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ABSTRACT

This thesis presents the results of model compound studies that address the
rate parameters for hydrogen abstraction involving phenoxy radicals, and the
products, pathways, and kinetics of phenoxy radical recombination, under coal
liguefaction conditions. Thermolysis of selected mixtures of model compounds
containing functionalities found in coal-related materials were conducted in a
batch reactor at temperatures between 250 and 450°C. The reaction products
were analyzed by GC, HPLC, GCMS, and NMR, with emphasis on the iden-
tification of radical recombination products. Reactions were modeled by free
radical mechanisms and rate parameters at liquefaction temperatures for hydro-

gen abstraction and recombination reactions involving phenoxy radicals were

determined.

Phenoxy radicals were found to be more reactive than benzyl radicals,
rapidly abstracting hydrogen atoms to form stable molecules. Hydrogen abstrac-
tion by a phenoxy radical from a phenol was faster than from a hydrocarbon.
Application of the rate parameters determined for one model compound mixture

to other systems of compounds indicated good match with experimental data.

Analysis of the recombination products revealed that, when no good hydro-
gen donor solvents were available, phenoxy-phenoxy radical recombination prod-
ucts were more abundant than phenoxy-benzyl recombination products. Certain
differences and similarities were observed between the behavior of single-ring aro-
matics and their condensed-ring counterparts. Whereas phenol was quite stable
at 400°C, 1-naphthol was found to undergo considerable conversion. A mecha-

nistic scheme for 1-naphthol decomposition was proposed which accounted for



viii
the major reaction products. Thermolysis of various model compound mixtures
indicated similar patterns exhibited by single-ring and double-ring aromatics
with respect to the pathways of oxygen-oxygen and oxygen-carbon free radical
recombination.

Bimolecular reverse disproportionation was demonstrated to be satisfac-
tory in explaining naphthol conversion. Furthermore, dehydration accounted
for furan formation and concerted reactions could possibly be involved in naph-
thalene formation. Thus, in addition to unimolecular dissociation reactions,
several pathways exist for the thermal reactions of oxygen compounds.

These model compound studies indicated that the results of a simple model
compound mixture could give insight into the understanding of a more complex
reaction network. This insight will ultimately provide the link between model

compound results and the reactions of coal-related materials.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Coal Utilization

Coal has been a source of energy since the dawn of the industrial revolu-
tion in the early 1840’s (1). It dominated the world’s energy supply up until
the beginning of this century, when petroleum rapidly became the preferred en-
ergy source. Since then, coal research has attracted varying levels of interest,
depending upon the accessibility of petroleum. For example, fear of depletion
of oil supplies, coupled with the expanding automobile industry, ignited coal
liquefaction research in the early 1920’s. Subsequent discovery of oil in Texas
in the mid-1920’s, however, discouraged further work in this field. The end of
World War II saw petroleum shortages in the United States, and coal research
once again flourished, only to be halted by the discovery of massive petroleum
reserves in the Middle East in the mid-1940’s. Political unrest in the Middle
East in 1973 renewed research efforts in coal utilization, and pointed out the vul-
nerability of overdependence on oil. With today’s increasing energy demands,
rapid depletion of petroleum reserves, and uncertainties in oil and natural gas
supplies, coal is being reconsidered as a potential solution to the current energy
problems.

Coal represents 80 percent of the world’s proven energy reserve (2). The
economically recoverable coal reserve would last over 150 years at the 1973 -
1985 production growth rates (3). Yet coal production today represents only

18 percent of our primary energy supply (4). Even though several alternative
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means of energy production, such as solar power and thermonuclear fusion, are
being developed to offset the gradual decline of crude oil production, they appear
to be in their early stages, and their full potential will not be realized in the
near future. Other processes, such as conversion of geothermal and hydroelectricl
energy, hav;e well established technologies but are limited by natural resources.
Finally, shale oil and tar sand conversions to fuels have encountered numerous
environmental problems (5). It becomes apparent, therefore, that coal as a
source of synthetic liquid fuels will satisfy a significant part of our energy needs
during the ‘transition period’ of the next few decades, until other technologies
have had time to mature. With this objective in mind, a thorough understanding
of the reactions of coal liquefaction will be key to unleashing the total usefulness

of coal.

1.2 Coal Structure and Coal Liquefaction

Organic substances in coal consist primarily of fused aromatic clusters con-
nected together by various types of nonaromatic linkages such as methylene,
ethylene, and ether bridges (6). From the available data on the composition
of coal, several researchers have attempted to derive a representative structure
for bituminous coal that is consistent with the observed chemistry. A recent,
sophisticated model of a ‘coal molecule’ was proposed by Wiser (7) and is given
in Figure 1.1. The model shows a number of fused aromatic rings joined by rela-
tively weak bonds. Each aromatic cluster, or modular unit, consists of a nucleus,
the majority of which is estimated by a procedure known as ‘structural anal-

ysis’ to contain two to three condensed, saturated and unsaturated rings (8).
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Examples of such nuclei include naphthalene, tetralone, biphenyl, furan, and

phenanthrene. These modular units are relatively stable at liquefaction tem-
peratures, typically between 350 and 450° C. A typical coal molecule contains
between 5 and 20 such modular units (9).

Figure 1.2 is a schematic diagram of the chemistry involved in the process
of coal liquefaction (1). At elevated temperatures, weak linkages such ethylene
and ether bridges dissociate, and the crosslinked structure of coal fragments
into radicals. In the presence of a hydrogen donor, the radicals rapidly abstract
hydrogens, ‘capping’ the active sites, and becoming stable species. Each species
consists of a modular unit or groups of units roughly of molecular weights 300
to 1000. In the absence of a hydrogen donor, the radicals recondense to form
larger, more complex molecules that are undesirable. Such termination reac-
tions of these radicals are not well understood, and their mechanisms deserve
a detailed study, so that solvents and reaction conditions may be chosen to
minimize the formation of undesirable recombination products. The presence
of free radicals in liquefaction processes has in fact been confirmed by electron-
spin-resonance spectroscopy (esr) studies (10). This work will therefore apply
free-radical mechanisms in studying the abstraction and recombination reac-
tions. This admittedly is a simplified description of the reaction pathways that
occur during coal liquefaction processes. Effects such as catalysis by mineral
matters and transport limitations due to irregular coal's pore structures have
been neglected. The above approach, however, should be valid for the systems

of pure compounds of small molecular weights under study.



1.8 Model Compound Study

Coal has an extremely complex chemical structure, consisting of highly
substituted aromatic clusters. Further, the composition of coal varies greatly
even amoné coals of the same rank. Studying the kinetics of coal itself would
yield a global picture resulting from a multitude of intertwined reactions, from
which individual types of reactions could not be isolated. The use of model
compounds to concentrate on particular classes of reactions minimizes confusing
side reactions. A model compound is a pure compound of low molecular weight

that contains the same types of functionalities as in coal-related materials. For

example, benzyl phenyl ether has the following structure:

0

OEERC

It simulates coal in the sense that it contains aromatic rings, connected to-
gether by an ether bridge. Model compound experiments allow us to isolate
and examine classes of reactions important in coal processing (11). Qualitative
and quantitative results can be readily obtained on elementary reaction mecha-
nisms, rate parameters, and product structures and distributions. The thermal
reactions of model compounds containing the representative functional groups

found in coal have been extensively studied (12 - 20).

Even as model compounds are used to approximate the chemistry of coal,
it would still be impossible to investigate all of the thousands of mixtures of

model compounds potentially relevant to coal liquefaction. Instead, mechanistic
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models are developed for the reactions of a few significant model compounds,
and then these mechanisms are combined to predict the reactions of mixtures of
compounds. Eventually, the ability to predict the reactions of a complex mixture
from the results of experiments involving one, two, or three model compounds
will allow the transition from model compound studies to the reactions of coal-
related materials.

A major disadvantage of this approach is the large number of elementary
reactions required to model even a simple system of two or three model com-
pounds. In order to study the kinetics of a complex mixture, simplifications ~of
the mechanism will have to be made. In the following chapters, attention will
be paid to the ways in which the number of reactions in a mechanism can be re-
duced without significant penalty in the accuracy of model results. Eliminating
unimportant reactions will also reduce the number of rate parameters that must
be estimated, although for coal-related systems, each mechanism consists of only
a few rate-limiting reactions. The model is generally insensitive to perturbations
in the values of most other rate parameters (20).

The aforementioned disadvantages are more than offset by the insight into
the nature of the chemical processes that the mechanisms offer. Rate-limiting
steps can be identified, rate parameters can be calculated, and the extent of
interaction between groups of functionalities in mixtures can be estimated by
combining mechanisms (11). Therefore the model compound approack will be

adopted in our work.



1.4 Literature Review

The abundance of hydroxyl groups, ether bridges , and other oxygen-
containing groups in coal, as shown in Figure 1.1, indicates that oxygen con-
stitutes a siZgniﬁcant fraction of a typical coal molecule. Sub-bituminous and
bituminous coals have been known to contain up to 20 weight percent oxygen,
mainly in the form of phenols and ethers (1). In this thesis, we focus our atten-
tion on such oxygen groups.

Phenolic and other oxygen functional groups exercise profound and mul-
tifaceted influence on the physical and chemical processes of coal liquefaction.
Phenolic groups in coal increase the polarity and thereby decrease the solubility
of coal molecules and their fragments, resulting in higher yields of preasphaltenes
and insoluble residues. Phenolic compounds in the recycle solvent, on the other
hand, increase the solubility of the initial products of liquefaction (1).

The chemical role of phenolic hydroxyls on liquefaction is multifaceted.
Carbon-centered radicals can abstract phenolic hydrogen to form phenoxy rad-
icals, which in turn can abstract hydrogen or form products of recombination.
Recombination results in the incorporation of light or heavy phenols from the
recycle solvent into coal liquids. Heavy phenols are active in char forming reac-
tions. Hydroaromatic molecules carrying phenolic groups are known to be very
effective hydrogen donors (1). The formation and removal of oxygen-carrying
groups in coal liquid fractions during liquefaction has been measured for several
coals (21).

Model compound studies have provided considerable information about
thermal reactions of oxygen functional groups that are thought to be impor-

tant in coal liquefaction. It has been found, for example, that phenolic groups
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dramatically enhance the rate of dissociation of methylene bridges (22). The

direct dissociation

¢-CH;~¢ — ¢-CHy +¢ (1)

where ¢ is the phenyl group or a condensed aromatic unit, does not proceed
at liquefaction temperatures because of the high activation energy ( E, £ 80
kcal/mol, which corresponds to a half life of about 9000 hours at 400°C ). In
contrast, the presence of phenolic hydroxyl in the ortho or para position induces

a phenol-enol tautomerism, with the keto form amenable to dissociation:
¢$-CHz—¢—OH = ketoform — ¢—-CHz +¢-0- (2)

Several studies have dealt with the dissociation of ether bridges connecting
aromatic units. Bridges of the diaryl type (¢ — O — ¢) or aryl benzyl type (¢ —
O — CH; — ¢) have been examined. Along with methylene and possibly ethylene
bridges, ether bridges are helieved to constitute the predominant links among
aromatic units. Ether bridge dissociation, therefore, has been regarded as an
important step in liquefaction. The thermolysis of certain complex aryl methyl
ethers at 425°C in the absence of any solvent yielded the decomposition products
¢—OH, ¢ — CH;, plus higher molecular weight compounds and char (23). The
thermolysis of benzyl phenyl ether by itself and in the presence of tetralin or
tetrahydroquinoline at 375°C yielded mainly phenol, toluene, and phenyl tolyl
ether (24). Some higher molecular weight material was also obtained and was
found to be heavier in the absence of the hydrogen donor. The products were
qualitatively explained by a free radical mechanism and certain comparisons

were made between phenoxy and benzyl radicals relative to hydrogen abstraction

and recombination reactions.
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Results from the thermolysis of several compounds containing an ether
bridge at 450°C in the presence of tetralin were reported by Kamiya et al. (25).
Diphenyl ether underwent no conversion while phenyl naphthyl ether and di-
naphthyl ether underwent about 25 percent conversion in two hours. Benzyl
phenyl ether was totally converted in 30 minutes. This study also revealed that
the presence of phenolic compounds in the solvent enhances the rate of dissocia-
tion of benzyl phenyl ether considerably but does not influence the dissociation
of bibenzyl. Evidently, phenolic hydroxyl groups stabilize the phenoxy radical or
the transition state. Rearrangements of aryl aryl ethers containing alkyl chains

in the ortho or para position have been reported by Factor et al. (26).

The reactions of phenoxy radicals, unsubstituted and substituted, have been
studied quite extensively at temperatures up to 60°C largely in connection with
the use of phenols as inhibitors of hydrocarbon oxidation (29, 30, 31, 32). A
review of this work including detailed thermodynamic and kinetic analysis of
experimental data is provided by Mahoney and DaRooge (33). Of particular
relevance to coal liquefaction are the results concerning hydrogen abstraction
and recombination reactions of phenoxy radicals. Unlike carbon-centered radi-
cals, phenoxy radicals are very selective in hydrogen abstraction reactions with
the rate constants varying considerably with changes in the substituents of the
radical or the substrate. One striking result is that the rate constants for hydro-
gen abstraction by phenoxy radicals from phenol substrates are higher by two
to four orders of magnitude than the corresponding constants for abstraction
from hydrocarbon substrates. This difference was attributed to the formation

of a hydrogen bonded complex in the former but not in the latter case.

Recombination reactions among unsubstituted and substituted phenoxy

radicals lead to dimers via keto intermediates (31, 33, 34), as illustrated by



the following scheme:

0- 0 0 OH OH

"with the coupling at the ortho or para position with respect to OH. When all
these positions are occupied, termination follows a different route (30). De-
pending on the presence and location of substituents, the rate of recombination
could essentially be at the diffusion limit, or much lower because of unfavorable

equilibrium in the first reversible step.

Under liquefaction conditions phenoxy radicals produced from ether and
phenolic groups participate in hydrogen abstraction and recombination reactions
to form more stable products. The nature and relative amount of such products
depends quite sensitively on the detailed mechanism and kinetics of hydrogen
abstraction and recombination reactions involving phenoxy radicals as well as

carbon-centered radicals (mostly o radicals).

The literature on the reactions of phenoxy radicals under liquefaction condi-
tions is relatively scarce. In the few cases where the thermolysis of phenols were
studied, no detailed kinetic mechanisms were proposed and no rate parameters
were elucidated. Briner (35) studied the conversion of phenol at 450°C at various
pressures and reaction times. The products were assumed to be diphenyl ether
and water, but they were not experimentally verified. Bahr (36) reported the
formation of diphenyl ether and dibenzofuran in flow thermolysis of gaseous phe-

nol diluted with nitrogen over activated charcoal at 300 - 350°C. Merz and Weith



10
(37) heated 1-naphthol to 350 - 400°C for 40 hours under largely liquid-phase
conditions and isolated water, naphthalene, and a compound Cg0H;2 0, from the
crude product. The product CgoH,20 had subsequently been formed by heat-
ing 1-naphthol at lower temperatures with various oxidizing or dehydrogenating
agents (38 - 44). This compound was ultimately identified as dinaphthofuran
(45). Hall (46) found dinaphthofuran to be the major product of the reactions
of 1-naphthol under hydrogen pressure at 400°C for two hours. Higher tem-
peratures promoted formation of naphthalene and tetrahydronaphthalene. He

proposed that furan formation was preceded by ether formation.

Merz and Weith (37) assigned the following partial stoichiometry to the

thermolysis of 1-naphthol:
oH
3 sso‘-;c:o *C @ @Q + + 2H20
1-N . DNF

where DNF is dinaphthofuran.

In a recent study of 1-naphthol thermolysis at 400°C for up to 16 hours,
Poutsma and Dyer (47) identified binaphthol and tetralone as the predominant
initial products, as well as a host of minor products. He suggested that binaph-
thol further underwent condensation to form dinaphthofuran, and proposed the

following global scheme for the formation of these products:
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O56® o

Apparently, tetralone was very slowly dehydroxylated to yield naphthalene,
although no detailed chemistry of this conversion was provided. The initial rate
for ring coupling and hydrogen transfer was estimated to have an apparent ki-
netic order of about 2.5. The nonintegral order indicated that this was a global
initial rate, consisting of a number of elementary reactions as yet unexplained.
In other words, none of the aforementioned researchers investigated the detailed
mechanistic pathways for the thermolysis of phenols, and reported no rate data
at liquefaction temperatures for the associated elementary reactions. Moreover,
these experiments employed very long reaction times, allowing extensive reac-
tions of the original recombination products. The complex structure of the

resulting crude product eluded identification and obscured mechanistic studies.

Yet other studies of phenol thermolysis (48 - 56) were done at tempera-
tures from 650°C up to 865°C. At such high temperatures, however, dissocia-
tion and product formation followed different reaction pathways. For example,
at these temperatures, phenol were found to undergo decarbonylation to form

cyclopentadiene, dehydroxylation to form benzene, and dehydroxylation to form
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benzene (50). As will be discussed in a future chapter, our experimental results
showed that these compounds were only minor products of phenol thermolysis

at 400°C. Clearly, these high temperature reactions would not be relevant to

coal liquefaction processes.

1.5 Research Goals

The aforementioned studies (27 - 34) contain a wealth of information about
the reactivity of phenoxy radicals at room temperature. Other workers (35 -
47) reported on the thermolysis products of phenols at liquefaction tempera-
tures, but failed to provide rate parameters or mechanistic models. From the
standpoint of coal liquefaction it is essential to extend previous work in several
directions. One is to determine rate parameters for certain reactions that have
not been investigated in previous studies. Examples of such reactions are the
abstraction of phenolic hydrogen by a radicals and the recombination between
phenoxy radicals and o radicals. A second direction is to determine rate pa-
rameters at liquefaction temperatures. In the case of recombination reactions
(reaction 3) above, the second step may be sufficiently rapid at temperatures
above 400°C, such that the rate of the overall reaction reaches the diffusion
limit. A third direction is to isolate and identify the molecular structures of the
major products of recombination between the phenoxy radical and the a radical.
Mechanistic pathways for their formation can then be proposed and computer
model can be used to check their validity. A final and important direction is
to determine the effect of condensed aromatic nuclei on the phenoxy radicals in

view of the fact that most coal units contain condensed rings rather than ben-
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zene rings. Along the way, emphasis will be placed upon the successful use of
model and experimental results for a simple model compound system to predict
the behavior of a more complex mixture of compounds. It is this insight that is
required to make the ultimate transition from model compound results to the
reactions of coal-related materials.

This thesis presents the results of model compound studies that address the
rates of hydrogen abstraction from phenolic groups and the rates and products
of recombination between phenoxy-phenoxy and phenoxy-benzyl radicals. These
model compounds include single and double ring aromatics. Chapter 2 outlines
the thermochemical estimates of rate parameters of the elementary reactions as-
sociated with the thermal reactions of coal. It also presents a brief discussion on
how these rate values are utilized in CHEMR, the computer model used in simu-
lating the free-radical mechanisms. The experimental techniques and analytical
tools, mainly gas chromatography, liquid chromatography, gas chromatography-
mass spectrometry, and nuclear magnetic resonance spectroscopy, are described
in Chapter 3. Chapter 4 describes the hydrogen abstraction experiments and ex-
plains how rate parameters associated with the reactions of the phenoxy radicals
were determined. Chapter 5 focuses upon the recombination reactions involy-
ing the phenoxy radical, while Chapter 6 centers on the thermolysis of naphthol.
Chapter 7 summarizes the results of rate and product determination, the advan-
tages and disadvantages of the model compound study, and recommendations

for future work.
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FIGURE 1.1

A REPRESENTATION OF A COAL MOLECULE
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CHAPTER 2

MODELING COAL PYROLYSIS

2.1 Introduction

The thermal reactions of coal are generally believed to proceed via free
radical mechanisms (1). Several researchers (2, 3, 4) have postulated the in-
volvement of free radicals in the processes of coal liquefaction. Two studies (5,
6) have utilized coal liquefaction models in which free radicals were explicitly
included as intermediates. Other investigators have measured free radicals in
coals and treated coals (7), in coal liquid fractions (8, 9), and in slurries after
liquefaction (10, 11). Recently, Petrakis et al. (12), using conventional electron

paramagnetic resonance (ESR), have measured pre-existing and transient free

radicals under hydroliquefaction conditions.

This chapter discusses the principal elementary reactions of model com-
pounds that contain certain representative structures found in coal liguids. In
particular the oxygen-containing compounds will be of interest. Due to the in-
formation provided by the aforementioned studies, these elementary reactions
will be treated as free-radical reactions. Section 2.2 provides a brief review of the
thermochemical quantities necessary for rate calculations. The rate parameters
of several reactions can be obtained by analogy with similar reactions in the
literature. In most cases, however, the rate parameters must be estimated by
techniques such as transition-state theory and, more importantly, group additiv-
ity method, also known as thermochemical kinetics (13). Benson and coworkers

(14, 15) were largely responsible for the development of thermochemical kinetics,
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the essence of which will be summarized in Section 2.3. Section 2.4 then applies
thermochemical estimates to the major elementary reactions that are pertinent
to the study, and explains the arrangement of these elementary reactions into
a sound kinetic mechanism. Finally Section 2.5 briefly describes the computer
program CHEMR, which utilizes the formulated mechanistic schemes to model

the thermolysis of the model compound systems under study.

2.2 Rate Calculations from Thermochemical Quantities

Consider the elementary reaction
aA +bB — PP +qQ (1)

The equilibrium constant K; can be written in terms of the rate constants of
the forward and reverse reactions:
PiP|Q|4 k
K, = EPlQF_ ki (2)
[A]*[B] k_y
For the majority of chemical reactions, the rate constant can be expressed

in the Arrhenius form:

k = Aexp(—%) (3)

where A is the preexponential factor, popularly termed the Arrhenius factor,

and E, is the activation energy of the reaction. Thus,

E., —E
= Al_exp[_ MRTH]

A (4)

K; can also be related to the standard free-energy change AG,° as follows:

AG,® = -RThK, (5)
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By definition,
AG,°

H

AH,® - AS,° ()

where AH,° is the standard enthalpy change and AS,° is the standard entropy

change in the reaction, both at reaction temperature. Thus,

_ AH® | AS°
WKy = T * R )
If equation (4) is rewritten as
_ Al Ea1 —Ea_1
K, = lnA_1 + [— BT (8)

Comparison of equations (7) and (8) thus yields

0 _ ke B
AS;" = Rhn ( » ) (9)
and

AH,® = E,, - E,_, (10)

Alternatively, the A factor can be derived from transition state theory. For

a first-order decomposition reaction, the expression 1s:

ot
A = ekl?Texp [A; ] (11)

where kg is the Boltzmann’s constant, h is the Planck’s constant, and ASY s
the entropy difference between the transition-state activated complex and the
reactants. Calculation of AS°+, however, is subject to a great deal of uncertainty
due to lack of reliable information on the structure of the activated complex.

The standard enthalpy change is related to the standard heats of formation

AH;° by:

AH’ = pAH(’(P) + qAH;°(Q) + .... — aAH°(A) — bAH;°(B) — .... (12)
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Finally, the variations of AHy and AS, with temperature are given by the

thermodynamic relations:

0
[ag,lr{] = AC,’ (13)
dAS° AC,°
) [BT] - T (14)

The value ACpo tends to change very little over temperature intervals as great
as 500°K so that, given AHTo0 and ASTOO, AH1? and ASt° can be calculated

from an average value ACpon as follows:

AHr® = AHp° + AG; (T-T,) (15)
AS® = AST,° + ACyY, (ml) (16)
m TO

Therefore, calculations of a rate constant, via the Arrhenius expression in terms
of A and E,, can be performed if the thermochemical quantities AS®, AH°,
and AC,” are available. The calculated values of A and E, have been found
experimentally to be constant over a temperature range of at least 100°K. This
constancy will prove to be advantageous in the succeeding model compound
studies where the computer model’s ability to predict experimental data will be
tested over temperature intervals of up to 100°C.

The following section describes the use of thermochemical kinetics to cal-

culate the quantities AS®, AH;°, and AC,°.

2.3 Thermochemical Kinetics

Due to the staggering number of even very low molecular weight com-
pounds, thermochemical data are available for only a limited number of poly-

atomic species. Fortunately, statistical thermodynamics enabled calculations



24
of the standard entropies and heat capacities of molecules given their geomet-
rical structures and vibrational frequencies. The values of C,°, and S° have
been tabulated for many simple molecules over ranges of temperature. Even
these calculations, however, are not trivial. An extremely rapid and reasonably
accurate method of estimation of thermochemical data has been developed by

Benson (15), and will now be discussed.

2.3.1 The Additivity Rules

Most molecular properties of larger molecules can roughly be considered as
being composed of additive contributions from the individual atoms or bonds
in the molecule (15). Because the forces between atoms are very ‘short range,’
appreciable only over distances on the order of one to three angstroms, individ-
ual atoms appear to contribute nearly constant amounts to molar properties,
specifically entropy and heat of formation. Benson and Buss (16) suggested a
hierarchical system of additivity laws, the simplest of which was the additivity
of atom properties. In that scheme, partial values for a property as assigned
to each atom, and the molecular property was simply the sum of all the atom
contributions. The law is precise for an exceptional property such as molecular
weight. An obvious limitation to this law, however, would be any chemical re-
action. Since atoms are conserved, this law would predict the same molecular
properties for reactants and products. This is definitely not the case for entropy

and enthalpy in most reactions.

The next higher-order approximation is the additivity of bond properties
Benson reported that bond additivity reproduced Cp, S°, and AH;°® to within

% 2 cal/mol-K on the average, but was poorer for heavily branched compounds.
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The bond additivity rules also give the same properties for isomeric species.

The second-order approximation to additivity behavior is the additivity of
group properties. A group is defined as a polyvalent atom (ligancy > 2), in a
molecule together with all of its ligands. The adopted nomenclature is to identify
first the polyvalent atom and then its ligands. Thus[C — (Hs)(C)]represents a
- carbon atom connected to three hydrogen atoms and another carbon atom, that
is, a primary methyl group. The molecules that can be treated are those with two
or more polyvalent atoms. Two examples of analysis of molecules into groups

are as follows:
1. CH; — CH; contains two identical groups: [C — (C)(H)s].
2. CH3CHOHCH;3 contains four groups:

2[C ~ (C)(H)s] + [C = (C)s(0)(H)] + [0-(C)(H)].

A basic limitation on the use of group properties lies in the increase in
number of groups as substitution increases. Benson provided the currently
available values of group contributions to Cp°, S°, and AHf°. On the aver-
age, Cp°, and S° estimated by group additivity are within + 0.3 cal/mol-K of

the observed values, while AH¢° estimates are within =+ 0.5 kcal/mol.

2.3.2 Free Radicals

With the exception of a few stable free radicals, very few direct thermochem-
ical data on free radicals are available. The best values for heats of formation
are invariably deduced from kinetic measurements of bond dissociation energies,
whereas entropies and heat capacities are only calculable from statistical for-

mulae. Nonetheless, the laws of group additivity also apply to radicals. Within
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the limits of present data, the assumption that groups such as {C = (C+)({C)a(H))
have the same partial heat of formation as the corresponding nonradical group
[C—(C)4H] appears to be valid. This assumption thus allows estimation of AH;°
for several radicals. The values of S° for radicals can be calculated from assumed
structures and frequency assignments,  but the estimated values are perhaps
best achieved by analogy with related compounds. Benson again provided the

available free-radical group additivities for several important radicals.

The application of group additivity will now be discussed in relation to the

major elementary reactions for the model compound systems in this thesis.

2.4 Formulation of a Kinetic Mechanism

The classes of reactions most important to the model compound studies
are the bord dissociation, free-radical dissociation, hydrogen abstraction, and
radical recombination reactions. While rate parameters for these reactions can
be estimated by the aforementioned technique, it must be realized that such
estimations involve a certain amount of uncertainty (13). First of all, group
contribution data almost always refer to gas-phase kinetics, while coal pyrolysis
occurs in a condensed phase. Allen (17) has shown, however, that group additiv-
ity estimates were applicable to condensed-phase reactions of model compounds
that were similar in structure to coal-derived products. A second source of uncer-
tainty is the fact that most experimental information is available on single ring
aromatics, while coal molecules primarily consist of condensed ring compounds.
Despite these difficulties, the estimated rate parameters are still invaluable in

the absence of experimentally evaluated rate data. More importantly, these rate
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values can be refined by small adjustments through comparison between various

sets of model compound studies.

Afier rate parameters of a few representative reactions are calculated, the
principal elementary reactions will be assembled into a kinetic mechanism which

simulates the reaction of a certain model compound system.

2.4.1 Bond Dissociation Reactions

The two reactions pertinent to this work are the dissociation of the ethylene
bridge in 1,2 diphenyl ethane (bibenzyl) and the dissociation of the ether bridge
in benzyl phenyl ether:

¢-CH; —-CH;—¢ — ¢—-CHy;- + ¢—CH,- (1)
$-CH,-0-¢ — ¢CHy + 9O (2)

To obtain the heat of reaction, it is not necessary to calculate the heats of
formations of both the reactants and the products. In reactions (1), for example,
the group contributions from both aromatic rings are the same in bibenzyl as in
the two benzyl radicals, so that these contributions cancel one another. Indeed,

the only two groups that change are those with the aliphatic carbons as the

polyvalent atoms. The heat of reaction can thus be written as:
AH = 2AH¢(¢ - CH;:) — 2AH¢(¢ — CH, — CH; — ¢)
= 2[-C-(Cg)(H)z] + 2[Cp - (C")] - 2[C-(CB)(C)(H):] - 2[Cs - (C)]
where Cpg signifies a carbon in a benzene ring.

The tables in Benson (14) gives [-{C—(Cg)(H)2] = 23.0, [C—(Cg)(C)(H)z] =
—4.86, and [Cpg — (C')] = [Cs —(C)] = 5.51. Thus,

AH = 2x23.0 — 2(-4.86) = 55.7 kcal/mol
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The reverse reaction, a free radical recombination, has very small activation
energy conventionally taken as zero. Thus for the dissociation of bibenzyl, the
activation energy is estimated as E, = AH & 56 kcal/mol. This value is
roughly 5 kcal/mol below those reported in the literature (18, 19). It turned
out that the thermolysis of bibenzyl has been extensively studied and the rate
parameters well established, and this work will adopt the rate parameters given
in the literature (see Chapter 4). In the absence of such information, however,
the estimated rate values would have provided a good starting point from which
better estimates could be attained from comparison with results from other
model compound systems.

The dissociation of benzyl phenyl ether has also been well studied (20, 21),

and the available rate data will be adopted for use in this work.

2.4.2 Dissociation of Free Radicals

Only one particular instance in this study involves the dissociation of a free

radical.

HO H
: @:> +HpQ (1

The reaction results in no net gain or loss of free radicals, and thus belongs

in the class of propagation reactions. The heat of formation can be written as

follows:

AH;® = [Cp—(Cs)] + [CB - (CB)] + [0—(H)y



29
= [C = (Ca)(C)(H)] - [C - (Cr)(C)(H)(0)]

where C4 represents a doubly bonded carbon atom. As discussed previously,

[C — (CB)-] and [C — (Cg)(C-)(H)(O)] can be approximated by [CB,,.-,— (Cs)]

and  [C - (CB)(C)(H)(O)], respectively. The only unknown, the group

contribution from [-Cp — (Cg)], must be calculated from the following reaction:

—> @:D + oH 2)

The bond dissociation energy for this reaction was estimated to be the same
as that for benzene dissociation to yield the phenyl radical (22), or about 102
kcal/mol. The heat of formation of naphthalene was given by Reid, et al. (23)
as 36.1 kcal/mol. If naphthalene is represented as NE-H, then the following
equation follows, where D(NE-H) = the bond dissociation energy of the carbon-
hydrogen bond in naphthalene:

D(NE-H) = AH{°(NE) + AH;°(H:) - AH;°(NE - H)

so that AH;°(NE-) = 86 kecal/mol.

If, as before, the assumptions are made that

[Ce - (Cs+)(CB)(CB)] = [Cs — (C8)(Cs)(Cs)] and

[Cs - (Ca-)(Ca)(H)] = [C — (Cs)(Ca)(H)],

AHP(NE:) = T7|Cs — (H)] + 2([Cs - (Cs)] + [-CB - (Cs)]
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Thus, [-Cp — (Cs)(Cs)] = 53 keal/mol and finally AH(;)° = 18.1 keal/mol.

By analogy with a similar reaction (14), the A factor was estimated to be

1013,

2.4.8 Hydrogen Abstraction Reactions

Obviously a large number of hydrogen abstraction reactions exist even in
the relatively small model compound systems under study. Nonetheless, several
reactions are quite similar, and in certain cases, two reactions would be identical
from the standpoint of thermochemical kinetics. For example, the following two

abstraction reactions

S-0 0 > O-o 0

would have the same values of A and E, according to group additivity method
because the ‘groups’ undergoing change in both tetralin and bibenzyl can both

be represented as [C — (Cg)(C)(H)z], and the same groups in the products can
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both be expressed as [-C — (Cg)(C)(H)]. For either reaction,
AH? = [C~(Cp)(C)(H)] +[C-(Cp)(H)s] — [C~(CB)(C)(H):] - [-C—(Cs)(H):]

The contribution for [C—(Cg)(H)s] is not listed in the literature. Its value must
now be calculated from the present molecule, toluene. For toluene, the heat of

formation is found to be 11.95 kcal/mol (24). Thus, from the equation
AH¢* = 5[Cp - (H)] + [Cs - (C)] + [C —(Cp)(H)s]

[C - (Cg)(H)s] was calculated to be -10.1 kcal/mol. Finally for reactions (1)
and (2), AH = -3.5 kcal/mol.

Gavalas (13) has shown, however, that the reaction
X- + ¢—CH; — XH + ¢CH,-

has a minimum activation energy approaching 9 kcal/mol as the number of
carbons in X exceeds 1. He also estimated the A factor to be log;,A = 7.0.
Thus for reactions (1) and (2), as well as other analogous reactions, the activation
energies will be taken as 9 kcal/mol and the A factor as 107.

In contrast to carbon-centered radicals, oxygen-centered radicals have not
been well studied, and the group additivity values for oxygen radicals have
scarcely been reported. In fact, one objective of this thesis is to estimate the

rate parameters of hydrogen abstraction reactions involving phenoxy radicals

such as

o, OH CH, *0

.00 > 0-08
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and

«0 OH
- @0 > ©°©0

The rate parameters associated with these reactions will be established in

Chapter 4.

2.4.4 Recombination of Radicals

As mentioned above, the recombination of two radicals to form a stable

product is the reverse of the dissociation reaction, for example
¢-CHy: + ¢—CH;y — ¢—-CH;—-CH;-¢

These reactions are extremely rapid and in the condensed phase are assumed
to proceed with only diffusional limitation. The activation energy for these
reactions are conventionally taken to be zero. The rate constants are calculated

instead through the mixtures’ viscosity using the Stokes-Einstein equation

8RT

kar 3 x 10%y

Chapter 4 will explain in detail the procedure for estimation of ky;g for various
model compound mixtures at reaction temperature.

2.4.5 Mechanistic Scheme

The three classes of elementary reactions mentioned are now arranged into

a kinetic mechanism. The dissociation reaction is also termed initiation reaction,
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where two free radicals are generated from a stable compound. The hydrogen
abstraction reactions are one of many classes of reactions that are called propa-
gation reactions. Here one free radical abstracts a hydrogen atom from a stable
molecule, resulting in no net loss or gain of radicals. The recombination reaction
is termed termination reaction, where two free radicals combine to form a stable
molecule. The selection of the appropriate propagation reactions and the neces-
sary termination reactions for a mechanism will be dealt with on an individual
basis as each model compound mixture is discussed, in Chapters 4, 5, and 6.
For now, suffice it to say that the bond dissociation, hydrogen abstraction, and
radical recombination reactions comprise the necessary reactions in forraulating

a sound mechanistic scheme that simulates free-radical interactions in a model

compound system.

2.5 Computer Modeling with CHEMR

CHEMR is a computer modeling scheme for chemical kinetics, originally
developed to describe the formation of photochemical smog. It calculates the
time-dependent concentration profiles of the reacting species in a reaction mech-
anism. Comparison of predicted concentrations with experimental data then
allows validation of kinetic schemes and reaction rate constants. The original
program, CHEMK, integrates a system of ordinary differential equations asso-
ciated witha kinetic mechanism, given a set of initial conditions. This fast and
efficient computer program was written by Whitten (25) and Overton (26) and
utilizes the routines first developed by Gear (27) and modified by Hindmarsh

(28). The Gear routine has since been modified to increase the program effi-
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ciency by Spellman and Hindmarsh (29). The resulting version of CHEMK can
handle chemical kinetic mechanisms containing up to 89 species and up to 200
reactions. It can also handle time-dependent temperatures and rate constants,
and reaction schemes with stoichiometric coefficients. The latest modification
was implemented by McRae (30), the major improvement being the ability to
take negative coefficients. This final version is called CHEMR. The emphasis
of this section is placed on providing a description of program input, and the
analysis of the output data. A more detailed account of the computer program
appears in the report by Whitten and Hogo (31), and the complete program
listing is provided by McRae (30).

2.5.1 CHEMR Input

Table 2.1 contains a typical input data file for CHEMR. In this particular
example, the model compound mixture was bibenzyl (BB) + phenol-OD (PD)
+ methyl naphthalene (MN). This mechanism is slightly simpler than the final
form in Chapter 4, but will serve to highlight the major characteristics of an

input file.

Each elementary reaction is listed individually and is numbered sequentially.
The rate constant at 298°K must be specified, and the activation energy in
degrees Kelvin (actually E, /R, R being the Universal Gas Constant) must also
be provided if the reaction is temperature dependent. Alternatively, the rate
constant at the reaction temperature can be listed while activation energy is
designated as zero. This method of listing has two applications. First, in the
case of hydrogen abstraction experiments, the unknown rate constant of the

reaction involving a phenoxy radical can be listed at reaction temperature given
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an approximate ratio of that rate to the known rate of a well-studied reaction,
such as hydrogen abstraction involving a hydrocarbon radical. For example,

reactions (2) and (3) are:
TO- + PD — TOD + PH. 2)

TO- + MN — TO + MN. (3)

The rate parameters for reaction (3) are known from group additivity calculation
and also by analogy with similar reactions reported in the literature. Chapter
4 will demonstrate a method for approximating the ratio kp/ks. It is then
more convenient to list ky at reaction temperature as a multiple (or fraction)
of ks, and designate E,, as zero, as is done in Table 2.1. The ratio kg /ks
is smoothly adjusted until model prediction of the product distribution agrees
with experimental data. Once the rate constant is determined, the activation
energy and the A factor can be back-calculated. The other instance where the
activé.tion energy is listed as zero occurs in the termination reactions. Here the
activation energy is conventionally taken to be zero, and the rate constant is
calculated from the viscosity of the reactant mixture at reaction temperature,
as outlined above in section 2.3.4.

The title line follows the kinetic mechanism. For this particular input file,
the title is ‘BB + PD + MN 425C 1HR.’ The following line is for output specifi-
cation. The first number represents the number of reactants with initial nonzero
concentrations, which in this case is three. Next is the specific time of initial
print, followed by the time interval. Both are 900 seconds or 15 minutes in
this case. The next line contains alphanumeric identification of the reactants
with nonzero initial concentrations. The corresponding initial concentrations at

reaction temperatures are listed below the appropriate reactant species. The
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concentrations are calculated from the critical properties of the compounds, as
outlined in Chapter 4. The next line is for time specification. The first number
is simulation starting time. The second number represents simulation ending
time, which in this case is 3600 seconds or one hour. Then comes the tempera-
ture, 698°K or 425°C. This temperature is taken to be constant throughout the
simulation. This particular input file does not yield any output that is plotted

graphically, but plot options could be incorporated if desired.

Chapter 4 will discuss the selection of elementary reactions to be included
in the mechanistic scheme for the model compound system ‘BB + PD + MN.’
Obviously the twenty reactions shown in Table 2.1 do not account for all free-
radical reactions in this reactant mixture. The task is to minimize the number of
reactions, thus minimizing computing time as well as the number or rate param-
eters to be determined, without sacrificing a kinetic mechanism to adequately

describe the model compound system under study.

2.5.2 CHEMR Output

The computer model yields concentration profiles for all reacting species in
the reaction mixture at specified time intervals. From this information, conver-
sion for the reactants and yield for products can be calculated and compared
with experimental observation. Table 2.2 shows the model output corresponding
to the input data given in Table 2.1. In addition to concentration profiles, the
output further provides the reaction rates as well as the net rates, also at spec-
ified time intervals. The reaction rate is the transient rate for each elementary
reaction, while the net rate for a reacting species represents the combined rate

of formation and depletion of the species as a result of all reactions producing
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or exhausting that species. The latter becomes useful for tracing the behavior
of a certain product over time. In Chapter 5, the concentrations of certain reac-
tion products will be shown to first increase with temperature then decrease as
the temperature exceeds a certain value. The sign change in the net rate, from

positive to negative, provides a quick clue to this behavior.

2.5.3 Summary

In this thesis the computer program CHEMR will serve two purposes. In
the first case, a sound kinetic mechanism is formulated from a set of well-
established elementary reactions, and the rate parameters associated with all
but one elementary reaction are either known from the literature or estimated
through thermochemical techniques. The unknown rate parameters can then
be determined if a first approximation can be achieved. Chapter 4 discusses
this application of CHEMR to determine hydrogen abstraction rates involving
phenoxy radicals. In the second case, a mechanistic scheme is postulated from
the knowledge of product structures and concentration profiles, using known
rate parameters. The proposed kinetic mechanism is then validated through
its success in predicting experimental results. Chapter 5 will demonstrate this
aspect of CHEMR in its ability to predict the temperature dependence of cer-
tain recombination products. Finally Chapter 6 will employ CHEMR to verify

a proposed mechanistic scheme for 1-naphthol dissociation.
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CHAPTER 3

EXPERIMENTAL

3.1 Introduction

This chapter discusses the experimental aspects of this thesis. In the next
section, the reactor setup and the procedure for a typical experimental run are
described. Section 3.3 illustrates the sample preparation techniques. It also
explains the procedures for collection of product samples, as well as methods for
product isolation and purification for further analysis. A most important part
of this work, however, is the identification of reaction products. For this reason,
emphasis will be placed upon the four major analytical tools that have been
the most helpful, namely the gas chromatograph, the high-performance liquid
chromatograph, the gas chromatograph-mass spectrometer, and the proton and
carbon-13 nuclear magnetic resonance spectrographs. Section 3.4 outlines the
theory and utility of each apparatus. Later, Chapters 5 and 6 will demonstrate
how the application of these analytical tools in concert with one another allows

identification of relatively complex reaction products.

8.2 The Reactor

All thermolysis experiments were carried out in a % in i.d. stainless steel

tube reactor. The tube had a swagelok fitting on either end. A valve could be

attached so that gas samples could be taken for analysis. The reactor was im-
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mersed in a molten tin bath equipped with a rocking mechanism, which agitated

the reaction mixture in the tube by a side to side motion. The tin bath was
heated by two sets of 600-watt coil heaters connected in parallel, which heated
the bath to the desired temperature within two to three hours. The bath tem-
perature was controlled by a thermostat. Once the bath attained the desired
temperature, fluctuation in temperature was typically less than + 2°C. The tin
bath afforded uniform and rapid heating of the reactor. A thermocouple sealed

inside a second tubing bomb reactor indicated that heatup time was under 45

seconds in all runs.

The procedure for each run is as follows.

1. One and a half to two grams of reactants were charged into the reactor.
2. The reactor was purged with nitrogen and then sealed.

3. The reactor was inserted into the receptacle in the tin bath and the agitator

was switched on.

4. Afier the specified reaction time, the agitator was turned off and the reactor

was removed from the tin bath.

5. The reactor was immediately immersed in a water bath. The temperature

decreased 100°C within 30 seconds of removal from the tin bath.
6. After cooling, the reactor exterior was cleaned with acetone and then dried.
7. If desired, product gases were metered and analyzed by gas chromatography.

8. Liquid and solid products were washed from the reactor and placed in a

vial.
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8.3 Sample Preparation

All reactants except benzyl phenyl ether (BPE), 1,2-tetrahydro naphthalene
(tetralin), and phenol-OD were obtained from Aldrich Chemical Company. BPE
was purchased from Frinton Laboratories, tetralin from K and K Chemicals,
and phenol-OD from MSD Isotopes. With the exception of BPE, all compounds
were used as received. The purities, as determined by gas chromatography,
were better than 97 percent in all cases. Spectrophotometric grade acetonitrile

(CHsCN) and water were obtained through American Scientific Products.

3.3.1 Recrystallization of Benzyl Phenyl Ether

Due to the light purple color of BPE, it was recrystallized before use. The

procedure is as follows.

1. BPE was slowly stirred into 10 ml of 95 percent ethanol in a beaker set
on a hot plate at a low setting. BPE was added until the solution was
supersaturated.

2. A few drops of ethanol absolute was added to dissolve residual BPE.

3. The beaker was immediately placed in an ice bath.

4. After the formation of crystals was complete, the recrystallized BPE

was washed with a cold solution of 75 % ethanol over a Buchner funnel

connected to an aspirator.

5. The crystals were dried in a desiccator under vacuum overnight.

The resulting BPE was a very lightly pink powder, which was kept under

nitrogen.



47
3.3.2 Deuteration of 1- Naphthol

Phenol-OD was commercially available. 1-Naphthol, however, was not. It
was prepared in our laboratory by deuterium exchange with heavy water (D5 0),

as described in the following procedure.

1. 30 g D,0 was added to 4.5 g 1-naphthol (100:1 equivalent).

2. A minimum amount of tetrahydrofuran (THF) was added to completely

dissolve 1-naphthol.

3. 2-3 drops of concentrated hydrochloric acid (HCL) was added to catalyze

the exchange.
4. The solution was heated to 50°C and stirred vigorously overnight.

5. THF and the bulk of D3O were rotovapped off under reduced pressure at
100°C. |

6. Trace amount of D;O was removed as follows:
i. 2-3 ml dichloromethane (CH;Clp) was added to dissolve 1-naphthol-OD.
ii. The mixture was stirred with anhydrous magnesium sulfate (MgSO,).
iii. MgSO4 was removed by filtration
iv. CH,Cl; was rotovapped off.

7. 1-naphthol-OD was dried in a desiccator under vacuum overnight.
The proton NMR (Figure 3.1) indicates that the deuterium exchange in 1-

naphthol-OD was essentially complete. The signal corresponding to the hydroxyl
proton has virtually disappeared in the 1-naphthol-OD chromatogram.
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3.3.83 Product Purification for Further Analysis

At the end of an experimental run, the thermolysis products were washed
from the reactor tube using acetonitrile. Acetonitrile was selected because it
was a cosolvent for the HPLC. In the case where the products were sparingly
soluble in acetonitrile, anhydrous ethyl ether was used instead because its high
volatility facilitated removal from the product mixture. For HPLC analysis,
a product sample was diluted in acetonitrile and the solution centrifuged to
remove small undissolved particles that could obstruct the HPLC columns, the
injection valve, or the connecting tubing.

Section 3.4 will describe fractionation by the HPLC. Each fraction that
was isolated from the product mixture contained the cosolvents, water and ace-
tonitrile. These solvents, as well as other impurities, must be removed before
the sample could be submitted for GCMS and especially NMR analysis. The

purification procedure is as follows.

1. To the fraction was added 10 - 15 ml diethyl ether.

2. The mixture was placed in a separation funnel and the bulk of water was

removed.

3. Traces of water was removed by addition of anhydrous MgSO,, which was

subsequently filtered off.
4. The solution was placed in a rotovapor to remove the ether.
5. The resulting compound was dried in a desiccator under vacuum overnight.

6. For high resolution NMR, 1 ml acetone-d¢ was added and the sample was

evacuated in a desiccator for an additional 4 hours.

3.3.4 Chemical Separation

The focus of this study was on phenolic compounds. It was thus desirable
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to separate the phenolic {acidic) compounds from the neutral compounds in a

product mixture. The procedure for the separation process is listed below.

1. A product sample was dissolved in 20 ml anhydrous diethy! ether and the

solution was placed in a separation funnel.

2. The solution was extracted three times with 5 ml 3 M NaOH.

3. The ether (neutral) fraction was treated as follows.

i. The fraction was washed twice with 2 ml water.

ii. The fraction was dried over MgSO4 and ether was rotovapped off.

iii. The neutral products were dried in a desiccator under vacuum overnight.
4. The aqueous {phenolic) fraction was treated as follows.

i. Concentrated HCl was added dropwise until the solution turned acidic.

ii. The solution was extracted twice with 10 ml ether.

iii. The solution was washed twice with 2 ml water.

iv. The fraction was dried over MgSO4 and ether was rotovapped off.

v. The product was dried in a desiccator under vacuum overnight.

Figure 3.2 illustrates the HPLC chromatograms of the thermolysis products
of toluene and benzyl phenyl ether, comparing the phenolic fraction, the neutral
fraction, and the entire products. Prior to detailed analysis of each product
species, chemical separation already revealed that the mixture contained only
two major phenolic products, corresponding to peaks 1 and 2. Chapter 5 will
discuss the process of identification of these products, and illustrate how the

knowledge of the phenolic character of peaks 1 and 2 was useful in determining
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the structures of the corresponding compounds.

It turned out that peak 1 in Figure 3.2 corresponds to phenol. Note that,
due to its solubility in water, a certain amount of phenol was lost in the process
of extraction from water. This loss presented no problem because phenol was
not one of the unknown products of interest. The other unknown products were

not soluble in water and were recoverable from extraction from water.

3.8.6 Column Chromatography

Another method for separation of phenolic (polar) compounds from neutral
(nonpolar) compounds should be mentioned. This method, however, did not

turn out to be appropriate for this work.

1. A silica gel slurry in hexane was packed into a 30 cm. column to make a
10 cm. layer.

2. A sample to be separated was dissolved in benzene.

3. 0.5 ml of the sample was gently placed above the gel layer.

4. 1 ml hexane was then added and the column was drained until tLe liquid
layer was almost flush with the gel layer. This step was repeated three
timés.

5. 10- 15 ml hexane was added and the liquid was drained, each 10 ml collected
in a beaker.

6. Hexane was evaporated off by placing the beakers in a fume hood.

The nonpolar compounds should elute first, appearing in the earlier beakers,
while the polar compounds should appear in later beakers.
The ineffectiveness of this method was attributed to the fact that the heavy

neutral compounds did not elute early enough. Only toluene and few other low-



51
molecular-weight compounds eluted early. Thus the latter fraction contained
not only the phenols but also the high-molecular-weight products such as biben-
zyl. This result defeated the purpose of the technique, which was designed to

isolate the phenolic compounds from the rest. Column chromatography was

thus dropped from consideration.

3.4 Analytical Tools

3.4.1 Gas Chromatography (GC)

Gaseous products were analyzed by a Varian Aerograph Model 142010-00
Gas Chromatograph equipped with a thermal conductivity detector (TCD) and
linear temperature programmer. The column was a 7 foot, % in. o.d. stainless
steel column packed with 5 grams of Carbosphere. Liquid and solid products
were dissolved in dichloromethane and analyzed by a Hewlett-Packard Model
5710A Gas Chromatograph equipped with a flame ionization detector (FID).
The column was a 30 meter DB-1 capillary column, and the chromatograms
were temperature programmed from 60 to 200°C.

The reactants and the major reaction products must first be located on a
chromatogram. A method called ‘spiking’ was employed where a small amount
of an authentic sample was added to the mixture to be injected into the GC.
The peak in the chromatogram that was intensified, as observed graphically
and also in the integration data, was tentatively assigned the structure of that
authentic compound. In this manner, major reaction products were located on
the chromatogram. For example, Figure 3.3 compares a gas chromatogram of

the thermolysis products of bibenzyl + phenol-OD + 1-methylnaphthalene, to
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a chromatogram of a mixture of these authentic compounds: toluene, phenol-
OD, 1-methylnaphthalene, biphenyl, an;i bibenzyl. (Biphenyl was added to the
reactant mixture as an inert standard for calibration.) In essence, by ‘spiking’
them with authentic compounds, the species in the product mixture were tenta-
tively identiﬁed by matching their retention times with those of the appropriate
authentic compounds. Further evidence such as a mass number could then be

obtained to validate the identity of the species.

One disadvantage of the method of ‘spiking’ was that the column might not
be sufficiently selective, and two similar but not identical products might elute
too closely together to allow separation. In that case, one product could be mis-
taken for the other. Usually, this was not the problem in this study, because the
compounds of interest were sufficiently different. Further, temperature program
and for carrier gas flow rate could be adjusted to improve resolution. Another
drawback was the unavailability of some of the compounds urder investigation.
Compounds such as benzyl phenol was not commercially available, and their
identification could not be accomplished by spiking. Overall, however, spik-

ing allowed quick identification of simple compounds that were commercially

available.

Gas chromatography was used mainly to obtain the relative concentrations
of the major compounds in the product mixture. Each chromatogram yielded
integration data, or areas under curves, corresponding to the relative intensities
of the various signals. A standard solution containing known concentrations of
major product species was injected into the GC. A response factor for converting
area under curve to concentration for each compound was determined. These
conversion factors were then applied to the integration data for each experimen-

tal run to convert them to concentrations of the various product species.
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Gas chromatography provided a fast way of obtaining concentration data
of low-molecular-weight, volatile compounds. An additional advantage was the
very small amount of sample (1 - 5 uL) required for each injection. For more in-
formation, the book by McNair & Bonelli (1) provides an excellent introduction
to the theO}'y and practice of gas chromatography, while the text by Freeman
(2) deals in more detail with the applications of high-resolution gas chromatog-
raphy, with emphasis on capillary column chromatography. A good part of the

book is devoted to qualitative and quantitative analysis of GC spectra.

In this work, gas chromatography was utilized primarily in the hydrogen
abstraction experiments, where the identities of the thermolysis products of in-
terest were already known, and only needed to be confirmed by spiking. The
conversion data were the major concern in those experiments, and will be dis-

cussed in Chapter 4.

3.4.2 High Performance Liquid Chromatography (HPLC)

Complex, low-volatile reaction products were not suitable for analysis by gas
chromatography. The high-boiling nature of such compounds made vaporization
difficult at temperatures below those associated with the onset of GC column
degradation {roughly 250°C) (3). Liquid chromatography offered better resolu-
tion of heavy compounds through flow rate and mobile-phase ratio adjustment.
The chromatograph was a Spectra-Physics Model 3500B High Performance Lig-
uid Chromatograph equipped with two reciprocating pumps and with solvent
gradient programming capability. A Perkin-Elmer LC-55 Spectrophotometer
was utilized as an ultraviolet detector. The signal from the spectrophotometer

went through a Spectrum 1021 Filter, and then to a Spectra-Physics Systems
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I Computing Integrator. The sample exiting the spectrophotometer could be

collected by a Pup Model 1200 Fraction Collector. A schematic diagram of the
HPLC system appears in Figure 3.4.

The reversed-phase separation mode had been demonstrated to be appropri-
ate for the aromatic compounds being analyzed (3). Two stainless steel columns
with i.d. of 7 mm and length of 250 mm custom-packed with 10 y particles of
Spherisorb Octa Decyl Silica (ODS) were used in series to permit large sam-
ple injection volumes (up to 500 uL). The mobile-phase gradient of water and

acetonitrile resulted in adequate separation.
3.4.2.1 Solvent Preparation

Only the highest quality, particulate-free solvents should be utilized as mo-
bile phases for the HPLC so that the columns and the 0.01 in. i.d. tubing would
not be obstructed and damaged. For this reason, 99+ % spectrophotometric
grade acetonitrile and HPLC grade water were employed. All solvents were vac-
uum filtered through a fine (4 - 5.5 ) or ultrafine (0.9 - 1.4 x) Pyrex millipore
filter before use. As part of a daily startup procedure, all solvents were degassed

by being subjected to a partial vacuum during slow magnetic stirring.
3.4.2.2 HPLC Startup Procedure

The procedure listed in the Spectra-Physics Instruction Manual (4) was

somewhat modified for best results. The modified procedure is as follows.

1. The detector, integrator, and recorder were switched on to allow plenty of

time of warm up.

2. The solvents were degassed and the reserviors were put in place, with the
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filters completely immersed.

. All flow rates were set to 00. Flow Feedback was set to Off, Pump Controls

to Internal, and Meter to Motor Speed.

. The HPLC power was turned on and the Pressure Monitor upper limit

was set at 3000 psig. This upper limit could be checked by depressing the

Pressure Readout button.

The Pump Control Power and Solvent Programmer were turned on.

The pumps were primed according to the direction in the Instruction Man-
ual.

Flow Feedback referencing was achieved as described in the Instruction
Manual.

The Pump Controls were switched to External.

The Solvent Programmer flow rate was set to 60 to flush out the system for
5 - 10 minutes.

The flow rate was set to 40 (or the desired flow rate) and the Column Bypass
Valve was closed. The pressure should rise to 800 to 1000 psig. The column
pressure was allowed to reach an equilibrium value, where fluctuation should
be less than 30 psig.

Solvent Gradient Program was run by pressing the Start button without
injecting a sample, followed by pressing the Run button on the integrator.

At the end of the solvent radient run, initial condition was reestablished by:
i. putting the integrator on Standby

ii. opening the Column Bypass Valve

iii. setting the Solvent Programmer to Initial

iv. turning up the flow rate to 60 for 2 - 5 minutes
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13. The HPLC was readied for a run by:

i. reducing the flow rate to the desired value (50 - 60)

ii. closing the Column Bypass Valve

iii. allowing the column pressure to stabilize (within 30 psig.)

iv. allowing the detector response to stabilize (within 0.3

absorbance units).
8.4.2.8 HPLC Operation Procedure

1. A gas-tight syringe was set in the Luer connection on the Injection Valve

and the injector handle was put in the Load position.
2. The detector was zeroed and the recorder was put in the Record mode.
3. The sample inlet tube was cleaned with a Kimwipe.

4. While air was being drawn into the syringe, the sample inlet tube was
rapidly immersed in a liquid sample and 0.5 ml was drawn into the syringe

to thoroughly flush the 100 uL sample loop.

5. The injector handle was smoothly turned to Inject while the inlet tube was
kept immersed. The Solvent Gradient Program was initiated by pressing
the Start button, and the integrator by the Run button. The starting

column pressure was recorded.

6. After the chromatogram was obtained, initial condition was achieved by:
i. putting the integrator and recorder on Standby.
ii. opening the column bypass valve.

iii. returning the injector handle to Load.



57

iv. setting the Solvent Programmer to Initial
v. setting the flow rate to 60 for 2 - 5 minutes.

7. The flow rate was returned to the original value, the Column Bypass Valve
was closed, and pressure and detector absorbance were allowed to reach
equilibrium.

8. The syringe was emptied and reinserted into the Luer connection for the

next run.
3.4.2.4 HPLC Shutdown Procedure

1. The system was flushed with acetonitrile for 5 - 10 minutes at a flow rate

setting of 60.
2. The flow rate was turned to 00, and the column bypass valve was opened.
3. The pump controls were switched to Internal, and the flow feedback to Off.
4. The pump power was turned off, and the solvent programmer was turned
off.
5. The HPLC, detector, and recorder power was turned off.

6. The integrator was put on Shunt and then switched off.

8.4.2.5 Fraction Collection

The Pup Fraction Collector permitted isolation of various species in a sam-
ple. The delay time between the detector and the fraction collector must be de-
termined so that a particular peak could be correlated with a specific fraction. A
sample containing phenolphthalein was injected into the HPLC. As soon as the
signal was registered on the chart recorder, the fraction collector was switched

on, and a sample was taken every 10 seconds. Later, NOH was added to the
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presence in a particular timed fraction. The delay time between detection by the
spectrophotometer and collection by the fraction collector was thus determined.

As a check, this delay time was also calculated from the mobile-phase flow rate

and the tubing dimensions.
3.4.2.6 Parameters Used in Analysis

The following operational parameters for the high performance liquid chro-

matograph were used in the analyses of the products of recombination experi-

ments.
Sample Loop Size: 100uL
Nominal Flow Rate: 1.6 - 2.4 ml/min

Solvent Program

Initial Concentration: 50 - 60 %
Final Concentration: 99 % (100 % CH;CN)
Delay Time: 20 minutes
Sweep Time: 10 minutes
Gradient; Linear
UV Wavelength: 254 nm

Integrator Attenuation: x 16
Chart Speed: 0.1 in./min
Integration Parameters: Peak width = 50.

All others at default values.
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The UV wavelength was chosen to maximize sensitivity to the oxygen-

substituted benzene rings encountered in this study (5).

The HPLC was used in both the analytical and the preparative modes. In
the analytical mode, the HPLC served much the same function as the GC —
it provided "concentration data for the product species. A dilute sample was
injected and a chromatogram yielded separation of the major compounds in
the sample, including the associated integration data. Identification of simple
products were achieved by ‘spiking’ or comparing the elution times with those of
authentic compounds. In the preparative mode, the HPLC enabled isolation 6f
a compound from a product mixture. A concentrated sample was injected and
the peaks of interest were isolated. These fractions were purified by the method
described in Section 3.3.3, and were subjected to GCMS and/or NMR analysis
to determine their molecular structures.

In summary, HPLC was a powerful tool for quantitative analysis of thermol-
ysis products. Low-volatile compounds unsuitable for GC analysis were analyzed
by HPLC. Besides determining relative concentrations of compounds in a mix-
ture, HPLC also allowed fractionation of various species for further analysis by
GCMS or NMR.. HPLC was utilized mostly in the recombination experiments,
where identification of relatively complex thermolysis products were the primary
goal of the study. These experiments will be discussed in Chapters 5 and 6.

Excellent reviews on the theory and practice of HPLC can be found in ref-
erences 6 - 8. Johnson and Stevenson (6) provided groundwork for the beginner,
while Simpson (7) and Snyder and Kirkland (8) gave detailed accounts of the

more sophisticated aspects of the HPLC.
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3.4.3 Gas Chromatography Mass Spectrometry (GCMS)

Knowledge of the molecular weight of an unknown product of recombina-
T

tion proved to be very important in identifying the product’s chemical
structure. Because the free-radical species were known by careful selection of
the reactant‘mixture, compounds resulting from recombination of these species
could only have a limited number of molecular weights. For example, when the
benzyl radical (¢ — CHy-, mass 91) and the phenoxy radical (¢ — O-, mass 93)
were present, recombination products could only have masses 182, 184, or 186.
If the mass was determined to be 182, then it must contain two benzyl groups.
Experience then dictated that this compound would most likely be 1,2-diphenyl
ethane (or bibenzyl, ¢ — CHy — CH; — ¢). If a mass 272 was detected by GCMS,
the corresponding compound would result from a bibenzyl radical (mass 181)
and a benzyl radical, and it most likely would not contain the phenoxy radical.
By designing experiments to yield few free-radical species and by using analogy

with literature results, we could determine the constitutive functional groups

and assign a possible structure to a compound given its molecular weight.

Mass spectra were obtained on a Kratos MS25 Gas Chromatograph-Mass
Spectrometer. An SC-30 packed column was used in a Perkin-Elmer Sigma 3
Gas Chromatograph. A typical chromatogram was temperature programmed
from 100 to 280°C, and a typical mass range scanned was 28 to 600. The data

were collected on a Data General Nova 3 Minicomputer.

GCMS was also important for another reason. In the hydrogen abstrac-
tion experiments (Chapter 4), deuterated compounds were used to distinguish
between two different hydrogen donors. For example, deuterated phenol was uti-

lized in the system bibenzyl + phenol-OD (PD) + 1-methylnaphthalene (MN).
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The benzyl radical (TO-) underwent the following reactions:
TO- + PD — PH- + TOD

TO- + MN — MN- + TO

where TOD is deuterated toluene (C7H;D} and TO is toluene (C;H;). GCMS
allowed distinction between TOD (mass 93) and TO (mass 92). The natural
abundance of C-13 must, however, be taken into consideration. Figure 3.5 shows
a GCMS mass intensity scan containing the signals for TO, TOD, and other ions.
Let M denote the molecular ion, dg = TO, and d; = TOD. Then the signals

represent:
Signal intensity at mass 92 = M-H(d;) + M(do)

Signal intensity at mass 93 = M(d;) + M+ 1(do)

That is, M-H(d,) was the contribution from the C;HgD- ion, M+1(d,) from
lsCCeHs, M(dl) from C7H7D, and M(do) from C7H3.

From a GCMS of an authentic sample of toluene, the ratios

M + 1(dy)
M) ¢ M-H(d)

were calculated. It was next assumed that

Mdo) M(dy)
M-H(d) =~ M-H(d,)

Thus, given 4 equations and 4 unknowns, the desired ratio

M(d,) _ [TOD]
M(d) ~ [TO]

was finally calculated.
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GCMS was utilized primarily in the recombination experiments to help

identify complex product species.

Hamming & Foster (9) provided a thorough introduction to the subject
of mass spectroscopy, while McLafferty (10) concentrated on the interpretation
of mass spectra, with emphasis on the identification of unknown compounds.

Reference to standard spectra of many common compounds is available in the

EPA /NIH Mass Spectra Data Base (11).

3.4.4 Nuclear Magnetic Resonance Spectroscopy (NMR)

Ounce the molecular weight and the constitutive functional groups of a com-
pound were determined, the distribution of the protons and the carbons in
the molecule could help narrow down the possible chemical structures, and in
some cases could point to the precise structure for that compound. A Bruker
WM500 High Resolution Nuclear Magnetic Resonance Spectrometer was used
to obtain both the proton and carbon-13 NMRs of certain fractions of the re-
combination products. These samples were usually of very low concentration
due to the limited capacity of the HPLC injection size, so that high resolution
NMR was required. These NMRs were run by the Southern California Regional
NMR Facilities on the California Institute of Technology campus. For samples
with sufficiently high concentrations, such as authentic samples to which our

unknowns were compared, a Varian Model EM390 90 MHz NMR were utilized.

The application of proton and carbon-13 NMRs to identify the chemical

structures of recombination products will be discussed in Chapters 5 and 6.

For reference, the text by Emsley, Feeney, and Sutcliffe (12) deals in detail

with high resolution NMR. spectroscopy, covering background theory, spectra
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analysis, and surveying major applications. The book by McFarlane and White
(18) is a practical manual on various experimental techniques. For a survey
of the application of NMR to aromatic compounds, the book by Memory and
Wilson (14) is recommended. Finally, the Aldrich Library of NMR Spectra (15)

provides standard NMRs for a large number of compounds._
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FIGURE 3.1

1H NMR OF 1-NAPHTHOL-OH vs. 1-NAPHTHOL -O0D
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FIGURE 3.2

HPLC OF BPE + TO THERMOLYSIS PRODUCTS
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FIGURE 3.3

GC OF BB + PD + MN (+BP) THERMOLYSIS PRODUCTS vs.
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FIGURE 3.4

SCHEMATIC OF LIQUID CHROMATOGRAPHY SYSTEM
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FIGURE 3.5

GCMS INTENSITY SCAN OF BB + PD + MN THERMOLYSIS PRODUCTS

SHOWING THE TOLUENE SIGNALS

5 88 388

L

. . 1111

92

93

| l ] . | ll
Yé"""'&;"' 'l%‘l"l uéu T b h b I'h

Mass Number

]
i v



71
CHAPTER 4

HYDROGEN ABSTRACTION EXPERIMENTS

4.1 Introduction

... The purpose of this set of experiments was to determine the rate param-
eters associated with hydrogen abstraction by both a carbon-centered radical,
such as the benzyl radical (¢ — CHp:) and an oxygen-centered radical, such
as the phenoxy radical (¢ — O-). The hydrogen atom could come from either
a hydrocarbon, such as the methyl hydrogen in methyl naphthalene, or from
a phenol, such as the hydroxyl hydrogen in phenol. Table 4.1 shows the two
model compound mixtures employed for these experiments. Each mixture was
chosen so that the rate of hydrogen abstraction from phenol or naphthol was
the only unknown parameter. The other rate parameters were obtained from
the literature or from previous experimental results (for example, 1, 2, 3, 4), or
were estimated by thermochemical techniques (5). The model compounds were
chosen to contain certain representative structures found in coal itself, namely
the ethylene and ether bridges and the fused aromatic clusters. The model
compounds were also selected in such a manner that minimized the different
types of free radicals in the reaction systems. For instance, 1,2-diphenyl ethane
(bibenzyl) was employed because it dissociates to produce a single type of rad-
ical, the benzyl radical. Finally, the relatively simple structures of these model
compounds reduced the number and complexity of undesirable high molecular
weight products of recombination. In the following sections, each of the two ex-

perimental systems will be discussed with respect to the rate parameters under
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consideration and the kinetic analysis through which these rate parameters were

derived.

4.2 Thermolysis of Bibensyl + Phenol OD + 1 Methylnaphthalene

4.2.1 Rate Parameters of Interest

Thermolysis of bibenzyl (BB) has been extensively studied (3, 6, 7). Above
350°C, the ethylene bridge dissociates to produce two benzyl radicals:

¢~CHy—CH;—¢ — 2¢-CH, (1)

The benzyl radical (henceforth represented as TO-) could abstract a hydrogen
atom either from 1-phenol-OD (PD) or from 1-methylnaphthalene (MN):

TO- + PD — TOD + PH (2)

TO- + MN — TO + MN- (3)

The rate parameters for reaction (3) were obtained by comparison with similar
reactions in the literature (1). The rate values for reaction (2) were the only
unknowns. The use of deuterated phenol allowed differentiation between the
toluene resulting from abstraction from PD and from MN. The initial mole ra-
tio of BB to PD to MN of 1:4:4 provides a large excess of PD and MN for every
benzyl radical created to assure that reactions (2) and (3) are indeed the most
important abstraction reactions for the benzyl radical. The ratio |[TOD]/[TO]
can be shown to be approximately proportional to the ratio kg /ks (see subsection
4.2.2). Thus, given the experimental values of [TOD]/[TO}, as determined by
GCMS, and given the known value of kg, a first estimate of kp can be calculated.
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The final value of ko would be obtained through a least-squares minimization
method. The next subsection discusses how computer modeling is used to ac-

complish this goal.

4.2.2 Kinetic Modeling

.. Table 4.2 shows the free-radical mechanism employed in modeling this re-
action system. There are three groups of reactions. The first is the dissociation
reaction, or radical initiation reaction. Reaction (1) is the only initiation reacti(.)n
in this case. The second group, consisting of reactions (2) through (13), consists
of propagation reactions. One radical abstracts hydrogen to form a molecule
and generate another radical, keeping the total number of radicals constant. To
select these propagation reactions, we look at all the molecules from which a
benzyl radical can abstract a hydrogen atom. They are PD, MN, and also BB
because BB is not completely dissociated and the resulting BB- radical is quite
stable. The subsequent radicals PH-, MN:, and BB- will next abstract from PD,
MN, and BB. They will further abstract from TO, which is a major product
from the first series of abstractions. TOD is not included as a hydrogen donor
because the abstraction from PD to form TOD is much slower than from MN
or BB, and the resulting concentration of TOD is much lower than that of TO.
The resulting 12 reactions are called the primary propagation reactions. They
involve abstraction from only the major hydrogen donors present in the early
phase of thermolysis. For example, abstraction from PH, a secondary product,
is not considered because at low conversion of BB the radical activities are not
extensive and the majority of phenol is present as PD. Similarly, abstractions

from deuterated MN and BB are ignored. For this reason, most experiments
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were limited to less than 20 percent conversion of BB to avoid unnecessary
complications due to secondary reactions.

The third group consists of recombination, or termination reactions, reac-
tions (14) through (23). In this case two radicals collide with each other to form
a stable molecule, resulting in a net loss of two radicals from the system. The
recombination reactions are determined by cohsidering all possible permutations
between the existing radicals, namely TO., PH., MN:, and BB:. Once again,
these are the primary recombination reactions, involving only those radicals oc-
curring in the early phase of BB thermolysis. Furthermore, with the exception
of BB, all recombination products are assumed to be stable and undergo no fur-
ther abstraction reactions. These termination reactions indeed provide a radical
‘sink’ and allow for products of recombination to accumulate as thermolysis

progresses.

The omission of secondary propagation and termination reactions would
lead to inaccuracy in model results. As will be shown presently, however, even
the most abundant of the recombination products are present only in relatively
small concentrations. The secondary products would account for an even smaller
fraction of the total product mixture. It appears, then, that the error resulting
from omission of the secondary reactions is quite small at low conversions.

The assignment of rate values to each of the aforementioned reactions de-
serves some comment. First, the bond dissociation energy of 65 keal/mol and
the A factor of 105 for BB were reported by Miller & Stein (3). Other in-
vestigators reported slightly different values. For example, Sato (6) gave E,
= 60.9 kcal/mol and A = 10'*. Poutsma (7) gave E, = 61.5 keal/mol and A
= 2.5 X 10, It turned out that an activation energy of 63 kcal/mol and an

A factor of 10'%° gave the most satisfactory agreement with our data. Next,
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the activation energies for hydrogen abstraction by benzyl radicals were taken
to be 9 kcal/mol (1). The activation energy for abstraction by the bibenzyl
radical, however, was calculated by group additivity to be 12.5 kcal/mol. The
larger activation energy was mainly due to the increased stability of the bibenzyl
radical (a sécondary radical) in comparison with the benzyl radical (a primary
radical). In either case, A = 107. Finally, all free-radical recombination reac-
tions were assigned an activation energy of zero. These termination reactions
were assumed to be diffusion controlled and to have no steric hindrance. Rates
of diffusion-limited reactions were estimated from the viscosity of the mixture

using the Stokes-Einstein equation (8)

K 8RT
aft 3 x 10%y

where 5 is the viscosity of the reactant mixture which is liquid at the reaction

temperature. For saturated liquids at high temperatures, the corresponding

states correlations can be used in conjunction with the acentric factor (9) to

yield the equation

mé = me® + win®

where
b s
T.®
2
Mip, 3

where M is the molecular weight and, to a good approximation,

£ =

(e 6)@ = 0015174 - 002135T, + 0.0075T,2

(€)Y =  0.042552 — 0.07674T; + 0.0340T,>

in the range 0.76 < T; < 0.98. The units for , T, and P are centipoises, degrees

Kelvin, and atmospheres, respectively.
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The critical constants for the reactant mixture are also calculated by the
corresponding states method. For the pseudocritical temperature T, a simple

mole fraction average method, often called Kay’s rule, gives

Tem = EYi ch
i

For the pseudocritical pressure, a mole fraction average is not satisfactory when
the critical pressures and volumes of all the components are dissimilar. Instead,

the modified Prausnitz and Guan combination (10) is employed to yield the

relationship
R (Eijch) Tem
EJYchj

The acentric factor is given by the approximation (11)

Wm = ZYj wj
J

The critical constants for each of the simple compounds can be found in Reid,

Pcm =

et al. (12). For larger, more complicated model compounds such as bibenzyl,
Lydersen’s method (13}, which employs structural contributions, is applied. The

relations are

g1 -1
T = Tb[0.0567 + Yar + (ZAT)]

where T, is the boiling point and the unit for V. is cubic centimeters per gram
mole. The A quantities are the Lydersen’s critical-property increments and are

evaluated by summing contributions from various atoms or groups of atoms (13).
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Finally, the concentration of each reactant species in the mixture at reaction
temperature is estimated from the critical properties using the method of Gunn

and Yamada (14):

-

— = VO - ur

VSC f ( )
where

Vie = I;Tc (0.2920 — 0.0967w)
[of
For 0.8 < T, < 1.0,
v, = 10+ 1.3(1 - Tr)’a‘logu—'rr) —0.50879(1—T;) — 0.91534(1 — T,)?
For 0.2 < T, < 1.0,
I' = 0.20607 - 0.00045T, — 0.04842T,*

Table 4.3 summarizes the diffusion-limited rates of the termination reactions
associated with the thermolysis of BB + PD + MN, as well as the concentration
of each of the three reactants, at reaction temperatures between 387 and 425°C.
Table 4.4 summarizes the model results as compared with experimental
data for the thermolysis of BB + PD + MN. The data are divided into three
sections. First, the ratio kp/ks was obtained as follows. Toluene (TO) and
deuterated toluene (TOD) were distinguished by the use of GCMS (see Chapter
3), which yielded the relative concentrations of masses 93 (TOD) and 92 (TO).
From reactions (2), (3), and (4), the ratio of [TOD] to [TO] can be written as

[Top] k, f|TO-][PD]ds
[TO] ~ ks J[TO]MNjat + k, J[TO|[BBJat

For low conversion of BB, [PD], [MN], and [BB] were approximately constant.
Further, ks = k4. Thus the equation reduces to

[TOD] _  k;  [PD]
[TO] kg [MN]+ [BB]
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Given the initial concentrations of PD, MN, and BB, a first approximation of
the ratio kg /ks could be calculated. Iteration on the value of ko [ks eventually
yielded BB conversion that agreed with experimental data. The product ratio of
[TOD]/[TO] also agreed with the experimental value determined by GCMS. The
resulting ratio ke /ks = 0.077 was then used at various reaction temperatures
and residence times. In the second section of Table 4.4, the computer model
was employed to simulate thermolysis at temperatures from 387 to 425°C, at
a constant residence time of 1 hour. The model results agree well yvith the
experimental data, as shown graphically in Figure 4.1. In the third section of
Table 4.4, the conversion of BB was kept under 20 percent at all temperatures by
varying the residence time. As explained above, the low conversion of BB would
allow omission of secondary reactions in the free-radical mechanism without
significant inaccuracy in the model results. The model values from this section
were next used to calculate ky. In the Arrhenius form, the ratio ko /ks can be
written as follows:
kg A; Eag — Eas
R R

We note that thé value kg [ks = 0.077 was satisfactory in predicting BB conver-
sion and [TOD]/[TO] over a range of temperatures and residence times. From
the above relationship, this must mean that E,, must be close to E,3 because
a small difference in the two activation energies would result in the exponen-
tial term being nonzero and thus temperature dependent. Given logjoAs =

7, logigA2 can then be calculated to be 5.9. Thus for the reaction
TO- + PD — TO + PH. (2)

we estimated E,, = 9 kcal/mol, and log;oA; = 5.9.
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It might have appeared more reasonable to iterate for k; /ks at lower con-
versions of BB, (third group of data in Table 4.4). At high conversions of BB,
however, the experimental data were more accurate, giving more accurate re-
sults. As it turned out, ky/ks was very insensitive to variations in temperature
and reaction time.

The kinetic isotope effect, the change of reaction rate due to deuterium
substitution, must now be considered. To a good approximation, all the differ-
ences are attributable to the change in mass, which manifests itself primarily in
the frequencies of vibrational modes (15). The frequencies (or rather, the wave

numbers) in two isotopically substituted molecules will be in the ratio

L

i T

Given the stretching wave number of the C-H or O-H bond of 3100 cm™?

where p is the reduced mass.

(5), the wave number of the C-D bond was calculated to be 2275 em™*.
For a linear activated complex, Johnson and Parr (16) gave the following

equation for the kinetic isotope effect:
- 2T ) @)
kp i, \I'p I'p T'u op
where
i, = imaginary wave number of the activated complex,
I'* = tunneling correction factor,
rt = quantum correction factor for real vibrations of the activated complex,

I'" = quantum correction factor for real vibrations of the reactants,

o = reaction path degeneracy.
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Literature calculations showed that tunneling correction did not signifi-
cantly improve the accuracy of the rate ratio, and thus the tunneling correction
factor was ignored from our calculations. Next, literature showed that a linear,
three-atom model was nearly as satisfactory as a very tedious nine-atom model

in the case of CFs» ~ + CD3H (17). Thus a three-atom model was employed

as an approximation:

For this model, there existed one stretching vibration and two bending vibrations

for the activated complex, and one stretching vibration for the reactant. Further,

(234

on = 1. The equation for the kinetic isotope effect was thus reduced to:

. t
ki _ P (To Doy (F)
kD i‘;iD PSD an rsH

where T' = 0.5u/sinh(0.5u), u = hi7/kT,

The subscripts s and b refer to stretching and bending modes, respectively.
From the above calculations, Dc_g or Po_g = 3100 ecm™! and Pc_p =
Po-p = 2275 cm™1. No data were available for the remaining wave numbers, and
the approximate values for the activated complex [CHs - --H---H] were obtained
from the literature (18). Because the H-H and H-O bonds had somewhat similar
spectroscopic data, such as the bond dissociation energy, bond order, and Morse

parameter, the above complex was deemed to be a fair approximation of
[¢CH; - --H--- Og)].

At 400°C, the approximate kinetic isotope effect was determined to be

ky/kp = 1.95. According to literature data on similar systems, the theoretical
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values could be different from the experimental values by as much as a factor
of 10. Experimental data (18, 19) indicated, however, that the ratic kg /kp
for several hydrogen transfer reactions approached unity as the temperature
increased. In this work, therefore, the kinetic isotope effect was ignored because
the temperatures were on the order of 400°C. It must be cautioned that a
detailed study would be necessary to determine the precise extent of the kinetic
isotope effect.

Finally, the effect of deuterium scrambling must be considered. The ab-
straction of deuterium from PD generated the phenoxy radical (PH-), which
is extremely reactive. It would immediately abstract either H or D from any
available donor. ( Thermochemical kinetics shows that the abstraction reac-
tion involving PH- has an enthalpy change of -5.8 kcal /mol, indicating a highly
exothermic and thermodynamically favorable reaction. ) Thus before long, a
concentration of PH will begin to build up. Hydrogen abstraction by TO- from
PH yields TO, which can not be differentiated from abstraction from MN. How-
ever, if the conversion of BB is kept small, the TO- concentration is also small,
and the resulting PH- concentration low. With a large excess of initial concen-
tration of PD, the concentration of PH would quite small by comparison. And

the ration [TOD]/[TO] would still closely approximate the preference of TO- for
abstraction from PH to MN.
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4.3 Thermolysis of Benzyl Phenyl Ether 4+ 1 Naphthol OD

+ 1,2,3,4 Tetrahydronaphthalene

4.3.1 I_iate Parameter of Interest

Having estimated the rate of hydrogen abstraction from phenol by a carbon-
centered radical, we are now in a position to determine the abstraction rate
by an oxygen-centered radical. Benzyl phenyl ether (BPE) was chosen as the
initial source of phenoxy radicals because of the readily available value of bond
dissociation energy (20, 21). An ether bridge is much weaker than an ethylene
bridge, and BPE begins to dissociate above 250°C to produce one benzyl radical

and one phenoxy radical;
BPE — TO- + PH (1)

The abstraction reactions involving TO- can now be inferred from section
4.2. The reactions of PH- are of current interest. Abstraction by PH. from PD
would only result in deuterium scrambling. NOD was therefore chosen as the
phenolic hydrogen donor. The temperature range selected was low (250 - 350°C)
to prevent extensive dissociation of BPE. At such low temperatures, however,
MN is not an effective hydrogen donor. Tetralin (TE), a very good hydrogen
donor, was thus selected instead of MN for use in this reaction system.

The rate parameters for deuterium abstraction from NOD by PH- were the

only unknowns in this system. The two reactions of consequence are:
PH- + NOD — PD + NO- (6)

PH- + TE — PH + TE )
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By comparing the relative concentrations of PD and PH, the ratio of the rates
ke /ky can be estimated. From iteration, the final value of k¢ can be obtained

because ky is known. The following subsection describes the free-radical model

relevant to this reaction system.

4.3.2 Kinetic Modeling

The free-radical mechanism appropriate for this reaction system is shown in
Table 4.5. As was the case in the previous system, reaction (1) is the only radical
initiation reaction, where the dissociation of the ether bridge yields one benzyl
radical and one phenoxy radical. The propagation reactions include r=actions
(2) through (17). The possible hydrogen {and deuterium) donors are NOD,
TE, BPE, and TO. The relevant radicals are TO-, PH., NO-, TE., and BPE.-.
We note that there are two oxygen radicals, the phenoxy and the naphthoxy
radicals. In order to distinguish between abstraction by the pheroxy radical
from a hydrocarbon and from a phenol, NOD had to be used instead of PD.
The use of NOD results in a new radical, the naphthoxy radical, which accounts
for four additional propagation reactions. Already we see the importance of
limiting the number of radicals to keep the number of elementary reactions to
a minimum. Once again, these sixteen reactions are the primary propagation
reactions. Abstraction from PH, for example, is neglectcd on the grounds that its
concentration is much lower than that of NOD at low conversions of BFE. Thus
the experiments were controlled to achieve no more than 20 percent coaversion

of BPE so that the omission of secondary reactions would not lead to significant

error in the kinetic modeling.

The recombination reactions include reactions (18) through (32). They in-
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volve the bimolecular interactions of all radicals with one another. With five
major radicals, TO-, PH:, NO-, TE., and BPE-, their permutations yield 15 re-
actions. With the exception of BPE, all products of recombination are assumed
to be stable. Even BB, the product of benzyl radical recombination, is assumed

to undergo no further reaction because of the low reaction temperatures.

It is possible to reduce the number of elementary reactions further without
jeopardizing the validity of the model results. Given the small initial concentra-
tion of BPE relative to those of NOD and TE, the abstraction reactions from
BPE to produce the radical BPE., and thus the subsequent termination reac-
tions involving BPE-, could be omitted without serious penalty. For a large
number of intermediates it is often necessary to reduce the nnmber of reactions
with a small sacrifice in accuracy in order to obtain a more manageable system
and save computer time. In the present case the reaction system is relatively
simple, involving only 32 elementary reactions. The reactions invelviag BPE

and BPE- will therefore remain in the model for completeness.

The assignment of rate values is discussed next. Kainiya el ai. (21) gave
the value of E, 2 50 kcal/mol, and Schlosberg et al. (4) reported E, = 52 £+ 5
kcal/mol while log;oA was taken to be 16.0 for the dissociation of benzy! phenyl
ether. The activation energies for all hydrogen abstraction reactions were taken
to be 9 kecal/mol, as in the previous system. Also, for most reactions, log;gA =
7.0. For reactions (2}, (13}, and (16), however, the results of section 4.2.2 can
now be used, assuming that the different resonance stabilization energics would
not have a significant effect on these rate parameters. Ladacki & Szwarc (22),
studying a system of aromatic bromides, concluded that increasing the size of
the 7-electron system had no appreciable effect on the C-Br bond dissociation

energy. By analogy, we assume that the value of the A factor determined for ab-
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straction from PD can be used for abstraction from NOD. That is, for reactions
(2), (13), and (16), logio = 5.9. The recombination reactions were assumed to
be diffusion-limited and their rates were estimated from the mixture’s viscos-
ity, as outlined in subsection 4.2.2. The diffusion-controlled rate values for the
thermolysis of BPE + NOD + TE, as well as the concentration of each of the

reactants, at reaction temperatures between 250 and 350°C, appear in Table

4.6.

Table 4.7 summarizes the model results vs. experimental data for the ther-
molysis of BPE + NOD + TE. Following the scheme discussed in subsection
4.2.2, a first estimate of k¢/ky could be obtained from the experimentally de-
termined ratio of [PD}/[PH]. This rate ratio was determined to be 1.65. The
experimental conversion of BPE was much larger than predicted by the model,
and any amount of adjustment on k¢ would not remedy the disagreement. In-
stead, adjustment was made on the value of E, , the activation energy for BPE
dissociation. By lowering E,; to 47 kcal/mol, the predicted conversion of BPE
became very close to the experimental value, as shown in the first section of
Table 4.7. The adjustment of 3 keal/mol in the activation energy was within
reason, and certainly within the margin of + 5 kcal/mol given by Schlosberg (4).
Moreover, the agreement between model results and experimental values were
so good that ke need not be further adjusted. The value kg /k; was used for the
rest of the calculations, with the results appearing in the second section of Table
4.7. The ‘low conversion’ results are also plotted in Figure 4.2, showing very
good agreement between model predictions and experimental data. In contrast
to the BB experiments, where the reaction time was at least 15 minutes, the
BPE experiments involved reaction time of only 5 minutes, due to the higher

reactivity of the ether bridge. Because the reactor heatup time was on the order
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of 1 minute, decreasing the reaction time any further would render temperature
history imprecise. Low conversions of BPE were thus achieved by lowering the
reaction temperature while maintaining the reaction time constant at 5 minutes.
As described previously, the constancy of k¢ /ky over temperature implies

that E,; = E,,. Given logjoA7 = 7.0, logoae can be calculated as 7.2. Thus

for the reaction

PH- +NOD- — PD + NO-. (7)

we estimated E,; = 9 kcal/mol, and logjoA7 = 7.2. This resction is
thus only slightly faster than the abstraction from a hydrocarbon, in contrast
to the finding by Mahoney & DaRooge (23), who reported that the abstraction
from a phenol was much more rapid than from a hydrocarbon. This d.fference
might be due to the difference in reaction temperatures. Mahorey & L'aRooge
carried out their reactions at 60°C. The difference between the chemistry of the
donor solvents might become less significant at high temperatures, such as in

this study.

Finally, the kinetic isotope effect was again ignored due to the high reaction

temperatures.

4.4 Summary

Free-radical mechanisms were proposed to explain the thermolysis of model
compound mixture containing ethylene and ether bridges. Rate parameters
were determined for the abstraction of hydroxyl hydrogen atoms from phenol
or naphthol by the benzyl and phenoxy radicals resulting from bridge dissoci-

ation. In the first set of experiments, 1,2-diphenyl ethane (BB) dissociated to
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yield two benzyl radicals. The benzyl radical either abstracted a hydrogen atom
from 1-methylnaphthalene (MN), generating another carbon-centered radical,
or it abstracted a deuterium atom from phenol-OD (PD), generating a phenoxy
radical. Computer modeling was used to analyze the experimental data and es-
timate abstraction rate parameters. The results revealed that the benzyl radical
preferentially abstracted from MN over PD, the rate of abstraction from MN
being roughly 13 times as fast as that from PD. This result is in reasonable
accord with the fact that the benzyl radical is more stable than the phenoxy
radical.

In the second set of experiments, benzyl phenyl ether (BPE) was employed
to generate the benzyl radical and the phenoxy radical. The phenoxy radical
then either abstracted hydrogen from 1,2,3,4- tetrahydronaphthalene (TE), gen-
erating a carbon-centered radical TE-, or it abstracted deuterium from naphthol-
OD (NOD), generating another oxygen-centered radical, namely the naphthoxy
radical (NO-). Computer modeling showed that the phenoxy radica! prefer-
entially abstracted from NOD over TE. Even though abstraction from NOD
yielded NO-, which was more reactive than TE-, this effect was possibiy offset
by the more favorable hydrogen-bonding interaction between the phencxy radi-
cal with the O-D group in NOD compared with the C-H group in TE (23). In
other words, during the hydrogen (or deuterium) trausfer process between the

two oxygen-centered radicals, a transition-state complex was fornied as follows:
$0- + NOD — (¢O0--D--ON} — ¢OD + NO-

The relative stability of this hydrogen-bonded complex resulted in a lower ac-
tivation energy and thus abstraction from NOD became more competitive with

abstraction from TE.
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Yet another contradicting effect was the relative tightness of the activated
complex in the oxygen-oxygen system vs. the oxygen-carbon system. Mahoney
& DaRooge (23) reported that for the hydrogen atom transfer between peroxy
radicals, the oxygen moieties were separated by a shorter distance than for the
transfer between a peroxy radical and a hydrocarbon. These researchers claimed
that the tightness of the oxygen- oxygen complex would result in a lower value
of the preexponential factor in the Arrhenius expression compared with those
observed in the oxygen-carbon system.

In the present case, the interplay between the relative reactivity of the naph-
thoxy radical, the stability of the hydrogen-bonded complex, and the tightness
of this activated complex all contributed to the effective rate ratio for hydrogen
abstraction by the phenoxy radical from NOD vs. TE of 1.65.

Having estimated the rates of hydrogen abstraction involving the phenoxy
radicals, we shall next focus our attention on the recombination reactions asso-
ciated with certain oxygen model compounds. The rate parameters calculated
here will be applied to these new reaction systems to validate the free-radical
mechanism by comparing with experimental data, and to determine t{ermina-
tion rates. More importantly perhaps is the insight obtained from observing
the tendency for a phenoxy radical to engage selectively in certain reactions.
This insight will prove useful in formulating mechanistic pathways for radical
interactions and predicting the subsequent products of recombination, as will be

demonstrated in the next two chapters.
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TABLE 4.1

REACTANT MIXTURES FOR THE HYDROGEN ABSTRACTION EXPERIMENTS

e o

Mole Ratio:
Temperature:
Reaction Time:

CH

o ©

Mole Ratio:
Temperature:

Reaction Time:

1:4:4
387-425°C
15-60 minutes

0D

Ce

1:4:4
250-350°C

5-10 minuﬁes
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TABLE 4.2
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THERMOLYSIS MECHANISM FOR BB + PD + MN

REACTION

BB

INITIATION

—— TO .

PROPAGATION

+ PD
+ MN
+ BB
+ TO
+ MN
+ BB
+ TO
+ PD
+ BB
+ TO
+ PD
+ MN

A

TOD
TO
TO
PH
PH

PH
MN
MN
MN
BB

BB
BB

TERMINATION

+ TO-
+ PH-
+ MNe
+ BB
+ PH-
+ MNe
+ BB-*
+ MN-
+ BB-
+ BB

BB
p2
P3
P4
P5
P6
P7
P8
P9
P10

logloAa E
15.9 63
5.89 9.
7.0 9.
7.0 9.
7.0 9
7.0 9.
7.0 9.
7.0 9.
5.89 9.
7. 9.
7. 12
5.89 12.
7.0 12
0

0

0

0

0

0

0

0

0

0

GMEHOOOOOOOOO
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TABLE 4.2 (cont'd)

DEFINITION OF SYMBOLS

BB = bibenzyl BB. = bibenzyl radical

PD = phenol-0D PH- = phenoxy radical

PH = phenol-OH

MN = 1-methylnaphthalene MN- = methylnaphthalene radical
TO = toluene TO- = benzyl radical

TOD = deuterated toluene

P2 - P10 = recombination products

a

Units of sec-1 for reaction 1

mol-lsec_1 for all other reactions

Activation energy in kcal/mol
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TABLE 4.3

THERMOLYSIS OF BB + PD + MN

kdiff and Reactant Concentrations as a Function of Temperature

Temperature kyief X 1078 Concentration (moles L™1)
(°C) M1 ey BB PD = MN
375 1.187 0.619 2.476
387 1.321 0.604 2.414
400 1.495 0.581 2,323
412 1.678 0.561 2.242
425 1.917 0.534 2.136
437 2.173 0.506 2.023
450 2.508 0.463 1.853
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THERMOLYSIS MECHANISM FOR BPE + NOD + TE

REACTION

BPE

TOs +
TOs +
TOs +
PHe +

PHe +

TE. +
BPEs +
BPE- +

BPE* +

INITIATION
— TOe
PROPAGATION
NOD —— TOD
TE — TO
BPE —— TO
T0 —— PH
NOD — PH
TE —— PH
BPE ———— PH
T0O —— NOH
TE —— NOH
BPE ——» NOH
0 — TE
NOD -—— TED
BPE — TE
T0O ——s BPE
NOD ———— BPED
TE ——— BPE

PH-

NO-

TE-

BPE*

TO-

NO-

TE-

BPE*

TO-

1°g10A

16.0

5.89
- 7.0
7.0
7.0
7.22
7.0
7.0
7.0
7.0
7.0
7.0
5.89
7.0
7.0
5.89

7.0

47.
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19

20

21

22

23

24

25

26

27

28

29

30

31

32
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TABLE 4.5 (cont.)

REACTION log, A
RECOMBINATION
TO- TO- BB
TO- PH- BPE
TO- NO- P1
TO* TE- P2
TO- BPE- P3
PH- PH- P4
PH- NO- P5
PH- + TE- P6
PH- BPE - P7
NO- NO* P8
NO* TE* P9
NO* BPE- P10
TE* TE- P11
TE- BPE- P12
BPE- BPE* P13
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TABLE 4.5 (cont'd)

DEFINITION OF SYMBOLS

BPE = benzyl phenyl ether

NOD = naphthol-0D NO* = naphthoxy radical
NOH = naphthol-OH
TE = tetralin

P1 - p13 = recombination products
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TABLE 4.6

THERMOLYSIS OF BPE + NOD + TE

kdiff and Reactant Concentrations as a Function of Temperature

-7
Temperature kdiff x 10 Concentration (moles L—l)
(°C) M1 sec ]y BPE NOD + TE
250 4,353 0.739 2.955
262 4,735 0.719 2.875
275 5.195 0.700 2.798
287 5.669 0.682 2.730
300 6.243 0.664 2.657
312 6.838 0.649 2.595
325 7.565 0.632 2.528
337 8.324 0.617 2.470
350 9.259 0.602 2.408




102

(z'v *31d) 291 L9°1 vz 6°2 0sZ
UOTSIIAUOD €S'1 L9°1 S*L 9°L 292
adg 8L°1 69°1 0°L1 S°LT SLZ
Mo L1 L1 1°92 6°LZ S L82 | S9°1 LY
S ¢¢ 1°9¢ 00¢
0°9S v°LS S sz¢ | S9°1 LY
I, 588 LY
| €9 8
uo L v9 6V
uot3exall z°L8 8 6% (1} 0ss | S9°1 0S
Juaumio) 13dxg  [epoW | 13dxg 19poN | (utw) (Do) Ly (Tou/1eY)
(Hd/ad) UOTSIBAUOD Jd9 % aury | -dwej - 1
% B

4L + dON + ddf9 40 SISATOWdIHL

VIVAQ TVINGWIY¥ddXd °SA SL1NS3Id TIAOW

L'y d18VL




103
CHAPTER §

RECOMBINATION EXPERIMENTS

PART 1. REACTIONS OF BENZYL PHENYL ETHER

5.1 Introduction

The object of the recombination experiments was to identify the structures
of the major products of recombination involving the phenoxy free radicals.
Mechanistic pathways were then proposed to account for formation of these
products. The proposed mechanisms were next incorporated into a computer
model to determine free radical activities. Finally, the model predictions of
product concentrations were compared with the experimental data to check the
validity of the kinetic mechanisms. This chapter examines the recombination re-
actions of the phenoxy radical (¢ — O-), which was generated from thermal disso-
ciation of benzyl phenyl ether (BPE). Table 5.1 shows the two model-compound
mixtures employed for this purpose. The first set of experiments utilized mix-
tures of BPE and toluene to study the recombination reactions involving the
phenoxy radical and the benzyl radical (¢ — CH;-). In the second set of ex-
periments, where BPE and phenol were the reactants, the emphasis was on the
interactions of the phenoxy radicals with one another The recombination rates
were once again assumed to be diffusion-limited. The hydrogen-abstraction reac-
tions involving the phenoxy radical have already been studied in Chapter 4. The
previously determined rate parameters were now used in the proposed mecha-

nisms. As in Chapter 4, the model compounds were chosen to minimize the
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the number of free radicals. The model compounds chosen were also the sim-
plest structures that contained all the essential features under study, in order to

reduce the complexity of the subsequent recombination products.

It is essential to emphasize the importance of the ability to ‘extrapolate’
in model c(;mpound studies. For example, the rdte para;neters for the BPE
+ l-naphthol-OD + tetralin system, determined in Chapter 4, can be applied
to different reaction mixtures, namely the BPE + toluene and BPE + phenol
systems in this chapter. It will next be shown that, as the results of the BPE
+ toluene mixture are informative for the BPE + phenol system, so will the
overall results of the BPE system be useful for the naphthol system, which will
be discussed in Chapter 6. The ability to predict the results of one reaction

system from another, simpler system will eventually provide the ultimate link

between the model compound system and the actual coal-related materials.

5.2 Thermolysis of Benzyl Phenyl Ether + Toluene

The major radicals in this experimental system were the benzyl radical
(TO-) and the phenoxy radical (PH-). Therefore, there existed three possibili-
ties for their recombinations: TO- + TO-, PH- + PH., and TO- + PH.. In the
first instance, several studies (1, 2, 3, 4) have shown that the most predominant
product of recombination of two benzyl radicals was bibenzyl (BB). Moreover,
it was the PH- radical, not the TO- radical, that was of immediate interest.
Thus bibenzyl was assumed to be the only product of TO- + PH- radical re-
combination in the modeling section. In the second instance, it turned out that

the concentration of the PH. radical at any given time was very small. The
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probability of two PH- radicals colliding was negligible, as evidenced by the fact
that no products of appreciable quantity consisted of two phenoxy groups (as
shown by GCMS). Phenol was the major phenolic product. Due to the extreme
reactivity of the phenoxy radical, it rapidly abstracted a hydrogen atom from
any available source to form phenol. In fact, the absence of PH- + PH- products
prompted the study of the BPE + phenol system, which will be the subject of

the following section, section 5.3.

The third instance, where TO- and PH- collided to form a product, was
therefore of immediate interest. The three possible structures of the resulting

product were:

[::I,-O~TE5:; ldif__TiiI; [::]r,.cHZ\I:é;

(1 (11) (111)

Section 5.2.1 will describe how one of these structures was determined to be the |

actual product of TO:- + PH- recombination.

Another major product of recombination resulted from the collision of the
radicals TO- and BB:. The abundance of BB- was a direct result of the abun-
dance of the TO- radicals. The predominant product of TO- + TO- recombi-
nation was bibenzyl, which subsequently acted as a very good hydrogen donor
because the resulting BB- radical was relatively more stable than TO-, and
certainly much more stable than PH.. Again, section 5.2.1 will describe the

analytical procedures utilized to identify the actual structure of the TO- + BB-

recombination products.
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5.2.1 Product Identification

Figure 5.1 illustrates an HPLC chromatogram of the entire products of the
thermolysis of a 1:4 molar mixture of BPE + toluene at 325°C, 10 minutes. The
major peaks have been labeled 1 through 7, in order of elution time. The small
clumps of peaks that eluted much later represent the high-molecular-weight
products. These compounds were probably secondary recombination products,
that is, compounds resulting from further, extensive reactions of the initial prod-
ucts of recombination. In any case, the total concentration of these products
was roughly 10 to 15 percent of total product. From Figure 5.1, there were at
least ten such compounds, so that each compound was present in a very small
quantity and will be ignored in this study. Focus shall be on the first set of

products, or the ‘primary’ recombination products.

The identities of the two reactants and the most abundant known products
were revealed by ‘spiking’ with authentic samples, as described in Chapter 3. By
this method, peaks 1, 3, 4, and 5 were shown to correspond to phenol, toluene,
BPE, and bibenzyl, respectively. The entire products were next subjected to
chemical separation (Chapter 3). Figure 5.2 compares chromatograms of the
phenolic and the neutral fractions to that of the entire products. Besides fraction
1, which was phenol, the only other major phenolic fraction is peak number
2. The rest of the major peaks evidently corresponded to neutral compounds.
The three unknown products, corresponding to peaks 2, 6, and 7, were each
collected using the liquid chromatograph in the preparative mode (Chapter 3).
Each fraction was submitted for GCMS and NMR analysis.

Let us first look at Fraction 2. GCMS of this phenolic fraction indicated a

mass of 184 for the parent ion (Figure 5.3). This mass agreed with a product of
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TO- + PH- recombination. Of course, one product was the formation of BPE in
a reverse of the dissociation reaction. Fraction 2, however, must correspond to
some other product because its elution time was different from that of BPE. The

three potential chemical structures of this compound are again shown below:

CH
CHy oH 3 OH
o CARe
(1) (ii) - (did)

Structure (i) was immediately ruled out because it was not phenolic. Proton
NMR (Figure 5.4) yielded two singlets, one at 3.9 ppm and one at 5.2 ppm,
with integration ratio of roughly 2:1. The singlet at 5.2 ppm corresponded to
the hydroxyl proton and the one at 3.9 ppm represented the aliphatic protons.
This signal was shifted due to the proximity to a benzene ring. The magnitude
of the shift would suggest two benzene rings neighboring these aliphatic protons,
thus favoring structure (iii) over structure (ii). A very useful piece of information
was the experimental observation that the concentration of fraction 2 decreased
as temperature increased, as shown in Figure 5.9 (this figure will be described
in more detail presently). Structure (ii) would be stable at the relatively low
temperatures studied, the phenyl-phenyl bond dissociation energy being on the
order of 90 kcal/mol (5). At first glance, structure (iii) would also appear to
be stable, the theoretical bond dissociation energy for the methylene bridge
being 86 kcal/mol (5). A closer look, however, revealed that structure (iii) was

susceptible to a keto-enol tautomerization, as schematically illustrated below:
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OH 0 *0
CH2 | CHZH .HZ
b= d

The isomerization reduced the effective bond dissociation energy to about 45
kcal/mol, as experimentally observed by McMillen et al. (5). Moreover, only
the ortho and para isomers would undergo this type of tautomerization. With
all the supporting evidence, it was concluded therefore that fraction 2 was either
o-benzyl phenol or p-benzyl phenol (BPH). Structure (iii) represents the ortho

isomer.

Fraction 6 was determined by GCMS to have a mass of 258 (Figure 5.5).
Proton NMR indicated a singlet at 3.4 ppm and a doublet at 4.3 ppm, with

integration ratio of roughly 2:1 (Figure 5.6). The following structure is proposed:

@—- CH,— CH/@
\©

The two groups of aliphatic protons would be shifted and split in agreement with
the NMR results. The formation of this molecule was somewhat more compli-
cated. Schlosberg (1) proposed the homolytic aromatic substitution reaction

that resulted in formation of the biphenyl methyl radical:
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> ©
O-wi+@—=

J
OO +

In our case, R = CHs; — CH; — ¢ and ¢-R = bibenzyl. The bipheny] methyl
radical could then recombine with the benzyl radical to form structure F6. With
the molecular structure in accord with analytical data and with all pathways of

formation accounted for, peak 6 was thus assigned the structure F6, or 1,1,2-

triphenyl ethane (TPE).

Of course, in addition to recombining to form structure F6, the biphenyl
methyl radical could also abstract hydrogen to form biphenyl methane (¢ —CHp—
#). This product was actually found in the chromatogram (as identified by its
mass through GCMS). In the HPLC chromatogram of the reaction products
(Figure 5.1), it occurred just on the left shoulder of the BPE peak (peak 4).
As Figure 5.1 shows, biphenyl methane, and thus TFE, were present only in
small amounts. Determination of their concentrations via integration data was
therefore inaccurate. This coupled with the fact that TPE was a secondary
product containing no phenoxy group, which was our prime interest, justified
omission of TPE from our mechanistic model. The omission of TPE eliminated
at least two free radicals from the mechanism, significantly reduced the number

of elementary reactions and simplified the kinetic model.

Finally, fraction 7 was found to have a mass of 272 (Figure 5.7). The proton
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NMR shows two similar multiplets centered at about 2.9 ppm, and one multiplet
at 3.2 ppm. The integration ratio of the three multiplets was about 2:2:1 (Figure

5.8). The following molecular structure was proposed:

The protons (a) and (b) are similar, but not identical, so that both are split
differently and both shift differently, due to the proximity to the benzene rings.
The proton (c) is split by both (a) and (b), and is also shifted by the benzene
ring. Thus structure F7 is consistent with both the GCMS and NMR results.
Fraction F7 would be easily formed from collision between the BB- radical and
the TO- radical. The larger concentration of this fraction evidently follows from
the abundance of both BB- and TO:. Consequently, it was concluded that peak
7 in the chromatogram of the products of the reaction BPE + TO corresponded
to structure F7, or 1,2,3-triphenyl propane (TPP).

In summary, peaks 1, 6, and 7 in Figure 5.1 ha.vé been identified as ben-
zyl phenol (BPH), 1,1,2-triphenyl ethane (TPE), and 1,2,3-triphenyl propane
(TPP). Another secondary product, biphenyl methane, was also detected. TPE
and biphenyl methane, however, were present in very small concentrations that
did not warrant their inclusion in the kinetic model. It was considered sufficient
to have identified TPE and BP as minor products of BPE + toluene thermol-
ysis. The validity of the free-radical model will be satisfactorily demonstrated

by its ability to match the concentrations of bibenzyl, BPH, and TPP with
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experimental data. This will be the topic of the next section.

5.2.2 Kinetic Modeling

The mechanism illustrated in Table 5.2 was employed in modeling the BPE
+ toluene system. There are four initiation reactions: the dissociation of the
ether bridge in BPE, the dissociation of the methylene bridge in BPH, and the
dissociations of the ethylene bridges in bibenzyl and TPP. Even though BPH,
bibenzyl, and TPP were secondary recombination products, the incorporation
of their dissociation reactions into the overall mechanistic model is necessary
due to the low activation energies of the dissociation reactions. The propaga-
tion reactions include the abstraction by the TO-, PH., BPE., and BB- radicals
from toluene, phenol, BPEZ and bibenzyl. The recombination reactions consist
of the bimolecular collisions between the radicals TO., PH:, BPE., and BB-. As
mentioned above, collision between two benzyl radicals was assumed to produce
only bibenzyl, as represented by reaction (15) (see Table 5.2). Reaction (16)
illustrates the formation of BPH by recombination of TO- and PH:. The forma-
tion of TPP from collision of TO- and BB- is represented by reaction (18). The
remainder of the products of recombination are simply labeled P1 through P7.
Note that, as discussed in section 5.2.1, reactions leading to the formation of
biphenyl and 1,1,2-triphenyl ethane (TPE) have been omitted from this mecha-
nism. This resulted in considerable reduction in the total number of elementary

reactions while little accuracy in model results was sacrificed.

Except for BPH and TPP dissociation, most of the initiation and propa-
gation reactions in this mechanism have already been previously encountered.

For these reactions, the appropriate rate parameters have simply been taken
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directly from Chapter 4. In the dissociation of the methylene bridge in BPH,
the effective bond dissociation energy was taken to be 45 keal/mol, as reported
by McMillen (5). In the case of TPP, the dissociation was assumed to yield the

benzyl radical and the bibenzyl radical, as represented schematically below:

—V\CHZ—{:} | mHZ._@
@— CH — +
\CH2_© @ &n—cn, @ ’

Thermochemical methods (6) showed that the activation energy for this cleav-
age was roughly 3 kcal /mol lower than that for the ethylene bridge dissociation
in bibenzyl. This result made intuitive sense because the bibenzyl (secondary)
radical should be more stable than the benzyl (primary) radical. By analogy (7,
8, 9), then, the rate parameters for the dissociation of TPP was taken to be E,
= 60 kcal/mol and log;oA = 15.9. The diffusion-controlled rates of recombina-
tion were estimated from the viscosity of the mixture using the Stokes-Einstein
equation, as described by Ingold (10). The concentrations of BPE and toluene
at various reaction temperatures were calculated from the critical properties of
the mixture using the method of Gunn & Yamada (11). Both sets of calculations
were outlined in section 4.2.2. The necessary physical constants appear in Reid

et al. (12).

The model successfully predicted the conversions of BPE and toluene over
the temperature range 300 - 375°C, as shown in Table 5.3. The good agreement
between model results and experimental data on the yields of BPH, bibenzyl,

and TPP is illustrated in Figure 5.9. The steady decrease in BPH concentra-
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tion with increasing temperature was correctly predicted by the model because
the effective bond dissociation energy for the methylene bridge cleavage of 45
kcal/mol, rather than the theoretical value of 86 keal/mol, was incorporated into
the mechanism. The concentrations of bibenzyl and TPP first increased with
temperature, then gradually decreased as the temperature exceeded 350°C. This
decline was attributed to further dissociation of bibenzyl and TPP. Reactions
(3) and (4) (see Table 5.2) accounted for their dissociation, and allowed the
model to produce parallel results with experimental values (Figure 5.9). The
radicals generated from breakup of bibenzyl and TPP underwent still further
recombination reactions, eventually forming larger and more complex molecules
at long reaction times. In fact, the concentrations of products heavier than TPP
increased steadily with temperature. These products were equivalent to the un-
desirable tar residues in coal liquefaction. Their structures and mechanistic

pathways of formation, however, lie outside the scope of this work.

In summary, the thermolysis of BPE + toluene were carried out at 300
- 375°C for 15 minutes and the products were identified to be phenol, benzyl
phenol, bibenzyl, TPP, and smaller amounts of biphenyl and TPE. Compounds
larger than TPP accounted for about 10 - 15 percent of the total products. They
were, however, not considered in this work. A computer model, incorporating
the dissociation rates for benzyl phenol, bibenzyl, and TPP, correctly predicted
the experimental results on the conversions of BPE and toluene and the yields

of BPH, bibenzyl, and TPP, as illustrated graphically in Figure 5.9.
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5.3 Thermolysis of Benzyl Phenyl Ether + Phenol

In the previous section, the recombination products derived from two benzyl
radicals or from a benzyl and a phenoxy radical. The transient concentration
of the phenoxy radical was too small to permit collision of two such radicals
with one another. To investigate the recombination reactions among phenoxy
radicals, phenol was utilized instead of toluene as a reactant, so that hydrogen
abstraction from phenol would yield PH-, increasing the concentration of this

radical. The product of recombination had one of the following structures:

OH

T @0

(1) (i1) (i11)

which will be identified presently.

Since dissociation of BPE gave the benzyl radical as well as the phenoxy
radical, products containing the benzyl group were also present in this system,
such as benzyl phenol and bibenzyl. Secondary products resulting from the
BB- radical, however, would exist in small amounts due to the low concentra-
tion of bibenzyl. Therefore, 1,2,3-triphenyl propane (TPP), and certainly 1,1,2-
triphenyl ethane (TPE), two secondary products identified in the previous sys-
tem, would not be major products of this reaction. This presents no problem
in any case, because these products did not contain the phenoxy radical, and
thus would not be pertinent to this study. Note that in order to boost the

phenoxy radical concentration, a reactant mixture have been selected in which
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there are no good hydrogen donors. The result was larger concentrations of
free-radicals that could not easily abstract hydrogen and eventually recombine
to form heavy, undesirable products. Attention will only be focussed on the few

primary products that will reveal the behavior of the phenoxy radical.

5.3.1 Product Identification

Figure 5.10 shows an HPLC chromatogram of the entire products of ther-
molysis of a 1:2 molar mixture of BPE + phenol. The major peaks were labeled
1 through 6, in order of elution time. Note that this chromatogram was run at
a lower flow rate and lower initial ratio of acetonitrile to water than in the case
of the BPE + toluene system. The early peaks were therefore separated farther
apart from one another than those in Figure 5.1. In this manner, attention could
be paid to the phenolic compounds, which eluted early in the chromatogram. A
large fraction of the product mixture, up to 30 percent, contained compounds
of higher molecular weights than bibenzyl, but they were also outside the scope

of this study.

By ‘spiking’ the product mixture with authentic samples, peaks 2, 4, 5, and
6 were identified as phenol, toluene, BPE, and bibenzyl, respectively. Chemical
separation (see Figure 5.10 a, b, ¢) indicated that peaks 1, 2, and 3 were phenolic,
while the rest of the compounds of interest were neutral. The unknown products
corresponding to peaks 1 and 3 were fractionated by the liquid chromatograph.

Each fraction was purified and then subjected to GCMS and NMR analysis.

GCMS of fraction 1 revealed a mass of 186 for the parent ion (Figure 5.11),
suggesting a product of PH- + PH-: recombination. The possible chemical struc-

tures of this compounds are:
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OH OH
e ©'w
(1) (ii) (iii)

The oxygen-oxygen bridge is known to be extremely weak. Under the reaction
conditions studied, this bond would break as soon as it was formed. Structure (i)
was thus eliminated from consideration. The proton NMR of fraction 1 (Figure
5.12) indicated that the integration ratio of aromatic protons to hydroxyl protons
was roughly 4:1. This evidence pointed to structure (iii) as the appropriate
molecular structure. Structure (iii), or biphenol, was also a more logical choice
than structure (ii) on the grounds that this compound eluted very early in the

HPLC, indicating very strong polarity (13).

The configuration of biphenol was further identified by the used of Carbon-
13 NMR. Figure 5.13 illustrates that there are six different types of carbon atoms

in this molecule. Consider the following possibilities:

&0 00 Oe.

Congifuration (a) is the only one with six different types of carbons. In
structure (b), due to the extreme symmetry, only four different signals should

have been observed. On the contrary, a nonsymmetric molecule such as (c)
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would result in 12 signals because all carbons are different. Thus Fraction 1 was

clearly 1,1-biphenol, or structure (a).

Fraction 3 was determined by GCMS to have a mass of 184. Proton NMR
yielded a singlet that was shifted to 3.9 ppm, indicating two neighboring benzene
rings. The ‘concentration of fraction 3 decreased with rising temperature, as
shown in Figure 5.14. This information was identical to that described in section

3.2, and the corresponding molecule would be benzyl phenol:

OH
@CHZ

In fact, the process of identification proceeded much faster in this instance.
Given the existence of both TO- and PH., previous experience already sug-
gested that benzyl phenol would be one of the recombination products. Ex-
perience also dictated the particular range of mass numbers in the GCMS to
investigate. Finally, temperature dependence among the reaction products was
quickly detected. Insight from one model compound system was demonstrated

here again to help simplify work in a different mixture of compounds.

Now that peak 1 has been identified as biphenol and peak 3 as benzyl
phenol, the next step is to model this reaction system. The validity of the
proposed free-radical mechanism will be based upon the success of the model
in matching the concentrations of biphenol and benzylphenol with experimental
results. Even though heavier products accounted for as much as 30 percent of

the total reaction products due to the absence of a good hydrogen donor in the
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reactant mixture, they will be ignored in modeling so that attention can be paid
to the products of recombination of the phenoxy radicals, which is the heart of

this particular reaction system.

5.8.2 Kinetic Modeling

Table 5.4 shows the free-radical mechanism designed to account for ther-
molysis of BPE + phenol. This mechanism is virtually identical to the one for
the BPE + toluene system (Table 5.2), with the exception that the dissociation
reaction of TPP has been omitted due to its low concentration. Thus there are
three initiation reactions, those of BPE, BPH, and bibenzyl. The propagation
reactions include the abstraction by the TO., PH., BPE., and BB radicals
from toluene, phenol, BPE, and bibenzyl. The recombination reactions consist
of the interactions between the above four radicals. Reaction (16) represents
the formation of bibenzyl from two benzyl radicals, while reaction (17) accounts
for the formation of BPH from TO: and PH: recombination. Collision between
TO- and BB- is represented in reaction (19) as simply producing a product p2, as
opposed to TPP because TPP is not of interest in this section. Reaction (20), on
the other hand, represents the recombination of two phenoxy radicals to form

the product of current interest, biphenol (BIP), whose molecular structure is

shown below:

OH OH

o ©
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The rest of the products were unimportant to this study, and were marked pl
through p7. The rate parameters were virtually identical to those in the BPE

+ toluene system, and the discussion concerning the various rate values appears

in section 5.2.2.

The model is first shown by Table 5.5 to be in good agreement with exper-
iments with respect to the conversions of BPE and phenol. Next, Figure 5.14
demonstrates graphically that the model simulated the empirical yields of BPH
and BIP reasonably well over the range of temperatures under study. Again,
BPH steadily decreased with increasing temperature. BIP, on the contrary,
rose monotonically with temperature. The theoretical dissociation energy of the
phenyl-phenyl bond was about 90 keal/mol (5). The model consequently left out

the dissociation reaction of BIP, and correctly paralleled experimental results.

In short, the thermolyses of BPE + phenol were done at 325, 375, and
400°C, with the reaction time of 10 minutes. The recombination products of
interest were biphenol (BIP) and benzyl phenol (BPH). A larger portion of the
product — up to 30 percent — consisted of compounds heavier than bibenzyl, but
these compounds were irrelevant as far as primary recombination reactions of
the phenoxy radical were concerned. The mechanistic model incorporated the
dissociation rates for BIP and BPH and satisfactorily predicted the conversions

of BPE and phenol, as well as the yields of BPH and BIP.

5.4 Summary

In the experiments involving benzyl phenyl ether, the phenoxy radical was

generated from the dissociation of the ether bridge. This radical then combined
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with either the benzyl radical or with another phenoxy radical. The resulting
products of recombination were of primary interest. Through analytical means,

the two predominant products were determined to be benzyl phenol and biphe-

nol:

OH HO OH
Benzylphenol Biphenol

Certain other hydrocarbon products that did not contain the phenoxy group
were also detected and identified. Most rate parameters were taken directly
from the hydrogen-abstraction experiments (Chapter 4). The remaining rate
values were obtained from analogy with similar reactions. The diffusion-limited
rate of recombination for each reaction system was calculated from the mixture’s
viscosity at reaction conditions. The proposed kinetic mechanisms utilizing these
rate parameters (Tables 5.2 and 5.4) yielded results in good agreement with

empirical data (Figures 5.9 and 5.14).

One important conclusion from the aforementioned results is that the rate
parameters from the above kinetic mechanisms were taken from the hydrogen
abstraction experiments using different reactant mixtures at different reaction
conditions. Yet the model successfully predicted the experimental results of the
above systems, namely the recombination experiments involving benzyl phenyl

ether. Another noteworthy point is that the existence of benzyl phenol in the
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BPE + toluene system prompted speculation of its existence in the BPE + phe-
nol system. As a result of the experience from the former system, one unknown
compound in the latter system was quickly identified. The ability to extend in-
formation from one set of model compounds to explain the behavior of another
compound mixture will continue to be emphasized. It is in this manner that the

more complex sets of reactions in this work will be modeled and mechanistic

pathways determined.
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FIGURE 5.2

HPLC OF BPE + TO THERMOLYSIS PRODUCTS
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FIGURE 5.9

MODEL RESULTS VS. EXPERIMENTAL DATA
THERMOLYSIS OF BPE + TO, 15 MINUTES
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FIGURE 5.10
HPLC OF BPE + PH THERMOLYSIS PRODUCTS
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FIGURE 5. 14

MODEL RESULTS VS. EXPERIMENTAL DATA
THERMOLYSIS OF BPE + PH, 15 MINUTES
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TABLE 5.1

REACTANT MIXTURES FOR THE RECOMBINATION EXPERIMENTS

PART 1 BENZYL PHENYL ETHER

OO -

Mole Ratio: 1:4
Temperature: 300-375°C

CH

Reaction Time: 10-15 minutes

OH

e -

Mole Ratio: 1:2
Temperature: 325-400°C

Reaction Time: 10 minutes



NO.

AN e

W oo 9 U,

10

12
13
14
15
16

17
18
19
20
21
22
23
24
25
26

REACTION

INITIATION
BPE — TO-
BPH — TOe
BB —  TO-
TPP —>  TO*

PROPAGATION
TO* BPE — BPE-
TO* PH — PHe
TO* BB —— BB
PHe BPE —s BPE-
PH* T0O — TO-
PH* BB — BB
BPE* TO — TO-
BPE* PH -—— PH-
BPE* BB — BB
BB* T — TO-
BB* PH —> PH°
BB BPE — BPE*

RECOMBINATION
TO- T0. -~ BB
TO PH* — BPH
TO* BPE* — P1
TO» BR» -—> TPP
PH* PH* — P2
PH. BPEs —> P3
PH. BB. — P4
BPE » BPEs —= P5
BPE . BB. —» P6
BB - BB — P7
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TABLE 5.2

THERMOLYSIS MECHANISM FOR BPE + TO

TO
TO

PH
PH
PH
BPE
BPE
BPH
BB
BB
BB

1°g10A Ea
16.0 47
12.0 45
15.9 63
15.9 60
7.0 9.0
5.9 9.0
7.0 9.0
7.0 9.0
7.0 9.0
7.0 9.0
7.0 9.0
5.9 9.0
7.0 9.0
7.0 12.5
5.9 12.5
7.0 12.5

O 00 0o 0o o0 o o O
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TABLE 5.2 (cont'd)

DEFINITION OF SYMBOLS

BPE = benzyl phenyl ether
PH = phenol
TO = toluene
BPH = benzyl phenol
BB = bibenzyl

TPP = triphenyl propane

Pl - p7 = recombination products
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TABLE 5.3

MODEL RESULTS VS. EXPERIMENTAL DATA
THERMOLYSIS OF BPE + TO

Temp Time % BPE Conversion % to Conversion
°0) (min) Model Exptl Model Exptl
300 15 27.3 39.1 9.1 10.2
350 10 73.5 71.2 -14.2 15.7
350 15 89.9 85.1 16.1 17.2
375 15 100 100 14.7 18.1




NO.

v oo 3 O U

10
11

12
13

14

15

16
17
18
19
20
21
22

23

24
25
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TABLE 5.4

THERMOLYSIS MECHANISM FOR BPE + PH

REACTION
INITIATION
BPE T0- + PHe
BPH TO- + PH-
BB TO- + TO-
PROPAGATION
- TO- BPE BPE. + TO
TO- PH PH* + TO
TO- BB BB + TO
PH-. BPE BPE. + PH
PH- TO TO+ + PH
PH- BB BBe + PH
BPE- TO TG« + BPE
BPE- PH PH. + BPE
BPE- BB BB + BPH
BB~ TO ToO. + BB
BB- PH PHe + BB
BB- BPE BPE. + BB
RECOMBINATION
TO- TO- BB
TO- PH* BPH
TO- BPE* P1
TO- BB P2
PHe PH- BIP
PH. BPE* P3
PH- BB P4
BPE BPE* P5
BPE BB Pé6
BB BB P7

1°g10A

16.0
12.0
15.9

7.0
5.9
7.0
7.0
7.0
7.0
7.0
5.9
7.0
7.0
5.9

7.0

47

45
63

12.
12.

12.

o O O O O O O O o O

W YW W VW YW v Vv VW VO

" 1 O O O 0O O O © o o
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TABLE 5.4 (cont'd)

DEFINITION OF SYMBOLS

BPE = benzyl phenyl ether
PH = phenol

TO = toluene

BB = bibenzyl

BPH = benzyl phenol

BIP = biphenol

P1 - p7 = recombination products
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TABLE 5.5

-MODEL RESULTS VS. EXPERIMENTAL DATA

THERMOLYSIS OF BPE + PH

Temp Time % BPE Conversion % PH Conversion
(°0 (min) Model Exptl Model Exptl
325 10 37 39 5.1 6.0
375 10 87 91 11.9 13.2
400 10 100 100 12.7 14.0
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CHAPTER 6

RECOMBINATION EXPERIMENTS

PART II. REACTIONS OF 1 NAPHTHOL

6.1 Introduction

Organic matter in coal consists of fused aromatic clusters, each of which
typically contains two to three condensed rings (1, 2). This thesis thus far has
only dealt with benzene rings, as were the cases with bibenzyl and benzyl phenyl
ether. In order to study the effects of condensed aromatic nuclei on the phenoxy

radical, 1-naphthol was selected as a source of the naphthoxy radical:

OH o Q
Naphthol Naphthoxy radical

Table 6.1 illustrates the three model compound systems and the reaction
conditions chosen for this purpose. The first set of experiments was designed to
investigate the thermolysis of blank 1-naphthol. As opposed to phenol, which is
quite stable at liquefaction temperatures, 1-naphthol has been found to undergo
considerable thermolysis even in the absence of any other reactants (3, 4). Al-
ready, the resonance stabilizing effect of the fused ring structure has manifested
itself in this simplest case. The objectives of these experiments were therefore

to explain the mechanistic pathways for the thermal dissociation of 1-naphthol,
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and to determine the associated rate parameters.

The second set of experiments utilized mixtures of 1-naphthol and bibenzyl
to study the recombination reactions involving the naphthoxy radical and the
benzyl radical (¢ — CHy-). The rate parameters for the hydrogen-abstraction
reactions involving the naphthoxy radical have already been fletermined in Chap-
ter 4 and were now used in the proposed mechanisms. The recombination rates
were again assumed to be diffusion-controlled.

In the third set of experiments, a 1:2 molar mixture of 1-naphthol + 1-
methylnaphthalene was employed to investigate the recombination pathways of
the naphthoxy and the methyl naphthalene radicals. The objective kere was to

examine a condensed-ring analog of the phenoxy-benzyl radical recombination

discussed in Chapter 5

0000 ©-0

It will be demonstrated that certain aspects of the kinetic behavior of the
naphthoxy radical can be speculated from the knowledge of the reactions of the

phenoxy radical.

6.2 Thermolysis of 1 Naphthol

As mentioned in Chapter 1, a limited number of studies have focussed on
1-naphthol thermolysis (3 - 6). Dinaphthofuran was invariably the predominant

final product, while binaphthol, tetralone, naphthalene, water, and a host of
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final product, while binaphthol, tetralone, naphthalene, water, and a host of
other products were reported in smaller concentrations. Merz and Weith (3)

assigned a partial stoichiometry to the reaction:
©O = QP 0O~

Hall (4) propesed that ether formation preceded the furan formation. Poutsma

(5) suggested the following reaction scheme to account for the major products:

l-n,o ]

s e

He determined a global rate for ring coupling and hydrogen transfer reaction to
be proportional to the concentration of naphthol raised to the power of roughly
2.5. He also provided quantitative accounts of product formation. To sup-
plement the above information, this section attempts to explain the elementary
reactions that describe the dissociation of 1-naphthol, and to suggest the mecha-
nistic pathways for radical recombination. The aforementioned studies provided
useful guidelines as to the identities of the thermolysis products. The molecular

structures of these products are useful in that they reflect the kinetic behavior
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of the parent naphthoxy radical, particularly in comparison with the phenoxy

radical.

Another objective of the 1-naphthol thermolysis study was to estimate the
rate parameters associated with the elementary reactions at liquefaction tem-
peratures. A final goal, of course, was to put together a kinetic mechanism con-
sisting of these elementary reactions and the estimated rate parameters. The
mechanism was then validated by its ability to simulate empirical results, from

our own experiments and also from the literature.

6.2.1 Product Identification

An HPLC chromatogram of the thermolysis products of 1-naphthol at
425°C for 15 minutes is illustrated in Figure 6.1. The peaks of significance
have been labeled 1 through 5, in order of elution time. Note that although no
good hydrogen donors were present in the reactant mixture, the chromatogram
of the products appears quite clean. Other than the labeled compounds, the re-
maining peaks accounted for less than 10 percent of total products. Obviously,
mechanistic pathways existed for thermodynamically favorable dissociation of

1-naphthol and recombination of the subsequent free radicals.

‘Spiking’ with authentic samples revealed that peaks 1, 3, and 5 were 1-
naphthol, naphthalene, and dinaphthofuran, respectively. Peak 2 was found to
have the same elution time as binaphthol and tetralone, both of which eluted
within 15 seconds of each other. This peak was fractionated and mass identifica-
tion by GCMS confirmed that binaphthol and tetralone were the two products
contained in peak 2. Further, the only possible structure of binaphthol was 2,2’-

binaphthalene-1,1’-diol because this is the only configuration that can condense
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to form dinaphthofuran. For example, the configuration of 1,1’-binaphthalene-

4,4’-diol would not permit furan formation from loss of a H,O molecule.

cosor RSN

2,2'-binaphthalene-1,1'-diol 1,1'-binaphthalene-4,4'-diol

OH OH

Peak 4 was unidentifiable due to its small concentration. The integration
data showed that peak 4 represented a concentration smaller than peak 3, or
naphthalene. Yet naphthalene was a minor product of 1-naphthol thermolysis,
accounting for less than 3 percent of the total amount of naphthol consumed.
It was thus assumed that omission of the compound corresponding to peak 4
from the model would not seriously affect kinetic analysis. The presence of
binaphthol, tetralone, dinaphthofuran as major products, and naphthalene as a
minor product of 1-naphthol thermolysis agreed with Poutsma’s experimental
results (4). In the next section, a mechanistic scheme will be advanced to explain

the formation of these thermolysis products.

6.2.2 Kinetic Modeling

Poutsma (4) suggested the following bimolecular hydrogen transfer reaction

to account for naphthol dissociation:
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OH [} 0 OH

Q0 = ©O-Q0

He estimated the activation energy of this step to be about 50 keal/mol. Com-
parison with similar hydrogen transfer reactions (7, 8, 9) yielded an approximate
value for the A factor of 101° — 10!!. In this section, the following reverse dis-

proportionation reaction is proposed:

( oH
00 — Q@O W
\. 11

This reaction varies slightly from Poutsma’s reaction, the difference being
the more explicit structures of the radical C;oHoO-. Allen (11), in his study of
dihydronaphthalene thermolysis, demonstrated that reverse disproportionation

was the dominant step for radical initiation:

1,2C0H;o + 1,2C,0Hy0 —  CioHor + CioHjpye

The existence of this reaction would tend to reinforce the proposed reaction (1).

Further evidence in support of the reverse disproportionation reaction, as well



151

as mechanistic pathways for formation of the major thermolysis products from

radicals I and II, will now be presented.
6.2.2.1 Binaphthol and Dinaphthofuran Formation

Binaphthol was generally believed to result from recombination of two naph-

thoxy radicals (4). The mechanistic pathways are outlined below:
. 0 0
|
X feepee
+ —> S
OH OH
where the last step is the rapid keto-enol tautomerization. The above scheme

also leads to formation of dinaphthofuran (DNF), which is the dominant product

of 1-naphthol thermolysis:

H
7 0

oo - e0Co -

+ H)O

et G
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The reaction
OH [Y0)

COE QIO + + o

has an activation energy of about 83 kcal/mol (10). Clearly this reaction would
not be responsible for generation of the naphthoxy radical at liquefaction tem-
perature. With an activation energy of about 50 kcal/mol, reverse dispropor-
tionation (reaction (1)) provided a satisfactory alternative to reaction (5) with

respect to naphthoxy generation, and eventual binaphthol and DNF formation.

6.2.2.2 Tetralone and Naphthalene Formation

Radical I in reaction (1) can account for tetralone formation via the follow-

ing mechanism:

6:)+ —> f‘j@*
T v (2)

Co

Naphthalene was observed in small concentrations as one of the products

of 1-naphthol thermolysis. The reaction
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@@ —> + 0 (g)

is, however, even less likely than reaction (5), for its activation energy is greater
than 100 kealfmol (12, 13). Poutsma hypothesized that tetralone &as a better
hydrogen acceptor than naphthol and could undergo hydrogenation, followed
by hydration and dehydration to form naphthalene. The following mechanistic

scheme appears to be more straightforward:
HO H .

T = ®+Hzo ®
00 O -~ ©9 OO

The high activation energy of reaction (3), due to the extremely unstable
naphthyl radical, would explain the small yield of naphthalene, as observed
experimentally.

A possible alternative scheme is shown below:




154
> Q0w

Insufficient information prohibited determination of the ‘correct’ mecha-
nism. —The -actual pathway could involve a concerted reaction, for example,
rather than a free radical reaction. This work sought to present possible path-
ways for product formation. For the purpose of modeling 1-naphthol thermoly-
sis, reactions (3) and (4) were selected. Their inclusion in the model, however,
does not imply their superiority over reactions (3’) and (4’).

Note that both reactions (2) and (3) & (4) generate a naphthoxy radical,
consistent with the experimental observation that binaphthol, and subsequently

DNF, were the dominant thermolysis products.

6.2.2.83 Kinetic Ezperiments

Kinetic experiments have been conducted using mixtures of 1-naphthol and
biphenyl (a diluent) at various dilution ratios. If reaction (1) was to be the rate
limiting step, the formation of each product would have to be dependent on the

square of the initial concentration of 1-naphthol:

1-NOH + 1-NOH — P1

so that
d[P1]

— _ 2
5 = kl1-NoOH]

where 1-NOH represents 1-naphthol and P1 is a thermolysis product. If the

conversion of 1-naphthol was kept sufficiently small, the value [I-NOH] could be
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taken as constant, [1 — NOH]o, so that
[P1}y - [Pl = k|1 -NOH],’At

where [P1]r and [P1); are the final and initial concentration of P1, respectively.

With [P1]; being zero and At constant, we obtain
[P1] = K[1-NOH],’

Figure 6.2 illustrates the plot of concentrations of naphthalene, binaphthol, and
DNF, as a function of initial naphthol dilution. Naphthalene and DNTF exhibit
quadratic dependence on [1 — NOH]O' . Although binaphthol appears to show
a linear dependence, this result could be due to the fact that binaphthol is the
intermediate product, ultimately yielding DNF upon dehydration. Nevertheless,
the second order dependence on [1 —NOH], exhibited by naphthalene and DNF

offered further support of the proposed bimolecular disproportionation reaction

(1).

In summary, the mechanistic scheme diagrammed in Figure 6.3 has been
advanced to explain the dissociation of 1-naphthol. Note that this mechanism
does not create a hydrogen atom (as reaction (5) would). The hydrogen atom
would have abstracted another hydrogen atom very rapidly to form a hydrogen
molecule. Thus this mechanism further agreed with Poutsma’s observation that
n0 hydrogen gas was detected (4).

Table 6.2 shows the entire mechanism for thermolysis of 1-naphthol, incor-
porating reactions (1) through (4) to account for naphthol dissociation, as well
as formation of tetralone and naphthalene. Here, radicals I and II were both

labeled NOH: for convenience. The recombination of two naphthoxy radicals
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(reaction (5) in Table 6.2) was assumed to yield only binaphthol, while the col-
lision of the naphthoxy radical and radical I or II (reaction (7) in Table 6.2)
gave back two molecules of naphthol in a reverse of reaction (1). Binaphthol
was further dehydrated to give dinaphthofuran, as represented by reaction (6)
in Table 6.2. The remainder of the termination reactions were inconsequential,
and their products were simply labeled P1 through P7.

The activation energy for reaction (3) was estimated by thermochemical
methods to be 18.1 keal/mol (see Chapter 2). The value of 1014 for the corre-
sponding A factor was obtained by analogy with similar reactions (12). Reac-
tions (2) and (4) had been encountered in the hydrogen-abstraction experiments
(Chapter 4) and the rate parameters were taken directly from that chapter.

The recombination reactions were assumed to be diffusion-limited, as be-
fore. It turned out, through iteration, that the activation energy for reaction
(1) had to be lowered to 48.5 kcal/mol to correctly parallel experimental re-
sults. The variation of 1.5 kcal/mol from Poutsma’s reported value was indeed
very reasonable, especially considering that Poutsma’s value was estimated by

a series of assumptions.

Table 6.3 illustrates the ability of the proposed mechanistic scheme to model
Poutsma’s experimental data on 1-naphthol conversion at 400°C over the reac-
tion times of 5 to 75 minutes. Note that the model remains valid even for
high conversions of 1-naphthol (> 50 percent), indicating that the exclusion of
secondary and tertiary elementary reactions resulted in no significant loss of
accuracy. Figure 6.4 compares model results with Poutsma’s data on the rela-
tive yields of the major thermolysis products. The agreement was very good in
the cases of naphthalene, binaphthol, and DNF yields. The model result on te-

tralone concentration was slightly larger than Poutsma’s data at reaction times
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over 15 minutes. This was attributed to the fact that the model considersd the

following conversion very rapid

OH
—>

The model did not provide for alternative paths such as hydrogenation

reactions that would saturate the ring and yield, for example,

OH OH

These two compounds were reported in small concentrations by Poutsma.
Their formation pathways, however, would involve a series of secondary and
tertiary elementary reactions that were not essential to the understanding of the
dissociation of 1-naphthol and subsequent interactions of the naphthoxy radical.
These reactions were thus omitted from the model to simplify the mechanistic
scheme and to focus on the important issues.

In both cases, the slight decline of tetralone with time coincided with the
increase in naphthalene. Poutsma theorized that tetralone underwent dehy-
dration and dehydrogenation to form naphthalene. Alternatively, the proposed
mechanism for 1-naphthol dissociation, illustrated in Figure 6.3, explained this
inverse relationship by the interconversion between radicals I and II. Reaction
(4), converting radical Il to tetralone, is thermodynamically more favorable than

reaction (2), converting radical I to naphthalene. Therefore, the decrease in te-
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tralone would result in more radical I available to produce more naphthalene,

In short, the dissociation mechanism advanced for 1-naphthol thermolysis
successfully accounted for experimental yields of major products, and explained

the behavior of these products with reaction time.

6.3 Thermolysis of 1 Naphthol + Bibenzyl

In Chapter 5, the reaction of benzyl phenyl ether and toluene produced
benzyl phenol, a recombination product of the benzyl and phenoxy radicals. In
comparison, the model compound mixture 1-naphthol and bibenzyl was designed
to study the recombination of the benzyl and naphthoxy radicals. It will become
apparent that knowledge of the structure of ¢ — CHz- + ¢ — O- recombination
product provided insight into determining the structure of ¢ — CHy- + N — O-
product, where N — O- is the naphthoxy radical.

6.3.1 Product Identification

Figure 6.5 shows an HPLC chromatogram of the thermolysis products of
the mixture 1-naphthol + bibenzyl at 425°C for 15 minutes. The major peaks
have been labelled 1 through 6 in order of elution time. Note that this chro-
matogram is very similar to the one for 1-naphthol thermolysis (Figure 6.1). In
fact, most of the major products could be tentatively identified just by com-
paring the two chromatograms. It turned out, using the same analytical proce-
dures as described in section 6.2.1, that peaks 1, 3, 4, 6, and 7 corresponded to
1-naphthol, toluene, naphthalene, bibenzyl, and dinaphthofuran, while peak 2
contained both binaphthol and tetralone. Peak 5 was isolated (actually peaks 5
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and 6 were isolated in the same fraction due to the similar elution times), and
identified by GCMS to have a mass of 234. This mass corresponded to a product
of pCH3- + NO- recombination. This compound was found to be phenolic, and
to maintain a very low concentration as the temperature increased from 425 to
450°C. This behavior was attributed to the dissociation of this compound via
keto-enol tautomerization, which became more favorable with rising tempera-
ture. Based on the result of $CHy: + ¢O- recombination, it was concluded that

peak 5 corresponded to benzyl naphthol. The structure of this compound was

analogous to benzyl phenol

oo OO0

Knowledge of the structure of benzyl phenol prompted chemical separation
to check for the phenolic character of fraction 5. The temperature dependence
was also suspected. Only these two tests were performed to successfully iden-
tify the structure of this compound. The insight from benzyl phenyl ether +
toluene thermolysis reduced the amount of guesswork involved in determining

the chemical configuration of the $CHy- + NO- recombination product.
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6.3.2 Kinetic Modeling

To check its validity, the dissociation mechanism for 1-naphthol, developed
in section 6.2.2, was applied to model the 1-naphthol + bibenzyl thermolysis.
Table 6.4 shows the entire kinetic mechanism, incorporating the naphthol dis-
sociation scheme. The rate parameters associated with naphthol were as they
appeared in section 6.2.2, and the rate parameters associated with bibenzyl
were taken from Chapter 4. Table 6.5 illustrates that the model gives reason-
ably good agreement with experimental data with respect to the conversion of
1-naphthol and bibenzyl, and the yields of binaphthol and dinaphthofuran. THe
concentrations of tetralone were somewhat higher than the experimental values,
for the reason stated in section 6.2.2. The model concentrations of naphthalene
and benzyl naphthol were somewhat lower than the experimental data. This
discrepancy was attributed to the inaccuracy of the HPLC integration data.
Concentration determination became very prone to error as product concentra-
tion was less than 5 percent. The empirical data were obtained for a reaction
time of 30 minutes at the expense of total dissociation of benzyl naphthol be-
cause the concentrations of the other species were more accurately determined.
Their agreement with model results therefore provided a stronger support for

the validity of the proposed mechanistic scheme.

6.4 Thermolysis of 1 Naphthol 4+ 1 Methylnaphthalene

As a condensed-ring analogue of ¢O- + CHz- radical recombination dis-
cussed in Chapter 5, the 1-naphthol + l-methylnaphthalene mixture was de-
signed to permit the study of naphthoxy (NO-) - methylnaphthalene (NCHj;-)
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radical recombination

LX) .CHZ 0 'C‘Hz

QO -0 '

Again, the insight obtained from the single-ring system will prove to be

useful in examining the condensed-ring system.

6.4.1 Product Identification

An HPLC chromatogram of the thermolysis products of the model com-
pound system 1-naphthol + 1-methylnaphthalene at 425°C, 15 minutes, appears
in Figure 6.5. By comparing elution times with those of authentic compounds
and by mass analysis by GCMS, peaks 1, 3, 4, and 7 were identified as 1-
naphthol, naphthalene, 1-methylnaphthalene, and dinaphthofuran, respectively.
Peak 2 again consisted of both binaphthol and tetralone. Peak 6 was deter-
mined to have a mass of 282, corresponding to a product of recombination of
two NCH;: radicals. From experience with benzyl radical recombination, this

peak most likely corresponded to 1,2-binaphthyl ethane.

©© — ©©

The abundance of this compound reflected the stability of the methyl-

naphthalene radical, MN-. The radical did not immediately abstract a hydrogen
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atom to form 1-methylnaphthalene, but remained radical long enough to recom-
bine with another MN- radical.

Peak 5 (actually peaks 5 and 6 together) was isolated from the rest of the
product mixture by HPLC. The fraction was determined by GCMS to contain a
compound of mass 284, corresponding to a product of recombination of NO- +
NCHy;-. Based on the result of the previous section and of Chapter 5, chemical
separation was performed and the result showed that fraction 5 was phenolic.
Next, no appreciable growth of this compound with increasing temperature was
detected, suggesting again a keto-enol tautomerization that resulted in the lower

effective bond dissociation energy of the methylene bridge. This fraction was

thus concluded to be 2-naphthoxy, 1-naphthyl methane

As before, experience from the study of simpler model compound system

helped to minimize the steps involved in identifying the chemical structure of

this recombination product.

6.4.2 Kinetic Modeling

The dissociation scheme for 1-naphthol was again employed in modeling the
thermolysis of 1-naphthol + 1-methylnaphthalene. The entire kinetic mechanism
for this model compound system appears in Table 6.6. The rate parameters as-
sociated with naphthol were as they appeared in section 6.2.2, and the pertinent

rate values for 1-methylnaphthalene were taken from Chapter 4. The activa-
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tion energy for ethylene bridge dissociation in dinaphthylethane was reduced
to 60 kcal/mol to account for the added stability afforded by the double-ring
free radicals (15). Likewise, the effective activation energy for methylene bridge
dissociation in naphthoxy naphthyl methane was reduced to 42 keal/mol. Table
6.7 shows that model results are in reasonable accord with the experimental
data at 425° and 450°C, 15 minutes on conversions of 1-naphthol and 1-methyl-
naphthalene, as well as on yield of dinaphthofuran. The yield of tetralone was
again higher than experimentally observed, due to the omission of further reac-
tions of tetralone, as discussed in section 6.2.2. And the yields of naphthalene,
binaphthol, and naphthoxy naphthyl methane were smaller than the experimen-
tal values due to the low concentrations of these products and the subsequent
inaccuracy in integration data. Even though the reaction time was only half that
of 1-naphthol + bibenzyl thermolysis, the relative concentration of naphthoxy
naphthyl methane was lower than that of benzyl naphthol at 450°C. As dis-
cussed above, the more extensive dissociation of naphthoxy naphthyl methane
was attributed to the extra stability of both of the resulting free radicals as
imparted by the condensed rings. In other words, the effective bond dissocia-
tion energy for the methylene bridge was lower when fused aromatic rings were

concerned.

6.5 Summary

Thermolysis of the three model compound mixtures discussed in this chap-
ter revealed certain differences and similarities between single-ring and double-

ring aromatic compounds. The major difference appeared in the noticeable
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extent of thermolysis of 1-naphthol, as compared with phenol, which was rela-
tively stable at liquefaction temperatures. A mechanistic scheme was advanced
to account for the dissociation of 1-naphthol. The validity of this kinetic mech-
anism was supported by its success in modeling the other two model compound

systems in this chapter, namely, 1-naphthol + bibenzyl and 1-naphthol + 1-
methylnaphthalene.

The single-ring and double-ring aromatics investigated in this thesis exhib-
ited similar patterns with respect to product recombination pathways. With
reference to the benzyl phenyl ether + phenol mixture studied in Chapter 5, the
structure of the product of NO- + NO- recombination, namely binaphthol, was

analogous to that of $O- + ¢O- recombination, namely biphenol:

OH OH OH OH
With reference to the benzyl phenyl ether + toluene mixture, the products

of NO- + ¢CHy- and NO- + MN- recombinations were also analogous to the
product of ¢O- + ¢CHj,- recombination:

o e @ Bde
SR

The small concentrations of these products relative to the concentrations of
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binaphthol and biphenol were not necessarily due to the tendency of a phenoxy
radical to recombine with another phenoxy radical. Rather, as the reaction tem-
perature increased, the carbon-oxygen radical recombination products appeared
to undergo substantial dissociation via keto-enol tautomerization. The extra
stability of NO- due to the condensed ring structure resulted in a lower effective
activation energy for methylene bridge cleavage in naphthoxy naphthyl methane
in comparison to benzyl phenol, accounting for the smaller concentration of
the former product relative to the latter. This stability on the other hand was
responsible for a large transient concentration of NO-. Thus binaphthol, and
subsequently dinaphthofuran, were the predominant products of naphthol ther-
molysis.

In conclusion, when both carbon and oxygen free radicals were present, the
products of oxygen-oxygen and carbon-carbon radical recombination predomi-
nated. The lesser amounts of carbon-oxygen recombination products were at-
tributed to the dissociation of the methylene bridges in these products through
keto-enol tautomerization. The product of double-ring radical recombination
exhibited chemical structures that corresponded to the structures of sirgle-ring
radical recombination products. Emphasis was once again placed upon the abil-
ity to extrapolate results from a simpler model compound system to predict the

behavior of a more complex mixture of model compounds.
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FIGURE 6.2

PRODUCT CONCENTRATION AS A FUNCTION OF NAPHTHOL DILUTION
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FIGURE 6.3

MECHANISTIC SCHEME FOR 1-NAPHTHOL DISSOCIATION
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TABLE 6.1

REACTANT MIXTURES FOR THE RECOMBINATION EXPERIMENTS

PART II 1-NAPHTHOL

OH
Temperature: 400-425°C

Reaction Time: 15 minutes

OH

00 + O "©

KINETIC EXPERIMENTS

Mole Ratio: 1:0.4 to 1:10
Temperature: 425°C

Reaction Time: 15 minutes
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TABLE 6.1 (cont'd)

OH ‘
H2— CH2
QO +
Mole Ratio: 2:1

Temperature: 425-450°C

Reaction Time: 15 minutes

OH CH3

QO + QC

Mole Ratio: 1:2
Temperature: 425-450°C

Reaction Time: 15 minutes
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0w o g9 W

10
11

THERMOLYSIS MECHANISM FOR L-NAPHTHOL

REACTION
NOH +
NOHe +
NE- +
NOH. +
NO- +
BN +
NO- +
NO- +
NOHe +
NOHe +
NE- '+
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TABLE 6.2

INITIATION

NOH

—

NO-

PROPAGATION

—_—

NE-

NOH —— NO-

NOH —— NO-
TERMINATION
NO- -—— BN

— DNF

NOHs — NOH
NE- -~ P1
NOHs —— P2
NE- - P3
NE- —— P4

NOH-

H20
NE
TEN

H,0
NOH

IogloA

11

13
5.9
10

48.5

18.1

O O O O O O O
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NOH.

H,0

TEN

BN

DNF

P1

p4
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TABLE 6.2 (cont'd)

DEFINITION OF SYMBOLS

1-naphthol NO-

radical CIOHQO-

naphthalene NE-

water
tetralone
binaphthol

dinaphthofuran

= recombination products

naphthoxy radical
(C10H70-)

naphthyl radical
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TABLE 6.3

MODEL RESULTS VS. POUTSMA'S EXPERIMENTAL DATA
THERMOLYSIS OF 1-NAPHTHOL AT 400°C

Reaction Time % 1-Naphthol Conversion
(minutes) ‘Model Poutsma's Data

5 3.0 2.9

15 8.0 7.2

22.5 11.5 12.1

30 14.5 16.1

75 29.5 32.0
240 56.0 59.5




NO.

w

O o0 N O UV b

10
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16
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23
24
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26
27
28
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TABLE 6.4

THERMOLYSIS MECHANISM FOR 1-NOH + BB

REACTION
INITIATION
NOH + NOH — - NO-
BB —  TO-
BEN — NO-
PROPAGATION
NOH* —> NE-

NE- + NOH — NO-
NE+ + BB w——> BB e
NOH* + NOH — NO.
NOH* + BB —— BB.
NO* + BB —— BB.
TO* + NOH — NO-
TO* + BB —> BB-
BB* + NOH — NO-

RECOMBINATION
NO- + NO+ —> BN
BN —> DNF

NO+ + NOH* —* NOH
NO- + TO- — BEN
NOe + NE+ —- Pl
NO- "' BBe — P2
NOH« + NOHe —> P3
NOHe + TO+ — P4
NOH+ + NB» —> P5
NOH + BB* —> P6
TOe + TQ* —> BB
TO+ + NB* — P7
TO- + BB* —> P8
NB. + NB* — P9
Npe + BB* — P10
BB + BR* —> P11

TEN
TEN
NOH
TO
TO
BB

H0
NOH

1°g10A
11

16.9
11

13

10

AN B AN IR |
w0

48.5
63
45

18.1
13

0w YV YW YV v

12.5

o

O O O O O O O O O ©o O O o o
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NOH -

BB

BEN

NE

H,0

TEN

BN

DNF

P1
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TABLE 6.4 (cont'd)

DEFINITION

1-naphthol
radical C10H90'
bibenzyl
toluene

benzyl naphthol
naphthalene
water
tetralone

binaphthol

dinaphthofuran

= recombination

OF SYMBOLS

NO-

TO-

NE-

products

naphthoxy radical
(CyoH,0°)

10H7

benzyl radical

naphthyl radical
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TABLE 6.5

MODEL RESULTS VS. EXPERIMENTAL DATA

THERMOLYSIS OF 1-NOH + BB, 15 MINUTES

Temperature (OC)
425 450
Model Exptl. Model Exptl.
Conversions (%)
Naphthol 12.3 10 12.6 14
Bibenzyl 40.8 43 38.8 40
Yields
(% Naphthol consumed)
Naphthalene 0.48 2 0.46 2
Tetralone 41.7 36 40.1 34
Binaphthol 10.4 9 1.6 3
Dinaphthofuran 37.9 36 50.0 45
Benzyl naphthol 1.1 3 0.94 2
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TABLE 6.6

THERMOLYSIS MECHANISM FOR 1-NOH + 1-MN

REACTION

NOH
NNM
DNE

NOH
NE

NOH -
NOH-
NO-
MN-

NOHe
NOH*
NOH*
NE-
NE-
MN-

INITIATION

+ NOH — NO-

—

—

NO-
MN-

PROPAGATION

+ NOH
+ MN
+ NOH
+ MN
+ MN
+ NOH

RECOMBINATION

——

NE*
NO-
MN-
NO-
MN*
MN-
NO-

BN
DNF
NOH
P1

P2
P3
P4
P5
P6
DNE

H20
NE

TEN
TEN
NOH

H,0
NOH

1°g10A

11
11
15.9

48.5
40
60

18.1
13

O W W W W

o

o O O O O O O © ©o
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TEN
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DNE
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TABLE 6.6 (cont'd)

DEFINITION OF SYMBOLS

1-naphthol NO-

radical ClOHQO-

naphthoxy naphthyl methane

1-methylnaphthalene

naphthalene NE*

water
tetralone
binaphthol
dinaphthofuran

dinaphthylethane

= recombination products

naphthoxy radical
(C10H70')

naphthyl radical
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TABLE 6.7

MODEL RESULTS VS. EXPERIMENTAL DATA

THERMOLYSIS OF 1-NOH + MN, 15 MINUTES

Temperature (°C)

425 450
Model Exptl. Model Exptl.
Conversions (%)
Naphthol 6. 11.2 11
Methylnaphthalene 7.5 9
Yields
(% Naphthol consumed)
Naphthalene 6.0 4 6.6 5
Tetralone 39.4 35 34.7 32
Binaphthol 1.8 5 0.79 3
Dinaphthofuran 47.2 43 49.9 46
Naphthoxy
naphthyl methane 0.28 2 0.33 3
Yields
(% Methylnaphthalene
consumed)
Dinaphthylethane 99.2 90 97.6 92
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

7.1 Conclusions

The following conclusions highlight the significant results of the model com-

pound studies of phenoxy radicals under liquefaction conditions, as discussed in

detail in Chapters 4, 5, and 6.

[1] Phenoxy radicals were determined to be more reactive than carbon-
centered radicals, rapidly undergoing hydrogen abstraction as soon as they
were formed. Consequently, fewer phenoxy radicals were available for re-
combination when a good hydrogen donor was present. The majority of
the products in that case resulted from recombination of the more stable

carbon-centered radicals.

[2] In the case where mo good hydrogen domors were available, oxygen-
oxygen radical recombination products were found to be more abundant
than carbon-oxygen recombination products. This result did nct neces-
sarily imply preference of oxygen radicals to recombine with one another.
Rather, the relatively low concentrations of the carbon-oxygen products
were attributed to the thermal cleavage of the methylene bridge in a carbon-

oxygen product via keto-enol tautomerization.

[3] At liquefaction temperatures, 1-naphthol underwent noticeable thermoly-
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sis whereas phenol was quite stable. A mechanistic scheme for 1-naphthol

dissociation was proposed based on the extra stability of the condensed
ring structure. This scheme accounted for the major reaction products
and yielded product concentration profiles that matched experimental data.
The sch_eme also demonstrated that a bimolecular, reverse disproportion-
ation reaction was preferable in the case of naphthol dissociation, even
though unimolecular bond dissociation reactions are generally believed to
account for the majority of the chemical changes in the process of coal lig-
uefaction. For example, unimolecular reactions accounted for the ethylene
bridge dissociation in bibenzyl, and the ether bridge dissociation in ben-
zyl phenyl ether, as evidenced by the model compound studies in Chapters
4 and 5. In the thermolysis of 1-naphthol, we also noticed dehvdration
reactions to form dinaphthofuran and naphthalene. Further, naphthalene
formation may have resulted from a concerted reaction. These findings
underscore the fact that several reaction pathways exist for thermolysis of

coal-related materials.

[4] Phenoxy and naphthoxy radicals appeared to follow similar recombination
pathways. Biphenol and binaphthol were the products of phenoxy-phenoxy
and naphthoxy-naphthoxy radical recombination, respectively. The struc-
tures of naphthoxy-benzyl and naphthoxy-methylnaphthalene radical re-
combination products were also analogous to the structure of phenoxy-
benzyl recombination product. Binaphthol, however, underwent extensive
dehydration to form dinaphthofuran, whereas biphenol apparently did not

yield dibenzofuran.

[5] Model compounds were assumed to undergo thermolysis via free-radical
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pathways. Kinetic mechanisms were advanced for the model compound
systems under study. These mechanisms were used in a computer program
that simulated free radical interactions. The computer model successfully
predicted the experimental data generated in this work as well as the data
reported in the literature (3). Such results would tend to suggest that
thermolysis of coal-derived materials consisting of similar functional groups
would also follow free-radical paths, in agreement with the current views
on coal liquefaction processes (4, 5, 6, 7). In the dissociation of 1-naphthol,
however, the kinetic pathways for naphthalene formation was not clear-
cut. Conceivably, a concerted reaction might have taken place. The use
of free radical mechanisms to model naphthalene formation gave a satisfac-
tory match with experimental data. This agreement tends to support the

proposed mechanistic scheme, but it in no way rules out the possibility of

a concerted reaction.

[6] Thermochemical kinetics (1) was employed in conjunction with transition-
state theory to successfully estimate the rate parameters for the reactions
involving model compounds in the liquid phase. Allen (2) had demonstrated
that the transition-state theory, originally developed for gas-phase reac-
tions, were also valid for model compound systems consisting of dihydro-
naphthalene, tetrahydronaphthalene, as well as certain compounds contain-
ing methylene and ether bridges. In this work, this list of compounds was
extended to include 1,2 dipheny] ethane (bibenzyl), which contains an ethy-
lene bridge, benzyl phenyl ether which contains an ether bridge, and phe-
nol and naphthol. Because these model compounds contain representative

functional groups found in coal-derived products, rate parameter calcula-
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tion via thermochemical estimates that yielded satisfactory results for these
compounds should also apply to coal thermolysis processes. These esti-
mates may not be applicable to high molecular weight compounds, heavily
branched molecules, or very viscous liquids. Further, certain solvents may
contribute to the stability of the transition state activated complex (2).
Nevertheless, thermochemical estimates provide a quick way of obtaining
approximate rate values, which can in turn be utilized in a mechanistic

scheme to validate reaction pathways for coal liquefaction processes.

[7] The diffusion-limited rates of recombination of free radicals appeared to
be consistent with experimental data. In the reactions involving coal itself,
this assumption would obviously ignore the transport limitation due to the
coal’s pore structure. Nonetheless, the diffusion-controlled rates of radical
recombination reactions appeared satisfactory for liquid-phase reactions in-

volving moderately viscous fluids, such as the systems under investigation.

[8] Isotopically tagged species were employed for rate determination of hy-
drogen abstraction reactions involving the phenoxy radicals. The kinetic
isotope effect associated with the O-D or C-D bond cleavage vs. O-H or
C-H bond cleavage were ignored at the elevated temperatures such as in the
cases discussed in Chapter 4. In general, however, the kinetic isotope effect

must be considered before the effective rate parameters can be reported.

[9] Determination of the products of radical recombinations was achieved by
a combination of analytical tools, the most important of which are the high
performance liquid chromatograph and the gas chromatograph-mass spec-

trometer. Reactant mixtures and/or reaction conditions could be chosen
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so that certain recombination products were favored and others were in-
hibited. In the thermolysis of naphthol, for instance, the concentration of
binaphthol and dinaphthofuran were inversely proportional. A short reac-
tion time could be chosen if binaphthol was the preferred product, whereas
a long reaction time would result in a high concentration of dinaphthofuran
and very small amount of binaphthol. Binaphthol would be preferred over
dinaphthofuran where separation of the acidic, or phenolic fraction (binaph-
thol) was easily achieved, for example. More importantly, the knowledge of
the product structure often provides a clue as to the mechanistic pathways
by which these products were formed. Elucidation of the kinetic mechanism

associated with a thermolysis process is crucial to model compound studies.

[10] Finally, the ability to apply model results for a simple system to predict
results for a more complex reaction network cannot be overemphasized. In
Chapters 4, 5, and 6, the rate parameters determined for selected model
compound systems could be used in modeling certain other mocel com-
pound mixtures. In Chapters 5 and 6, the structure of one unknown product
containing the naphthoxy group was correctly predicted from the knowledge
of the structure of an analogous recombination product containing the phe-
noxy group. The ability to extrapolate from one model compound mixture
to another, more complex system will ultimately provide the connection be-

tween the reactions of model compounds and the interactions of coal-derived

materials.
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7.2 Recommendations for Future Work

[1] One goal of this thesis was to better comprehend the processes of free
radical recombination. These recombination reactions in coal liquids are
generally the opposite of the dissociation of large molecules into low molec-
ular weight fragments. These fragments are eventually capped to produce
light hydrocarbon products which are further refined to yield liquid fuels.
As the mechanistic pathways for radical recombination are more clearly
understood, efforts should be made to minimize these repolymerization re-

actions that lead to formation of undesirable coke or char residues.

[2] A long term objective of this research is to develop a data bank of rate
parameters for the most important elementary reactions of coal liquids and
integrate these rate values into chemically sound kinetic models for coal
liquefaction. Chapters 4 and 5 have investigated the hydrogen abstraction
and recombination reactions in mixtures containing single-ring phenoxy and
o radicals. Chapter 6 began the studies of thermolysis reactions iuvolving
condensed aromatic rings, namely 1-naphthol. Notable differences were
observed between the reactions of naphthol and its single ring counterpart,

phenol. Evidently, more research needs to be done on compounds such as
T

8 8
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to study the comparative effects of double ring vs. single ring aromatics

on free radical interactions under coal liquefaction conditions. Several of
these compounds are not commercially available, and may have to be

synthesized.

[8] The success of the model compound studies in this work, whether in
estimating rate parameters or in advancing a mechanistic scheme, was con-
tingent upon the ability to postulate the chemical structures and accurately
determine the concentrations of thermolysis products. Specifically, the high
performance liquid chromatograph (HPLC) was not particularly well suited
for operation in the preparative mode. Separation of certain compounds
from a product mixture was not satisfactory when the concentrations of
those fractions were lower than about 5 percent of total products. Iden-
tification even by high-resolution nuclear magnetic resonance spectroscopy
(NMR) was in turn rendered ineffective. Analysis of the entire products
by gas chromatograph-mass spectrometry (GCMS) could sometimes yield
the masses of the major products and their relative concentrations. But the
resolutions of the GCMS was even worse than the HPLC, and concentration
determination in this manner was often impractical. Clearly, more efficient
analytical tools are imperative for careful studies of compounds present in
small concentrations. For example, larger columns specifically designed for
preparative work for the HPLC can greatly enhance the capacity of frac-
tion collection, and identification by NMR and GCMS will subsequently
be much more accurate. Further, elemental analysis, yielding information
on the relative abundance of oxygen to carbon, for instance, can provide

additional information useful for structure identification.
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[4] Another problem associated with concentration determination stems from
the unavailability of authentic samples with which to calibrate the integra-
tion data. In several instances in this study, only relative concentrations
were attainable, and even those were only approximate data. Access to
authentic samples such as dinaphthofuran would certainly allow more accu-
rate information on product concentration. Organic synthesis of several of
these compounds that are likely to occur as recombination products would

provide researchers with a convenient data bank of reference compounds.

[5] Another important class of compounds found in coal-derived materials
consists of nitrogen-containing molecules. The presence of nitrogen in cer-
tain compounds can radically alter their behavior under liquefaction con-
ditions. For example, thermolysis at 400°C has shown that tetrahydro-

quinoline (THQ} was found to yield quinoline

whereas tetrahydronaphthalene (tetralin) was relatively stable and did not

yield naphthalene
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Instead of reacting via a free-radical mechanism, THQ might undergo a
concerted reaction to yield quinoline and molecular hydrogen. Elucidating
the mechanistic pathways for THQ thermolysis can contribute to the
understanding of the excellent solvent property of THQ in particular, and

the effect of nitrogen substitution in general.

[6] Since free radical exchange reactions occur much more rapidly than dis-
sociation reactions, the concentrations of free radicals can be assumed to
reach an equilibrium level during thermolysis. As Allen and Gavalas have
demonstrated in thermolysis studies of dihydronaphthalene (8) and several
compounds containing ether and methylene bridges (9), steady-state ap-
proximation and in some cases long-chain approximation should be useful

in developing mechanistic models for thermal reactions of complex mixtures.
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