. Within SHRP, the “Binder Characterization
and Evaluation” project was conducted by the Western Research Institute (WRI), the Pennsylvania Trans-
portation Institute (at Penn. State University), SRI International, and the Texas Transportation Institute (at
Texas A&M University), with the goal of understanding asphalt properties and their relationship to asphalt
composition and composition changes [1]. The Volume 1 report [1] provided an overall summary of asphalt
properties. Subsequent volumes focused on the specifics of asphalt chemistry [2], physical characteriza-
tions (particularly mechanical tests such as rheology) [3]), and experimental details of new/improved test
methods [4]. Studies by Jennings and co-workers within SHRP focused on NMR characterization of as-
phalts [9]. Tremendous amounts of knowledge have been obtained through SHRP, and the “Superpave”

asphalt specifications for improved asphalt binders were recommended as a result [6, 17].

Part of the SHRP project involved creating a library of so-called “core” asphalts. These asphalts are well-
defined from a highway engineering perspective, and they have provided a context for subsequent research
studies into asphalt modification strategies, the different contributions to physical properties from different
asphalt components, etc. [5]. The SHRP core asphalts provide a good starting point and excellent data, but
in themselves they are not sufficiently well-defined on a chemical basis for answering all molecular-level

asphalt research questions that may be of interest.

19
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2.2 Transportation Databases

To ensure that the problem and questions being considered in this research have not been solved already,
literature searches were first conducted using the databases TRIS (Transportation Research Information
Services) and RIP (Research In Progress). General-purpose research books in the asphalt area were also
searched. These sources were then supplemented with literature references obtained from ArticleFirst, a

general-purpose research database.

2.2.1 TRIS Search Term: Asphalt Composition

54 studies appear using these keywords. Titles and references of all the studies are listed in Appendix 1,
grouped into the following categories:

o Aggregates and Adsorption e Design e Rheology
e Aging e Performance e Roadway
e Characterization e Polymer e Safety

Many studies tend to be experimental characterizations of asphalt properties and composition effects. Some
are interim and final reports from funded transportation projects. Others appear in journals, such as the
Journal of the Association of Asphalt Paving Technologists (ISSN 0270-2932).

The data reported are useful in defining typical ranges of physical properties of asphalts, providing
specific cases of additive enhancement (which can be used to test predictive abilities), and collecting lists of
additive strategies already employed. The SHRP reports and Superpave descriptions prescribe the high and
low temperature properties of interest — |G*|/ sin § and (s and m), respectively. Connections grounded in
polymer science between storage modulus G’, loss modulus G”, and viscosity 7 provide a crucial connection
to |G*|, the magnitude of the complex shear modulus; J, the loss tangent (tan § = G”/G’); and m, the slope
of strain vs. time (creep). Papers that report connections between highway properties and asphalt rheology
[18,19] are useful as well. Rheological properties can be extracted from molecular dynamics simulations or
laboratory experiments, while highway performance provides a direct connection to the desired applications.

2.2.2 TRIS Search Term: Asphalt Additive

117 studies appear with these keywords. Most papers are experimental characterizations of asphalts,
using lab tests or roadway data. Some look at additive modeling strategies. Combinations of experiment
and modeling [20,21] will be useful for simultaneously testing simulation predictions and comparing them
with expectations from modeling studies.

Papers and reports that combine the results of both of these searches [22,23] will help to relate the macro-
scopic properties accessible via molecular simulation to properties of interest for highway engineering, such

as roadway durability.
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Additional papers concerning additives in asphalts can be found in journals specific to the field. For
example, several articles in Journal of the Association of Asphalt Paving Technologists that address additive
issues can be located via the Association of Asphalt Paving Technologists (AAPT) web site at

http://www.asphalttechnology.org/journals/Additives.html

Specific articles available from the ArticleFirst database and the book Asphalt Science and Technology [5]

will help with devising model compositions for asphalt mixtures.

2.2.3 TRIS Search Term: Molecular Simulation

No papers were listed in the TRIS database with the keywords ”"Molecular Simulation.”

2.2.4 RIP Searches on Related Terms

RIP keyword searches using “asphalt* AND additive” or “asphalt* AND composition” led to several
studies looking at experiments with different additives in asphalt: lime, liquids, or polymers for anti-
stripping; crumb rubber or carbon black (from rubber) for improved physical properties. Titles, dates,
and funding sources are listed in Appendix 2 (asphalt* and additive) and Appendix 3 (asphalt* and compo-
sition). Based on the project summaries, none appear to have been modeling studies. Instead, their results
could be useful as input test cases for the next stages of this research project. A RIP search on “molecul*”
had no results, confirming the TRIS finding that no current transportation research can be described with

keywords such as "molecule” or “molecular.”

2.2.5 Additional Searches

The papers and reports obtained from the TRIS and RIP searches are useful regarding highway-relevant
properties and overall asphalt descriptions. They are lacking, however, in the fundamental aspects of asphalt
chemistry that are necessary for simulating model asphalts on the molecular level.

To extend the search in this direction, books in the University of Rhode Island (URI) library were
studied and a database of published scientific literature, ArticleFirst, was searched. It contains approximately
13,000 literature citations from many published sources in science and engineering. For a description of
ArticleFirst, see http://www.oclc.org/firstsearch/; for on-site URI access see the link from “URI library,
general reference” at http://www.uri.edu/library/reference_databases/ref.html. This process, supplemented
by citations from the papers found, led to numerous publications that assisted with conducting the current
project.

2.3 Books

Several books contain useful information for asphalt research. This survey will describe only a subset
of the books available at URL. Hot Mix Asphalt Materials, Mixture Design, and Construction [24] provides
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an overall introduction from a civil engineering perspective; it is used as the textbook in the URI Civil
Engineering graduate course CVE 531 Bituminous Materials. Concerning asphalt chemistry, Roberts et al.

write

the importance of asphalt chemical composition, although not well understood, cannot be dis-
puted. The performance of asphalt as a binder ...is determined by its physical properties

... which in turn are determined directly by chemical composition [24].

The Chemistry and Technology of Petroleum [25], which is available on-line, provides an overall descrip-
tion of petroleum, its components, and their processing. Asphalt Science and Technology [5], edited by
Usmani, contains papers authored by numerous researchers funded by the Strategic Highway Research
Program (SHRP). The topics range from molecular characterizations, such as nuclear magnetic resonance
(NMR) spectroscopy and rheology of SHRP “core” asphalts, to polymer modifications and performance-
modification relationships. Chemistry of Asphaltenes [26] is an analogous 1981 collection of papers pre-
sented at the September 1979 American Chemical Society meeting. It contains numerous interesting charac-
terizations about asphalt structure. 1990’s characterization techniques (described below) may have outdated
many of the contributors’ hypotheses and conclusions, however.

These different sources [24,25] provide an overall description of the make-up of asphalt cement. Crude
oil distillation residue can be fractionated, based on n-pentane or n-heptane solubility, into insoluble as-
phaltenes and soluble maltenes (sometimes called petrolenes). The asphaltenes can be subsequently dis-
solved into an aromatic solvent, such as toluene. The maltenes can be further subdivided by a variety of
procedures based on adsorption and/or chromatography. One subdivision leads to resins and oils; the lat-
ter resemble more volatile paraffinic (waxy) crude oil components but are of higher molecular weight. An
alternate process leads to a more detailed subdivision into saturates, naphthene aromatics, and polar aro-
matics. Within the asphalt cement, it had been thought (this is now a matter of debate in the literature) that
asphaltenes cluster into larger shapes (“colloids”), which are soluble because resins mediate the interactions
between asphaltenes and saturates. This activity is analogous to that of surfactants in soap solutions. The
size of these colloids is often a topic of research interest. More recent studies (e.g. within SHRP [1]) have
suggested that asphalts contain molecules with a range of solubilities. This idea is discussed further in chap-
ter 6. In this project it is necessary to include molecules that reflect properties of each of these chemical

families.

2.4 Journal Articles

Initial papers were identified by ArticleFirst, and subsequent papers were found by tracking citations
from papers already identified. The resulting set of journal articles are divided here into the following top-

1CS:
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2.4.1) Molecular spectroscopy characterizations

RICO NMR scattering
2.4.2) Thermal and mechanical characterizations
DSC rheology

2.4.3) Performance and molecular characteristics
2.4.4) Molecular simulation of asphalt
structure molecular molecular
elucidation dynamics thermodynamics
Note that acronyms are defined as terms arise in each subsection. Each section contributes a complementary

perspective to the overall project.

2.4.1 Molecular Spectroscopy Characterizations

Several researchers have conducted molecular-level investigations of asphalt structure. Strausz and
co-workers published a 1992 review [27] that describes their significant efforts in deciphering asphaltene
chemistry. Most significant was their findings, via a novel catalyzed chemical reaction “RICO” (ruthenium-
ion-catalyzed oxidation), that extended aromatic domains are not present in asphaltenes! Instead, alkyl-
substituted sections of two to five fused aromatic rings were connected by sparse, short to moderate length
alkyl branches. Extended naphthenic domains (i.e. alkane rings, such as substituted cyclohexane) also
played a major role. Later RICO studies [28, 29] focused on characterizing minor products and found a
large array of naphthenic-related compounds. Experimental protocols for these studies were also more ef-
fective procedures (due to improvements in the analytical chemistry) and thus were “expected to yield more
accurate quantitative data” [28]. Table 3 of ref [28] contains an especially useful compilation regarding
asphaltene composition; it lists relative concentrations of many compounds. In a related study [30], broad
similarities in composition were found for asphaltenes from different sources, with the exception of more
“immature” (i.e. less ancient) petroleum sources. RICO studies have also been combined with analyses
based on '3C nuclear magnetic resonance (NMR) spectroscopy [31]. The data from each method assisted
with interpreting the other, and a four-compound model asphaltene molecule mixture was proposed. It can’t
be assumed that all asphalts contain asphaltenes with this precise composition. Instead, these results provide
guidance about reasonable compositions, particularly in light of asphaltenes from many different sources
showing similar RICO results.

Storm et al. [32] of Texaco proposed a data analysis technique for assessing molecular weight estimates
measured via mass spectroscopy. They estimated maximum molecular weights of approximately 700-1000
g/mol for the oil, resin, and asphaltene components in different crude oil fractions.

Storm et al. [33] also studied asphaltenes via 'H and '3C NMR spectroscopy. These experiments yielded
ratios for the distribution of molecular environments in oils, resins, and asphaltenes. Their results suggested

smaller molecular structures than often postulated in the literature, e.g.

we believe ... the PNA (polynuclear aromatic) cores contain about 4 to 6 rings, instead of
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25, and only a few PNA cores are bridged together, instead of many, as in the polymer-like
representations suggested by other work [33]

These sizes are consistent with the findings of Strausz and co-workers. From the perspective of this project,
they enable the chemistries of proposed asphalt mixtures to be compared with the compositions of measured
asphalts.

Gillet et al. [34] discussed the 'H and 3C NMR spectral shifts observed for the different environments
for hydrogen and carbon atoms that are present in crude oil and its derivatives. They also discussed the
use of an additional molecule (1,4-dioxane in their case) as an internal standard, which allowed for a (C
area):(H area) ratio to be calculated; such a calibration enables quantitative estimates of the fraction of
carbon and hydrogen found in each kind of chemical environment. In a follow-up study [35], they quantified
the distributions of carbon and hydrogen environments in a synthetic oil (of known composition) and in the
higher boiling ends of an Arabian Light crude oil. The asphalt fraction was highest in aromatics, with
approximately one in five aromatic carbons attached to an alkane chain and the same number attached to
hydrogen. Alkanes were in chains, rather than rings, by a ratio of approximately 7:3.

Jennings et al. [9] applied NMR techniques to numerous SHRP core asphalts. They found different
fractions of aromatic vs aliphatic, different extents of branching and aromaticity, and different molecu-
lar mobilities among the different core asphalts. Their report provides an excellent source for comparing
molecular compositions with data for those core asphalts most of interest to the project sponsors. In a later
study [16], they used NMR to quantify oxidation that occurs at carbon atoms bonded to aromatic rings.

Pekerar et al. [36] used solid-state '>C NMR to assess asphaltene and resin mobility. They found rigid
domains among both the aromatic and aliphatic carbons. The aromatic contribution is expected, since fused
aromatic rings (e.g. naphthalene) largely constrain atom positions in a solid phase. The aliphatic results
indicate contributions from naphthenic rings.

Characterization studies have also measured heteroatoms (i.e. atoms other than carbon and hydrogen) in
asphaltenes. Frakman et al. [37] focused on oxygen-containing compounds, using a set of chromatography
experiments to find fluorenones, alkylfluorenones, and alkylbenzylfluorenones. Fluorenone is a 5-membered
ring in which one carbon atom is double bonded to an oxygen atom (this is a carbonyl group) and the remain-
ing carbon atoms are fused in pairs to phenyl rings. (Despite the name, it does not contain any fluorine.)
Their chromatography measurements also yielded approximate concentrations of these compounds in an
Athabasca asphaltene. (Note that Athabasca asphaltenes are not necessarily the same compounds as found
in paving asphalts. Instead, the compounds found in paving asphalt depend on the crude oil source.) Green
et al. [38] used exchange reactions to study sulfur compounds. Each sulfur-containing molecule was chemi-
cally converted to a methylsulfur salt; the methyl group chemical environment was then determined via 13C
NMR. Several thiophenes were identified, but the process was ultimately only semi-quantitative.

Several characterization studies have found results consistent with the long-standing idea [25] that as-
phalts contain micelles of asphaltenes surrounded (or solubilized or “peptized”) by resins. Such structures

are sufficiently stable that they remain clustered together within characterization experiments that “count”
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individual molecular-scale entities. For example, small angle neutron scattering studies have been conducted
to study asphaltene polydispersity effects [39] and temperature effects [40] in solution. Rod-like particles
were found in the latter, with radii that dropped from 18 A at room temperature to 13 A at 150°C. Lengths
ranged from 20-150 A, with both the maximum and average lengths decreasing with increasing temperature.
Dielectric measurements [41] also support the idea of asphaltene-resin clusters of radius ca. 30 A. Storm et
al. [42] also found that the measured size was the same in toluene solution and in vacuum residue, based on
solution rheology. This was consistent with their finding [42] that the sizes in small angle neutron scattering
and X-ray scattering (room temperature and 93°C, respectively) were similar.

Miller et al. [43] compared the compositions of maltenes, asphaltenes, and hydrocracked derivatives
from a Mayan crude oil. They found that asphaltenes could be further extracted into soluble (i.e. non-
colloidal) and insoluble (colloid structure forming) fractions. Characterizations via vapor-phase osmometry,
size exclusion chromatography, and small angle neutron scattering revealed average sizes (in solution or sus-
pension) of 50 A in maltene and noncolloidal asphaltene and of 150 to 850 A in colloidal asphaltene [43].
The molecular weights of 300-600 g/mol, from laser desorption mass spectroscopy, indicate that the particle
sizes represent sets of particles, since an object of even 50 A radius has a molecular weight much greater
than 600 g/mol. (A 23 A edge cube of hydrocarbon material has a molecular weight of 6000 g/mol, for
example.)

Fluorescence depolarization studies by Mullins and co-workers [44,45] focused on asphaltenes. They
imposed very dilute conditions and a preparation method that was expected to create individual asphaltene
molecules surrounded by solvent. The depolarization rate of asphaltene fluorescence was consistent with
each asphaltene molecule having only 1 or 2 aromatic cores. The frequency in the fluorescence spectrum
suggested that each aromatic core consisted of a small number (4-10) of fused rings. They also observed
significant overlaps in size between resins and asphaltenes.

Detailed composition data have been measured for overall crude oil mixtures by Pedersen et al. [46].
Their results cannot be transferred directly to asphalt studies because the measurements were made prior to
the crude oil distillation process.

These characterization papers assist the present research in that they provide guidelines about which
kinds of molecules are present at higher concentrations in asphalt. Additional papers will be introduced
and discussed in more detail in later chapters. In total, these works facilitate choosing molecules and con-
centrations that are consistent with asphalt speciation data from NMR, RICO, etc. Model asphalt mixtures

described already (see below) are of particular interest for preliminary simulations.

2.4.2 Thermal and Mechanical Characterizations

The glass transition behaviors of core asphalts are available from both fundamental studies [2] and
later research studies [10], for comparison purposes. Turner and Branthaver [10] used differential scan-
ning calorimetry (DSC) to study the glass transition behavior in different SHRP core asphalts. They then

measured the change in glass temperature after each asphalt was chemically modified by adding or remov-
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ing various amounts of waxes, maltenes (oil/resin mixtures), and/or asphaltenes. Other specific alkane and
aromatic molecules were also considered. For SHRP core asphalts, the glass transition begins at low tem-
peratures of -45 to -25°C (-49 to -13°F) and ends over -6 to 10°C (21 to 50°F) [10]. Increasing asphaltene
concentration tended to increase the end point of the 7}, region, while the starting (i.e. lower) temperature
remained unchanged. This behavior was common among several core asphalts. This behavior is consistent
with the later findings of Glover et al. (see below).

Shenoy has presented a rheology approach that adapts the melt flow index (of polymer engineering) to
characterization of unmodified [47] and modified asphalts [20]. Under the usual simplifying assumptions
about melt flow index employed in polymer flow analyses [13], shear stress and shear rate (which convert to
storage and loss modulus data required in Superpave measurements [3, 17]) are predicted to lie on a unified
curve. In follow-up work using SHRP core asphalts [21, 48], Shenoy showed that these guidelines were
largely followed over moderate ranges of frequency for both unmodified asphalts and for asphalts combined
with polymer additives. He later showed [49] that aging effects can be correlated via a shift factor that
depends on temperature and load conditions. Melt flow index was not used in this simulation project. While
it is straightforward to define experimentally (mass that flows over a specified time while under a specified
load, in a specified geometry), it is not possible to calculate it using the simulation tools available in this

work.

2.4.3 Asphalt Performance and its Molecular Characteristics

A few authors have looked at aspects that relate overall performance qualities of asphalts to their un-
derlying molecular behavior. Netzel et al. [S0] looked, using NMR and cross polarization effects, at the
dynamics of several SHRP core asphalts and found differing underlying molecular mobilities. They also
related their NMR findings to rheological studies of SHRP core asphalts [51].

In relation to highway performance, Kluttz [14] has claimed that a modulus of greater than 300 MPa,
measured after 7200 seconds of load, is correlated with cracking [3]. Correlations have also been made
between pavement cracking and properties such as viscosity and ductility [3, 15].

Glover and co-workers [52] have specifically measured the effects of asphaltene, saturate, and aromatic
concentration on asphalt performance, using Superpave measurables. They found that increasing asphaltene
concentration (at constant saturates concentration) increased the high-temperature performance grade while
the low-temperature performance increased only slightly (often an increase within a single grade). In con-
trast, increasing saturates concentration (at constant asphaltene concentration) decreased both the low- and
high-temperature performance grades by a similar amount. These data provide good tests for the calcula-
tions underway. The only disadvantage discussed [52] was significant increases in hardening susceptibility
with increasing asphaltene or saturates content, which limited the immediate applicability of the results.

The properties of entire asphalt—aggregate mixtures need to be addressed using techniques applicable
over longer length scales. Molecular simulations cannot be extended to such scales because the number of

atoms becomes much too large. One method for longer length scales is finite element modeling. Examples
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of finite element modeling of asphalt—aggregate mixtures include those of Sadd et al. [53] (performed at
URI) and of You and Buttlar [54]. Other articles from the same journal issue could be useful in later project

stages.

2.4.4 Molecular Simulation of Asphalt

This search was begun by using the term “Molecular Simulation Asphalt*” in ArticleFirst. Only one
paper was found that contained “Molecular Simulation™ and any string including “asphalt” [55]. Similar
searches using the names of particular molecular simulation techniques in the keywords list yielded less
than 10 additional papers [50,56-62]. These papers, described below, provide a collective starting point
for simulating model asphalt mixtures. Advances in so-called “force fields” (equations and parameters for
estimating the strength of physical and chemical interactions among molecules) since 1996 should help with
furthering these studies. While those papers do provide guidance, there is little overlap with the proposed
work. Several papers do propose either a single “asphaltene” molecule or a set of molecules that reproduce
the statistics of molecular environments. The search for particular sets of model mixture compositions that

replicate desired asphalt thermal and mechanical properties is a new idea.

Structure elucidation in asphaltenes and related molecules

Michael Klein and co-workers [56, 60, 63—65] employed multiple data sources to create statistical ap-
proximations of “resid” — the petroleum residue after crude oil distillation is complete. The resid was
represented by a collection of 103 to 10* noninteracting molecules, with the model system having molecular
characteristics, such as atomic ratio, that matched those of real resids as reported from experiments. Model
system properties were calculated via structure/property relationships [65]. The range of different molecular
size distributions was used as a parameter in optimizing the predictions from these relationships [65]. Allow-
ing for chemical reactions among species did not improve accuracy; instead the required computer time is
better spent on simulating a larger system without reactions [64]. Average molecular compositions, molec-
ular weights, and atomic ratios calculated from the simulations were reasonably consistent with experiment,
as should be expected since they were simulation inputs. The resulting distributions provide useful inputs
for the work in the current project, especially when combined with the more recent composition findings
discussed above.

Kowalewski et al. [55] characterized the asphaltene fraction precipitated from a “Boscan” crude oil
fraction. They then used so-called “structure elucidation” programs to create an asphaltene “molecule”,
based on available experimental data such as the measurements described above. In their case, a single
Cs18H722019N 12520 molecule represented measured molecular properties — C:H ratio, C:O ratio, relative
sizes of aromatic vs aliphatic components — on a statistical level. (Such a molecule is now viewed as
being much larger than a single asphaltene, however.) Finally, they simulated this molecule with molecular
dynamics, finding little change in the energy of conformation. Similar approaches have been applied in coal

research, as reviewed by Carlson and Faulon [66].
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The ongoing work here differs in that asphalt will be represented as a mixture of smaller compounds.
Ironically, this should provide a closer representation to the measured data reported by Kowalewski et al.
(and of Strausz and co-workers and of Storm et al.) than does their own single molecule.

Direct molecular dynamics of asphaltenes and related molecules

Several studies have analyzed asphaltene and resin interactions via molecular simulation, with a focus
towards phenomena that impact solid precipitation during crude oil processing. Murgich et al. [67] empha-
sized the three-dimensional shapes taken on by resins and asphaltenes within crude oil. They chose large
molecules with fused aromatic rings and extended alkane branches in order to represent the resin and as-
phaltene. In the latter, polar groups (acid, amine, thiophene) were located at the edges of extended aromatic
regions. They found nonplanar distortions of the extended aromatic regions, with clusters of 4 asphaltene
molecules being less favorable than clusters of 2 or 3 asphaltenes. The extended aromatic domains were
inconsistent with the characterizations [27] of Strausz and co-workers, however.

In follow-up work, Murgich et al. [57] used molecular dynamics to simulate asphaltene and resin ad-
sorption onto the mineral kaolinite, which is representative of rocks in petroleum reservoirs. Aromatic rings
were planar to the surface. In the adsorbed phase, as in the asphaltene-asphaltene and asphaltene-resin cases,
van der Waals forces dominated the interactions.

In still later work, Murgich et al. [68] modified their model asphaltene molecule in light of Strausz et
al.’s findings regarding molecular composition (see above). The net result was a three-dimensional shape
that showed significant van der Waals interactions with model resin molecules; these interactions were
more favorable than those with n-octane (alkane) or toluene (aromatic) solvents of low boiling point [68].
The shapes of each molecule were described as “constant”, but this is likely due to the simulations being
relatively short — of order 25-100 ps.

Rogel and Léon [61] simulated low and high concentration adsorption of ethoxylated dodecylphenol
amphiphiles (also called surfactants) on representative asphaltene molecules. They found more favorable
adsorption at high surface concentrations (20 vs 1 adsorbed molecule) and noted that the thickness of the
polar head group layer was independent of the size of the head group; the amphiphile apparently packed
such that the entire head group could remain close to the surface.

Molecular thermodynamics of precipitation

More molecularly coarse “molecular thermodynamics” models have been developed to address the con-
ditions under which asphaltene precipitation occurs. (These researchers’ motivation is to enhance crude
oil processing towards products more valuable than asphalt cement.) Wu et al. [58] developed a molecular
thermodynamics framework for asphaltene-oil phase equilibria and applied it [59] to asphaltene precipita-
tion. With this model they predicted regions of single or multiple phases among crude oil components, i.e.
asphaltenes, resins, and oils. The asphaltenes and resins were each represented as a single component; the

oils were treated as a continuous medium [58].
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Victorov and co-workers [69, 70] proposed an asphaltene precipitation model based on self assembly of
asphaltenes and resins. The resin-stabilized asphaltene micelle geometry was related to shape parameters.
They obtained parameters that led to good agreement with precipitation data.

The paper by Li et al. [62] that arose in the initial search is appropriate to consider but is not actually
in the area of molecular simulation. They used a Monte Carlo approach to determine the effects of a range
of pavement parameters on predicted pavement performance. They chose the Present Serviceability Index
(PSI) as the objective function; it was a function of Equivalent Single Axle Load (ESAL) application, within
a standard roadway model. They found that their predictions showed trends consistent with those measured
via accelerated aging.

Due to the absence of papers in the direct area of this proposal, we can be confident that the research
here has not been performed before.
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Appendix A: TRIS Search, “Asphalt Composition”

Note: The Journal of the Association of Asphalt Paving Technologists is found most easily by searching
its ISSN number, 0270-2932. URI has a complete collection. The journal Transportation Research Record
is found most easily by its ISSN number, 0361-1981.

Subtopic: Aggregates and Adsorption

o AN #: 00936359, “INFLUENCE OF THE SURFACE ENERGY STATUS OF AGGREGATES ON THE PER-
FORMANCE OF ASPHALT HOT MIX,” Conference: Ninth International Conference on Asphalt Pavements,
AUTHOR(S): Harders, O; Noesler, 1, 08/2002.

e AN #: 00936054, “SURFACE ENERGY MEASUREMENT OF ASPHALT AND ITS APPLICATION TO
PREDICTING FATIGUE AND HEALING IN ASPHALT MIXTURES,” Journal: Transportation Research
Record No: 1810, AUTHOR(S): Cheng, D; Little, DN; Lytton, RL; Holste, JC 2002.

e AN #: 00756177, “EFFECT OF FILM THICKNESS ON THE RHEOLOGICAL PROPERTIES OF AS-
PHALTS IN CONTACT WITH AGGREGATE SURFACE,” Journal: Transportation Research Record No:
1638, AUTHOR(S): Huang, S-C; Branthaver, JF; Robertson, RE; Kim, S-S 1998. (ref [19])

o AN #: 00214305, “ASPHALT CEMENT DURABILITY AND AGGREGATE INTERACTION,” 04/1973.

o AN#: 00127324, “MECHANICAL BEHAVIOR AND REINFORCEMENT OF MINERAL FILLER-ASPHALT
MIXTURES,” Journal: Association of Asphalt Paving Technologists Proc Vol: 42, AUTHOR(S): Anderson,
DA; Goetz, WH 1973.

o AN #: 00210367, “FLOW IN AGGREGATE-BINDER MIXTURES,” AUTHOR(S): Tons, E 02/01/1967.

e AN #: 00210371, “STUDY OF THE ELECTRO-CHEMICAL REACTIONS IN AN AGGREGATE- AS-
PHALT SYSTEM,” AUTHOR(S): Wellman, RP 10/1966.

o AN #: 00210332, “THE TENSILE BEHAVIOR OF A BITUMINOUS CONCRETE MODEL,” AUTHOR(S):
Lavoie, RP 09/1965.

Subtopic: Aging

e AN #: 00756179, “ASPHALT AGING: DUAL OXIDATION MECHANISM AND ITS INTERRELATION-
SHIPS WITH ASPHALT COMPOSITION AND OXIDATIVE AGE HARDENING,” Journal: Transportation
Research Record No: 1638, AUTHORC(S): Petersen, JC; Harnsberger, PM 1998.

o AN #: 00626696, “DESIGN AND USE OF SUPERIOR ASPHALT BINDERS. FINAL REPORT,” AUTHOR(S):
Davison, RR; Bullin, JA; Glover, CJ; Jemison, HB; Lau, CK; Lunsford, KM; Bartnicki, PL 08/1992.

o AN #: 00626092, “INFRARED STUDY OF THE AGING OF ASPHALTS IN CONTACT WITH AGGRE-
GATES.” IN: AMERICAN CHEMICAL SOCIETY SYMPOSIUM ON CHEMISTRY AND CHARACTERI-
ZATION OF ASPHALTS, AUGUST 1990, WASHINGTON, D.C., Journal: FUEL SCIENCE & TECHNOL-
OGY INTERNATIONAL Vol: 10 No: 4, AUTHOR(S): McKay, JF; Wolf, IM 05/1992.
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o AN#: 00750413, “RELATING ASPHALT AGING AND DURABILITY TO ITS COMPOSITIONAL CHANGES
(WITH DISCUSSION),” Journal: Association of Asphalt Paving Technologists Proc Vol: 58, Conference: As-
phalt Paving Technology 1989, AUTHOR(S): Tuffour, YA; Ishai, I; Craus, J 1989.

e AN #: 00450691, “CHEMICAL COMPOSITION OF ASPHALT AS RELATED TO ASPHALT DURABIL-
ITY: STATE OF THE ART,” Journal: Transportation Research Record No: 999, AUTHOR(S): Petersen, JC
1984. (ref [22])

o AN#: 00210850, “RELATION BETWEEN ASPHALT COMPOSITION AND HARDENING BY VOLATILIZA-
TION AND OXIDATION,” Journal: Assoc Asphalt Paving Technol Proc, AUTHOR(S): Traxler, RN 1961.

o AN #: 00210948, “MICROBES AS CAUSE OF BITUMINOUS INSULATION DETERIORATION,” Journal:
Bitumen, Terre, Asphalte, Peche /Ger/, AUTHOR(S): Temme, T 1955.

Subtopic: Characterization

e AN #: 00930589, “DEVELOPMENT OF STIRRED AIR-FLOW TEST (SAFT) FOR IMPROVED HMAC
PLANT BINDER AGING SIMULATION AND STUDIES OF ASPHALT AIR BLOWING,” AUTHOR(S):
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Chapter 3

Molecular Simulation Methods

This research has strived to develop appropriate models for asphalts using “molecular simulations”:
research-level tools based on statistically tracking the mechanics and dynamics of interacting atoms and
molecules. The output of such large-scale computer simulations are predictions of macroscopic-level prop-
erties and activities. Required inputs are the chemical identity and relative concentrations of the simulated
molecules. Parameters are based on molecular-level chemical identity and, if well-chosen, can lead to pre-
dictive methods.

Molecular simulation has become a common computational research tool in the chemistry, physics,
and chemical engineering communities. Several books describe the different kinds of simulation meth-
ods [71-73], and a variety of computer programs are available. The two most common molecular simulation
approaches — Monte Carlo and molecular dynamics — have been applied in this work. The goal of this
chapter is to familiarize readers with basic ideas of what these simulation methods entail. Sample inter-
mediate results are presented for illustration. This chapter is not meant as a complete primer for running
simulations, however. Readers are referred instead to the standard books cited above.

The idea of molecular simulation is that certain arrangements of molecules are more or less likely than
others. Each arrangement makes it own contribution to the overall physical properties, with the more likely
arrangements contributing more strongly. The overall value of a macroscopic property is defined in terms of
statistical mechanics through two different equations:

(M) = /-“/M(X,p)exp <K+,;;(;p)) dx™dp" /Q 3.1
(M) = i/T M(x, p)dr (3.2)
0

M stands for the property of interest (density, heat capacity, etc.), and the partition function () serves as a
normalization factor defined by the numerator with M/ = 1. (In practice, the partition function has many
more uses than mere normalization.) The first equation for the average of M is based on the probability of

a particular set of atom positions x and momenta p. The particular form of this exponential depends on the
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kinetic energy K and potential energy V and is specific to conditions of constant number of particles, volume,
and temperature (so-called canonical ensemble). Conditions of constant pressure instead of constant volume
lead to equation 3.1 being replaced by

(M) = /Ooo/~--/M(x, p)exp (’W) exp (—IZXF) dxNdpNav/QNFT (3.3

Still other conditions (variable number of particles, for example) lead to slightly different formulas. The
second equation is based on the average time spent at a particular set of atom positions and momenta. The
two equations are related by a concept called ergodicity: the more probable the state, the longer the time that
will be spent in it. The methods used for these formulas are called Monte Carlo and molecular dynamics,
respectively.

Monte Carlo simulation was named after the European city because it relies on random events, as do
games of chance. In Monte Carlo (MC) simulation [72], random motions and configuration changes, or
“moves”, are applied to molecules in order to average across the different arrangements and molecular
organizations that are consistent with a specified energy, temperature, and applied stress. Each proposed
move has a corresponding probability, based on its energy change. Not all proposed moves are carried out.
Instead, each consecutive proposed move is accepted or rejected by comparing its corresponding probability
to a random number between 0 and 1. The smaller the probability p of the move, the less likely the random
number & will lie within 0 < £ < p, and the less likely the move will be accepted. The name “Monte
Carlo” refers to an analogy in which games of chance are won or lost based on a (hopefully) random result
(such as in a Lotto game). Each individual molecular configuration provides a single estimate of a physical
property, and macroscopic predictions arise from millions of such individual contributions. Moves to more
likely states are accepted more often than those to unlikely states, so the more likely states contribute more
significantly to the average.

In molecular dynamics simulation [72], individual molecular arrangements and orientations are probed
by following how molecules move in response to intermolecular forces through a numerical solution to
Newton’s equations of motion:

1 dp

The forces arise from the potential energy ) between molecules, which depends on the local molecule
arrangements. The resulting accelerations cause changes to the molecule velocities (or momenta), which
then lead to new arrangements. As in Monte Carlo, each set of molecular arrangements leads to a physical
property estimate, and the macroscopic prediction emerges from a large number of contributions. The
differential equation 3.4 is integrated numerically via discrete time steps, each of order 1 fs (10715 s).
Trajectories of order 1 to 10 ns (10~ to 1078 s) are possible using significant computing resources (days to
weeks of run time). Appropriate facilities in the principal investigator’s research lab were used in this work.
Both simulation approaches require parameterized equations for the energies and forces between molecules;
each set is called a force field. Good agreement exists in the chemistry community about the types of en-

ergy contributions that approximate the true quantum mechanical energies. Details are explained in standard
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books [71,72]. Briefly, stretching of bond lenghts and bending of bond angles are represented using har-

monic forms,

Vi = ko(£ — £p)? (3.5)

Vo = k(6 — 6p)? (3.6)

The prefactors (ky¢, kg) and minimum energy geometries (£, 6) are parameters that are typically calculated
by fits to quantum mechanics results and are available in the published literature. Parameters are specific to
the pair/triplet of atoms in the bond/angle. Rotations about torsion angles ¢ are expressed as a polynomial
in cos ¢, requiring 2 to 5 parameters per torsion angle; these are available in the literature as well and
depend on the 4 atoms that define the torsion angle. A set of 4 consecutive atoms on a chain define a proper
torsion angle (usually just called a torsion angle). A set of 3 atoms bonded to a common atom constitute
an “improper” torsion angle. In some cases a potential energy term is applied to keep these 4 atoms in a
specified geometry, such as the same plane. Interactions between pairs of atoms separated by a distance r

are usually represented with a Lennard-Jones form,

va=ie| (2" ()]

The parameters € and o depend on the types of both atoms in the pair. Energies between charges have a
Coulomb form,

L a5
dmey T

VCoul = (38)

Many atoms have “partial” charges (i.e. noninteger values of ¢) that approximate the distribution of how
electrons are shared among covalently bonded atoms. Calculating the V,,;, and V,,,; terms requires the
largest amount of computation time, since parts of the calculation scale with the square of the number of
atoms present. The Coulomb term also requires special treatment to converge the integral of 1/r (which
converges conditionally because there are positive and negative charges q).

A force field is used each time that the potential energy of a system is calcualted (i.e. V in equations 3.1
and 3.3). Without a force field, it is impossible to run a meaningful molecular simulation. In the extreme
case of the potential energy V always equalling zero (i.e. noninteracting atoms), the statistical mechanics
can be done analytically and the ideal gas law results. Needless to say, a vapor phase system is ineffective
as a pavement binder.

Many research groups devote their efforts towards developing force fields and quantifying accurate force
field parameters. Force fields differ in their numerical complexity (number of atom types, number of terms
that arise in each energy contribution), with increased complexity typically achieving increased accuracy
at a higher overall computational cost. In this research, the force field “Optimized Parameters for Liquid
Simulations” (OPLS) has been used [74]. Additions [75] to this force field include heteroatoms (O, N, S,

etc.), which are found in some components of asphalts.
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3.1 Software Employed

Two open source computer programs were used for running the molecular simulations. Towhee, avail-
able via http://towhee.sourceforge.net, is used for Monte Carlo. It contains a variety of
ensembles (constant number of molecules, volume, and temperature, or NVT'; constant number, pres-
sure, and temperature, or N PT’; etc.), force fields, and possible MC step types to use. New versions
are released frequently, and most calculations in this report were performed using version 3.12.5 (Au-
gust 20, 2003). Towhee runs in serial on one computer processor at a time. Lammps, available via
http://www.cs.sandia.gov/~sJjplimp/lammps.html, is used for molecular dynamics. It
contains great flexibility for simulating different molecules, but all force field parameters are required as
input. Towhee is able to write a Lammps input file as part of its output, so in practice this does not cause
difficulty. Lammps has three different versions available. Lammps99 is programmed using Fortran 77 and
C. Lammps 2001 is an upgrade based on Fortran 90 and C that adds some new force field and ensemble
capabilities. Lammps 2005 is based on C++ and C. The first two were used in the calculations described
here. A strength of Lammps (all versions) is its capability to run efficiently in parallel. Typically 4 or 8
processors were used for each molecular dynamics simulation. In other projects we have found that the
speedup compared to one processor is just under the number of processors used. The Lammps web page

cites calculations that show this to be the case for up to thousands of processors.

3.2 Initial Configurations

An initial position for the atoms in each molecule must be specified in order to start the simulation. This
set of positions, and therefore the shape of the molecule, is called its configuration. Preferably the initial
configuration will have a low energy, and thus a high probability, so the later simulation steps can focus on

intermolecular packing and energy, rather than on single molecules.

For most molecule types, the “template” feature of Towhee was employed. Positions were chosen for
the atoms in one molecule, using a method as simple as drawing its structure on graph paper and reading
the coordinates. The single molecule was then simulated at 2 K (-271°C) until the potential energy sta-
bilized near a minimum value. An example is shown in Figure 3.1 for 2-methylnaphthalene. MC moves
that translate individual atoms were used in these steps, and the simulation is very fast because the system
contains only one molecule. The final configuration provides a set of atom positions that lead to low in-
tramolecular energy. These positions are then translated and rotated in order to define the initial positions
of all molecules of this type in later simulations. (“Template” refers to this process.) Images of template

geometries are shown in later chapters (Figures 4.1, 6.1,6.2), as molecule types arise.
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Figure 3.1: Total potential energy for a single molecule of 2-methylnaphthalene, beginning with a set of
random atom positions. The energy decreases as more stable positions are found, during a Monte Carlo
simulation at 2 K. The final configuration was used as a basis for all molecules of this type in subsequent

simulations. The procedure and results for other molecules was analogous.

3.3 Equilibration of system of molecules

The simulations begin by putting the chosen number of molecules in a box at a chosen size. The par-
ticular ordering of atoms (crystal or random) is not too important for a fluid system, because the iniital
arrangement is not likely to be a high-probability state. The simulation (MC or MD) begins, and initially the
system moves away from this initial state towards a set of more likely positions. This process is called equili-
bration. The system then fluctuates about many such positions of similar probability. Estimates of properties
are calculated by then sampling from these states, i.e. averaging according to their relative probability.

Different properties reach steady values at different rates. The overall pressure equilibrates relatively
quickly, meaning that after a short amount of simulation (number of attempted moves or amount of time) it
fluctuates about the ultimate long-term average value. The volume requires much more simulation in order
to reach a plateau value. Examples are shown in figures 3.2 and 3.3 for 125 molecules of naphthalene. The
pressure reaches a steady average value almost immediately, while the volume requires many more steps in
order to contract (or expand in other cases) to a steady value.

The physical reason for this difference is that small shifts in atom position can lead to large changes in
intermolecular force, and thus in pressure. Volume changes require more significant molecular motions: in
order to decrease the volume, molecules must rearrange their orientations and positions so they can pack

together more tightly. Consequently the volume is a useful property to monitor for equilibration of small
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Figure 3.2: Instantaneous pressure values (light line) and running average (i.e. average up to that point in
time, heavy dashed line) for a system of 125 naphthalene molecules at 65°C. No average is shown for the
first batch (0-3600 cycles) since high values in the initial configuration swamped any future contributions.
The average in the second batch reaches a steady value very quickly.

molecules. For long chain molecules, the overall shape of the molecule (analogous to the extent of coiling in
a string, compared to a long stick) takes even longer to equilibrate. In such cases there are special methods
that can be used for polymers [73]. Work conducted since the research described in this report has indicated
that the time required for a molecule to rotate in the system can provide a good estimate of the equilibration
time [11]. This is also called the rotational relaxation time.

Pressure results are large since they result from the sum of many large attractive and repulsive forces.
The fluctuations are large in magnitude, compared to the average value, because the systems are small com-
pared to macroscopic amounts, i.e. to Avogadro’s number. The ratio of the fluctuations to the average varies
with 1/ V/N, where N equals the number of molecules [72]. For 102* molecules this makes the fluctuations
negligible on a macroscopic scale. For of order 10°—~10* molecules, as used in molecular simulations, they

are much more noticeable.

3.4 Properties from Molecular Simulation

The isothermal compressibility (units 1/Pa) is calculated from the fluctuations in volume within a simu-

lation at constant temperature and pressure as [71,72]
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Figure 3.3: Instantaneous volume values (light line) and running average (i.e. average up to that point in
time, heavy dashed line) for a system of 125 naphthalene molecules at 65°C. The instantaneous volume
fluctuates about a slow drift towards a steady value. There is a step change in the running average at 3600

cycles, where the averaging process was restarted after reaching the sampling stage.

The subscript 7" indicates a partial derivative at constant temperature, and a quantity in angle brackets ()
indicates its average value, as calculated in a simulation under the simulation constraints. Specifying the
constrained variable is important for macroscopic thermodynamic derivatives since different constraints lead
to different values of the derivative. (Constant temperature vs. constant density lines on a thermodynamic
P — V diagram provide a good visual example.)

Equation 3.9 itself can be derived by setting M = V in equation 3.3 and differentiating with respect
to pressure P at constant temperature 1. The quotient rule of differential calculus applies since both the
numerator and denominator depend on V/, and the two terms in equation 3.9 (i.e. (V2) and (V)2 ) are a

consequence. This combination is equivalent to the average of the squared deviations from the mean,
(V={V)?) = (V2 =2v(V) +2(V)?) = (V?) — (V)

which leads to the label “fluctuation formula” for equation 3.9 and related equations. Physically, the ther-
modynamic derivative used to derive the equation (i.e. —1/V (0V/OP), ) implies an assumption that
expansions and contractions in response to natural fluctuations in pressure are equivalent to the effect on
volume of a step change in pressure (this is called the fluctuation-dissipation theorem [72]). The bulk mod-
ulus (units of MPa) is then calculated as the inverse of the isothermal compressibility. Both properties relate
to the change in system density with increasing pressure or stress. The thermal expansion coefficient is re-

lated to the temperature dependence of density and is calculated within a simulation at constant temperature
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Figure 3.4: Running average heat capacity prediction for methylcyclohexane at 70° from Monte Carlo (MC)

simulations.

and pressure as [71,72]

o=y (gg)p - kBll“QV<6V5(E +PV)) = kBlev ((VE) = (V)(B) + PV = (V)3)) (3.10)

The subscript P refers to a derivative at constant pressure. Derivation of this equation from equation 3.3
follows in a similar way but is more complicated mathematically [72].

The heat capacity equals the rate of total energy change with respect to temperature, under conditions of
constant volume (C,,) or constant pressure (C},). These quantities differ by approximately the gas constant
R = 8.314 J/mol-K for gases but are similar in liquids and solids, due to their higher density. The heat
capacity can be calculated from the energy fluctuations during the sampling stage of a constant temperature
and pressure simulation as

(), - (50 (o0 )

where E' is the sum of the kinetic and potential energy. Derivation of this equation is similar as well.
Figure 3.4 shows how the prediction of heat capacity can evolve as a simulation proceeds. In this example
(for methylcyclohexane), the predicted heat capacity fluctuates a bit before reaching a plateau that is near
the value known from experiment.

The glass transition is calculated by simulating the model asphalt mixture over a range of temperatures,
while maintaining a constant pressure (1 atmosphere). Within the simulation box, the positions of the 10? to
10* different molecules change with number of Monte Carlo steps or with time. Simultaneously, the simula-

tion box expands or contracts in response to intermolecular forces. After sufficient averaging, the predicted
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specific volume (the equivalent of 1 divided by the mass density) stabilizes at a temperature-dependent
value (see Figure 3.3). Above or below the glass transition, this specific volume should increase linearly
with increasing temperature. This behavior corresponds to a constant thermal expansion coefficient, with
expansion being larger (with respect to temperature) above the glass transition. The glass transition is then
defined by the region over which the thermal expansion coefficient changes from its glassy to its rubber/melt
value. Essentially this simulation procedure corresponds to a molecular-level dilatometry experiment [13].
In fact, all three properties calculated from fluctuations (c, 3, C),) are expected to undergo a shift in value
at a glass transition [12]. This provides a consistency check on T}, estimates.

Mechanical properties are calculated through simulations in which the volume remains constant and
the instantaneous stresses fluctuate. A proper statistical-mechanical formulation leads to several possible
expressions for the instantaneous and averaged stress tensor [76]. The time dependence of stress correlations
can then be used to predict the stress relaxation modulus G(t) and ultimately the real G’ and imaginary G”
components [77] observable via oscillatory shear experiments [78]. Both of these approaches are valid in
the low-strain region.

The glass transition and the mechanical properties are expected to vary with mixture composition. Mul-
tiple iterations, in which the composition is varied and the simulations are repeated, are expected before a
mixture is found that has predicted properties comparable to those of a core asphalt. A tangential outcome
of the project, useful for the molecular simulation community, will likely be methods for using the property
predictions from such intermediate simulations to improve the choice of compositions that lead to a desired

or targeted set of properties.
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Chapter 4

Single Molecules

The first step in the research project was to simulate small molecules that contain chemical function-
alities representative of different subsets of an overall asphalt mixture. These calculations served several

purposes:
1. define appropriate simulation steps for obtaining an equilibrated ensemble of molecules,

2. quantify the accuracy of the chosen force field for asphalt-related chemistries through comparisons
with experimental data,

3. familiarize the students with molecular modeling methods and techniques.

All these purposes were achieved, as shown below, though the procedure defined in (1) was not found to
be sufficiently general for mixtures of larger molecules (see chapter 6). These calculations and their results
comprise the work product for task 2.

The small molecules simulated are visualized in Figure 4.1 and listed in Table 4.1. Substituted aromatic
compounds were chosen as an emphasis for several reasons. NMR studies [9, 16, 33] have found them to
be present at high concentrations in asphalts. There have also been many fewer simulations conducted on
aromatic compounds than on alkanes, especially straight chain alkanes. The TraPPE (Transferable Potentials
for Phase Equilibria) force field development [79-83] is just one of many examples of accurate simulations

of alkanes. Simulation results for all pure compounds are listed in tables 4.2 to 4.4.

4.1 Density results

The first property to be considered is the specific density (mass per volume, equal to specific gravity if in
units of grams per cubic centimeter). This property is an important starting point because the overall system
volume takes the longest time to equilibrate for a fixed number of small molecules (see section 3.3). It also
provides a convenient method to compare results to an easily measured property. Density results for all pure

compounds are listed in Table 4.2; results for other properties are listed in other tables in this chapter.
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2-methylnaphthalene

- o

methylcyclohexane heptane

Figure 4.1: Small molecules simulated in this work as pure compounds. Gray and light spheres indicate
carbon and hydrogen atoms, respectively. The configurations shown were used as templates when combining

many molecules in the same simulation box.
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Table 4.1: Molecular weight and simulation temperatures for small molecules studied in this work as pure

compounds.

molecule molecular temperatures simulated
weight (g/mol) (°C)

naphthalene 128.17 25, 45, 65, 85, 105, 125, 145, 165, 185
1-methylnaphthalene 142.20 0, 15, 25, 35, 50, 65, 80, 100
2-methylnaphthalene 142.20 0, 25, 40, 80, 100, 120, 170
1,7-dimethylnaphthalene 156.22 0, 25, 40, 80, 100, 120, 170
phenanthrene 178.23 0, 40, 80, 105, 125, 170
2,7-dimethylphenanthrene 206.28 -5, 25, 50, 80, 100, 120, 170
methylcyclohexane 98.19 70

4.1.1 Naphthalene and Substituted Naphthalenes

Figure 4.2 compares predicted and experimentally measured density of naphthalene as a function of
temperature at atmospheric pressure. The predictions (open circles) were made via “NPT” Monte Carlo
simulations (specified number of molecules N, pressure P, and temperature 7'); experimental values (filled
circles) were taken from compilations [84, 85] of various literature sources. The predictions, based on 125
molecules, are in reasonable agreement with experiment over the range of temperatures for which data are
available. The simulations describe both the density itself and its variation with temperature (i.e. thermal
expansion coefficient). For each method, the change in density with respect to temperature for naphthalene
(i.e. the slope of figure 4.2) remains approximately constant across the temperatures simulated. This suggests
that it does not pass through a glass transition under these conditions. Everyday experience with naphthalene
(i.e. mothballs) confirms that it is soft and waxy at room temperature, rather than hard and glassy.

Comparable simulations using the same parameters were also conducted using molecular dynamics,
with two system sizes (125 and 343 molecules). The results are shown in 4.2 by empty or slightly filled
squares. Surprisingly, the MD led to results that differed from those using Monte Carlo. The overall density
is lower by approximately 5-10%, and the thermal expansion coefficient is slightly overpredicted (density
decreases too much with increasing temperature).

Three substituted naphthalenes that resemble part of the resins in a model asphalt have been simulated
as pure compounds. Figures 4.3, 4.4, and 4.5 compare predicted and experimentally measured density of
1-methylnaphthalene, 2-methylnaphthalene, and 1,7-dimethylnaphthalene as a function of temperature at
atmospheric pressure. As for naphthalene, the predictions were made via NPT Monte Carlo simulations,
and again the experimental values were taken from various literature sources [84, 85]. For all three com-
pounds, the predictions are in reasonable agreement with experiment over the range of temperatures for

which data are available. The simulations describe both the temperature variation of each density and the
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Table 4.2: Density results from molecular simulation for small molecules studied in this work as pure
compounds. Results are from Monte Carlo (MC) simulation unless noted. Temperatures in parentheses

indicate experimental results at nearby conditions.

molecule temperature  simulation experiment
°C g/em3 g/cm3, (°C)

naphthalene 25 1.018

naphthalene (MD, 125 molecules) 25 0.962

naphthalene (MD, 343 molecules) 25 0.985

naphthalene 45 0.997

naphthalene 65 0.981 0.9877, (66.71)

naphthalene 85 0.962 0.9752

naphthalene (MD, 343 molecules) 85 0.906

naphthalene 105 0.949 0.9632, (100.86)

naphthalene 125 0.926 0.94, (127)

naphthalene (MD, 125 molecules) 125 0.830

naphthalene (MD, 343 molecules) 125 0.852

naphthalene 145 0910

naphthalene 165 0.890 0.912, (164.8)

naphthalene 185 0.868 0.889, (187)

1-methylnaphthalene 0 1.034 1.0347

1-methylnaphthalene 15 1.018 1.025, (14.4)

1-methylnaphthalene 25 1.016 1.0163

1-methylnaphthalene 35 1.009 1.010, (30)

1-methylnaphthalene 50 1.002 0.9979

1-methylnaphthalene 65 0.991

1-methylnaphthalene 80 0.982 0.9771, (78.3)

1-methylnaphthalene 100 0.966 0.9604

2-methylnaphthalene 0 1.021

2-methylnaphthalene 25 1.003 1.0043, (22)

2-methylnaphthalene 40 0.987 0.99047

2-methylnaphthalene 80 0.958 0.9718

2-methylnaphthalene 100 0.941 0.9491, (99.4)

2-methylnaphthalene 120 0.923 0.93

2-methylnaphthalene 170  0.877 0.891
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Table 4.2 (continued) Density results from molecular simulation for small molecules studied in this work as

pure compounds.

molecule temperature  simulation experiment
°C g/em? g/cm3, (°C)
1,7-dimethylnaphthalene 0 1.010 1.0115
1,7-dimethylnaphthalene 25 0.989 0.999
1,7-dimethylnaphthalene 40 0.982
1,7-dimethylnaphthalene 80 0.957
1,7-dimethylnaphthalene 100 0.939
1,7-dimethylnaphthalene 120 0919
1,7-dimethylnaphthalene 170 0.881
phenanthrene 0 1.110
phenanthrene 40 1.091 1.1648, (47.12)
phenanthrene 80 1.044 1.0514, (81.82)
phenanthrene 105 1.044 1.063, (100.5)
phenanthrene 125 1.027 1.046, (130)
phenanthrene 170 1.006 1.018
2,7-dimethylphenanthrene -5 1.057
2,7-dimethylphenanthrene 25 1.038
2,7-dimethylphenanthrene 50 1.029
2,7-dimethylphenanthrene 80 1.018
2,7-dimethylphenanthrene 100 1.012
2,7-dimethylphenanthrene 120  1.005

2,7-dimethylphenanthrene 170 0.972
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Figure 4.2: Density of naphthalene from molecular simulations, compared to experimental values [84, 85].

difference in density between the two compounds. The slight change in slope near 38° (100°F) in the 1-
methylnaphthalene simulations suggests the possibility of a glass transition. This change in slope is not
found in the experimental data, however, and in this case we expect that further equilibration of the simula-
tions would lead to more smooth results. Lower temperature ranges, where asphalts exhibit glass transitions,
were explored for mixtures that involved model compounds.

These results are comparable to those above for naphthalene in that predicted density is in reasonable
agreement with experiment. In total, the simulations do a reasonable job at describing the differences in
density among the four compounds, as shown in Figure 4.6. This provides confidence that subtleties in

molecular packing details are described sufficiently accurately in the simulations.

4.1.2 Phenanthrenes

The single-molecule size was increased further by simulating phenanthrene and 2,7-dimethylphenanthrene.
These molecules have a larger planar aromatic core than substituted naphthalenes (three rings instead of
two). Their molecular structure is thus closer to one of the postulated forms of asphaltenes. Predicted densi-
ties are shown in figures 4.7 and 4.8. For phenanthrene, experimental data are available for comparison [84].
Agreement is adequate for the thermal expansion coefficient, but the magnitude of the density itself is a bit
small (volumes predicted by simulation are too large). Subtle trends in the density plots led us to suspect
that this is because the simulations were not continued for a sufficiently large number of cycles for these

larger molecules. The simulations were not continued further since other molecules were chosen for use
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Figure 4.3: Density of 1-methylnaphthalene from Monte Carlo simulations, compared to experimental val-

ues compiled from various sources [84-86].
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Figure 4.4: Density of 2-methylnaphthalene from Monte Carlo simulations, compared to experimental val-

ues compiled from various sources [84,85].
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Figure 4.5: Density of 1,7-dimethylnaphthalene from Monte Carlo simulations, compared to experimental

values compiled from various sources [84, 85].
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Figure 4.6: Comparison of predicted densities of naphthalene (circles), 1-methylnaphthalene (diamonds),
2-methylnaphthalene(up-pointing triangles), and 1,7- dimethylnaphthalene (down triangles) from Monte

Carlo simulations.
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Figure 4.7: Density of phenanthrene from Monte Carlo simulations, compared to experimental values com-
piled from various sources [84].

in the model asphalts. In work [11] conducted since the research described in this report, we have found
that rotational relaxation time (the average time for a molecule to change its orientation) provides a better
measure of convergence. Physically, insufficient time to change relative molecule orientations can prevent
the close packing necessary to achieve the proper density. Another possible cause of the discrepancy is
insufficient accuracy of the force field.

Experimental values of density were not available from the literature for 2,7-dimethylphenanthrene.
Experiments to measure the density accurately were not conducted for multiple reasons. Since 2,7-dimethyl-
phenanthrene was not chosen for use in model asphalts, obtaining measurements was not the best use of

research effort. In addition, funds for an accurate measurement effort were not available.

4.1.3 Methylcyclohexane

Methylcyclohexane was simulated because it was a component in a three-component mixture for which
convenient data were available in the literature [86,87]. Those data are compared with simulation predictions
in chapter 5. It is also similar to the substituted cyclic alkane molecules (so called naphthenes) that can be
found in asphalt mixtures. The evolution of the estimated heat capacity was shown earlier in Figure 3.4

(p- 44). Density predictions were not made for this compound.

4.2 Additional properties

Several properties beyond density were calculated for each molecule type. Table 4.3 shows some of the

heat capacity predictions, in comparison with available data. The heat capacity is within approximately a
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Figure 4.8: Density of 2,7-dimethylphenanthrene from Monte Carlo simulations. Experimental values were

not available for comparison.

factor of two, and it is overpredicted in each case. The statistical mechanics of chemical bonds prevents
a more accurate prediction, since bond vibrational frequencies are high enough that quantum mechanical
effects are required for treating the details accurately. The simulations here use classical mechanics, and
incorporating quantum effects is beyond the scope of the aims and needs of this project. The result is an
overprediction for each vibrational mode in which quantum effects can occur. Rather than use a quantum-
mechanical approach to improve the estimate, instead we assume that qualtitative trends in heat capacity
will occur properly with temperature. Correlations [88] suggest that liquid-phase heat capacity can both
decrease and increase as temperature increases, so the temperature trends listed in Table 4.3 are potentially
reasonable. Results at additional temperatures would be necessary to consider if the trends in calculated

results are accurate or unreasonable.

Table 4.4 shows the isothermal compressibility § and coefficient of thermal expansion « predicted for
different small molecules. Experimental values could not be found for the specific molecules simulated
here, and conducting measurements of these properties was beyond the scope and budget of the project,
so the predictions will be compared with typical values for a variety of compounds. A range of alkanes
(pentane, octane, decane) have values of order o x 10> ~ 09to 1.3 K 'and 5 ~ 1.0to 1.3 GPa—! [89],
with higher molecular weight liquids (e.g. petroleum) having even lower values of 3 (typical range of 0.7
to 2 GPa™!), i.e. being less compressible with increased pressure. The predicted expansion coefficients
a are slightly smaller than this range at room temperature but are near it at elevated temperatures. The
predicted isothermal compressibilities show a similar trend. The increase in 3 with increased temperature is
consistent with the reported values for petroleum [89], which increase by approximately 50% over a 100°C

rise. Experimental data for o and 3 across wide temperature ranges are difficult to find, precluding more
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Table 4.3: Heat capacity from simulation and experiment (when available) for small molecules.

molecule C, (kcal/mol-K)

experiment” simulation

(25°C) (25°C) (other T)
naphthalene 0.0469 0.0931 0.1275 (at 185°C)
1-methylnaphthalene 0.0536 0.144 0.131 (at 100°C)
2-methylnaphthalene 0.0468 0.139 0.118 (at 100°C)
dimethylnaphthalene — 0.152 0.153 (at 170°C)
phenanthrene 0.073% 0.0701
methylcyclohexane 0.049¢ 0.14

a) Literature values collected in NIST webbook [90] unless noted otherwise
b) Liquid value at 110°C [91]
c¢) Liquid value at 70°C, extrapolated using the formula of ref [92] (Webbook contains an error)

detailed comparisons.

4.3 Discussion

From these results, a few observations can be made concerning parameters and glass transition. First,
no parameters were varied in this work in order to obtain the agreement shown. Instead, parameter values
were taken from literature sources [74,75]. The same parameters are used for chemical groups that are the
same in each molecule (i.e. aromatic carbon atoms, saturated carbon atoms, pendant hydrogen atoms on
each). In other words, the parameters may be viewed as inputs that can be applied to a variety of model
compounds. The only differences among molecules are the presence or absence of short alkane branches,
and these differences affect molecular packing enough to lead to differences in density, which are predicted
accurately. This provides confidence that the parameters can be used with additional alkane-substituted
aromatic compounds, which are very typical of the compounds found in asphalts. Prior simulations in the
literature have confirmed the same trends for alkanes. In total, we can expect the force field to be sufficiently

accurate for the compounds found in asphalts.
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Table 4.4: Isothermal compressibility § and coefficient of thermal expansion « predicted from molecular

simulations of pure compounds.

molecule isothermal expansion

compressibility (GPa™1) coefficient (K—1)

(25°C) (other T) (25°C) (other T)
naphthalene 0.335 1.50 (185°C)  0.649 x10~3  1.33 x1073 (at 185°C)
1-methylnaphthalene 0.308 0.652 (100°C) 0.442 x10™3  0.770 x1073 (at 100°C)
2-methylnaphthalene 0.317 8.32(100°C)  0.523 x10™3  0.832 x 1073 (at 100°C)
dimethylnaphthalene 0.362 1.17 (170°C)  0.491 x10=2  0.545 x1073 (at 170°C)
phenanthrene 0.273 — 0.301 x1073  —
methylcyclohexane — — 3.21 (70°C) 0202 x1073  —
typical 0.7-2 0.9-13 x1073 —




Chapter 5

Small Molecule Mixtures

The calculations described in chapter 4 showed that molecular simulations are capable of predicting
the expansion and contraction of pure compounds that possess hydrocarbon functionalities similar to those
of compounds found in asphalts. Other work in our laboratory [93] has found similar results for certain
molecules with heteroatoms, such as benzophenone (carbonyl bonded to two benzene rings), anisole (methyl
phenyl ether), and thiophene and its derivatives (sulfur in a 5-membered aromatic ring). Monte Carlo sim-
ulation led to quantitative predictions of the temperature-dependent density, while molecular dynamics pre-
dicted the correct thermal expansion coefficient but at a density that was systematically slightly low. (See
section 4.1.1 for a discussion.)

The next logical step is to assess the performance of molecular simulations on a mixture of small
molecule analogs to the compounds in asphalt. The intent of the calculations in this chapter is to demon-
strate how methods similar to those applied to pure compounds are equally capable of success for mixtures

of molecules. For this purpose it is necessary to look at well-defined mixtures that are simpler than asphalts.

5.1 Mixture definition

A mixture of 1-methylnaphthalene, methylcyclohexane, and heptane was chosen because high quality
experimental measurements of physical properties at precisely defined compositions were reported in the
literature [86, 87]. This mixture provides a reasonable test because its components represent well-defined
constituent groups of asphalt. 1-methylnaphthalene exemplifies a small portion of a resin or asphaltene
molecule. 1-methylcyclohexane and n—heptane are examples of cyclic and straight-chain saturated alkanes.
Simulations were conducted at many of the reported conditions by using our normal procedure: (1) place
molecules of low energy and favorable conformation (i.e. shape) into a regular arrangement, (2) equilibrate
the sample via a long simulation in which the total volume evolves to a steady value, (3) accumulate (“sam-
ple”) from the statistics of this steady state via another simulation to gather the results. This multi-step
strategy is required to ensure that high probability molecular arrangements contribute most significantly to

the results. Multiple variants of step (2) — subdivisions into multiple runs of various lengths, temperatures,
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Figure 5.1: Predicted density of a ternary hydrocarbon mixture as a function of temperature, for a 1:1:6 mix-
ture of heptane/methylcyclohexane/1-methylnaphthalene (mole fractions 0.125, 0.125, 0.750 respectively).

The predicted densities follow the experimental values [87] relatively closely.

and pressures — are often required as the molecules included become more complicated (e.g. longer alkanes
and large asphaltenes). The total volume (in step 2) equilibrates more slowly than the pressure but poten-
tially more quickly than the position and orientation relaxations of the largest (and thus slowest) molecules.
The precise amount of time required for relaxation depends on the molecules present in each system and on
the temperature.

5.2 Results vs. temperature, composition, and pressure

Examples of the results for this 1-methylnaphthalene/methylcyclohexane/heptane mixture are shown in
Figures 5.1, 5.2, and 5.3. These figures show the effects of independently varying temperature, composition,
and pressure while the other settings are held fixed. The numerical values used in the figures are listed in
Table 5.1.

Figure 5.1 explores temperature. Typical behavior is found: density decreases with increasing tem-
perature. The temperature dependence of density, as calculated in the simulations, is consistent with that
measured experimentally [87]. Both the density itself and its temperature derivative (which leads to the
thermal expansion coefficient) show good agreement.

Figure 5.2 shows density changes as a function of chemical composition at a fixed temperature. With

more cyclic alkane methylcyclohexane and less aromatic 1-methylnaphthalene, the density decreases. The
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Figure 5.2: Predicted mixture densities at 303.15 K (30°C or 86°F), for specified mole fractions of methyl-
cyclohexane. The heptane and 1-methylnaphthalene mole fractions are listed in Table 5.1. As in Figure 5.1,

the experimental trends are predicted well.
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Figure 5.3: Predicted density of the same ternary hydrocarbon mixture as a function of pressure, at a speci-

fied temperature of 303.15 K (30°C or 86°F) for the same composition as in Figure 5.1.
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Table 5.1: Hydrocarbon Mixture Results from Simulation (this work) and Experiment (literature)

mole fractions conditions density (g/cm?)
heptane  methyl- 1-methyl- T(C) P(MPa) simulation experiment
cyclohexane naphthalene (literature [87])

0.125 0.125 0.750 30 0.1 0.946 0.941
0.125 0.125 0.750 50 0.1 0.924 0.927
0.125 0.125 0.750 70 0.1 0.912 0.913
0.125 0.125 0.750 30 0.1 0.946 0.941
0.250 0.250 0.500 30 0.1 0.869 0.870
0.250 0.500 0.250 30 0.1 0.811 0.803
0.125 0.125 0.750 30 0.1 0.939 0.941
0.125 0.125 0.750 30 20 0.952 0.953
0.125 0.125 0.750 30 40 0.957 0.963
0.125 0.125 0.750 30 60 0.969 0.973
0.125 0.125 0.750 30 80 0.973 0.982
0.125 0.125 0.750 30 100 0.987 0.990

effect of changing the ratio among the three compounds affects the density, and the extent of this change is
calculated accurately by the simulation. Densities corresponding to no volume change on mixing ( so-called
“ideal” mixing) are shown with x symbols. These results, in which the volume is calculated as an arithmetic
average of the individual compound specific volumes, differs in two of three cases from the experimental
results. It is encouraging that the simulations track better with the experimental results than with the simpler

densities that follow from ideal mixing.

The trend in density with pressure (Figure 5.3) is predicted reasonably. The density increases with
pressure in both the experiment and the simulation. The simulation results show some noise because the
higher pressures make them more difficult to equilibrate. Longer simulations are also required to allow the
liquid molecules sufficient opportunities to organize relative to one another. Absolute differences between
simulation and experiment are comparable to those in Figures 5.1 and 5.2. The different value at (30°C, 0.1
MPa) shows that statistical errors upon repeating the simulation (in this case by two different students on
the project) are comparable to this deviation from experiment and smaller than the general trends in density
found as functions of temperature, pressure, and composition.

This three component mixture was originally studied by Baylaucq et al. because it had been proposed
as a model composition for crude oil [86]. Such a mixture is incomplete from the perspective of this report,
since it lacks the “heavy ends” (molecules with higher molecular weights and boiling points) that constitute
asphalts. Mixtures of larger molecules are required for asphalts, as shown in the next chapter. Despite this
mismatch in size, however, the results shown in this chapter are significant since they show that the meth-

ods being employed can be expected to yield accurate results for hydrocarbon mixtures that contain both
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aromatic molecules, saturated hydrocarbon rings, and more linear hydrocarbon chains. Asphalt mixtures,

which contain asphaltenes, resins, and saturates, fall into this general mixture category.
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Chapter 6

Asphalt-like Mixtures

The asphalt characterizations present in the literature (chapter 2) have suggested chemical families and
size ranges for the many kinds of molecules that are found in different asphalts. In this chapter we describe
how we chose a few molecules to comprise initial asphalt mixtures. We then describe our results using these
mixtures and compare them with selected asphalts.

6.1 Chemical Families in Asphalt

A classic method for separating asphalt into components is by employing solubility in a series of organic
solvents, supplemented with chromatography (i.e. Corbett method) [1,24,25]. Molecules that are insoluble
in straight-chain alkanes (such as n-heptane or n-pentane, depending on the test) are called asphaltenes.
The alkane-soluble compounds are adsorbed (such as on a semipolar chromatography column) and are then
eluted (i.e. desorbed) using a variety of solvents. Molecules that elute immediately (e.g. with n-heptane)
are saturates. Molecules that adsorb more strongly and elute when an aromatic solvent (such as benzene)
is added are called naphthene aromatics [24]. Molecules that elute with a more polar solvent, such as an
aromatic/alcohol mixture, are called polar aromatics [24]. The two sets of aromatics are sometimes together
called resins [24]. These resins are soluble in n-heptane but insoluble in n-pentane [45]. This kind of sep-
aration is somewhat indistinct, since all alkane-insoluble molecules are lumped together as asphaltenes, all
molecules soluble in alkanes that weakly adsorb are saturates, and the balances are resins. Multiple different
chemistries can occur within each category, as long as they have similar solubility in a solvent/resin/saturate
mixture [94]. Other separations, such as via size exclusion chromatography, distinguish among chemical
families defined slightly differently [1].

As a starting point, we chose to represent each broad family using one molecule type. For the saturates,
we chose a straight-chain hydrocarbon, n—docosane (n—Ca2Hyg). Storm et al. [33] performed NMR studies
that quantified the relative concentrations of different chemical groups in different fractions of resid obtained
from two crude sources. Storm’s results, shown in Table 6.1, allow for comparisons between the structures

of molecules considered here and the representative values found from those crude oil sources; a basis of
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100 carbon atoms is used in the comparison. (Numbers used here are shown in Table 6.1 in boldface.)
Storm reported 72.2% (alkane C/total C) in the oil phase, with a partial subdivision of different alkane
environments as listed in the table. If all CH3 ends must be adjacent to a CHj (as in a straight chain), then
the average chain length equals (72.2 C/ 4 ends) = 18.05 carbon atoms per end and thus 36.1 carbon atoms
per chain (since each chain has two ends). Using the reported value of 4.9 chain ends instead leads to a
length of 29.5. Assigning all CHy groups to the backbone and leaving out the possible branch point leads
to (4+24.3) = 28.3 carbon atoms with 4 CHy groups next to an end, or 14.1 carbon atoms on CHy groups
per straight chain (16 carbon atoms in total). A chain length of 22 is in the middle of this range. n—Cay is
also the normal alkane with the highest concentration in the speciation reported by Kowalewski et al. [55].
Its melting point 7;,=44°C and boiling point 7;,=369°C [90] are consistent with this saturate being a waxy
component of an overall asphalt.

For the resin, we chose 1,7-dimethylnaphthalene. Its alkane:aromatic ratio (2:10 or 16.7:83.3) is quite a
bit different from the overall resin balance (approximately 58:42, see Table 6.1) reported by NMR [33], but it
does resemble some of the molecules depicted earlier for asphaltenes [26]. The number of aromatic rings and
side chains makes it intermediate between saturates and asphaltenes. Its size is relatively small, however,
compared to the overlap in resin and asphaltene molecular weight distribution reported by Groenzin and
Mullins [45].

Two different asphaltene molecules were considered. Both have appeared in the scientific literature
as examples of asphaltene molecules, based on experimental characterizations. One, taken from NMR
studies by Artok et al. [31], contains a moderate-size aromatic core with very small branches. It is from
a collection of sample molecules they proposed that in total represent statistics of molecular asphaltenes.
A ball-and-stick model is shown in Figure 6.1. The other molecule, taken from discussions by Groenzin
and Mullins [45] of their fluorescence depolarization studies, contains a somewhat smaller aromatic core
and much longer alkane side branches. It is also one molecule from a collection of proposed asphaltenes.
Ball-and-stick and wireframe models are shown in Figure 6.2. These models were chosen because they
represent different proposed styles for the kinds of bonding patterns present in asphaltenes. Rogel and
Carbognani have chosen asphaltenes with much larger pericondensed aromatic rings (8 to 20 rings fused
together) for their simulations [95]. The molecular weights and other molecular characteristics of these

proposed asphaltene molecules are compared in Table 6.2.

The overall mixture composition was chosen based on measurements by Storm and co-workers [33].
They applied NMR to asphalt fractions separated by the common alkane precipitation method (they used
heptane), and through the different peak positions of different kinds of carbon atoms they were able to
identify the balance among aromatic and alkane carbons in the asphaltene, resin, and saturate mixtures.
An asphaltene mass fraction of 21% was selected, which is similar to the 22wt% they reported for Ratawi

vacuum residue.

The concentrations of n-Cy2 and dimethylnaphthalene were chosen based on the alkane:aromatic carbon
ratio (72.2:27.8 ~ 8:3) reported by Storm et al. [33] for the oil components. This led to mixtures with
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Table 6.1: Speciation reported by Storm et al. [33] for Ratawi vacuum residue and Alaska North Slope
(ANS) crude oil, based on 'H and '3C NMR experiments. The overall division among oil, resin, and
asphaltene comes from their earlier work [32]. Identifications of the missing carbon atom types (such as 39
of the 72.2% oil alkane carbon C(AL) in Ratawi vacuum residue) were not identified in those works. One

possibility is that they are alkane branch points. All values are based on mole fractions, rather than weight

fractions.
Ratawi vacuum residue ANS vacuum residue

parameter oil resins asphaltenes oil resins asphaltenes

H/C atom ratio 1.6 1.53 1.22 1.6 1.4 1.0
C(AR),% 27.8 413 58.1 279 427 59.0
bs 0.0 0.4 9.8 0.0 2.0 11.0

H 102 16.2 16.5 10.0 14.6 13.6

R 9.9 11.7 14.1 10.7 14.7 18.2

n,be, CH3; 7.8 315 17.9 7.3 11.4 16.2

C(AL),% 72.2  58.7 41.9 72.1 57.3 41.0
a 4.9 32 2.3 2.8 33 2.2

b 4.0 3.8 2.8 3.5 4.4 2.6

d+e 243 197 13.1 226 159 12.4

H(AR),% 7.3 10.6 13.7 6.6 10.8 14.0
H(a),% 140 125 22.0 12.5 16.6 21.1
H(B),% 59.6 533 50.8 64.7 555 51.6
H(9),% 19.0 236 13.6 16.3 17.1 13.8

C(AR) = aromatic carbon attached to H, R, CHgs, naphthenic carbon (n), 3 AR at the fusion of 2 rings as in
naphthalene (b2), or 3 AR at the fusion of 3 rings (b3)

C(AL) = alkane carbon at end of chain (a), next to end (b), or on CHy group (d+e); individual definitions of
d and e are not provided in the original paper

H = hydrogen attached to aromatic carbon (AR), alkane carbon bonded to aromatic carbon (), aliphatic

carbon ((3), or terminal CHj3 group ()
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Figure 6.1: Ball-and-stick representation of asphaltene 1, Cg4H52S2. This configuration corresponds to the

template used when creating the mixture. It was taken from Figure 8 (upper left) of ref [31].

59wt% n-Cag and 20wt% 1,7-dimethylnaphthalene. If more molecules were desired for each subsection of
the asphalt, an alternative would have been to use the overall oil/resin/asphaltene balance reported for this
mixture (71.0/7.5/21.5, ref [32]) in conjunction with the resin and oil breakdowns of alkane and aromatic
carbon. We are pursuing such a strategy in future work. An alternative interpretation of the current work is
that n-Cao and dimethylnaphthalene represent alkane and aromatic fractions of the maltene, with no resin

molecules being present.

A molecular simulation requires a precise number of molecules, rather than an overall mass fraction.
This was achieved using standard chemical engineering methods for converting between mass fraction and
mole fraction. First, a concentration of 5 asphaltene molecules per simulation box was chosen as a basis.
The corresponding mass of resin and saturate was then calculated from the asphaltene molecular weight
and the ratio of mass fractions. Finally, the corresponding number of molecules of resin and saturate were
calculated using their molecular weight. The number of resin and saturate molecules were then rounded to
the nearest integer values, causing a slight shift in concentration. The resulting mass fractions are listed in
Table 6.3. The somewhat smaller molecular weight of asphaltene 1 causes its mixture to require somewhat
fewer molecules than the mixture with asphaltene 2. Table 6.4 lists the mass fraction of each atom type,
the hydrogen-to-carbon ratio, and the distribution of carbon and hydrogen between aromatic and alkane
environments for each mixture. The overall mass fractions carbon in the mixtures are similar to those in
asphaltenes alone (Table 6.2), while the fractions of hydrogen and sulfur in the mixtures are higher and

lower respectively, compared to the asphaltenes.

We note that the model asphalts have low heteroatom content (0.7 to 1.5 mass% sulfur, and no nitrogen or
oxygen) compared to typical amounts in SHRP core asphalts (1.1 to 6.9 % sulfur, 0.5 to 2.0 % nitrogen, 0.6
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Figure 6.2: Wireframe and ball-and-stick representations of asphaltene 2, C72aHggS. The ball-and-stick con-
figuration corresponds to the template used when creating the mixture. The molecule was taken from Figure
8 (left side) of ref [45].
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Table 6.2: Chemical composition of asphaltene 1 and asphaltene 2 molecules.

molecule molec. wt % C (total) % H %S % C (aromatic) % C (alkane)

(g/mol) (by mass) (vs. total carbon)
asphaltene 1 885.25 86.8 59 7.2 75.0 25.0
asphaltene 2 995.6 86.9 99 32 41.7 58.3

Table 6.3: Overall composition of mixtures based on asphaltene 1 and asphaltene 2.

number of molecules mass fraction
1,7-dimethyl- 1,7-dimethyl-
mixture asphaltene naphthalene n—Cyz asphaltene naphthalene  n—Cso
1 5 27 41 20.7 19.7 59.6
2 5 30 45 21.1 19.8 59.1

to 1.1 % oxygen) [9]. The impact on physical properties is not calculated here. Model asphalts in follow-up
work [96] have higher concentrations of sulfur and nitrogen, similar to those in SHRP core asphalt AAA-1.

6.2 Volume and equilibration

An extensive set of Monte Carlo simulations was used in an attempt to equilibrate each asphalt-like mix-
ture. Based on the ternary mixture of small molecules (chapter 5), we would expect that of order 1 — 2 x 10°
Monte Carlo cycles with a combination of atom translation, molecule translation, molecule rotation, volume
changes, and molecule configuration moves would be sufficient to reach an equilibrium state. Figure 6.3
shows, however, that this was not the case. The asphaltene 1-based system remained out of equilibrium even
after 115,000 MC cycles, which required approximately a month of CPU time for each mixture. As seen in
the figure, the system has not reached a sampling regime, in which it fluctuates about a long-term average.
Instead the volume is slowly drifting, with no plateau in evidence. Physically, we suspect that this is because

Table 6.4: Distribution of atom types (by number unless indicated) in the asphalt-like mixtures.

mass % by atom H/C Carbon (vs. total C) Hydrogen (vs. total H)
mixture C H S ratio % aromatic % alkane % aromatic % alkane
1 86.85 11.65 1.50 1.60 33.0 67.0 94 90.6

2 86.87 1245 0.68 1.71 26.3 73.7 8.0 92.0
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Figure 6.3: Evolution of overall volume for mixture based on asphaltene 1, as a function of Monte Carlo

cycles. The volume continues to change even after significant amounts of simulation.

the larger molecular weights led to a higher viscosity and more sluggish system response.

Subsequently we turned to molecular dynamics. This method moves all atoms simultaneously according
to configuration- and distance-dependent intermolecular forces. We hypothesized that molecular dynamics
would facilitate the molecules moving closer together, and Figure 6.4 shows that this was indeed the case.
For both asphalt-like mixtures, the volume decreased significantly after a few hundred ps and reached new
steady values at each temperature. In later work [11], we have attributed the slow response to different
relaxation times for each molecule type in the system. Large molecules require a longer time to reach
equilibrium. For asphaltenes at the lower temperatures considered, the estimated relaxation time is much
longer than any possible molecular simulation. This makes the results potentially sensitive to the initial
molecule positions employed. For smaller molecules, the relaxation times are much shorter than a typical
simulation. (See ref [11] for details.)

The small molecule simulations of naphthalene suggested that slightly different densities may result
(between Monte Carlo and molecular dynamics), potentially due to subtle differences in how the energies
between molecules are calculated in two separate standalone programs. Further comparisons of results
between the two methods for small molecules were not carried out, so research efforts could be focused on
model asphalt systems.

Examples of overall molecular simulation cells that result after volume equilibration are shown in Fig-
ure 6.5. Results at other temperatures are similar. Discerning packing differences among many tempera-

tures requires averaging over many structures rather than a single image, as we show in later work [96].
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Figure 6.4: Evolution of overall volume for mixtures based on asphaltene 1 (top) and 2 (bottom), as a
function of simulation time in molecular dynamics. After sufficient equilibration, volume increased mono-
tonically with respect to temperature. Using MD instead of MC, the volume stabilized at a constant level
for each temperature, allowing average properties to be estimated. Prior to 100 ps, volumes were fixed to

constant values.
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The molecules are close to one another, and discernable patterns are difficult to recognize. Restricting the
images to only the asphaltene molecules (Figure 6.6), it can be seen that both parallel stacking and more dis-
tant, non-parallel interactions occur in each mixture. Molecules that are closely spaced with similar shapes
are parallel; those pointing in different directions are non-parallel. Stacking is more predominant in the
asphaltene 1-based mixture. We hypothesize that this difference is due to the side chains on the asphaltene 2
preventing closer aggregation and/or association. Since the side chains of asphaltene 2 make it more repre-
sentative of NMR [33] and fluorescence [45] data, the lower image in figure 6.6 is more likely representative

of the geometry of asphaltene associations in bulk asphalts.

6.3 Density results

The two different asphalt-like mixtures were simulated at 5 temperatures over the range -35°C to 170°C.
Such a high upper temperature was chosen to explore the extent of liquid-like behavior; it is slightly higher
than the upper temperature experienced in the rolling thin-film oven (RTFO) procedure. The volume evolu-
tion at each temperature is shown in Figure 6.4, and the sampling regions for each mixture at each temper-
ature are magnified in Figures 6.7 and 6.8. At each temperature, the volume and its fluctuations stabilized
about a different plateau. The final averages reached representative values in each case, as depicted by the

horizontal lines.

The average densities of each mixture are shown in Figure 6.9. They were calculated from molecular
dynamics using volume evolution curves analogous to that shown in Figure 3.3. Both mixtures show a sim-
ilar temperature dependence. The highest predicted densities are at -35°C, where p equals 0.929 and 0.889
g/cm3, respectively. The asphaltene 2-based mixture shows a continual change in slope as the temperature
is increased. The sharpest change in slope is just above 0°C, suggesting a glass transition. The asphal-
tene 1-based mixture densities show some scatter in the rate of decrease. A well-defined break in slope
and volumetrically defined glass transition are not clear, but there is possible evidence for a glass transition
somewhere within the -35 to 25°C range. Glass transition data from experiment are not available for these
systems, since they are not available in practice. (They are only theoretical models of asphalt systems.)

The densities of several real asphalts have been reported in the literature. Unfortunately Storm et al. [33]
did not report densities for the asphalts used to choose the mixture compounds and compositions. Robertson
and co-workers of the Western Research Institute have reported densities at 60°C that ranged from 0.99 to
1.03 g/cm? for different SHRP asphalts [97]. Such densities are similar to those of pure, small aromatic
compounds, such as substituted naphthalenes (see Figure 4.6 on page 54). The model asphalts simulated
here are approximately 10-15% too low in density. This is likely a result of a mismatch in overall asphalt
composition. In the model asphalts, a high alkane maltene concentration was chosen to match portions
of the NMR data (Table 6.1, see also discussion above). Compared to SHRP core asphalts, the model
asphalts here (Table 6.4) have more hydrogen (11.5-12.5 mass% vs. 10.2-11.4%), more carbon (86.9 vs.
80.7-86.7%), and less sulfur (<1.5% vs. 1-7%), in comparison to NMR data [9]. The lower H and C
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Figure 6.5: Simulation boxes after volume equilibration for mixtures based on asphaltene 1 (top, -5°C) and
asphaltene 2 (bottom, 25°C). Carbon, sulfur, and hydrogen atoms are depicted in dark gray, yellow, and
white, respectively. Open holes on each edge and isolated atoms are due to periodic boundary conditions,
meaning that the right side of the box interlaces with a copy of the left side, etc.
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Figure 6.6: Asphaltene molecules in simulation boxes after volume equilibration for mixtures based on
asphaltene 1 (top, -5°C) and asphaltene 2 (bottom, 25°C). Carbon, sulfur, and hydrogen atoms are depicted
in dark gray, yellow, and white, respectively. Periodic boundary conditions are applied here as well.
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limits in the experimental data correspond to asphalts with approximately 6-7% sulfur [9]. Nitrogen and
oxygen were also found at 1-2 wt% [9] in real asphalts; the model asphalts lack heteroatoms besides S.
Merely replacing some C and H atoms with heavier N, O, and S atoms would increase the mass density,
independent of any densifying effect that such changes would cause in the molar volume. Composition
refinements in future work that include such functional groups should attain mass densities more similar to
those of SHRP asphalts.

6.4 Heat capacity, expansion coefficient, and isothermal compressibility

The heat capacity of each asphaltene mixture was calculated from the sampling region of most molecular
dynamics simulations, using eq 3.11. The results are shown in Figure 6.10. The asphaltene 2-based mixture
shows approximate rises in heat capacity between —40°C to 0°C and between 25°C to 85°C. A rise is
consistent with a glass transition occurring in that temperature range. The accuracy of these results (not
shown) is insufficient for drawing a firm conclusion, however. For the asphaltene 1-based mixture, calculated
heat capacities are more widely scattered. The range of calculated heat capacities is larger than the range
found at all temperatures for the asphaltene 2-based mixture. The relationship to a glass transition is unclear.
These findings, in combination with the larger errors associated with the density, suggest that both systems
(especially the asphaltene 1-based mixtures) would benefit from additional averaging, which should lead to
improved statistics.

The heat capacities differ significantly from the experimental values measured by differential scanning
calorimetry for SHRP core asphalts [97]. That report illustrates DSC results (see Figures 3-45, 3-46, 3-47)
with increases in heat capacity when passing through 7 from 0.8 to 1.4 J/g°C for AAA-1 and from 1.0 to
1.6 J/g°C for AAB-1 and AAM-1. The heat capacities found here by molecular dynamics for the asphalt
mixtures are larger than those experimental values for real asphalts; heat capacity measurements for the
model systems are not available, as explained above. One likely cause of the differences in heat capacity,
found while writing the final report, is that some run-time parameters in the molecular dynamics simulations
were not set to the best choices, one effect being that energy fluctuations were prone to errors. This makes
the results for heat capacity not very reliable. Even without this drawback, we suspect that the errors
in both magnitude and trend are additionally due to insufficient sampling during the molecular dynamics
simulations. Longer simulations will lead to better defined “plateau” values, indicating a converged average.
These will be conducted in the future in order to investigate this hypothesis. Finally, another possible
cause for the discrepancy is a fundamental limitation of classical molecular simulations in calculating heat
capacity, since quantum-mechanical effects on bond length and bond angle vibrations are not accounted
for. Doing so would be extremely expensive computationally and would not be worthwhile for obtaining
estimates of a property not widely used in asphalt engineering.

The results for coefficient of thermal expansion (o) and isothermal compressibility (3) are shown in
Figures 6.11 and 6.12. The expansion coefficients are of order 0.4 x 1073K ™!, which is comparable to that
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Figure 6.10: Heat capacity calculated for each model asphalt mixture from molecular dynamics.
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Figure 6.11: Coefficient of thermal expansion for each model asphalt mixture from molecular dynamics.

of the small molecules (Table 4.4). The rise in compressibility above 0°C for the asphaltene 2 mixture is
consistent with the density plot, indicating hints of glass transition behavior. The situation is not as clear
for the asphaltene 1 mixture, as was seen with the density and heat capacity. The overall rise in isothermal
compressibility with temperature is consistent with literature expectations (see section 4.2 on page 55).
This corresponds to a decrease in the bulk modulus from of order 2 GPa to less than 1 GPa at elevated
temperatures (figure 6.13). Note that bulk modulus « is different from complex modulus G*. It refers to
the compressibility of the material under uniform stress, while G* refers to the stress required to deform
a material under shearing conditions. Glass transition evidence is not clear from these figures for either

mixture.

6.5 Molecular Orientation

The arrangement of molecules relative to one another can affect the ability of an asphalt to transmit force
and respond to cyclic stresses. The non-spherical shapes of the different molecules present in the model
asphalt implies that anisotropic packings may be present within the mixture, which could potentially lead
to anisotropic effects that persist over longer length scales. The presence of energetic interactions related
to such packings, e.g. m— interactions between neighboring asphaltene molecules, is often postulated in

regard to the overall physical and chemical properties of asphalts [9]. While one may expect that molecules
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molecular dynamics.
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with a planar tendency should preferentially occur parallel to one another (similar to how papers stacked on a
messy desk are mostly parallel), this has not always been found to be the case in real molecules. For example,
neighboring benzene molecules (one planar aromatic ring) have been determined both theoretically [98] and

experimentally [99] to pack into perpendicular “T” configurations, rather than coplanar parallel stacks.

In order to learn more about how the different molecules arrange themselves in the model asphalt mix-
tures, programs were written to calculate average molecular orientations. Normal vectors were calculated
for each of two fused rings on the same molecule by constructing interatomic vectors within the ring and
then using their cross product. Effort was focused on molecules with planar aromatic rings (e.g. dimethyl-
naphthalene and the asphaltenes), since the ring provides a physically representative normal vector about
which relative orientations can be assessed. Triads of carbon atoms along a Cy2 chain could also define a
local plane in the same manner, but due to torsional flexibility such molecules will likely have a number of
different local planes along the chain, with no net average orientation that corresponds to the entire molecule

for long periods of time.

The pair of normal vectors per molecule allows three different types of orientation to be calculated.
Within each molecule, the angle between the normal vectors equals the intramolecular orientation, i.e. the
deviation from planarity between the two fused rings. At an energy minimum this angle 6 should be zero,
and increases beyond zero suggest local stresses on the molecule. The angle itself is calculated using the
dot product of the two normal vectors, uj - uz = |uq||ug|cosf. Two types of intermolecular orientation
can be defined. One type comes from comparing molecules of the same type: dimethylnaphthalene vs.
dimethylnaphthalene and asphaltene vs. asphaltene. In other words, one normal vector is taken from each
of two neighboring molecules, and the angle is calculated via their dot product. The other type comes from
the cross comparison, i.e. an asphaltene with a nearby dimethylnaphthalene molecule. Pairs of molecules
can be averaged over all possible molecule combinations, or the calculation can be limited to pairs whose
centers of mass are separated by no more than a setpoint separation R. Typically R=30 A was used in
the results shown here. This size includes most of the immediate separations present in the simulations.
Smaller choices of R (a value equal to the first most likely separation distance) were pursued in follow-up
work [96, 100].

The intramolecular orientation for dimethylnaphthalene in mixtures 1 and 2 are shown in Figure 6.14.
These distributions were calculated by averaging within the Monte Carlo simulations, after molecular dy-
namics brought the molecular configurations and overall volume closer to an equilibrated state. While there
is some scatter, generally dimethylnaphthalene retains a near-planar configuration, with the angle between
planes lower than 15°. The deviations from planarity (i.e. higher angles) occur slightly more often at higher

temperatures. Within the noise, the results are similar in the two mixtures.

The same simulations led to predicted intramolecular orientations for asphaltenes, which are shown in
Figure 6.15. The asphaltenes experience a wider range of angles between adjoining rings, indicated a larger
deviation from planarity. Such traits could be a response to forces exerted over a larger area since asphaltenes

are bigger molecules. It suggests that asphaltene bending could be one mechanism for an asphalt to absorb
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or release stress, as part of the overall viscoelastic response. Comparing asphaltenes in the two mixtures,
the shape of the distribution and its temperature dependence differ. This indicates one possible underlying
factor for why asphalts from different sources can exhibit different properties: their underlying asphaltenes
may respond differently on a molecular level to stress. One possible source of the larger deviations from
planarity, however, is the absence of improper torsion potential energy functions for the asphaltene. This
assumption was only recognized at the time the report was being written, and its implications are being
investigated in the next phase of the research. Another possible problem was a discovery that under certain
circumstances the Monte Carlo code can lead to incorrect sampling. This bug was corrected by the code
author (Marcus Martin), but some errors in sampling the average distributions may have occurred.
Intermolecular orientations were calculated by comparing all pairs of molecules whose centers of mass
were closer than a setpoint distance of 30 A. The resulting distributions are shown in Figures 6.16, 6.17, and
6.18 for dimethylnaphthalene pairs, asphaltene pairs, and dimethylnaphthalene—asphaltene. A completely

random intermolecular orientation distribution would follow the function
P(0)do = C sin0db (6.1)

with C' = 1 for 6 in radians and C' = /180 for € in degrees. This normalized function (integral of P(6)d6
from 0 to 90° equals 1) follows from choosing a random third point uniformly over (z,y) to form a triad
with (0, 0) and the z-axis. The sin 6 arises for the same reason that the area dzdy in Cartesian coordinates
becomes sin fdrd6 in polar or cylindrical coordinates.

Pairs of dimethylnaphthalene molecules are seen to follow this random distribution reasonably closely
at most temperatures. At the coldest temperature, the dimethylnaphthalene molecules in the asphaltene 1
mixture show an enhanced tendency to be closer to parallel, while in the asphaltene 2 mixture a suppression
of near-perpendicular dimethylnaphthalene molecules is more noticeable. For asphaltenes the results show
much more scatter, since there are fewer pairs: a maximum of 5 X 5 = 25 compared to 27 x 27 = 729 and
30x30 = 900 pairs for asphaltenes and dimethylnaphthalenes, respectively. (Some pairs do not contribute to
the statistics because their centers are further away.) The distributions for both mixtures indicate significant
deviations from random inter-asphaltene orientations.

The distributions of orientations between molecule types show more structure than the orientations be-
tween dimethylnaphthalene molecules but less than those between asphaltene molecules. Asphaltene 1
shows a tendency to pack consistently closer to parallel with dimethylnaphthalene, compared to the random
distribution. Asphaltene 2 roughly follows the random distribution more closely than asphaltene 1, except
for a slightly larger suppression of the largest intermolecular angles. Both distributions appear relatively

insensitive to temperature.

6.6 Solubility parameters

Redelius [94, 101] and Youtcheff (personal communication) have suggested that solubility parameters

could be another useful way to compare these model asphalts with experimental data. The original Hilde-
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brand solubility parameter model [102] is based on the cohesive energy density: essentially the square root
of the average stabilization energy for molecules to be randomly arranged and close together (liquid) or far
apart (gas), per unit volume. This leads to

62 = (AH"*) /vl [=] (energy per mol)/(volume per mol) (6.2)

The heat of vaporization A HY?P equals the energy change upon boiling a liquid, and the specific volume
v¥ equals the molecular weight (g/mol) divided by the density (g/volume). The net result is a model that
assigns a single value of § to each compound. Subsequent developments, called Hansen parameters, com-
bine nonpolar (also called dispersion), polar, and hydrogen bonding separately [103]. This leads to three
solubility parameters (0,4, 0, d,) per compound. Liquids with similar 6 or (44, dp,dp,) values can dissolve
one another, and disparate values lead to phase separation.

Standard literature sources [102,103] cite solubility parameter values for many small molecules, includ-
ing the solvents used in asphalt separations (see Table 6.5). Data for larger, more complex molecules are
scarce. Experiments conducted by dissolving asphalts in different solvents [104] (described in [94]) have
suggested ranges of 15.3 to 23 (J/cm®)'/2 for overall asphalts. Not all solvents in that range are equally
good (or even good at all) at dissolving asphalts, however, for reasons concerning differences in polarity and
hydrogen bonding [94]. Hansen solubility parameters [103] for chemical families within asphalts were also
reported by Redelius [101].

We have turned to correlations to estimate the solubility parameters of the compounds used in this
study. For molecules such as polymers that have a repeating chemical structure, correlations have been
developed [105] that are based on the repeat unit. The molar volume v’ and solubility parameter § are

estimated by group contribution:

ol = anVz (6.3)
F = Y nF (6.4)
5§ = F/ot (6.5)

where n; equals the number of groups ¢ in the repeat unit or molecule, and volume V; and free energy F;
are parameters for each chemical group (see page 320 in ref [105]). The units of F' (cal'/?cm?/?/mol) and
v¥ (cm3/mol) cancel so § has proper units of (cal/lem®)/2. We applied those same correlations here for the
different asphaltenes and small molecules.

The accuracy of this correlation can be estimated for the small molecules for which solubility parameter
values are available in the literature. These are also listed in Table 6.5. Agreement is within approximately
0.2 J/ecm?)1/2, except for a larger error for methylcyclohexane, a cyclic alkane. More advanced correlations,
such as those for Hansen solubility parameters, are being conducted in the next phase of this work.

The original correlation does not contain values for sulfur, which can occur in asphaltene molecules as

either a thiophene or sulfide. Thus we used solubility parameters listed in the literature for thiophene and
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Table 6.5: Comparison of solubility parameters calculated using the correlation of Painter and Coleman

[105] with local extensions, compared to experimental values [103, 107].

8 in (cal/em®)Y/2  §in (J/em?)1/2

compound expt correlation expt correlation
n-heptane 74 7.5 15.1 153
n-octane 75 1.55 153 15.45
toluene 8.9 18.2

n-Cao 79 7.8 16.2 16.0
methylcyclohexane 7.8 6.1 16.0 12.45
naphthalene 99 9.7 203 193
1-methylnaphthalene 203 20.1
1,7-dimethylnaphthalene 94 19.3
phenanthrene 10.6 21.7
asphaltene 1 10.6 21.7
asphaltene 2 9.0 18.3

dimethyl sulfide [106] to estimate the required parameters. We solved the correlation equations for molar
volume (6.3) and solubility parameter (6.4) for the unknown group volume and energy parameters. Thus
we assumed that the correlation would be perfect for these two compounds. This imposed constraint is not
likely correct, since the correlation is not precisely correct for any single compound; it is only sufficiently
close for many of them. Neglecting such averaging, after substituting the literature values for v’ and F
and applying the Painter—Coleman correlation for other groups, we obtained F; = 333 (cal cm®)/2/mol,
V; = 24.7 cm®/mol (thiophene S) and F; = 235.1 (cal cm®)'/2/mol, V; = 10.2 cm®/mol (sulfide S).

The Hildebrand solubility parameter for each model asphalt mixture can be estimated by combining the
solubility parameters of each component. Normally the volume fraction is used as an appropriate weighting
factor [105]. Here we achieve that via

wiviL /M;

§ = s 6.6
Zi: >, wiv /M 6.6)

The combination wiviL /M, converts to volume fraction from mass fraction wj; in the mixture (g/total), vol-
ume parameter vl for compound ¢ (cm®/mol), and inverse of the molecular weight M; (thus mol/g), leading
to units of (cm3/total) for each term. The net results for model asphalt mixtures are § = 17.2 (J/cmg)l/ 2
(mixture 1) and § = 16.9 (J/cm3)1/ 2 (mixture 2). These are towards the more alkane/dispersion-focused
end of the range quoted by Redelius (15.3 to 23 (J/cm®)'/2). This feature is strongly influenced by the high

mass fraction (and higher volume fraction) of the saturate component.
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6.7 Discussion

The idea of asphalt consisting of different molecule types mixed over length scales of order 5—10nm
is consistent with recent notions inferred from experiments [1, 94] that counter the older micellar model
of asphalts. A resin-stabilized micelle of asphaltenes, suspended in saturate, would require larger length
scales: 10—1000 nm for a single micelle, with solvent then surrounding it. Representing asphalt as a mixture
of molecules with a range of polarities and chemical structures can still lead to microphase separation, but
it also allows for mixing over the smaller length scales available in current molecular simulations.

We hypothesize that by comparing the behavior of the different asphaltenes in mixtures, it will be possi-
ble to learn what kinds of physical property differences can be traced to different asphaltene molecules. The
results shown here already indicate that different asphaltenes at the same mass fraction can lead to different
dilatometry (Figure 6.9) and heat capacity (Figure 6.10) results. The differences in molecule orientation
indicate that such differences occur because different asphaltenes, such as those with long vs. short side
chains, will pack together differently.

The low molecular weight recently surmised for asphaltenes [45] suggested to Groenzin and Mullins that
the chemical diversity present in an asphaltene fraction must result in a wide range of different asphaltene
molecules, each with a different key functionality (sulfur, nitrogen, oxygen, metal, etc.). Multiple groups
on the same molecule were unlikely, since that would lead to each single asphaltene molecule being too
large [45]. This is consistent with earlier suggestions of there being many types of asphaltenes [33] and of
10°-106 total molecule types in petroleum [97, 108]. For the studies here, that suggests that it is important
in follow-up work to chose a number of different types of asphaltene molecules for use within the same
simulation. The real asphalt includes many different types of asphaltene molecules interacting together,
and the simulations may be able to indicate how such packings and interactions lead to different physical
behaviors than those that would be present if only 1 kind of asphaltene was employed.

The model compositions identified in this report are not yet optimal for representing asphalt properties
accurately on the molecular level. The overall balance among saturate (oil), resin, and asphaltene was chosen
in support of one study, but the overall hydrogen-to-carbon ratio is slightly high compared to measured
values for SHRP asphalts (Table 7 in ref [9]). In contrast, the fractions of aromatic carbon are consistent
with values listed in Table 2 of that report, while the fractions of aromatic hydrogen are slightly high (9.4
or 8% here, compared to 6.4—7.6, with one measurement of 8.7%). The total amount of asphaltene in the
model mixtures (21 mass%) is consistent with the range 10.2%-27.4% reported more recently (Tables 3-4
and 4-6 of ref [97]). We conclude that the asphaltene concentration is reasonable, while the amount of
linear saturated maltene is far in excess (59% vs 5-12% in experiment [97]). Adding cyclic alkanes is one
way to decrease both H/C and the fraction of aromatic hydrogen atoms simultaneously. Making an explicit
presence of naphthene aromatics and polar aromatics, at the expense of n-Cy and dimethylnaphthalene,
will be pursued in future work. The low overall density (of order 0.9 g/cm? in comparison to 1.0 for SHRP
asphalts [2]) follows from this composition difference, since asphaltenes have higher densities than saturated

alkanes (straight or branched). Chemical distinctions between vacuum residue and asphalt could also lead
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to differences in mole fraction between the results of Storm et al. [33] and SHRP asphalts [9]. For example,
molecules in vacuum residue that can be degraded to liquids may be removed prior to the use of resid for
producing asphalts for road materials, leaving a more aromatic residue.

Simulated densities lower than experimental values were also found by Rogel and Carbognani [95], who
conducted molecular dynamics simulations of 12 different asphaltene structures. Each average asphaltene
structure was chosen to match a different Venezuelan crude oil, and their architectures combine aspects of
asphaltenes 1 and 2 (large cores of 820 condensed aromatic rings, with alkane side chains of n-Cy4 to n-
Cyg). They ran their calculations using only asphaltene molecules, with 100 ps of sampling after extensive
simulated annealing at constant volume. The predicted densities were of order 0.1-0.2 g/cm® lower than
experimental values.

The size of individual molecules in the system is reasonable to a large extent. The asphaltene molecules,
copied from recent hypotheses drawn from experimental molecular characterizations [31,45], have molecu-
lar weights of 885.25 and 995.6 g/mol (see Table 6.2). These are lower than those estimated using osmom-
etry at higher concentrations but are consistent with mass spectroscopy [32] and fluorescence depolariza-
tion [44,45] experiments. The side group lengths (C; to Cs for asphaltene 1, up to Co for asphaltene 2) are
within the ranges observed by RICO [27,28] in studies of Alberta asphaltenes.

The resin molecule (1,7-dimethylnaphthalene) is arguably both too small and insufficiently polar. Its
aromatic:alkane balance also differs from that observed in NMR studies (Table 6.1). Groenzin and Mullins
[45] report some overlap in molecular weight between asphaltenes and resins, and dimethylnaphthalene is
significantly smaller than the asphaltene range. Dimethylnaphthalene also lacks heteroatom functionality.
More polar resin molecules suggested by Masson and co-workers [109] will be investigated in future work.
They alone will not necessarily correct the imbalance in aromatic:alkane ratio, however.

The n-Cas length is a compromise among the different sizes that can be inferred from NMR, as discussed
at the beginning of this chapter. A range of sizes and structures (e.g. branches, rings) is likely present in real
asphalts. Indeed, the reference [55] that showed n-Cay at the highest concentration also listed many other
linear and branched alkanes being at only slightly concentrations.

The glass transition temperatures of SHRP core asphalts are mostly in the range of -20 to -25°C [51,97].
The glass transition occurs over a window of approximately AT, ~ 30°C, as measured in DSC experiments
[51,97]. The simulation predictions of 7}, for the simple mixtures are inconclusive at this time. The much
smaller number of compounds makes it more likely that the glass transition should be sharper in the model
systems than in real asphalts. The calculations here provide hints of a transition near 0°C, but the signal:noise
ratio of those results is insufficient to quote a precise value. Measurements of asphaltene concentration

effects on T, [51] will provide useful future tests of the synergy between model and real asphalt mixtures.

6.7.1 MD vs MC

Unfortunately for the project, the need for the change in chosen method (from Monte Carlo to molecular

dynamics) took away from time that could have been otherwise spent on improving mixture composition.
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The advantages of molecular dynamics over Monte Carlo for equilibrating and sampling the average prop-
erties of asphalt mixtures is now recognized for use in future molecular modeling studies. Both methods
should work in theory. We hypothesize that MD is more effective for these systems because of the difficulty
of moving such complicated molecules closer to one another. MD rearranges all molecules at once, while
MC is usually limited to moves that affect one (or a few) molecules at a time. The probability of consecutive
MC motions being chosen that replicate a small set of MD steps is relatively low, given the many possible

moves.

6.7.2 Ongoing Issues

Two flaws in the molecular dynamics simulations were recognized after the project end date was reached.
One is that the settings for the neighbor list update (which atoms are near to which others) were not set to
optimal values. The result is that some interatomic energies were neglected during the course of integrating
the differential equations defined by the equations of motion. These energies were most likely small, since
they correspond to the most distant atom pairs that would still interact. They likely lead to inaccuracy in
the energy fluctuations, however, and thus to incorrect heat capacity predictions. Better choices for these
settings have been employed in followup work. The second flaw is that so-called “improper” torsion angles
were employed for the dimethylnaphthalene but not for the asphaltenes. This angle creates a contribution
to the total energy that helps to ensure that so-called sp2 carbons — those that occur when there are double
bonds or aromatic rings — maintain a planar configuration. As a result, the asphaltene molecules were more
flexible (perpendicular to the plan of aromatic rings) than would be expected. This flexibility is a potential
cause of the wide range of intramolecular orientation angles experienced by the asphaltene. The required

improper torsion angles have been restored for subsequent calculations.
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Chapter 7

Conclusions

The calculations described in this report constitute one of the first attempts to conduct fully atomistic
molecular simulations on a multicomponent mixture whose chemical composition is chosen to be reflective
of compounds found in real asphalts. Different molecules were chosen to reflect the maltene, resin, asphal-
tene components, and the ultimate mixtures displayed properties that were similar to those of real asphalts,
but not exactly the same.

The overall outcomes of this work are best described in the context of the original tasks. Subtle issues
that came to light only as the work was being completed created unanticipated noise in the simulation results

(see sections 6.7 and 6.7.2). Those issues are summarized here and are being addressed in follow-up work.

7.1 Conclusions by Task

Task 1. Method Validation

These calculations were described in chapter 4. Monte Carlo methods for simulating small molecules
were found to lead to reasonable agreement in the predicted density and coefficient of thermal expansion
(change in density with temperature). Heat capacity predictions were approximately 2—-3 times too high,
but the extent of the overprediction via Monte Carlo was consistent across many different molecules. Glass
transition data could not be found in the literature for the kinds of small molecules chosen to reflect subsets of
asphalt chemistry, and measurements on experimental realizations of the model systems were not possible
during the project. The simulation data (density vs. temperature) showed a single slope, rather than the
break in slope that is characteristic of a glass transition. This single slope is consistent with the absence of
experimental 7, data. In total, we conclude that the OPLS all-atom force field [74] is sufficiently accurate
for the current project.
Task 2. Initial Mixture Simulations

An initial mixture of three small molecules was constructed. Detailed experimental results in the liter-
ature provided an opportunity to confirm the ability of the simulation method to predict mixture properties.

Monte Carlo calculations at several compositions, temperatures, and pressures were conducted (chapter 5).
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The overall volume increased with increasing temperature and increasing methylcyclohexane content, and
it decreased with increased pressure. Overall agreement with experimental results was better than simple
estimates using an ideal mixing rule. We conclude that the Monte Carlo simulation methods are capable of
describing mixtures.

Tasks 3. Mixture Composition Iteration and 4. Other SHRP Core Asphalts

Model asphalt mixtures were constructed using two different asphaltene models at comparable mass
fractions of asphaltene, resin, and maltene. The two asphaltenes differed significantly in their underlying
chemistry (section 6.1) and slightly in size, leading to different sizes for the two mixtures. Despite its
success with smaller molecules, the Monte Carlo approach was inadequate for equilibrating the overall
asphalt mixture, and molecular dynamics simulations needed to be used instead.

Averaged estimates of density and heat capacity were found to depend on temperature in different ways
for the two mixtures (sections 6.3 and 6.4). Mixture 2 shows some evidence of a glass transition below
0°C, while noise in mixture 1 makes the T location hard to define. Orientation calculations indicate that
molecules pack together differently in the two mixtures. Both asphaltenes pack together in mixtures at
angles that deviate from a random distribution. Asphaltene 1 molecules are more likely to pack paral-
lel to one another, while asphaltene 2 molecules show a broader range of characteristic packing angles.
The 1,7-dimethylnaphthalene molecules in mixture 1 also show an enhanced tendency to pack parallel to
one another, while in mixture 2 they tend to pack randomly except for a decreased probability of being
perpendicular. Similar trends were found for intermolecular packing between both asphaltenes and 1,7-
dimethylnaphthalene. In total, both systems contained many molecule pairs in which packing was at angles

far from parallel.

7.2 Issues Resolved in Subsequent Work

Several weaknesses in the calculations were identified when writing this final report. Section 6.7 de-
scribes inadequacies in the overall composition. The overall saturate concentration is too high, leading to a
lower mixture density since saturates are lower in mass density than aromatics. The 1,7-dimethylnaphthalene
acts more as a naphthene aromatic than as a resin, and (looking towards future work) it is now considered
part of the maltene, with n-Ca2. A gap thus exists in the polarity range of the mixture, which can be identified
by the solubility parameters (section 6.6).

Several molecular dynamics simulation parameters were found to be set to non-optimal values, as dis-
cussed in section 6.7.2. A consequence of one parameter choice was inaccurate heat capacity estimation due
to excessively large energy fluctuations. Another parameter choice led to asphaltene molecules that were
too “floppy” due to a lack of improper torsion angle potentials, which are intended to maintain planarity.
The relatively larger intramolecular orientation angles for the asphaltenes compared to dimethylnaphthalene
(Figures 6.14 and 6.15) are a result of these settings. Corrected parameters and revised calculations are

being used in the next phases of the research.
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Appendix D: Research Exchanges

The following research exchanges and presentations occurred as direct results of this project.

e Prof. Greenfield visited Turner-Fairbanks Highway Research Center in Virginia, as part of an October
2004 tour sponsored by the URI Transportation Center, and discussed the project with Dr. Ernest
Bastian and Dr. Jack Youtcheff of TFHRC. Both were enthusiastic about the possible outcomes, and
Dr. Youtcheff in particular provided excellent suggestions about additional chemical considerations

(see solubility parameter discussion in chapter 6, for example).

e A poster presentation entitled "Developing Model Asphalt Systems Using Molecular Simulation”
was presented at the Annual Meeting of the American Institute of Chemical Engineers (AIChE),
November 7-12, 2004 in Austin, TX. Ms. Zhang made the presentation and was accompanied by Prof.
Greenfield. She received several good questions and was encouraged about her research direction. A

petroleum researcher from Institut de Petrole in France was particularly interested.

e One followup item from the TFHRC visit was that Prof. Greenfield was invited to observe the annual
review of the FHWA-funded asphalt research programs conducted at the Western Research Institute.
This full-day meeting, conducted immediately after the Transportation Research Board conference,
provided an opportunity for Greenfield to meet the WRI researchers in person for the first time. WRI
Principal Investigator Dr. Ray Robertson had become aware of the research project described here
via the TFHRC scientists, and he included it in his summary at TRB of new research directions in

asphalts.

e Prof. Greenfield delivered a presentation entitled Towards Design of Model Asphalts by Molecu-
lar Simulation at the Petersen Asphalt Conference (June 20-22, Cheyenne, WY). This conference
“brings together top researchers, highway officials, producers and others who are working to ad-
vance the specification and performance of petroleum asphalts. For more than 40 years, research
presented and discussed at the Petersen Asphalt Research Conference has led to safer, longer-lasting
and more cost-effective highways throughout the world.” (Quote taken from the conference web page
athttp://www.petersenasphaltconference.org/.) The presentation was well received

and led to discussions of potential research collaborations.
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