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1. Introduction

Graphene, is a single-atom-thick sheet Gftggbridized carbon atoms arranged in a hexagonal
lattice, representing the thinnest and strongestniierial.[1] Among outstanding mechanical
properties, graphene is an excellent conductoreat land electricity.[2-5] Due to an unique set of
properties this carbon allotrope is currently cdased as the most promising material for the future
post-silicon electronics.[6] On the other handstime graphene itself is a semimetal with a zerwdba
gap, which is disadvantageous for application incfional electronic devises. In this context, the
chemical functionalization of graphene represenésmost facile approach to open and tune a band
gap.[7-12] However, due to low reactivity of theaghene surface the chemistry of graphene is rather
difficult to tackle.[13-19] Among a broad variety methods for covalent graphene functionalization,
alkylations and arylationgia reductively activated graphite and Birch-type loginations appear to
be the most versatile and mild methods offeringrgd product scope and control over the degrees of
functionalization.[20-23] Among efficient exfoliatn of graphene sheets, this approach allows fd« bul
production of high-quality single-layer graphenghavery high surface-to-mass ratio. Depending on
the type of electrophiles used, this route enafdese access to alkylated,[16, 17] arylated,[1ii¢l a
hydrogenated,[20, 24] graphene derivatives. Howewsatailed information about the topicity,
regiochemistry and homogeneity of sequential add@nding are still scarce. The main reason for this
lack of knowledge is the difficulty in charactengi the reaction products, because the common
structure elucidation tools, such as NMR spectpgcand mass spectrometry, usually cannot be
applied to these polydisperse and rather insolofa@terials. As a consequence, non-classical and more
indirect analytic methods such as Raman spectrgs¢bprmogravimetric analysis coupled with gas
chromatography/mass spectrometry and high resalutiicroscopy are required for product
characterization.[13, 25-28}s a result, the exact nature of covalent adderstrillution of the
graphene surfaces which dictates the electronipgrties remains almost completely unexplored. To
the best of our knowledge this important questiaa hever been properly addressed in the literature
and structural models were only proposed for tlaplgene oxide systems. [29]

In this contribution, we present a systematic itigasion on the regioselectivity and topicity of
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multiple covalent addend binding to graphene. Qudsis based on extended quantum mechanical
calculations, stochastic growth simulations and gamnson with previously collected experimental
data. To shine light on the regiochemistry of cemaladdend binding we quantitatively investigated
sequential radical attachments to graphene, inetpdddition to the basal plane and edges of peistin
graphene and addition to the direct neighborhoogrefexisting defects. Detailed consideration of
both thermodynamically and kinetically controlletbpesses, allows us to propose a general model
describing the graphene reactivity. Based on tlopgeed model we perform numerical Monte-Carlo
simulations of addend binding which provides evieaf a fractal expansion of “defects” leading to a
fractal-seaweeds type of addition. The data obtainet only provide deep understanding of the
process of graphene functionalization but also opemnue for the rational control of this complex

process.

2. Reaults and discussions
2.1. Birch reduction

The Birch reduction is a classic method for hydrag®n of aromatic molecules in liquid
ammonia with earth alkaline metals such as sodiitiiniym or potassium in the presence of an alcohol
as a proton donor.[30, 31] This reaction has numseka@riations that expand its scope far beyond the
reduction of small aromatics. Thus, it has beenvshthat graphite can be effectively hydrogenated
under Birch-like conditions yielding partially hyslyenated graphene.[19, 24, 32, 33] Interestingly th
for graphene hydrogenation water (in the form e) iwas found to be the best proton donor agent.[13,
15, 17, 19] Recently, the scope of the Birch-tygeluction has been extended to the direct
hydrogenation of graphene flakes on 8D substrates.[23, 34, 35] Although the Birch-typduction
of graphene is rather well developed, a detailedradterization of the final products, including
distribution pattern of hydrogen, has yet to balggthed. The mechanism of the Birch reduction is
firmly understood for small aromatics and smallyegtlic aromatic hydrocarbons (PAHSs),[36] and

expected to be rather similar for large PAH systerokiding nanographenes and graphene.

2.2. Birch-type hydrogenation of grapheme

As it will be shown below on the base of high-legahntum chemical calculation, the graphene

chemistry can be easily rationalized in the termoctlized aromatic sextets or the so called Clar’s
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sextets. [37, 38] According to Clar’s rule, for @en molecule, the representation with a maximum
number of sextets of electrons, called the Clamfda, is the most representative one. The Clar
formula predict the properties of PAHs such aslibed length alternations, the local densityref
states as well as PAH reactivity. In fact, for m&AHSs it has been reported that the aromatic rings
terms of NICS (nuclear independent chemical sbityespond to Clar's-sextets.[39-41] The Clar’'s
concept (supported by the high-level quantum chahtalculations) will serve here as a central
concept in the rationalisation of graphene chemistnd is a basis of the proposed graphene
functionalization model.

We will first consider the hydrogenation of the ipaery of a graphene sheet, which is known to
be more reactive than the basal plane.[42] The ntikety scenario of the single Birch-type
hydrogenation of graphene is schematically presemeScheme 1. According to the accepted
mechanism, the electropositive metal provides mlastthat are transferred to the conjugateystem
of graphend. forming the corresponding radical anidnFormally, the anion and radical centrein
are delocalized over the wholesystem of a graphene. Thus, each carbon atomaphgne is
potentially activated for the protonation. The mace structure & depicted inScheme 1 represents
one of the energetically more favourable situatiomkere both centres are localized in the same
hexagon. Note the respective resonance structbiestbe Clar rule and possess the maximal number
of localized Clar's sextets. The electron transigrthen followed by protonation to form a
cyclohexadienyl-type radica®. In accordance with Clar’s rule, this step caufestion” of the
radical position within the respective hydrogenatesagon as it is shown fBcheme 1. It is worth
mentioning that these reactive free radical inteliates can undergo rearrangemenésa hydrogen
shift forming the most stable radical.[43, 44] Thiss example3 is expected to rearrange to the more
stable radical5 via a fast 1,2-hydrogen shift. The possibility of thearrangement in radical
intermediates appear to be a key prerequisite wihetérmine the regioselectivity of the hydrogenatio
process and will be discussed later in more dékhik. second electron transfer to the radicgkelds a
cyclohexadienyl carbanioi. In the final step a second hydrogen additiond@gehdduct8. Three
isomeric products can be expected in this casee shree nucleophilic centers are available fackit
namely compounda (1,4 addition) and compoundb and 8c (1,2 addition). Independent of the
hydrogenation position, all regioisomers contam tflaximum number of Clar’s sextets since only one

aromatic “benzene” fragment is “affected” as itsshematically depicted for structu8e Note that
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small monocyclic aromatics typically undergo selectl,4-additions, whereas PAHs can undergo
both 1,2- and 1,4-addition depending on the PAldcstre. PAHSs in general are considerably more
reactive compounds than monocyclic benzenes.[45lndéontrast to benzenes derivatives, PAHs can
easily accept a second electron yielding the cpomrding dianions. Subsequently, extra-lamge
systems such as nanographenes and graphene cannautdate very large numbers of electrons
leading to multiply charged targets. We do not edelthe influence of the multi charged character of
graphene on its reactivity. However, it is reasdémab assume that Coulomb interactions will prevent
the charge localisation. Therefore, mono- and nileraic systems appears to be suitable models ér th
investigation of the hydrogenation mechanism. Tlius,anion-radical can readily accept a second
electron forming an anion such &s Similar to PAHs the subsequent protonation iseeigd to
proceed easily generating the most stable monod#&jnit is important to mention, that anions
cannot undergo 1,2-hydrogen shift which would resjai four-electron antiaromatic transition state.
Thus, direct rearrangement ®to 7 is highly unlikely. However, this transformationnche imagined
via electron-hole catalysis,[42] which explains thepexmentally determined correlation between
anion stability and the regioselectivity of additi@t3] As shown irScheme 1 the equilibrium between
dianion 6 and 7 can be realisedia the anion radical8 and 5. Thus, although several paths of
hydrogenation are possibleid radical anion, dianion or multi charged speciégytare all expected
to lead to the formation of the same prod8ctlt is worth to mention that due to heterogeneous
character and multicharged nature, the real prooésgraphene reduction expected to be more
complex than discussed above mechanism. Howevdependent of the complexity and reaction
condition the stability of the intermediate radishbuld play a major role in the regioselectivifyttee
process. Moreover, the direct radical hydrogenastoould result in the formation of exactly the same
intermediates 3 and 5) and finally lead to the same produ8).(Thus, in a first approximation the
hydrogen radical addition can be used as a siraglifnodel for describing of the complex reductive
addition, independent of the exact mechanism ofr¢laetion. As it is shown ifcheme 1 the direct
radical hydrogenation (highlighted by blue) yietltie same radical intermediates and finally leads to

essentially the same outcome.
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Scheme 1. Schematic representation of the mechanism of Byph graphene hydrogenation starting on the
periphery (the periphery is highlighted in greefile mechanism of reductive hydrogenation (highéghin
blue) and of the mechanism direct radical hydrotiena(highlighted in red) show that the stabilitie§
intermediate radical species play a major rold@regioselectivity of both process.

2.3. Reductive graphene alkylation

The reductive alkylation is a related to the Bittydrogenation, where the formed anion is
trapped by a suitable electrophile such as alkidiedinstead of the protonation by a proton donor.
The Birch-type alkylation of simple aromatics isIistudied process, [46, 47] whereas the alkylation
of PAHs remains poorly explored. In our previouskyaising hexabenzocoronene (HBC) as a model
system for graphene we were able to gain insigbttime complex mechanism of a single alkylation of
reductively activated nanographenes.[42] It wasithuhat the first step consisting of a single et
transfer to alkyliodide leads to the fast formatadrthe alkylated HBC radical. This radical, howeve
cannot be stabilized by covalent bonding to thebpkne of nanographene and remains in the form

of a van-der-Waals complex with a virtually isoegetic hypersurface. In accordance with DFT
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calculations the same behavior is expected forgthphene surface. [42] As a second step the alkyl
radical can undergo a free movement over the B4B@& plane until a “defect” position at the edge
will be found, where irreversible covalent binditm the graphene scaffold takes place. [42] This
process is schematically summarizedSeheme 2. Similar to the hydrogenation the stability of the
respective radical intermediates (9, 10 and 1l)earpto be a key element in the alkylation
mechanism, which predefines the final addition gratt Moreover, the alkylation of the reductively
activated graphene as well as a direct radicaltfoimalization are both expected to lead to the same
addition pattern, since the anionic character andhse of a Birch-type process is expected to play
minor role in the regioselectivity. This model rsa good agreement with experimental data showing
that the functionalization proceeds from the peten¢o the interior of the graphene flake for both
Birch-type hydrogenation,[35] and direct radicalthytation.[48]

Scheme 2. Schematic representation of the mechanism of acte@ graphene alkylation (highlighted in blue)
and the mechanism of direct radical alkylation Kiighted in red) showing that the stabilities ofeirediate
radical species play a major role in the regioseliég of the process. The periphery is highlightedyreen.

2.4. Multiple additions to the edges of graphene

The key principles of multiple additions to grapberan be derived by consideration of the
regioselectivity of Birch-type reductions of smRBIANHs such as naphthaler6) and anthracenel4)
(Scheme 3).[49] Namely, the second dihydrogenation preferaalkes place at the non-aromatic
hexagon (partially hydrogenated benzene fragmenthéd after initial 1,2- or 1,4- dihydrogenations
(compoundsl5, 17 and 18). Similar behaviour is observed for chrysene, pgretriphenylene and
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other related PAHs.[46] The regioselectivity canragonalized in terms of thermodynamic control
leading to the formation of thermodynamically matable products containing the largest possible
number of Clar's sextetsS¢heme 3). Note that the complete exhaustive hexahydrogemaif one
benzene ring in the graphene lattice formally causstoration of the original all-benzoid character
Therefore, the reactivity and the selectivity obsequent hydrogenations should obey the samesule a
it was discussed for starting situation. Reductilylations are expected to obey the same rulete,No
that due to steric hindrance the exhaustive allofiabf one benzene ring could be complicated in the
case of bulky substituents. This however, as it el shown later, has minor impact on the following
addition sequences. We therefore propose thatffirstaapproximation, the successive all-trans hexa-
additions to aromatic sextets near the peripherg pre-existing basal plane defect are predominant
processes. Intuitively it is obvious that such @&cealed growth scenario ultimately leads to the
progressive expansion of functionalized regionsnfrbie periphery to the interior of graphene flake
and prevails over a homogenous addition to the hgma@ planes. This assumption is strongly
supported by experimental observations considdhegunctionalization of graphene edges.[35],[48]
It is worth mentioning, that among the stable atmaicperiphery the real graphene sheet contains the
more reactive edges such as zig-zag. The lasthonesver, expected to react very fast yielding the a
benzoidresystem, which is expected to be similar in praperas arm-chair periphery flakes. Since
the zig-zag periphery (after chemical etching)xpeeted to have no influence on the addition patter
in this study we will consider only arm-chair pdrgsies. The “etching” process of zig-zag edges
(structure 19) leading to the quasi arm-chair periphery (streetR0) is schematically shown in
Scheme 3d.
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Scheme 3. Birch reduction of PAHs. a) Birch reduction of larstcene showing the preferable formation of all-
benzoid 9,10-dihydroanthracene. b) multiple reducof naphthalene showing the selective hydrogenadf
double and inertness of the aromatic part ¢) scliemgpresentation of the expected multiple redurctof the
graphene periphery leading to the formation ofbalzoid product with maximum number of Clar's sexte
d) schematic representation of the etching of ipeag periphery leading to the quasi arm-chaimpbery.

2.5. Addition to the basal plane of graphene

Theoretical predictions show that the direct additio the ideal basal plane of infinite graphene
surface is rather difficult. However, an effectiwmctionalization of graphene has been demonstrated

experimentally.[13-19] This can be connected with fact that real graphene sheets are finite and
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contain defects. In this work we show that impdrtetin graphene lattice leads to the sufficient
“activation” of the surface for addition. In thitudy, all possible structural imperfections withire
graphene lattice including vacancies, holes, Siiages defect, dislocations and®spybridized
carbon atoms,[50] are referred to as defects. mtreduction of any defect into the graphene laftice
including covalent attachment of a single H-atorh)[Bevitably leads to the perturbation of the
electron system near the defect.[52, 53]

Such a perturbation is accompanied by distinct Glaxtet pattern formation as it is
schematically depicted iRigure 1. It is important to point out that the same bebawvis observed at
the periphery of the finite-size graphenes and geaphenes, where terminal hydrogen atoms can be
treated as imperfections or defects (Figure 1@mnFthe chemical point of view, the most important
conclusion is that the chemistry of the defectembbene surface can be described in analogy to the
influence of edge defects at the graphene peripisgussed above and/or using small all-benzoid

molecular models such as hexabenzocoronene (HE@Q)r(e 1d).
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CLAR'S SEXTET LOCALISATION ON GRAPHENE PERIPHERY AROMATICITY PATTERN OF FINITE NG

Figure 1. Schematic representation of defined Clar-sextegepes in graphene/NG systems. a) infinite graphene
surface with equally distributetdensity; b) re-organisation of thesystem and formation of aromatic Clar’s
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sextets around a defect. The size of cycles scheatigtindicates the degree of aromaticity; c) At Clar
sextets along arm-chair periphery of graphene fltthe degree of aromaticity schematically indicagdthe
circle size; d) Clar aromatic sextet formula of &legnzocoronene and the corresponding NICS arotyatici
pattern (NICS map) which is fully consistent withaCs theory. The size of cycles indicate the degoé
aromaticity of individual hexagons (NICS(1) valwetopted from 43)

Although the probability of direct functionalizataf an “ideal” graphene surface is rather low
we do not exclude this possibility. Moreover, désphe fact that such events are expected to lee rar
they could play a crucial role in the final distritbon. An addition to the graphene scaffold leaals t
rehybridization from spto sp, which can be regarded as defect insertion agtiyahe surface for
further modification. This will cause a snowbalfesft leading to the consecutive defect expansion
during functionalization. Based on basic reactiwitynsiderations such as introduction or release if
stain and conjugation energy we propose that aohditto intact basal plane C-atoms are much less
preferred than additions close to defects. It canassumed that the probability of the direct
functionalization in large and free-defect regioasnegligible. As a consequence, the reactivity of
defect-free graphene obtained from highly crysiellnatural graphite is extremely low, since the
“concentration” of in plane defects is close toazé&dnce an in plane defect has formed the resgectiv
region will behave as a “defected” surface leadinghe defect expansion as pointed out above.
Putting this in other words: it is not necessaryigiinguish between these cases since the reaafion
both an “ideal” and a “defected” graphene surfadk nesult in the same outcome in the terms of
addition pattern. Moreover, as it will be showndvelthe initial concentration” of defect “seems to
play minor role with respect to the addition patteelectivity. Progressive addition steps will @as
continuous expansion of Sgegions rather than formation of new isolated dsfeThe expansion
process is facilitated by the generation of thertfoelynamically most favorable substructure motifs
and leads to the formation of graphane-like isla@eaustive or highly hydrogenated/alkylated
graphene) incorporated into?sgarbon lattice of intact nano-graphenes. The gltiermodynamic
minimum is expected to be a mosaic-like 2D-carbleees containing graphane and intact graphene
regions with the shortest possible border betwbemt However, if also kinetic factors come intoypla
the final patterning could be drastically influedcelo address this important question, we have
analysed and quantitatively described multiple caldattachments to the edges and the basal plane

near defects/periphery with quantum mechanicaltations. Both thermodynamic and kinetic aspects



12 K. Amsharov €t al.

were considered. The radical attachments of hydraged methyl radicals were chosen as model

reactions.

2.6. Sngle hydrogen radical addition

The covalent binding of single hydrogen atoms tdedefree graphene surface has been
intensively investigated using periodb initio calculations. [54-58] However, the approachesiadpl
previously lead to rather different results duehe sensitivity to the computational method applied
According to previous DFT calculations the enerfiynydrogen radical addition to graphene vary in
the range between 12 and 22 kcal/mol.[54-58] Timeisenatches are mainly associated by the use of
oversimplified approaches instead of involving maceurate hybrid exchange-correction functionals.
Moreover, representing the infinite graphene ciyessaa periodical cell with insufficient size dosst
allow to estimate energies accurately, becausadhdédion to the graphene lattice induce a largerare
distortion of the sheet.[59] For the same reas@ndstimation of the binding energy using finite
nanographenes as a model appears to be diffichiis,Tin ref. [59] the authors point out that the
accurate value of chemisorption energy cannot lbairedd from the finite cluster model showing that
for nanographenes of various sizey s, CsHis, CrsHoi, CioiHoz and GgiHsg) the DFT derived
binding energies oscillate in a wide range (froi# to [B7 kcal/mol). The authors conclude that the
energy oscillation is caused by the finite clusteproach itself, rather than by the level of theamng
the systems with less than 200 carbon atoms aresuibiciently large enough to provide the
convergence. However, the nanographene model ndbdiwork represents an open-shell system and
thus cannot be considered as representative moalel tfe graphene surface. Considering
nanographenes as graphene models the aromatidigrrpawhich plays a major role in the PAH
reactivity, has to be taken into consideration.this respect the so-called all-benzoid PAHs with
pronounced benzenoid character, very reminiscentgtaphene aromaticity, appear to be the most
suitable model systems.[60] Indeed, the estimaiidsinding energies for close-shell PAH systems on
B3LYP level of theory gave reasonable values inrdmge of 15-20 kcal/mol,[61] which is in good
agreement with periodic calculations. Moreover, BBLand PBE level of theory, both were found to
be accurate enough for the investigation of therdyen chemisorption process showing good
agreement with a rigorous benchmark CCSD levelhebty calculations,[62] which has become

established as the “gold standard” in modern quardidemistry.[63]
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Our calculations for the single hydrogen radicatraisorption to the pristine graphene surface
utilizing periodic PBE approach and relatively kar@2x12 unit cell gave value of 19.8 kcal/mol.
Estimation of the energy binding on B3LYP/def2-S\&el using all-benzoid HBC (GHig) as a
nanographene model resulted in essentially the saitne of 20.4 kcal/mol). The activation barrier of
hydrogen attachment was found to be close to 5d/rkol (25 kcal/mol for detachment process
respectively) which is in good agreement with poergly reported data, (4.6-5.1 kcal/mol),[55, 64, 65
including CCSD level of theory.[62] Thus, both apgches used in this study (periodic PBE and
molecular B3LYP) appear to be accurate enough lfer investigation of graphene chemistry.
Furthermore, as it was discussed above, the addjtreferably takes place close to the graphene
periphery or defects. Thus, the use of finite mali@c models seems to be an even more accurate

approach for describing the chemistry of the “regliphene and related systems.

2.7. Thermodynamics of the multiple hydrogen addition

Assuming that H-shifts can easily take place then&gion of the thermodynamically most
favorable addition pattern could be expected. Talyae this possible scenario, we have performed a
thermochemical analysis of multiple graphene hydnagions involving a periodic PBE approach
using a relatively large (12x12) unit cell. Forstipurpose, we have evaluated the reaction entliatpy
each individual dihydrogenation and compared thetdive values. The consideration of the model
reaction G+H, — CH, + AH consisting in the formal addition of moleculardnggen (H) to
graphene (g provides energy values (enthalprgd). These values are expected to correlate with the
free Gibbs energy assuming the same entropy catiib for each addition. Note, the relative
enthalpies AAH) are independent on the reaction mechanism andeaapplied for the analysis of
alternative hydrogenation reactions (e.g. additminsydrogen radicals).

Considering the thermodynamics of the formaladdition to the basal plane we have found that
1,2-anti addition is the most favourable process. All aléive patterns including 1dhti/syn, 1,6-
anti/syn and 1,2syn lead to the energetically less favourable geoe®tiThe 1,3nti/syn and 1,5
anti/syn were found to béighly unfavourable due to open shell charactehefrespective adduct. The
1,2-syn addition was found to be 12,3 kcal/mol higher memgy that the respectivanti- addition
which corresponds to about 6,2 kcal/mol per eadd Bend Figure 2). Interestingly, furthesyn-
additions do not provide effective relaxation o thystem. Thus the difference for all-cis additudn
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six hydrogen atoms the difference increases furtber,2 kcal/mol per C-H bond (42,9 kcal/mol,
Figure 2). In our model we have analysed only consecuéint-1,2 hydrogen additions since all

alternative additions were found to be less favolara

y e H6-alll-cis

42,9 keal/mol

==ass

H2-cis
(1,2-anti addition)

H2-trans
(1,2-anti addition)

H6-all-trans

12,3 kcal/mol

Figure 2. Optimised geometries and relative energies os§2-and 1,2-anti- addition pattern on the example
of perhydroethylene-hole and perhydrobenzene-tootedtion.

For each subsequent addition the preceding hydatigenpattern was considered to be static (no
further hydrogen rearrangement was considerednipte-existing H-pattern). The detailed analysis
of possible hydrogenation patterns allowed us taluate the thermodynamically most favorable
pathway, which is summarized kigure 3.

Pristine graphene2{) provides only one possibility for amti-1,2 addition (structurg2), since
all C-C bonds ir21 are equivalent. This addition represents an erdltitc process and requires 27.0
kcal/mol which can be understood in term of locatadomatization reducing the total number of
Clar's sextets by one. In addition some local steziergy that is introduced to the adjacent lcgél
network, which is now slightly deviating from plaitg. The perturbation of the “ideal” graphene

system leads to the reorganisation of the eledassities around the incorporated “defect”. Thos, f
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the second addition many non-equivalent positiogaso#fered. However, our PBE analysis shows that
only eight double bonds close to the “defect” aaetivated” for the next reaction. The activity @i
decreases with increasing distance from the dedeatkly approaching the enthalpy of-Haddition to
the defect-free graphene. From a thermodynamict pdimiew, the perturbed graphene region appears
to be rather small, which is schematically showrFigure 3 by circles with radii of about S5A. Al
additions outside the circle are virtually equaéirergy to the addition to the pristine grapheee Sl).
All respective symmetry non-equivalent positions eoded by different colors. The struct@has
only two symmetry non-equivalent sites “activatéal’the hydrogenation, leading either2® or to 24,
requiring only 4.4 or 8.3 kcal/mol respectively.tBothat despite the close proximity to the detetwt
of the positions ir22 is highly deactivated (coded in blue) in compariso the pristine graphene (27.0
kcal/mol). This addition would require unrealisd®.4 kcal/mol which can be explained by the
formation of an extended quinoide motive (structd@® drastically reducing the number of Clar’s
sextets. It is worth to mention that considering blydrogenation as 1,2 addition process solelys doe
not mean that possible 1,4 additions is ignorethenmodel. Indeed, the most stable configuration fo
terahydrogenated grapherggs) can be imagined as a 1,4 additior2® Since in the thermochemical
analysis the detailed addition sequence does agtglole both processes provide the same entbalpie
and thus can be correctly described using only exarts/e 1,2 additions. Thus, for example the less
favorable (but still possible) 1,4 addition 2@ (structure23) will be followed by 1,2-hydrogenation
yielding the same the most stable configura2n The second 1,4 addition & would lead to26
which can be considered as a highly unrealistioeve

For the third bis-hydrogenation three alternativaysvieading t@7, 28 and29, respectively, can
be considered. The most probable scenario is thmafiton of 28 which is already an exothermic
process (-9.7 kcal/mol). Such an energy gain camahenalized by the formation of a "perhydro
benzene hole” (PH-benzene-hole) incorporated ingmaghene lattice. The remainingstructure28
can be considered as an all-benzoid system withmdsamum number of Clar's sextets. Because of
the high symmetry a28, only one possibility for the next addition is@féd (12 symmetry-equivalent
positions), which is a “perhydrostyrene hole” (Piyirene-hole, structur80). Very importantly, the
fourth bis-hydrogenation of the alternative progdu#, 27 and29 will lead almost exclusively to the
formation of the same PH-styrene-hole structuraisTlthe consideration of the most stable addition
patterns appears to be sufficient and accuratethferprediction of the thermodynamically most
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favourable hydrogenation pattern. As a consequetespite the numerous alternatives for successive
hydrogenations the main “expressway” leading to riiwst stable target geometries will finally be
found. In the case considered here the most falefamrogenation route is highlighted by the red
background in thd-igure 3. Extrapolating these arguments shows that hyditgen leads to the
formation of stable motifs containing perhydro-PAbles (PH-PAH-holes) in the remaining graphene
lattice. Further, the progressing hydrogentation 33 lead to the formation of either
perhydronaphthalene (PH-naphthalene-h8®, or PH-biphenyl-hole 31) units. Note that both of
them will finally lead to the formation of PH-phartiarene-hole34).

Figure 3. The evolution of the thermodynamically more favdeaoligo-hydrogenation pattern. The most
favorable path is highlighted by the red backgrouFite top/bottom hydrogen attachment is indicateded
and blue respectively. The symmetry non-equivapesitions for hydrogenation and the respective apibs

in kcal/mol are coded with the same colors. Thegateally most favorable case is highlighted witk arrows.
The color of arrows corresponds to the additionthe respectively coded C-C bonds. One of the hexago
labeled with “X” as a guide for the eyes. The goagkground indicates the formation of PAH-perhydodes.
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Considering higher degrees of hydrogenation we daat the incorporation of PH-PAH-holes
always leads to the energetically most favorabletems. The formation of hydrogenated chain-holes,
for example, is energetically less favorable. Axan be seen fronrigure 3 the total enthalpy
continuously decreases during expansion of the @lel-tlefect, approaching the value of graphane (-
7,84 kcal/mol calculated per one CH group). Aftedidon of 8-9 H molecules the enthalpy of
addition becomes negative. Interestingly, the nedastability of the hydrogenated graphene system
with incorporated PH-PAH-holes correlates with th&bility of the parent PAHs. Thus, the
introduction of a PH-phenanthrene-hole unit is nfak®rable than the introduction of PH-anthracene-
hole. The introduction of a PH-tetracene-hole reggimore energy than the introduction of a PH-
tetraphene- or PH-chrysene-hole. However, thisedbfitiation tends to decrease with an increasing
degree of hydrogenation indicating that the expgansif the large PH-PAH defect is expected to be
virtually isoenergetic in all directions (e.g. thrdifferent PH-PAH-holes formed by addition of 22
hydrogen atoms provide virtually isoenergetic s, Figure 4).

Summing up, the hydrogenation of graphene can bi#yeaationalised on the basis of Clar’s
concept of aromaticity and can be considered hseg tstep process:

0] defect nucleation. The direct hydrogenation of fectefree graphene surface is expected to

be a very rare event. However, addition can edakg place close to the pre-existing or
fluctuationally generated defect leading to the oeah of one Clar's sextet and the
generation reactive double bonds in the same siximeeed ring

(i) strain relaxation. After defect nucleation the sthgent hydrogenations proceed easily,

leading to rapid relaxatiowia exhaustive functionalization of the initially “cefted”

hexagon. The final structure (in close proximity tee formed PH-benzene hole) is
characterized by pronounced all-benzoid charactethe remainingn-systen. Further

reduction of strain energy takes plata selective formation of stable PH-PAH-holes (PH-
benzene-hole -> PH-naphthalene-hole/PH-biphenyd-helPH-phenathrene-hole -> PH-
pyrene-hole/PH-triphenylene-hole). This processldea efficient strain release caused by
the mismatch of the graphene/graphane latticese,Nlo¢ preferable formation of PH-PAH-
holes displaying connectivity of “all-benzoid” PAHs a direct consequence of the

formation of stablgrsystem exhibiting the maximal possible number lair’'€ sextets.
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(i)  defect expansion. After addition of 14-18 hydrog¢éoms the hydrogenation is expected to

proceed smoothly on adjacent hexagons with a simpiabability in all directions leading
to a variety of differently shaped “all-benzoid” F*AH-holes asymptotically reaching the

energy of graphane.

14 4 S “DEFECTED GRAPHENE”
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Figure 4. Reaction profile of the hydrogenation of graphértee relative energies are given for several setect
thermodynamically most stable structures containiRgl-PAH-holes. The line “defected graphene”
(perhydroethylene-hole) corresponds to the apprateénstarting points in the case of the additioth®® pre-
existing defect.

2.8. Kinetic consideration of the multiple hydrogen addition

Quantum chemical calculations show that the addittd a single hydrogen radical to the
periphery of nanographene has a remarkably loweradion barrier compared with an addition to the
basal plane. However, the question how this addivould influence subsequent hydrogenations was
not addressed in the literature. To investigate pinocess, we have analysed the activation bawfers
hydrogen radical addition to partially reduced HBE a nanographene model. Note, all partially
hydrogenated HBC molecules have an all-benzoidacier (minimizing the contribution of additional
electronic factors on the obtained activation epeajues).

The barrier of hydrogen addition to the centragjraf HBC was found to be 4.51 kcal/mol which
is rather close to the activation barrier for hygo addition to the basal plane of graphee(
kcal/mol) despite the rather short distance toeitige Figure 5). This additionally indicates that the

perturbation area is very small and the activityhie addition is only expected for carbon atomsequda
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close to the periphery. Note, the same behavioralsxs predicted from the thermochemical analysis.
The incorporation of one PH-benzene-hole into HB&dk to significant reduction of the activation
barrier to 0.6 kcal/molRigure 5). Interestingly, that the introduction of secomdi ahird PH-benzene-
hole results in a slight increase of the activagmergy to 1,0 and 1,3 kcal/mol respectively. Sach
behavior can be understood considering the cumelafifect of the electronic and steric factors loa t
stability of the respective radical species. Thug, product of radical addition to the center of th
pristine HBC can be effectively stabilized due &logalization of the radical center between three
positions as it is shown iRigure 5. Each respective resonance structure remarkalblyilootes to the
overall stability due to its benzylic character.wiéwer, the incorporation of $pybridized carbon into
planar sp lattice requires a highly unfavorable geometryahhis accomplished by the strain energy
increase. Note, that all alternative resonancectires with delocalization of the radical centeemov
lager regions provide minor contributions to them stability because of their quinoid natureeTh
addition to the HBC with one PH-benzene-hole presidthe same opportunity for radical
delocalization (three benzylic positions). Howevitie strain energy is much less since one of the
neighboring carbon has $pybridization. Addition to HBC with two and threeH-benzene-holes
provides even more suitable (less strained) gedesetnowever the electronic stabilization, with two
and one benzylic positions correspondingly, is kfésctive. Slight increases in the activation gyer
indicate that the electronic effect has higher hlisovalue which is in line with results obtainedrh
thermochemical analysis demonstrating that thénstian be effectively released by “incorporatiof” o
just few additional shcarbon atoms close to the defect.

It is important to mention that the differences34 kcal/mol in the activation energies are
sufficient to expect a notable selectivity for sedpsent binding steps. Thus, the estimation of the
relative rates using Arrhenius equation shows tirataddition to the PH-benzene-hole-HBC is about
800 times faster than the addition to the parenCHBaking into account that the hydrogenation is
typically carried out at low temperatures a higlioselectivity is expectedF{gure 5). Thus for
instance, by carrying out the hydrogenation undandard dry-ice bath temperaturg {78°C) the

difference will reach the value of 24x1imes.
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Figure5. DFT-derived activation energy for hydrogen radmadlition to HBC-based models.
2.9. Alkylation of graphene

Considering the addition of alkyl radicals to thesal plane and addition close to defects reveals
that the regioselectivity of the addition is quatitely the same as those discussed for the
hydrogenation. Similarly to hydrogen radical (whicfigrates over the surfacga 1,2-H-shifts) the
alkyl radical can freely migrate over tlesurface of graphene. The non-covalent charactet-6f
binding of alkyl radicals to the basal plane hasrbpredicted theoretically.[66] Thus for example th
barrier of methyl radical addition was found todydy 10 kcal/mol and about 15 kcal/mol for the back
reaction.[42] In comparison the barrier for covalattachment of hydrogen radical is close to 5
kcal/mol whereas the detachment process is chaissedeby the rather high barrier of about 25
kcal/mol.[67] According these data, the traveliddhe alkyl radical species over the graphene sarfa
should result in the effective migration of radgalose to the pre-existing defects (or edges) evher
radicals can be stabilizedia covalent addition. Recently, this assumption wamfiomed
experimentally on model HBC-based nanographenesypt2]

Since the mechanism proposed in this study provalesery good guideline to predict the
regioselectivity of multiple radical additions, thenportant question of structure patterning of
chemically functionalized graphene can be addres$ieds important to underline, that both
thermodynamic and Kkinetic considerations arrivettsd same conclusion, namely, an effective

activation of ther-system for additions is expected only in closexpnity to a pre-existing defect.
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From a thermodynamic point of view, the expansibtamer PH-substructure-holes is more or less
isoenergetic in all directions with a slight prefiece to form disc-like PH-PAH-holes. Kinetic data
also support preferred binding to’dp-atoms in direct neighbourhood of defects. In Itteer case,
however the preference is shifted to the formatbbranched dendrimer-like PH-PAH-holes. Since
all positions close to the defect are activated Hral differences between them are rather small
(considering both thermodymamic and kinetic effeetiective addition is expected as soon the radica

will reach one of these centers.

2.10. Monte-Carlo simulations

As it is shown above any imperfection in the grapghkattice leads to a defined patterning with
Clar sextets close to the defect. This is in acamocd to a recent theoretical study on graphene
aromaticity at boundaries and/or close to the defdd1] In our model we suppose that the addition
could take place exclusively close to defects. &fwge, the graphene lattice can be considered as an
all-benzoid system with localized aromatic sextetsich is in full agreement with the empirical Clar
theory and our kinetic and thermodynamic analy$ithe graphene reactivityF{gure 6a) As it is
discussed above perturbation of the all-benzoidcsire during functionalization will results in
localisation of double bonds in the “defected” hgxa (Figure 6a) which greatly facilitates the
formation of PH-benzene holes restoring the iniikdbenzoid character~(gure 6b and 6¢). The
introduction of such PH-PAH holes results in thévation of neighboring hexagons for the next
addition Eigure 6¢, 6d). Based on this model we have performed a setuofemical Monte-Carlo
simulations of multiple additions to graphene assgnihat intermediate radical adducts can move
over thern-surface of graphend-igure 6d) and undergo irreversible covalent binding as sa®rhe
active site has been reached (a detailed destripfithe model is provided in the Sl). After tkigent
the fast addition to the double bonds is expectiedinieads to the (as example) PH-biphenylene-hole
formation Figure 6e). Worth to mention that if the exhaustive funcabmation of “defected” Clar
sextet was not completely achieved this will ndtuence the following addition scenario since the
number of addends does not influence the Clar ppaffegur e 6a, 6b and 6c). Thus, in the model the
event of radical attachment to the active siteatisbuted to the complete functionalization of the
respective hexagon (formation of the PH-biphenyehaAs it is shown irFigure 6e the formation of
the PH-biphenylene-hole increases the number ofeasites to eight. The next addition could lead
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either to a PH-triphenylene-hol€iQure 6f) or a PH-terphenyl-hole (not shown). Thus, thepbeme
surface can be considered as a triangular lattleereveach site corresponds to the Clar sekigufe

6g, 6h, 6i). In our simulations we place the radical on taedomly selected site which undergoes
random jump to the neighboring positions until #otive site will be found. On this point the radica
either undergos addition to the site accordingh gredefined in model addition probability factor
(depending on the microstructure of surroundingganrtinues to migrate further. This addition event
corresponds to the to the exhaustive functionatinadf the respective hexagon (removal of one Clar
sextet) which is accompanied by the activationllofi@ghboring sites as it shown in tRegure 6. All
simulations were performed for the lattice withipdic boundary conditions with up to 138400 Clar
sextets which corresponds to the 830400 carbonsaitotie cell.

PH-TRIPHENYLENE HOLE PH-BIPHENYL HOLE PH-BENZENE HOLE

Figure 6. Schematic representation of the model. a) b) apétion of PH-benzene-hole leading to the active
sites generation around the hole d) e) f) schenmapeesentation of the radical traveling to thavacsites,
active for addition Clar sextets are highlightedéd; g),h),i) representation in the triangulatidat, red circles
indicate active for addition sites (active Clarte¢s), black circles indicate PH-benzene-holes.
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The possibility to differentiate the relative sitctivity depending on the surrounding
microstructure (number of PH-benzenes in the clmeximity) allows to simulate and analyse the
influence of both kinetic and thermodynamic factonsthe functionalization pattern. It has to betkep
in mind that the migration ability of radicals cdutave notable impact on the overall regioseldgtivi
and therefore the final addition pattern. If thelical can easily migrate over the graphene surface,
more pronounced regioselectivity can be expectedohtrast, if the radical migration is restrictad
hindered, the covalent bond formation between ttaeking radical and a basal plane C-atom will take
place on the first approached active center. Siheemigration ability is influenced by many factors
including temperature, solvent, addends, counterainre and the radical stability, it is not poksiio
estimate all those contributions quantitatively.wdoer, this parameter can be analysed with the
presented model and the mobility effect can beitpiiaely extracted. This will now be demonstrated
with four selected boundary model scena®e® which are summarized in table 1. In the model
the addition always takes place as soon a raceahes one of active site (attachment probalufity
=1). In modeB the probability of attachment is set to 1084k (= 0.1). This model simulates a higher
mobility of the radical since the radical can “Viseveral possible centers before addition. Theleho
C qualitatively simulates the thermodynamic conttidmu (thermodynamic control) where the
probability of the addition increases with the sese of number of “defected” sites in close protimi
(Figure 7). In contrast modeD simulates a kinetically controlled process whére inost favorable
addition is expected for sites adjacent to only BRebenzene-hole=(gure 7). All four models were
used for the simulation of multiple addition to gin@ne starting from (i) a graphene layer with glgin
defect in the basal plane, (ii) graphene layerdasoimg several defects (0.01% and 0.001% of dsfect
and (iii) the edge functionalization of a defe@drgraphene flake.

PH-BENZENE-HOLE

ONE PH-BENZENE-HOLE
IN CLOSE PROXIMITY
(KINETICALLY FAVORABLE)

FIVE PH-BENZENE-HOLES
IN CLOSE PROXIMITY
(THERMODINAMICALLY
FAVORABLE)

Figure 7. Sites activity differentiation depending on the fogmof neighbouring PH-benzene-holes.
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Table 1. Relative probabilitiesgsix) of addition to active sites depending on the neind§ PH-benzene holes in

close proximity
Model Number of neighboring PH-benzene-holes
0 1 2 3 4 5
ModelA 0 1 1 1 1 1
ModelB 0 0.1 0.1 0.1 0.1 0.1
ModelC 0 0.1 0.2 0.3 0.4 0.5
ModelD 0 0.5 0.4 0.3 0.2 0.1
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Model A Model B Model C Model D p

0.1

0.05

0.15

Figure 8. Graphical representation of the DLA-like defect axpion on graphene: (a) defect expansion on
graphene edges. (b) defect expansion on the béemad starting from single defect. The starting pos
highlighted with a green point. The microstructafean addition-pattern is shown in the inserts,dating
denser PH-PAH-hole formation for modgland C. The color of the element (p) represents thiene” of
addition.
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Model A Model B Model C Model D

Figure 9. Graphical representation of the aromatic islandnédion during DLA-like defect expansion on
graphene for models A-D. Top row for the expandiom the periphery (corresponds to structures shiown
Figure 8a). Bottom row — for the defect expansion from tirgke defect (corresponds to structures shown in
Figure 8b). Different clusters are indicated by different colors.

It was found that independent of the model usedsthmilations reveal rather similar growth
patterns, which can be defined as a “diffusiont@diaggregation” (DLA)Kigure 8). This process is
widely spread in nature, both on the molecularllewne for small particle.[68-71] Some cases of DLA
are known under the name of Lichtenberg FigurewBian tree or Fractal-Seaweeds.[72, 73] Typical
forms of these aggregates are irregular dendriwlesgly related to fractals.[74] The analysis o th
cluster size distribution as a function of degréaddition (PH-PAH-holes) shows that modélsand
D are characterized by less dense functionalizahan modeB andC. Independent of the model the
DLA-like defect expansion leads in the formationsaflated aromatic islands (PAH fragments isolated
by graphane) which is in a good agreement with greviously made assumption on the base of
experimentally observed fluorescence of hydrogehat@phene in the solid stdfeThe aromatic
island size distribution as well was found to bemikr for modelA and D showing small cluster
formation, and moddB andC which are characterized by the formation of moreereded aromatic
regions as it illustrated iRigure 9 (For analysis of cluster distribution see Sl)sltvorth mentioning
that it is difficult to distinguish the results alrted from model#A (low mobility) andD (kinetic

control) indicating that the low mobility of radisaand kinetic effects provide qualitatively equal
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contribution in the context of functionalizationtigan. Even more interesting the similarity between
modelsB (high mobility) andC (thermodynamic control) showing that higher mabpilof radicals
direct the addition to the thermodynamically moexdrable pattern. Putting in other words, the
addition can be simulated by a single paramekgr (apparent reactivity), which includes the
contribution of all additional factors (includinginketic, thermodynamic, mobility, temperature).
Therefore, model# (gix = 1) anB (gix = 0.1) can be considered as two border causes$ng @ko
account the high reactivity of radical species (lagtivation energies for addition) we consider the
model A as the most representative one. This assumptisever has to be proven experimentally in
future.

Further, we have analyzed the effect of concewinatf preexisting defects on the addition
pattern and found that the final microstructureirtually unaffected by this factor. Thus, simudats
with graphenes containing 0.001% and 0.01% of pséag defects provide rather similar addition
patterns. As a consequence, the influence of theerdration of pre-existing defects on the
regioselectivity of addition appears to be neglgifi hese results show, that our model is very sbbu
and general. Its applications are widespread imetuthe description of Birch-like hydrogenation,
reductive alkylation and direct radical additiod@pendently on the size, shape and even qualityeof
graphene flakes.

Moreover, the expansion of defects starting from preriphery was analyzed in more detail.
Since for large-size graphene flakes the probghbdft direct addition at the periphery is negligibly
small (at least at the early stages of functiomdilin) the functionalization of the periphery isinta a
result of massive radical migration from the grapheurface. This scenario was simulated by the
radical “deposition” on the top line of the grapbeaell, whereas the evolution of defects was aralyz
on the opposite side (for detail see Sl). Treatirggfunctionalization density as a function of diste
and time we observed a rapid saturation of the enation of addends in the range of 10 to 25%
(depending on the model). After this point a furtbepansion of the defects with equal density ef th
functional groups, providing rather homogenous fiomalization, was predicted~(gure 10). These
results are in an excellent agreement with experiat@ata of photoinduced methylation of graphene,
showing the progressive expansion of functionalomesg) from the periphery with the relatively low
degree of functionalization and constant degreéunttionalization as indicated by Raman spectra
showing constant intensity ratio of the D band tba®d (b\lg ).*®
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Figure 10. Simulation of the graphene edge functionalizatioovging functionalization density as a function of
“time” p (fraction of added radicals) and distance frometige.

3. Conclusions

Summing up, we have demonstrated that the regiostgm of the reductive
hydrogenation/alkylation of graphene can be ratined as a radical addition process. Quantum
chemical considerations of multiple radical adaisoto the graphene, reveal virtually the same
selectivity in the addition for kinetically and tineodynamic controlled reactions. This allows us to
develop a general model for multiple additions dondpredict the complex addition pattern of
reductively functionalized graphene. Based on ttiersive quantum chemical calculations supported
by the previously obtained experimental observatise show that addition to graphene takes place
predominantly close to defects (or periphery) &srahs addition. This process ultimately leads to the
progressive expansion of the defected aradormation of alltrans PH-PAH fragments incorporated
into the graphene matrix. It is shown that the &ele formation of PH-PAH fragments is driven by
keeping the all-benzoid character of remaintrgystem which is in accordance with the Clar theadry
aromaticity. Based on Monte-Carlo simulations wendestrate for the first time that homogeneous
functionalization of the graphene surface is highihjikely process and the addition pattern can be
rationalized as a DLA-like fractal defect expansidhis progressive expansion leads to the formation
of fractal-seaweeds pattern explaining many unusdgkerimental observations, including the low
degree of functionalization, formation of separasedmatic islands and the enhanced reactivity of
edges. The presented model allows prediction aatysis of the structure of functionalized graphene
including analysis of functionalization patternustier distribution and the degree of functional@at
We show that kinetic and thermodynamic contribugi@nd its influence on the addition can be

analyzed quantitatively, which makes the model sblaund applicable for describing of a wide scope
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of reactions. Possible applications include thecdeson of Birch-like hydrogenation, reductive
alkylation and direct radical addition. Moreovehetmodel provides the possibility to estimate
gualitatively the contribution of various factorsu¢h as radical mobility, temperature as well as
graphene flake size and quality) on micropatterolwion during addition. This makes the model a
powerful and versatile instrument in the chemistgalytic toolbox. We truly believe that our finding
will substantially contribute to the blooming fietd graphene chemistry.

Supporting Information
Supporting Information (theoretically optimized cdmates, energies and model description) is
available from the Wiley Online Library or from tlaethor.
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