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Graphene derivatives are an emerging and important class of promising materials because they can bear a wide
variety of functional groups, rendering them suitable for a plethora of applications, ranging from energy storage
to sensorics. Further functionalisation of these materials requires a thorough understanding of their reactivity at
the molecular level because the organic functional groups are close to an effectively infinite surface, which may
affect their reactivity. Nitrile groups grafted on a graphene can be easily hydrolysed to carboxyl groups, but they
are resistant to reduction by LiAlH4. Here, we combine theoretical and experimental methods to explain the

resistance of CN groups grafted on the graphene surface in terms of the limited accessibility of these groups for
the reduction agent. We highlight that such mechanistic aspects, i.e., steric hindrance of the reaction centres and
surface-solvent interactions, play a crucial role in the reactivity of 2D materials.

1. Introduction

Due to its unique physical-chemical properties, graphene[1] has
attracted increasing attention from scientists across a wide spectrum of
research fields.[2-5] Its rich chemistry, expanded via either noncovalent
or covalent functionalisation routes, significantly extends the range of
possible graphene applications, such as water decontamination[6,7],
biomedicine [8,9], optics [10,11], composites[12,13] and electronic
devices[14-16]. Covalent graphene functionalisation is particularly
attractive because it enables band gap modulation, magnetism
imprinting and control over hydrophilicity.[17-19] However, direct
covalent graphene functionalisation is hampered by its chemical inert-
ness, which can be overcome by defects, mechanical stress or harsh re-
action conditions, such as application of plasma, strong oxidizing agents
or radicals.[20-23,57] Fluorinated graphene, i.e. fluorographene (FG),
enables a variety of novel synthetic routes in graphene derivatisation.
[24] This well-defined stoichiometric graphene derivative behaves as an
electrophile, and its reactions with nucleophiles lead to alkyl, aryl and

Abbreviations: FG, fluorographene; GCN, cyanographene.
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nitrile derivates.[24,25] Reaction of FG with cyanides is particularly
attractive because it establishes out-of-plane C-C bonds perpendicular
with respect to the graphene lattice, and the grafted nitrile group per-
mits further chemical modifications.[26-28] In particular, reaction of
FG with NaCN in dimethylformamide (DMF) leads to cyanographene
(GCN) with a nitrile functionalisation degree as large as ~15 %.[28] In
molecular organic synthesis, nitriles are versatile precursors for the
preparation of amines, amides, aldehydes, carboxylic acids, ketones and
various heterocyclic compounds.[29-33] The nitrile functionalities of
GCN have been successfully transformed to carboxyl groups (forming
graphene acid, GA) by acidic hydrolysis of GCN with 20% HNOs. On the
other hand, reduction of GCN to graphene-amine does not seem to be
easily achievable.

The abovementioned reactions of GCN are associated with the
reactivity of the carbon-nitrogen triple bond. In acid-catalysed nitrile
hydrolysis, the first reaction step involving protonation of the C=N
group facilitates the subsequent nucleophilic attack of water. The
formed amide can then be converted to a carboxylic acid under
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Fig. 1. a) Scheme for the suggested mechanism of the reduction of GCN, and b) reaction Gibbs energy (T = 298.15 K) profile for the reduction of GCN (acetonitrile in
grey) by LiAlHy. All values are in kcal/mol and were calculated at ®B97XD/cc-pVDZ level of theory (SMD = THF). The blue values in parentheses show the energetic
balance when the last step was run in water (SMD = water). AG values calculated using high-level ab-initio composite approach DLPNO-CCSD(T)/DZ//SCS-MP2/TZ
(on ®wB97XD/cc-pVDZ level optimised geometries) are given in red. Colouring scheme: grey, carbon; purple, lithium; pink, aluminium; blue, nitrogen;

white, hydrogen.

conditions of additional heat and excess of reactants. On the other hand,
molecular nitriles can be reduced to primary amines using strong
reducing agents, e.g. LiAlH4. According to a generally accepted mech-
anism (Fig. 1a), the hydride anion AlHj attacks the electron-deficient
nitrile carbon, followed by electron transfer to nitrogen, leading to an
imide intermediate that can then be either transformed to an imine or
further reduced to an amine in the aqueous environment.[34,35] Pre-
vious density functional theory (DFT) calculations of formaldehyde
reduction by LiAlH4 have revealed a general configuration of the reac-
tant state for the reduction of the carbonyl group in tetrahydrofuran
(THF)[36] that may also be applicable for other functional groups
following a similar mechanism and conditions. Thus, to initiate the

reduction reaction, LiAlH,4 needs to be aligned with the carbonyl group
in one plane with the torsional angle between C, O/N heteroatom, Li*
and aluminium close to zero. In graphene chemistry, LiAlH4 based re-
ductions of various graphene derivatives, including graphene oxide,
graphene azide and fluorographene, have been reported.[37-40] How-
ever, in GCN, despite the conversion of the —-CN group to -COOH has
been shown to be successful,[28] its conversion to an amine was not
possible (see below and SI for experimental details). This surprising
observation deserves further attention, especially considering the
achievable reduction of other graphene derivatives by LiAlHy4.[37].

In the present study, we employed quantum mechanical (QM)
methods and classical molecular dynamics (MD) simulations to study
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Fig. 2. Considered structures of nitriles differing in aliphatic chain length. The numbering is derived from an alkyl created by cleavage of the bond between carbon
and the CN group, with the only exception of a 4C nitrile group that is attached to tertial carbon.

the thermodynamic, kinetic, and sterical aspects of GCN reduction by
LiAlH,4 reducing agent in THF. In particular, the reaction profile of the
reduction reaction and accessibility of LiAlHy4 to nitrile groups of GCN
were examined. The acquired data were compared with those calculated
for several representative aliphatic nitriles. The results indicated that
there was limited accessibility of the reducing agent to the nitrile carbon
atom due to its direct bonding to the graphene sheet acting as a steric
barrier, which may explain the poor reduction of cyanographene’s -CN
groups to amines. This was consistent with solid-state NMR and FTIR
measurements confirming the resistance of GCN towards LiAlH4. Our
findings show that the already rich chemistry of graphene may present
further, previously elusive, inspiring aspects, whereby graphene may
play the role of a selective sterically protecting group, as in the case of
the chemistry of nitriles, allowing their transformation to carboxylic
groups but not to amines. These findings could find applicability in
complex reactions to synthesise products in a selective way, which under
normal conditions would not be viable.

2. Methods

Fourier-transform infrared spectroscopy (FT-IR) was performed on
an iS5 FTIR spectrometer (Thermo Nicolet) using the Smart Orbit ZnSe
attenuated total reflection (ATR) accessory. Briefly, a droplet of the
dispersed material was placed on the ZnSe crystal and left to dry. The
spectra were acquired under anitrogen gas flow through the ATR
accessory.

X-ray photoelectron spectroscopy (XPS) was performed with a PHI
VersaProbe II (Physical Electronics) spectrometer using an Al Ka source
(15 kV, 50 W). The obtained data were evaluated with the MultiPak
(Ulvac - PHI, Inc.) software package.

The solid-state NMR measurements were performed using a JEOL

spectrometer JNM-ECZ400R with a superconducting coil having a
magnetic field of 9.4 T (working frequency: 399.8 MHz for 'H, and
100.5 MHz for 13C) equipped with a 3.2 mm MAS probe. The 'H-13C
cross-polarization magic angle spinning (CP-MAS) NMR spectra were
collected at ambient temperature at the spinning rate of 18 kHz, using
contact time and relaxation delay 8 ms and 6 ms, respectively, for all
measurements.

At the QM level, GCN was modelled as a large polycyclic aromatic
hydrocarbon (PAH) molecule, ovalene (C34H14), with single ~CN func-
tionalisation on each side. In DFT calculations, the ®B97XD functional
[41] with the cc-pVDZ basis set[42] with superfine grid settings using
the spin-unrestricted formalism was employed for geometry optimisa-
tion and vibrational frequency calculations. For optimised structures,
single point energy calculations were performed using the cc-pVTZ basis
set.[42] The implicit solvation model based on density (SMD)[43] was
used to account for the effects of the solvent (THF) environment.
Transition state (TS) structures were obtained by the QST2 method and
were subsequently checked for the presence of imaginary frequencies.
[44] Using the DFT geometries, the electronic energies of all key sta-
tionary points were calculated by a highly accurate composite DLPNO-
CCSD(T)/DZ//SCS-MP2/TZ approach[45-49] (see SI for details). All
DFT calculations were conducted using Gaussian 16.[50] The -SCS-MP2
and DLPNO-CCSD(T) computations were accomplished with the
Orca program (ver. 5.0.0).[51,52].

In MD simulations, two different degrees of functionalisation of GCN
were considered: sparse coverage (one group for each side of the gra-
phene cell) and a system with 15 at. % (referred to as GCN-15) of
coverage. Aliphatic nitriles (Fig. 2) were placed in a box of size
3 x 3 x 3nm. GCN was modelled as a periodic system with the nitrile
groups positioned in the middle of a 3 x 3 x 10 nm box. In this case,
a flat bottom restraint of 3.2 nm from the centre of the simulation box in
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Fig. 3. a) FTIR spectra of GCN before and after the reduction reaction and GA (GCN after hydrolysis). b) XPS survey spectra for GCN, rGCN and GA. c¢) CP-MAS 13¢

NMR solid-state NMR spectra of GCN and rGCN.

the z-direction was applied to prevent collisions of LiAlH4 molecules. In
the starting geometry, one molecule of LiAlH, for each nitrile group
present in the box was added (i.e. one LiAlH,4 for aliphatic molecules and
two LiAlHy4 for two-sided GCN). All systems were minimised and ther-
malised to a desired temperature of 300 K in the NpT ensemble prior to
conducting a 300 ns production run under the NVT ensemble. The last
250 ns of this run were used for final analyses (except for the aluminium
approach analysis, which was carried out using the last 100 ns). All MD
simulations were carried out in the Gromacs software package.[53]
Gromacs 4.5.1 was used for simulations of aliphatic molecules, whereas
Gromacs 5.1.4 was used for graphene systems (flat bottom restraints
were not introduced until version 5). Further details are provided in SI.

3. Results and discussion

To quantify the stability of the GCN, '3C solid-state NMR spectros-
copy was applied using the cross-polarization magic angle spinning (CP

MAS) technique to study the behavior of GCN after treatment with
LiAlH4 (rGCN). The peak at 107.2 ppm was attributed to the —CN groups
on GCN (Fig. 3c). After reduction, only a very slight decrease of the peak
at 107.2 ppm was observed, confirming that the majority of ~CN func-
tional groups on GCN remained unaffected. This finding was also sup-
ported by FTIR spectra attained before and after the reduction reaction
(Fig. 3a) showing that the peak corresponding to CN stretching (at
~2200 cm™!) remains practically unchanged. Additionally, XPS shown
that pure GCN and rGCN have almost identical N percentage (Fig. 3b,
Table S1 and S2). Spectra of GA (i.e., hydrolyzed GN) are also included
for comparison. Thus, GCN has high chemical stability under strongly
reducing conditions (see SI for more experimental details).

The plausibility of the reduction of GCN by LiAlH, in THF was first
explored with DFT considering solvent effects implicitly (Fig. 1b). After
stabilizing the reagents in a reactant complex, formation of an imide
intermediate (I-imide) was found to be kinetically feasible (E, = 18 kcal/
mol) and thermodynamically favourable (A;G° (298.15 K) = —-32 kcal/
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mol). The structure of the intermediate with both Li* and AlH; bonded
to the imide nitrogen was consistent with that reported by Glaser et al.
[35] for acetonitrile. Also, the energetic value of the first reduction step
was found to be qualitatively similar for GCN and acetonitrile, with even
larger stabilisation of the imide in the former case. The subsequent
transformations to either an imine or amine were mechanistically more
complex. Nevertheless, both pathways were confirmed to be thermo-
dynamically feasible for acetonitrile. Although the formation of an
imine was disfavoured in the case of GCN, its reduction to an amine was
even more exergonic than that of acetonitrile (A,G° = -81.5 kcal/mol vs.
-69.5 kcal/mol). It is worth noting that the DFT data were consistent
with those obtained by applying the more accurate composite DLPNO-
CCSD(T)/TZ//SCS-MP2/TZ/SMD (see Table S4 for a summary of
calculated energies) using the structures and frequency analysis from the
DFT calculations. In summary, the activation barrier for the reduction of
GCN by LiAlH4 to an imide was only slightly higher and the overall
process thermodynamically more favourable than the reduction of
acetonitrile. However, as the reduction of acetonitrile is readily feasible,
whereas GCN remains inert towards LiAlH,4, there must be other reasons

explaining the experimentally observed resistance of GCN towards
reduction.

For efficient reduction, the access and alignment of all species
participating in the reaction are crucial; no reaction can occur without
meeting these geometrical criteria. Hence, we focused on this mecha-
nistic part of the reduction (processes that precede the chemical trans-
formation described above) by means of MD simulations. To investigate
possible differences between the reactivity of GCN and common organic
nitriles, the accessibility of LiAlH, to nitrile groups grafted on graphene
was compared with that towards a series of aliphatic nitriles with
different carbon chain lengths (Fig. 2) in THF, which is a versatile sol-
vent commonly used for this type of reduction reaction.

First, the arrangement of solvent molecules induced by the surface of
pristine (unfunctionalised) graphene (GRP) was studied. It was shown
that similarly to water (and many other solvents),[54] THF molecules
formed several distinct layers close to graphene (Fig. 4a). Moreover, the
structuring of THF was evident in the case of GCN-15, i.e. a surface
bearing 15 % of nitrile groups which induced a similar layered solvent
arrangement. This more compact organisation largely resulted from the
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and GCN.

greater rigidity of the densely functionalised system. 78 % of THF
molecules within the first solvation layer were arranged perpendicular
to graphene, forming a compact and dense 0.36 nm wide layer of THF
molecules (Fig. 4b). To quantify the orientation of THF molecules in the
first two solvation layers, angles defined by the normal of the molecular
plane with respect to the surface were measured. All molecules up to 0.6
nm from the surface were considered as the first layer, whereas the
second layer constituted molecules in the range 0.6-1.05 nm from gra-
phene. Structuring of THF molecules in the first solvation layer resulted
in its high density (blue line in Fig. 4c), whereas the orientation of THF
molecules in the second solvation layer was less spatially confined,
without significant preference for the THF orientation pattern (red line
in Fig. 4c). The —-CN groups were localised within the first solvation layer
(or entirely beneath the layer in the case of sparsely functionalised GCN)
(cf. inset of Fig. 4a), which might suggest that access to the -CN group by
LiAlH4 was significantly hampered by the presence of such condensed
and structured layers of the solvent molecules owing to sterical hin-
drance.[55].

In the next step, the accessibility of individual reactive components
(Li* and AlHg, ¢~0.05 M) to the nitrile moiety to form a pre-reaction

state was inspected. The residence times of the AlHy ion in the vicinity
(closer than 0.5 nm) of the -CN group in the aliphatic nitriles (cf. Fig. 2)
did not significantly depend on the carbon-chain length and were similar
to those observed for GCN, reaching 0.26 ns (Table S3, Figure S1).
In simulations, Lit ions closely accompanied the hydride anions, and
thus their residence times were analogous. The nitrile group accessi-
bility was further analysed in terms of radial distribution functions
(RDFs) of aluminium with respect to the N or C atoms of the nitrile group
and the corresponding coordination numbers (Fig. 5), which are simple
metrics for comparison of individual systems. Generally, increasing the
alkyl chain length in the aliphatic nitrile structure led to a decrease in
the coordination number of the nitrile carbon, which was even more
pronounced for long molecules with an even number of carbons in the
structure (Fig. 5b). This effect was due to free rotation of the carbon
chain around single bonds, resulting in a larger excluded volume (Fig. 7)
and thus larger steric hindrance of the hydride anion from the CN group.
[56] In the case of the shortest nitrile, i.e. acetonitrile (Fig. 2; 1C), no
substantial hindrance was expected. Thus, access of the reducing agent
to the nitrile moiety was considered unrestricted. In accordance, the
coordination number to the nitrile carbon in acetonitrile reached a
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maximum value among the studied systems. On the other hand, if the
methyl group was replaced by a bulkier tertiary butyl moiety (Fig. 2;
4C), the accessibility of the nitrile carbon decreased considerably and
was further reduced in long carbon-chain nitriles. This trend could also
be observed in the accessibility of the N atom (except for acetonitrile)
but less strikingly because the nitrile group projected into the environ-
ment without any significant hindrance. The different trends of aceto-
nitrile (Fig. 5, red curves) indicated that the access mechanism of AlHy
to the nitrile group differed from the other studied molecules (see
below). The most dramatic decrease in accessibility of the CN group was
observed in the case of sparsely functionalised GCN, which was reflected
in the lowest coordination numbers (Fig. 5). Similarly, GCN-15 with
a functionalisation degree of 15 % exhibited limited accessibility for the
initial reduction step comparable to that of long aliphatic nitriles
(Figure S2). However, due to the heterogeneous nature of the GCN-15

surface, the reduction would be a more complex process, making
direct comparison with the mono-substituted systems difficult.

The final accessibility could thus be attributed to a combination of
several factors: i) THF organisation at the surface, ii) immersion of the
—CN group within/beneath the solvation structure, and iii) effect of the
surface on the number of possible effective collisions of the reducing
species with ~CN. Solvent organisation close to the graphene layer (as
discussed above) created a barrier for access of the AlHz to the reduction
centre. Thus, the anion was not able to enter even the first solvent layer
(the mean distance of the aluminium atom from the graphene plane was
0.82 + 0.1 nm) and the —-CN group remained beneath the dense solvent
layer. This resulted in very limited accessibility to the reactive carbon
centre of GCN. Similarly, the graphene plane and its restricted space
decreased dramatically the number of possible effective collisions be-
tween the reducing agent and the —-CN group.
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Equally important for successful reduction is the mutual alignment of
the nitrile group and LiAlHy4. The reaction centre in the nitrile reduction
reaction must be close enough and properly aligned for an effective
reduction process. Therefore, to better identify the exact mutual orien-
tation, the angles between C-N-Li and N-Li-Al atoms, and the torsion
angle C-N-Li-Al were calculated (Figs. 6 and S3).

Two aliphatic nitriles (4C and 6C, Fig. 2) differing in length and GCN
were selected for such analysis. The corresponding histograms showed
that in the case of 6C, two distinct arrangements (two bands in panels 5a
and 5c¢) were observed with strong in-plane alignment (narrow dihedral
angle distribution). In the case of a shorter 4C chain, only one dominant
orientation without proper alignment (a notably wider dihedral angle
distribution ranging from -50° to 50°) was found. The branched tert-
butyl structure did not allow easy access of the reducing agent from the
methyl side of the CN group. This behaviour was even more pronounced
in sparse GCN (which was reflected in much narrower distributions),
with the accessibility restricted by the graphene layer on one side and by
highly ordered solvent molecules on the other. In contrast, 6C displayed
the least steric hindrance between LiAlH, and the functional group, and
thus the reducing agent could easily access the reaction site.

Finally, a detailed analysis of the accessibility of AlHj to the reduc-
tion centre showed qualitative differences among the studied systems
(Fig. 7a-h). Generally, short-chain structures (1C, 4C and 5C, Fig. 2) and
the corresponding AlHy approaching mechanisms differed significantly
from other structures. The shortest-chain nitrile, acetonitrile (1C),
preferred access of AlHy from its far side (i.e. methyl side). With
increasing steric hindrance of the CN group in longer chain nitriles (4C
and 5C), this mechanism became more difficult and attack from the near

side became preferable. For example, in 4C (Fig. 7b), the bulky tert-butyl
group served as an effective steric barrier, which resulted in a complete
change in the preferential access of AlHg, with a sharp transition be-
tween near-side and far-side access modes. Similarly, the structure with
5C favoured near-side attack (Fig. 7c), although the boundary was not as
sharp as for 4C. In the case of longer chains (6C, 7C, 8C and 9C, Fig. 2),
the hydride anion approached predominantly from the aliphatic side
of molecules. This can be rationalised in terms of the electrostatic po-
tential (ESP) generated by the molecule, where the positive potential
around the exposed a-carbon of the CN group may attract AlHy (Fig. 71),
and thus determine the accessibility. However, the final accessibility
will be a combination of two independent contributions: i) electrostatic
attraction, and ii) steric hindrance as the aliphatic carbon chain is
increased. In addition, long chains with an even number of carbon atoms
(here, 8C) showed a larger excluded volume than odd number carbon
structures, decreasing the resulting group accessibility. In the case of
sparsely distributed GCN, only a very low number of aluminium hydride
species were located near the surface, which hardly passed through the
solvent layer. Thus, the graphene network served as an efficient steric
hindering group protecting nitrile groups from reduction by LiAlHj.

4. Conclusions

In the present work, we demonstrated differences in the mechanistic
aspects of reduction reactions of aliphatic nitriles and GCN with LiAlHy4.
Since the reaction thermodynamics and kinetics alone could not explain
the resistance of GCN towards reduction, we performed a series of MD
simulations to investigate the mechanical and steric contributions of the
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graphene surface to the —-CN reduction reaction. Theoretical simulations
of aliphatic nitriles in a THF medium showed substantial differences in
molecular accessibility of AlH4 to the reaction centre based on the
different molecular topology and length of the aliphatic chains. More-
over, the main access direction of attacking AlHz anions varied consid-
erably with the size of the studied structures. The overall accessibility
was governed by a combination of two independent factors, electrostatic
attraction and steric hindrance of the aliphatic carbon chain. In GCN, the
surface induced strong layering of THF molecules on one side and the
graphene network on the other side resulted in an ultimate access bar-
rier, and thus poor accessibility of the grafted -CN group. The space
constraint of the 2D framework may act as a versatile protective group in
a variety of organic reactions. We showed that interfacial phenomena
play important role in the reactivity of graphene derivatives.
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