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Density functional theory is employed to model the chemisorption of ammonia on epoxy-containing
polycyclic aromatic hydrocarbons (PAHs) and understand the reaction mechanism of ammonia addition
on partially reduced graphene oxide flakes. Coronene (C,4H;,) and ovalene (Cs,Hy4) based four-epoxy
group containing molecules are used to mimic the RGO surface properties. The reaction mechanism
changing effect of a second ammonia molecule as well as explicit water molecules is considered. The
proposed reaction mechanism consists of two steps: the migration of one epoxy group out of the
modelled four-epoxy group formation to a thermodynamically less stable one and the nucleophilic
addition of the ammonia molecule. The second step involves forming an amine group and reducing an
epoxy group to a hydroxyl one. Interestingly, the forming amine group bonds to the carbon atom with
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the smallest bond order among the available ones and not necessarily to the carbon atom of the
opening epoxy ring. Incorporating a second ammonia molecule has a negligible effect on the overall
reaction mechanism, while in the presence of one water molecule, the reaction goes through a different
pathway involving a trimolecular state during the nucleophilic addition. Including more than one water
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1. Introduction

Graphene has initiated great research activities due to its
beneficial properties, such as large surface area, high chemical
stability, and novel electronic properties."® An effective route
to tune graphene’s properties is chemical modification, which
enables us to use it for potential applications, including
graphene nanoribbon field-effect transistors,”® composite
materials,’ adsorbents and sensors.'®** Previous studies show
that sp® carbon-based nanomaterials and their derivatives
could react with nitrogen-containing molecules such as NO,
and NHj3, resulting in a local change in carrier concentration,
after which physical properties are changing.'®> Although only
weak adsorption was found when they reacted with pristine
graphene, a growing amount of defects and active sites on the
surface effectively improved the adsorption."*'® Graphene oxides
(GOs), containing oxygen-based active sites, are essential
precursors of graphene preparation. The thermal and chemical
reduction of GO leads to reduced graphene oxides (RGOs) in
which significant restoration of the sp®> carbon network takes
place, although some oxygen-containing groups (mainly epoxy,
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molecule or applying an implicit solvent model does not cause further changes in the reaction.

ketone and carboxyl groups) remain which may enhance the
interaction of molecules with RGO."”""®

Experimental studies have been carried out to characterise
the adsorption of ammonia and water on graphene and
reduced graphene oxides."®'?>*> Measurements with Fourier
transform infrared spectroscopy, X-ray photoelectron spectro-
scopy, and elemental analysis on graphene-oxides made by the
Hummers’ method show the formation of amine and hydroxyl
groups during the reaction of NH; and epoxy groups on the
surface.”>>* In the case of various amounts of water within the
interlayer space, it was found that water enhances the reaction
via dissolving ammonia and promoting the dissociation of
surface functional groups. Although above a certain amount,
it reduces the accessibility of epoxy and -COOH groups, and
thus limits the amount of ammonia adsorbed.>

Theoretical studies**>® in connection with the physisorption
of ammonia on pristine graphene found small binding energies
independent of both the site and orientation of the molecule,
while adsorption of NH; on GO is generally stronger due to the
presence of active sites.*® First-principles studies predict the
reaction of NH; with the hydroxyl and epoxy groups to be
exothermic, with activation barriers being strongly dependent
on the type and atomic arrangement of these groups. Hydroxyl
groups interact with NH; and NH," species via hydrogen bonds;
therefore, only physisorption occurs between them and ammonia
molecules, while epoxy groups and carbon vacancies are highly
reactive centres for ammonia dissociation, creating a range of
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Fig. 1 The proposed mechanism (a) and possible transition states (b and c) of the amine and epoxy group reaction.

different chemisorbed species and causing a small level of charge
transfer.?®*” Because the adsorption and dissociation of NHj
modify the GO’s structural and electronic properties, it is likely
to be partially responsible for removing oxygen-containing groups
from graphene. The most considerable binding energy and the
highest electron donor effect accompanied by a shift in Fermi
energy is induced by the adsorption of NH; on a surface with a
single epoxy group.”® Theoretical investigations on the reactivity
of epoxy and hydroxyl groups in the presence of water showed that
an H,0 molecule formed strong hydrogen bonds with the oxygen
atoms of the functional groups. These findings agree with the
experimental findings, such as the presence of water limits the
amount of ammonia absorbed.”*

The chemisorption of ammonia on graphene-oxide surfaces
resembles nucleophilic substitution, a common reaction
mechanism between an epoxy group and amines based on
former studies.>** During nucleophilic substitution, the lone
electron pair of the nitrogen atom in the amine initiates a
nucleophilic attack on one of the carbon atoms connected to
the oxygen atom of the epoxy group, which causes the
disintegration of the O-C bond and consequently the formation
of a compound containing a secondary amine and secondary
alcohol (Fig. 1a).>**" The activation energy of this reaction is
around 12-14 kcal mol " in small molecular weight systems.>°
Noncatalytic mechanism of the epoxy-amine reaction is
believed to involve the formation of a trimolecular transition
state. Alternatively, previous publications®'® suggested a
trimolecular transition state with an additional hydroxyl group
involved in the reaction (Fig. 1b). A third mechanism was
proposed®! based on a second, more reactive amine dimer
(Fig. 1c). The effect of the formed aromatic ring adjacent to
the epoxy group on trimolecular reaction mechanisms was also
previously studied. It was shown that the reaction of a cyclic
compound containing epoxy group is significantly slower than
the reaction of an open-chain compound, presumably due to a
higher energy barrier.>> Concerning the surface modification
reactions of GO with amine or amine-containing molecules,
Bourlinos et al predicted that nucleophilic substitution
reactions on the epoxy groups of GO proceed efficiently as the
main insertion pathway.>®

The mentioned theoretical studies concentrated on the
reaction mechanism of single ammonia adsorption on a surface
model containing one or two oxygen-based functional groups.
However, GO, and even RGO systems are known to have various
oxygen-containing functional groups simultaneously. Besides, it
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is most likely that in experimental conditions, the ammonia
adsorption takes place in the presence of additional ammonia
or water molecules which allows a trimolecular nucleophilic
substitution to take place and has not yet been studied with
electronic structure calculations. Therefore, we apply a model
molecule containing an epoxy group formation instead of a
single oxygen-based functional group and concentrate on the
assistance of explicit water and ammonia molecules in the close
surrounding.

Today the most accepted model of graphene-oxide is the
Lerf-Klinowski model, in which epoxy groups and hydroxyl
groups are located on the surface, while carboxyl groups and
lactones are on the edges of the GO sheet (Fig. 2).*” Regarding
the location of epoxy groups, it is assumed that they form a
rectangular grid on both sides of the GO sheet.*® Previous
investigations showed that upon thermal treatment during the
reduction of GO, desorption of hydroxyl groups occur at lower
temperatures while epoxy groups need a higher temperature to
leave.*® Recently, Uthaisar et al. reported that oxygen-containing
groups are desorbing and migrating towards the edges until
most functional groups disappear from the middle of the
surfaces, i.e. upon partial reduction, epoxy groups are most likely
found near to the edges."”” We applied finite-sized polycyclic
aromatic hydrocarbons (PAHSs) in our study to focus on the near-
edge regions of PRGO systems, similarly to the area highlighted
on the Lerf-Klinowski model of Fig. 2. Our research group had
investigated the optimal structure of several adjacent epoxy

Fig. 2 The Lerf-Klinowski type structural model of graphene-oxide
flakes®” blue dots are hydroxyl groups, while red dots are epoxy groups
on the GO surface. (Up- and down-facing functional groups relative to the
plane of the carbon grid are not differentiated.) The highlighted region
represents the area we model with our PAH systems.
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groups on the surface of partially reduced graphene oxide with
periodic boundary conditions and identified favourable group
arrangements from 3.1% up to 18.8% epoxy group density
(O/C%).*® The most stable four epoxy group arrangement was
tested on PAH molecules and used further to study ammonia
adsorption.

The scope of this paper is to explore the energy profiles of the
ammonia addition on a finite-sized partially reduced
graphene oxide flake model with four epoxy groups and under-
stand the effect of additional water or ammonia molecules on the
reaction mechanism using density-functional theory calculations.

2. Computational methods

In the present work, the surface of PRGO was described with
finite-sized molecular systems containing epoxy groups in a
stable arrangement established with calculations using periodic
boundary conditions.*®*! Calculations for each reaction step in
the explored energy profiles included geometry optimisation and
transition state searches. Frequency calculations were done to
identify local minima and saddle points on the potential energy
surface by their second derivatives. Natural population analysis
(NPA)*? were applied to describe the electron distribution within
the systems and determine atoms’ natural charges.

Epoxy group arrangements were studied with the CRYS-
TAL09 code®** using periodic density functional methods.
The Perdew-Burke-Ernzerhof (PBE)*’> exchange-correlation
functional was employed together with the following atom centred
basis functions: Dovesi basis set for carbon (C: 6-21G*)*® and
Muscat basis set for oxygen atoms (O: 8-411).*” The graphene sheet
was modelled as a single carbon layer using experimental cell
parameters and a 3 by 3 hexagonal unit cell containing 32 atoms,
periodic in two dimensions. Only translational symmetry operators
were set for the applied unit cells (with or without epoxy groups).
Geometry optimisations were performed by sampling the reciprocal
space with the Monkhorst-Pack grid*® using a shrinking factor of 8.
The SCF energy convergence criteria were set to 10~ a.u., while
the Coulomb and exchange series was controlled with the following
threshold values during the geometry optimisation: 107, 10”7,
107,10 7 and 10" a.u.

All molecular structure calculations were performed with the
Gaussian 09 program package.*® For the visualisation of the
optimised structures, the MOLDEN program’® has been used.
Minima, intermediates, and transition states were described by
density functional theory using the B3LYP method, which
consists of the three-parameter exchange functional of
Becke®' and the correlation functional of Lee Yang and Parr.>?
The molecules were described by the 6-31+G*>*™ basis set of
double zeta quality with diffuse and d polarisation functions, and
6-31+G(2d,p), 6-311+G(2d,p), 6-311++G(2d,p)****>” were used for
further tests. Using larger basis sets did not change the energies
substantially; therefore, we found 6-31+G* appropriate for this
study. Test calculations were done to verify the applied level of
theory for systems containing one ammonia molecule and a
coronene or ovalene, by using B97D® and ®B97XD* functionals
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for geometry optimisations and by calculating single point
energies with the following method/basis pairs: ©B97XD/
6-311++G(2d,p), MP2/6-31+G(2d,p) and MP2/6-311++G(2d,p) at
the ©B97XD/6-31+G(2d,p) level, B3LYP/6-31+G*//B3LYP-D/
6-31+G* and B97/6-31+G*//B98/6-31+G*. We found that applying
different functionals might change the activation barriers, but the
reaction mechanism is unchanged. For more details, see the ESL.{

Thermodynamic potentials at room temperature were calculated
for each reaction route. Gibbs free energies showed an insignificant
difference in energy barrier heights but elevated the energy of
the final products, therefore, changing the type of the reaction
from exotherm to closely thermoneutral. Potentials and Gibbs
free energies for the presented adsorption mechanisms are
summarised in Table 1.

Although additional water or ammonia molecules were
explicitly added, the surrounding medium might also signifi-
cantly affect the reaction mechanism. Consequently, water as a
solvent was also considered using an implicit method. Single
point calculations were made with the IEFPCM solvent model
at B3LYP/6-31+G* level. Results showed that applying solvent
correction did not cause any significant change in relative
energies; the deviations were only 1-1.5 keal mol ™", Considering
that aqueous media caused only a slight decrease in the energy
barrier of the migration of epoxy groups, the effect was small (see
Table S3, ESIt). For the above reasons, we presented the results
in gas phase without the IEFPCM model.

3. Results and discussion
A. Applied models

The interaction between ammonia and the partially reduced
graphene oxide is investigated close to the side of the PRGO
flakes. PAH molecules are good candidates to mimic edge
behaviour due to their finite size and large surface/edge
ratio.®®®' Moreover, molecular models have the advantage of
analytical second derivatives of the wavefunction, which is
essential to transition state searches. We limited ourselves
to investigating the interaction between ammonia and one
particular epoxy arrangement on the surface in the present
work. At the same time, other types of functional groups which
are typical at the edge (e.g. keto, carboxyl) will be the object of a
future study.

Although the distribution of the different functional sites
within the more oxygen dense regions is described to be
relatively random,*® some group unit formations are more
stable than others. Epoxy groups tend to form a line on one
side of the surface®®®® Using a 32 carbon atom containing unit
cell and periodic boundary conditions for the graphene sheet;
we optimised several possible configurations of epoxy groups
on the surface with increasing epoxy group density. The oxygen
concentration of reduced graphene-oxide surfaces produced
with chemical reduction is between 8 and 16%;°*%
quently, we limited our investigation in the region of 3.1% up
to 18.8% (O/C%). We compared the relative stability of different
configurations by calculating the formation energy. The

conse-
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Fig. 3 Unit cell sketches of the most stable epoxy group s for each studied epoxy group density and their formation energies (£, kcal mol™) (dark red =

up-facing, light red = down-facing epoxy groups).

complete account of considered formations and applied meth-
ods are included in the ESI,{ while the most stable configura-
tions are presented in Fig. 3. All E; energies are positive,
suggesting that the creations of epoxy groups on pure graphene
lead to disturbance of the aromatic framework and destabilisa-
tion. However, they only vary within a small energy range (19—
25 kcal mol™ "), which shows that after breaking the delocalised
electron net with one epoxy, the addition of other groups does
not require significant energy investment.

In periodic boundary conditions, the epoxy groups experience
different environmental conditions than in small-sized PAHs. In
the first case, the effect of neighbouring cells on the adsorption
arises, while in the second case, the edge-effect of the finite-sized
molecules. We aim to investigate the ammonia adsorption close
to the edge of a PRGO flake. Besides, the reaction site can be
viewed as an isolated activation centre in chemical reactions,
which is better achieved with finite-sized models. Therefore we
chose to describe the close-edge surface behaviour of PRGO on
polycyclic aromatic hydrocarbons: C,,H;, coronene (COR) is our
smallest model, and Cz,H;, ovalene (OV) is the most stable 32
carbon PAH molecule (shown in Fig. 4). We chose the most
stable epoxy group formation for 12.5% epoxy density because,
in PRGO systems, there are sp” carbon atoms available in the
immediate surrounding of the oxygen-rich regions. Using the
established four-epoxy group formation in ovalene leaves three
sp® carbons within the molecule, allowing more freedom during
the reaction mechanism on the PRGO surface. There are two
possible positions relative to the ovalene’s geometry for the

Fig. 4 Ball and stick representation of the used polycyclic aromatic
hydrocarbons. Stable positions of the epoxy groups are numbered on
the coronene (COR, left) and ovalene (OV, right). (red: oxygen, white:
hydrogen, orange: carbon).

This journal is © the Owner Societies 2021

chosen four-epoxy group formation. We investigated both (see
ESIT), from which only the geometry of OV on Fig. 4 had negative
formation energy:1 —22 kcal mol .

We calculated relative stabilities for a series of four-epoxy
group variations, differentiating between up and down-facing
epoxy groups§ on the graphene/PAH plane (Fig. 5). The refer-
ence structures were the most stable 32 carbon unit cell with
12.5% epoxy density (PBC) and the ovalene molecule with the
same epoxy group arrangement (OV). We note that due to the
inherently different methodology, the two types of calculations
cannot be compared quantitatively, but we can draw certain
conclusions by plotting the two sets of relative energies next to
each other. Nevertheless, the transferability of the epoxy
group formations’ stability obtained with periodic boundary
conditions onto PAH molecules is not evident, and their direct
comparison is not unequivocal. Systems containing only up-
facing epoxy groups (2, 6) tend to be less favourable under
periodic boundary conditions, most likely due to differently
treated morphological changes. While morphological stress
introduced in the unit cell is multiplied in PBC calculations
resulting in a wrinkling surface plane, the bending of small-
sized PAH molecules is less energetically demanding up to a
certain angle. However, the most stable structure is identical
using both models.

The presented energy profiles are always calculated relative
to the energy of the starting geometry of each model system.
The following nomenclature is used in every section: 0, 1, 2 for
the optimised stable geometries numbered in the order within
the energy profile, and TS, TS;.» for the transitions states.
Coronene models were differentiated by adding COR- before
the numbers, while additional molecules within the system
were noted afterwards, such as -H,O or -NHj.

B. Addition of ammonia on the PRGO models

Chemical intuition and results of the previous studies®®?*2%:6¢

suggest that the ammonia molecule dissociates when it reacts

f The formation energy is calculated by comparing the energy of the epoxy
containing PRGO model to the sum of the energy of the used PAHs and two
oxygen molecules.

§ We note that the graphene/PAH plane has mirror symmetry, therefore forma-
tions containing epoxy groups at the same positions relative to each other but
opposite relative to the plane are interchangeable. For example, the structure with
up-facing epoxy groups 01, O2 and down-facing epoxy groups O3, O4 on Fig. 4 OV
is the same as the ovalene molecule with down-O1, O2 and up-facing 03, 04
oxygens.

Phys. Chem. Chem. Phys., 2021, 23, 24738-24749 | 24741
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Table1 Reaction enthalpies (kcal mol™?) and Gibbs free energies (at 25 °C, in parentheses, kcal mol™) for the studied ammonia adsorption mechanisms
at the B3LYP/6-31+G* level of theory

Reaction energies (kcal mol )

Systems 0 TSo4 1 TS:., 2 TS, 3
COR 0.0 (0.0) 31.4 (31.9) 3.3 (4.2) 30.4 (34.7) —8.1 (—0.6) — —
(ov) 0.0 (0.0) 33.8 (33.8) 10.6 (10.5) 34.0 (37.5) —8.4 (—1.3) — —
(OV)-H,0 0.0 (0.0) 29.2 (29.3) 10.0 (10.1) 29.8 (32.5) 6.6 (13.9) 8.5 (13.6) —9.7 (=2.6)
(OV)-2NH, 0.0 (0.0) 33.3 (33.0) 11.2 (10.2) 31.1 (35.2) —6.3 (=2.5) —

Il PBC PBE/(C)6-21G*,(0)8-411
N\ OV B3LYP/6-31+G*

w
o
1

N
3]
Il

N
o
 E—

T 15 \\\*v
w10 N\
§§§§\§
N\

1 2 3 4 5 6 7 8 9 10
32 C unit cell + 4 epoxy group formations (PBC)

Fig. 5 Relative energies (E,¢) of different four-epoxy group formations compared to the reference structures containing two up-, and two down-facing
epoxy groups. Black columns represent 32C unit cells with four epoxy groups calculated using periodic boundary conditions on PBE/(C)6-21G*, (O)8-411
level of theory (PBC). Striped columns represent the oxidised ovalene molecules calculated on B3LYP/6-31+G* functional/basis pair (OV). Dark red = up-
facing, light red = down-facing epoxy groups. (* We note that structures 3 and 4 have two variations within the ovalene because of the different relative

positions of the epoxy groups within the molecule.)

with a PRGO surface and form an amine group at moderate
temperatures (Fig. 6). Calculations based on coronene and
ovalene hydrocarbon models showed the formation of such
product to be 8 kcal mol ' energetically more stable than a
starting complex of an ammonia molecule bound loosely to the
surface by a hydrogen bond. Initially, we assumed a one-step
nucleophilic substitution mechanism for this reaction, as

Fig. 6 Ball and stick representation of the optimised final product for
ammonia addition on ovalene (2). The participating atoms in the reaction
are labelled on the image (red: oxygen, white: hydrogen, orange: carbon,
blue: nitrogen).

24742 | Phys. Chem. Chem. Phys., 2021, 23, 24738-24749

shown in Fig. 1a. That would involve a single transition state
(TS) between the starting complex and the final product.
However, after a thorough search for such a reaction barrier
from different reaction coordinates and starting positions, we
could not detect a transition state for this mechanism. Huang
and Gubbins showed the formation of a hydroxylamine molecule
through a one-step nucleophilic substitution of ammonia on the
epoxy group.”® However, their model included a single epoxy
group on the middle of the graphene sheet, which is known
to be an energetically less stable*>**”°® than an epoxy group
formation, therefore more likely to open for a reaction.

Electrostatic potential energy maps of the oxidised coronene
and ovalene (see Fig. S6 in ESIt) show that the lone pairs of
the epoxy oxygens face each other, affecting their reactivity.
Previous investigations on partially reduced graphene oxides
described epoxy group migration on the surface."”® Li et al.
modelled the movement of an epoxy group on a PRGO
coronene model and found an energy barrier of 0.83 or 1.1 eV
depending on the new position of the migrated epoxy group.®®
A sterically more favourable functional group arrangement may
evolve for a nucleophilic attack through ammonia-assisted
epoxy migration.

We studied the movement of the O1 oxygen both on COR
and OV, with and without the presence of ammonia. Fig. 7

This journal is © the Owner Societies 2021
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E (kcal/mol)

401

36.8 kcal/mol

33.3 kecal/mol

T 33.8 keal/mol
30+ 31.4 keal/mol

COR-TSo1
201

10.9 kcal/mol
10.6 kcal/mol

............. 3.7 keal/mol
3.3 kcal/mol

0.0

-10

Fig. 7 Energy profile (kcal mol™) of an epoxy group migration with and
without an ammonia molecule. The absolute energy of the starting
complex is the basis of the energy comparison (0, COR-0). Black lines
show energies calculated for the ovalene model, while the orange lines are
related to coronene based results (COR-). The geometry of the starting
formation (0), transition state (TSp.1) and migration product (1) using
ovalene is represented with the ball and stick images (red: oxygen, white:
hydrogen, orange: carbon, blue: nitrogen).

shows that the migration of the epoxy group on our PRGO
model is an endotherm reaction with an energy difference of
3 or 10 kcal mol™"' depending on the used model size. The
positive energy difference can be explained by the fact that in
our case, the epoxy is required to move out from the more
stable parallel position onto the neighbouring hexagonal ring.
The new position of O1 is different on the COR and OV relative

E (kcal/mol)

+ |Legend:
40+ Hov wit'h NH3 TSo-1

1 ECORwith NH3 33.8 keal/mol’ Q,
30

L 31.4 kcal/mol
20+ COR-TSo1
10+

0 COR-0

-10

20+
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to the geometry of the molecules: while it moves towards the
edge of the coronene, it migrates inward on the ovalene.
We note that although the product is more stable using the
smaller model (COR-1), the size of the coronene model limits
the possible reaction sites (see ESIT for comparison). Without
the presence of the ammonia molecule, the reaction can be
activated with an energy barrier of cc. 33.3 or 36.8 kcal mol ' in
the COR and OV model (COR-TSy;, TS¢.4). Although these
transition states are higher in energies than the values of Li
et al.,” this difference might be the result of the different
starting formation since our four-epoxy group model is
relatively more stable than a system with two groups.*>*"®”
We found that in both cases, the presence of ammonia slightly
decreased the height of the activation barrier (with 2-3 keal mol ™)
but did not affect the energy of the new epoxy arrangement.

Although the product of the one-step epoxy migration is
energetically less stable than the starting position, it can be
considered an intermediate structure for the dissociation reaction
of the ammonia molecule. Fig. 8 and Table 1 shows the energy
profile of the whole two-step mechanism of ammonia addition.
After the endothermic formation of a new epoxy arrangement
(COR-1, 1) which allows the nucleophilic attack of the ammonia
molecule on the migrated epoxy group, NH; dissociates in an
exothermic reaction; resulting in the previously established
energetically stable product (shown for ovalene in Fig. 6). This
second step (COR-TS;,, TS;.,) requires the simultaneous proto-
nation of the epoxy oxygen, the repeated opening of the epoxy
group accompanied with the formation of the NH, group.
Furthermore, it has a similar energy barrier height to the epoxy
migration (COR-TSg.4, TSe1). The ammonia molecule adds on the
PRGO model, seemingly with the previously established nucleo-
philic substitution (Fig. 1a). However, a major difference is that
the C-N bond is formed with the C1 carbon atom instead of the
carbon atom of the opening C-O bond.

30.4 kecal/mol
COR-TS:-

2 COR-2
-8.1 kecal/mol

-8.4 kcal/mol

Fig. 8 The whole reaction mechanism of ammonia addition on the used PRGO models. The absolute energy of the starting complex is the basis of the
energy comparison (0). Black lines show energies calculated for the ovalene model, while the orange lines are the coronene based results. The optimised
geometry of each reaction step using the ovalene model is shown with the ball and stick images (red: oxygen, white: hydrogen, orange: carbon, blue:

nitrogen).

This journal is © the Owner Societies 2021

Phys. Chem. Chem. Phys., 2021, 23, 24738-24749 | 24743


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp02320a

Open Access Article. Published on 18 October 2021. Downloaded on 8/2/2025 9:36:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Our results are similar to the findings of Tang et al. for two
(non-parallel) epoxy groups, in which the ammonia is bonded
to the PRGO surface in a nucleophilic addition via the opening
of the epoxy group.?®

The two steps of the chemical reaction can be traced by the
changes in the listed atomic distances and natural atomic
charges calculated by natural bond order analysis (NBO).
The relevant values for the ovalene model are summarised in
Table 2. Since the reaction mechanism of coronene- and
ovalene-based systems are qualitatively similar but energetically
different from this point on, we decided to concentrate only on
the ovalene results. However, all bond lengths, charges, and
values for the COR model are in the ESL{ First, the ammonia
interacts with the adjacent epoxy group via a hydrogen bond
(1.966 A N-H1---O1 at TSy,). At the first transition state, the
previously bonded C1-O1-C2 epoxy group opens as it is shown
by the long 01-C1 distance (2.275 from 1.441 A), the shortened
01-C2 bond length (1.389 from 1.443 A) and the less positive
partial charge on C1 (0.17 from 0.24 a.u.). The epoxy group is
migrated to a new position at the intermediate step (C2-01-C3),
while C1 becomes a typical sp> carbon without a notable partial
charge.

Interestingly, at the TS;., step, the ammonia attacks C1, a
double-bonded carbon with a natural charge of —0.02 a.u.,
instead of other partially positive carbons of the epoxy group
(0.23 a.u., see Table S9 in ESIf), as it would happen in a
nucleophilic reaction. Therefore, the actual reaction between
NH; and the PRGO is an amine addition, accompanied by a
repeated opening of the O1 containing epoxy group and a
proton transfer between the ammonia and the O1 oxygen.
To understand why a nucleophile reacts with a neutral carbon
atom instead of the partially charged ones of the epoxy,
we applied NBO bond order analysis and looked at total
overlap-weighted NBO bond orders of the carbon atoms within
system 1. We found that although between the sterically
available carbon atoms, C1 is less positively charged, it has a
lower bond order (cc. 3.24) than the neighbouring oxygen
connected carbon atoms (cc. 3.44). This difference makes the
C1 atom the preferable reaction site in its surroundings
(all bond order values and natural charges of the carbon atoms
are in Table S9, ESI{).

While the ammonia molecule is only weakly absorbed at the
first part of the reaction mechanism via hydrogen bonding with
one of the epoxy groups, at TS;.,, it is finally positioned above

Table 2 Calculated values of relevant atomic distances (A) and natural
charges (a.u.) at each step of the ammonia addition mechanism on an
ovalene based PRGO model. Atomic labels are used according to Fig. 4

Atomic distances (A) Natural charges (a.u.)

Structures N-C1 N-H1 O1-H1 O1-C1 O1-C2 C1 N NH;
0 4.245 1.020 2.342 1.441 1.443 0.24 —-1.17 0.00
TSo-1 5.005 1.028 1.966 2.275 1.389 0.17 —-1.18 0.00
1 3.808 1.020 2.314 2.491 1.444 -0.02 —-1.17 0.00
TS1» 2.212 1.031 1.806 2.480 1.385 0.18 —1.03 0.25
2 1.488 1.815 0.986 2.489 1.430 0.08 —-0.92 —
24744 | Phys. Chem. Chem. Phys., 2021, 23, 24738-24749
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Fig. 9 Ball and stick representation of the optimised transition state for
nucleophilic attack (TS;-). Atomic distances and bond lengths are given
in A (red: oxygen, white: hydrogen, orange: carbon, blue: nitrogen).

the C1 carbon atom with a relatively short distance (2.212 A) by
its hydrogens pointing towards the surface oxygens (see Fig. 9).
While the usual H-N-H angle in an ammonia molecule is 107°,
the interacting molecule flattens in the transition state with an
average bond angle of 112°. The future protonation of O1 is
predicted by the short H-bond of O1- - -H1 (1.806 from 2.314 A).
The ammonia starts a nucleophilic attack which is shown by
the decreasing negative charge of the nitrogen (1.03 from
1.17 a.u.). The final charge transfer between the ammonia
molecule and the PRGO surface is around 0.25 a.u.

The final product (2) contains a primary amine group with a
1.488 A N-C1 distance, which is slightly longer than it is in an
aniline molecule (1.40 A)**”® but agrees with the calculated
bond length of Tang et al. (1.49 A).>® Similarly, the 1.430 A C-O
distance in the hydroxyl group is longer than in a typical phenol
molecule (1.37 A).”"72 In our model, the hydroxyl group points
towards the direction of the amine group forming an H-bond
between the two functional groups (shown by the N---H1-O1
distance of 1.815 A).

C. Ammonia addition on PRGO models in the presence of
water molecules

As it was presented in Fig. 1b, a proton transfer between an
ammonia molecule and an epoxy group in a nucleophilic
substitution reaction is also possible with the assistance of a
hydroxyl group-containing proton donor, such as water.”
We considered this scenario by modelling the ammonia addition
reaction on the ovalene based PRGO model in the presence of
one or more water molecules.

We initially assumed two possible starting positions for
water depending on which side of the surface it is: same
(Fig. 10a) or opposite side (Fig. 10b) as the ammonia molecule.
However, as expected, calculations with the opposite side
model confirmed that the water molecule on the other side of
the PRGO model has no notable effect on the epoxy migration
nor on the ammonia addition. The reaction goes as it was
shown in the case of a single ammonia molecule (the calculated
energies for this scenario are in Table S10, ESIt).

Starting the investigation from Fig. 10a, we found a mechanism
similar to the previous two-step reaction route: the migration of the
O1 containing epoxy group is followed by the dissociation of the

This journal is © the Owner Societies 2021
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Fig. 10 Ball and stick representations of the optimised starting arrange-
ments with a water molecule (a) coming from the same side (b) opposite
side than the ammonia molecule. Relevant atomic positions are labelled on
the images (red: oxygen, white: hydrogen, orange: carbon, blue: nitrogen).

ammonia molecule. The energy profile of this reaction is shown in
Fig. 11 and Table 1. Nevertheless, the water molecule plays a
determining role in both parts of the reaction mechanism. First,
it decreases the energy barrier of the epoxy group migration
by 5 kecal mol™' compared to the ammonia assisted migration
(see Fig. 7).

Second, in the presence of water, instead of the simultaneous
addition and deprotonation of the ammonia, the addition
mechanism happens in two steps: NH; adds on a double-
bonded carbon atom and forms an ionic intermediate
(2-H,0),9 then the stable final product (3-H,O) is formed by a
simultaneous proton transfer between the NH;" moiety and the
water molecule, and between the water molecule and the oxygen
of the opened epoxy group. The TS,;-H,O activation barrier
is small (only 2 kcal mol™") and similar to the trimolecular
transition state we expect based on the usual proton transfer in a
nucleophilic substitution assisted by water.”®

Bond lengths and natural charges (summarised in Table S11,
ESIT) confirm the above described two differences in reaction
routes. Compering the hydrogen bond lengths in the TSy, and
TSo.1-H,0 structures of Fig. 8 and 11, when H,O interacts with
the oxygen of the epoxy group, the H-bond is shorter (O1-H4 is

9 We note, that applying IEFPCM solvent model on the ionic structures of 2-H,O
and TS,.;-H,O decreased their energies with around 5 kcal mol . However, the
overall reaction mechanism did not change and there was negligible difference in
the energy of the final product (see Table S3, ESIf).
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1.733 A), i.e. stronger, than between NH; and the same oxygen
(O1-H1 in Table 2 is 1.966 A). Stronger interaction between the
starting molecules lowers the energy of the ring-opening, i.e. the
activation barrier of the epoxy migration.

Looking at the charge transfer between the ammonia
molecule and the surface, we see that in TS, ,-H,0, the charge
transfer is slightly smaller than in TS,., (0.16 a.u. vs. 0.25 a.u.).
However, the intermediate structure of 2-H,O and the following
transition state of TS, 3-H,O have a total charge of cc. 0.43 a.u.
on the connected ammonia moiety, which confirms the
partially charged state of these structures.

Previous studies suggest that the presence of excess water
besides ammonia can prohibit the adsorption of the latter due
to the strong interaction between water molecules and epoxy
groups.® To further investigate this, we increased the number
of water molecules to two and three and studied their
additional effect on the reaction barrier heights. Considering
that the transition state of TS,.;-H,O is small compared to the
other activation energies within the mechanism and expected to
be low in every case, we focused only on the rate-determining
barriers (TSq.4-H,O0 and TS; ,-H,0). Table 3 shows the calculated
relative energies for each step of the whole reaction mechanism
with two (-2H,0) and three water (-3H,0) molecules. Comparing
the values to the one water results in Table 1, the energy level
of the transition states stayed similar, while the energies of
the final product somewhat increased (from —9.7 kcal mol *
to —6.8 and —4.9 kcal mol %, in the case of 2-2H,0 and 2-3H,0
respectively). In both cases, we optimised two possible inter-
mediate structures (1-, 1'-), which are energetically different, but
structurally differ only in the number of hydrogen bonds formed
between the ammonia and the water molecules, see Fig. 12.
Supposedly, there is a small energy barrier between the different
hydrogen-bond networks, and more than two possible confor-
mations with similar energies are possible. However, since the
mapping of these networks is beyond the scope of this investigation,
we did not proceed further.

In conclusion, we found no evidence that water molecules
would make the ammonia addition less likely. Instead, the
presence of one water facilitated the reaction. Adding more
water molecules did not change the reaction mechanism qua-
litatively and caused only minor changes in the energies.
Therefore, we concluded that only one water molecule plays
an active role in the ammonia addition reaction.

D. Interaction of two ammonia molecules with PRGO models

Another amine-containing molecule can also fulfil the role of
proton donor in nucleophilic substitution, see Fig. 1c.** We
considered this third scenario by modelling the ammonia
addition reaction on a PRGO model with two ammonia
molecules.

Assuming that both ammonia molecules are positioned on
the same side of the PRGO flake, the calculated reaction
route is similar to the previously established reaction routes,
which involve the migration of the epoxy group as a first step.
However, by comparing the actual energy profiles with the
previous nucleophilic attack scenarios, we found that the
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E (kcal/mol)

30+
29.2 keal/mol

204+ TSo.1-H20

10.0 keal/mol

0.0

29.8 keal/mol
TSi2-H:0
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2-H:0
8.5 keal/mol

6.6 kcal/mol
TS:3-H:0

-9.7 kcal/mol

Fig. 11 The whole reaction mechanism of ammonia addition on the used PRGO models in the presence of a water molecule. The absolute energy of the
starting complex is the basis of the energy comparison (0-H,0). The optimised geometry of each reaction step is shown with the ball and stick images.

(red: oxygen, white: hydrogen, orange: carbon, blue: nitrogen).

second ammonia molecule does not have the same reaction
determining role in the reaction as a water molecule. The two-
ammonia reaction mechanism, summarised in Fig. 13 and
Table 1, is almost identical to the single ammonia reaction route
in Fig. 8. Only a slight decrease in the second activation barrier from
34.0 to 31.1 keal mol ™ is found, accompanied by a slight increase
in the energy of the final product from —8.4 to —6.3 kecal mol .
The first difference can be explained by comparing the
natural charges within TS;, and TS;,-2NHj. The charge of
the reacting ammonia molecule is more positive in the latter

Table 3 Calculated relative energies (AE, kcal mol™) for each step of the
whole ammonia addition reaction with 2 and 3 water molecules. In both
cases, the energies are compared to the absolute energies of the starting
complexes (0-2H,0, 0-3H,0). -1- and -1'- structures are all intermediates
at the same reaction step but with different hydrogen bond networks
between the ammonia and water molecules

Notation AE [keal mol "] Notation AE [keal mol ]
0-2H,0 0.0 0-3H,0 0.0
TS.,-2H,0 28.9 TSp.5-3H,0 27.6
1-2H,0 10.0 1-3H,0 6.7
1'-2H,0 11.7 1’-3H,0 14.8
TS,/ ,-2H,0 30.3 TS, ,-3H,0 32.9
2-2H,0 —6.8 2-3H,0 —-4.9

Fig. 12 Ball and stick representations of two conformationally different
intermediate structures with three water molecules (red: oxygen, white:
hydrogen, orange: carbon, blue: nitrogen).

24746 | Phys. Chem. Chem. Phys., 2021, 23, 24738-24749

one than in the former one (0.39 a.u. vs. 0.25 a.u., see Table S12
in ESIf), suggesting that the ammonia molecule is more
reactive in TS;,-2NHj3. The difference between final product
stabilities might also be the result of a more reactive final
amine group, evidenced by the shortened N1-H1 distances
(1.751 A vs. 1.815 A) and lengthened H1-O1 bonds (0.994 A
vs. 0.986 A) comparing the 2-2NH; structure to 2. In both cases,
the increased reactivity is most likely caused by the weak
secondary interaction between the two ammonia molecules.
Based on our findings, we concluded that the proposed
reaction mechanism for a nucleophilic substation with a
second amine group (Fig. 1c) is not likely to take place in
our model. In contrast to a water molecule, which donated its
proton in the process by forming a trimolecular state in TS, -

E (kcal/mol)
30+
20

0.04

204

Fig. 13 Reaction mechanism of binding an ammonia molecule in the
presence of another ammonia molecule on the same side on the ovalene
model. Relative energies are employed to illustrate the height of activation
barriers. The basis of the comparison is the starting arrangement (0-2NH3).
The optimised geometry of each reaction step is shown with the ball and stick
images (red: oxygen, white: hydrogen, orange: carbon, blue: nitrogen).
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H,0, a second ammonia molecule does not play an active role
in the amine addition.

4. Conclusions

In this present work, we investigated the possible reactions of
ammonia on a partially reduced graphene oxide model by opti-
mising possible reaction pathways for three basic ammonia-epoxy
nucleophilic substitution scenarios on an ovalene based four-
epoxy group-containing polycyclic aromatic hydrocarbon.

Based on our findings, instead of the supposed one-step
nucleophilic substitution between the partially reduced graphene
oxide model and the ammonia, the overall reaction mechanism
consists of two steps: the migration of an epoxy group and
the nucleophilic addition of the ammonia molecule. The
displacement of the reacting epoxy group is a prerequisite of
the following nucleophilic addition since it converts the stable
epoxy group formation to a more reactive one. Interestingly, the
forming amine group does not bond to the surface through the
carbon atom of the opening epoxy ring but rather via a
neighbouring one. Looking at the calculated bond order of
each carbon atom in the PAH molecule, we concluded that
instead of positioning over a more partially positive carbon, the
amine is bonding to the one with the smaller bond order.

The activation barriers of both reaction steps are generally
above 30 kcal mol !, which is high enough to suggest that the
reaction would not occur spontaneously at room temperature.
The presence of an additional water molecule lowers the
energies of these transition states by around 5 kcal mol "
It modifies the ammonia addition by involving an extra step via
an ionic intermediate and forming a trimolecular chain during
the epoxy reduction. Introducing more explicit water molecules
resulted in slight changes of energies due to the many different
possible conformations. However, it did not cause any significant
difference in the reaction pathway. In contrast to the inclusion of
a water molecule, introducing a second ammonia molecule in the
model has no significant effect on the reaction mechanism and its
energy profile.

In conclusion, one ammonia molecule will interact with the
epoxy groups of a reduced graphene oxide sheet by forming an
amine group on the surface and reducing the epoxy to a
hydroxyl group. The reaction mechanism might differ in an
aqueous medium by involving a trimolecular state during the
nucleophilic addition, but the final products will be the same.

Our results can be limited by the size of our chosen RGO model,
as the energies might be affected by the finite size and, therefore,
the sterically hindered graphene plate. Also, fewer or more epoxy
groups on the surface can result in different outcomes, although
the overall reaction mechanism possibly stays the same. However,
further investigation of larger systems for the same reaction could
give more insight into the possible ammonia interactions.
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