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Abstract

Soot emitted from incomplete combustion of hydrocarbon fuels contributes to
global warming [2] and causes human disease [24]. The mechanism by which soot
nanoparticles form within hydrocarbon flames is still an unsolved problem in com-
bustion science. Mechanisms proposed to date involving purely chemical growth are
limited by slow reaction rates, whilst mechanisms relying on solely physical inter-
actions between molecules are limited by weak intermolecular interactions that are
unstable at flame temperatures [7, 55]. Here we show evidence for a reactive di-
radical aromatic soot precursor imaged using non-contact atomic force microscopy.
Localisation of m-electrons on non-hexagonal rings was found to allow for Kekule
aromatic soot precursors to possess a triplet diradical ground states. Barrierless chain
reactions are shown between these reactive sites, which provide thermally stable aro-
matic rim-linked hydrocarbons under flame conditions. Quantum molecular dynam-
ics simulations demonstrate physical condensation of aromatics that survive for tens
of picoseconds. Bound internal rotors then enable the reactive sites to find each
other and become chemically crosslinked before dissociation. These species pro-
vide a rapid, thermally stable chain reaction toward soot nanoparticle formation and
could provide molecular targets for limiting the emission of these toxic combustion
products.
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Highlights

* High resolution atomic force microscopy revealed species with localised 7- mono-
radicals and 7z-diradicals.

* Thermally stable bonds were formed between diradicals enabling barrierless chain
reactions to proceed.

* Collisons between m-diradicals were studied with quantum mechanical/molecular
mechanics and internal rotors were found to enhance reaction efficiencies.
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1 Introduction

Soot emitted into the atmosphere contributes to global warming and when deposited on
ice soot lowers its albedo, increasing melting [2]. Recent estimates place the atmospheric
radiative forcing of black carbon at 0.5-1.0 W/m?, similar to that of methane [2]. Addi-
tionally, soot and other < 2.5 um combustion products (PM; 5) have been directly corre-
lated with increased morbidity and respiratory diseases [24]. Most pressing is preliminary
evidence that an increase of only 1 m/m? of PM, s in the urban environment is associ-
ated with an 11% increase in COVID-19 related deaths (in preliminary data from the
USA) [56]. Recent lockdown measures also demonstrated how quickly soot emissions
can drop in the atmosphere with a 12% reduction in PM, 5 emissions in 50 major cities
around the world, indicating that air quality can rapidly recover [43]. Formation of car-
bonaceous aerosols are not limited to earth but litter our universe as interstellar dust and
are found in the atmospheres of planets and moons, such as Titan [25].

No predictive model yet exists for carbonaceous nanoparticle formation, inhibiting our
ability to eliminate these pollutants from combustion systems [22]. The critical trans-
formation is inception (or nucleation) where gas phase aromatic soot precursors cluster
to form nanoparticles (see Figure 1). Three main requirements have been found for this
transformation: 1) The species involved must sustain a chain reaction where reactivity
or condensability is maintained through subsequent monomer additions [7, 20]; 2) The
molecules must be thermally stable with bond energies or intermolecular energies in ex-
cess of approximately —167 kJ/mol required for thermal stability at temperatures in the
flame where soot begins to form (>1500 K) [31, 53, 55]; 3) High collision efficiencies
are required to explain the rapid formation of nanoparticles in flames [7]. To date, no soot
precursor has been found that is able to achieve these three requirements.

Electron paramagnetic resonance spectroscopy demonstrates that 7z-radicals are dominant
in early soot nanoparticles and appear to be critical in their inception [54]. m-electrons
are delocalised in aromatic species that contain six-membered rings and are therefore un-
reactive [38]. Localisation of m-radicals has long been suggested to provide increased
reactivity [1, 23, 55, 57]. The last decade has seen significant work on aromatics with ex-
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Figure 1: Aromatic soot precursor collection. Burner configuration, collection location
and schematic of soot formation.



tended zig-zag edges, such as acenes, which have been shown to localise 7-electrons and
crosslink [23, 55, 57]. However, few of these extended zig-zag edges are seen in flame
aromatics [5] and the crosslinks are not expected to be thermally stable in a flame [33].
Recent images of the aromatic molecules in flames have revealed partially saturated edges
on aromatic molecules [5]. Using electronic structure theory we demonstrated that these
partially saturated edges form highly localised 7-radicals [31, 33], which were initially
hypothesed by Abrahamson in 1977 [1]. Of interest for formation mechanisms, locali-
sation of 7m-electrons were found to allow for multiple reactive sites on a single aromatic
molecule (with the simplest being a diradical) [34], which is a requirement for sustain-
ing a chain reaction. Spectroscopic measurements of these radicals have been undertaken
in the astrochemistry community, with their fluorescence suggested to be involved in the
unidentified emission from the Red Rectangle proto-planetary nebula [41].

In this letter, an aromatic soot precursor imaged with high resolution atomic force mi-
croscopy is found to possess a triplet diradical ground state. Localisation of 7-electrons
on non-hexagonal rings is found to be required for this Kekulé aromatic to form the high
spin ground state. These species allow for barrierless reactions with thermally stable
bonds capable of a chain reaction. Finally, quantum molecular dynamics simulations re-
veal rapid reactions between diradical soot precursors, enabled by internal rotors.

2 Methods

2.1 Non-contact atomic force microscopy

Details of the sampling and imaging of the flame aromatics can be found in previous
publications [5, 47]. Briefly, combustion products were sampled from a sooting laminar
premixed flat flame (see Figure 1) and collected on a quartz filter for 14 hrs. We used a
home built STM/AFM setup operating in ultra-high vacuum and at low temperature (T =
5 K). Flash heating was used to deposit the aromatic soot precursors onto the substrate.
A gPlus quartz cantilever [12] was operated in frequency modulation mode with a carbon
monoxide functionalised tip [13]. The AFM images are recorded at constant height, at
V =0 V bias voltage. The resonance frequency was f, = 28.8 kHz, the quality factor
0 ~ 100,000, and we used an oscillation amplitude of A = 50 pm. To facilitate structure
assignment, several AFM images at different tip-molecule distances where acquired for a
given molecule and, if accessible, also images of the frontier orbitals densities by STM
(see Supplementary Information). Comparison between the species found in AFM with
Raman analysis and mass spectrometry confirm they are representative of the species
found in the gas phase [44, 47].

2.2 Electronic structure calculations

The collection of molecules were geometry optimised using the hybrid density functional
theory B3LYP/6-311G(d,p). Molecular energies were calculated using the hybrid meta-
GGA DFT method M06-2X/cc-pVTZ in the software Gaussian 16 [10]. This level of the-



ory has been found to provide molecular energies to within 10 kJ/mol of experiments [58]
and accurately reproduced bond energies to within 8 kJ/mol to experimentally derived
values and reaction rates between aromatic radicals to within an order of magnitude [34].
Singlet-triplet energy was calculated using the geometries from B3LYP/6-311G(d,p) and
the DLPNO-CCSD(T)/cc-pVTZ method in the software ORCA [39], which is known to
accurately reproduce energies and singlet-triplet gaps to within 3 kJ/mol at this level of
theory [11]. The T1 diagnostic was found to be below 0.2 in all cases indicating a single
spin configuration is appropriate.

2.3 Molecular dynamics

A dynamic study on the dimerisation of 7-radicals under flame conditions is performed
using mixed classical molecular mechanics (MM), also known as molecular dynamics,
simulations and quantum mechanics/molecular mechanics (QM/MM) simulations. A se-
ries of homobinary collisions between the m-radicals is performed with classical MM
simulations. Before studying the binary collisions, structural equilibrium of PAH radicals
was performed in the canonical ensemble (NVT) at temperatures of 1500 K. Constant
temperature is maintained by a chain of Nosé-Hoover thermostats with a damping con-
stant of 200 fs. Afterwards, binary collisions between PAH radicals are performed in the
canonical ensemble (NVT) with a time step of 1 fs. To achieve statistical significance,
a total of 1000 binary collisions are performed for each case. The initial relative cen-
tre of mass distance between the two colliding PAH molecules/radicals was 30 A, which
is larger than the effective intermolecular interaction distance between PAHs. The rela-
tive translational velocities are set equal to the average speed in the Maxwell-Boltzmann
distribution at 1500 K. The orientation of the starting molecules is randomly sampled
in three axes. The classical MM simulations are performed using GROMACS. The in-
tramolecular interactions are described using the OPLS-AA force field. The dispersion
interactions are described by the isoOPAHAP force field based on benchmark SAPT(DFT)
calculations [53]. This force field has been successfully applied to investigate the clus-
tering of aromatic species and accuracy reproduces the virial coefficient of benzene. The
distance between two reactive sites is then tracked during the whole simulation. When the
two reactive sites are at a distance lower than 3 A the simulation is switched to QM/MM
to determine whether a bond forms between the reactive sites. The QM/MM simulations
are performed using GROMACS coupled with ORCA software. The reacting parts of
the system are treated quantum mechanically, with the remainder being modelled using
the force field (see Supplementary Information). The interactions between the QM and
MM subsystems are handled within the ONIOM approach. Twelve different monomers
have been selected with different sizes and radical types. The quantum mechanical region
consists of the pentagonal rings and the adjacent hexagonal rings for the two 7-radical
site types and the hexagonal ring for the o-radical (see Supplementary Information). The
broken symmetry unrestricted method (BS-UMO06-2X/def2-SVP) is employed to simulate
the QM regions with correct dissociation dynamics.



3 Results and discussion

Non-contact atomic force microscopy (nc-AFM) revealed a variety of aromatic soot pre-
cursors with localised electronic states. Figure 2a shows a coronene structural motif with
two rim-based pentagonal rings, one of which is partially saturated, named 1 in this paper
(the partial saturation has been confirmed with further imaging and negative ion reso-
nance imaging see Supplementary Information). We have recently demonstrated that a
significant concentration of these sites are expected in the flame as hydrogen is added
and abstracted from the pentagonal rings’ edges (i.e. being in partial equilibrium with
H'/H,) [34]. Figure 2b shows the electron spin density determined from electronic struc-
ture calculations revealling the presence of a doublet localised 7-radical. This is seen from
their spin density which does not decrease with increasing size, showing pinned electronic
edge states (a variety of other non-hexagonal rings and methylene type species are also
shown to be localised in the Supplementary Information). Therefore, while these states
are resonantly stabilised, with spin density shared among multiple aromatic carbons, they
are localised to the edge, maintaining their spin density and therefore high reactivity with
enlargement.
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Figure 2: Imaging, electronic structure and reactions of aromatic radicals. a) & d)
HR-AFM images of aromatic soot precursor species (Laplace-filtered sharing
the same scale shown in a)). b) & e) spin density surfaces (iso=0.025 a.u.) for
the electronic ground state. c), g) & f) the dominant Kekulé structures are also
shown. h) & k) The bond energy E,, in kJ/mol is shown for each crosslink. i)
& 1) Shows the geometries of one such crosslink. j) & m) Reaction mechanisms
for the doublet monoradical and the triplet diradical with the later allowing
subsequent polymerisation with no loss in reactivity.



Imaging with nc-AFM also suggests that the molecule shown in Figure 2d) is present in
the flame. This molecule features a partially protonated rim-based pentagonal ring and
embedded pentagonal ring, labelled 1 and 2, respectively in Fig. 2f) (the structural as-
signments are discussed in detail in the Supplementary Information). Of significance to
soot formation, this species was computed to possesses a ground state that is a triplet
(Est > 0). The energy gap between the singlet and triplet states, Esy, provides a reliable
metric for diradical character [49], where Esr — 0 suggests an increasing diradical char-
acter (diradicaloid) and E > 0O indicates a true diradical with a triplet ground state. Some
well known diradicaloids, those that contain diradical-character, were also found in the
flame, including pentacene (protonated in the imaging) and p-quinodimethane (see Sup-
plementary Information). It has been found for p-quinodimethane that thermal excitation
of this species into its triplet state allows for a chain polymerisation reaction to proceed in
the condensed phase [18, 49]. However, this species is the first evidence of a species that
is a true diradical with high spin ground state. Figure 2e) shows the electron density and
Kekulé of this state with spin density concentrated at the rim in a similar configuration to
the doublet.

This diradical aromatic is uncommon in that it is a high-spin Kekulé aromatic. A Kekulé
aromatic possesses a chemical structure where each aromatic carbon has a valence of 3
from a combination of single and double bonds see Fig. 2g). Kekulé aromatic species
composed of six-membered rings have only been found to possess a singlet ground state
and can only attain a triplet ground state for a non-Kekulé configuration of rings (e.g.
the recently synthesised heptauthrene [50] and the extended triangulenes [26, 37]). The
stabilisation of high-spin ground states in Kekulé aromatic has recently been demonstrated
in synthesised nanographene structures with two fluorene-like moities [27]. These high-
spin ground states in Kekulé aromatics demonstrate that truly localised states can exist
due to topological defects i.e. non-hexagonal rings [49]. (Further details concerning
the role of aromaticity in stabilising the high-spin ground state can also be found in the
Supplementary Information.)

The reactivity and thermal stability of crosslinks formed between the localised 7-radicals
shown in Figure 2d) are computed with electronic structure theory. Figure 2 shows the
computed bond energies for the possible crosslinks between sites 1 and 2 denoting the
partially saturated rim-based pentagonal ring-type (e.g. acenapythenyl) and fluorenyl-
type edges, respectively, where the o and y carbon atoms are the most spin-rich and re-
active (see Fig. 2¢) and f)). The unstacked configurations were chosen to provide the best
comparison between site reactivities without interference from the dispersion interactions
in the overlapping geometries [31]. As mentioned, it has been found experimentally that
bonds lower than approximately 167 kJ/mol in magnitude are rapidly degraded in hydro-
carbon flames [31, 55]. This cut-off provides various possible configurations of interest
(labelled in green in Fig. 2). The strongest bonds formed were between 1ot—1¢ sites (with
the geometry most closely related to 1,1°,2,2’-Tetrahydro-1,1’-biacenaphthylene), 202«
(with a geometry most closely related to 9,9’-Bifluorene) and 1ox—2¢¢ with approximately
half the bond strength of the C—C single bond in ethane but double that of a bond between
two m-radicals on six-membered rings [38]. Reactions between the v sites were not found
to be thermally stable in the flame but may be important after soot has condensed. Min-
imal differences are found between the bond energy between the 1 site for the mono-
and diradicals (=5%), or with the smaller acenapythenyl dimer we have previously cal-
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culated [31] (= 1.5%), showing that reactivity is not dependent on neighbouring radicals
nor on the size of the aromatic strongly suggesting edge localisation. Figure 2 b) shows
the polymerisation of the 1a—2¢ sites. Critically, after two triplet 7-diradicals (*A,) form
a dimer involving their « sites the triplet state endures allowing for further barrierless
reactions to occur. We confirmed that for the 1oc—2« reactions the bond energy for the
dimer + monomer — trimer and subsequently the tetramer provide the same bond energy
of 230 kJ/mol (we also confirmed the bonds are thermodynamically favoured at flame
temperatures see Supplementary Information). These reactions therefore can proceed in a
chain reaction with no reduction in reactivity, which we call polymersisation of aromatic
rim-linked hydrocarbons (PARLH).

Quantum molecular dynamics is used to study the reaction dynamics for a variety of re-
combining localised 7-radicals and o-radicals found in the flame. Figure 3a) and b) shows
some 7-diradicals that were theoretically prepared from hydrogen abstraction (a common
reaction in the flame [34]) of species observed in nc-AFM [5] (the triplet ground states
are demonstrated for these species in the Supplementary Information). The o-radicals
are involved in the extension of the aromatic domains with acetylene [7] and have been
suggested to be involved in many soot inception mechanisms [6, 7, 35]. Figure 3c) shows
the fraction of effective collisions, F,., where a bond is formed during the collision and
provides a means of suggesting possible trends in the collision efficiency (see Supplemen-
tary Information for implementation and comparison with radical recombination rates and
Supplementary Movie 1 for a representative collision between the diradical in Figure 2e)).
As o-radicals enlarge their F,. reduces, which has been previously demonstrated with
reactive molecular dynamics [29]. o-diradicals are found to provide a modest enhance-
ment in the reactivity over the monoradical. For m-radicals the opposite trend is found
with increasing molecular enlargement — Fi.,.. increases, significantly so for z-diradicals.

To explore the reason for this enhancement the largest - and o¢-diradical species, shown
in Figure 3m) and f) respectively, are compared. Supplementary Movie 2 shows a rep-
resentative trajectory for the o-diradical, where the bond forms upon initial collision.
Supplementary Movie 3 shows a o-diradical forming during dissociation, which happens
less frequently. Both Supplementary Movie 2 & 3 show the bond formed when the two
molecules are not stacked but when the aromatic planes are close to collinear. In fact
trajectories were found where the molecules were stacked for an extended time with the
reactive sites frequency approach each other, however, no bonds were formed when the
aromatics were stacked (see Supplementary Movie 4). This follows from the orthogo-
nality constraints on the sp? hybridised o-radicals where the orbitals maximally overlap
when the carbon atoms are collinear with the aromatic planes.

The dynamics are significantly more complex between two 7-diradicals and therefore we
considered a larger species (see Supplementary Movie 5) and computed some timeseries
metrics to aid with the analysis. Figure 3n) shows the distances between the centres
of mass for the fragments as well as between the reactive sites. The distance between
centres of mass indicates whether or not the aromatic planes are stacking and physically
interacting before the bond is formed. Significant modulation in the distance between the
reactive sites is seen before the bond is formed at 41.5 ps and the length is constrained.
To further explore this the angle between the reactive sites is computed in Figure 30).
The reactive sites are found to follow a sinusoidal pattern demonstrating a stably bound



hydrogen activation
b

o
o
]
o

17}

c

o

2 ]

g 1

B 0.02 1 =

5 ]

)

o 1

« 0.015 A

s} ]

c

S :

g 0.01 1 A o-monoradical A ~><_ :

[ 1 A o-diradical

Ig 4 M -monoradical ’g

2 ] A - o

& 0.005 4 O m-diradical ,,l’:‘%m . Wy :@
] »«Na»"g .” L5 NN\" E
10 OO U =

oIy Ak
0 100 200 300 400 500 600 0 10 20 30 40 50
Monomer molecular mass (Da) Time (ps)

Figure 3: Radical recombination of aromatic radicals. a) and b) Formation of diradi-
cals from hydrogen abstraction of species imaged with nc-AFM from Commodo
et al.[5]. c) Fraction of effective reactive collisions determined using QM/MM
simulations for d—f) o-monoradicals and o-diradicals with filled and open tri-
angle symbols, respectively. g-j) m-monoradicals filled square symbols. k-m)
n-diradicals open square symbols derived from HR-AFM structures [5]. n) A
single reactive trajectory is shown for the diradical in m). o) Distances between
the centres of mass (dc.o.y.) and the reactive sites that bond, d,,, are plotted.
0—q) Insets shows the geometries of the o) species approaching, p) stacking
unbonded and q) stacking and bonding. r) Angle, 0y, between the vectors, 71y,
from the centre of mass to the reactive sites (see 0)) show the rotation preceding
the bond formation. s) Inset shows a different orientation of the p) geometry
with the direction of rotation in the plane of the aromatic highlighted.

internal rotor is present. In this trajectory, internal rotors allow the reactive sites to find
each other and bond before the molecules dissociate. Supplementary Figure S10 compares
the dissociation times for this species with the large o-diradical. They are found to possess
similar dissociation lifetimes due to many collisions leading to a physically bound dimer.
We can then consider the fraction of collisions where the reactive sites approach each
other, Fypp: (Feuott < 0.3 nm). For the o-diradical this fraction is almost double that of the
m-diradical, most likely due to the steric issues associated with the saturated carbon site
in the latter case. However, the fraction of reactive collisions, Fie,. , resulting in a bond
forming the m-diradical is approximately double that of the o-diradical, suggesting the
increased lifetime of the dimer enhances the reactions only between 7-radicals due to a
physically bound internal rotor. Supplementary Figure S11 shows that this trend is seen



for all species where the dissociation time increases with molecular size while only for
the m-radicals is a positive correlation found between the fraction of effective collisions
and the dissociation lifetime. It should also be mentioned that reactive collisions were
only considered between the most reactive « sites and therefore these simulations are an
underestimates and only capture the most significant reactions. More work is required to
compute the collision efficiency using more cost-effective methods. Electrostatic effects
may also enhance the clustering if polar curved aromatics possess these reactive sites,
particularly for interactions with charged chemi-ions which also need to be explored [30].

Frenklach and Mebel recently suggested an enhancement due to internal rotors for chem-
ical mechanisms involving small aromatic molecules, which are too slow to provide the
nucleation flux experimentally seen [7]. These quantum molecular dynamics simulations
provide the first evidence for such an enhancement, which is significant for localised 7-
radicals and can lead to highly efficient reactions approaching that of species that are
known to rapidly recombine in the flame such as phenyl [15]. Preliminary experimental
evidence for such a mechanism has been seen for benzyl recombination [28]. For this
smallest localised 7-radical a rapid reaction rate was found that surpassed the high pres-
sure limit when nearing its vapour point where physical interactions become important.

To fully assess localised m-multiradicals as potential soot precursors, their concentration
in the flame must also be determined. Our preliminary computational study of rim-based
pentagons (acenapthlyene-type) in partial equilibrium with H/H, in the flame revealed
that diradicals can form in significant concentrations if multiple rim-based pentagonal
rings are present [34]. Similar analysis is required for the variety of localised 7-radical
types highlighted in this paper. Another interesting observation is that due to the res-
onance stability of localised 7-radicals, their reaction with molecular oxygen has been
shown to be slow at flame temperatures (e.g. for benzyl [40]), suggesting their concen-
tration could grow as does propargyl (known to be the primary route to benzene [15]) for
the same reason. Atomic oxygen, which can be added via ozone addition, has been found
to react readily with fluorenyl-type localised 7-radicals [9] and could provide a poten-
tial route to eliminating these sites in flames. Preliminary evidence suggests significant
reduction in soot formation with ozone injection [51].

4 Conclusions

In conclusion, we have shown evidence for a triplet 7-diradical that is able to fulfill many
of the requirements for carbonaceous nanoparticle formation by; providing a chain re-
action, bonding strongly enough for stability at flame temperatures and reacting rapidly
through physically stabilised internal rotors. These results provide evidence for a path-
way involving both chemical and physical interactions of aromatic radicals, long sought
in soot formation research [1, 7, 8, 16, 21, 36] and most clearly articulated, perhaps, in
1989 by Harris and Weiner: “Once coagulated they will quickly become chemically knit
together since a significant fraction of the aromatic species are radicals” [16].
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A Supplementary Material

A.1 High resolution atomic force microscopy

Extended discussions on the imaging approach can be found in our previous publications
and in the main text [5, 47]. We conducted additional analysis on the structural elucidation
of the species discussed in the main text. In particular, the differentiation of CH and
CH, moieties at the edges of the molecules at five-membered rings is challenging and is
analyzed and discussed here in detail.

Figure S1 shows extended scanning tunnelling microscopy (STM), density functional the-
ory (DFT) and atomic force microscopy (AFM) data on the first species, labelled IS1 in
previous work [5], which was imaged on bilayer NaCl on Cu(111) with a CO functional-
ized tip. With constant current STM at an applied sample bias V = 0.2 V, which is within
the transport gap of the molecule, electrons cannot be attached to the molecule and the
image contrast is explained by a lowering of the tunnelling barrier for the path through
the molecule [42], revealing little intramolecular contrast, see Fig. S1a.

With STM at V = +1.7 V, see Fig. S1b, we could access the negative ion resonance (NIR)
of this molecule. At this bias, we attach from the tip, electrons to the first unoccupied
state above the Fermi level, i.e., the lowest unoccupied molecular orbital (LUMO). The
constant current STM image at resonance can be interpreted as a contour map of the
corresponding orbital density [42]. In addition, the usage of a CO functionalized tip gives

§TM, 1.7V, 3.0 pA NIR DFT B LUMO radical DFT LUMO saturated Laplacian AFM, z=0.5 Ang Laplacian AFM, z = 0.35 Ang

Figure S1: Additional STM, DFT and AFM data for IS1. STM images of at (a) V =0.2'V,
I=0.5pAand (b)V =1.7V, I =3.0 pA on bilayer NaCl on Cu(111) using
a CO functionalised tip. Structure (c) and calculated LUMO density at an
iso-surface value of 0.002 of ISI (d). Structure of a molecule featuring a
second CH, moiety at the five-membered ring of IS1, resulting in a closed shell
structure (e) and its calculated LUMO density (f). Constant height AFM data
at different tip height z is shown in (g) and (i), together with the corresponding
Laplace filtered images (h) and (j), respectively. A decrease in z corresponds
to a decrease in tip-sample distance.
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rise to a partial p-wave character of the tip, with sensitivity to the lateral gradient of the
orbital densitt [14].

We calculated the LUMO at the M06-2X/cc-pVTZ level of theory for the previously as-
signed molecular structure IS1 [5, 47]. The structure of the molecule is shown in Fig. Slc
and the calculated LUMO orbital density (in this case, as the molecule is a radical, cor-
responding to a singly unoccupied molecular orbital) at an iso-surface value of 0.002 is
shown in Fig. S1d. In Addition, we also calculated the LUMO for a closed shell molecule
that features a second CH, moiety at the five-membered ring, see its structure shown in
Fig. Sle and its calculated LUMO iso-surface in Fig. S1f.

The calculated LUMO density of the radical IS1 (Fig. S1d) fits very well the STM mea-
surement (Fig. S1b), whereas the LUMO of the closed shell structure molecule with an
additional CH, moiety (Fig. S1f) does not. This electronic characterization by STM and
its comparison with the calculated orbital densities firmly corroborates our structural as-
signment of IS1 of the previous publication [5].

This molecule showcases the challenge in assigning that specific moiety, i.e., the level
of saturation of the five-membered ring with a CH, moiety. At the position of the CH
group in that five-membered ring, the AFM contrast is significantly brighter compared
to the contrast on the other CH groups within the molecule (see Fig. S1g and Fig. S11).
This increase in brightness could be explained by a non-planar adsorption geometry, and
increased adsorption height at the CH group at the five-membered ring, caused by the
neighboring CH, moiety, leading to a locally increased adsorption height and tilted ad-
sorption plane of the molecule [45].

Figure S2 shows additional AFM and STM data that was measured on molecule IS56
on bilayer NaCl on Cu(111). Unfortunately, we did not acquire STM images at ionic
resonance for that molecule, because the molecule was picked up by the tip before or-

AFM, z = 0.8 Ang AFM, z = Ang Ang AFM, z = 0.3 Ang

Laplacian AFM, z = 0.5 Ang Laplacian AFM, z = 0.4 Ang Laplacian AFM, z = 0.3 Ang

STM, 0.2V, 0.5 pA

Figure S2: Additional STM and AFM data for IS56. Constant current STM in gap image
atV =0.2V, I =0.5pA on bilayer NaCl on Cu(111) using a CO function-
alised tip, labelled STM. Constant height AFM data at different tip height
z together with the corresponding Laplace filtered images. A decrease in z
corresponds to a decrease in tip-sample distance.
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bital density images were obtained. AFM images of the molecule are shown for different
tip heights in Fig. S2. The aliphatic six-membered ring is assigned in comparison with
ref. [46] with high confidence. The CH group at a five-membered ring labelled i) and the
CH, group at a six-membered ring labelled i1) in Fig. S2 are assigned with high confi-
dence, too. More challenging and of less confidence is the assignment of the saturation
of the five-membered ring labelled iii) in Fig. S2. Comparison to molecule IS1, that
features a very similar AFM contrast, indicates that this is likely a partially saturated five-
membered ring, i.e., with one CH and one CH, moiety, as in IS1, suggesting the initially
proposed structure IS56 [5]. However, we cannot firmly exclude a five-membered ring
with two CH, groups, as we are missing STM orbital density images to confirm this chal-
lenging structural assignment for this molecule, in contrast to IS1. In the context of this
work it is important to note that both possible assignments for this molecule, i.e., [IS56 and
the hydrogenated radical of IS56 with two CH, groups at the five-membered ring, could
be interconverted by exchange of atomic hydrogen in the flame [5]. Thus, both possible
structural assignments suggest that both molecule IS56 and the hydrogenated radical of
IS56 are present in the flame.

A.2 Localisation of II-radicals

The localisation of m-radicals can be demonstrated from the spin density for a variety of
aromatic radicals with a doublet ground state. Figure S3 shows the isosurface of the spin
density calculated for a variety of motifs as a function of molecular size. The spin density
is correlated with the resulting reactivity of the carbon atom [49]. We have previously
demonstrated the distinction between the delocalised 7-radicals (phenalenyl-type) and
localised 7m-radicals for the partially saturated rim pentagon-type (Part. sat. rim pent-
type) [31], however, based on the saturated edges found via non-contact AFM [5] other

Delocalised Localised
m-radicals Tr-radicals

Phenalenyl -type | FIuorenyI -type Indenyl -type Benzyl-type Part. sat. Part. sat. Part. sat. rim Part. sat. Part. sat.

PCAH type dlradlcalmd -type pent.-type phenalenyl-type inder}yl:type
N W, f . *H ) o
‘; | 8 @ &5 L, 8
0.30 3 0 62 ) 0.79- 3 s 0.62 )):j 0.65 EE/S 0.66 _ 73
041 ) . % Q g/s 0.63 %%S 063 i~
0.31 | {ﬁgﬁ}om s 0.66 66

Figure S3: Spin density (iso=0.025) study of delocalised versus localised m-radicals as
a function of molecular size. The Mullikan spin is also shown for the most
spin-rich carbon atom.

§
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localised m-radicals could be generated from hydrogen addition/abstraction. For benzyl-
type radicals these sites have also been referred to as a-radicals due to the concentration
of spin density on a primary a-carbon atom [4]. They arise from aromatics that contain
non-hexagonal rings, methylene groups or zig-zag edges.

A more concrete definition of localisation has been proposed recently based on aromatic
diradicals [49]. The singlet-triplet energy, Egr, is described as a measure of the diradical
character. A variety of imaged molecules were found to have diradical character, dirad-
icaloids, with Est < 0 and Egy — O (see Fig. S4). For species for which a triplet ground
state is found, where Egt > 0, these are considered to be localisable states [49]. For aro-
matic molecules only containing hexagonal ring networks this has only been achieved
for non-Kekulé aromatics, however, the species imaged in the main text are all Kekulé
aromatics as can be seen from Fig. S4. The stabilisation of the high spin state in these
aromatics provides more evidence that these reactive sites as electronically localised and

m-diradicaloids m-diradicals
- pee ooy

-H 'B,, — singlet
Sor LA e eh el
3B,, — triplet diradicaloid (Egr = —104 kJ/mol)

H
H H
_
"y H
H
REl

'B,, — singlet

b

3A, — triplet diradical (Egr = +3 kJ/mol)

3A, — triplet diraidicaloid (Egt = =32 kd/mol)

Figure S4: nc-AFM imaging and electronic structure analysis of n-diradicaloids and 7-
diradicals. For species a), d) and e) hydrogen was removed from the im-
aged molecule to provide the diradical(oid) species. Singlet-Triplet energy
gaps, Esy are provided to determine diradical character at the DLPNO-
CCSD(T)/cc-pVTZ//B3LYP/6-311G(d,p) level of theory.
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is related to their aromaticity [49].

The Clar construction provides an analysis of the degree of aromatic stabilisation. Sextets
(six-membered rings can contain 6 7w-electrons that are in resonance) are drawn with a
circle and indicate resonantly stabilised 6-member cycles, with more sextets indicating
greater stability [48]. Figure S4 reveals that while closed shell Kekulé structures can
be drawn for many of these molecules, the open-shell structure often contains more Clar
sextets indicating greater aromatic stability is involved. We have previously used such
an analysis to argue for the localisation of the 7w-radical in the doublet state [34] but it
appears a similar effect enables diradical states to be stabilised on aromatic species.

Another indication of localisation is the sustained bond strength as a polymer is con-
structed. Figure S5a-c shows the dimer, trimer and tetramer geometries for the 1o—20
series. The binding energy for the addition of one monomer were all found to be —
230 kJ/mol for the dimer, trimer and tetramer showing no loss of reactivity. This indicates
that the reactivity of one reactive site does not depend on the bonding state of the other
reactive site showing the localisation of the reactivity.

Finally, a question arises as to whether these crosslinks are thermally stable from a ther-
modynamics point of view. Figure S5d shows the equilibrium analysis for the dimerisa-
tion of two monomers of 1a—2¢. Full vibrational analysis of the monomers and dimers
as well as the energetics were computed, allowing for the temperature dependent equilib-
rium constant for dimerisation to be computed. We find a positive value over the entire
range of temperatures seen in hydrocarbon flames (<2500 K). This suggests that once the
crosslinks are formed they will be persistent and thermally stable. This result is consistent
with our previous calculations on smaller localised 7-radical species [33].

d
108
— K,
1 7 L
= 10 2 monomer = dimer
E 109 f
2 o5
S 10°}
[&]
E 10*t
=
g 103 L
trimer = -4265.97368714au. g 10°©
c 2-),// I~ 1l
{HH IS %Zﬁv flj & 10
v { X [/ 5 100
Zéé HYH TS 1000 1500 2000 2500
e Temperature (K)
tetramer = -5687.99394709 a.u. P
(monomer = -1421.9327947 a.u.) M062X/cc-pVTZ//B3LYP/6-311G(d,p)

Figure S5: a-c) Geometries and energies for the dimer, trimer and tetramer. d) Equi-
librium constant for dimerisation is computed for the 1x—2 o dimer showing
that the product is favoured at temperatures found in the flame.
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A.3 Quantum Mechanics Molecular Mechanics simulations

In this work, the crosslinking reactions have been simulated using a combination of quan-
tum mechanics (QM) and molecular mechanics (MM). The reactive sites are treated quan-
tum mechanically, with the remainder being modeled using the iso-PAHAP force field for
the intermolecular interactions and OPLS-AA force field for the intramolecular interac-
tions. The QM/MM division connects the systems along chemical bonds (see Fig. S6). At
the bonds that connects the QM and MM subsystems, link atoms are introduced (labelled
LA in Fig. S6). These link atoms are present as a hydrogen atom in the QM calcula-
tion step and are not physically present in the MM subsystem, but the forces on it are
computed in the QM step and are distributed over the two atoms in the bond as will be
discussed. The QM region is simulated with ORCA software using broken symmetry
spin unrestricted SCF calculations (BS-M06-2X/def2-SVP). Molecules with three differ-
ent types of reactive sites are simulated: a o-radical and two 7-radical site types - partially
saturated rim pentagon type (defined as 1o in Fig. 2g) and fluorenyl type (defined as 2o
in Fig. 2g) - (Fig. S6).

o-radical m-radical m-radical
Part. saturated rim pent.-type Fluorenyl-type

Figure S6: Division of the system in a QM subsystem (blue) and an MM subsystem (gray)
for the three type of radicals investigated in this work - o-radical, partially
saturated rim pentagon type nt-radical (defined as 1o in Fig. 2g) and fluorenyl
type m-radical (defined as 2o in Fig. 2g). Link atoms (LA) are introduced at
the QM/MM boundary to cap the QM subsystem. The link atoms are present
as a hydrogen atom in the QM calculation step.

The interactions between the two subsystems are handled within the ONIOM approach
by Morokuma and coworkers [32, 52]. In the ONIOM approach, the energy and gradients
are first evaluated for the isolated QM subsystem at the desired level of ab initio theory.
Subsequently, the energy and gradients of the total system, including the QM region, are
computed using the molecular mechanics force field and added to the energy and gradients
calculated for the isolated QM subsystems. Finally, in order to correct for counting the
interactions inside the QM region twice, a molecular mechanics calculation is performed
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on the isolated QM subsystem and the energy and gradients are subtracted. This leads to
the following expression for the total QM/MM energy (and gradients likewise):

Eo=EM + EMM _ MM (A.1)

where the subscripts I and II refers to the QM and MM subsystems, respectively. The
superscripts indicate at what level of theory the energies are computed.

The sizes of the QM regions (see Fig. S6) have been selected to ensure an accurate elec-
tronic description of the reactive sites. This was firstly assumed looking at the similar
values of the crosslink energy in 1,1°,2,2’-Tetrahydro-1,1’-biacenaphthylene and 9,9’-
Bifluorene [31, 33] and in bigger molecules presenting the same m-radical types, indi-
cating that the QM regions selected are appropriate. The QM/MM method have been
further benchmarked below:

* Calculation of crosslink energies: Geometry optimisations using the QM/MM method
for the crosslinked molecules and monomers have been performed and crosslink en-
ergies have been calculated as the difference between the dimer energy and monomers
energies (M06-2X/cc-pVTZ, which we have found to provide bond energies to
within 4-8 kJ/mol [17, 58]). Energies of the bond between unstacked configura-
tions of m-radicals (crosslinks between 1a-1¢ sites, 2a-2a sites and 1¢-2¢ sites
as defined in Fig. 2g) were chosen as in the main text and are reported and compared
with the electronic structure theory calculations in Fig. S7. We found that QM/MM
method provide a similar energy to DFT with ~ 10% of overbinding for the 7-
radical cases and ~ 1.5% for the o-radical case. The overestimation is mainly due
to the lower level of theory used in the QM/MM simualations (M06-2X/def2-SVP)
with respect to the electronic structure theory calculations (M06-2X/cc-pVTZ). We
could not use the same level of theory due the high computational cost of the
QM/MM simulations.

* Calculation of the intermolecular interactions between non-bonded stacked larger
species: The dispersion interactions of two different stacked configurations have

biphenyl Tr-radical Tr-radical m-radical
1o-1a 20-2a 10-2a

Ey prr=-498 kI/mol Eyprr=-245 kJ/mol Eyprr=-201 kJ/mol Epprr=-231 kJ/mol
Ep qum=-505 kI/mol Ep,qumn=-269 kI/mol Ep,qumn=-223 kJ/mol Ep qumm=-257 k3/mol

Figure S7: Energies of the bond between phenyl radicals and between unstacked config-
urations of m-radicals (crosslinks between 1a-1o sites, 2a-2 o sites and 10t-
2 sites as defined in Fig. 2g) calculated using electronic structure theory cal-
culations (M06-2X/cc-pVTZ) and QM/MM simualations (M06-2X/def2-SVP).
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geometry 1 geometry 2

o, g%w S

Edisp,classicam==-118.7 k3/mol Eisp,classicaim==-130.9 kJ/mol
Eisp,qumm=-120.0 kJ/mol Egisp,qumm=-131.3 kJ/mol

Figure S8: Dispersion energies between non-bonded stacked larger species calculated
using classical MM and QM/MM.

been calculated using classical MM and QM/MM geometry optimisations (see Fig. S8).
The values are in good agreement indicating that the QM/MM approach is able to
treat the dispersion forces as well as the classical MM approach with the accurate
iSoPAHAP forcefield.

* Collision efficiency of phenyl recombination: The collision efficiency 3 is defined
as the ratio of successful collisions (i.e. collisions which form dimers) to the total
number of collisions. It is possible to estimate 3 from the MM/QM/MM simula-
tions of radical-radical collisions as the fraction of effective collisions. We found
23 effective collisions over 1000 collisions for phenyl radicals at 1500 K, resulting
in B equal to 0.023. It is important to mention that we have only considered direct
collisions and we have not considered the collisions where the collision velocities
are offset (impact factor) that would be required to accurately compute the collision
efficiency. It is then more appropriate to refer to it as fraction of effective collisions.
However, in case of small molecules, the impact factor for the offset collisions is
small, so we do not expect a significant difference between the fraction of effective
collisions and the collision efficiency for phenyl radical recombination.

From the collision theory, the dimerization rate (r) of phenyl recombination can be
expressed as:
475ka

MpHE

2 2 2
r=k-Cogp=p" “dpyg - o (A.2)
where k is the rate constant, Cpyg is phenyl concentration, 3 is the collision effi-
ciency, kj, is the Boltzmann constant, 7 is the temperature, mpyg is the mass of the
phenyl radical and dpyg, 1s the collision diameter expressed by:

2n
dpyg = da TC (A.3)

where d, denotes the size of a single aromatic ring and equals to 1.395+v/3 and n,
is the number of carbon atoms in the PAH monomer. It is then possible to calculate
the collision efficiency B from the rate constant k:

k
B=——— (A4)

Ank,T . 32
\/ mpue dPHE
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The collision efficiency for phenyl radical combinations (8 = 0.020) derived using
k =4-10" cm®/mol/s taken from the high temperature shock tube study by Jin et
al. [19] in Eq. A.4 is adopted for comparison. The two values are in reasonable
agreement suggesting the results are comparable experimentally measured values
for phenyl recombination.

A.4 Dimer dissociation lifetimes

Lifetimes for physical dimers were recorded using a distance cut-off of 2 nm between the
monomers center of mass to distinguish between monomer and dimer state. The disso-
ciation probability was defined as N(z)/N(0), where N(¢) is the number of dimers that
survived for at least ¢ picoseconds and N(0) is the initial number of dimers (in similar
analysis to that performed by Chakraborty et al. [3]). In all the dissociation curves con-
sidered herein, there is an initial delay in the N(7)/N(0) plots in which all the dimers
survived. To fit the N(r)/N(0) distributions versus time, we used a mono-exponential
function of the following form:

N(1) 1
— L =—a-exp|—-t A5
N(O) (5 ) (A
1.0 re " L )
0.8} %
So06} " )
z .
Z 04t L )
How Y t=20.3ps 1 7=18.6 ps |
o2 F(<F o) = 58/1000| F(<rom) = 137/1000|
' F__=24/1000 F... = 13/1000
0.0 : :
0 50 100 0 50 100 150

Time (ps)

Time (ps)

Figure S9: Plots of N(t)/N(0) and exponential fits for M5 — 2M dissociation a) M =
1822 and b) M = circumpyrene-2-nyl. The blue points represent the simulation
results, whereas the red curves represent the exponential fit (Eq. A.5). Inset
shows lifetimes, T, fraction of reactive sites that approached the cutoff, reuoft <
0.3 and the fraction of effective collisions that go on to react, Frey.

The initial constant data points are not considered in the fitting. N(¢)/N(0) and the expo-
nential fits are shown in Fig. SO.

7 is an indicator of the dimer dissociation lifetimes. As expected, 7 increases with molecu-
lar mass being dependent on the dispersion force. Figure S10 shows that this trend is seen
for all species where the dissociation time increases with molecular size while only for

20



the m-radicals a positive correlation is found between the fraction of effective collisions
and the dissociation lifetime.
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Figure S10: a) dimer dissociation lifetimes (T) versus monomer molecular mass and
b) fraction of effective collisions versus dimer dissociation lifetimes (T)
for all the species investigated (Fig. 3 d-m): o-monoradicals (filled trian-
gles), o-diradicals (open triangles), m-monoradicals (filled squares) and 7-
diradicals (open squares).
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