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ABSTRACT

To establish, and isolate, the influence of different chemical functional groups on the aggregation of
polyaromatic hydrocarbons, a series of triphenylene-based compounds were investigated using
experimental and computational approaches together. Containing alkoxy- side chains of varying
length and amide appendages, both with and without a terminating carboxylic acid, their aggregation
structures, sizes, and kinetics in toluene were studied over several length scales, using a combination
of Dynamic Light Scattering (DLS) and Diffusion-Ordered NMR spectroscopy (DOSY),
complemented with Molecular Dynamics (MD) simulations. There is a strong correlation between
molecular architecture and aggregation mechanisms across different length scales: addition of polar
functional groups and heteroatoms resulted in compounds that are more prone to aggregation and
form large, micrometer-sized clusters, while the increased steric hindrance imposed by alkoxy- side
chains led to stable nanometer-sized aggregates. These conclusions underline the strong structure-
function relationship of polyaromatic hydrocarbons, such as asphaltenes, examined here over
multiple size-scales in a single solvent. We also demonstrated the importance of using
complementary techniques to study the aggregation process of polyaromatic hydrocarbons that could

form aggregates of various sizes over different timescales.
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INTRODUCTION

Aggregation of polyaromatic hydrocarbons (PAHs), in particularly natural asphaltenes, has
attracted extensive research efforts from both academia and industry for decades.!-® The definition
of asphaltene, which is arguably over-simplified, is the fraction of crude oil that is soluble in aromatic
solvent such as toluene and benzene, but insoluble in n-heptane. Understanding the mechanism by
which such aggregation occurs, at what level (molecular or colloidal), in what environment, and the
functional groups that drive the process is critical for developing strategies in mitigating such issues
that cause industry billions of dollars per year.®

Recent investigations of both “archipelago”!! and “continental” models of asphaltenes'? suggest
that they associate and form nanoaggregates in toluene, driven primarily by n-n stacking interactions
between the aromatic rings. 1213 In turn, nanoaggregates associate and form larger macroaggregates.
It has been recognised that the presence of side groups promotes asphaltenes to aggregate into stacks
in both continuous oil phases and at oil-water interfaces.!#!” Different chain lengths of side groups
influence the interactions between the asphaltene molecules, and modulate any aggregation.!®

Previous studies illustrate two key aspects of PAHs aggregation. First, that aggregation typically
occurs over two important length scales. The molecules initially form nanoaggregates, comprising
of a few molecules, and stay dispersed. They can, however, quickly aggregate into larger
macroaggregates once being destabilized. Any experimental measurements of aggregation process
need to survey both type of aggregate. Second, the range of chemical moieties that can be
incorporated into PAHs is vast, including heteroatoms (N, S, and O), functional groups such as
amides and carboxylic acids, and even metals (Ni and V), in addition to one or more aromatic core
with alkyl side chains. Any attempt to understand the mechanism by which asphaltene aggregation

occurs and isolate the functional groups that drive the process needs to take both aspects into account.
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To isolate the roles of different functional groups and identify the dominant driving forces of the
aggregation, seven model molecules have been developed to study the wunderpinning
mechanisms.!'2223 This set of PAHs are all based on a central triphenylene core with both
symmetrically- and asymmetrically-arranged alkyl chains, as well as functional groups such as
amides and acids, as substituents. Acid groups have previously been attached to triphenylene with
the purpose of controlling the properties (such as thermal stability) of the structures formed, and have
proved to enhance the intermolecular interactions, by increasing the polarity of the compounds.?’
The increase in the number of active aggregation sites, such as heteroatoms and functional groups,
per molecule as has been shown to increase the aggregation potential of the compounds studied.30-3

Dynamic light scattering (DLS) was used to study the aggregates of triphenylene derivatives in
toluene. Although previous DLS studies of model asphaltenes succeeded in identifying critical
concentrations, solvent reactivity, and the impact of functional group percentages on the aggregation
of asphaltenes,%37 the results are usually highly dependent on the exact nature of the samples,383°
from which a generic mechanism is hard to conclude. Diffusion nuclear magnetic resonance (NMR)
technique, also known as diffusion-ordered spectroscopy (DOSY),*4! is another technique
previously used to study asphaltenes aggregation.**® The diffusion coefficients of signals
originating from different species are separated in a 2-dimensional NMR spectrum, allowing for the
identification of different species in the sample on the basis of both chemistry and size.

The experimental methods are complemented by Molecular Dynamics (MD) simulations where
chemical structures of the same compounds are constructed and dispersed in toluene to investigate
the intermolecular interactions.*’ In addition to the graphical description, radial distribution functions
(RDFs) are used to evaluate the packing distances and configurations of asphaltene model
compounds as a function of solvent species,’® and intermolecular distances. The advantage of our

approach is that the complementary experimental techniques, DLS and diffusion NMR spectroscopy,

ACS Paragon Plus Environment

Page 4 of 40



Page 5 of 40 Industrial & Engineering Chemistry Research

characterise the size and stability of the aggregates formed from nano- to microscales, whilst MD

simulations are used to give molecular insight into the aggregation and stabilization mechanisms. A
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consistent set of model compounds allows for the role of different functional groups and differently

10 sized alkyl chains to be isolated and their effects on aggregation identified.

15 MATERIALS AND METHODS

17 Materials

Toluene of different grades (99.85 %, Extra Dry—AcroSeal; 99+ %, extra pure and deuterated (ds))
22 and PTFE membrane filters (100 nm pore size, Whatman) were purchased from Fisher Scientific
24 (Loughborough, UK). Quartz optical cell (S High Precision Cell — light path 3x3 mm) was purchased
from Hellman Analytics Q.

29 The chemical structures of model compounds studied are presented in Figure 1. Corresponding
31 information, including name of the model compounds, relative molar mass (RMM), hydrogen to
33 carbon ratio (H/C), and oxygen to carbon ratio (O/C), is presented in Table 1. TPN-CO (triphenylene)
was purchased from Sigma Aldrich (Dorset, UK). The other model compounds were prepared by the

38 procedures detailed in the Supporting Information.!
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Figure 1. Chemical structures of the seven triphenylene derivatives used in the present study.

Model compound RMM / g mol™! H/C Ratio / % O/C Ratio / %
TPN-CO 228.09 5.6 0.0
TPN-CN 383.22 9.0 4.9

TPN-CNAcid 413.22 8.4 14.8
TPN-C1 408.16 8.4 33.3
TPN-C3 576.35 11.2 22.2
TPN-C5 744.53 12.6 16.6
TPN-C10 674.45 12.1 18.6

Table 1. Table of RMM, H/C and C/O ratio data for the seven triphenylene derivatives used in the present study

Methods

Dynamic light scattering
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Solutions/dispersions of the model compounds were kept at 22 + 0.5°C and ambient pressure, with
minimal exposure to visible light. All solvents were filtered three times with PTFE filters (100 nm
pore size) prior to usage. DLS measurements were carried out using a Zetasizer (Malvern, UK) (1 =
632.8 nm, scattering angle 173°), with data acquisition at 0, 24, 168 hours. Data analysis was
performed using the integrated software. Each datum is an averaged value of three samples, each
measured over six repeats. The mean diffusivity, D, of aggregates was calculated based on the initial
decay rate of the normalised intensity autocorrelation function acquired, g,(t), using Eq. 1:

ga(v) = e 207" (1)
where 1 is the delay time and ¢ is the scattering wave vector magnitude,
4mn (9) (2)

=752

where n is the refractive index of the solvent, A is the wavelength of the laser and 8 is the scattering
angle. Stokes-Einstein equation (Eq. 3) was subsequently used to calculate the hydrodynamic radius
of the aggregate, ry

_ kT (3)
~ 6mnmD

TH

where k is Boltzmann’s constant, 7 is the absolute temperature, and # is the viscosity of the
solvent.’>>3 All model compounds were measured at 10 mg/mL.

Diffusion NMR

Solutions of each model compounds with nominal concentrations of 10 mg/mL were prepared in
toluene-dg, with tetramethylsilane added as a reference (both Sigma Aldrich (Dorset, UK)). All
measurements were carried out, non-spinning, on a 300 MHz Bruker Avance spectrometer, using a
5 mm PABBO BB-1H ZGRD probe equipped with a z gradient coil producing a maximum gradient

of 36 G cm!. All NMR measurements were made at 22 + 0.5°C. DOSY spectra were constructed in
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the DOSY Toolbox>* by fitting to a modified Stejskal Tanner equation, and diffusion coefficients
were obtained from the statistics of the fit. Further details on diffusion NMR methodology can be
found in the Supporting Information.>>

A typical DOSY spectrum, showing data acquired for TPN-C3, is presented in Figure 2. The
horizontal axis is a standard 1D 'H spectrum, with the diffusion information contained in the vertical
axis. Signals originating from any one molecule will all have the same diffusion coefficient and be
found on the same horizontal line, as observed in Figure 3 for all three species in the sample; TPN-
C3, solvent and reference material. All DOSY spectra used in this study can be found in Supporting

Information.
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Figure 2. Representative DOSY spectrum of TPN-C3 in toluene-dg. All experimental details of diffusion NMR study
are included in the Supplementary Information.

Diffusion coefficients estimated from DOSY spectra are related to hydrodynamic sizes through the
Gierer-Wirtz (G-W or SEGWE) modification of the Stokes-Einstein equation (Eqn. 4).56-3° This
approach, where « is the ratio of solvent molecular weight to solute molecular weight, is more

accurate for smaller species.

B kT 3a 1 4)
~6mnry (2 +1+a)
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By combining the Gierer-Wirtz modification with appropriate assumptions about factors such as
solute shape, flexibility, and solvation, the expected diffusion coefficients of molecules, based on
their molecular weight, can also be estimated.

Molecular dynamics simulation

Molecular dynamics simulations were carried out using a GROMACS 4.6.5 software package.!'*
6061 An OPLS/AA force field was chosen as it has been tested previously with polyaromatic
molecules,®? and has been proven to be reliable in examining compounds similar to those studied in
this work.%3-% Models of each synthesized polyaromatic model compound were constructed based on
protocols established in a previous study.® Seven identical molecules of each compound were placed
in a toluene simulation box (700 toluene molecules) at equal distant positions to examine the
intermolecular forces between the model compounds in toluene. The dimension of the simulation
box is fixed at 5 nm (£ 0.3 nm) in each direction, constraining the maximum distance between each
pair of molecules. All simulations were performed for 100 ns.

Following the simulations, radial distribution functions were produced for all chemicals examined,
where the height of the peaks (intensity of G(r)) indicates the density of the interaction between the
model compounds, whilst the position of the peak shows intermolecular distances. The RDFs for all
compounds were normalized by the value of the highest datum of all model compounds. Second, the
distances between the centers of mass (COM) of the molecules in the simulation box can be plotted.
This gives information about pairs, triplets or larger numbers of molecules that have clustered

together at a fixed distance from one another.

RESULTS

Dynamic light scattering of model compounds
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The hydrodynamic diameters of aggregates in toluene were measured as a function of time for all
seven model compounds using dynamic light scattering at an angle of 173°. The averaged
hydrodynamic diameters acquired, with corresponding standard errors, are presented in Figure 3. The
data collected reveals not only the effect of the peripheral aliphatic chain length and functional groups

on aggregation, but also the corresponding kinetics.

0 hours
E 24 hours
c B 168 hours
- _
= 1000
g
2 100
Q
g 10
=
=
b= 1
e LOEN
% Co C1 C3 C5 C10 CN CNAcid

triphenylene derivative

Figure 3. Averaged hydrodynamic diameters for all seven model PAH compounds at 10 mg/mL, acquired using dynamic
light scattering at an angle of 173°, in toluene at 0 (white), 24 (grey), and 168 hours (black) after sample preparation.

The benchmark PAH, TPN-CO, was found to disperse fully in toluene, resulting in an initial
hydrodynamic diameter under 1 nm, consistent with the hydrodynamic diameter of an individual
triphenylene molecule. This hydrodynamic diameter remains constant throughout the measurement
period. The compounds with an additional 6 alkoxy side chains, symmetrically arranged around the
polyaromatic core, TPN-C1, TPN-C3, and TPN-C5, were found to form large aggregates (>100 nm)
initially in toluene, which suggests that alkyl side chains readily facilitate aggregation. However,
such an effect is not applicable with TPN-C10 that has an initial hydrodynamic diameter comparable
to TPN-CO, implying an immediate dissolution. After 24 hours, there was a significant reduction in
hydrodynamic diameters for TPN-C3 and TPN-CS5, with final sizes similar to that observed for TPN-

CO0. These two PAHs could dissociate substantially from their initial aggregating configurations.

ACS Paragon Plus Environment

10

Page 10 of 40



Page 11 of 40

oNOYTULT D WN =

Industrial & Engineering Chemistry Research

However, TPN-CI1, possessing only short methoxy- chains, did not significantly dissociate and the
hydrodynamic radius remained at ca. 1000 nm.

TPN-CN and TPN-CNAcid formed large aggregates initially, with sizes ~400 nm and ~800 nm
respectively. After 24 hours, the size of the TPN-CN aggregates remained broadly constant (~400
nm), whilst that of TPN-CNAcid aggregates was reduced to nearly half of the initial value. The
hydrodynamic diameters of both TPN-CN and TPN-CNAcid increased to ~3000 nm and ~800 nm
respectively after 168 hours. It is very probable that these size variations observed are due to
continuous re-configurations of the existing aggregates.

Diffusion NMR of model compounds

Figure 4 compares the hydrodynamic diameters estimated from experimentally acquired diffusion
coefficients of the PAHs to hydrodynamic diameters predicted from Equation 4 for all seven model
PAH compounds. As the SEGWE prediction yields the hydrodynamic diameters of single molecules
and is based on molecular weight, any differences in diffusivity and, implicitly, hydrodynamic size
can be attributed to the existence of nanoaggregates. Previous studies of natural asphaltenes suggests
that formation of nanoaggregates in toluene is common, even at very low concentration (0.025%

v/v).»?

2.07 OO hours
g @24 hours
1.8 m168 hours all _

1.2

1.0 |—||—|I

COo C1 C3 C5 c10 CN
triphenylene derivative

hydrodynamic diameter / nm
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Figure 4. Experimentally acquired hydrodynamic diameters, acquired using diffusion NMR, for all seven model PAH
compounds at 10 mg/mL in toluene-dg, obtained at 0 (white bars), 24 (grey), and 168 hours (black) after sample
preparation. Predicted hydrodynamic radii for single molecules in toluene-ds indicated by horizontal black bar.

Since both TPN-CO0 and -C1 initially exhibit diffusion coefficients very similar to those predicted
by Equation 4, it can be concluded that they present as single molecules immediately after mixing
with toluene. However, DLS studies of TPN-C1 (Figure 3) reveal the presence of species with large
hydrodynamic diameters. This discrepancy can be attributed to the complementarity of the two
experimental methods. In DLS, large particles scatter more light than small ones, which prevents the
smaller particles from being registered by the photodetector, while diffusion NMR methods are
limited to hydrodynamic diameters of a few nanometers, i.e. individual molecules and
nanoaggregates. Furthermore, the very low intensity of the sharp TPN-C1 peaks indicates that only
a trace amount of the small species is present. The results of the combined techniques suggest that
TPN-CI1 forms large aggregates, well above the threshold for easy measurement by diffusion NMR,
which are detected by DLS, while NMR captures remaining single TPN-C1 molecules immediately
after addition to toluene. However, after 24 hours, stable nanoaggregates have formed, identified
from the decrease in diffusion coefficient and corresponding increase in the estimated hydrodynamic
diameter. Diffusion NMR data acquired for TPN-C3, -CS5, and -C10 all reveal the presence of
nanoaggregates in the solution, existing alongside the larger aggregates observed by DLS.

TPN-CN is captured in nanoaggregate form by NMR, coexisting with larger species that can only
be observed by DLS. However, it was not possible to observe nanoaggregates for TPN-CNAcid. The
"H NMR spectrum of TPN-CNAcid was very low in intensity, with broad signals in the aliphatic
region indicating the presence of large aggregated species. With clear evidence of micrometre sized
aggregates obtained using DLS methods, no diffusion NMR data from this species was included.

Molecular dynamics simulations: radial distribution functions
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Radial distribution functions for four of the test set of model compounds, TPN-CO0, C1, CN, and
CNAcid, are presented in Figure 5. This subset of the PAHs has been chosen for direct comparison,
as they have similar molecular weights (ca. 400 g mol™') but differ markedly in their chemical

structures.
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0.8

/\ N C)

0.6

0.4

normalised RDF

0.2 Cl

PR )
1.0 2.0

distance (nm)

0.0

Figure 5. Normalised radial distribution functions of 7 molecules of (a) TPN-CO0, (b) TPN-C1, (¢) TPN-CN and (d) TPN-
CNAcid, solvated by 700 toluene molecules, over a 100 ns simulation time.

No peak was observed in the RDF of TPN-CO0, suggesting that there are no strong intermolecular
interactions between TPN-CO molecules, which agrees with both DLS and NMR results that
individual molecules are solvated in toluene. The broad peak found in the RDF of TPN-CI1 indicates
the existence of aggregation over a large range of distances (from 0.7 nm to 1.1 nm). Its broad width,
much greater than the characteristic distance for a parallel configuration (0.35 nm),% suggests that
the aggregates formed could possess multiple configurations and could be in contact with each other
at angles between 0° and 90°, forming non-parallel stacking configurations. This is consistent with
the large hydrodynamic diameters observed by the DLS. The RDF plot of TPN-CN shows a broad

peak between 0.3 nm and 0.7 nm, with a slow decay in intensity from 0.7 nm to 1.2 nm, which implies
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that aggregates are formed with various configurations, similar to that observed for TPN-C1. It is
worth noting that the position of the main peak in the RDF indicates that energetically favourable
parallel configurations are now preferred.!! The TPN-CNAcid model compound also exhibits a major
peak between 0.3 nm and 0.7 nm. For this PAH, there is also a distinct shoulder between 0.7 nm to
1.6 nm, implying the existence of loosely aggregated species.

The effect of the alkoxy chain length on aggregation can be observed by comparing RDFs for TPN-

C1, C3, C5, and C10 (Figure 6). Data for TPN-C1 is include here to for comparison purpose.

1.0

0.8

0.6

0.4

normalised RDF

0.2

0.0 A
1.0 2.0
distance (nm)

Figure 6. Normalised radial distribution functions of 7 molecules of (a) TPN-C1, (b) TPN-C3, (¢) TPN-C5 and (d) TPN-
C10, solvated by 700 toluene molecules, over a 100 ns simulation time.

DLS data shows that both TPN-C3 and -C5 form large aggregates instantly after being introduced
into toluene, but then dissociated to 1 nm sized nanoaggregates after 24 hours and stayed stable
afterwards. NMR measurements are in agreement, with these two model compounds forming
nanoaggregates in a similar manner to natural asphaltenes.! The MD simulations presented here agree

with both aspects of the experimental study. The narrow, well-defined peaks between 0.3 and 0.5 nm
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in the RDF, observed in both Figures 6b and 6c¢, suggest that both model compounds have a high
potential for m-stacking. Additional peaks found at ca. 0.8 nm further support the existence of
extended m-stacked aggregates of these model compounds.

TPN-C10 was found to be well solvated in toluene, with a hydrodynamic diameter around 1 nm
reported by both DLS and NMR measurement (Figures 3 and 4). The broad RDF peak between 0.3
and 0.6 nm in Figure 6d, confirms that n-stacking is the main driving mechanism for nanoaggregate
formation, with possible molecular configurations consistent with parallel n-stacking at 0.35 nm©%6-67,
The RDF of TPN-C10 differs from -C3 and -C5 in two important ways. First, the distribution is
broader. Second, the peak of the distribution for TPN-C10 indicates slightly larger distances between

molecules. Both may be a result of the non-centrosymmetric structure of TPN-C10.

Molecular dynamics simulations of model compounds: distances between centers of mass

Distance between one of the seven PAH molecules and the other six in a given simulation box is
plotted as a function of simulation time, providing an overview of the dynamic process of
aggregation. Figure 7 shows the molecular distances for four model compounds: (a) TPN-CO,
(b)TPN-C1, (c)TPN-CN, and (d)TPN-CNAcid. Each color corresponds to one of the six pairs of the
PAH molecules. Various patterns can be seen here: random and scattered points suggest that
Horizontal lines in these figures indicate the formation of aggregates with a characteristic distance.
Formation of aggregates driven by m-stacking interaction will show a characteristic distance of 0.3-
0.5 nm.%6-%7 In the cases of large aggregates where more than two molecules are involved (dimers,
trimers, tetramers), multiple horizontal lines will be observed in the figure. The number of parallel

horizontal lines in the same figure indicate how many molecules have aggregated together.
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Figure 7. Calculated distances between the centers of mass (COM) for one molecule of model molecules of (a) TPN-CO,
(b) TPN-C1, (c) TPN-CN, and (d) TPN-CNAcid, with the other 6 molecules present, during the 100 ns molecular

dynamics simulation in toluene. Each color corresponds to one of the six pairs of the PAH molecules.

Only random distances between TPN-CO molecules were observed during the 100 ns simulation
time (Figure 7a) indicating no aggregation. This is fully consistent with both DLS and NMR results,
as well as Figure 5a. As with Figure 5, the other three species presented here are all similar in

molecular mass and all exhibited similar aggregation behaviour as revealed by both DLS and

ACS Paragon Plus Environment
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diffusion NMR. However, they differ in chemical structure, with key differences in the functional
groups presents, and MD simulations suggest that the structures and dynamics of the aggregations
formed are fundamentally different. Small distances (0.7-1.7 nm) between multiple pairs of TPN-C1
molecules, stable over longer periods of simulation time, can be observed in Figure 7b, indicating
the formation of large aggregates and virtually no free molecules present in the sample. This is in
agreement with the DLS measurements, where large TPN-C1 aggregates were observed, and also the
NMR experiments, where only a small concentration of nanoaggregate PAH could be observed.
Figure 7c shows the formation of several TPN-CN dimers for short periods of time. Larger species
can also be observed, such as a loosely associated trimer which forms at 30 ns and subsequently
dissociates at 45 ns. The DLS data showed changes in the observed hydrodynamic diameter at both
24 and 168 hours, consistent with the simulation indicating that the molecule aggregates as a series
of loosely formed configurations. TPN-CNAcid (Figure 7d) exhibits an increased number of
associations compared with the amide, with a dimer forming immediately, a trimer at 15 ns, and a
tetramer at 20 ns. The varying distances between pairs of TPN-CNAcid molecules suggest a constant
assembling/disassembling process with multiple configurations, including parallel and non-parallel

stacking, as well dissociation, as shown in the series of snapshots of the simulation below (Figure 8).
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Figure 8. Snapshot of MD simulations of six molecules of TPN-CNAcid in toluene. Three possible configurations: (a)
parallel stacking, (b) dissociation, and (c) non-parallel stacking, are observed in this set of images.

MD simulations also give insight into the role of alkoxy groups in PAH aggregation. Figures 9(a)
to (d) show the distances between one molecule of model compounds ((a) TPN-C1 (repeated for
context), (b)TPN-C3, (c)TPN-C5, and (d)TPN-C10) and six other model compound molecules in the

same simulation box as a function of simulation time.
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Figure 9. Calculated distances between the centers of mass (COM) for one molecule of model molecules of (a) TPN-C1
45 (repeated for context), (b) TPN-C3, (c) TPN-CS5, and (d) TPN-C10, with the other 6 molecules present, during the 100

ns molecular dynamics simulation in toluene. Each color corresponds to one of the six pairs of the PAH molecules.

Figures 3 and 4 have already indicated key differences in the aggregates formed by TPNs -C1, -
51 C3, -C5, and -C10. TPN-C1 forms large aggregates, with few molecules remaining un-aggregated in
53 the sample. The other PAHs studied in this subset of the molecules, however, eventually form smaller

nanoaggregate species. This behaviour is reproduced in Figure 9. In all three model compounds,
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TPN-C3, -C5, and -C10, the horizontal lines indicate the formation of stable aggregates between
limited numbers of PAH molecules, while the remaining points in the Figures indicate very few
interactions between the aggregates and the remaining molecules in the simulation box. TPN-C3
forms well-defined aggregates with distances between the PAHs consistent with n-stacking of pairs
and triplets of molecules. Both DLS and NMR indicate the presence of nanometer sized species in
the sample. TPN-C5 forms more loosely aggregated species with a number of molecules forming at
distances consistent with a parallel, n-stacked, aggregate. TPN-C10 forms dimers, trimers and even
a tetramer can be observed at 60 ns (Figure 9d). For both PAHs, the aggregate size is still in the range
of 1 to 2 nanometers, again consistent with both DLS and NMR studies.

Figures 7 and 9 together suggest that there are three possible arrangement between PAHs molecules
in toluene: dissociation (large intermolecular distance, no horizontal lines in the figures); aggregation
with random configuration (intermediate intermolecular distance); and aggregation with parallel

configuration (short intermolecular distance, close to ca. 0.35 nm).

DISCUSSION

Effect of acid and amide groups on aggregation

Light scattering results of TPN-CN and TPN-CNAcid (Figure 3), containing amide and carboxylic
acid groups respectively, indicate that both compounds form large aggregates instantly in toluene.
The measured sizes of the aggregates was not constant, implying that these model compounds could
aggregate into large and unstable clusters for an extended period of time. Broad peaks (0.3 to 1.3 nm)
observed in RDF plots of TPN-CN and TPN-CNAcid suggest that the aggregates formed have
multiple configurations with a low packing density. According to RDF and gdist data (Figure 7b), it
is possible that TPN-CN and -CNAcid can form stable nanoaggregates with parallel configuration,

which could subsequently form loose clusters as observed by DLS measurements.
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Previous density functional theory studies concluded that parallel configurations are the most
energetically favourable state for natural asphaltenes, with a characteristic intermolecular distance of
ca. 0.35 nm,.%%75 It is likely that the large aggregates formed would continuously re-assemble into
more stable configurations, driven by the weaker van der Waals forces between the aromatic
cores.!4!15 Addition of polar groups, such as carboxylic acids and amides, increases the polarity of
the model PAHs, which consequently enhances the potential for aggregation. Instead of the well-
defined peaks that are characteristics of n-stacking, the molecular dynamics simulations here show
broader peaks radial distribution functions with a number of association-dissociation events on a
nanosecond timescale. It is very likely that introducing polar groups into PAHs not only improves
the possibility for aggregation, but also expands the range of molecular configurations available
within the PAH aggregates. The synergistic effect of them results in an increased size of aggregates

formed, as demonstrated by the large aggregates measured by DLS and previous studies?3.

Effect of alkoxy chain length on aggregation

Previous studies of molecules possessing similar chemical structures suggest that the alkyl chains
surrounding the triphenylene core have the following two roles: stabilization of the formed discotic
liquid crystal columns and control of the distance between the columns.?® Our experimental results
show that TPN-C1 forms large aggregates (above 1000 nm) over a prolonged period of time. One of
the possible causes of such aggregation is crystallization of the PAHs, resulting in large particles of
micrometer size. However, it is more likely that, upon such strong attractive interaction, TPN-CI
molecules could aggregate in various configurations - the methyl side chains are too short to limit
with parallel configurations solely. The increased number of configurations available facilitates the
formation of aggregates with potentially random configurations and a wide range of size distribution.

Once the large aggregates formed precipitate and sediment, there are only small aggregated dispersed
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in the suspension. This is supported by the diffusion NMR results - single molecules rather than large
aggregates were detected for TPN-C1, which is also supported by simulation results that the RDF of
TPN-CI1 is also notably broader than both TPN-C3 and —CS5.

Once the side chains are of sufficient length, as found in TPN-C3, -C5, and -C10, they can
effectively counter the aggregation potential and enhance the stability of the nanoaggregates formed.
This is consistent with literature where aliphatic side chains were reported to improve the stability of
asphaltene nanoaggregates.®? The configurational constraints imposed by the aliphatic side-chains
increase proportionally to their length (TPN-C1 to TPN-C3 to TPN-C5), because parallel
configurations become increasingly energetically favourable. The limited size of the aggregates can
be mainly attributed to the aromatic nature of the solvent,’!*? and the length of the side-chains
enforcing a parallel configuration.!?

TPN-C10 differs from the other three alkoxy-substituted triphenylenes in that it has an additional,
single Cyy chain that renders the molecule asymmetric. Both experimental methods record only
nanometer-sized aggregates forming, while the MD simulations indicate a broader RDF and
aggregations at distances larger than the characteristic m-stacking distance. This suggests that the
decyl chain in TPN-C10 inhibits the aggregation of the PAH, perhaps enabling the solvent to
penetrate the single columns easily and breaking up interactions between the PAH molecules.

Increasingly longer side-chains are known to hinder/limit aggregation in natural asphaltenes,'?
which might explain the difference in the stabilisation time between the model compounds.
Investigations of asymmetric compounds suggest that long chains hinder the aggregation of PAHs
and limit the size to which the nanoaggregates could form.?3-#* Other studies further support this
mechanism by removing long side chains from model compounds, which allows the molecules to
achieve a more energetically favourable state as better ordered/more densely packed

nanoaggregates.®> The behaviour of TPN-C10 in our study reflects these previous observations.
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CONCLUSIONS

Seven model compounds based on triphenylene were synthesized and evaluated by measuring their
hydrodynamic diameters over a 168 hour period, using both light scattering and diffusion NMR
methodologies. The experimental results were further supported by MD simulations. We show that
complementary experimental methods should be deployed when examining such colloidal systems,
e.g. asphaltene suspended in toluene, as the aggregates formed can span multiple length scales.

The series of model compounds developed in this study reveal how subtle changes in chemical
structure, such as small increases in alkyl chain lengths, can significantly impact the aggregation of
the compounds. An increased chain length surrounding the triphenylene core (e.g. TPN-C3 and -C5)
can facilitate ordered configurations (such as m-stacking) upon the nanoaggregates, but introducing
asymmetry to the molecular architecture (e.g. TPN-C10) enhances solvation potential. The addition
of functional groups (e.g. TPN-CN and -CNAcid) leads to the formation of large aggregates that are
loosely packed and constantly re-configuring. The observation demonstrates that the attraction
between aromatic cores can be countered by the degree of solvation by toluene as well steric
hindrance imposed by the side chains.

These results confirm that the aggregation of PAHs is determined by the fine balance between 1)
7-T interactions between the aromatic cores; 2) interactions between polar groups; 3) steric hindrance
caused by the side chains, and 4) the degree of solvation by toluene. The structure and size of the
final aggregated species is determined by the balance between these different driving forces.
Polyaromatic hydrocarbons commonly present a wide range of side-chains of different lengths,
which vary the nanoaggregate interactions. However, there are clear effects that these different chain
lengths and functional groups have on their aggregation pathways. In turn, better understanding of

the effects of specific functional groups on the aggregation will help to develop strategies to counter
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this clustering and improve the use of PAHs, such as natural asphaltenes, in applied and industrial

chemical settings.
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Figure 1. Chemical structures of the seven triphenylene derivatives used in the present study.
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Figure 2. Representative DOSY spectrum of TPN-C3 in toluene-dg. All experimental details of diffusion NMR
study are included in the Supplementary Information.

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Industrial & Engineering Chemistry Research Page 34 of 40

ol IR

E

e

£ 1000, .

s i
S 100

L2

E 10

c

s

g 'loon oa
2 Co Ci1 C3

10 hours
124 hours
B 168 hours

[N ¢

C5 C10

CN CNAcid

triphenylene derivative

Figure 3. Averaged hydrodynamic diameters for all seven model PAH compounds at 10 mg/mL, acquired
using dynamic light scattering at an angle of 173°, in toluene at 0 (white), 24 (grey), and 168 hours (black)
after sample preparation.
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Figure 4. Experimentally acquired hydrodynamic diameters, acquired using diffusion NMR, for all seven

28 model PAH compounds at 10 mg/mL in toluene-dg, obtained at 0 (white bars), 24 (grey), and 168 hours
(black) after sample preparation. Predicted hydrodynamic radii for single molecules in toluene-d8 indicated
by horizontal black bar.
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Figure 5. Normalised radial distribution functions of 7 molecules of (a) TPN-CO, (b) TPN-C1, (c) TPN-CN and
(d) TPN-CNAcid, solvated by 700 toluene molecules, over a 100 ns simulation time.
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39 Figure 6. Normalised radial distribution functions of 7 molecules of (a) TPN-C1, (b) TPN-C3, (c) TPN-C5 and
(d) TPN-C10, solvated by 700 toluene molecules, over a 100 ns simulation time.
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Figure 7. Calculated distances between the centers of mass for one molecule of model molecules of (a) TPN-
CO0, (b) TPN-C1, (c) TPN-CN, and (d) TPN-CNAcid, with the other 6 molecules present, during the 100 ns
molecular dynamics simulation in toluene.
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45 Figure 8. Snapshot of MD simulations of six molecules of TPN-CNAcid in toluene. Three possible
46 configurations: (a) parallel stacking, (b) dissociation, and (c) non-parallel stacking, are observed in this set
47 of images.
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Figure 9. Calculated distances between the centers of mass for one molecule of model molecules of (a) TPN-
C1 (repeated for context), (b) TPN-C3, (c) TPN-C5, and (d) TPN-C10, with the other 6 molecules present,
during the 100 ns molecular dynamics simulation in toluene.
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