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Asphaltenes are the fraction of bitumen with the highest molecular weight, containing polyaromatic
hydrocarbons rich in heteroatoms and polar groups that result in strong self-association under extraction and
upgrading conditions. The synthesis of alkylated hexabenzocoronenes is here reported to provide new insight
into the behavior of bitumen residue fractions. The self-association behavior of these polyaromatic model
compounds is investigated over a range of temperatures using vapor pressure osmometry (VPO), nuclear
magnetic resonance (NMR), optical and electron microscopy, X-ray and small-angle neutron scattering, and
calorimetry (DSC/TGA). In addition to these experimental studies, computational studies are used to determine
the contribution of alkyt-alkyl andsz—x stacking interactions to this association behavior. Experimental and
computational results are compared to asphaltene properties under extraction and upgrading conditions, as
well as to the archipelago and pericondensed models proposed for asphaltenes.

Introduction polymeric models have also been proposed to explain the
associative behavior of asphaltenes using rheology, vapor-

Asphaltenes, which are the highest molecular weight fraction pressure osmometry (VPOjnd calorimetry. However, the lack

of bitumen and heavy oils, are an extremely complex mixture -
. . L of reliable reference compounds for asphaltene molecules
of polycyclic aromatic hydrocarbons rich in heteroatoms and

. - ' . hinders a precise identification of the aggregation mechanisms.
polar groups. The interaction of these components gives rise to
the strong self-association of asphaltene molecules under Another method to understand the molecular structure and

bitumen extraction and upgrading conditions. The resulting self-association of asphaltenes is to design and synthesize pure
precipitation, flocculation, and coke formation can cause partial compounds containing the functional groups that have been
or complete blockage of production facilities and poison refinery identified in previously reported analytical studiesThe ability
catalysts, dramatically affecting crude oil recovery and product of these model compounds to self-associate can then be
yields. investigated under extraction and upgrading conditions and
The tendency of asphaltene to self-associate is problematicrelated to asphaltene behavior under similar conditfons.
because it impedes the separation of asphaltenes into distinct A series of polynuclear aromatic hydrocarbons using four-
chemical species, and consequently, the characterization of theing pyrenyl derivatives have recently been synthesized and
chemical and physical behavior of these molecules in bitumen investigated in our research grofiin these model structures,
and heavy oil. Although two types of molecular models have the aromatic rings were linked or bridged through alkyl and
been proposed, the chemical identity of asphaltene remainspoxygen-containing polar chains to allow hydrogen-bonding,
unknown. In the pericondensed modearge polyaromatic  alkyl—alkyl, andz— stacking interactions between the mol-
sheets are surrounded by alkyl and alkylthiol chains, while in ecules. Investigation of these model compounds in solution
the archipelago modékaromatic and naphthenic moieties are  showed little self-association. Some association was observed
linked through alkyl and thioether bridges. Colloidal and jj the oxygen-containing pyrene derivatives, indicating the

—— _.__importance of polar groups for self-aggregation. Nonetheless,
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2881 (M.R.G.). ) ) S o enhance self-association significantly.
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Figure 1. Self-assembly of hexasubstituted hexabenzocorotene

Alkyl hexabenzocoronene (HBC) derivativelke C>-HBC
1c (Figure 1), have recently been shown to strongly self-
associate in solution, where the interplay of atkglkyl and
m—m stacking interactions controls the orientation of these
discotic molecules. The resulting liquid crystalline phases were
found to be stable above the thermal stability limit of the
molecules ¢400°C) (Figure 1). Here we report the synthesis
of Ce- and G-hexasubstituted hexabenzocoronebasind 1b
as model compounds for asphaltene fractions (Figure 1). The
associative properties of the thirteen-ring pericondensed mol-
ecule 1a were determined using vapor -pressure osmometry
(VPO), 'H NMR, differential scanning calorimetry, thermo-
gravimetric analysis, hot-stage polarized microscopy, scanning
electron microscopy, and X-ray and small-angle neutron scat-

tering. The results were related to the behavior of asphaltenes

under bitumen extraction and upgrading conditions, allowing a
test of the validity of the pericondensed model proposed for
the asphaltenic fractiohMolecular modeling studies were also
performed to gain additional insight into the self-association
properties ofla

Results and Discussion

Synthesis of G- and Ce-Hexabenzocoronene<s- and G-
hexasubstituted hexabenzocoronet@fCs-HBC) andlb (Co-
HBC) were synthesized following Scheme® IThe para-
substituted bromobenzene derivativaswere first reacted with
trimethylsilylacetylene under Sonogashira coupling conditions
and deprotected to give the alkynyl derivati&sCompounds

3 were subjected to a second Sonogashira coupling reaction with

2 to give the diphenylacetylenes Trimerization using Cg
(CO) in dioxane followed by aromatization yielded the desired
hexabenzocoronene derivatives, which were characterized b
NMR and mass spectrometry (see Supporting Information for
details).

Aggregation Properties of G-Hexabenzocoronene (1a).
Vapor-Pressure Osmometry Studiéapor-pressure osmometry
(VPO) measurements ofsEHBC lawere carried out in toluene
at 75°C and ino-dichlorobenzene at 10UC, using benzil ¥,
= 210), 1,10-dipyrenyldecan&l = 542), and polystyrene\,
= 820) as molecular weight standards. (Figure 2) The apparent
molecular weights of gHBC 1la increased linearly with
concentration in toluene, indicating thag-8BC la forms
dimers, trimers, and other oligomers in this solvent. Fhe
intercepts were obtained M, = 1875 using benzyl and &1,
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(a) Trimethylsilylacetylene, Pde{PPh),, Cul, PPh, piperidine, 80C;
(b) KF, DMF; (c) 2, Pd (PP4$)4, Cul, Piperidine, 80C; (d) Ca(CO)s, 1,4-
dioxane, reflux; (e) FeG] CHsNO,, CH,Cl,, room temperature.

= 1895 using polystyrene, consistent with the formation of
hexabencoronene dimerM{ = 2052) at infinite dilution in
toluene.

The apparent molecular weights showed little concentration
dependence ino-dichlorobenzene. (Figure 2) Howevey,
intercepts corresponding M, = 1675 using benzil ani,, =
1898 using 1,10-dipyrenyldecane were obtained at infinite
dilution by linear regression, suggesting the coexistence of
hexabenzocoroneriea monomers and dimers in this solvent at
100 °C. This observation suggests that if asphaltenes contain
structures similar to hexabenzocoronene, then they may not
completely dissociate io-dichlorobenzene. These data support
the contention of Wiehehat use of a strong solvent at elevated

ytemperature will minimize association, but they also suggest

that VPO can overestimate the molecular weight of asphaltene
molecules even when multiple measurements show no signifi-
cant change with concentration.

Both G-HBC 1la and Athabasca asphaltenes in toluene
showed two concentration-dependent domains of self-association
(Figure 2). The apparent molecular weights for the asphaltenes
increase in a nonlinear fashion for concentrations below 3 g/L,
then rise linearly as a function of concentratfo®imilarly, the
apparent molecular weights foEIBC laincreased from the
true value of 1026 to 2100 at 3 g/L, then more slowly as
concentration was increased. When a polymeric model for the
association is used, the apparent molecular weights obtained

(5) (a) Watson, M. D.; Fechteriker, A.; Mullen, K. Chem. Re. 2001
101, 1267-1300. (b) Ito, S.; Wehmeier, M.; Brand, J. D.;'Bel, C.; Epsch,
R.; Rabe, J. P.; Mien, K. Chem—Eur. J. 200Q 6, 4327-4342. (c)
Tchebotareva, N.; Yin, Y.; Watson, M. D.; Samori, P.; Rabe, J. Plléviu
K. J. Am. Chem. So2003 125 9734-9739.

(6) Brown, S. P.; Schnell, I.; Brand, J. D.;' Men, K.; Spiess, H. WJ.
Am. Chem. Sod 999 121, 6712-6718.

(7) Wiehe, I. A.Ind. Eng. Chem. Re4992 31, 530-536.

(8) The error in the VPO determination is substantial for concentrations
below 3 g/L, as illustrated by replicates in the C5 asphaltene data at 1 g/L
(Mp = 2881 and 3687) and 2 g/lM,, = 3633 and 4576). Data points for
Cs-HBC for concentrations below 3 g/L are not reported because of this
significant experimental error associated with concentration range.
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Figure 2. Vapor pressure osmometry o-EIBC in toluene T = 70—75 °C) (®) and ino-dichlorobenzenel(= 100°C) (a), along with C5 Q)
and C7 (0) Athabasca asphaltenes in tolueffesf 70—75 °C).2 (W) Theoretical molecular weight for as;&GBC monomer.
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Figure 3. Concentration-dependetit NMR chemical shifts of the aromaticsEBC peak in toluenes (T = 25 °C), fitted with an indefinite
self-association modé.

for C5 and C7 Athabasca asphaltenes startE800 and 1600, model taking nearest-neighbor interactions into accétifihe
respectively, at infinite dilution, then follow a 4-fold increase resulting sigmoid reached a plateau around>1f@ol/L (0.01

to ~4700 and 6000 at 3 g/L. Although similar apparent g@/L), suggesting the presence of monomers, thus full dissocia-
molecular weights are calculated fog-BBC at infinite dilution tion, below this concentratiol. Analysis of the concentration

in toluene, theM, values for G-HBC reach~2000 only at 3 range from 102 to 1075 mol/L (10—0.01 g/L) indicated that

g/L, suggesting a greater tendency for asphaltenes to self-the preponderance ofg@{BC formed dimers in solutiot in
associate in comparison withs&BC at low concentrations. ~ agreement with the VPO results. Asphaltenes have been reported
However, in the 320 g/L range this trend was inverted, tO aggregate at concentrations as low as 0.10'§/Bs
indicating that G-HBC tends to associate more strongly than determined by ultrasonic spectrometry in toluene, and to form
Athabasca asphaltenes at higher concentrations. dimers at 0.05 g/L!3 Ce-HBC labegan aggregating at the more

NMR StudiesThe self-association behavior ok &BC 1a dilute condition of 0.01 g/L. This difference in the aggregation
was mvestlggted by measuring 4 NM7R spec'Fra at concen- (9) (@) Shetty, A. S.: Zhang, J; Moore, J.5.Am. Chem. S0d996
trations ranging ftjom.lf? mol/L and 10 mol/L n tolueneds 118 1019-1027. (b) Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T.;
at 25 °C. Examination of the aromatic region showed a Miillen, K. J. Am. Chem. So@005 127, 4286-4296.

ianifi i i . (10) Martin, R. B.Chem. Re. 1996 96, 3043-3064.
Sl.gn!flcam downflel.d shift 0+~0.6 ppm for t.hese Peaks Upon. (11) The apparent discrepancy between this NMR data and the
dilution, ac_compamed by a _peak sharpenlng (Figure 3) This apparent value of Mn fotameasured by VPO at infinite dilution is linked
concentration-dependent shift of the aromatic protons is char- to the poor detection limit of VPO below 3 g/L requiring the use of linear
ristic ofz— king interactions in solution and agr regression (see ref 8).
a?te stic O T Stqc g interactions solution and agrees (12) Andreatta, G.; Goncalves, C. C.; Buffin, G.; Bostrom, N.; Quintella,
with previous studies on HBC moleculgsA least-squares

) - . ) & =2 C. M.; Arteaga-Larios, F.; Perez, E.; Mullins, O. Energy Fuels2005
nonlinear fit was performed using an indefinite self-association 19, 1282-1289.
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Table 1. SANS Model Fitting Parameters for HBC in tolueneds Using the

Rakotondradany et al.

Guinier Analysis and the Monodisperse Oblate Cylinder Model (in

parentheses)
concentration lo R L Re Mw
(9/L) Bsolute (cm™) A) A) A) (Da)
6.3+ 0.7 0.0066+ 0.0007 0.148t 0.002 19.0+0.7 6000+ 1000
(0.078+ 0.002) (24.9+-0.5) (5+1) (18+ 4) (3100+ 600)
3.2+ 04 0.0032+ 0.0004 0.099t 0.002 14.1+ 0.6 8000+ 1000
(0.040+ 0.002) (23.3£0.9) (5+1) a7+ 4) (32004 700)

onset concentrations might be caused by the complexity of the
asphaltene mixtures, but it also may be the result of the possible
steric interference of bridged archipelago structures.
Small-Angle Neutron Scatterin§cattering intensity versus
scattering anglel(Q) vs Q) curves for 6.3 g/L and 3.2 g/L
solutions of G-HBC 1a in toluenedg at 20 °C are shown in
Figure 4. The radii of gyration of the HBC 1a aggregates
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Figure 4. Small-angle neutron scattering intensity curves for 6.3 g/L
(O) and 3.2 g/L Q) solutions of G-HBC in tolueneds. Solid lines

represent fits to monodisperse oblate cylinder.

0.01

were determined to be 19:00.7 and 14.1 0.6 A by Guinier
analysis'* The value ofl(Q = 0) or g is related to the weight-
average molecular weight of the aggregates by the equation

_ IONAdm
$(Ap)

whereN, is Avogadro’s numbeidr, is the scatterer mass density
(~0.95 g/cnd), ¢ is the scatterer volume fraction, arp is

the scattering contrast term estimated using the chemical
compositions of the solute and the solvent. Guinier analysis
provides significantly higher values folp, giving rise to
molecular weights oM,, = 6000+ 1000 Da andV,, = 8000

+ 1000 for the 6.3 g/L and 3.2 g/L «HBC samples,
respectively. Thesé,, values obtained by Guinier analysis
suggest the formation of hexameric to octameric aggregates.
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Figure 5. Total energy profiles as a function of the relative rotation
of the stacked rings about tteaxis, oo and the interplanar distances
along thez axis, d,—, in the absence of horizontal offsei,(, = 0).
Nonhelical (a) and helical (b) arrangements gfIBC 1a molecules.

corresponds to the formation of trimers, in close agreement with
the apparent molecular weights o§-8BC observed by VPO

Recent small-angle neutron scattering studies of asphaltenes;; inese concentratiod.

have suggested polydisperse oblate cylinder models to best fit
the shape of asphaltenic aggregdfesVvith a monodisperse
oblate cylinder form factol® the radius of gyration of the &
HBC aggregates was calculated ast18 A, in agreement with

the Guinier analysis. The aggregate molecular weight obtained
from the parameters in Table 1 M,, ~ 3200+ 600 which

(13) Goncalves, S.; Castillo, J.; Fernandez, A.; Hunduil 2004 83,
1823-1828.

(14) Guinier, A.Small Angle Scattering of X-raysViley: New York,
1955.

(15) Gawrys, K. L.; Kilpatrick, P. KJ. Colloid Interface Sci2005 288
325-334.

(16) (a) Pedersen, J. 8dv. Colloid Interface Sci1997 70, 171-210.
(b) Pedersen, J. S. Appl. Crystallogr 200Q 33, 637—640.

Molecular Modeling.The experimental characterization of
Cs-HBC by osmometry, NMR, calorimetry, SANS, and STEM
(vide infra) revealed the presence of molecular aggregates,
suggesting favorable alkylalkyl and zz-stacking interactions
between these hexabenzocorone derivatives. The face-packing
arrangement of these hexabenzocorones by stacking along the
axis normal to the polycyclic aromatic hydrocarbons would give
rise to columnar or lamellar structures in the bulk (Figure 1).
The close-packing arrangement of the hexabenzocoronene

(17) The differences in the SANS molecular weights stem directly from
differences in theg values determined using the two models, assuming all
other parameters are constant.
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(a) (b)

Figure 6. Optimal face-to-face packing of bowl-like hexabenzocoronene: nonhelical arrangements (a) top view, (c) side view; helical arrangements
(b) top view, (d) side view.

derivatives was optimized using a very simple molecular model. distance interval® The total energy plots against the horizontal
The structure of a single€€HBC molecule was first optimized  translationo,—, decreased with increasing translational distances
using PM3. The interactions of two and threelIBC molecules at greater interplanar distances, emphasing the steric effects of
were then analyzed as stacks in a face-to-face configurationthe alkyl chains on close-packing.
along thez axis18 Simple single-point calculations were carried Overall, the calculations of the total energy show that the
out using MM for these one-dimensional hexabenzocoronene interplanar distanceg,—», and the aromatic ring rotationy,
arrays, as a function of the relative rotation of the stacked rings contribute to the face-to-face packing of hexabenzocoronene
about thez axis, a, and the interplanar distances along the  to a greater extent than the horizontal offest,,,. Close-packing
axis, d,—~, and the horizontal offsety,—~, for nonhelical and should therefore be favorably achieved for interplanar distances
helical arrangements of &HBC molecules to generate total of 3.5 A and relative rotations of 3Cabout thez axis for
energy profiles. nonhelical arrangements (Figure 6a and c). In helical arrange-
The calculated energy plots for the stacked molecules (Figurements, interplanar distances of 4.3 A and relative rotations of
5) show an overall energy decrease with increasing interplanar20° about thez axis should give close-packed hexabenzocoro-
distances for all the polyaromatic ring conformations, which nenes (Figure 6b and d). The calculations for the dimeric stacks
levels off to a minimum beyond 4:%.0 A, consistent with ~ Of alkyl hexabenzocoronene gave similar energy profiles and
strong electrostatic repulsions between the negatively chargedtherefore similar minimum energy geometries. However, the
HBC z-systems at short distances. The energy scan foas total energies observed for the dimers were 40 kcal/mol lower
performed by varying the position of the middle hexabenzo- than for the trimers, suggesting their greater stability compared
coronene between 0 and 3@hile keeping the top/bottom  With the trimers. This result is in good agreement with the
hexabenzocoronenes immobile for nonhelical structtfras,a ~ @pparent molecular weight ofedBC determined by vapor
full 360° rotation around the axis can be produced through ~Pressure osmometry at infinite dilution and the association data
symmetry operations. The resulting energy plots showa  1om *H NMR spectrometry.
periodicity over the angular range, consistent with the 6-fold ~ Hot-Stage Microscopylhe thermal behavior of £HBC 1a
symmetry of the hexabenzocoronene backbone. A sequence ofvas monitored by direct observation of crystalline samples by
local energy minima were obtained which were more pro- hot-stage optical microscopy. No clear melting temperature was
nounced in close-packed systends_(, = 3.0-4.5 A) than at ~ detected upon heating from room temperature to 260
greater interplanar distances. These local minima occur at 30,consistent with the DSC results<{3 °C/min, vide infra). Over
90, 150, 210, 270, and 33 nonhelical arrangements which  this temperature range, the regHBC 1a powder progressively
correspond to configurations in which the alkyl chains are the turned into a viscous substance, at the edges of which birefrin-
furthest from one another, suggesting unfavorable steric effectsgence could be observed at approximately 200(Figure 7).
between the peripheral substituents. These steric effects are moré Similar reduced fluidity has been reported previously and,
pronounced in helical systems, where shallow energy minima likewise, was attributed to the Natmosphere used in these
are observed at interplanar distances greater than 4.0 A. Thestudiest??
effect of translation within th&y plane,o,—,, on the total energy

of three stacked molecules was also calculated over a small (20) A small distance interval equivalent to 1/2 of the hexabencoronone
core was chosen to evaluate the effect of the horizontal offset on total
energies because of the high symmetry of the model compound.

(18) Rakotondradany, F. PhD Thesis, McGill University, 2004. See (21) Perrotta, A. J.; McCullough, J. P.; Beuther, Ptepr. Pap—Am.
computational details in the Supporting Information. Chem. Soc., Di Pet. Chem1983 633-639.

(19) For helical arrangements, the energy plots as a function of relative  (22) (a) Rahimi, P.; Gentzis, T.; Dawson, W. H.; Fairbridge, C.; Khulbe,
rotation were produced by simultaneously varying the middle macrocycle C.; Chung, K.; Nowlan, V.; DelBianco, AEnergy Fuelsl998 12, 1020~
between 0 and 20and the lowest macrocycle between 0 and.40 1030. (b) Rahimi, P.; Gentzis, Energy Fuelsl999 13, 694-701.
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by their different chemical composition. Vacuum residue
fractions can aggregate not only through the atiglkyl and
s—a stacking interactions preponderant igflgBC labut also
through strong dipotedipole interactions and electrostatic
forces, thus limiting the ability of the molecules to reorganize
in the melt. Alternatively, the original bitumen materials may
not contain species capable of forming discotic mesophases,
which would be generated only after extensive heating.

Differential Scanning CalorimetryBoth alkyl-HBC model
compoundsla and 1b showed similar differential scanning
calorimetry profiles upon heating (Figure 8). Although both
compounds are solids at room temperature, no endothermic peak
was detected within the 36600 °C temperature range. The
transition from mesophase to isotropic liquid was not detected
by DSC. These observations suggest that the alkyl-HBC
molecules undergo progressive rather than dramatic changes,
consistent with the self-associating behavior of alkylated hexa-
benzocoronenes observed by hot-stage microscopy.

X-ray Diffraction. Two broad features are observed by X-ray
diffraction for G--HBC, which could be assigned by analogy
with previously reported alkyl hexabenzocoronene diffracto-
grams. Despite the broadness of the observed peaks, charac-
teristic of amorphous materials, the X-ray diffraction pattern
of Cs-HBC closely matched the X-ray diffraction pattern of
columnar material&® where the intercolumnar distances are 18.3
A (26 = 4.7). A broad peak was detected around 4.4 & €
Figure 7. Optical micrograph of GHBC under polarized light (cross- 20 1°) which may be attributed to the disordered arrangement
eglﬁggfg}ig{iﬁﬁg zlrt:?r;got?]ehfnaé'tg?gjpzpzoit C. N2 500 psi).- The ¢ yhe alkyl chains. The presence of a third shoulder peak allows

' an estimate of interplanar distances in the-3% A range (2

Although blackening of the melt could be observed starting = 25.4-25.7°). The broadness of these peaks also suggests the
at 250°C, the birefringent textures persisted up to approximately coexistence of different hexabenzocoronene conformations in
400°C. Thermal decomposition of thes&IBC sample through ~ the measured materials in agreement with the molecular
significant coke formation was only detected after prolonged modeling results. X-ray diffractograms ofg€IBC powders
heating at 440°C. The annealed £HBC samples did not  acquired at temperatures ranging from 24 to 16Gare shown
recrystallize upon cooling but remained viscous over several in Figure 9. These temperature-dependent measurements showed
hours ¢ 24 h) after cooling. This thermal behavior is consistent a pronounced increase in peak intensity upon heating, along
with the high thermal stability observed in similar liquid- with a peak narrowing, around 18 A. Application of Scherrer’s
crystalline hexabenzocoronenes and in bitumen and heavy-oilequatiof* to this main peak gave crystal sizes varying from
fractions®?® 4.42 to 5.30 nm upon temperature increase. This result is

Unlike Cs-HBC 1a, Athabasca bitumen vacuum bottom consistent with a heat-induced reorganization of theH8C
fractions have been shown by hot-stage microscopy studies tomolecules within the stacks leading to increasingly uniform
form birefringent species only after prolonged heating at 440 intercolumnar distances. The reordering of IBC detected
°C for more than 75 min, with relatively shorter induction by X-ray diffraction upon heating is in agreement with the hot-
periods for asphaltene-rich fractions than for residue fractions stage polarized microscopy resits.
rich in resins and aromati@d2 This discrepancy in the thermal The overlap between the features of-lIBC from the
behaviors of GHBC laand vacuum residue can be explained aromatic and alkyl structures around 4.4 (2 20.1°) is in

40 pm

1 1
(a) (b)
04 0 -
-1 4 -1 1
S )
E 2 £ 2-
2 2
O .3 Q .3
2 3
-4 - -4 -
-5 -5 -
-6 T T T T T T -6 T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
T (°C) T (°C)

Figure 8. Differential scanning calorimetry of (a)¢€HBC la and (b) G-HBC 1b. Heating rate= 5 °C/min.
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Figure 10. Scanning transmission electron microscopy of aggregates obtained f61BC (2 mg/mL) drop-cast from toluene (a) and their size
distribution (b).

agreement with previous X-ray diffraction analysis of asphalt-  Scanning Transmission Electron Microscopy (STEMEM
enes?® The overlapping signals from different carbon structures allowed the direct visualization of the behavior of-BBC at
present in asphaltenes and the lack of a quantitative relationshipthe nanometer scale. Figure 10a shows electron micrographs
between the peak area and sample composition would makeof Cs-HBC solutions (2 mg/mL) in toluene deposited on carbon-
quantitative analysis of X-ray diffraction data for asphaltenes coated copper grids and negatively stained using uranyl aéétate.
extremely unreliable, despite claims in the literature for Despite the absence of alignment, elongated one-dimensional

quantitative interpretation of such data. nanostructures were detected on the carbon-coated surface. The
outer diameter of these aggregates was estimated from the
195%3%H561ﬂ8/_i§15,12-; Kayser, C. W.; Mien, K.; Spiess, H. WAdv. Mater. intensity profile average to be 62 1.7 nm (Figure 10b), in
(24) ,Cullity, B. D. Elements of X-ray DiffractignAddison-Wesley: c[ose ggreement with the crystal size determined by X',ray
Reading, MA, 1978. diffraction. These features do not correspond to the analysis of

(25) Others have used XRD to characterize asphaltene structure andasphaltenes by TEM, which showed structures of a thickness
aggregation. The broadness of the peaks observed here, indicative of a
mixture of conformations, makes it difficult to assess the columnar (27) (a) Fenniri, H.; Mathivanan, P.; Vidale, K. L.; Sherman, D. M;
arrangement of the gHBC molecules. Hallenga, K.; Wood, K. V.; Stowell, J. Gl. Am. Chem. So@001, 123

(26) Ebert, L. B.; Scanlon, J. C.; Mills, D. Rig. Fuels Technol1984 3854-3855 (b) Moralez, J. G.; Raez, J.; Yamazaki, T.; Motkuri, R. K.;
2, 257-286. Kovalenko, A.; Fenniri, HJ. Am. Chem. So@005 127, 8307-8309.
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Figure 11. (a) Thermogravimetry analysis ofcE&IBC. Heating rate= 2—5 °C/min. (b) Thermogravimetry analysis ofEIBC according to
ASTM-D4530-85.

of ~1 nm28 This discrepancy could be caused by differences i
in the technique used to prepare samples, but it also suggests el S, 4
that alkyl-HBC could be useful as a positive control in future = 20 1|4 AK/IHBC Pyrolysis residue |
studies of asphaltenes to show the behavior of a known alkyl E o7
aromatic compound with known association. % Al s
Coke Forming Tendency of G- and Ce-Hexabenzocoro- 2 o A il
nenes.In petroleum refining, coke consists of the insoluble a e em 8
carbonaceous material obtained under cracking conditions. The 3 o M
amount of asphaltenes present in the feed has been shown to $ 50 ‘ !./,/
influence the yield of coke during thermal and catalytic 2 > ° ,./;
processes. Thermogravimetry analysis ef &d G-HBC was = /,/’/ o
carried out by heating solid samples up to 8@under nitrogen i | (il
atmosphere at rates ranging between 2 arf€fnin. These g 4
heating runs indicated that both hexabenzocoronenes were stable - e
up to 375°C (Figure 11a). A gradual loss in weight began il i fi Bl i ol
around 375°C and was more pronounced at temperatures of i i
450-470 °C, consistent with a gradual loss of the peripheral OB CAIDON Nl
alkyl chains followed by polymerization of the aromatic udts. ~ Figure 12. Comparison between the coke forming tendency of HBC
Pyrolysis residues of 61 and 49% were recorded at°&D€or model compounds and asphalteffes.

Cs- and G-HBC, respectively. Microcarbon residues (MCR) . ) ) .
for the G-HBC samples according to the ASTM D4530-85 microcarbon residues for asphaltenes obtained from bitumens
method were similar to the TGA residues at 58D (Figure and heavy oils from around the world also show that alkyl HBC
11b), validating the thermogravimetry analysis. consistently produces more coke than authentic asphaltenes. The
Th'e solid line shown in Figure 12 represents the linear actual asphaltenes give less solid residue for a given aromatic
regression of the data plotted against the aromatic carbon contenfarbon content than alkyl HBCs, suggesting that aromatic
for the alkyl HBC series with the addition of data for,GHBC 22 fragmepts volatlllge during the coIgng reaction. Such loss of
The dashed line is the theoretical minimum MCR, assuming &romatic carbon is not possible with alkyl HBCs. These data
conversion of all aromatic carbon to graphite and the loss of IMPly €ither that asphaltenes contain pendant aromatic groups,
all hydrogen and aliphatic carbon to the vapor. The alkyl HBC &S in the archipelago structure, or that a fraction of the aromatic
residue data consistently lie above the theoretical minimum plot, 970UPS are small enough to volatilize at S after sufficient
indicating that alkyl hexabenzocoronenes produce greaters'de cha_lns are cracked. The latter h)_/pothe_5|s is constrained by
amounts of coke than predicted for polymerization of aromatic 1€ requirement that the average boiling point of the asphaltene
carbons alone. This result suggests that aliphatic carbons aré©mponents must be well over 52@.
incorporated into the coke obtained from alkyl HBC derivatives. )
Comparison of these alkyl HBC residues with the pyrolysis and Conclusions

(28) Sharma, A.; Groenzin, H.; Tomita, A.; Mullins, O. Energy Fuels Ce- ar.]d G’_heanUbsmuu?d he.xabenzogorone EEEG.dlb’
2002 16, 490-496. respectively) were synthesized in 8 reaction steps. Microscopy,
(29) Ghergel, L.; Kbel, C.; Lieser, G.; Rder, H.-J.; Miien, K. J. Am. X-ray and small-angle neutron scattering, vapor pressure os-

Chem. So0c2002 124, 13130-13138. _ mometry (VPO), NMR, and calorimetry were used to character-
(30) (a) Calemma, V.; Rausa, R.Anal. Appl. Pyrolysid997 40-41,

569584, (b) Dettman, H. D. Salmon, S. L.: Ross, A. M.. Patmore, D. J ize the associative properties o§-8BC. In particular, these
Physical Properties, Thermal Reactivity and Molecular Composition: Studies showed thatsSHBC tends to form dimers in dilute

Comparison of Heéawy Erudesdand B(ijtumer;] from IIDifferent Geograpfhical solutions. The use aj-dichlorobenzene suppressed but did not
Sources. Presented at the 52nd Canadian Chemical Engineering Conference,[imi _ iati i i i -
Vancouver, British Columbia. Canada, October-23, 2002 Paper 34. %liminate self-association. Experimental studies at high tem

(c) Japanwala, S.; Chung, K. H.; Dettman, H. D.; Gray, MERergy Fuels peratures showed that 6(E|B(; tepds to self-asso.ciat.e at
2002 16, 477-484. temperatures up to 400C, unlike simple pyrene derivatives.
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