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ABSTRACT:

Shape complementarity between catalyst and transition state structure is one of the cornerstones of chemical 

catalysis. Likewise, noncovalent interactions play a major role in catalysis. It has been predicted computationally, 

and recently confirmed experimentally [Kroeger, A. A.; Hooper, J. F.; Karton, A. ChemPhysChem, 2020, in press, 

DOI: 10.1002/cphc.202000426], that pristine graphene can efficiently catalyze chemical processes via π-

interactions and shape complementarity. Here we show that other two-dimensional materials with different 

electronic structures and chemical compositions (h-BN and graphane) can also catalyze chemical processes that 

proceed via planar transition state structures. These include the bowl-to-bowl inversions in corannulene and 

sumanene and the rotation about the C–C bond in substituted biphenyls. This catalytic activity is achieved through 

shape complementarity between planar nanomaterial and planar transition state structure, enabling disproportionate 

stabilization of the transition state structures over the non-planar reactants and products. A DFT-based energy 

decomposition analysis shows that this catalytic activity is mainly driven by dispersion and electrostatic forces, 

which together outweigh the Pauli repulsion term. These findings enrich and expand the concept of catalysis by 

pristine 2D materials. 
Introduction

Two-dimensional (2D) nanomaterials exhibit a range of chemical properties such as 

large surface areas and ease of functionalization, which make them attractive candidates as 

heterogeneous catalysts. Indeed, over the past decade, functionalized graphene and its 
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derivatives have emerged as versatile heterogeneous and solid-state catalysts in various areas 

including photo-, electro-, transition-metal, and metal-free catalysis.1,2,3,4,5,6,7,8,9,10,11 In these 

graphene-based catalysts, however, catalysis does not occur at the surface of pristine 

graphene but at chemically modified or functionalized sites (e.g., defects, vacancies, edges, 

heteroatom dopants, adatoms adsorbed on graphene, and functional groups). Thus, in these 

functionalized nanomaterials the pristine part of graphene does not play a leading role in 

catalysis, but more a role of a catalyst support. A potential limiting factor in the application 

of such functionalized graphene-based catalysts is the challenges associated with controlling 

the uniform distribution of defects, vacancies, dopants, adatoms, and functional groups. 

Van der Waals (vdW) interactions play a prominent role in supramolecular chemistry 

and nanomaterials.12,13,14,15,16 Of particular importance to the present work is the ubiquitous 

role of vdW interactions in chemical catalysis.16,17,18 Likewise, shape complementarity 

between catalyst and transition state structure (TSS) is one of the cornerstones of chemical 

catalysis. Pristine graphene has both a 2D planar morphology and interacts with surrounding 

molecules via vdW interactions.14 These two properties make pristine graphene an ideal 

catalyst for catalyzing chemical processes that proceed via a planar (or nearly planar) 

transition state structure. Indeed, it has been recently demonstrated, both theoretically and 

experimentally,19,20,21,22 that pristine graphene can efficiently catalyze chemical processes 

which proceed via a planar (or nearly planar) transition state structure. The first 

computational investigation used double-hybrid density functional theory (DHDFT) 

calculations to show that large polycyclic aromatic hydrocarbons C24H12 and C54H18 (a.k.a. 

graphene nanoflakes, GNFs) can efficiently catalyze the bowl-to-bowl inversions in 

corannulene and sumanene.19 Shortly thereafter, Denis used periodic DFT calculations to 

show that an infinite pristine graphene catalyst reduces the bowl-to-bowl inversion barrier in 

corannulene and sumanene by over 50% relative to the uncatalyzed barrier heights.20 In this 
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context, it should be noted that catalysis of the bowl-to-bowl inversions in corannulene and 

sumanene via non-bonding intermolecular interactions has been observed experimentally and 

has attracted considerable attention.23,24 Juríček et al. studied the bowl-to-bowl inversion of 

ethyl-substituted corannulene inside a synthetic cyclophane receptor by variable-temperature, 

dynamic 1H NMR spectroscopy.23 They showed that the cyclophane receptor catalyzes the 

bowl-to-bowl inversion by destabilizing the reactant and stabilizing the planar transition state 

structure. It was estimated that the cyclophane catalyst reduces the Gibbs free activation 

energy for inversion by about 10.5 kJ mol–1 relative to the barrier of the uncatalyzed reaction. 

Shortly thereafter, Jaafar et al. demonstrated via scanning tunneling microscopy that an 

Ag(111) surface can assist in the bowl-to-bowl inversion of sumanene adsorbed onto the 

surface.24  

In a recent computational investigation,21 we used extensive DFT simulations to show 

that a large GNF (circumcircumcoronene, C96H24) can catalyze the racemization of 1,1’-

binaphthyl and its synthetically relevant derivative 1,1’-binaphthyl-2,2’-diol (BINOL). This 

computational prediction has been recently confirmed experimentally through chiral HPLC 

measurements.22 A common motif in the all the above catalytic processes is that noncovalent 

interactions between the planar catalyst and TSS stabilize the planar TSS to a greater extent 

than they stabilize the non-planar reactants and products. 

In the present work we pose the following question, can other pristine 2D materials 

catalyze chemical processes which proceed via a planar TSS? and if so, how do their catalytic 

efficiencies compare with that of graphene? We focus on 2D materials with significantly 

different electronic structures and chemical compositions, namely inorganic hexagonal 

boron-nitride (h-BN) and aliphatic graphane. Like graphene, h-BN has a honeycomb lattice 

structure; however, whilst graphene involves non-polar homo-nuclear C–C bonds, h-BN has 

highly polar B–N bonds resulting in dramatic differences in their electrical and chemical 
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properties.25 Graphane, on the other hand, is a fully saturated 2D hydrocarbon containing 

only sp3 hybridized carbons. In contrast to graphene, graphane has a uniform distribution of 

vertical C–H bonds above and below the molecular plane allowing for /- and /-

interactions with adsorbed hydrocarbons. Given the significant chemical and structural 

differences between graphene, h-BN, and graphane it is of interest to see whether h-BN and 

graphane can catalyze the reactions which graphene has been found to catalyze via -

interactions. 
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Computational Methods

The geometries and harmonic vibrational frequencies of all structures were obtained 

from density functional theory (DFT) calculations at the PBE-D3BJ/6-31G(d) level of 

theory.26,27 Empirical D3 dispersion corrections28 are included using the Becke–Johnson29 

damping potential as recommended in ref 30 (denoted by the suffix D3BJ). Zero-point 

vibrational energies (ZPVEs), enthalpic temperature corrections (H298–H0), and entropic 

corrections were obtained from such calculations. The equilibrium structures were verified to 

have all real harmonic frequencies and the transition state structures to have only one 

imaginary frequency which corresponds to the expected motion along the reaction 

coordinate. The connectivities of the transition and equilibrium structures were confirmed via 

intrinsic reaction coordinate (IRC) calculations.31 All geometry optimizations and frequency 

calculations were carried out using the Gaussian 16 rev. A.03 program suite.32 

High-level double-hybrid DFT (DHDFT) calculations33 were performed using the 

optimized PBE-D3BJ/6-31G(d) geometries in order to obtain more accurate electronic 

energies for the equilibrium and transition state structures located along the reaction 

pathways. We used the recently developed revDSD-PBEP86-D3BJ DHDFT method.34,35 This 

procedure has been found to produce thermochemical and kinetic properties with mean 

absolute deviations (MADs) below the threshold of ‘chemical accuracy’ (arbitrarily defined 

as ~4 kJ mol–1) from a wide range of accurate experimental and theoretical thermochemical 

and kinetic determinations. For example, revDSD-PBEP86-D3BJ attains the following 

MADs for subsets of the GMTKN55 database:36 2.3 (thermochemistry), 1.3 (barrier heights), 

2.3 (large molecule reactions), 1.9 (conformer energies), 2.4 (intermolecular interactions) kJ 

mol–1.35 The revDSD-PBEP86-D3BJ calculations were carried out in conjunction with the 

Def2-TZVPP basis set.37 We note that due to the large size of the systems considered (e.g., 

sumanene•••graphane system involves 117 carbon and 132 hydrogen atoms) we were unable 
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to use a larger basis set in the DHDFT calculations. All the DHDFT calculations were 

performed using the ORCA 4.2.0 program suite.38 

To gain qualitative insights into the nature of the noncovalent interactions between the 

nanomaterial catalyst and substrate, a second-generation energy decomposition analysis 

(EDA)39,40,41 based on absolutely localized molecular orbitals (ALMO) was performed in 

conjunction with the Def2-SVP basis set.37 The EDA calculations were carried out with the 

B97M-V exchange correlation functional.42 These calculations were carried out with the Q-

Chem 5.2 program suite.43 

Results and discussion

High-level quantum chemical calculations (with the revDSD-PBEP86-D3BJ double-

hybrid DFT procedure) were performed in order to explore the potential energy surfaces 

(PESs) for the uncatalyzed and catalyzed bowl-to-bowl inversions in corannulene and 

sumanene and the rotation about the C–C bond in 2,2’-dimethylbiphenyl. A common feature 

shared by these reactions is that the substrate has a non-planar π-system in the reactant and 

product complexes, whilst it adopts a planar structure in the TSS. As already demonstrated 

for a graphene catalyst,19,20,21,22 π-interactions between the planar catalyst and planar TSS are 

stronger than those between the planar catalyst and non-planar reactants and products. Here 

we will investigate the catalytic properties of other pristine 2D materials with electronic 

structures and atomic compositions different from graphene – namely, h-BN and graphane. 

Following the strategy used in the previous DFT and DHDFT investigations,19,20,21,22 the 

catalysts are modelled using extended fragments of the monolayers, namely C96H24 for 

graphene, B48N48H24 for h-BN, and C96H120 for graphane (Figure 1).
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Figure 1. Optimized structures of the 2D catalyst models considered in this work (a) C96H24 

for graphene, (b) B48N48H24 for h-BN, and (c) C96H120 for graphane. The diameter of the 

carbon skeleton is given in nm.

Corannulene bowl-to-bowl inversion 

Uncatalyzed reaction. Corannulene is a flexible bowl-shaped polycyclic aromatic 

hydrocarbon.44,45 The depth of the C5v-symmetric bowl in corannulene, from the plane of the 

five-membered ring to the plane of rim carbon atoms, is 0.87 Å.46 The planar structure of 

corannulene is a first-order saddle point on the PES connecting the two symmetry-equivalent 

bowl-shaped local minima. The energy barrier for the bowl-to-bowl inversion has been 

estimated from dynamic 1H NMR measurements of ethyl- and bromomethyl-substituted 

corannulene derivatives to be 48.1 kJ mol–1.47 Figure 2 gives a schematic representation of 

the uncatalyzed and catalyzed Gibbs free energy profiles. For the uncatalyzed reaction we 

obtain a barrier of ∆G‡
298,uncat = 47.3 kJ mol–1, in excellent agreement with the experimental 

value.47 
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Figure 2. Gibbs free potential energy profiles (∆G298, revDSD-PBEP86-D3BJ/Def2-TZVPP, 

kJ mol–1) for the bowl-to-bowl inversion in corannulene: uncatalyzed (black curve) and 

catalyzed by graphane (red curve), graphene (green curve), and h-BN (blue curve). The 

structures located along the catalyzed reaction profiles are shown in Figure 3.

Graphene catalysis. A graphene catalyst reduces the uncatalyzed barrier by 44.6% 

(∆G‡
298,graphene = 26.2 kJ mol–1). Taking the catalytic efficiency of the catalyst (∆∆G‡

298,cat) as 

the difference in barrier between the uncatalyzed (∆G‡
298,uncat) and catalyzed (∆G‡

298,cat) 

reaction barriers (i.e., ∆∆G‡
298,graphene = ∆G‡

298,uncat – ∆G‡
298,graphene), we obtain ∆∆G‡

298,graphene 

= 21.1 kJ mol–1. The catalytic efficiencies are listed in Table 1. According to the Eyring 

equation this catalytic enhancement corresponds to an increase of about four orders of 

magnitude in the reaction rate at 298 K. The reactant complex (RC), transition state structure 

(TSS), and product complex (PC) located along the catalyzed reaction profiles are shown in 

Figure 3. The PC in which the convex side of corannulene is facing the graphene catalyst is 

more stable by 13.1 kJ mol–1 than the RC in which the concave side of corannulene is facing 

graphene (see Figures 2 and 3). This greater stability of the PC is attributed to the larger -
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system on the convex side of corannulene leading to increased -interactions with the 

graphene catalyst.48,49,50 Table S1 of the Supporting Information gives the revDSD-PBEP86-

D3BJ/Def2-TZVPP complexation energies between corannulene and the catalyst in the RC, 

TSS, and PC. We can estimate the interaction energy between corannulene and the catalyst in 

the TSS as the energy required to separate the catalyzed TSS into the free TSS and catalyst. 

This estimated TSS stabilization energy amounts to 195.2 kJ mol–1 and is greater than the RC 

and PC stabilization energies by 174.1 and 187.2 kJ mol–1, respectively. Thus, it is evident 

that shape complementarity between the planar TSS and graphene catalyst maximizes the 

overlap between the two  systems which in turn results in greater stabilization of the TSS 

relative to the curved local minima. 
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Figure 3. Optimized structures of the reactant complexes, transition state structures, and 

product complexes involved in the bowl-to-bowl inversion in corannulene catalyzed by (a) 

graphene, (b) h-BN, and (c) graphane. For clarity hydrogen atoms are omitted, with the 

exception of the axial hydrogens in graphane. Atomic color scheme: H, white; B, pink; C, 

gray; N, blue.
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Table 1. Gibbs free activation energies at 298 K (∆G‡
298) for the uncatalyzed and catalyzed 

processes and catalytic enhancements (∆∆G‡
298,cat) for the graphene, h-BN, and graphane 

catalysts (revDSD-PBEP86-D3BJ/Def2-TZVPP, kJ mol–1).

Catalyst ∆G‡
298 ∆∆G‡

298,cat
a

Corannulene bowl-to-bowl inversion Uncatalyzed 47.3
Graphene 26.2 21.1
h-BN 19.4 27.9
Graphane 33.9 13.4

Sumanene bowl-to-bowl inversion Uncatalyzed 85.0
Graphene 39.2 45.8
h-BN 56.6 28.4
Graphane 72.2 12.8

2,2’-dimethylbiphenyl rotation Uncatalyzed 83.7
Graphene 33.5 50.2
h-BN 39.5 44.3
Graphane 50.1 33.7

a∆∆G‡
298,cat = ∆G‡

298,uncat – ∆G‡
298,cat.

h-BN catalysis. Remarkably, an h-BN catalyst results in a catalyzed Gibbs free energy 

barrier (∆G‡
298,h-BN) of merely 19.4 kJ mol–1 relative to the reactant complex (Figure 2). This 

translates to a catalytic enhancement of ∆∆G‡
298,h-BN = 27.9 kJ mol–1 for the h-BN catalyst 

(Table 1). We note that this catalytic enhancement corresponds to an increase of about five 

orders of magnitude in the reaction rate at 298 K. Thus, h-BN is a more effective catalyst for 

the corannulene bowl-to-bowl inversion than graphene, for which we obtain a catalytic 

enhancement of ∆∆G‡
298,h-BN = 21.1 kJ mol–1 (Table 1). Similar to the graphene-catalyzed 

corannulene inversion, the PC is more stable by 15.8 kJ mol–1 than the RC. The greater 

stability of the PC is again attributed to the larger -system on the convex side of 

corannulene.48,49,50 

Inspection of Table S1 reveals that the interaction energy between h-BN and the 

corannulene reactant (68.1 kJ mol–1) is significantly smaller than that with graphene (174.1 kJ 

mol–1). However, relative to these RC stabilization energies, the stabilization of the TSS is 

more pronounced by the h-BN catalyst (Table S1). In the PC, the interaction energy between 

Page 11 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

corannulene and h-BN (83.9 kJ mol–1) is less than half of that between the corannulene 

product and graphene (187.2 kJ mol–1). The smaller interaction energy between corannulene 

and h-BN may be important in practical applications since it would ease the separation of the 

product from the heterogeneous catalyst. 

Graphane catalysis. Let us now proceed to examine the corannulene bowl-to-bowl inversion 

catalyzed by a graphane catalyst. Inspection of Figure 2 reveals that graphane can catalyze 

the corannulene bowl-to-bowl inversion, albeit not as efficiently as graphene and h-BN. 

Nevertheless, a graphane catalyst still reduces the reaction barrier height by a chemically 

significant amount, i.e., from ∆G‡
298,uncat = 47.3 to ∆G‡

298,graphane = 33.9 kJ mol–1. This 

reduction in the barrier height by ∆∆G‡
298,graphane = 13.4 kJ mol–1 corresponds to an increase in 

the reaction rate by about two orders of magnitude at 298 K. In contrast to graphene and h-

BN where the PC is more stable than the RC due to the larger -system of corannulene on the 

outside of the bowl, in graphane the RC and PC are essentially isoenergetic (Figure 2). The 

relatively small attractive /-interactions between the graphane catalyst and corannulene in 

the RC and PC ~45.5 kJ mol–1 (Table S1) make graphane the most attractive catalyst from the 

perspective of product separation.  

Sumanene bowl-to-bowl inversion 

Uncatalyzed reaction. We turn now to the bowl-to-bowl inversion in sumanene. Figure 4 

gives a schematic representation of the uncatalyzed and catalyzed Gibbs free energy profiles. 

For the uncatalyzed sumanene inversion we obtain a Gibbs free energy barrier of ∆G‡
298,uncat 

= 85.0 kJ mol–1. This reaction barrier height is practically spot on the experimental value 

obtained by Amaya et al.51 for trideuteriosumanene from 2D NMR measurements at 303 K 

(∆G‡
303,uncat = 84.9 kJ mol–1). 
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Figure 4. Gibbs free potential energy profiles (∆G298, revDSD-PBEP86-D3BJ/Def2-TZVPP, 

kJ mol–1) for the bowl-to-bowl inversion in sumanene: uncatalyzed (black curve) and 

catalyzed by graphane (red curve), h-BN (blue curve), and graphene (green curve). The 

structures located along the catalyzed reaction profiles are shown in Figure 5.

Graphene catalysis. Figure 5 shows the RC, TSS, and PC located along the graphene-

catalyzed reaction profile. A graphene catalyst results in a reaction barrier height of 

∆G‡
298,graphene = 39.2 kJ mol–1, i.e., it reduces the uncatalyzed reaction barrier by as much as 

45.8 kJ mol–1. According to the Eyring equation, this catalytic enhancement corresponds to 

an increase of ~8 orders of magnitude in the reaction rate at 298 K. Similar to the graphene-

catalyzed bowl-to-bowl inversion in corannulene, this catalytic enhancement originates from 

the greater stabilization energy provided by the catalyst to the planar TSS than to the non-

planar RC. Specifically, the attractive -interaction energies between the catalyst and 

substrate are estimated to be 136.3 (RC) and 182.1 (TSS) kJ mol–1 (Table S1). We also note 

that consistent with the results for corannulene, the PC, in which the convex side of 
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sumanene is pointing towards the graphene catalyst, is more stable than the RC by 34.1 kJ 

mol–1. 

Figure 5. Optimized structures of the reactant complexes, transition state structures, and 

product complexes involved in the bowl-to-bowl inversion in sumanene catalyzed by (a) 

graphene, (b) h-BN, and (c) graphane. For clarity hydrogen atoms are omitted, with the 

exception of the axial hydrogens in graphane. 

h-BN catalysis. The h-BN catalyst reduces the barrier height by an appreciable amount of 

33.4% relative to the uncatalyzed barrier. In particular, we obtain ∆G‡
298,h-BN = 56.6 kJ mol–1, 

which leads to a catalytic efficiency of ∆∆G‡
298,h-BN = 28.4 kJ mol–1 (Table 1). This barrier 

reduction translates to a rate enhancement of about five orders of magnitude relative to the 

uncatalyzed processes at 298 K. The interaction energy between sumanene and h-BN 

amounts to 65.1 kJ mol–1 in the RC and 93.5 kJ mol–1 in the TSS (Table S1). Thus, again we 
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see that shape complementarity between the planar catalyst and TSS results in a significant 

catalytic enhancement. 

An interesting observation is that in the corannulene bowl-to-bowl inversion, h-BN 

(∆∆G‡
298,h-BN = 27.9 kJ mol–1, Table 1) shows a higher catalytic efficiency than graphene 

(∆∆G‡
298,graphene = 21.1 kJ mol–1). However, in the sumanene bowl-to-bowl inversion, 

graphene (∆∆G‡
298,graphene = 45.8 kJ mol–1) is a more efficient catalyst than h-BN (∆∆G‡

298,h-BN 

= 28.4 kJ mol–1). These catalytic enhancements reveal that h-BN achieves similar catalytic 

efficiencies for both inversions, namely ∆∆G‡
298,h-BN = 27.9 and 28.4 kJ mol–1 for the 

corannulene and sumanene bowl-to-bowl inversions, respectively. However, graphene 

catalyzes the sumanene bowl-to-bowl inversion more efficiently than the corannulene bowl-

to-bowl inversion. Namely, ∆∆G‡
298,graphene = 21.1 and 45.8 kJ mol–1 for the corannulene and 

sumanene inversions, respectively. This difference in catalytic efficiencies may be partially 

attributed to a better overlap between the planar triphenylene skeleton in the TSS and 

graphene catalyst for the sumanene inversion (for a top-down view of the TSSs, see Figure 

S1 of the Supporting Information). 

Graphane catalysis. As is the case for the corannulene bowl-to-bowl inversion, graphane 

only has a modest catalytic efficiency, namely a graphane catalyst reduces the barrier height 

for the sumanene bowl-to-bowl inversion by 15.1% relative to the uncatalyzed barrier. 

Namely, the reaction barrier height is reduced from ∆G‡
298,uncat = 85.0 to ∆G‡

298,graphane = 72.2 

kJ mol–1. As is the case for corannulene, this reduction in the barrier height by ∆∆G‡
298,graphane 

= 12.8 kJ mol–1 translates to an increase in the reaction rate by about two orders of magnitude 

at 298 K. 

It is also noteworthy that in contrast the graphene-catalyzed inversion of corannulene 

where the RC and PC are essentially isoenergetic, in the graphene-catalyzed inversion of 
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sumanene the PC is more stable than the RC by 9.1 kJ mol–1. Inspection of the structures 

indicates that this stability is partially attributed to - interactions between the graphane’s 

hydrogens and central Ph ring of sumannene, which is situated parallel to the graphane plane 

~2.44 Å above the hydrogens. These - interactions are stronger in the PC where the 

concave side of sumanene is facing the graphane (Figure 5c).      

2,2’-Dimethylbiphenyl C–C rotation

Uncatalyzed reaction. To demonstrate the generality of catalysis by pristine 2D materials 

beyond bowl-to-bowl inversions, we consider as a final example the rotation around the Ph–

Ph bond in 2,2’-dimethylbiphenyl. Biphenyl is a non-planar aromatic compound, in which 

competition between π-conjugation (which favors a coplanar structure) and steric repulsion of 

the ortho substituents (which favors a non-planar structure) result in a twist angle () 

between the two Ph rings. In 2,2’-dimethylbiphenyl the strong steric repulsion between the 

ortho methyl groups leads to the two phenyl rings being nearly orthogonal with  = 92.7°. 

The conversion between the two axial enantiomers proceeds through a planar TSS with  = 

0.0°. Our uncatalyzed rotational barrier (∆G‡
298,uncat = 83.7 kJ mol–1, Figure 6) is bracketed in 

between accurate CCSD(T)/CBS (i.e., coupled cluster with single, double, and 

quasiperturbative triple excitations at the complete basis set limit) estimations obtained via 

thermochemical protocols,52,53 namely: 86.5 (G4),54 83.7 (G4(MP2)),55 and 82.0 

(CBS-QB3)56 kJ mol–1.
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Figure 6. Gibbs free potential energy profiles (∆G298, revDSD-PBEP86-D3BJ/Def2-TZVPP, 

kJ mol–1) for the rotation about the central C–C bond in 2,2’-dimethylbiphenyl: uncatalyzed 

(black curve), catalyzed by graphane (red curve), catalyzed by h-BN (blue curve), and 

catalyzed by graphene (green curve). The structures located along the catalyzed reaction 

profiles are shown in Figure 7. 

Graphene catalysis. The RCs, TSSs, and PCs located along the catalyzed reaction profiles 

are shown in Figure 7. In all the catalyzed processes (graphene, h-BN, and graphane), the 

methyl groups of 2,2’-dimethylbiphenyl in the RC are pointing towards the catalyst such that 

neither of the Ph rings is parallel to the 2D surface. In the PC, however, one of the Ph rings 

lies parallel to the 2D surface, whilst the methyl group on the other ring points upwards. 

Thus, for all the considered 2D catalysts the PC is more stable than the RC due to the 

stronger - and - interactions between the catalyst and the Ph ring lying parallel to the 2D 

catalyst (Figures 6 and 7).
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Figure 7. Optimized structures of the reactant complexes, transition state structures, and 

product complexes involved in the rotation about the central C–C bond in 2,2’-

dimethylbiphenyl catalyzed by (a) graphene, (b) h-BN, and (c) graphane. For clarity 

hydrogen atoms are omitted, with the exception of the axial hydrogens in graphane. 

A graphene catalyst reduces the uncatalyzed barrier height by a significant amount of 

60.0%. Namely, we obtain ∆G‡
298,graphene = 33.5 kJ mol–1 (Figure 6) and ∆∆G‡

298,graphene = 50.2 

kJ mol–1. Similar to the corannulene and sumanene inversions, the catalyst stabilizes the 

planar TSS (142.7 kJ mol–1) to a greater extent than the non-planar reactant (92.5 kJ mol–1, 

Table S1). It is noteworthy that the strong -interactions between the graphene catalyst and 

2,2’-dimethylbiphenyl ‘flattens’ the 2,2’-dimethylbiphenyl in both the RC and PC. In 

particular, we obtain dihedral angles of  = 45.5° (RC) and  = 51.4° (PC) (cf.  = 92.7° in 

free 2,2’-dimethylbiphenyl). Thus, in addition TSS stabilization due to shape 

complementarity between catalyst and TSS, the graphene catalyst destabilizes the reactant 
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and product by forcing 2,2’-dimethylbiphenyl to adopt a flatter conformation, which 

contributes to the reduction in the energy barrier for the rotation process.

h-BN catalysis. An h-BN catalyst reduces the uncatalyzed reaction barrier for the rotation 

around the central C–C bond by 52.8%. Namely, we obtain ∆G‡
298,h-BN = 39.5 kJ mol–1 and 

∆∆G‡
298,h-BN = 44.2 kJ mol–1 (Figure 6). Thus, an h-BN catalyst has a similar catalytic 

efficiency to that of graphene (∆∆G‡
298,graphene = 50.2 kJ mol–1), but with the important 

advantage that it binds the reaction product less strongly than graphene, namely with a 

binding Gibbs free energy of 31.5 kJ mol–1 (Table S1). Thus, h-BN is a more suitable catalyst 

from the perspective of product separation. As expected the catalytic effect originates from 

shape complementarity between catalyst and TSS, namely the h-BN catalyst stabilizes the 

species located along the reaction coordinate by 12.7 (RC), 56.9 (TSS), and 31.5 (PC) kJ 

mol–1 (Table S1). 

Graphane catalysis. As is the case for the two bowl-to-bowl inversions, graphane catalyzes 

the rotation about the C–C bond in 2,2’-dimethylbiphenyl to a lesser extent than graphene 

and h-BN. Nevertheless, graphane still catalyzes this rotation to a remarkable degree. 

Namely, a graphane catalyst reduces the reaction barrier from ∆G‡
298,uncat = 83.7 to merely 

∆G‡
298,graphane = 50.1 kJ mol–1. This reduction in the barrier height by ∆∆G‡

298,graphane = 40.1 kJ 

mol–1 corresponds to an increase in the reaction rate by about six orders of magnitude at 298 

K. Moreover, graphane binds the product with a Gibbs free binding energy of merely 8.7 kJ 

mol–1, making it an attractive catalyst from the perspective of product separation.  
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Nature of noncovalent interactions responsible for the catalytic activity of pristine 2D 

materials

As discussed above, and illustrated in Figures 3, 5, and 7 the planar geometry of the 

inversion and rotation TSSs maximizes the noncovalent interactions with the 2D catalysts 

relative to the non-planar reactants and products. In order to shed light on the energy 

components of the noncovalent interactions responsible for these catalytic effects, we carried 

out an energy decomposition analysis using the second generation ALMO-EDA scheme by 

Head-Gordon and co-workers.39,40 This analysis gives the component breakdown of the 

intermolecular interaction energy into dispersion (∆Edisp), electrostatic (∆Eelec), Pauli 

repulsion (∆Epauli), polarization (∆Epol), and charge transfer (∆Ect) interactions. Table S2 of 

the Supporting Information lists the contributions of these components (∆∆Ecomp) to the 

reaction barrier heights of the catalyzed reactions, i.e., ∆∆Ecomp = ∆Ecomp(TSS) – ∆Ecomp(RC). 

A negative ∆∆Ecomp value indicates stabilization of the TSS relative to the RC, whilst a 

positive value indicates a repulsive interaction. The results in Table S2 show that the 

polarization and charge transfer terms are very small and normally amount to less than 1 kJ 

mol–1. The only exceptions to this are the processes catalyzed by h-BN, for which the charge 

transfer term can reach up to 4.7 kJ mol–1. 

The electrostatic and dispersion contributions to the catalyzed reaction barrier heights 

are depicted in Figure 8. As expected, the electrostatic (∆∆Eelec) and dispersion (∆∆Edisp) 

interactions systematically stabilize the TSSs relative to the RCs by significant amounts, 

whilst the Pauli term (∆∆Epauli) destabilizes the TSSs. In all cases both the electrostatic and 

dispersion contributions are significantly stronger in the more closely interacting transition 

state structure complexes compared to the less closely bound equilibrium structure 

complexes. In particular, dispersion interactions stabilize the TSSs by amounts ranging 
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between ∆∆Edisp = 28.3–59.6 kJ mol–1, and electrostatic interactions stabilize the TSSs by 

amounts ranging between ∆∆Eelec = 19.7–55.6 kJ mol–1 (Figure 8). The Pauli repulsion, on 

the other hand, destabilizes the TSSs by amounts ranging between ∆∆Epauli = 26.4–81.5 kJ 

mol–1. However, it is important to note that in all cases the large stabilizing electrostatic and 

dispersion interactions outweigh the destabilizing Pauli repulsion.

In the h-BN catalyzed processes both the electrostatic and dispersion components are 

nearly equal to each other (Figure 8). However, in the graphene- and graphane-catalyzed 

processes, the dispersion stabilizations are somewhat more pronounced than the electrostatic 

stabilizations (Figure 8). These results are consistent with relatively large contributions from 

both electrostatic and dispersion interactions in large - and - stacked 

hydrocarbons.57,58,59,60 It should be emphasized, however, that in contrast to previous works 

which examined absolute interaction energies in stacked dimers, here we are mainly 

interested in the difference in these stabilizing interactions between the TSS and RC. The 

above EDA analysis shows that both dispersion and electrostatic interactions stabilize the 

TSSs to greater extents than the RCs due to shape complementarity between TSS and 

catalyst.

Page 21 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

Figure 8. Component breakdown of the electrostatic (∆∆Eelec), dispersion (∆∆Edisp), and 

Pauli repulsion (∆∆Epauli) contributions to the catalyzed reaction barrier heights obtained from 

second-generation ALMO-EDA at the B97M-V/Def2-SVP level of theory. A negative ∆∆E 

value indicates stabilization (and a positive ∆∆E value indicates destabilization) of the TSS 

relative to the RC, see text and Table S2 of the Supporting Information. 

Conclusions

It has been previously predicted computationally that pristine graphene can efficiently 

catalyze chemical processes which proceed via planar (or nearly planar) transition state 

structures.19,20,21 These predictions have been recently confirmed experimentally via chiral 

HPLC measurements, which showed that graphene can efficiently catalyze the racemization 

of 1,1’-binaphthyl-2,2’-diol (BINOL) via rotation about the C–C bond connecting the two 

naphthyl units.22 Here we extend the scope of catalysis by pristine 2D materials by showing 
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that other 2D nanomaterials can efficiently catalyze such chemical processes. In particular, 

we focus on prototypical 2D materials with different electronic structures and chemical 

compositions than graphene, namely: hexagonal boron nitride and graphane. 

We show that both h-BN and graphane can catalyze the bowl-to-bowl inversion of 

corannulene and sumanene and the rotation about the C–C bond in substituted biphenyls. A 

common feature shared by these catalytic processes is that they are all driven by shape 

complementarity between the planar 2D catalyst and planar transition state structure. Using 

high-level double-hybrid DFT calculations, we show that noncovalent π-interactions (or /π-

interactions in the case of graphane) stabilize the planar TSS to a greater extent than they 

stabilize the non-planar local minima. 

We find that h-BN catalyzes the bowl-to-bowl inversion in corannulene more efficiently 

than graphene. In particular, it reduces the uncatalyzed reaction barrier height (∆G‡
298,uncat = 

47.3 kJ mol–1) by 59% to ∆G‡
298,h-BN = 19.4 kJ mol–1, resulting in a catalytic enhancement of 

∆∆G‡
298,h-BN = 27.9 kJ mol–1. For comparison, graphene achieves a catalytic enhancement of 

∆∆G‡
298,graphene = 21.1 kJ mol–1. On the other hand, the bowl-to-bowl inversion in sumanene 

is catalyzed more efficiently by graphene with ∆∆G‡
298,graphene = 45.8 kJ mol–1 compared to a 

catalytic enhancement of ∆∆G‡
298,h-BN = 28.4 kJ mol–1 for h-BN. For the rotation about the 

central C–C bond in 2,2’-dimethylbiphenyl both graphene and h-BN result in large catalytic 

enhancements, namely of ∆∆G‡
298,graphene = 50.2 kJ mol–1 and ∆∆G‡

298,h-BN = 44.2 mol–1. 

Graphane is able to catalyze all the considered reactions, albeit to a lesser extent than 

graphene and h-BN. Nevertheless, graphane still achieves significant catalytic enhancements 

of ∆∆G‡
298,graphane = 13.4 (corannulene bowl-to-bowl inversion), 12.8 (sumanene bowl-to-

bowl inversion), and 33.6 (C–C rotation in 2,2’-dimethylbiphenyl) kJ mol–1. From a 

perspective of product separation, however, graphane has an advantage over both graphene 
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and h-BN since it involves significantly smaller interaction energies with the reaction 

product. 

Finally, we use a DFT-based energy decomposition analysis to reveal the nature of 

the intermolecular interactions responsible for these catalytic activities. We find that in all 

cases (graphene, h-BN, and graphane) catalysis is driven by both dispersion and electrostatic 

interactions, which together outweigh the Pauli repulsion term. 
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