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Abstract:

Synthesis of polycyclic aromatic hydrocarbons containing various non-benzenoid rings remains a
big challenge facing contemporary organic chemistry despite a considerable effort made over the
last decades. Herein, we present a novel route, employing on-surface mechanochemistry, to
synthesize non-alternant polycyclic aromatic hydrocarbon containing up to four distinct kinds of
non-benzenoid rings. We show that the surface-induced mechanical constrains imposed on
strained helical reactants play a decisive role leading to the formation of products, energetically
unfavorable in solution, with a peculiar ring current stabilizing the aromatic character of the n-
conjugated system. Determination of the chemical and electronic structures of the most frequent
product reveals its closed-shell character and low band gap. The present study renders a new route
for the synthesis of novel non-alternant polycyclic aromatic hydrocarbons or other hydrocarbons
not available by traditional approaches of organic chemistry in solution.

One Sentence Summary: We present a novel on-surface mechanochemistry route driven by
surface confinement, which enables us to form new closed-shell non-alternant non-benzenoid
aromatic compounds consisting of four to eight carbon rings not available by traditional organic
synthesis.

Main Text:

The aim of organic chemistry is to search for novel reaction mechanisms and molecular
compounds featuring interesting structural and material properties. Polycyclic aromatic
hydrocarbons (PAHS) represent probably the most abundant and nowadays frequently studied
organic molecules family. They have enormous industrial and environmental implications to
everyday life, and, at the same time, they are assumed to play an essential role in the origin of Life
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(1). PAHs are composed of multiple carbon rings containing carbon and hydrogen atoms. The sp?-
hybridization of C atoms and, consequently, a partial delocalization of w-electrons is responsible
for the (anti)aromatic character of the rings. PAHs contain mostly benzene (aromatic) rings.
However, other non-benzenoid rings, such as four, five, seven, eight, or even higher-membered
rings, can be present in PAH structures, causing an internal charge transfer, giving rise to exciting
material properties for opto- and nanoelectronics (2-4). However, these properties commensurate
with their non-trivial electronic character, such as broken aromaticity or the introduction of a
radical character, both deteriorating their stability and making their syntheses difficult. Indeed,
only a very limited number of PAHs containing multiple non-benzenoid rings have been
synthesized using traditional organic chemistry (5).

Recently introduced on-surface chemistry provides an interesting alternative for the syntheses of
new chemical compounds inaccessible by traditional organic chemistry methods (6, 7). For
example, unique and structurally diverse nanographene molecules have been synthesized on metal
surfaces. Interestingly, these systems contain disordered regions of five- and seven-membered
rings forming, e.g., the azulene regions, rather than homogenous hexagonal nanographene
structures. Similarly, the on-surface syntheses have allowed producing curved nanographenes with
regularly fused heptagons and pentagons (8), helical nanographenes with azulene units (9), non-
benzenoid nanographenes (10), or polyazulene nanoribbons (11). It is fair to admit that such
rearrangements have also been occasionally observed in solution chemistry during the Scholl
reaction (12, 13).

The stability of molecules is often determined by a strain in their molecular framework caused by
steric repulsions, usually being the primary cause of their molecular structure rearrangements (and
other desirable or undesirable processes) to a variety of products. However, such rearrangements
are often difficult to induce. The adsorption of the strained molecules on metal surfaces can
promote such processes much easier and induce hitherto otherwise unlikely reaction pathways (14,
15). The feasibility of such processes results, by no doubt, from multiple overlaps between the
orbitals of the adsorbed molecule and the metal surface (6, 7). One of such well-documented
processes in nanographene molecules is Stone-Wales rearrangement (16, 17).

One of the potentially exciting pathways for the preparation of nanographene molecules that
possess disordered regions is the surface transformation of compounds having rigid and strained
3D-architectures. In this respect, helicenes and other types of helical molecules represent attractive
candidates for studying strain-induced reactions on metal surfaces and their eventual planarization
being the ultimate target. The planarization is usually accompanied by bond reorganizations
(skeletal rearrangements) in their molecular scaffold to accommodate the final planar molecular
arrangement optimizing dispersive interaction with the underlying substrate. Thus, the interaction
between the molecule's framework and the metal surface often induced otherwise tricky or even
not accessible processes to occur either in solution or in the gas-phase. The conversion of a
[7]helicene to planar coranulene derivative on Ag(111) surface (18) or the transformation of helical
compounds with azuleno moieties to planar species with fulvaleno segments on Cu(001) surface
(19) demonstrates such surface-induced reactions. Although several reports on the deposition of
helical compounds on metal surfaces have been published (20-22), their further transformations
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have not been studied yet in detail and, thus, the above-mentioned studies (18, 19) represent unique
reports on the planarization of helical compounds in this potentially attractive but hitherto
unexplored area.

Recently we have developed a new approach to synthesize series of structurally rigid [7]helical
indenofluorenes (7-1Fs), (23) systems with curved architecture, which are potentially attractive
substrates for different structural modifications, e.g., strain-induced rearrangement,
cyclodehydrogenation, and planarization. For this purpose, we have synthesized an indenofluorene
based system (see Fig. 1A and SOM) and explored the possibilities of its transformation via
cyclodehydrogenation to form unusual planar aromatic species.

We deposited the precursor via thermal sublimation at 450 K from a Knudsen cell onto an Au(111)
surface held at room temperature under (ultra-high vacuum) UHV conditions. The freshly prepared
sample was inspected by cryogenic STM/nc-AFM (scanning tunneling microscopy/non-contact
Atomic force microscopy) at 4.2 Kelvin. Figure S1 displays a representative set of STM images
showing the evaluation of molecules on the surface upon gradual annealing ranging from 425 to
625 K. At 425 K, the precursors remain stable and arrange in two-dimensional islands with no
apparent long-range order. Subsequent thermal annealing of the molecule-decorated Au surface to
T ~ 525 K for 30 min gives rise to the thermally induced chemical transformation of the precursor
into significantly different molecular products.

Figure 1B shows a characteristic STM image of the surface after the annealing procedure at T ~
575 K revealing the precursor’s chemical transformation, including its planarization. Planar
structures of the products are unambiguously distinguishable in STM images by lack of bright
spots in their images. Four observed planar objects detected in the STM image are labeled 1, 2, 3,
and 4. Their chemical structures were determined using high-resolution nc-AFM measurements
with a CO-functionalized tip (24, 25). Figure 1C shows constant height nc-AFM images of all the
planar products P1, P2, P3, P4, and P5 observed after annealing the sample at T > 525 K. Total
energy DFT simulations (26) of possible products formed on Au(111) surface predict their
planarity and positioning at ~3.3 A above the surface (Fig. S2), resulting from the attractive
dispersion interactions between P(1-4) molecules and the surface. Very good agreement between
experimental and simulated (27) high-resolution nc-AFM images (compare Fig. 1C and d) allows
us to unambiguously assign the structure of the planar products, which contain four-to-eight-
membered rings (see Fig. 1E). Further annealing at an elevated temperature up to 625K does not
alter the occurrence of the planar structures but enhances the frequency of oligomers and other
unidentifiable objects, as shown in Fig. S1. At 575 K, the planar structures represent ~30% of the
total molecular structures, while most products comprise other minority non-planar monomers and
fused oligomers (Fig. 1B).

Statistical analyses performed on several samples, including hundreds of planar products, exhibit
the relative incidences of products P1:P2:P3:P4:P5 as 32:25:22:15:6. The most populated P1 has
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the most exotic chemical structure consisting of four to eight-membered rings and thus, will be the
main focus of our investigations reported in the rest of the manuscript.

Figure S2 displays fully optimized structures of P1-P5 products on Au(111) surface performed at
the DFT level. From the chemical structure of the precursor and the products, we proposed a
tentative course of reaction steps (see Scheme S1 and related discussion). P2 and P3 chemical
structures have one carbon atom less than the precursor, suggesting a demethylation process upon
their formation (28). On the other hand, P1, P4, and P5 products conserve the number of carbon
atoms during the reaction course. Thus, the product formations proceed via subsequent
dehydrogenation processes, removing the same number of hydrogens in all three cases. The same
chemical content of P1, P4, and P5 allows for a direct estimate of their relative stabilities,
comparing their total energies. Interestingly, the total energy DFT calculations predict larger
thermodynamical stabilities of P4 and P5 (by 2.2 and 0.9 eV, respectively) than P1 (see Fig. 1C),
in strike contrast with their relative abundances observed in the experiment. To understand these
discrepancies, possible reaction pathways towards P1 and P4 formations will be analyzed below.
A detailed analyses of reaction paths leading to P2 and P3 are beyond the scope of this paper and
will be discussed in detail elsewhere (a tentative scheme is proposed in Scheme S1).

Deposition of the highly non-planar helical precursor on the surface (see Fig S2) causes internal
stress imposed on the molecule resulting from the competition between attractive dispersion
interactions and steric repulsions between non-planar phenyl groups, and/or helical part of
precursor and the underlying metallic substrate. DFT simulations predict that such competition
leads to an asymmetric arrangement of phenyl groups with methyl groups pointing out of the
surface (Fig. S2). This asymmetric arrangement is determined by the chirality of the molecule’s
helical part (see Fig 2Aa). Importantly, the surface-induced geometrical constrain determines the
course of reactions, as will be demonstrated below.

Possible reaction pathways from the precursor towards P1 and P4 products are displayed in Fig.
S3 and summarized in Fig. 2A. The reaction schemes include dehydrogenation accompanied by
annulation or cyclization processes divided into four consecutive steps.

Two possible reaction channels starting from the precursor are considered in the first step: (i)
construction of six-membered ring via annulation of a methyl group with the central carbon of
fluorene unit accompanied by dehydrogenation processes, leading to intermediate Al, shown in
Figures 2A and S3 and (ii) dehydrogenation/annulation process with fusing the helical part and
cyclobutadiene formation (see intermediate A2 in Fig. S3). The simulations, however, predict free
energy of A2 intermediate being by about 1 eV lower than Al. Thus, the first reaction channel is
considered to be more favorable and discussed below.

The course of the initial step of the reaction, in particular, what benzene ring will first planarize
during the dehydrogenation of methyl groups (29), is directed by their asymmetric position
imposed by the underlying surface; i.e., the distances of the bonds, labeled as d1 and d2 (see Fig.
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S4), to be formed between the carbon atoms of methyl groups and matching central C atoms of
fluorene. The relevant analysis includes the determination of the kinetic control over the reaction,
i.e., the calculation of the activation energies for the two products. Such an approach, however,
requires considering multiple dehydrogenations, which greatly complicates and questions the
reliability of such calculations. Alternatively, probabilities of these steps can be determined using
an assumption that the reaction rates depend on the reaction coordinates’ behavior around the
equilibrium position of the initial state. In other words, the rates of the two reaction pathways can
be qualitatively compared based on the time-course distribution of d1 and d2 distances along the
reaction coordinates at a given temperature. For this purpose, molecular dynamics (MD)
simulations, employing the hybrid quantum mechanics/molecular mechanics (QM/MM) methods
(30-32) were performed to obtain temporal evolution of d1 and d2 reaction coordinates (Fig. S4)
and the probability distribution for the given intermediate (Fig. S4). In these simulations, the
precursor and intermediates are treated at the QM level, while the metallic surface is described at
the MM level. The histogram of d1 and d2 distances (Fig S4) shows a significantly shorter time-
average distance between methyl carbon and the central fluorene carbon located on the helical part
of the molecule closer to the metallic surface (d1 in Fig S4). The resulting reaction channel thus
leads to Al (Figs 2A, S3, and S4), i.e., the formation of the six-membered ring on the side of the
molecule relevant to the shorter d1 distance and, consequently, planarization of the appropriate
part of the molecule. The planarization stabilizes the system by additional dispersion attractive
forces due to a newly formed ring with z-electrons interacting with the substrate. It is noteworthy
that this reaction step determines the resulting chirality of the P1.

The decisive step determining the formation of P1 or P4 product represents the
dehydrogenation/annulation process with planarization of the second phenyl ring, which involves
the methyl group. This bifurcation point occurs either prior to or after the
dehydrogenation/annulation process with fusing the helical part, i.e., at intermediates Al or B3
(see Fig S3). The two possible channels, related to the seven- or six-membered rings' construction,
describe the phenyl ring planarization. Similar to the first step, the surface-imposed asymmetrical
arrangement of the methyl group in Al or B3 to adjacent benzene or fluorene determines the
probabilities of the two channels and the course of the reaction. From Al, these channels lead to
either seven-membered (B1 intermediate) or six-membered (B2 intermediate) ring construction,
and, consequently, the probabilities of A1 — B1 and A1 — B2 processes determine the relative
yield of P1 and P4, as shown in Fig. 2.

The MD simulations (see Figures 2D and S5 for the results of the distance-time distributions)
predict B1 more likely than B2; thus, P1 is preferred over P4. From B3, the alternative channels
for P1 and P4 formation are B3 — C2 — P1 and B3 — P4, respectively. Like in the previous case,
MD simulations predict the formation of the seven-membered ring (Fig. S6), i.e., following the
former reaction path, which is more feasible due to the shorter d1 reaction coordinate. These
observations rationalize the larger abundance of P1 over the more stable P4. As for the formation
of P5, it can be formed from P4 by a simple 1,2-shift or from P1 by a series of 1,2-shifts (Scheme
S1).

Fig. 3A presents constant height di/dV spectra acquired over two different positions of the P1
shown on the inset. The dI/dV spectra reveals three distinct peaks at -700, -400, and 300 meV
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respectively assigned to HOMO-1, HOMO, and LUMO (HOMO and LUMO stand for the highest
occupied and lowest unoccupied molecular orbitals, respectively) and providing molecular band
gap of 0.7 eV. The calculated DFT-PBEO band gap of ~ 1.4 eV of free-standing P1 product concurs
well with the experimental observation. We expect that in the presence of the underlying metallic
surface, these values reduce (33). The experimental dI/dV spectra are lack of any zero-bias peak
or inelastic electron tunneling signal, which indicates the closed-shell ground state of P1. Its
closed-shell character is also confirmed by DFT-PBEO and DMRG calculations of the free-
standing molecule. The DMRG (34) calculations were performed with the active space constructed
from a full m-orbital space (42 electrons in 42 orbitals), resulting in the occupancies of the highest
occupied and lowest unoccupied natural orbitals of 1.80 and 0.23, respectively.

Figure 3B shows the constant current dl/dV maps at the corresponding energies resolving spatial
localization of electron density of the frontier orbitals. Namely, dI/dV maps of LUMO reveal
strong spatial localization in the vicinity of the seven-membered ring. This picture is fully
supported by the DFT-calculated dI/dV map (35) of canonical LUMO, showing the same
localization pattern, see Fig 3C. The remaining calculated maps of occupied frontier orbitals show
fairly good agreement with their experimental counterparts as well, thus confirming the orbital
assignation.

High-resolution nc-AFM imaging allows direct visualization of the chemical structure of the P1
product revealing the presence of all four- to eight-member rings, see Fig. 4A. Namely, the
presence of the seven-membered ring can be unambiguously determined from a careful analysis
of bond lengths in the nc-AFM images of the P1 and P4 products (Fig. S7). The presence of
multiple non-benzenoid rings causes the localization of molecular orbitals at distinct parts of P1
introducing an internal charge transfer within the molecule (Fig. 4C). Thus, the submolecular
contrast seen in the high-resolution nc-AFM images is heavily affected by the electrostatic
interaction between CO-tip and P1 (36), altering the apparent C-C bond lengths with respect to
real ones and making the bond-order analysis (37) from the nc-AFM images ambiguous. Despite
a good overall agreement between experimental and calculated nc-AFM images (see Fig 4A, 4B
and Fig. S8), the comparison of the experimental and calculated apparent bond lengths is not fully
conclusive.

Thus, to assign the most representative resonant structure of P1, we adopted an alternative
approach employing the mutual information of atomic-like orbitals that form t bonds (see SOM).
Mutual information of individual bonds (Fig. 4D) was obtained from DMRG calculations. The
resulting structure (Fig. 4F) contains three disjoint Clar’s sextets, i.c., benzoid moieties (38).
Alternative resonant structures consisting of more such sextets (five being the maximum number,
see Fig. S9) lead to the biradical character of the structure increasing its instability.

Next, we address the aromatic character of P1. For systems consisted of several fused rings, the
aromaticity criteria can be applied either to the whole system, i.e., counting all z-electrons in the
systems, or considering only 7t-electrons on the periphery, thus distinguishing between the global
and peripheral aromaticity (see e.g., (39)). Application of the most popular Hiickel’s (40-42) and
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Baird’s rules (43) on P1 in the closed-shell ground state configuration provides contradictory
results: the global aromaticity (42, i.e. (4n+2) n-electrons) and peripheral antiaromaticity (28, i.e.
(4n) m-electrons). Despite the frequent use of these rules, generalized by Soncini and Fowler (44),
they hold strictly for monocyclic systems and can be violated in polycyclic systems.

In the following, we report on the analyses performed using various methods, which in
combination can resolve the aromaticity character of P1. Tab S1 summarizes results based on the
local aromaticities of individual rings obtained with the following approaches: the generalized
harmonic oscillator model (HOMA) (45, 46) using the mutual information of atomic-like orbitals
forming 7 bonds from DMRG (see Table S1), the nucleus-independent chemical shifts (NICS)
(47), the isotropic magnetic shielding (IMS) (48) (see Fig. S10). NICS and IMS methods agree on
strong antiaromaticity of the four-membered ring and weak antiaromaticities of the seven- and
eight-membered rings, respectively, as well as one aromatic (5-11) and two antiaromatic (5-1, 5-
[11) five-membered rings. Agreement of NICS and ISM results is also reached for aromaticity
indexes of the six-membered rings. These values are, however, in contrast with the HOMA results.
In particular, NICS and ISM methods predict the strong aromaticity of the inner ring (6-1V, see
Fig S10 and Table S1), while its aromaticity is very low according to the HOMA-DMRG
calculations. Interestingly, the results of NICS and ISM calculations, i.e., the strong aromaticity
and Clar’s sextet in 6-1V, contradict the existence of the closed-shell resonant structure, hence the
experimental, as well as theoretical DFT and DMRG results.

The local aromaticity analyses described above do not allow for a definite assignment of the whole
system’s aromatic character. The concept of conjugated circuits (49, 50), applied on the DMRG
resonance structure (Fig. 4D), predicts that P1 is partially aromatic, with the aromaticity degree of
95% (see Fig S12 for details).

Probably the most complex picture of the aromaticity character of P1 is obtained by calculations
of the anisotropy of the induced current density (ACID) (51). The ACID map (Fig. 4F) reveals the
interactions of ring currents of each individual ring, enhancing or suppressing on the boundary
with neighboring rings, depending on their mutual orientations. Indeed, the strong negative
(aromatic) NICS and ISM values on the inner 6-1V ring are caused by the presence of synergic
anti-aromatic currents on two adjacent 5-rings, see Fig. 4F.

Similarly, IMS ad NICS values predict the weak antiaromaticity of the 8-ring in contrast to its
weak aromatic character predicted with ACID. The latter result originates from the current
enhancement due to similarly oriented current on joint edges with 6-1V and 4- rings, and
weakening by the opposite current directions on the neighbor 5- and 6-rings, see Fig. S13.

The ACID map also shows the clockwise direction of the main current ring on the P1 periphery
revealing its aromatic character. Although in disagreement with 4n+2 rule of aromaticity, all n-
electrons (28) are involved in this current. The aromaticity and, thus, the stabilization in the closed-
shell electronic structure are maintained by avoiding peripheral bonds of antiaromatic 4, 5-1 and
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5-111 rings. This indicates that the closed-shell ground state character in non-alternant non-
benzenoid aromatic compounds can be reached via the development of a complex peripheral ring
current excluding certain molecular parts and suppressing the local aromatic/antiaromatic
character of rings.

We anticipate that the mechano-chemical approach employing internal stress of non-planar
molecules on surfaces might enable the formation of new non-benzenoid PAH compounds, not
available via traditional synthetic methods in solution or on surfaces. Such non-benzenoid PAH
nanostructures offer a rich playground to reach interesting optical and magnetic properties of
carbon-based nanostructures with closed-shell or radical character. Thus, we believe that this novel
synthetic route is not only just a synthetic curiosity but it can stimulate further research effort to
form non-benzenoid PAH complexes, including polymers, which can open new routes to design
novel spintronics and optoelectronics devices.
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Fig. 1. On-surface synthesis of non-benzenoid molecules including four-eight membered
rings; (A) chemical structure of the precursor molecule, which deposited on Au(111) surface under
UHYV conditions undergoes chemical transformation upon thermal annealing >525 Kelvin. (B)
representative constant current STM image of the sample after annealing up to 575 K shows the
presence of various planar and non-planar molecular products. (C) high-resolution AFM images
acquired with CO-tip of five planar products found on the surface after annealing; (D) simulated
nc-AFM images with CO-tip for five planar products using optimized molecular structure obtained
from total energy DFT calculations; (E) chemical structure of the products and corresponding
difference of the total energies of molecules on Au(111) surface with respect to P1 obtained from
DFT calculations (for details see SOM).
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Fig. 2. Course of chemical reaction from precursor towards P1 and P4 products. (A) chemical
transformation of the precursor to intermediate Al. Subsequent steps of chemical transformation
towards (B) the product P1 and (C) P4. (D) Histogram showing time-distribution of d1 and d2
distances along the reaction coordinates for the reaction steps A1->B1 and A1->B2, respectively
calculated by QMMM method at 600 K; and corresponding free energy F profile derived from the
probability p, where p=e"(-AF/k_B T) with the probability p calculated for each interval of the
histogram as p=(counts of interval)/(total counts). More feasible reaction towards d1 explains the
reaction mechanism enabling to formation of energetically less stable products P1 instead of P4.
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Fig. 3. Electronic structure of the product P1. (A) Experimental dl/dV spectra acquired on
different sites of P1 product (see inset); (B) experimental dl/dV maps acquired at three different
bias voltages (-0.7, -0.4 and 0.3 V); (C) calculated di/dV maps for canonical DFT orbitals of
HOMO-1, HOMO and LUMO shown in (D).
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Fig. 4. Analysis of the structure and aromaticity of the product P1. Experimental (A) and
simulated (B) high-resolution nc-AFM images of the product P1 obtained with CO-tip (both with
adopted Laplace filter); (C) DFT calculated electrostatic potential map of P1; (D) plot of mutual
information of individual bonds obtained from DMRG calculations of the product P1; (E)
corresponding resonance structure of P1 derived from the mutual information DMRG,; (F) plot of
calculated ACID of P1 product (red darts show orientation of peripheral ring current).
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