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Herein, we report on the mechanochemical Scholl reaction of
dendritic oligophenylene precursors to produce benchmark
nanographenes such as hexa-peri-hexabenzocoronene (HBC),
triangular shaped C60 and expanded C222 under solvent-free
conditions. The solvent-free approach overcomes the bottleneck of
solubility limitation in this well-known and powerful reaction. The
mechanochemical approach allows tracking the reaction process by
in situ pressure measurements. The quality of produced
nanographenes has been confirmed by MALDI-TOF mass
spectrometry and UV-Vis absorption spectroscopy. This approach
paves the way towards gram scale and environmentally benign
synthesis of extended nanographenes and possibly graphene
nanoribbons suitable for application in carbon based electronics or
energy applications.

The Scholl reaction’3, a Lewis-acid catalysed oxidative
cyclodehydrogenation forming aryl-aryl bonds, is at the heart of
bottom-up synthesis of polycyclic aromatic hydrocarbons
(PAHSs)* or nanographenes and graphene nanoribbons (GNRs).>
These materials have been studied extensively in the last
century predominantly because of their semiconducting
properties and potential applications in organic electronics. In
contrast to thermally activated cyclodehydrogenation in on-
surface synthesis,®2 the solution-mediated Scholl reaction is the
key transformation to produce fully pi-conjugated
(,graphitized”“) materials on the gram scale.® Mullen and co-
workers including us demonstrated that a multitude of
nanographenes and GNRs can been produced this way*>10-14
culminating in the synthesis of Cy;; a PAH consisting of 37
benzene rings!3. A main restriction is the intrinsic low solubility
of extended nanographenes and GNRs due to strong aggregation
by pi-pi interactions. Especially for the larger monomers
solubility is a main concern but even the smallest planarized
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Figure 1. Scholl reaction of different polyphenylene precursors (Hexaphenylbenzene (A);
CeoHaz (B); CaazHiso (C)) with iron(lll) chloride in a planetary ball mill to produce the
benchmark PAHs HBC, triangular-shaped C60 and C222.In the process 6, 9 or 54 new C-C
bonds are formed. Symbol for mechanochemical reactivity is adapted from 27

hexabenzocoronene (HBC) is barely soluble in common organic
solvents even at elevated temperatures. GNRs face the same
challenges and a common way to circumvent this, is the
introduction of solubilizing groups preinstalled into the
monomers.*> This presents not only additional steps in their
syntheses but also a bad atom economy for the production of
nanoribbons.

In the meantime, the search for the ideal, environmental friendly
and preferably cheap solvents has been a persistent topic in
general chemistry. But where solvent based chemistry fails other
methods have to step in. In recent years mechanochemical and
other solid-state methodologies have been explored as a
powerful tool, offering at least as much flexibility as solvent-
based processes.’>18 For a wide range of fields spanning
everything form material synthesis®-23 to organic chemistry24-
27, fullerene chemistry28-30 and lately polymer chemistry31-35,
solvent-free pathways have been
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Table 1. Reaction conditions and yields of HBC syntheses; Reaction conditions if not
stated otherwise: 800 rpm, 22x 10 mm balls, ZrO,, 12 eq. FeCl; per H, NaCl as bulking

agent
Sample Milling material Milling time Yield®
HBC-1 ZrO; 60 min 95 %
HBC-2 Steel 60 min -%(b)
HBC-3 WC 60 min -%(b)
HBC-4 SiaNa 60 min 97 %
HBC-5 ZrO; 30 min 92 %
C60 ZrO; 60 min 81 %
C222 ZrO; 60 min 89 %
HBC-Ip-1 ZrO; 30 min 91 %9
HBC-Ip-2 7rO; 30 min 45 %!

[a] yield after purification

[b] abrasion of the milling material in combination of excessive chlorination makes
the determination of a yield of HBC impossible

[c] 0.3 ml of pyridine was added to capture the HCl released during the reaction

[d] 1 ml of ethanol was added to dissolve the HCl released during the reaction.
Elongation of the reaction time to 60 min pushed the yield to 97%

developed in ball mills. While Tanner and co-workers discovered
the potential of a Fe(lll) catalysed oxidative coupling of 2-
naphtol3® it was not yet applied to more complex, insoluble
systems like nanographenes. After demonstrating, that long
poly(phenylene)s —which are also the precursors in PAH and GNR
chemistry— can be synthesized in a ball mill the missing step
towards a completely solvent-free bottom-up fabrication of
GNRs lies within the cyclodehydrogenation (“graphitization”) of
corresponding precursors.

In this study, we focused on developing a protocol for the
solvent-free Scholl reaction under mechanochemical conditions
as a versatile tool for the cyclodehydrogenation, “graphitization”
of oligophenylene precursors into benchmark nanographenes
such as HBC, triangular shaped C60H42 and C222 (Fig. 1). We
investigated the influence of the Lewis acid/oxidation reagent,
milling parameters like milling speed, ball-to-powder ratio,
milling time and ball size. Furthermore, we gained a profound
insight into the reaction by utilizing an advanced milling setup
equipped with in-vessel temperature and pressure sensors. The
quality and structural homogeneity of produced nanographenes
have been confirmed by MALDI-TOF mass spectrometry and UV-
Vis absorption spectroscopy.

Starting from hexaphenylbenzene (HPB), a commercially
available precursor, we investigated the feasibility of the Scholl
reaction under mechanochemical conditions in a planetary ball
mill (PBM). It was quickly discovered, that FeCl; x 6 H,0 is not
promoting the reaction but anhydrous FeCls is. After initial
experiments turned out to be very promising, we could quickly
raise the yield to 95% in a 45 ml zirconium dioxide milling vessel
with twenty-two 10 mm balls at 800 rpm adapting the literature
known conditions for solution synthesis, of 12 eq. FeCl; per
H atom involved in aryl-aryl bond formation (Table 1). The
experiments were conducted with 0.1 g of the HPB and NaCl as
bulking material (for the role of the bulking material see ESI).
MALDI-TOF mass spectrometry of HBC-1 showed the most
intense signal at m/z = 522 g mol%, which represents exactly the
target molecule (Fig. 2A). We further conducted UV/Vis
measurements (liquid and solid state) (Fig. S1) to confirm
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Figure 2. A: Scholl reaction of CgyHsg to C4oHig, milled with 22x 10 mm zirconium dioxide
balls recorded MALDI-TOF spectra of HPB (1), HBC (2), and calculated MALDI-TOF spectra
of HBC (3) B: Development of the vessel pressure during the milling of HPB at different
milling speeds. (a) 800 rpm, (b) 600 rpm, (c) 400 rpm and (d) 200 rpm (e) 100 rpm.

the successful synthesis of HBC. The liquid state spectrum shows
distinct peaks at 339, 357 and 385 nm which is in good
agreement with the literature3’ while the solid state spectrum
shows only one broader and slightly shifted peak at 353 nm.
After this preliminary result, we went on to study the influence
of different mechanochemical parameters on the reaction. In
general, the understanding of how and why they influence the
mechanochemical reaction is still in its infancy.l> Several
attempts have been undertaken to illuminate the processes
inside the milling vessel.383% A main factor these protocols
generally share is the dependence on the introduced energy.3539
At first we conducted the experiment with different milling
materials ranging from silicon nitride (p=3.25g*cm™3) over
zirconium dioxide (p=5.7 g*¥cm3) and tempered steel (p=7.9
g*cm3) to tungsten carbide (p=14.9 g*cm3) to investigate the
density influence of the milling material (vessel and balls) and
therefore the amount of energy introduced. (Fig S2). We could
observe the formation of HBC for all four milling materials
(samples HBC-1 to HBC-4). However, for tempered steel and
tungsten carbide, a large amount of chlorinated side product
and abrasion of the milling material could be detected. Although
the conditions inside the milling vessel are corrosive, we could
not detect any signs of corrosion on either the milling balls or
vessel made of steel. We therefore choose to continue our
further investigation with the zirconium dioxide system and
thereby avoiding excessive chlorination and abrasion. To rule
out contamination of the product by abrasion of zirconium
dioxide we conducted SEM/EDX measurements (Fig. S3). These
measurements show the absence of zirconia and in addition no
leftovers from the FeCls used as an oxidant.

The sheer number of variables, made us turn to a design of
experiment approach to determine their influence while keeping the
number of experiments in a manageable range. As parameter of
interest we determined the milling speed, amount of FeCls, milling
time, ball size and filling degree (ratio of balls to powder). This
investigation confirmed that indeed all of these parameters influence
the reaction (Table S4 and
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Fig S13) while in general a higher energy input favours a high
yield of the reaction. While bigger milling balls have a negative
influence on the reaction and the impact of the milling speed is
rather low, raising the ball to powder ratio, milling time and
equivalents of iron (lll) chloride all lead to an increased yield (Fig.
S13 top). Increasing the eq. of iron (lll) chloride leads to a
reduced reaction time until full conversion. The optimised
condition for the mechanochemical Scholl-reaction of HPB are:
10 mm milling balls, 800 rpm, a ball to powder ratio of 45, 72 eq.
of iron FeCls; and 30 minutes of milling (sample HBC-5, run 18 in
the DOE). In an additional trial we demonstrated, that an
increase of milling time consequently leads to a higher
percentage of chlorinated side products (Fig S4). It is therefore
of key interest to track the reaction and determine its end in
order to obtain the cleanest product possible.

Since steep limitations on in-situ analysis methods are imposed
by the synthesis protocol, the ball mill is commonly referred to
as a “black box” and in-situ data is generally scarce and hard to
obtain.*0-4> Lately, we have shown that in-situ temperature
measurements can give indications on the progress of a
reaction.33:3446 While the merit of this method is currently being
discussed?’, in the case of the Scholl reaction the temperature
rise resulting from the reaction enthalpy, however, is marginal
because of the small amount of reactant and cannot be used to
track the progress in a satisfying manner (Fig. S5). Therefore, we
reverted to the in-situ pressure measurement of the milling
vessel, which are much less controversial, to elucidate the
reaction further. Applied to our system, we can observe a step
rise of pressure in the first minutes of the reaction (Fig. 2B).
Caused by the release of HCl during the reaction, this rise occurs
in different slopes depending on the milling speed (Fig. S6). As
expected the reaction proceeds the slowest at low energy input,
but even at 200 rpm a plateau is reached after as little as
10 minutes. While for 100 rpm no reaction can be observed at
all. The higher absolute pressure for higher milling speeds are
caused by the increasing temperatures of the vessels, an effect
more profound for higher milling speeds (Fig. S5). In order to
verify these results, we conducted experiments without HPB in
the mixture (Fig. S7) and observed only a neglectable
overpressure due to the heating of the vessel.
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Figure 3. A: Scholl reaction of CeoHgz to CeoHa4, recorded MALDI-TOF spectrum of CeoHz4(1),
calculated MALDI-TOF spectra of CeoH,4(2) and CeoHa2(3). B: Scholl reaction of Cyy;His0 to
Ca22Haz, recorded MALDI-TOF spectra of CyyHaa(4), calculated MALDI-TOF spectra of
Ca22Ha2(5) and CazoHis0(6).

In order to establish our method as a versatile alternative to the
classical process it is important to broaden the scope to bigger
nanographenes. The syntheses towards Cg and Cy; were
subsequently investigated in solvent-free conditions. For both
systems similar results could be achieved with the slightly
altered parameters compared to HPB (Fig. 3, Table 1). In the
solid state UV/VIS spectra (Fig. S1 A) the maxima show a clear
bathochromic shift to 395 nm for Ceo and to 717 nm for Caz2. In
both cases the yield of the optimized classical solvent based
procedures are rather low (Ceo — 71%*8 and Ciy — 62%13)
whereas the solvent-free approach optimized for HPB already
leads to vyields of 81% and 89%, respectively. The in-situ
investigations of these systems reveal that even for the bigger
molecules the reaction proceeds in a matter of minutes (SFig 8).
This is especially surprising, since Cz22 is - up to now - the biggest
reported PAH with well-defined structure and its planarization
took 24 hours under optimised conditions,’* whereas our
protocol for HPB can be transferred without extensive adaption
and therefore seems to be independent of precursor size.
Furthermore, we obtained promising results (a yield of 58% of
HBC after 30 minutes) with a proof-of-principle experiment in a
mixer ball mill (MM) - a mill type more common in organic
laboratories (more details in the ESI). Independent of the milling
technique another challenge we faced was the build-up of
pressure during the reaction. In order to reduce the pressure we
followed two strategies, namely the capture of the HCI with
pyridine (HBC-Ip-1) and the dissolution of the HCl in a small
amount of ethanol introduced into the vessel (HBC-Ip-2). While
both succeeded in reducing the pressure in the system (SFig. 9)
the addition of solvent seemed to slow down the reaction and
therefore led to a low yield of 45% (Table 1). An elongation of
the reaction time to one hour already pushed the yield to 97%
while eliminating the overpressure. For HBC-Ip-1 however the
yield after 30 minutes (91%) is similar to HBC-5 milled under the
same conditions.

In summary, we described a novel and innovative mechanochemical
process for the Scholl reaction of benchmark nanographenes. Using
FeCls in a solvent-free protocol in a planetary ball mill, we could
demonstrate that these reactions proceed in as little as 30 minutes
and are limited by neither the solubility nor the size of the PAH.
Utilizing MALD-TOF and solid state UV/Vis measurements to prove
the success of the reaction also lead to the discovery of growing
degree of chlorination with increasing reaction time. Based on these
findings, we explored the influence of different milling parameters on
our reaction and found that energy related parameters play a key
role. Utilizing in-situ pressure measurements we further elucidated
the reaction and determined a threshold milling speed for the
process. Furthermore, we expanded our protocol to bigger
nanographenes, namely Cgo and Cyy,. In addition, we also transferred
the process to a mixer ball mill enabling the scalability to few mg
scales. This new reaction route paves the way towards larger
extended nanographenes in spite of their
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low solubility and therefore renders the introduction of
solubilizing groups obsolete.
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