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Reactions known from organic chemistry are not generally
transferable to 2D materials. Their topology contains a
large number of uncertainties arising from the used precur-
sor, production method, and many others. Moreover, the
simple mechanical accessibility of the grafted group, where
the chemistry takes place, may be considerably limited by
the spacious surface. Cyanographene is one of the newest
graphene derivatives with 15 % of its surface covered
by nitrile groups. Similarly to its aliphatic counterparts,
cyanographene can undergo a hydrolysis reaction, which
leads to graphene acid. Although aliphatic nitrile molecules
can be reduced, the reaction of cyanographene with LiAlH4
as the reducing agent is ambiguous. For this reason, this
work studied the mechanistic part of the cyanographene
reduction in tetrahydrofuran by classical molecular dy-
namics simulations. First, graphene-induced layering of
the tetrahydrofuran molecules was observed, which acted
as a barrier between the reducing agent and functional
group. Moreover, different approach directions of the re-
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together with limited group accessibility can explain, why
the reduction of cyanographene is not favorable in compar-
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2D struktur zdvisi na pouzitém prekursoru, metodé
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dardné vyskytuji v organické syntéze. Analogicky k jeho
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LiAIHy4 je nejasnd, a proto se tato prace zaobirala studiem
mechanické ¢4sti této reakce. Za timto ticelem byly pouZity
metody molekulové mechaniky, které umozZnily porovnat
piistup mezi alifatickymi molekulami a kyanografenem
v tetrahydrofuranu. Simulace ukdazaly silné strukturovani
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prostor je striktné omezen. Toto samotné stérické branéni
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1. Introduction

2004 was the breakthrough year for material scientists because the first two-dimensional
material - graphene - was prepared. After its discovery, it was found that graphene has
exceptional mechanical, electrical, and optical properties, some of which were not found
in any other material. Thanks to that, graphene can be potential applied in many different
fields. Nevertheless, some graphene characteristics limit its applicability in technologies
as semiconductors or biomedicine technology. Fortunately, these limitations can be over-
come by chemical modifications of graphene. These reactions were mainly performed with
graphene oxide as the precursor for further graphene functionalization. However, graphene

oxide topology is hard to reproduce and strongly depends on the preparation methods.

On the contrary, fluorographene discovery initiated a boom in graphene chemistry. Despite
the expected chemical inertness, fluorographene can participate in various reactions. Soon, it
was demonstrated that fluorographene can undergo reductive defluorination, or nucleophilic
substitution reactions. Fluorographene can react with amines or alcohols, which creates new
covalent functionalized graphene derivatives, by substituting some fluorine atoms. On the
other hand, sulfur nucleophiles act more as reducing agents. Moreover, alkylation and ary-
lation of graphene were performed by well-known Grignard reactions with fluorographene.
Furthermore, fluorographene can be modified via reactions with inorganic substances, as are

hydrosulfides, hydroxide ions, and pseudohalides.

The ability of cyanide to substitute fluorine atoms of fluorographene allowed the preparation
of cyanographene. It is a non-stoichiometric derivative, which has 15 % of its surface cov-
ered by nitrile groups. Consequently, this derivative can undergo some reactions known from
its organic counterparts. For example, acid hydrolysis led to the preparation of graphene acid.
However, although organic nitrile can be reduced to amines by the strong reducing agent, the
reduction of cyanograhpene is still missing in impacted literature. For this reason, I de-
cided to study the mechanistic part of the cyanographene reduction with classical molecular

dynamic simulations.



The following text will introduce graphene and series of its derivatives and their chemistry,
followed by a basic introduction to molecular mechanics, which allows computing large
systems containing thousands of atoms. The second part of this thesis will be focused on the
accessibility of LiAlH4 to cyanographene and organic functional group of nitrile molecules

in the tetrahydrofuran.



2. Two-dimensional materials

A material that can be classified as two-dimensional (2D) has to have one dimension below
100 nm. [1] Although many 2D materials are under development, this work is focused solely

on graphene and its closest derivatives.

2.1 Graphene

Graphene can be considered as a revolutionary material. Its discovery in 2004 made by sci-
entists Andrew Geim and Konstantin Novoselov started a new era in material science. [2]
Soon after, both scientists were awarded the Nobel Prize in physics for ,,groundbreaking
experiments regarding the two-dimensional material graphene. The significance of the dis-
covery was supported by the premise (generally accepted before 2004) that two-dimensional
materials are not thermodynamically stable, because thermal fluctuations of atoms would
cause a deviation in the lattice comparable with interatomic distances in graphene (or any
2D material), which would decompose into smaller fragments at any temperatures. Thus,
graphene was considered as a theoretical and computational model only. [3] The unexpected
stability of the 2D crystal was partly explained by a wrinkled lattice (i.e., the sheet is not
perfectly flat, as can be seen in Figure 1). [4] However, a number of other 2D materials have

been discovered since the first graphene preparation. [5]

Graphene is an allotrope of carbon. Carbon atoms are organized into a one atom thick
honeycomb-like flat structure. Each non-edge carbon atom of graphene is sp? hybridized
and covalently bonded to 3 neighboring atoms. The length of C—C o bonds is approxi-
mately 0.142 nm. [6] Thanks to these strong ¢ bonds, graphene has a high Young’s modulus
E = 1TPa and the value of its breaking strength is 42 N'm?, [7] which is 100x higher com-
pared to the value of steel. It should be noted that these values can be applied to pristine
graphene only because imperfections, which are incorporated in the graphene structure, de-
crease graphene stress resistance. [8] Moreover, graphene has one of the biggest surface

1

areas reaching to 2630 m? g~!, which is a sufficient value to cover a football field just by one
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gram of graphene. [9]

The graphene structure is surrounded by two 7-electron clouds formed by the interaction
of the fourth unhybridized carbon p orbitals, which are perpendicular to the lattice. The
clouds of electrons give graphene its aromatic character and intriguing electronic features.
Because the valence and conduction bands meet at the Dirac point, graphene is considered a
semiconductor with a zero band gap. [10] The velocity of electrons may reach up to 10° m
s~! which is due to little restrictions in their movement. However, defects in the lattice of the
crystal act as scattering sites, which inhibit charge transport, and therefore a mean free path
of electrons is lowered. [11] Furthermore, delocalized electrons can be described as Dirac
fermions, which means they can behave as massless relativistic particles. [11, 12] These

-1

properties cause graphene high electron mobility of 100 000 cm?V~!s~! with a theoretical

limit up to 200 000 cm?V~'s~1. [13, 14]

Besides its excellent electric conductivity, graphene is also an exceptional thermal conduc-
tor. The value of the thermal conductivity was measured to be around 5 000 Wm~!K~! at
aroom temperature, [15] which exceeds the thermal conductivity of copper and other carbon
allotropes as diamond or graphite. [16] However, if graphene is placed on the substrate, the
thermal conductivity decreases. For instance, graphene on SiO, or Cu displays the thermal
conductivity only 600 Wm~'K~! [16] and 370 Wm~!K~! [17], respectively. The lower
thermal conductivity of the supported graphene is probably caused by a strong scattering

and leaking of phonons across the substrate-graphene interface. [18]

Optical properties of bulk graphene and graphite can be observed with simple pencil draw-
ings. The graphene color varies from gray to black, depending on the number of layers.
Similarly, it can be also observed in the dispersion of graphene in the organic solvents. This
shows graphene ability to absorb white light. A single graphene layer transmits 96.7 % of
the white light, whereas the transmittance of five graphene layers decreases to 88 %. Thus
each layer of graphene decreases transmittance by 2.3 %. Moreover, graphene reflects only

0.1 % of the incident light. [19]

Finally, the main difference from its 3D counterpart - graphite - is based on the electronic
structure. The semi-metal characteristics of graphene are changing with an increasing num-
ber of the layers, as the valence and conduction bands start to overlap. The band overlap

is 1.6 meV in the two-layer graphene. With more than 11 layers, one starts to talk about
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graphite because the difference from the bulk electronic structure is just 10 % with the bands

overlap of 41 meV. [20]

In the view of the above-mentioned unique properties, graphene can be used in various fields,
e.g., energy storage (material in batteries [21, 22] or electrode materials for the supercapaci-

tors [23, 24]), biosensing [25], or photonics and optoelectronics [26].

Figure 1: Graphene structure showing surface undulations.

2.1.1 Graphene preparation

Preparation methods of graphene (and 2D nanomaterials in general) can be divided into two
main branches (Figure 2). First are fop-down methods, which are based on the size reduction
of relatively large materials into smaller particles. On the other hand, bottom-up methods

build nanoparticles from individual molecules or atoms. [27]

Top-down methods

Graphene was firstly prepared by mechanical exfoliation in 2004. The method is some-
times called scotch-tape technique because it can be performed by peeling carbon layers
from highly oriented pyrolytic graphite (HOPG) with the use of a classic scotch-tape. By

using the scotch-tape method, a large-high-quality crystal of graphene can be produced. [28]
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Mechanical exfoliation is used mainly to produce graphene for proof of concept devices
such as graphene transistors [29], or state-of-the-art sensors of gases with a single-molecule
sensitivity [30]. Despite the possibility of creating large graphene flakes, the method is time-

consuming, and therefore it is not suitable for mass production.

A liquid phase exfoliation of graphite can be utilized for the preparation of a larger amount
of graphene. A graphite suspension is dispersed in a suitable solvent, followed by ultrasoni-
cation, which creates a colloid solution of individual graphene layers. The energy needed
for the separation of layers is compensated by the solvent-graphene interaction. There-
fore the most important property of the chosen solvent is its surface energy. [31] In prac-
tice, different solvents are considered, for instance perfluorinated aromatic solvents [32],
N-methylpyrrolidon (NMP), N,N-dimethylacetamide (DMA), and 1,3-dimethyl-2-imidazoli-
dinone (DMEU) [31]. Moreover, surfactant additives can be used if the graphene aqueous

dispersion is needed. [33]

Both mentioned procedures are using pure carbon as a source. However, graphene can be
also produced by the reduction of graphene oxide (GO). GO can be reduced to reduced
graphene oxide (rGO) by heating GO in the quartz tube with an Ar atmosphere [34], or
chemically (for example, by using hydrazine NoHy [35] or sodium borohydride NaBHy [36]).
It is worth noting that this process is very complex and difficult, and various oxygen groups
and numerous defects are always present in the structure of final graphene after the reduction.

[37]

Bottom-up methods

Epitaxial growth on a crystalline silicon carbide (SiC) surface is a promising way to pre-
pare high-quality graphene on a large scale. SiC has more than 200 modifications, but only
three of them are relevant for graphene production: 3C-, 4H- and 6H-SiC. Thermal anneal-
ing (around 1500 K) under high vacuum causes sublimation of silicon atoms from the SiC
crystal and leaves a carbon-rich layer on the surface. Graphene can be made from both sides,
silicon-rich, and carbon-rich, but the final product is different on each side. If the C-rich
side is used, graphene is rapidly formed and creates a thick multilayer film. On the other
hand, the Si-rich side produces a thin layer of graphene. Various graphenes with different

structures, properties, or heteroatom dopants can be prepared due to the wide range of possi-
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ble modifications of this method. The epitaxial growth of graphene can also be done by the
decomposition of carbon-containing molecules by heating them while using a metal surface

as a catalyst, or by thermal segregation of carbon atoms in carbon-rich metals. [38, 39]

During the epitaxial growth, the source of carbon is the structure of the annealed material
itself. In contrast, chemical vapor deposition method (CVD) uses an external source of car-
bon. Generally speaking, a gas containing carbon is deposited on the metal surface under
low pressure and high temperature. Prepared graphene can be then transferred to another
substrate. The most used substrates are nickel, copper, and cobalt. Copper is suitable for the
production of the graphene monolayer, and nickel is usually used for the controlled prepa-
ration of multilayer graphene. Next to Cu and Ni, some other metals were investigated as
possible candidates for substrates; iron, ruthenium, palladium, and even stainless steel. Com-
monly used gaseous sources of carbon are methane or ethylene. Furthermore, the addition
of other components to the mixture can be used to control the quality and properties of final
graphene. Adding hydrogen to the mixture allows growing large single-layer graphene. The
addition of oxygen to the mixture is equally important because it can passivate the surface
of the metal. As a result of the passivation, graphene nucleation density is lowered, which

creates larger size graphene flakes. [40]

Besides the introduced methods, some less frequently used preparations are in development.
The preparation of the graphene nanoribbons by carbon nanotubes unzipping is one of them.
High-yield unzipping can be achieved by the reaction of potassium permanganate with multi-
walled nanotubes. Along with the chemical route, the argon plasma etching of nanotubes can
create precisely defined graphene nanoribbons. [41] Finally, total synthesis can be used for
the preparation of nanographene. Reactions as Suzuki coupling or intramolecular oxidative

cyclodehydrogenations can be applied. [42]
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Figure 2: Schema of various graphene preparations. [43]

2.2 Graphene derivatives

Despite superior graphene properties, not all of them are suitable for some specific applica-
tions. For example, the zero band gap limits the graphene usage in semiconductor technolo-
gies, graphene hydrophobicity is unwanted in some bioapplications, or its relative chemical
inertness represents a problem with a further graphene functionalization. [44, 45, 46] Mate-
rial physicists and chemists around the world have been focused on graphene modification

in the past years to overcome these limitations.

The graphene reactivity is similar to the reactivity of polyaromatic hydrocarbons, so it can
undergo various reactions that are well-known from organic chemistry. Only derivatives
based on the formation of bonds between functional groups and sp® hybridized graphene
carbons will be discussed in more detail in this work. Although the covalent graphene func-
tionalization can be done by incorporating heteroatoms (mainly boron, nitrogen, or sulfur)
into a carbon lattice, these modifications are out of the scope of this thesis and therefore they

will not be described in the following text. [47, 48, 49]
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2.2.1 Graphane

Fully hydrogenated graphene - graphane - is a stoichiometric graphene derivative. Alter-
natively, graphene that is not fully hydrogenated is called hydrogenated graphene rather
than graphane. [50] The first graphane synthesis was performed by a reaction of pristine
graphene with a cold hydrogen plasma. [51] Furthermore, graphane can be produced by
Birch reduction, where an alkali metal serves as a reducing agent in liquid ammonia or in
tetrahydrofuran (THF) with a water or alcohol addition. [52] Due to the reversibility of
graphane hydrogenation through its annealing, the derivative is considered as a promising

hydrogen storage material. [50, 51]

2.2.2 Graphene oxide

In contrast to graphane, graphene oxide is a non-stoichiometric derivative of graphene. Fur-
thermore, GO could be considered as a group of compounds rather than one particular struc-
ture due to the randomly distributed oxygen-containing chemical groups on its surface. In
the generally accepted model, the hydroxyl and epoxy groups are mostly on the basal plane,
while edges can contain carboxyl, carbonyl, phenol, lactone, or quinone groups. One of the
possible chemical structures of GO is shown in Figure 3. The sp> carbons in the lattice of
graphene oxide cause a planarity disruption. Thus, the final topology of the graphene oxide
strongly depends on the used synthesis method. [53, 54] In comparison to graphene, GO has
a lower Young’s modulus (for example, Suk et al. reported a value of 207.6 &= 23.4 GPa [55]).
The attached oxygen groups inhibit electrical conductivity, thus increasing its resistivity. [56]

In contrast to graphene, GO has a low thermal conductivity K =0.5—1 W m~! K~!. [57]

Similarly to the graphene preparation, starting material for a GO synthesis is graphite. Gra-
phite oxidation has been examined since 1859 when British chemist Brodie performed a
reaction of graphite with potassium chlorate (KCIO3) in fuming nitric acid. [58] The cre-
ated material was dispersible in pure water or basic solution. A further improvement of the
reaction was made by a chemist Staudenmaier 40 years later. He added KCIO3 in multi-
ple aliquots during the reaction instead of one addition at the start. [59] Finally, Hummers
and Offeman used potassium permanganate (KMnO,) instead of chlorate as an oxidation

agent, which they dissolved in sulfuric acid (HySO,4). [60] Both Hummers and Stauden-
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Figure 3: Graphene oxide structure with various oxygen containing groups. [67]

maier methods are the most common and currently used ways of graphite oxidation. Note
that the final product and composition does not depend solely on the chosen method but also
on the graphite quality and reaction conditions. [53] Finally, the last widely used method
is the exfoliation of graphite oxides. Exfoliated GO can be dispersed by sonication in pure

water thanks to its hydrophilic character. The final product is a yellow GO suspension. [61]

GO-based materials can be used in a water treatment, thanks to the high water permeance of
GO. [62] A sponge material made by a hydrothermal treatment of GO dispersion has high
adsorption ability for various dyes, oils, and organic solvents. [63] GO-based electrodes were

reported with a high specific capacitance 401 F g~!

in aqueous electrolytes. [64] Thanks to
the preparation by using wet chemistry, it is easy to deposit graphene oxide on the substrates,
which creates an interesting electrode material. [65] Finally, GO can be used for a gas

separation. [66]

2.2.3 Fluorographene

A stoichiometric derivative of graphene with attached fluorine atoms is called fluorographene
(FG). The attachment of the fluorine to carbon atoms prolongs the C —C bond to the length
of 0.156 nm. [68] Young’s modulus is £ = 0.3 TPa. [69] FG is a hydrophobic material,
similarly to its 1D counterpart Teflon. The thermal decomposition starts at a temperature
range of 400—600 °C. All carbons are sp> hybridized, and therefore FG loses the delocalized

electron clouds. Whereas graphene is known as the thinnest conductor, fluorographene is the
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thinnest insulator with the band gap up to 8.3 eV. [68, 70]

Fluorographene can be prepared by an exfoliation of graphite fluoride, which is an industrial
lubricant, and therefore it is available in large quantities. The mechanical exfoliation is
not suitable for a large-scale production because of the time consumption. [69] A more
appropriate approach appears to be a liquid-phase exfoliation. Graphite fluoride dissolves
in the solvents as sulfolane [71], N,N-dimethylformamide [72], and various ionic liquids (as

1-butyl-3-methylimidazolium bromide) [73] followed by ultrasonication.

However, it is possible to fluorinate graphene directly by fluorination agents. The most used
agent is XeF,. [74] In addition, elementary fluorine gas F, can be also used to create FG

from pristine graphene or rGO. [75, 76]

Fluorographene has a potential for an application in areas such as batteries and supercapac-
itors, a carbon-based magnetic resonance imaging contrast agent, (bio)sensors for biochem-
ically relevant molecules, and dye-sensitized solar cells. [44, 77, 78] However, the most
interesting is the reactivity of the material that will be discussed in more detail in the next

chapter.

2.2.4 Cyanographene

Graphene covalently modified by nitrile groups is known as cyanographene (GCN) or gra-
phene nitrile. The only established method of its synthesis is through a nucleophilic substi-
tution of FG by NaCN in DMF, which substitutes some fluorine atoms by CN groups, and
eliminates others, which leads to the formation of C=C bonds. Therefore, the final product
is non-stoichiometric with a degree of functionalization around 15 % and with re-established

delocalized 7-electron cloud, thus unlike fluorographene, GCN is a conductor. [79]

GCN is a promising material for the catalytic application, where an anchored platinum atom

on the surface of GCN allows its usage in the single-atom catalysis. [80]
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2.2.5 Graphene acid

So far, two preparation routes to graphene derivatives with attached carboxyl groups were re-
ported. First, multiple oxidations of graphite by a permanganate led to formation of graphene
oxide followed by further oxidation to graphene acid. This created a graphene lattice with
multiple defects, where almost every carbon was bonded to a carboxyl group. Because of the
harsh conditions of oxidation, final properties could not be precisely defined. For example,
the value of pK, was in the range 2 — 4.5, depending on the number of carboxylic groups.
This graphene acid could be used as a filtration material for liquids with ions of heavy metals.

[81]

A different approach towards the synthesis of graphene acid was discovered in 2017 through
the hydrolysis of GCN. As it is known from organic synthesis, nitrile groups can be hy-
drolyzed by reaction with dilute acid, and therefore it is possible to create graphene acid
by submerging GCN into 20% HNOs3. Graphene acid from this reaction is covered only by
carboxyl groups and without defects in the graphene lattice. Because hydrolysis is not as
harsh as oxidation with permanganate, the final properties are better determined. For exam-
ple, the acid formed by hydrolysis has pK, = 5.2, and therefore the chemistry of this acid
is well-defined in contrast to several times oxidized graphene. It was shown that graphene
acid is in suspension exfoliated only when pH > pK, and carboxylate groups are dissociated.
On the contrary, with pH lower than pK,, carboxylates can create interlayer hydrogen bonds.
Hence, changes in pH can be used for reversible agglomeration or exfoliation of graphene
acid (Figure 4). The derivative has a low toxicity and high biocompatibility [79], and can be
used for a selective base to sensors, e.g., for the detection of HyO; [82], or electrochemical

sensing of biomarkers [83].
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Figure 4: Titration curve of graphene acid, and stacking of graphene sheets with a change of

pH. [79]

2.3 Reactivity of graphene derivatives

As discussed above, graphene is exceptionally chemically inert material and it is usually
considered as nonreactive. However, as was described, methods of its derivatization were
developed. In the next chapter, the chemistry of graphene oxide, fluorographene, graphene

acid, and cyanographene will be described in more detail.

2.3.1 Graphene oxide

As it was shown, graphene oxide contains various types of oxygen groups. Its carboxyl
groups can undergo esterification or create amid bonds [84, 85]. Additionally, epoxy groups
on the surface of GO can be opened by a nucleophilic attack. The reaction of octaldecylamine
with GO dispersion opens the epoxy rings and forms a product of amine with neighboring

hydroxyl groups. [86]

Further, GO can be reduce; the topology of the final product depends the method of the re-
duction. Pumera et al. studied graphene oxide produced by Staudenmaier’s method, which
was reduced by lithium aluminum hydride (LiAlHy4), hydrazine (N,Hy4), and sodium boro-
hydride (NaBHy4). Oxygen content in rGO decreased after the reaction in all cases. It should

be noted that the reaction with hydrazine led to the incorporation of nitrogen impurities into
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rGO. The main difference between the reducing agents was the number of carboxyl groups
left after the reduction. LiAlH4 was able to reduce more carboxyl groups than N,Hy and

NaBH,4. Table 1 summarizes results of the reduction. [87]

Table 1: Results of three reduction procedures. Each reduction was performed with a differ-
ent reducing agent. The material 28.2 % oxygen mass content was reduced to 12.3, 10.4 or
10 % respectively. A small portion of the original amount of carboxyl groups remains even

after the reduction. [87]

Red. agent w/wof O Left -COOH

rGO 1 NaBH4 12.3 6 %
rGO 2 N2H4 104 7%
rGO3 LiAlHy 10.0 2%

Note that the reduction by LiAlH4 is performed in the THF. However, GO from its nature
contains some moisture, hence LiAIH4 molecules can potentially react with the residual
water and create a locally strong basic environment that results in the evolution of a H; gas.

In any case, reduction properties of the LiAIH4 on GO was observed. [87]

Reduction by LiAlH4 was reported even for functionalized GO. GO can react with sodium
azide (NaN3), which leads to azide-functionalized GO, which can be also reduced by LiAIH4

to amino-functionalized graphene oxide. [88, 89]

2.3.2 Fluorographene

Surprisingly, fluorographene is nowadays the most used precursor for following graphene
functionalization. From an organic chemistry point of view, fluorographene is a perfluoro-
carbon. Organic molecules containing only carbon and fluorine are considered as nonreac-
tive and chemically inert entities. However, it was shown that fluorographene can undergo
a reaction with KI, which leads to metastable graphene iodide, followed by an immediate
decomposition to pristine graphene and I. [71] In the following years, the reductive de-
fluorination of FG was discovered by the reaction with triethylsilane or zinc nanopowder.
[72] The reason for this originally unexpected reactivity was found in the semi-ionic char-
acter of the C—F bond. [70] Furthermore, DFT calculations together with EPR and NMR

experiments discovered a radical reaction mechanism triggered by point defects in the FG
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structure. [90] The absence of these defects in the Teflon structure is probably a reason for a

different reactivity between 1D and 2D counterparts.

A whole range of nucleophilic substitution reactions was performed since the discovery of
fluorographene. These reactions led to a new class of graphene derivatives (some of them
were already introduced). One of the first nucleophilic substitutions was the FG reaction
with ethylenediamine, which attached amine to the graphene surface. This allowed further
functionalization through the second terminal amine group. [91] Besides N-nucleophiles,
S- and O-nucleophiles have been applied for a FG functionalization. The reaction with al-
cohol (R—OH) led to the creation of an etheric bond between oxygen and graphene. In
contrast, organic S-nucleophiles act as a reducing agent removing fluorine atoms from FG
without bonding themselves to graphene. [92] On the contrary, the reaction with inorganic
NaSH in DMF creates thiofluorographene. [93] Attachment of alkynes or aryls is possible
through a reaction of FG with Grignard reagents [94, 95] or via a recently reported Suzuki-
Miyaura coupling reaction. [96] Hydroxylated graphene can be prepared by a reaction of FG
with alkali. [97] All reactions are accompanied by the reduction of some FG carbons by a
spontaneous defluorination and a creation of new double bonds; all the new derivatives are
non-stoichiometric hence. FG subjected to NaCN in DMF solution creates graphene deriva-
tive covered with nitrile groups. [79] An overview of the individual reactions is graphically

illustrated in Figure 5.

CF,

M .

OH

Nucleophilic substitution

Figure 5: Reactions of fluorographene, which lead to a wide portfolio of graphene deriva-

tives. [68]
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Cyanographene and graphene acid

Despite the fact, that few reductions of the other functional groups (as a carboxyl group in
graphene oxide or azide groups of azide functionalized graphene oxide) have been reported,
the reduction of nitrile groups on the surface of GCN was reported only marginally. Despite
the extensive addition of an acid solution into the reaction mixture, the hydrolysis step did
not proceed completely, indicating a complicated behaviour in reacting with GCN. [98] The
only other known reaction of GCN is its hydrolysis by 20% HNO3, which leads to graphene
acid. [79]

Graphene acid prepared by hydrolysis of GCN can be used for a further functionalization of
the graphene material. A carboxyl group can be modified through carbodiimide chemistry,

as it is shown in Figure 6. [79]

%NO\/\O’\/%

DMF, DIC,
oxyma
e

Figure 6: Functionalization of graphene acid with N-nucleophiles with terminal function

groups on the other side. [79]
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3. Methods

3.1 Computational chemistry

Computational chemistry has become an inseparable part of modern chemistry. Even with
never-stopping improvements in experimental methods, it is still impossible to obtain all
relevant information about the molecular system. This gap is bridged with the help of com-
putational chemistry, which uses mathematical methods combined with laws of physics to
study chemical systems. Furthermore, computational chemistry can be separated into two
main approaches, ab initio quantum chemistry (QM) methods and empiric molecular me-

chanics (MM).

QM methods can be generally separated into two main areas, based on the type of approxi-

mation: wave function theory (WFT) and density functional theory (DFT).

The core of WFT is a wave function that fully describes the examined system. WFT can
be applied to obtain information about the system by solving the Schrodinger equation.
However, analytically solvable systems have to contain only two interacting particles (for
example, a hydrogen atom), due to the correlated motion of the particles. Generally, this
problem is simplified by Born-Oppenheimer approximation, which decouples the motion
of electrons and nuclei and computes electronic energies for fixed nuclear positions. Fur-
ther, Hatree-Fock (HF) method approximates the molecular wave function as a product of
one-electron functions. HF is then the starting point for more complex methods, so-called

post-HF methods.

On the other hand, DFT uses Hohenberg—Kohn theorems, which say that the properties of
multielectron systems are fully-described by the electron density in the molecules. Nowa-
days, DFT is used more frequently than WFT methods because its computational demands
are similar to the basic HF methods, but the accuracy of the results is on the level of more

complex post-HF methods. [99, 100]
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Nevertheless, only systems with tens or hundreds of atoms can be computed by using QM
methods. A completely different approach needs to be used in order to compute chemical
systems containing thousands of atoms. One of them is called molecular mechanics, which

will be discussed in the following text. [101]

3.2 Molecular mechanics

Molecular mechanics or force field method allows performing simulations with large and
complex structures, such as proteins, nucleic acids, or nanomaterials. However, the growing
size of the system is compensated by the order of the approximations. The most important
simplification is the neglection of an electron structure of molecule. Furthermore, following
Born-Oppenheimer approximation, the quantum character of the nuclear motion is also not

considered.

This level of approximation allows to model systems with laws of classical mechanics. MM
is an empiric method and therefore uses parameters obtained from high accurate QM calcu-
lations or from the experimental data. These sets of parameters with equations describing
the system are called force field (FF), hence the name of the method. Different molecules
can be built from similar "building blocks" (for example, a methyl group is similar in two
different molecules). Therefore it is possible to utilize one FF to model a series of related
systems rather than define a set of new parameters. This feature of FF is called transferabil-

ity. [101, 102]

Generally, classical systems are represented by spheres connected with a harmonic oscillator,
and the total potential energy of the system is a function of atomic coordinates. Each atom
is classified by atom types, which describe its hybridization and chemical surroundings. For
example, a different atom type can be used for carbon in an aliphatic chain and another type

for carbon in a carboxyl group. [102]

Equation 1 shows five basic terms (divided into covalent and non-covalent terms) of the
potential energy, although, additional terms can be included in a more complex force field

(e.g., terms for polarization, three-body interactions,...).

Eotal = Ecovalent + Enoncovalent = Ebonds + Eangles + Etorsions + Evaw + Eels- (D
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Figure 7: Schematic illustration of the fundamental force field energy terms.

vdW interactions

3.2.1 Covalent terms

Generally, covalent terms can be divided into 3 types: bond stretching, bending of angles

between atoms, and a torsional energy for rotation around a bond.

Bonds in the most simplest cases can be described by Hooke’s law (equation 2)

ky
Ebonds = Z E(b - b0>2' (2)
bonds
bg is the reference length, where the energy of the bond is minimal, b is the length of the

bond, and &y, is the force constant of the bond, describing its "stiffness".

Equation 2 is describing harmonic oscillator (i.e., the energy goes to infinity when the bond
is extremely stretched), and thus one cannot expect an accurate description of processes
where the bonds are near the bond breaking separation (i.e., the bond is distant from the
reference length). A better description of an anharmonic bond character can be in more
advanced force fields obtained by Morse potential (the difference between the harmonic and
anharmonic potential is pictured in Figure 8). The potential converges to dissociation energy

D, with stretching of the bond.

Epong = Do (1 — e~aU=0))2, 3)
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where a is based on the force constant of the bond:

3D ©

Energy E

Te
Atoms separation 7

Figure 8: Comparison of the anharmonic Morse potential (red) a harmonic oscillator de-

scribed by Hooke’s law (blue).

The next term describes the energy required for bending an angle between three atoms. Sim-

ilarly to Epongs, the deviation of angles from reference value 6y is described by a harmonic

potential:

k
Eangles = Z ?6(9 - 90)27 (5)

angles
where kg (correspondingly to bond stretching) is the force constant, describing how hard it

is to deviate the angle from its reference.

Last covalent term is connected with the change of torsion angle @ between four atoms
Vi
Etorsion = Z _[1 +cos (l’la) - Y)]7 (©6)
torsions
V. describes the size of the energy barrier, n is multiplicity that is related to a number of

minimum points in the function, and the position of minimum points is determined by the

phase factor y. [101, 102]
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3.2.2 Non-covalent terms

Basic non-covalent terms are of two types. First term describes electrostatic interaction.
Electrostatic potential is calculated by Coulomb law based on atomic charges g;:

I qiqgj
Ego=) —— (7N
s ;475808,« Tij

where &) is the vacuum permittivity, € is a relative permittivity and r;; is a distance between

atoms.

Second non-covalent term describes van der Waals (vdW) interactions. These interactions
can be both repulsive and attractive. vdW interactions converge to zero at large interatomic
distances. On the other hand, if atoms get too close to each other, vdW interactions become
strongly repulsive. However, at intermediate distances, atoms can slightly attract each other.
The most used function for vdW interaction description for the MM purpose is the Lennard-

Jones 12-6 potential (L)):

= Lon(2) - (2)]

i<j Fij Fij
The LJ function has only two parameters. The depth of the minimum ¢&;; and the distance,

where the energy of the interaction is zero (so-called collision diameter) o;;. A graphical

illustration of LJ potential is shown in Figure 9.

Y, repulsive r~ .

6

attractive r—

Potential energy

Distance between 2 atoms

Figure 9: The Lennard-Jones potential.
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LJ parameters o;; and €;; depend on both atoms. Although these parameters in FF are written
in terms of individual atom types o;; and g;;, di-atomic parameters can be combined from
them by mixing rules. Lorentz-Berthelot combining rules that are used by the most common
FF for biomolecules, calculate the collision diameter o;; as the arithmetic mean of the values

for two pure species [102]:
)

and depth g;; is given as the geometric mean:
€ij = +\/&ii€jj. (10)
Effective potential

An interaction between two atoms can be affected by the presence of other particles, so final
potential energy between three molecules A, B a C is not often given by a simple summation

of pairwise interactions:
E(A,B,C)#E(A,B)+E(A,C)+E(B,C) (11)
This is known as the three-body effect (many-body effect in the case of more particles). The

three-body dispersion formulas are known, and the three-body Axilrod-Teller contribution is

presented as an example.

3cos(64)cos(6p)cos(6Oc)
(rapracrsc)? '

E®) (rap,rac,rec) = Eac (12)

Despite the known formula for three-body interactions, its usage would mean a dramatic
increase in time needed to complete the simulation because a system with N particles has
approximately N /3 times more three-body terms than two-body ones. [102] One way, how
to overcome this problem is by incorporating many-body effects into parameters of the force
field themselves. Thus the pair potentials in the common force field are effective potential.
For example, the polarization of molecules can be implicitly included in FF by overestima-

tion of the electrostatic interactions.

However, the polarization can be also introduced into the system explicitly by Drude oscil-
lator model. This represents the polarization in the molecules by adding a massless charged

particle attached to the considered atom by a harmonic spring. The distance between the
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atom and Drude particles self-consistently adjusts itself to energy minima based on the con-

figuration of surrounding atoms and gives molecules their dipole moment. [103]

Partial charges

A large contribution to atomistic forces is based on the interaction between charges, thus
they need to be correctly assigned to molecules. However, partial charges are not experi-
mentally observable quantities, and furthermore, they even cannot be determined by using
the Schrodinger equation. However, various methods can be employed for their assignment.
The partial charges can be obtained from fitting to known molecular dipole moments, from
the Mulliken population analysis of atomic orbitals, or by assigning atom charges by repro-

ducing experimental results. [100]

Another way how to assign charges is the reproduction of an electrostatic potential (ESP)
around the molecule. Since the electrostatic potential is an observable quantity and can
be calculated from the wave function, a large number of points with a known electrostatic
potential around the molecular surface can be created. After obtaining of a grid of points
with known a electrostatic potential, a least-square fitting procedure assigns partial charges
to atoms, which best reproduces electrostatic potential at the points. In the end, the sum of

all partial charges has to be equal to the charge of the whole molecule.

A modified version of ESP is used for the simulation with an AMBER force field. Restrained
electrostatic potential (RESP) applies hyperbolic restraints on non-hydrogen atoms. Calcu-
lations with QM are commonly proceeding with the HF level 6-31Gx basis set. This method
is less dependent on the conformation of a molecule and creates smaller charges on the buried

atoms. [100, 102, 104]
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3.3 Molecular dynamics

Because of the neglection of the electronic structure, the time evolution of MM systems
can be studied by classical Newton’s physics. This process is called molecular dynamics
(MD). The acceleration is the second derivation of the coordinates with respect to time, so
the Newton’s second law (F = ma) can be written as the differential equation:
dzx,-
F=mi— 13
i=mi (13)

Moreover, the force is enumerated as the negative gradient of the potential energy:
E:_ViE<r17r27“' 7rn)- (14)

By solving equation 13, we can generate a set of time-correlated points in the phase space,

called trajectory. [102, 105]

The force acting on each particle varies with every change in the system. Hence, the motion
of all atoms is coupled together. As a result, it is impossible to solve motion equations
analytically, and therefore numerical methods have to be applied. In that case, equations of

motion are integrated by using finite difference method.

The integration is divided into small steps, each separated by a fixed time At (called time
step). A force applied on a particle at time ¢ is obtained as the vector summation of all
interactions acting on it. If forces acting on the particle are known, the acceleration of the
particles can be calculated. From the above, it is possible to find new positions and velocities
of particles at the new time ¢t + At. The applied force is constant during this time step,
and therefore, the Ar has to be chosen with care, e.g., a large time-step would make the
system unstable. On the other hand, a disproportionately small time step means that more

(unnecessary) steps are needed to propagate the system into the final stage. [105]

One of the most used algorithms is The Verlet algorithm. This algorithm uses the positions
and accelerations at time 7, and the positions from the previous step r(z — At) to propagate
particle into the new position at f 4+ Az. It is assumed that the positions and dynamic properties

can be approximated as Taylor series expansions:
1
r(t+Ar) :r(t)+Atv(t)+§At2a(t)+~- (15)
1
r(t—Ar) = r(r) —Atv(t)+§At2a(t) — (16)
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These two equations can be summed together to get the final one:
r(t+ A1) =2r(t) —r(t — At) + Ar*a(r) (17)

The drawback of the equation 17 is the fact, that the final position r(f + At) is obtained by
adding a small term Ar?a(z) to the difference of two larger numbers. Furthermore, since
the Verlet algorithm propagates the system with no reference to the velocity, this integration

method can be used only when the velocity-independent properties are studied. [102]

Additionally, the default option for the integrator in Gromacs software is the modification
of the Verlet algorithm called leap-frog. This algorithm uses positions r(¢) and velocities
v(t — %At), which is a one-half time step out of phase. Following equations show the leap-

frog relation for the velocity

1 1 At
v<t+§At> —v<t— EAt) +EF(I)’ (18)
and for the position
1
r(t + A1) = (1) + Aty (z + 5At> (19)

The leap-frog name of the algorithm comes from velocities "jumping" over positions to give

their value at ¢ + %At (Figure 10). [106, 107]

a2l
o

Figure 10: Schematics of the leap-frog algorithm, commonly used by the Gromacs software.

[107]
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Radial distribution function

Generally, distribution functions describe the value of the observable property as a function
of an independent variable. One example is a radial distribution function (RDF), which
describes the probability of finding the particle as a function of distance from another atom
(or molecule) compared to the expected occurrence from a completely uniform distribution
(ideal gas with density N/V):

V (N(r,Ar))u

U vy v 0

N(r,Ar) is the number of particles in between r and r + Ar from another particle, and a

spherical shell volume with the thickness Ar is expressed as 47r?Ar. [101, 102]

Periodic boundary condition

The periodic boundary condition (PBC) can be employed in order to overcome problems
with solvent surface effects. The simulation box is surrounded by copies of itself, which
are duplicated in all direction. This cause that the number of solvent molecules is preserved
through the whole simulation, because if molecule leaves the box, its copy comes from the
replica (as shown in Figure 11). Furthermore, 2D materials can be simulated as an infinite

crystal, and the effect of its edges can be neglected. [102]
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Figure 11: Graphical representation of periodic boundary condition.
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4. Reduction of cyanographene

One of the newest and the most promising graphene derivatives is cyanographene, which
can be prepared by reaction of fluorographene with NaCN in DMF. A nitrile group is a
well-known group in organic chemistry, with the established reducing procedure by lithium
aluminum hydride (LiAlH4). However, as was mentioned above, the amine conversion on

GCN was reported marginally with only partial conversion. [98]

In the present thesis, I used classical molecular dynamics simulations to examine the mech-
anistic part of the reduction reaction of GCN and aliphatic nitriles in THF by LiAlH4. I fo-
cused purely on the mechanical and steric contributions of the reduction reaction. Undoubt-
edly, chemistry behind the reaction mechanism is the decisive factor of the reduction process.
However, pure steric effects may be significant, at least in the systems containing 2D ma-
terials; the accessible space of reactive species may be considerably restricted in the case
of graphene and graphene-like 2D materials. To gain deeper insight into the problematic
of cyanographene reduction, the simulation with a 2D surface was compared with aliphatic

molecules.

First, starting reaction state of the reduction reaction of the nitrile group will be discussed.
The proper alignment of the reduction was prior described in the literature by DFT calcula-
tions. The role of the solvent will be discussed afterward, followed by the analysis of THF
arrangement on the graphene surface. Last, the access of the LiAlHy to the nitrile group

grafted on different aliphatic molecules will be described.
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4.1 Mechanism of the reduction

In the generally accepted mechanism of the reduction of nitrile group by LiAlH4 (Figure
12) the hydride anion [AlH4]™ attacks the electron-poor carbon followed by the electron

transport to nitrogen.

H
= | NS
R—C=N----Lii —» R —
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Figure 12: Reduction mechanism of nitrile by LiAlHy. [108]

A similar mechanism was also considered in the case of carbonyl functional group. Previous
DFT calculations suggested the general configuration of the reaction state of the reduction
of the carbonyl group in tetrahydrofuran. [109] It was shown that in order to initiate the
reduction, LiAlH4 has to be strictly aligned with the carbonyl group in one plane (see Figure
13) — with the torsional angle between C, O/N heteroatom, Li* and aluminum being close to
zero. Moreover, in reactions involving carbonyl and nitrile, both groups are being attacked by
a hydride atom, therefore similar spatial alignment can be assumed for the reduction reaction

of the nitrile group by LiAlH4.

Figure 13: Reaction state of LiAlH4 with nitrile group analogously to [109] with carbonyl
group. Coloring scheme: green, carbon; purple, lithium; grey, aluminum; blue, nitrogen;

white, hydrogen.
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4.2 Simulations description

All simulations were carried out in Gromacs software package. [107] Gromacs 4.5.1 was
used for simulations of aliphatic molecules whereas Gromacs 5.1.4 was used for GCN sys-
tems (flat bottom restrain had not been introduced until version 5). I used AMBER force
field ff99 [110] for general description of the system. Graphene carbons were modelled as
uncharged LJ spheres, with modified Cheng and Steele parameters for graphitic carbons.
[111] Since only parameterized tetrahedral molecule of aluminum is [AICl4] ™, its parame-
ters were taken from DREIDING force field. [112] Similar approach for other aluminum
tetrahedral compounds was applied earlier in literature. [113] Smaller aliphatic nitriles were
placed in box 3 x 3 x 3 nm, and longer molecules in box 3.5 x 3.5 x 3.5 nm. Graphene sheet
was modeled as a periodic and was placed in the middle of 3 x 3 x 10 nm box (Figure 14),
with flat bottom restrain applied on aluminum 3.2 nm from the center of the simulation box
in the z-direction to prevent collisions of LiAlH4 molecules. In the starting geometry (all
considered molecules are shown in Figure 15). One molecule of LiAlH4 was added for each

nitrile group, (thus one LiAlH4 for aliphatic molecules and two molecules for graphene).

Figure 14: Simulation box with aliphatic molecule and graphene in THF.
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All systems were minimized and thermalized to desired temperature of 300 K in the NpT
ensemble prior to the production run under the NVT ensemble. Temperature and pressure
were maintained using the Nose-Hoover thermostat and Parrinello-Rahman barostat (1 bar),
respectively. LJ potential was used for calculation of pair interactions. Long-range electro-
static interactions were treated by using Particle-Mesh Ewald method (PME). Cut-off dis-
tances for nonbonded interaction and the real part of the PME were set to 1 nm. Newton’s
equations of motion were integrated by leap-frog algorithm with a time step of 1 fs. Bonds
involving hydrogen were constrained by LINCS algorithm. Periodic boundary conditions

were applied in all directions.

3 types of solvents were used - SPC water [114], dimethylformamide (DMF) [115, 116], and
tetrahydrofuran (THF) [115, 116]. Free simulations with DMF and water were 100 ns long,
and simulations with THF 300 ns. Detailed description of aliphatic nitriles will be discussed
later. Additionally, for a better description of the graphene-induced arrangement of THF,
a 100 ns simulation of pristine (unfunctionalized) graphene was used. First 50 ns of the

simulations were treated as an equilibration stage and thus excluded from the final analysis.
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4.3 Results and discussion

To investigate different reactivity of GCN with common organic nitriles, the accessibility of
LiAlH4 to nitrile groups grafted on graphene and on aliphatic chains with different length
was compared. In total, 7 aliphatic structures and graphene with grafted nitrile groups (for
more detail see Figure 15) were investigated using MD simulations THF. Additionally to

solvent comparison, simulations with water and DMF with nitrile aliphatic molecules were

performed.
CH
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Figure 15: Considered structures of nitriles differing in aliphatic chain length. Numbering
is derived from number of carbons in alkyl created by cleavage bond between carbon and

nitrile group.
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4.3.1 Differences in solvents

For a simple comparison, 100 ns simulations with all aliphatic structures in THF, DMF,
and water were used. Neglecting the fact that LiAlH4 can react with water and DMF, 1
focused solely on the different structures of the lithium aluminum hydride complex. The
RDF between nitrogen from the 6C nitrile group and aluminum in all 3 solvents is shown in
Figure 16. The occurrence of aluminum around nitrogen in 6C molecule in THF was larger
than in bulk. On the other hand, both simulations, with water and DMF, did not show any

increased occurrence around the nitrile group.

water DMF THF
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Figure 16: Radial distribution function g(r) between nitrogen from nitrile group and alu-

minum in a) water, b) DMF and c¢) THF.

In all three simulations, LiAlH4 had a different structure. In the water, the reducing agent
was in the dissociated state. On the other hand, in both organic solvents, LiAlHs was in the
associated state through the whole simulation. However, the less organized mutual organiza-
tion was seen in DFM (Figure 17 for all three LiAlHy structures). Note, that arrangement of
LiAlH4 in THE, when lithium ion resides between two hydrides corresponds to the structure
described by QM calculations in the literature. [109, 117] Nevertheless, in the following
text, I will focus solely on simulation with THF, due to the inability of the reducing agent to

access the functional group in more polar solvents.
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Figure 17: Structure of LiAlHy in a) water, b) DMF and c) THF.

4.3.2 Graphene-induced THF structuring

Since structuring of solvent is a largely discussed topic in the literature [118], I studied
the arrangement of THF molecules induced by the graphene surface. From a 100 ns free
simulation, I extracted the relative density of THF molecule around a graphene surface and
their mutual orientation. Relative density of THF is shown in Figure 21 or in Figure S1.

Similarly to other solvents, THF creates several distinct layers around graphene.

To determine the orientation of THF molecules in the first and second solvation layers, I as-
sessed the angle defined by molecular plain vectors with respect to the surface (see Figure
18) (all molecules up to 0.7 nm from the surface were considered as the first layer; the sec-
ond layer constituted from molecules between 0.7—1.4 nm from graphene). Molecules in the
first layer showed parallel orientation to the graphene surface (because THF is not a planar
molecule, the blue peak is slightly shifted from 90°). However, additionally, small peaks
can be seen (at 160 °, 50° and 130°). These peaks correspond to perpendicular T-shaped
THF - graphene configuration.
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Figure 18: Measured angle between molecular plain vector and C - O vector in THF.
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Figure 19: Orientation of the first a) and second b) layer of THF around graphene. In the

insets both monitored vectors of the THF molecule are marked by a blue and red line.
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4.4 Molecular accessibility of nitriles

The level of readiness of individual reactive components (LiAlH4) to form the reaction state
was inspected. RDF of aluminum with respect to the N or C atom of the nitrile group were
calculated for seven aliphatic nitriles and GCN with the presence of LiAlH4 in THF (Figure
20). They showed a general trend of decreasing accessibility of the nitrile group with the
increasing alkyl chain in the aliphatic structure. Most likely, this trend originates from the
free rotation of the carbon chain around single bonds resulting in the entropic repulsion of
the hydride anion from the nitrile group. [119] Further, running integrals of RDF (Figure
20) started to grow at 0.3 nm. In almost all simulations integral radial distribution function
of aluminum around nitrogen was larger than it was in the case of carbon. However, in the

reduction of nitrile groups, the accessibility of the carbon is decisive as discussed previously.

It is important to note that system with acetonitrile (1C molecule) has different character-
istics, where carbon RDF was larger than nitrogen one. This was caused by the relatively
unrestricted and easy approach of LiAlH4 to the 1C molecule from the rear side (to the
methyl group), where the distance between Al and C of the nitrile group can be smaller than

0.5 nm.
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On the contrary, the spacious tertial carbon in fert-butyl cyanide (4C) largely limited the
final accessibility of [AlH4]™ in the immediate vicinity of the nitrile group. However, the
terminal nitrogen in the 4C structure was not affected by the branched structure and reached
a maximum in our ensemble. On the other hand, the biggest drop was observed in the case of
GCN that could be attributed to the combination of several factors. Due to the strict solvent
structuring around GCN the aluminum hydride was not able to enter the first solvent layer
and mostly resided in the second THF layer (the mean distance of the aluminum atom from
the graphene plane was 0.82 £ 0.1 nm) (Figure 21). Moreover, the terminal nitrogen of the
nitrile group was distant approximately 0.26 nm from the surface, thus the carbon in nitrile
that mainly participates in the reaction was buried even deeper, resulting in very limited
accessibility to this center, solely due to solvent structuring. Another important limitation
originated from different approaches of reaction components to the surface that is made
purely from the frontal side of GCN. This strict steric restriction could not be applied in any

aliphatic structure that is otherwise free to rotate.

--- THF ﬂ

relative density

’

-25-2-15-1-050 05 1 15 2 25

z-coord [nm]

Figure 21: Relative density of solvent and LiAlH,4 along the z direction of the box. Black

line symbolize graphene in the simulation box.
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To gain deeper insight into the behavior of the reducing agent around the aliphatic nitriles
and GCN, the residence time of the aluminum hydride in the vicinity of the nitrile group
was analyzed. Table 2 shows an average time and mean distance between Al and N atoms
when [AlHy4] ™ resided in the proximity of the nitrile group (only instances when hydride was
closer than 0.5 nm were considered). Both observed quantities surprisingly provided very

similar values regardless of the length of the aliphatic chain.

Table 2: Average lifetime and mean distance of [AIH4] ™ around nitrile group.

System  Average residence time [ns]

Mean distance [nm]

1C 0.18 £ 0.08 0.41 £+ 0.05
4C 0.20 £ 0.08 0.40 + 0.03
5C 0.20 £ 0.07 0.40 + 0.04
6C 0.15 £ 0.08 0.41 £0.04
7C 0.17 £ 0.07 0.41 +0.04
8C 0.18 £ 0.07 0.41 + 0.04
9C 0.20 £ 0.07 0.41 £0.04
graphene 0.26 + 0.62 0.41 £ 0.03

It should be noted that in the case of GCN, the number of instances was very limited in our
simulation time scale (300 ns), thus the average time is not suitable for direct comparison.
However, the scattering plots (see Figure 22 for 4C, 6C, and graphene, and Figure S2 for
the rest of the simulated molecules) showed clear differences in the number of instances
for 4C, 6C, and GCN. 1C structure was in accord with already discussed RDFs, where the
greatest accessibility for aluminum hydride was shown. In addition, when the aluminum
hydride approached the nitrile closer than ~0.45 nm, the connection was made resulting in

the formation of an analogical initial state before the reduction reaction.
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As discussed above, single species participating in the reaction had to be aligned accurately
prior to the reduction process. To identify the exact mutual orientation angles between C-
N-Li and N-Li-Al, and torsion angle between all four atoms C-N-Li-Al was measured (for
4C, 6C and graphene molecules see Figure 24, and for rest of the molecules see Figure S3).
Similarly as before, only samples with the distance between Al---CN closer than 0.5 nm

were considered.

Figure 23: Measured angles.

Corresponding histograms showed that in the 6C system two dominant orientations of parti-
cipating atoms were observed with a strong in-plane alignment. In the case of the shorter 4C
chain only one structure without proper alignment was available (noticeably wider dihedral
angle distribution ranging between —50 ° and 50 °). The branched structure did not allow
unimpeded access of the reducing agent from the bottom of the nitrile group. Obviously,
this behaviour was even more pronounced in GCN with the accessibility being dominantly
hampered by the highly ordered solvent as discussed above. On the contrary, 6C displayed
the least steric interference between LiAlH,4 and the functional group and thus the reduction

molecule could access the reaction state easily.
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C-N-Li-Al (orange).
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4.4.1 Access directions

Previous results indicated different approaches depending on the size of the system. There-
fore, the movement vector of aluminum from the last 100 ns of the simulation was displayed
with PyMOL software. [120] Each arrow represents the vector of the aluminum movement
between two frames. Together with arrows are pictured average conformations of nitrile
molecules (every 100th simulation frame). Moreover, I calculated also the electrostatic po-
tential of molecules on B3LYP/6-31Gx level using Gaussian G09 software [121] for better

estimation of the field around molecule that may be responsible for the different accessibility.

For the shortest organic nitrile (acetonitrile), the aluminum hydride acceded the nitrile group
from the methylated side of the molecule. The reason for this behavior can be explained by
the positive potential on the methyl group that can attract the hydride anion from the reducing
agent. This behavior is in agreement with RDF integrals above, where RDF of C was larger
than in the case of N. In the 4C system, the direct approach (the hydride approached the
nitrile group dominantly from the exposed side) towards the nitrile group was observed. Here
the spacious tert-butyl group served as an effective repulsive shield for repelling molecules
from its side. An alike mechanism was also preferred in the SC system; however, the strict
boundary was not as evident as in the 4C and still, the path from the aliphatic part of the

molecule was sparsely populated.
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side, in of 4C and 5C LiAlH4 accessed nitrile group directly.
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In molecules with a longer aliphatic chain (6C, 7C, 8C, and 9C) the hydride anion ap-
proached almost predominantly from the aliphatic side of molecules. Similarly to 1C mole-
cule, it may originate from the electrostatic potential generated by the molecule, where the
positive potential around the a-carbon may attract the hydride anion and thus largely deter-

mine the accessibility.

In addition, examination of average structures showed that the chains with even number
of carbons (here, the 8C) were prone to fill the free space around the nitrile and therefore
decreasing the resulting group accessibility as was also observed in RDF. This can be seen in
Figure 26, where terminal ferz-butyl group got near to the functional groups, and disrupted
reaction state of the functional group and the reducing agent. This behavior of the aliphatic

chain was observed only in the system with 8C molecule.

Figure 26: Interaction of terminal carbons with LiAlH4 during the formation of the reactive
state. Terminal zert-butyl group disrupted the formation of the reaction state between LiAlHy

and nitrile group.
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Figure 27: Nitrile group accessibility and corresponding ESP of studied systems with longer
aliphatic chain (6C, 7C, 8C and 9C). The electrostatic potential shows positive potential

under the nitrile group on ¢-C, which probably direct access of LiAlHy to nitrile group.
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In the case of GCN, minimum aluminum hydrides were located near the surface. More-
over, the majority of the molecules were moved parallelly to the surface on the first solvent
layer, which only supported the previously observed apparent barrier created by the solvent
molecules. With that in mind, one can assume that the reduction of nitrile groups on GCN
will not proceed very easily compared to other studied systems. It should be noted that
the real experimental conditions may be affected by the fact that GCN may contain resid-
ual moisture that creates together with the reducing agent a local strong basic environment

facilitating the final reduction process, such as in the case of GO as was described early. [87]

Figure 28: Nitrile group accessibility of GCN.
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5. Summary

The goal of this thesis was to investigate the mechanistic part of the cyanographene reduction
by LiAlH4. Utilizing classical molecular dynamics simulations allowed me to study the
accessibility of the reducing agent to the nitrile group grafted on the graphene surface and

compare it with aliphatic nitrile molecules.

First, I analyzed the effect of different solvents on the reduction of nitriles. This comparison
showed that more polar solvents (DMF and water) are not suitable for the reduction of the
nitrile group by LiAlH4, and the only system with THF displayed increased occurrence of

LiAlHy4 in the vicinity of the nitrile group.

Further analysis of THF around the graphene surface revealed distinct layers of the solvent
around graphene, which created a barrier for the LiAlHs molecule. The reducing agent
resided mainly above the first layer. This indicated that strict THF layering hampered the

accessibility to grafted groups located deep in the first solvent layer.

Moreover, analysis of aliphatic nitrile molecules showed different access directions based on
the topology of the aliphatic chain. More sterically hindered nitrile groups displayed a direct
approach of the reducing agent, where LiAlH4 came to the functional group directly from the
bulk. On the other hand, longer aliphatic nitrile molecules propagated access to the reducing
agent from the aliphatic part of the molecule, probably caused by the positive electrostatic

potential on a-carbon below the nitrile group.

The fact that the main access direction of LiAlH, to nitrile groups in aliphatic nitriles was
directed by the electrostatic potential on a-carbon further discriminates GCN. This analysis
of the access direction of LiAlH, together with its inability to properly breach the THF
barrier can explain why the reduction of cyanographene has not been successfully carried
out. However, the reduction mechanism of 2D materials is not a closed chapter, and further

extensive studies are needed.
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6. Zaver

Cilem této prace bylo prozkoumat mechanickou ¢ést redukce kyanografenu redukénim cini-
dlem LiAlHy. Za timto dcelem jsem vyuZival metod molekulové mechaniky, pomoci kterych
jsem analyzoval piistupnost redukujiciho ¢inidla k nitrilovym skupindm na alifatickych mole-

kul4ch a kyanografenu.

Jako prvni jsem porovnal vliv rozpoustédla na zkoumanou reakci. Srovnanim vody, DMF
a THF jsem objevil, Ze pro uspéSny piistup molekuly LiAlH4 k funkéni skupiné je vhodné
pouze nepolarni THF, zatimco LiAlHy v polarnich rozpoustédlech nemél zvySeny vyskyt

v blizkosti nitrilové skupiny.

Nésledné jsem zkoumal interakci mezi nefunkcionalizovanym grafenem a THF. Obdobné
jako je v literatufe popsdno pro dalsi rozpoustédla, tak 1 THF tvofi nékolik vrstev na povrchu
grafenu. V simulacich, kdy jsem zkoumal pfimo pfistupnost nitrilové skupiny se ukézalo, Ze
LiAlH4 se zdrzoval pirevazné v druhé vrstvé. Fakt, Ze dusik v nitrilové skupin€ se nachazi
v prvni vrstvé THF ukazuje, Ze solvent tvori prekdzku pro tspéSnou srazku nitrilové skupiny

kyanografenu a LiAlHy.

Analyza pristupu dale ukazala, Ze v piipadé alifatickych nitrilt se pfistup LiAlH4 lis{ v zavis-
losti na topologii alifatického fetézce. Ke stéricky naro¢nym nitriliim redukujici ¢inidlo pfi-
stupovalo piimo, zatimco u delSich fetézct o-uhlik vytvérel kladny elektrostaticky potencial,

s v 7z

ktery smétoval pristup LiAlH4 k funkéni skupin€ z alifatické ¢asti molekuly.

Souhrnné simulace ukdzaly, Ze ptistup LiAlH4 k nitrilové skupiné je ovlivnén dvéma nezavis-
lymi ptispévky - elektrostatickou pfitazlivosti a entropickou repulzi alifatické ¢asti molekuly,
popripadé stérickou ndronosti 2D povrchu kyanografenu. Tento demonstrovany pristup
LiAlHy4 k nitrilové skupiné déle napovidd o znesnadnéni piistupu LiAlHy k funkéni skupiné
na povrchu grafenu, kdy je tento smér znemoznén. Toto srovndni spolecné s faktem, Ze re-
dukujicimu ¢inidlu znesnadnuje pristup vrstva THF muze vysvétlovat, pro¢ redukce kyano-

grafenu stdle nebyla uspésné provedena. Na druhou stranu, chemie 2D materidli neni stale

plné probadané téma a dalsi studium této problematiky je bezpochyby potieba.
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Figure S1: Relative density of THF above graphene.
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Figure S2: Scattering plots of distances between nitrogen from CN group in 1C, 5C, 7C, 8C
and 9C and Al in LiAlHy.

69



9C

8C

7C

5C

1C

[ N-al

600 [

400
200 -

600 [

400 -
200 -

400 -
200 —

600 [

400
200 -

600 [T

| |
=4 =4
(=] =
< N

Kyisuoyur

990
S0
wo
€0

99°0
1224
wo

€0

99°0
50
wo
€0

99°0
S0
wo
€0

99°0
1234
wo

€0

distance [nm] distance [nm] distance [nm] distance [nm]

distance [nm]

cal

600 -

400
200 -

600 -

400 -
200 -

600 —

400 -
200 —

600 -

400
200 -

600 -

| |
= =4
(=] S
< N

Kyisuayur

99°0
S0
wo
€0

99°0
S0
wo

€0

99°0
S0
wo
€0

99°0
S0
wo
€0

99°0
S0
wo

€0

distance [nm] distance [nm] distance [nm] distance [nm]

distance [nm]

0S1
ocl
06
09
0¢
L1 1 Ty

(e (=] o (=]

S (=] (=]

o N —
081
0ST
ocl
06
09
0¢
0

(e o o (e

(= S o

o N —

Kysuayur

angle [°]

angle [°]

angle [°]

angle [°]

300
200
100

300
200
100

300
200
100

2 2 2
S & S
A a =
o 2 9
S 2 S
[SeTEEN e B
Kyisuojur

angle [°]

angle [°]

angle [°]

angle [°]

100

100 -

100

100 -

100 |-

Kyisuayur

081
0ocl
09

09—
0Cl—
081—

081
0cl1
09

09—
0cl—
081—

081
0cl
09

09—
0cl—
081—

081
0ocl
09

09—
0cI—
081—

081
0cl

09—
0cl—
081—

dihedral [°] dihedral [°] dihedral [°] dihedral [°]

dihedral [°]

Figure S3: Histograms showing the distances between nitrogen (blue) or carbon (light red)

of the CN group and aluminum, angles C-N-Li (green), N-Li-Al (red) and dihedral angle

C-N-Li-Al (orange).
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