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Abstract:

Asphalt is a very complex mixture containing polyaromatic hydrocarbons bearing long chain aliphatics
and few functional groups including phenols, carboxylic acids, amines, and sulfides. Vanadium, nickel,
and iron are also found in trace amounts. When asphalt is used in pavement it is exposed to
environmental weathering which changes it chemically and hence, physically, causing it to harden.
This hardening makes the asphalt more susceptible to cracking and has been thought to be caused
mainly by the increase of polar interactions between asphalt molecules. This increase would be due to
the production of additional polar functional groups by air oxidation which is a free-radical process
called autoxidation. For this reason, it is important to be able to easily identify functional groups in
asphalt and to determine how they are affected by weathering. Examination of functional groups before
and after asphalt pavement weathering has been accomplished by NMR spectroscopy. Phenols have
been derivitized using a novel method involving specific phenol methylation using sodium hydride and
13C enriched methyl iodide, NaH13 CH3I, in a one-step process. The methylated phenols have then
been quantified using the Inverse Gated NMR experiment. Benzylic carbons are thought to be prime
positions for the free-radical air oxidation forming benzylic ketones. The changes in these positions,
upon both laboratory and actual road aging, have been relatively quantified using the 2D Inverse
COLOC NMR experiment. It has been found that benzylic protons decrease in actual road aged
asphalts. However, in laboratory aged asphalts, this is not neccessarily the case. In fact, benzylic
protons sometimes increase upon laboratory aging. FT-IR spectroscopy has also confirmed the
formation of carbonyl groups upon weathering which supports the benzylic carbon free-radical air
oxidation theory. It has also been found that certain additives such as Mn02 tend to oxidize the
benzylic carbons in neat, unweathered asphalt. Fingerprinting and mass identification of smaller
molecules in asphalt has been accomplished through Gel Permeation Chromatograpy (GPC)
Fractionation along with Laser Desorption Time-of- Flight Mass Spectrometry (LD TOF MS).
Individual asphalts can be distinguished from the GPC fractions of the smaller molecules by
recognizing that each asphalt gives a specific peak pattern in its LD mass spectrum. In addition,
complete base line resolution of the LD mass spectra of the these lower molecular size GPC fractions
has allowed identification of possible core molecules in asphalt that are alkyl substituted to varying
degrees.
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ABSTRACT

Asphalt is a very complex mixture containing polyaromatic hydrocarbons
bearing long chain aliphatics and few functional groups including phenols,
carboxylic acids, amines, and sulfides. Vanadium, nickel, and iron are also
found in trace amounts. When asphalt is used in pavement it is exposed to
environmental weathering which changes it chemically and hence, physically,
causing it to harden. This hardening makes the asphalt more susceptible to
cracking and has been thought to be caused mainly by the increase of polar
interactions between asphalt molecules. This increase would be due to the
production of additional polar functional groups by air oxidation which is a free-
radical process called autoxidation. For this reason, it is important to be able to
easily identify functional groups in asphalt and to determine how they are
affected by weathering. Examination of functional groups before and after
asphalt pavement weathering has been accomplished by NMR spectroscopy.
Phenols have been derivitized using a novel method involving specific phenol
methylation using sodium hydride and ™*C enriched methyl iodide, NaH/® CHjl,
in a one-step process. The methylated phenols have then been quantified
using the Inverse Gated NMR experiment. Benzylic carbons are thought to be
prime positions for the free-radical air oxidation forming benzylic ketones. The
changes in these positions, upon both laboratory and actual road aging, have
been relatively quantified using the 2D Inverse COLOC NMR experiment. [t
has been found that benzylic protons decrease in actual road aged asphalts.
However, in laboratory aged asphalts, this is not neccessarily the case. In fact,
benzylic protons sometimes increase upon laboratory aging. FT-IR
spectroscopy has also confirmed the formation of carbonyl groups upon
weathering which supports the benzylic carbon free-radical air oxidation theory.
It has also been found that certain additives such as MnO, tend to oxidize the
benzylic carbons in neat, unweathered asphalt. Fingerprinting and mass
identification of smaller molecules in asphalt has been accomplished through
Gel Permeation Chromatograpy (GPC) Fractionation along with Laser
Desorption Time-of- Flight Mass Spectrometry (LD TOF MS). Individual
asphalts can be distinguished from the GPC fractions of the smaller molecules
by recognizing that each asphalt gives a specific peak pattern in its LD mass
spectrum. In addition, complete base line resolution of the LD mass spectra of
the these lower molecular size GPC fractions has allowed identification of
possible core molecules in asphalt that are alkyl substituted to varying degrees.
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INTRODUCTION

Bitumens are complex mixtures of hydrocarbons. When a bitumen ‘is
combined with inorganic material such as vanadium, nickel, and iron, it is called
asphalt. Both bitumens and asphalts occur in nature. However, as an
industrial product, asp.halt is obtained in petroleum fefining as the heavy, non-
volatile residue that remains after distilling crude oil. Naturally occurring asphalt
is also derived from petroleum but through the natural process of slow
evaporation of the volatile fractions that leave the asphalt fraction behind. F{ock.
asphalt, for example, is a naturally occdrring ésphalt that has impregnated
‘porous rock such as sandstone or limestone. Gilsonite is another form of
natural asphalt that is hard and brittle and is mined from rock crevices and
veins. The main source of asphalt however, is from petroleum refining. Figure
1 shows a schematic diagram of major types of products, including asphalt, that
are produced by refining petroleum.

Petroleum produéts are extremely important to the world economy. For
example, we may consider the wide variety of engineering and .indus.trial uses
of asphalt. It is not only used to pave streets, highways, and airfields, but is
used té make roofing, waterproofing, énd insulating materials. It is also used 1o
line irrigation canals and reservoirs, and for the facing on dams and levees.
Asphalt is also found in some paints and ‘varnishes. However, asphalt is

predominantly used for paving purposes where it is referred to as asphalt
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cement. Asphalt cement, when mixed with rocks of various sizesr and shapes is
called pavement. The rock components are called aggregates and are .
commonly made up of broken stone and slag, crushed or uncrushed gravel,
sand, crushed limestone, stone dust, silica, or hydrated lime. Aggregates'
normally constitute 90 percent ‘or more by weight of the pavement mixture.(1)

It is apparent that asphalt is an important commodity, but as a resource it
is limited. Due to the depletion of our own reserves, the U.S. dependency on
foreign oil imports has grown rapidly since ‘the 1960's. This is a good reason
for U.S. researchers to develop asphalt pavements that have greater durability
to weathering conditions and hence, longer service lifetimes. A logical
approach would be to learn more about fundamental asphalt chemistry.
Understanding the chemistry might enable us to eventually develop pavements
that do not rut, crack, or crumble and that requi're little maintenance.

When used as a paving or roofing material, aé’pha‘lt undergoes an aging |
process. The asphalt hardens, resulting in embritilement, which causes it to
crack and crumble. This age hardening has been atiributed to two processes.
First, as asphalt is exposed to UV radiation and oxygen in the atmosphere, it
undergoes chemical oxidation.(2) The second process is dependent upon the
first. Polar molecules within asphalt naturally cluster together through polar
interactions.(3) These clusters are commonly called micelles and the process
of molecular clustering in asphalt is referred to as “self-assembly”.(4,5) This will

be discussed in more detail later. When asphalt oxidizes, more polar groups
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are formed. This affects the self-assembly in asphalt. The micelles in asphalt
generally increase in size which raises the overall viscosity. The mobility of
asphalt molecules is lowered .preventing them from easily flowing past each
other when stress is applied to the material.(2) The consequence is that asphalt
pavement hardens and becomes more susceptible to cracking.

To understand asphalt properties and how they are affected when
exposed to “aging” conditions, it is necessary to study the chemistry of asphalt.
One may first ask the following two questions:

1. What is the chemical composition of asphalt?

2. What chemical changes occur as a result of aging?

These general questions are fundamental to-understanding asphalt behavior
and are the focus of this dissertation which includes the following research:

1. Quantifying the phenol content in asphalt. Phenols are
important contributors to the self-assembly in asphalt.(2)

2. Observing benzylic hydrogens in-asphalt by 2D NMR. Their
disappearance upon aging would indicate possible benzylic
carbon oxidation to benzylic ketones. This increase of
carbonyl concentration would increase self-assembly and
contribute to asphalt hardening.

3. Characterizing and fingerprinting asphalts by Laser
Desorption Mass Spectrometry (LD-MS).

A Brief History

Skeletons of prehistoric vertebrates have been preserved intact in

naturally occurring surface deposits of asphalts. ' The most famous example is -
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the La Brea tar pit in Los Angeles, California. Ice Age fossils have been found
there due to the fact that animals became trapped when they came to drink
from the shallow pool that covered the asphalt bog. La Brea asphalt was used
by indians in the area to waterproof their baskets and canoes, and by early
Spanish settlers to waterproof their adobe houses.(6) Recent archeological

excavations have shown that between 3200 to 540 B.C. asphalt was used

extensively in Mesopotamia and the Indus Valley as a cement for masonry and

highway construction and as a waterproofing layer for temple baths and water
tanks.(1) Around 300 B.C., asphalt was used in the mummification process in

Egypt where the swathing bandages were smeared with an asphalt

preservative.(7) Indeed, the Arabic word for mummy (mumiya) means bitumen.

Rock asphalt found occasion'al use in the 19" century. For example, in 1802 it
was used in France for floor, bridge, and sidewalk surfacing. In 1838, it was
imported into Philadelphia for sidewalk construction. The interest in asphalt as
a paving material started to grow appreciably after 1870 as evidenced by
pavements laid between Newark, New Jersey and Washington D.C. from 1870
to 1876.(1)

During the first year of industrial petroleum refining in 1902,
approximately 20,000 tons of asphalt were produced in the United States. The
U.S. petroleum asphalt tonnage produced annually increased steadily to

3,000,000 tons in 1924 and to 19,000,000 tons in 1956.(1)
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Asphalt Chemical Composition

Through the years much information on the chemical composition and
molecular structure of asphalt components has been obtained from analytical
techniques, such as: IR, NMR, GC-MS, GPC, eic. These siudies have shown
that asphalt is an extremely complex mixture of different hydrocarbons.
However, the primary components are polynuclear aromatic ring systems with
naphthenic structures bearing alkyl side chains as well as various polar
functional groups containing oxygen, nitrogen, and sulfur. These structural
elements are illustrated in Figure 2. Asphalt also contains parts-per-million
amounts of organometallic iron, nickel, and vanadium compounds usually in the
form of porphyrins.(2) Results from the elemental analysis of several
representative asphalts can be seen in Table 1..(2) It is seen that the
concentrations of heteroatoms vary somewhat and the concentrations of trace
metals vary widely depending on the geological source of the petroleum.

The composition of asphalt is also influenced by the specific refinery
process that was used to produce the aspHaIt. Flo‘r instance, olefins do not
generally occur in crude oils. Olefins are present in asphalt only as a result of
the petroleum cracking process in which large hydrocarbon molecules are
broken down into smaller molecules.

Each individual asphalt contains a wide vériety of molecules ranging from

nonpolar, non-aromatic hydrocarbons to highly polyaromatic hydrocarbons
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Where R = COOH, OH, SH, or NH

Figure 2. General structural features of asphait.(S)
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Table 1. Elemental analysis of representative petrdleum asphalts (2).

Code B-2959 B-3036 B-3051 B-3602
Source Mexican Arkansas- | Boscan California
blend Louisiana |

Carbon, % 83.77 85.78 82.90 86.77
'Hydrogen, %/ 9.91 10.19 10.45 10.94
Nitrogen, % 0.28 0.26 0.78 1.10
Sulfur, % 5.25 3.41 5.43 0.99
Oxygen, % 0.77 0.36 0.29 0.20
Vanadium, ppm 180 7 1380 4
Nickel, ppm 22 0.4 . 190 6

(PAHSs). Varying substitution with heteroatom functional groups as well as the
presence of organometallic compounds dramatically increases the complexity of
the mixture. One can still construct a hypothetical "average" asphalt molecule.
This is the type of molecule that one might constrUct in order to explain the
results of analytical methods used to characterize asphalt while assuming that
these results were obtained for a pure substance and not for é complicated
mixture. This may seem naive, but it has been an important step in the
structural elucidation of asphalt components. By developing hypothetical
structures one can obtain a general idea of asphalt structural features and
mass information. Work has been done to determine the structures of
compounds present in asphalt. Jennings et al. (3,8) constructed molecules that

can be considered “typical” of those present in asphalt. An example of such a




structure is seen in Figure 3.

Functional Groups in Asphalt

Functional groups present in asphalt are known to be important for
asphalt self-assembly(3,9) as well as sites for “oxidative aging”.(2,10-13) A
primary objective in asphalt research has therefore been to characterize these
functional groups. Asphalt researchers have extensively employed IR
spectrometfy to detect, quantify, and characterize them.(2,14,15) IR spectra
demonstrated that the functional groups include carboxylic acids, 2-quinolones,
phenols, pyrrolics, pyridines, and sulfides. Upon oxidative aging new functional
groups are formed which include ketones, sulfoxides, and anhydrides.
Carboxylic acids are present in newly produced asphalt but their concentrations
increase upon oxidative aging.(16) The structures of these functionalities are

shown in Figure 4.

Asphalt Fractionation

A traditional approach to studying asphalt is to separate the complex
asphalt mixture into fractions with different chemical properties. The group
analysis methods, that were developed for this purpose, are based on the

different solubilities of asphalt components in different solvents. The two most




Figure 3. A hypothetical asphalt molecule.(8)
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Figure 4. Examples of important chemical functionalities present in asphalt
molecules.(16)
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important compound groups in asphalt are asphaltenes and malthenes.(17)
Asphaltenes are insoluble in low boiling point saturated hydrocarbons such as
n-hexane but are soluble in carbon tetrachloride (or benzene). Asphaltenes
consist mainly of the larger, polar PAHs. Malthenes, in contrast, are soluble in
low boiling point saturated hydrocarbons (n-hexane). Malthenes consist mainly
of the non-polar chain aliphatic hydrocarbons (paraffins).

Asphaltenes and malthenes are first separated by precipitating the
asphaltenes in fifty times the asphalt volume with n-pentane. Malthenes can be
further separated into fractions with different chemical properties. The
separation procedure begins by dissolving the malthene fraction in pentane and
new fractiéns are precipitated in sequence as shown below:(18)

Nitrogen bases (N) : Soluble in pentan'e and
precipitatable with cold 85
percent sulfuric acid.

(N,): Soluble in pentane and
precipitatable with hydrogen
chloride gas. .
(N,): That remaining portion which did
not precipitate with HCI gas but
precipitates with cold 85
percent sulfuric acid.
First Acidaffins (A,): That portion which did not
‘ precipitate with cold 85 percent
sulfuric acid but precipitates with
cold concenirated (97-98%)
sulfuric acid.
Second Acidaffins4 (A,): Did not precipitate with cold

concentrated sulfuric acid but
precipitates with cold fuming
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sulfuric acid.

Paraffins (P) : Did not precipitate with cold,
fuming sulfuric acid.

Self-Assembly in Asphalt

The comblexity of asphalt mixtures has presented a challenging problem'
for asphalt chemists for years. Over the years, much has ‘indéed been learned
about the chemical composition of asphalt and about the nature of asphalt self-
assembly. However, the information is incomplete and fragmented, and the
overall picture of asphalt must be put together like an exiraordinarily convoluted
puzzle. Several explanations have been proposed concerning the reason for
asphalt self-assembly. It has been suggested that the flat polyaromatic
molecules within asphalt stack via delocalization of the aromatic ring 1
electrons.(4,19-21) Hydrogen bonding is also believed to contribute to the self-
assembly in asphalts.(3,9) This polar interaction would involve the heteroatoms
oxygen and nitrogen. Although the total concentration of these heteroatoms is
low, the energy of the hydrogen bonds is on the order of 5-10 kcal/mol, and this
is large enough for hydrogen bonding to be important to self-assembly.(22)

The third interaction involves the weak van der Waals forces that occur
between all of the molecules. However, van der Waals forces are the only

forces that occur between the long, unbranched, unsubstituted aliphatic chains
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(paraffins) (23) found in asphali.

Once formed, asphalt assemblies have been found to arrange
themselves into even larger assemblies that are ellipsoidal .(or nearly spherical)
in shape and these are called micelles. Brulé et al. (24), from a Gel
Permeation Chromatography (GPC) study, elaborated upon the micellar theory
of asphalt. GPC separates molecules by size and shape of the molecules.

The column is packed with porous beads of polystyrene. The smaller
molecules are retained in the column longer than the largest molecules because
fhey penetrate the beads. Whereas, the larger molecules, due to their size,
cannot penetrate the beads and will travel through the column much more
rapidly than smaller molecules.

GPC has also been used to study asphalt self-assembly in various
solvents.(19-21) In an extensive GPC study by Jennings et al. ‘(21:,25), the
tendency for self-assembly of molecules in asphalts was shown by studying the
changes in their GPC curves when dissolved in different solvents. An increase
in the GPC curve ‘intensit'y at the beginning of the elution time, when the larger
molecules come off of the column, would indicate an increased tendency for
molecular associations. Asphalt samples were dissolved in THF, toluene, and in
mixtures of THF and toluene. It was initially believed that toluene, a non-polar
solvent, would encourage polar interactions but disrupt the pi electron
interactions between asphalt sheet polyaromatics. However, tetrahydrofuran

(THF) was expected to disrupt all but the most highly polar interactions. The
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respective asphalt solutions were run through a GPC column. Figures 5 & 6
show two of the chromatograms (at 340 nm detection) of whole asphalts from
the Jennings study. The superimposed GPC chromatograms are of the same
asphalt, but dissolved in different concentrations of the solvent mixtures or pure
solvent. The largest molecules or assemblies eluted from the column first.
Curve C in Figures 5 and 6 has a higher absorbance between 12 and 16
minutes than the other curves. The larger assemblies or molecules should be
eluting at this time. Curve C reéresents the asphalt dissolved in equal volumes
of both THF and toluene. The increase showed that the largest size
assemblies had formed in this solvent mixture. The conclusion was that the
larger assemblies were held together by both polar and non-polar interactions.
This study showed that different types of molecular interactions are involved in
self-assembly. Some asphalts contain more polar groups than others, hence
they will be more likely to form assemblies via dipole-dipole interactions in non-
polar solvents. Other asphalts are less polar and more polyaromatic, hence
they will be more likely to form assemblies via pi-pi stacking in polar solvents.
Then again, other asphalts contain a more balanced composition between polar
and non-polar constituents and assemblies in both polar and non-polar solvents

are expected to form.
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Asphalt Age Hardening

Asphalt age hardening and embrittlement in pavements has long been
recognized to be a function of asphalt composition.(2,5) However, as
mentioned above, asphalt is a complex mixture, and its composition can vary
significantly among asphalts from different sources. ltis the 'broad range of
substances that gives asphalt its unique properties.

It has long been thought that asphalt pavement age hardening occurs in
two phases (11): First, there is a rapid, short-term aging that _occuré when the
asphalt is mixed with the aggregate material at elevated temperatures just prior
to the actual paving. Second, there is a much slower aging process that occurs
over time at ambient temperatures aﬁér the pavement has béen laid. Poor‘
pavement performance follows age hardening as the asphalt becomes brittle
and cracks. |

Three basic causes of asphalt pavement age hardening have been
identified:

1. Loss of the paraffinic components i.e. aliphatics via evaporation or
adsorption into the pores of the aggregate material(26).

2. Molecular structuring which causes steric hardening. (2,5)
(reversible)

3. Changes in the chemical composition as a result of oxidation
(irreversible).

Volatile loss, according to Peterson. (2) appears not to be significant in

the hardening of asphalt. “Molecular structuring” is a general term used relating
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to the spatial rearrangements or microétructuring of molecules in asphalt that
results from increased self assembly. This causes a reversible hardening
referred to as “steric hardening”.

Synthetic steric hardening in asphalt is accomplished by a process called’
“air blowing” (sometimes called “air conversion”) where asphalt is simply
exposed to a constant flow of pure oxygen for a specified amount of time.(27-
30) Although many asphalt investigators havé found that air blowing
contributes to asphalt ége hardening they have also found that this type of
steric hardening is reversible.

Though changes in the microstructure of asphalt contributes to age
hardening, age hardening is not equusively due to molecular structuring. The
main cause seems to be irreversible changes in asphalt due to chemical
changes which, in turn, influence asphalt microstructuring. The rﬁain chemical
reaction is believed to be autoxidation, which is a free-radical process initiated
by atmospheric oxygen.(2) The oxidation can also occur catalytically at the
interface between the asphalt binder and the mineral aggregate in
pavement.(10) Vanadium, which occurs in trace amounts in asphalt, has also
been shown to promote oxidation.(31)

Two standardized laboratory procedures have been developed to
simulate oxidative asphalt aging processes.(11,32) The Thin Film Oven Test
(TFOT) is designed to mimic the short-term hot-mix aging process, and the

Pressure Oxygen Vessel (POV) test is designed to mimic long-term weathering
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aging. See Figure 7 for a schematic diagram of a Pressure Oxygen Vessel.
These laboratory aging processes will be mentioned throughout this dissertation
since asphalt samples aged by these methods were used extensively in this

research.

Application of Nuclear Maagnetic Resonance Spectroscopy

for Asphalt Analysis

Orie-dimensional 'H and *C NMR spectroécopy has been used
extensively in the last decade to characterize asphalt.(33-36) Figures 8 and 9
show typical 1D 'H and *C NMR spectra of asphalt. In Figure 8, aliphatic
proton peaks resonate between 0 and 2 ppm. Benzylic, amine, and sulfide
protons resonate between 2 and 4 ppm. Aromatic proton peaks are between 7
and 8.5 ppm. In Figure 9, aliphatic carbons are between 11 and 40 ppm.
Aromatic carbons are between 120 and 150 ppm. Both proton and carbon
NMR spectra are unremarkable in the sense that all asphalt 1D NMR spectra
are very similar. However, unique information can be obtained by NMR using
more sophisticated pulse experiments. For example, Jennings, et al. (3,8,33)
were able to determine the ratio of asphalt aromatic/aliphatic carbons using the
Distortionless Enhancement by Polarization Transfer (DEPT) NMR experiment.
The DEPT experiment was used to differentiate among methyl (CH,),

methylene (CH,), and methine (CH) groups to clarify the aliphaltic region of "*C
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spectra. Shown in Figure 10 are the DEPT spectra of 10a, the whole asphal;

10b, its strong acid fraction; and 10c, its neutral fraction. Methyl and methine
carbons are displayed as 'positive signals, whereas the methylene carbons are
negative, or inverted signals.

NMR spectrometry has also been used to quantify functional groups in

asphalt which include phenols, amines, and carboxylic acids.(3,35,36)

Phenols in Asphalt

As mentioned earlier, phenols occur naturally in asphalt. Phenols are
believed to play an importaht role in asphalt. Their potential for hydrogen
bonding means that there is a high probability that they contribute to the
microstructuring of the polar components in asphalt. This is particularly true
because the O---HO hydrogen bond is stronger than the N---HN hydrogen
bond, 5 kcal/mol as opposed to 3 kcal/mol.(éZ) This is due to the fact that
oxygen is more electronegative than nitrogen and thus, has a greater tendency
to withdraw electron density from the proton. Phenols could also be involved in
aromatic el'ectroph‘ilic substitution reactions in asphalt. For these reasons, their
detection and quantitation are important issues.

Phenols in asphalt are rhethylated prior to NMR detection because the
acidic protons are difficult to detect in the proton NM‘R'speCtrum. However,

upon methylation using ™°C enriched methyl iodide one can observe a
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corresponding "®*C NMR signal from the methoxy carbon. Fortunately, in
asphalt, no other peaks occur in that region of the NMR spectrum which ranges
from about 50 t'o 60 ppm.

When using '*C NMR spectroscopy for the analysis of phenols. in
asphalt, one observes two types: hindered and non-hindered phenols.
Hindered phenols have substituents on either one or both ortho positions
relative to the hydroxy group. See Figure 11 for their general structures. |
Figure 12 shows the NMR peaks in the methoxy region of the '*C NMR '
spectrum of both hindered and non-hindered phenols as well as of methylated‘
carboxylic acids. In preparation for NMR analysis, phenols in asphalt have
been first methylated by the Short Term Phase Transfer (STPT) methylation
using tefra-n-butylammonium hydroxide and 99% *°C enriched methyl iodide
where asphalt phenols are deprotonated and subsequently methylated (Figure
13).(8,33) However, the chemistry is long and arduous. In addition, this
method is non-phenol specific. Carboxylic acids (-COOH) as well as imino
(=NH), and thiol (-SH) groups are methylated as well.

Carboxylic acids in ésphalt have been identified and quantified using
another selective process. After deprotonation, methylation of the carboxylate
anion is accomplished by using *C enriched diazomethane to form esters.(3)
To produce integratable 3C NMR spectra, an inverse gated experiment was
employed. In this pulse sequence, protons are decoupled from carbons only

during C signal acquisition as to not allow Nuclear Overhauser Enhancements
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Hindered Phenol Non-Hindered Phenol

Where R = Alkyl, Aryl, or Functional Groups

Figure 11. General structure of (a) a hindered and (b) a non-hindered phenol.
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-COOH + (n-Bu),NOH -=e--oee- > -COO0 +*N(n-Bu), + H,0 ----m--
H,0
RT; N,

* 99% "C enriched

Asp-0*CH,
> -COO*CH, + (n-Bu)dN'l

Figure 13. Short-Term Phase Transfer Methylation reaction.(3)
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(NOEs) to occur, which affect signal intensities. Figure 12 shows the methoxy
, '3C peak in the NMR spectrum of methyla’ted: carboxylic acids using the inverse |
gated experiment.

One of the problems dealt with in this work was to find a methodology
that would simplify the methylation of phenols in asphalt. It was found in the
literature that rapid, stereoselective methylation of alcohols and phenols could
be accomplished with sodium hydride and methyl iodide.(37,38) The reaction
scheme is shown in Figure 14. The results on asphalts will be discussed in

some detail in the Results and Discqssion section.

Benzylic Carbons in Asphalt

The moiety present in asphalt most susceptible to oxidative aging is
thought to be the benzylic carbon.(2) This is the carbon directly adjacent to the
aromatic ring and is thought to undergo a free-radical oxidation. Figure 15
depicts the suggested mechanism.(2) The agent responsible for initiating this
mechanism is stiil‘ unknown, but the possibilities include U.V. light; oxygen;
metal catalysts i.e. vanadium; and mineral aggregate surfaces.

Not all benzylic carbons react at the same rate. Methyl behzylic carbons
are the least reactive and methine benzylic carbons are the most reactive
towards autoxidation.(Figure 16) There are two reasons for this. First, C-H

bond strengths as shown in Figure 17 affect reaction rates. A tertiary C-H bond
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Figure 14. Sodium hydride/methyl iodide methylation reaction.(37)
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is weaker than a secondary C-H bond which, in turn, in weaker than a primary
C-H bond. The se.cond possible reason supporting the order of reactivity is the
relative stability of the intermediate radical through hyperconjugation where
benzylic carbon p-orbital radicals are stabilized by delocalization with beta
proton nuclei.(Figure 18)

An understanding of the process of the oxidation of benzylic carbons in
asphalt is an important goal for asphalt chemists. In particular, it would be
important to be able to observe chemical changes at the benzylic carbons upon
actual road weathering. The problem is that it is very difficult to obtain an NMR
signal from the benzylic carbons in asphalt because of the complicated nature -
of the mixtu're. Some preliminary attempts were made by Jennings et al. (33).
These authors employed a 2-dimensional NMR INVERSE COLOC experiment,
~ which allows one to observe I‘ohg range couplings, i.e. through two or more
bonds. They optimized the experimental parameters to enhance the %J coupling
between an alkyl substituted aromatic carbon and the benzylic protons (or
proton) two bonds away. This was a novel approach towards spectroscopically
"viewing" the benzylic position. This experiment enabled t_hem to indirectly
observe the benzylic carbons by cross peaks in the 2D spectrdﬁ caused by the
?J couplings. In this work, the COLOC experiment ‘haé been used to obtain
more detailed information on the actual chemical changes that occur at the

benzylic carbons upon asphalt aging.




Figure 18. Hyperconjugation: the delocalization of the radical p-orbital with the B proton.(65)
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Infrared Spectroscopv Used for Studying Asphalt

Functional Groups

Infrared spectroscopy is a very useful tool and has been used for many
years by asphalt chemists to study asphalt functional groups especially in the
study of asphalt age-hardening.(9,11-13,15,16,39) As has already been
discussed, age hardening has a deleterious affect on asphalt performance.
Since oxidative aging is considered to be the most important cause of age
hardening, it is crucial to characterize and understand the oxidative process.

Many asphalts from a variety of petroleum refineries have been used in
IR studies. Asphalts that have been studied included the Thin Film Oven Test
(TFOT) and/or the Pressure Oxygen Vessel (POV) aged asphalts, as well aé
those taken from core samples of actual road weathered asphalts. Figures 19
& 20 represent the mid-infrared spectra of an unaged asphalt and of samples of
the same asphalt which has underéone several methods including the Thin Film
Oxidation Test (TFOT) mentioned earlier. Except for changes in the two
absorbance bands at 1700 cm™ and 1050 cm™, there are virtually no changes
in the spectira upon asphalt.'oxid,ative aging. The absorbance for the carbonyl
stretch at 1700 cm™ and the sulfoxide stretch at 1050 crff‘ seem to always
increase in asphalt upon aging. Peterson et al. (12,15,16) identified sulfoxides

and several types of carbonyl groups in the IR spectra of asphalt including .

dicarboxylic anhydrides, carboxylic acids, and ketones.(Figure 4)
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The IR O-H stretch band at 3500 cm™ is extremely weak and broad for |

two reasons: first, phenols are present in low concentrations and aliphatic
alcohols are practically non-existent in ‘asphalt; second, the IR absorbance band

is greatly broadéned due to hydrogen bonding.(9)

Molecular Mass Distributions in Asphalt

It is known that éspha‘lt is a complicated mixture of an enormous number
of constituents with various chemical structures and molecular weights.
However, asphalt has been fractionated into different mass ranges by many
asphalt researchers over the years. Haley (40) used GPC in combination with
Vapor Pressure Osmometry (VPO) and NMR to determine molecular weights of
asphaltenes. He reported molecular weights of fractionated asphaltienes
ranging from 780 ‘to 1,350 Da. He élso found that asphaltenes tend to
associate in various solvents by strong intermolecular forces. The molecular
weights obtained by VPO were thus larger ranging from 910 to 4,200 Da.
However, these larger species could be broken apart by powerful solvents such
as a mixture of dioxane and chloroform.

Farcasiu et al. (41) performed transalkylation reactions on bituminous
resins. The alkyl substituents in the high molecular weight aromatic
constituents of asphalts can be transferred to a small molecule such as

benzene using a Friedel Crafts catalyst. Figure 21 illustrates the general




& G1;, &% $ '"1 & '",6B17



Ll gl -

42

reaction sche.me. Qualitative and quantitative product analysis was by Gas
Chromatography-Mass Spectrometry (GC-MS). This investigation revealed
structural and mass information of asphalt alkyl polyaromatic substituents such
as alkyl chain length, ratio of normal/iso alkyl chains bonded to aromatic rings,
and abundance of aromatic-CH,-aromatic linkages. It was found that over 70%
of the transalkylation products from petroleum residuals were monoalkylated o-
xylenes consisting of normal and iso-alkyl groups ranging from 2 to 16 carbons.
They élso found that these alkyl chains are transferred without isomerization.

12 to 25 % of the product consisted of o-xylene-CH,-o0-xylene linkages.

Mass Spectrometry in Asphalt Research

GC Mass spectrometry has been used in the analysis of asphalt.(42,43)
Field lonization Mass Spectrometry (FI-MS) (44) has also been used to
determine metal porphyrin structures in asphalt. And, with the advent of more |
sophisticated analytical instruments within the past 10 years, it seems promising .
that additional structural and mass information will be made available on asphalt
through mass spectrometry.

Classical mass spectrometric methods such as Electron Impact MS (El-
MS), is of limited use when applied to compounds of high mass. The high
energy used in El breaks large molecules into fragments such that limited |

structural information is obtained. Also, El requires that a sample has a
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sufficient vapor pressure and thermal stability to be vaporized in the ion source.
This severely limits the application of El to high mass compounds such as
petroleum residues (asphalt).

A revolutionary advancement in the mass spectrometric analysis of high
mass molecular species came in the early 1980's with the development of Fast
Atom Bombardment (FAB) (45) MS and Plasma Desorption MS (PDMS) (46).
In 1988, two additional soft ionization téchniques were introduced that were
ideal for large molecules. They weré Electrospray (ES) (47,48) and Matrix
Assisted Laser Desorption lonization (MALDI) (49).

Laser Desorption ionization is not a new technique; it has been used to
generate ions in mass spectrometry since the 1960'$.(49) A necessary
condition for molecular ionization via laser irradiation is that the aﬁalyte absorbs
at the laser wavelength. Lasers that emit in the UV or in the far IR are most
commonly used. Another important considerétion is that due to fhe possibility
of thermal decomposition of the analyte caused by heat generated by the laser,
the laser pulse must be short, between 1-100 ns.(49) With direct laser
desorption only masses of up to about 1000 Da are desorbed as intact
molecular ions.

Direct laser desorption mass spectrometry (LD-MS) has been used for
coal analysis.(50-52) Sodium édduct ions and molecular ions have been shown
to be the sole product ions in the laser desorption process of polyaromatic

hydrocarbons (PAHSs).(52) However in coals, sodium adduct ion formation
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appears to be greatly diminished. The tendency to form sodium adduct ions in
PAHs apparently decreases with increasing polyaromaticity.(52)‘ More
extensive work involving coal has revealed that carbon clusters are formed
during laser desorption. Figure 22 shows the positive ion spectrum of high-
mass carbon clusters in a semi-anthracite coal sample.

In brief, MALDI introduced the use of a matrix molecule to absorb the
laser light thus making it a much softer ionization process. It was discovered
by Karas, et al. (53) that by dispersing a sample in a highly absorbing solid
matrix by co-crystallization upon sblvent evaporation, it was possible to ionize
and desorb very large molecules. The reason for this seems to be that the
matrix acts to absorb excess laser energy and to distribute it evenly throughout
the sample. The fact that the matrix dilutes the sample, which resulis in
exposure of more of its surface area, increases the probability of producing
intact molecular ions. However, it is not yet completely known why a matrix
improves laser desorption.

While much work is currently being published that uses the MALDI
technique there are no publications involving applications to asphalt. However,
MALDI has been ﬁsed to analyze coal aﬁd coal derived products. For exarhple,
John et al. (54) claim to have measured masses of up to 270,000 Da in coals

using MALDI Time-of-Flight Mass Spectrometry (TOF-MS).
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Gel Permeation Chromatography Fractionation and Laser

Desorption Mass Spectrometry of Asphalt

The separation of asphalt into fractions with different molecular weights
could be useful if used in combiﬁation with some of the newest mass
spectrometric “soft” ionization techniques. As mentioned earlier GPC
fractionation has been used on asphalts and asphaltenes for asphalt chémica’l
analysis. GPC fractions have been used to determine percentage of, fo‘r
example, aromatic, naphthenic, and paraffinic carbon; the number of ring
- systems per molecule; the average molecular size; and composition.(55)
Approximate molecular weight distributions have also been dete.rmined‘ by
fractionation.(56,57)

GPC fractionation of asphalt has been coupled to several other methods
for identification of structural features. These include pre-GPC centrifuging,
Vapor Phase Osmometry (VPO), IR, and NMR. However, GPC doesn’t seem
to have been combined previously to laser desorption MS. In this work, GPC

and LD has been combined and used to characterize asphalt fractions.
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EXPERIMENTAL METHODS

List of Chemicals

Aldrich Chemicals:
anisaldehyde
carbazole, 96%
chromium (lll) acetylacetonate, 97%
coronene, 99%
cumene, 99%
dihydroxybenzoic acid, 99%
3,5-dimethoxy-4-hydroxy-cinnamic acid (sinapinic acid), 98%
9,10-dimethylanthracene, 99%
2,6-dimethyl phenol, 99%
dodecanone, 99.5%
ethylbenzene, 99%
2-naphthol
methyl iodide, 99%
3-picoline
pyrene, 99%
rubrene, 98%
sodium hydride, 95% dispersion in mineral oil

Fisher Scientific:
diethyl ether (distillied)
hydrogen peroxide, 30%
hydrogen chloride
magnesium sulfate (anhydrous)
potassium bromide (anhydrous)
sodium bicarbonate
tetrahydrofuran (Optima)

toluene
J.T. Baker Chemical Co: Lancaster:
benzoic acid 1-(2-naphthyl)ethanol
phenol 1,2,4,5-tetramethyl benzene, 98%

Chem Service:
octanoic acid, 99.5%
tetrahydronaphthalene
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Cambridge Isotope Laboratories:
chloroform d, 99.8%
methyl-'°C iodide, *C 99%, stabilized with copper wire
tetrahydrofuran d;, “100%”, (D,99.95%)

Waters Associates:

polystyrene standards for GPC. M.W.=35,000;15,000;3,600; and
2,350

Sigma:
cytochrome c, 99%, from horseheart

Quantitative NaH/"*CH.l Methylation of Phenols in Asphalts via The
Inverse Gated '°C NMR Experiment

Instrumentation and Experimental Parameters

The experiments were performed on both a Bruker AC300 (for model
compounds) and a Bruker AM500 (for asphalt samples) NMR spectrometer.
The resolution and S/N was far superior when using the AMSOO for acquiring
asphalt "*C spectra than when using the AC300 model. The AC300 was fiited

with a 5 mm 'H/'®C dual probe operating at 75.47 MHZ and the AM500 was

fitted with a 5 mm broadband probe operating at 125 MHZ. The Inverse Gated

NMR experiment was used with proton broadband decoupling without NOE

enhancement. Instrument parameters were as follows:

PW ™C 90° AC300 = 7.6-8 yis
AM500 = 4-5 ps
01 transmitter offset frequency AC300 = 6137.164 Hz

AM500 = 11036.52 Hz

| S| A EP 1 4
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02 decoupler offset frequency AC300 = 4900 Hz
AMS500 = 8200 Hz

Sl spectrum size 32,000 points

SW sweepwidth ‘ AC300 = 17,856.147 Hz
AM500 = 33,333.33 Hz

RD receiver delay 2s

NS number of scans 8,000-15,000

Sample Preparation

Model Compound Chemical Preparation. Approximately 0.003 moles of

each of the following model compounds were used: phenol, benzoic acid, 2,6-
dimethyl phenol (2,6 DMP), octanoic acid, and 2-naphthol. The model
compounds were then together placed in a 100 mL round bottom flask with 25
mL of THF. An excess of about 0.01 moles of NaH was then added to the flask.
The solution was then allowed to stir under hitrogen for about 3 hr. An excess
of CH,l ( about 0.02 moles) was then added to the flask with én additional 25
mL of THF. The reaction was then allowed to proceed for approximately 10 hr
under a continual flow of 'nit’r.ogen, and constant stirring, at ambient
temperature. At this point, the THF was partially evaporated over warm water.
The residual NaH and any produét .Nal salts were filtered. A saturated NaHCO,
solution was then added (this would dissolve any remaining Nal as well as react
with any remaining NaH).

The methylated pfoducts were then separated with diethyl ether and

washed once with additional water. While using carboxylic acid models the
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water layer was saved. The organic layer was ’dried over MgSO, and filtered.
The ether was then evaporated under vacuum at room temperature. All of the
product was then pipetted into an NMR tube with 1 mL of’CDCI3 for NMR
analysis. '

To the aqueous layer, concentrated HCI was added dropwise until the pH
was sufficiently acidic. This converted any carboxylate salt to carboxylic acid.
The acid was then extracted twice with diethyl ether, dried over MgSQ,, filtered,
and dried in a vacuum at room temperature. A portion of the product was
placed in an NMR tube, dissolved in 1mL of CDCI, to obtain both ‘1H and °C

NMR specitra.

Asphalt and Model Compound Preparation using Simplified Chemistry,

Approximately 90 mg of each asphalt sample was weighed in a tared NMR
tube. Fifteen mg of Cr(lll) acetylacetonate (Cr(acac),) was also added as a
relaxation agent. Next, a 0.5 mL ampule containing 99.95% d; THF was
unsealed and the contents were pipetted into the‘NMF{ tube containing the
asphalt and Cr(acac),. The tube was capped and agitated until the solids were
completely dissolved. Twenty five UL of 45% '*CH,l in CCl, was then injected
into the NMR tube.

Twenty five pL of toluene was always added to use as an internal NMR
integration standard. Approximately 30 pg of 'Na’H was finally added to the

NMR tube. The reaction was then allowed to proceed for about 2 hr at room
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temperature with the tube lid off due to the evolution of hydrogen. The tube
was then capped and placed in the NMR probe to acquire a "*C spectrum.

The same method as described above was employed for methylating the
model combounds (2,6 DMP and 2-naphthol) in the NMR tube however, normal

CH,l was always used and Cr(acac), was never used.

Two-Dimensional NMR_Experiment for

Assignment of Benzylic Protons in Asphalt

Instrumentation and Experimental Parameters

All two-dimensional inverse COLOC spectra were obtained using a
Bruker AC300 NMR spectrometer fitted with a 5 mm inverse probe. The
- experimental parameters were as follows:
The pulse widths (P1, P2, and P3) were always measured prior to an
experiment for all samples. The values listed are very close however. Several

inverse COLOC experiments were run to adjust for the D4 delay for
optimization. ‘

P1 'H 90° 4.5 ps

P2 'H 180° , 9 s

P3 °C 90° 7.75 ps

01 decoupler offset frequency 4642.48 Hz

02 transmitter offset frequency 4123.03 Hz

SW1 **C spectral width 6038.647 Hz
0-160 ppm

SW2 'H spectral width 1501.502 Hz
0-5 ppm

Delays:

DO 3 ps
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D1=1-5xT,, 2s
D2=1/2"J, :

where 'J,=144.9 Hz 345 ms
D4=1/2°J,

where ?J,=10 Hz 50 ms
SF synthesizer frequency 300.13 MHZ
SFO synthesizer frequency offset 75.47 MHZ
SH carbon spectrum size 128 points
SI2 proton spectrum size . 1024 points
NS number of scans/experiment 432
NE number of experiments 60

The duration of each experiment was approximately 17 hr.

Sample Preparation

Oxidation of SHRP Asphalt AAA-1 Using H,O,. A 0.53 g sample of AAA-

1 was weighed out, pl.aced in a 100 mL round bottomed flask, and dissolved in
50 mL of THF. Then 5 mL of hydrogen peroxide ,(I-‘I‘ZOZ) was pipetted into the
flask. This mixture was left to stir at room temperature for approximately 17 hr.
Excess H,0O, was then extracted three times, first with a saturated aqueous
NaHCOQ, solution, and the last two times with dgionized water. The
THF/asphalt solution was then dried over MgSO,, filtered, and the THF Was

vacuum evaporated.

Preparation of Asphalt Samples for COLOG Experiment. Sample size for

2J coupling experiment was 96 mg asphalt dissolved in 0.3 mL deuterated

chloroform (CDCL,). Samples were placed in thin-walled 5 mm O.D. NMR
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tubes. 9,10-dimethylanthracene (9,10 DMA) was used as a benzylic proton
reference‘ stahdard at 3.1 ppm in the 'H spectrum. The concentration of the
9,10 DMA was 8.9 mg/0.4 mL CDCI, (4.17 moles/0.4 mL) dissolved within a
coaxial NMR tube and inserted into the NMR tube containing the asphalt. The

tubes were capped and sealed with Parafilm.

Fourier-Transform Infrared Analysis of Carbonyls

in Asphalt using KBr/Asphalt Pellet Procedure

Instrumentation and Experimental Parameters

All infrared absorbance spectra were taken on a Bruker IFS25 fourier-
transform IR spectrometer fitted with a Globar (silicon carbide rod) 100-5000
cm™ IR laser, a Deuterated Triglycine Sulfate (DTGS) detectof, and é KBr beam
splitter (useful range: 400-4800 cm™). The resolution was at 2 wavenumbers.
The scanning frequency was set from 400-2000 cm™. The samples were
scanned 16. times per experiment. The carbonyl Integration range was from
1675-1753 cm™. Carbonyl concentrations were all reported in moles carbonyl/g

asphalt (moles C=0/g).
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Sample Preparation

The sample preparation was very similar to that used by Glover, et
al.(11) The one exception was that it was not necessary to freeze the asphalt
prior to mixing with the KBr powder. Pre-freezing did little to help keep the
asphalt sufficiently brittle and hard for very long after the onset of mixing. A
standard curve for quantifying the C=0 absorbance band was derived by
preparing a series of standards with increasing concentrations of

cyclododecanone in KBr.

Fractionation of Selected Asphalis Using

High Pressure Gel Permeation Liquid Chromatography

Instrumentation and Experimental Parameters

The hardware used for the GPC experiments included the following

components:

Rheodyne model 7125 syringe loading sample injector fitted with a
100 pL sample injector loop.

Waters Associates chromatography pump model 6000A. Operating
range: 0-6000 psi.

Jordi GPC column filled with 1000 A polystyrene beads.

Hewlitt Packard model 1040A UV-VIS diode array detector with a

deuterium lamp source. Detection at eight selected wavelengths:
440, 410, 380, 340, 280, 254, 230, and 210 nm.

Phase Sep direct reading digital display flowmeter with reading range '

between 0.1-10 mL/min. -
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Hewlitt Packard
Hard drive model 9153C040
Computer model 9000 series 300
Video color monitor model 98561A
Keyboard
Think Jet printer model 2225A
HB-IB interface card model HP98624A
HPLC Chem Station software.

For each experiment, the flowrate was always set at 0.900 mL/min. This
flowrate had been previously optimized by Jennings, et al.(25) A typical column
pressure was 2000 psi. The absorbance was recorded at 3520 ms sampling,

intervals for 42 minutes.

Sample Prepardtion

Gel Permeation Chromatography (GPC) is based on the differential
permeation of the various molecular species into matrices of defined pore size.
As the sample traVerses the column, the small compounds permeate the matrix
pores to a greater degree than the larger components, and are retained longer.
Elution order, for similar compound types, is a function of molecular weight, the
Iargest_ materials eluting first, and the smallest last. For example, linear
synthetic molecules would have different elution times than globular proteins of
similar weight. For this reason, it was necessary to prepare a mass calibration
curve using standard compounds of known molecular weight. Four polystyrene
samples of molecular weights: ‘35,000; 15,000; 3,600; and 2350 were chosen

for the high mass range calibration. They were diluted to
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10% (w/v) in THF. In addition, seven organic compounds similar to those found
in asphalt were used for the low mass range calibration. They included:
1,2,4,5-tetramethyl benzene (mw. 134), carbazole (mw. 167), benzo[a]pyrene
(mw. 252), -1-(2-naphthyl)ethanol (mw. 172), coronene (mw. 300),
1-methyl-3,4-diphenanthrene (mw. 342), and rubrene (mw. 532.69). The
dilutions made of these samples ranged from 0.12 - 5% (w/v). The dilute
solutions made were of the polyaromatic compounds beéause the.y were better
chromophores at 254 nm.

All asphalt sambles were dissolved in THF and diluted to 0.5% (w/v).
One hundred pL of this dilution was loaded into the sample loop and then
injected into the GPC flow. Fractions were collected in 20 mL glass vials. Five

fractions were collected per run during 5-8 minute intervals which translates to

~approximately 4.5 to 7.2 mL per fraction. This procedure was repeated three

times per asphalt. Like fractions were then combined and the THF was then

allowed to air evaporate. The vials were then capped.

Laser Desorption Mass Spectrometry

of Aspha‘lt

Instrumentation and Experimental Parameters

The Laser Desorption MS experiments were run on a reflecting

Perseptive Biosystems/Vestec benchtop instrument. The time-of-flight mass
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spectrometer has a 1.3 m vertical flight tube. The experiments were performed
in linear mode only. The accelerating voltage was set at 20 kV. The ion
source pressure ranged from approximately 1x10° to 1x107 torr. All spectra
were obtained in positive ion mode only. The Savitsky-Golay order statistical
analysis was applied to smooth out noise in the resulting spectra. A 337 nm
nitrogen laser was used for desorption. The vacuum system was equipped with
two turbomolecular pumps. The analyzer/detector was a secondary electron
multiplier. All spectra were downloaded into Gramms/386 version 3.0 software
for calibration and plotting. |

Mass calibratidn was internal when using standards. However, a two

point external calibration was made for asphalt samples. The +2 charge state

- of cytochrome ¢ (horseheart, MW=12,360) was used for the high mass

calibration point at 6,180 Da. Sodium was always used for the low mass

calibration point.

Sample Preparation

The calibration mixture was prepared by first dissolving 1 mg of
cytochrome ¢ in 1mL of a 70:30 ratio of H,O:acetonitrile mix. One pL of this
mixture was then placed on the laser desorption sample plate along with 1pL of
a saturated agueous solution of sinapinic acid métrix.

When still using the MALDI technique for asphalt, 1 pL of a saturated
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solution of 10 mg of dihydroxybenzoic acid dissolved in 1 mL of a 90%
+ ethanol:10% H,O mix was used as the matrix. This was then mixed with 1 pL
of asphalt in THF on the laser desorption sample plate. When no longer using
a matrix for laser desorption, either pure asphalt was directly deposited onto the
sample plate or 1pL of a solution of asphalt in THF was pipetted onto the plate.
The THF was always allowed to evaporate before inserting the plate into the
instrument. Laser desorption of standards i.e. pyrene, carbazole, and coronene
was also accomplished Withouf the use of a matrix. The mixtures ¢consisted of

the concentrations listed in Table 2.

Table 2. Concentrations of model compounds and asphalt used for
determining LD ion processes.

Sample Mixture Concentration in THF

coronene . 2 mg/mL

carbazole 1) and 2) 1) 2 mg/mL and 2) 1“.7mg/mL}
pyrene 2 mg/mL

NaCl 2.6 mg/mL

SHRP AAD-1 asphalt 6 mg/mL

pyrene:carbazole 2:asphalt 1:1:1 of the above dilutions
coronene:carbazole:asphalt 1:1:1 of the above dilutions
coronene:NaCl 1:1 of the above dilutions
coronene:NaCl:asphalt 1:1:1 of the above dilutions

Ll dl
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RESULTS AND DISCUSSION

NaH/CH.| Methylation and NMR Quantitation of Phenols in Asphalt

General Discussion

Asi discussed in the Introduction, phenols probably contribute to asphalt
self~assembly through hydrogen bonding. In addition, phenols may facilitate
aromatic electrophilic substitution under the appropriate conditions. One of
several possible sites for phenol assisted electrophilic substitution to occur
would be at the asphalt/aggregate interface. Aggregate material may contain
many different types of ionic species that could be involved in the aromatic
substitution of asphalt molecules.(10) Such changes would not neccessarily
result in “poor” pavement performance, but there is the possibility, as with
asphalt chemical autoxidation, that any chemical change in asphalt is
detrimental. Irreversible chemical changes may well alter the preexisting
balanced molecular composition that makes asphalt such a superior paving
material.

Because the phenolic group is likely to contribute both to chemical
éhanges in asphalt, and to be involved in asphalt self-assembly, a method that

could reliably quantify phenol in asphalt would be important. As explained in
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. the Introduction, NMR is a promising method for quantifying phenols in asphalt,
however, they must first be methylated. The Phase Transfer Methylation (PTM)
method (3,33,58) that has been previously used for phenol quanﬁfication in
asphalt by NMR involved several problems. First, the PTM method not only
converted phenols to methyl ethers but it methylated carboxylic acids, imines
and thiols in asphalt as well.(3) Second, the PTM chemical procedure was time
consuming (3) and not practical for processing many asphalt samples. Figure
23 shows several NMR spectra of PTM methylated asphalts. The phenol peaks
at 60 and 55 ppm are very broad and, in fact, difficult to integrate. The
shoulder on the left side of the '*C methylated carboxylic acid peak‘could not
be assigned and contributed to the difficulty of integrating the peak. The need
for finding a specific and r’e‘liéble method for phenol quantification was great.
Here we will demonstrate the application of a novel method for specific and
simple phenol methylation that uses sodium hydride and methyl iodide (NaH
and CH,l). The NaH/CH,| methylation of phenols (37,38) proved to be a

significant improvement over the PTM method.

NaH/CH.| Methylation of Model Compo_unds

Phenol Specificity = The NaH/CH,l method, as described in the
Experimental section, was first tested on model corhpounds. The objective was

to optimize experimental paramenters as well as to determine any limitations of
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this method.

The model compound; initially chosen to test the NaH/CHSI method were
phenol and benzoic acid. Benzoic acid was included to confirm the literature
reports that the method is specific fbr_phen‘ols.(37,38)‘ The results of this
experiment can be seen in Figure 24 which shows both the 'H (24a) énd the
3C (24b) NMR spectrum. The methylated phenol peaks at about 1.5 ppm in
Figure 24a and 55 ppm in Figure 24b are each labeled by number 1. There is
no evidence of any peak for methylated benzoic acid. If the benzoic acid had
been methylated, both a methoky 'H NMR peak at about 2 ppm in Figure 24a
and a methoxy °C peék at about 51 f)pm in Figure 24b would have been
present. Figure 25a shows the 'H NMR spectrum of the recovered benzoic
acid that had been extracted from the methylated phenol solution. Figure 25b
shows the "H spectrum of pure benzoic acid in chloroform (CDCl,). A
comparison of the spectra shows that the peak at about 12.5 ppm in 25a was
indeed due to the recovered benzoic acid proton. Thfs constitutes additional
proof that the benzoic acid had not been converted to its respective methyl
ester.

The NaH/CH;l methylation method did indeed appear to be phenol
specific. However, as an exira precaution, the experiment was repeated using
additional model compounds. The next ‘series of model compounds included:
2,6-dimethylphenol, used as an example of a hindered phenol; phenol, used as

an example of a non-hindered phenol; benzoic acid; and octanoic acid. The 'H
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and the ®C spectra in Figure 26 show peaks marked by 1 and 2. These peaks
are due only to methylated phenol (methoxy benzene) and 2,6-dimethyl-phenol
(2,6-dimethylmethoxy-benzene). Neither of the acids had been methylated.
The general conclusion of these results was that the NaH/CH,l method was

promising for phenol specific methylation in asphalt.

Quantitative Measurements Experiments were perforfned to determine
whether or not the NaH/CH,l methylation method was quantitative. The model
compounds, phenol, 2,6-dimethyl-phenol (2,6 DMP), benzoic acid, and octanoic
acid were used for this experiment. The primary standard was a 25% solution
of deuterated tetramethyl silane (TMS) in dg acetone, sealed in a coaxial NMR
tube. The TMS solution had been used previously for the PTM method. This .
standard was specially prepared by Cambridge Isotope Company. In the event
that the coaxial tube was broken, a new standard would have to be purchased.
For both economic and time reasons, it was decided that an alternate standard
would be tested against the TMS sténdard. A known volume of'toluene\ was
mixed in with the methylated model compounds in the NMR tube. Toluene
was chosed because it was readily available, affordable, and its methyl *C
NMR peak at 21 ppm was sufficiently upfield from the methoxy 3C peaks to
allow easy integration. |

As mentioned above, the only methylated products observed by NMR

were methoxy-benzene and 2,6-dimethylmethoxy-benzene. Table 3 shows the
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IF . Starting Material WeigHt(g,) | Percent Methylated Yield
Standard g ol 26DMP | Phenol 2,6 DMP
25% TMS 0.28 0.36 25 41
Toluene 0.28 0.36 29 41
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yield data from the methylations using the two integration standards. A
comparison shows that the two integration standards gave comparable yield
values. However, the yields were low which did not coincide with the fairly high

yields reported in the literature.(37,38) Hence, two possible reasons for:

Table 3. Data comparing two integration standards for phenol quantification
using the NaH/CH,l methylation method.

the apparent low recovery were considered. First, the loss of product could
have been due to losses that occured during the chemical separations
performed after the completion of the methylation reaction, as described in the
Experimental section. Second, the NMR experimen{él parameters could have
been incorrectly chosén; One explanation of the second case type involves the
T, relaxation time. The symbol T, represents the spin-lattice relaxation time
(this relaxation occurs by the loss of energy from thé excited nuclear spins to
the surrounding molecular lattice). This is the time constant for the excited
nuc]ear spin system to reach longitudinal equilibrium after being exposed to a
RF pulse. To ensure complete relaxation of nuclear spin states, instrumental

delays between excitation pulses are normally set to 5x7, In this experiment,
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the delay between exitation pulses was set at 50 s. If this delay time is too
short, then the next excitation pulse will occur before complete relaxation of the
excited nuclear spins giving NMR signals whose peak areas are too small.
Upon integration against a standard, the measured concentration will be too
low. Anisaldehyde, which contains a methoxy carbon, was use_d as the model
compound to determine the methoxy °C T.. Figure 27 shows the results from
the NMR inversion recovery experiment used to determine T, for the
anisaldehyde methoxy carbon. The peak of interest is indicated by the arrow
marked 1 at about 56 ppm in the top spectrum in Figure 27. The experiment
showed that T, = 5.34 s for the methoxy carbon in anisaldehyde. Therefore,
5xT, = 26.7 s was well within the normally used delay time of 50 s.

It seemed as if ;the origin of the low recovery was either due to the loss
of product during the chemical “clean-up” process after the methylation reaction
was complete or to the possibility that the method was not quantitative.

The NaH/CH,l methylation experiment was repeated on additional model
systems to determine which of the two remaining possible reasons for the low

reéovery. The yields were again measured by NMR again using 2,6-dimethyl

- phenol and 2-naphthol as the model compounds. Toluene was used as an

internal integration standard. Table 4 shows the percent yield of methylated
product from three separate methylations. The yields that were calculated
appear high, however, one must consider that there is a NMR error range

between +/- 5-10%.
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Table 4. Percent yield of methylated model compounds.
Percent Yield oerethylated Phenol (%)
Run 2,6-dimethylmethoxy- 2-methoxynaphthalene
benzene :
1 102 98
2 110 95
3 90.4 99.6

Methvylation Using '*C Enriched Methyl lodide for Low Phenol

Concentrations It is known from previous methylations of phenols in

asphalt that they exist in low concentrations, at approxirﬁately 1x10° mol/g
asphalt.(3) For the model compounds, methyl iodide with the natural isotopic
abundances of *C (1.1%) had been used for the NaH/CH,l method. If one
were to use unenriched CH,l on asphalt, however, the combined effects of the
low ®C natural abundance of 1.1% and the low phenol functional group
concentration in asphalt would result in the >C methoxy NMR signal to be lost
in the noise. Therefore, 99% 3G enriched methyl iodide was used in
subsequent experiments. But, before applying the NaH/CH,l method to asphalt,
a solution containing low concentrations of 2-naphthol and 2,6-dimethyl phenol
in THF was prepared. The total concentration of phenol functional groups used
was approximately that found in asphalt. The methylation experiment was
performed in the same manner as before. Figure 28 shows that the methoxy

8C NMR peak increased substantially over the other peaks in the spectrum
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upon use of the enriched methyl iodide as can be seen by the peaks marked 1
and 2. The calculated percent yield is shown in Table 5. The yields are seen
to be marginally lower than previously obtained. However, this could well have
been due to the inaccuracy caused by weighing very small quantities of sample.
It is wéll to mention here that the peak intensities of the aromatic
carbons in Figure 28 appear too high as compared to the peak intensities of the
8C enriched methoxy peaks. By appearance, the intensity of the methoxy
peaks should be much greater considering that they are enriched. However,
this discrepancy has not been investigated and should be if further work is to

be accomplished in this area..

Table 5. Yields for methylating low concentrations of model phenols using
99% '*C enriched methyl iodide.

Starting Percent Methylated | Original Mass (g) Moles of Phenol in
Material Yield # of Starting Material | Starting Material
2-naphthol 85 0.0028 9.02x10®
2,6 DMP 92 0.0013 2.29x10°

a) Calculations were made against 1.8 x 10™ moles of toluene standard.

NaH/CH..| Methvlation of Asbhalt

The Use of a Relaxation Agent  Carbon atoms within asphalt tend to

have extrerhely long T, relaxation times.(59,60) The combined effect of low
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phenol concentration in asphalt and long *C T.'s, is to decrease the likelihood
of obtaining a strong *C NMR signal. Using™ C enriched methyl iodide is
expected to only partially solve the sensitivity problem. However, addition of a
paramagnetic species like Cr(acac), to samples such as asphalt greatly
reduces *C T, relaxation times. Figure 29 compares two spectra of methylated
asphalts. Figure 29a is the NMR spectrum of the asphalt to which no Cr(ac‘:ac)3
had been added where the only two peaks evident belong to aliphaltic cérbo‘ns.
Even though "*C enriched methyl iodide was used on the asphalt in Figure 29a,
one still cannot observe any corresponding methoxy carbon signals. - Figure 29b
shows the NMR spectrum of the same asphalt to which Cr(acac), had been
added. One can now observe more peaks including the hindered phenol group
peak labeled 1 and the non-hindered phenol group peak labeled 2.

Upon studying the spectrum in Figure 29b one observes that the
resolution and the signal to noise (S/N) ratio is very low, especially in the region
of interest between 50 and 61 ppm which could have much to do with the
magnetic field of the spectrometer used. The ®C alphalt spectrum in Figure 29
had been acquired on a Bruker AC300 spectrometer. It was decided that a
higher field instrument would be used for spectral acquisition, namely, a Bruker
AMS500. The increase in the S/N ratio when using magnets of increasing field -
strength can be seen aé a consequence of the energy transition between
nuclear spin states after having been exposed to an RF field. This transition

energy is shown in Figure 30 and given by the equation:
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Figure 30. Energy levels and transitions for a nucleus in a magnetic field B.(60)
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AE = yhB/2m (60)
where vy is the gyromagnétic ratio and B is the of the applied RF field. As the
magnitude of RF field is increased, the transition energy, AE, between spin
orientations increases. This increase directly affects the Boltzmann nuclear
spin population distribution, N, and N, shown in the following equation:
Ng/N, = exp(-hv/KT) (60)
At thermal equilibrium, N, and N, are degenerate (equal). However, in an
applied magnetic field, these populations become unequal with Ny < N, givihg a
net absorbtion of energy resulting in an NMR signal. As AE widens, more of
the spin population will remain in the lower energy N, orientation. And, the
greater the difference between the N, and N, spin populations, the greater the

NMR signal intensity.

Simplifying the Chemistry ~ As seen above, the NaH/CH,| method

showed great promise as a selective method giving high methylation yields for

- phenol group analysis in asphalt. However, if one were to accomplish phenol

group methylation for any series of asphalt samples where time constraints are

imposed, the chemistry required to perform the NaH/CH,l must be simplified

and shortened. It was decided to attempt this method in a single “pot”, the

NMR tube. However, before attempting the simplified version of this method on
asphalt, it was performed using the two previously used model compounds: 2-

naphthol and 2,6-dimethyl phenol. Because the methylation was being
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performed in the NMR tube itself, a suitable solvent was needed that could
serve both as a good reaction medium and as a deuterated solvent for the
NMR experiment. For this reason d, THF was chosen. This seemed an ideal
solvent because both of the THF NMR "*C multiplets are spectrally removed
from the other peaks of interest. Table 6 gives the *C chemical shift values.
Figure 31 shows the "*C spectrum of this mixure where the peaks marked 1
ahd 2‘show the methoxy carbon peaks of 2,6-dimethylmethoxy-benzene and 2-
methoxy-naphthalene. The d; THF multiplets are marked by arrow 3 and the

toluene peak is marked by arrow 4.

Table 6. 3C chemical shift values for the Inverse Gated integratable NMR
experiment.
Compound - | '3C Chemical Shifts
| (ppm) o
dg Tetrahydrofuran 25.8, 67.9 (quintets)
Toluene (methyl carbon) 22.7
‘2-Methoxy-naphthalene (methoxy carbon) 56.9
2,6-Dimethyl-methoxybenzene (methoxy carbon) 60.8:

One-Step Methylation of Asphalt  The NaH/CH,l one-step methylation

procedure was now applied to a series of experimental asphalts from the
Strategic Highway Research Program (SHRP). (See Appendix for background

information on the SHRP asphalts.) These asphalts included:
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AAA-1, AAB-1, AAC-1, AAD-1, AAF-1, AAG-1, AAK-1, and AAM-1. An
example spectrum of the result can be seen in Figure 32a. It shows the
methoxy region of the *C NMR spectrum of asphalt AAM-1. The peak due to
methylated hindered phenol groups in asphalt which resonate between
approximately 61 and 63.3 ppm is des.ignated by arrow 1. Arrow 2 points 1o the
broad peak due to methylated non-hindered phenol functional groups between
about 55.5 and 57.9 ppm. And, the peak marked by arrow 3 can only‘be
attributed to methylated carboxylic acids. This third peak was a result of the

one-step chemistry process and was a development not previously observed.

One possible explanation that could account for the appearance of the

methylated carboxylic acids in asphalt was fhat not only was a large excess of
methylating agent .addea to ensure the completion of the reaction, the excess
was left in the asphalt solution for about two hours reaction time plus eight
additional hours during the NMR spectral acquisiton. Thi\;: apparently was
sufficient time for at least partial methylation of carboxylic acids. This reaction
phenomenon has épparently not been reported previously in the
literature.(37,38) A probable explanation is that previous experiments on model
compounds were carried out under stochipmetric conditions.(37,38) Since this
methylation reaction preferentially methylates phenols, all of the methyliodide
would be consumed by the phenols, Ieaving.no reagents for the apparently slow
methylation of carboxylic acids. One should note that this, by no means,

constitutes a proven method that should be used for methylating carboxylic
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acids.

The unidentified unresolved peak that overlapped downfield of the
methylated carboxylic acid peak that was always present when using the PTM
method did not appear when uéing the NaH/CH,l method. To see the
difference, compare Figure 32a (arrow 3) with the same region in Figure 32b.
By comparing the peaks labeled 1 and 2 in Figure 32a of the NaH/CH,l
methylation to their respective positions in Figure 32b of the PTM methylation, it
is clear that the NaH/CH,l methylation results in a much “cleaner” speétrum with
significantly better resolution. Additional peaks appeared as well that were not
seen previously when using the PTM method. One of the most interesting
“new” peaks was the sharp peak shown by arrow 1 in Figure 32a whose
chemical shift was within the spectral rahge of the methylated hindered phenols
at about 63.6 ppm. The fact that this peak is so shar,b indicates a phenol group
attached to a small molecule. This is not surprising gi‘ven the evidence
" obtained from Laser Desorption Mass Spectroscopy (LD-MS) of asphalts
discussed in detail in that section. Briefly, asphalt does contain many small
molecules which could very possibly include small phenolic molecules. As
shown in the LD-MS section, there is evidence of the presence of 9-
hydroxyanthracene in most of the asphalt samples that were observed through
the LD-MS technique. This is a speculation that could be subject for further
research and not pursued in this dissertation. The identity of the unlabeled

peaks in Figure 32 are unknown, however, their chemical shifts do not overlap

v
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with those shifts belonging to the ‘phenci>ls in asphait.

Figure 33 shows the "°C methoxy region of the NMR spectra of the eight
NaH/CH,l methylated SHRP asphalts. One can see from Figure 33 that both
S/N and resolution is much improved over that obtained after using the PTM
method (Figure 23). The “mysterious” peak at 63.6 ppm is present in all of
these samples. There are also other small peaks protruding from the hindered
region that had not been previously seen. There is also some evidence of this
occuring in the non-hindered peak region. Also seen is the methylated
carboxylic acid peak at about 52.5 ppm. Table 7 compares the data obtained
by both the PTM and the NaH/CH,l methods.

Itis seeﬁ in Table 7 that consistently higher concentrations for hindered
phenols were measured when using the NaH/CH,l method. One explanation
may be that a specific phenol in asphalt is being methylated to a higher degree
than when using the PTM method i.e. 9-hydroxyanthracene. .There also
appears to be a higher concentration of hindered phenols than non-hindered
phenols in these asphalts which seéms logical. Bécause of the polyaromatic
nature of asphalf molecules, it would seem that there wou]d be fewer non-
hindered positions available, and phenol groups in asphalt would more likely
have at least one substituted ortho position.

In conclusion, the NaH/CH,l methodology used on asphalt is simple and
reproducible with good S/N and superior resolution to that obtained with the

PTM method. It appears to give NMR resonances that are specific for




91 91

.91 91

91 D91

91 91
& 27 HS & MR 12 #) & My A2

(+ "% #H)+ '#



84

individual phenols. ' Overall, the NaH/CH,l method is a substantial improvement

over the previously employed STPTM method for characterizing phenols.

Table 7. Comparison of calculated concentrations by two methylation
methods reported in 10”° mol phenol/g asphalt.

SHRP | Short-Term Phase Transfer | NaH/CH,| o
{ Asphalt Methylation (PTM) : Methylation ' o
[ASP-OH™ [ASP-OH® | ASP-OH™ |ASP-OH® | ]
— ———— ——— !
AAB-1 4.2 3.1 4.3 2.0 |
AAC-1 1.8 17 6.2 3.1
AAD-1 2.2 2.2 6.3 28
AAF-1 63 3.2 7.9 4.2 |
AAG-1 4.2 5.5 903 5.7
AAK-1 25 - 15 5.3 3.0
AAM-1 3.5 2.8 43 - 2.2

a = hindered phenols; i.e., phenols that are substituted on one or
both ortho positions.

b = non-hindered phenols: i.e., phenols that have no ortho
substitution.

ASP = asphali.
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Determination of Benzylic Carbon Oxidation in. Asphalt Utilizing

the COLOC 2D NMR Experiment

General Discussion

As discussed in the Introduction, benzylic aliphatic carbons are thought
to be primary éites for autoxidation '(free-radical oxidation) in asphalt. Upon this
free-radical oxidation, benzylic ketones are formed.(3) These are among the
major polar functionaliti.es that appear only in age weathered asphalt and are
not detected in non-aged asphalt.(16) It has been observed that the carbonyl
absorbance invariably increases in the IR spectra of all age'-hardene'd‘, cracked
asphalt pavements, and ketones and carboxylic acid formation is said to be the
cause. Benzylic aldehydes have not been observed in age-weathered asphalt
pavemeﬁts, which is probably due to the fact that methyl free-radical
intermediate carbons are stabilized by hyperconjugation, hence making them
less reactive towards autoxidation. The appearance of the IR carbonyl
absorbance in aged asphalt is proof that chemical changes that have occured.
However, IR spectroscopy does not specifically identify the exact source of the
ketone absorbance. But, benzylic ketones are suspected to be major
coptributors to it. To investigate this possibility, the inverse COLOC

(Heteronuclear Shift Correlation Spectroscopy via Long-Range Couplings) 2D
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NMR experiment has been employed to observe whether or not benzylic

carbons have oxidized during laboratory and road aging of asphalt.

Identification of Benzylic Protons via the COLOC NMR Experiment

Finding the quaternary benzylic carbonyl carbon resonance peak in the
8C NMR 1D spectrum of an asphalt is not poésible. This is in part due to its
long T, relaxation time. Even when using a relaxation agent, such as
Cr(acac),, the peak is not observed. In adc_lition to having long T relaxation
times, carbonyl carbons are very dilute in asphalt even after aging. The
problem is further compounded by the fact that the NMR active *°C isotope has
a natural abundance of only 1.1%. This isotope is not particularly NMR
sensitive. For the two above mentioned reasons, using 1D *C NMR is not a
practical option for the observation of bénzylic carbonyl carbon in aged asphalt
pavements.

One would then naturally assume that benzylic protons could be
quantified before and after aging using 'H NMR spectroscopy. Protons are
relatively easy to detect because they have short T, relaxation times, and the
natural abundance of the 'H is 99.98%. The proton’ has the highést NMR
sensitivity of all known NMR active isotopes with the exception of tritium (3H5.

However, as shown in Figure 8 in the Introduction, direct spectral identification

of benzylic protons is impossible. This is due to the presence of other protons
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in asphalt whose NMR resonant frequencies occur within 2;3 ppm, the same
spectral region as that of benzylic protons. This results in extensive peak
overlap. Amine protons, i.e. R-NH, and R-N"HR’, are examples of protons in
asphalt whose resonant peaks appear between 2-5 ppm (60) which overlaps
the benzylic proton chemical shift region.

Although the 1D NMR approach to thé problem was. not feasable,
indirect observation of the benzylic carbon in asphalt was possible by using the
2D COLOC NMR experiment.(59) The COLOC experiment allows the 2J,
coupling between bénzylic protons and the quaternary aromatic carbons alpha
to the benzylic carbons in asphalt to be observed in the form of cross peaks in
the 2D spectrum. J coupling arises from the fact that the alignr_nent of the
nuclear spin with respect to an applied external magnetic (RF) field of an NMR
active nucleus will influence the nuclear spih of a neighboring NMR active
nucleus, thus splitting its NMR signal. This influence is transferred mainly
- through sigma bonds and the magnitude of this influence is expressed as the
coupling constant, J, in cycles per second or Hz. ‘The number of bonds
intervening the two coupled nuclei can be expressed as n in "J. Therefore,*J is
coupling through two bonds. Hence, to explain a complex operation in a very
elementary fashioh: For the 2D NMR COLQC pulse experiment, this 2J,
coupling constant is converted to seconds. This time constant is then included
in the NMR pulse sequence as a delay time between RF pulses. This delay

allows the time required for the quaternary carbon/ benzylic proton coupling to
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evolve. On asphalt, this method was first used by Jennings et al. (33) They
obtained 2D spectra which showed benzylic coupling cross peaks. However,
these were preliminary results and not pursued in greater depth at this time. In
this work, the COLOC method has been expanded and, as a result, it has been

shown that benzylic protons disappear upon asphalt road aging.

Determining Benzylic 'H and **C NMR_Chemical Shifts

The NMR chemical shift of the three types of benzylic protons i.e. methyl
(-CH,), methylene (-CH,), and methine (-CH), were determined by using
selected model compounds. Toluene, 3-picoline, ethylbenzene,
tetrahydronaphthalene (THN), cumene, and 9,10-dimethylanthracene were
selected for this purpose. In each case, the deuterated solvent used was
chloroform (CDCIl,;). NMR proton spectra were acquired for each individual
compound; for a mixture of these compounds; and for each again individually,
however spiked into an asphalt (SHRP AAG-1). Table 8 gives the chemical
shifts Qf the benzylic protons of these model compounds. One can also see
that there is little effect on the chemical shift of these protons in each of the
three chemical environments.

Once the chemical shift of the benzylic protohs were known for the
model compounds, a COLOC experiment was performed on a mixture of all the

compounds except 9,,'1 0-dimethylanthracene (9,10 DMA). *C NMR spectra




were also obtained for these standards to determine the chemical shifts of the
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Table 8. Benzylic proton chemical shifts of selected model compounds.

Model Chemical Shift (ppm)
Compound With SHRP AAD-1 | As a Mixture in Individually in
in CDCl, CDCl, cDCl,
Toluene 2.337 2.293 2.310
3-Picoline 2.301 2.408 2.297
Ethylbenzene ? 2.638 2.710 2.634
THN* @ 2.751 2.831 2.752
Cumene 2.890 2.967 2.900
9,10 DMA 3.066 NA 3.095

* THN = Tetrahydronaphthalene.
a = Shift value chosen as the center of a multiplet.

quaternary aromatic carbons substituted by the benzylic aliphaltic carbons.

Both the '*C and the ' H shifts were used to locate the cross peaks in the 2D

COLOC spectrum of the model compounds. The data are summarized in

Table 9.

Not only were these chemical shifts used to approximate the Iocation of

the 2J., benzylic coupling cross peaks, but a test COLOC experiment using

model compounds was needed to adjust instrument parameters.
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Table 9.  ™C and 'H chemical shifts that correspond to the 2Joy coupled
COLOC benzylic cross peaks.

fCompound { 2J Coupled Aromatic Benzylic Proton
Carbon (ppm) (ppm)
‘Cumene | 148.8 2.97
'Ethyl benzene 144.2 2.71
‘ Tetrahydronaphthalene 136.9 2.83
’ 3-picoline 133:1 2.41
Toluene 137.7 2.29

Determining COLOC 2J.,, Coupling Cross Peaks

Figures 34, 35, and 36 show thé H, the "*C, and the 2D COLOC
spectra of the model compounds listed in Table 9. Figures 34, and 35 are self-
explanatory. The benzylic proton and the quatérnary aromatic carbon peak of
each model compound has been labeled. Figure 36 shows the 2D COLOC
spectrum of the model mixture. The y-axis to the left of the 2D spectrum shows
the 1D ®C NMR spectrum of the model compound mixture. The x-axis at the-
top of the 2D spectrum shows the 1D 'H NMR spectrum of the model
compound mixture. The 2J., and the ®J,, benzylic proton coupling cross peaks
are circled. The ®J;, coupling crosspeaks are due to the spin-spin couplings
between the benzylic protons and the aromatic carbons that are adjacent to the

2) .4 coupled quaternary aromatic carbons. This is referred to as °Jg,
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