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Abstract
Pillared graphenes are stacked graphene layers separated by spacers, or “pillars,” of various types and have 
attracted significant attention in material science. In graphene networks, the pillars are used to increase 
interlayer distances and control their electronic conductivity, mechanical strength, and chemical reactivity. 
Such materials are currently investigated for a wide range of potential applications, including 
optoelectronics, flexible electronics, energy storage, catalysis, and sensing. In this work, we deal with the 
optical behavior of a special class of these promising materials in which graphene sheets, piled one on top 
of the other, are covalently connected by diamino organic molecules via carbon-nitrogen single bonds. In 
particular, we studied elemental molecular quantities strongly related to molecules and materials’ linear 
and nonlinear optical profiles. Properties such as optical gaps, UV-Vis absorption spectra, excited states, 
and the first dipole hyperpolarizabilities have been computed and analyzed within the density functional 
theory (DFT) framework. The obtained results suggest that both the linear and the nonlinear optical profiles 
of graphene architectures interconnected by conventional organic diamino molecules are dominated by the 
optical responses of the graphene layers. On the other hand, the diamino pillars are indirectly involved, in 
the optical behavior of these species, through local structural modifications on the framework of the 
graphene sheets as a result of the cross-linking process. Specifically, the performed computations, 
conducted in large finite graphene flakes of specific aromaticity patterns, exposed that local structural 
patterns may trigger surprisingly strong variations with respect to their optical absorption profiles, excited 
states, and nonlinear optical behavior. Such local structural patterns involve intercyclic carbon-carbon 
single bonds formed between sp3 hybridized carbon atoms belonging to two neighboring aromatic sextets. 
As far as the nonlinear optical properties are concerned, Kohn-Sham coupled perturbed computations on 
systems of various cross-linking patterns showed that NLO-inactive graphene sections, in terms of 
quadratic nonlinear optical responses, could be converted to materials of important nonlinearities.  Finally, 
no evident dependence of the optical absorption profiles was observed with respect to the type (aromatic, 
conjugated or fully saturated) of the pillar used. 
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1. Introduction 
During the past few years there has been an increasing interest in materials built from graphene sheets 

covalently interconnected by organic molecules. This class of multilayer graphenes, combine large 

interlayer distances and strong resistance against interlayer sliding with most of the extraordinary qualities 

of 2D-graphene1–4 in terms of mechanical strength, elasticity, and electric/thermal conductance. Therefore, 

various types of  pillared graphenes (PG) crosslinked by a great assortment of organic molecules (hereafter 

pillars) are currently synthesized and tested for applications ranging from fuel-gas and ion storage,5,6,7–9 to 

molecular filtering.10 Besides the interesting structural and mechanical features offered by PGs, it has also 

been reported11,12 that the molecular pillars, covalently attached between two graphene sheets may alter the 

character of the overall electronic structure of the final material. As a result, pillar engineering could be 

employed to modify and eventually control useful electronic features such as their bandgap properties. 

Upon success in preparing PGs in a fully controlled manner, it is believed that this type of graphene 

networks might become strong candidates in technologies in which tunable band gaps and high degrees of 

mechanical strength/flexibility, are highly required as for instance in the realm of stretchable and wearable 

electronics13–15. This aspect of PGs has been predicted by some early theoretical simulations performed by 

Zhu et al. 11 on a series of graphene sheets covalently pillared with boronic acid. These authors provided 

numerical evidence demonstrating a direct link between band gaps and pillar type or density. In the same 

subject, recent Tight-Binding Density Functional computations conducted by Klontzas et al.12 in a wider 

variety of covalently PGs, exposed an additional parameter on which the band gaps of such systems should 

depend on. This is the pillar distribution which seemed to have an important impact on the observed band 

gap variations. 

Bearing in mind that graphene band gap engineering is of paramount importance for the integration of 

this material in current optoelectronic technologies, in this article we extend the above studies by 

investigating the optical properties16 and behavior of such pillared networks. Our motive stems from the 

proven17–27 potential of graphene materials to be implemented in technologies related to the photonics 

industry28 that depends on materials allowing to efficiently control light with light.29 In this work we mainly 

focus on PG architectures covalently interconnected by diamino organic molecules. Such systems are 

currently synthesized30,31  and characterized with respect to their structures and reactivity. Among the 

successful reported works in the synthesis of covalently crosslinked graphenes we highlight the graphene-

oxides interconnected by diaminoalkanes, synthesized by Herrera-Alonso et al.32 that is one of the first 

articles in the subject. Also, we underline the works of Hung et al.10 , Banda et al. 8 and Zhang et al.6 who 

succeeded in “stitching” together layers of graphene oxide using simple organic molecules such as ethylene 

diamine, butylenediamine, and p-phenylenediamine as pillars.
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The properties to be investigated in the following pages comprise optical gaps and UV-Vis absorption 

spectra together with fundamental molecular quantities strongly related to the optical behavior of molecular 

systems. Specifically, we examine ground state molecular dipole moments (μα), polarizabilities (ααβ), and 

first dipole hyperpolarizabilities (βαβγ) of pillared graphenes of finite size. These quantum quantities are met 

in the following (contracted to significant numerical terms) Taylor expansion series33,34,35 16

𝛥𝜇𝛼 = 𝜇𝛼(𝐹𝑎) ― 𝜇0
𝛼 = 𝛼αβ𝐹𝛽 +

1
2𝛽αβγ𝐹𝛽𝐹𝛾 +

1
6𝛾αβγδ𝐹𝛽𝐹𝛾𝐹𝛿…#(1)

describing the induced molecular dipole dependence (Δμα) on external static electric fields (F). In brief,  𝜇0
𝛼

is the permanent molecular dipole moment,  is the dipole polarizability, and βαβγ is the first dipole 𝛼αβ

hyperpolarizability, also referred to as second-order nonlinear polarizability, while  is the second order 𝛾αβγδ

dipole hyperpolarizability. Einstein summation has been used over repeated Cartesian indices α β and γ. 

The molecular dipole polarizabilities, in general, are associated with the electron distribution in a 

molecule or atom. Molecules or atoms with more electrons or with electrons distributed farther from the 

nucleus are generally characterized by large polarizabilities. From another point of view, the dipole 

polarizability is related to molecular electron36density "softness" or "hardness" in response to external 

electric fields. The linear polarizabilities are also associated with light absorption spectra, Raman 

intensities, HOMO–LUMO gaps, and electronic excited states.37 On the other hand, molecular first dipole 

hyperpolarizabilities are related to the nonlinear field-induced response of the electron cloud to an applied 

external electric field. Thus, while dipole polarizabilities express the ability of a material to undergo a 

polarization that is linearly proportional to the strength of the applied field, the first dipole 

hyperpolarizability measures the ability of a material to produce polarization proportional to its square. This 

molecular property is a key factor in fundamental processes in the realm of nonlinear optics,16 as for 

instance, the process of second harmonic generation (SHG) in which two photons of the same frequency ω 

are combined within a material to produce light with frequency 2ω. The latter effect is one of the most 

iconic nonlinear optical effects related to the first-order dipole hyperpolarizability, currently applied in 

technologies varying from molecular spectroscopy38 and bioimaging39 to quantum optics and the generation 

of entangled photon pairs40,41 with potential applications in quantum cryptography42 and teleportation.43 

As far as graphene is concerned, among the various NLO applications studied so far, those related to 

the cubic nonlinear responses ( ) have captured most of the attention.44–47 On the other hand, NLO 𝛾αβγδ

experiments focusing on the second-order (or quadratic) responses have not been developed to the same 

extent in graphenes due to the centrosymmetric character of their structures which prohibits such nonlinear 

optical interactions between light and matter. As a result, most of the reported studies targeted on 

noncentrosymmetric edge functionalization48–52 and in-plane doped graphene and graphene oxide 
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systems.17,53–55 From this point of view, this piece of work provides, for the first time, handy estimations 

about the prospect of enabling second order NLO responses in graphene-based systems by “stitching” 

together with organic molecules quadratically inactive graphene sections.

2. Computational Details.
The coupled perturbed approximation56–58 for finite and periodic systems59–61 has been applied to 

calculate static dipole polarizabilities and first hyperpolarizabilities throughout this study. We relied on the 

Coulomb-attenuating (CAM-B3LYP)62 functional that provides a good ratio between accuracy and 

computational efficiency for molecular nonlinear optical properties.17,63 More information about nonlinear 

optical materials, the quantum-chemical nature of these universal material properties, and the computational 

methods that are frequently used for their accurate calculation can be found in standard books and articles 

(see refs [64,65–67] and references therein).

Excited state properties for systems considered have been computed using the time-dependent DFT (TD) 

CAM-B3LYP method. The excited states of interest have been analyzed by means of natural transition 

orbitals68 (NTOs) in terms of “excited particle” to “empty hole” of the electronic transition density matrix. 

For the optimization of the nuclear positions of the systems considered we used the parameter-free global-

hybrid by Adamo and Barone,69 widely referred to as PBE0. Also in this work, we computed six-center 

delocalization indices (6-DIs) accounting for the multicenter electron delocalization and aromaticity70 via 

a Mulliken-based scheme within the Generalized Population Analysis (GPA).71 All hyperpolarizability and 

excited state computations of finite and periodic systems have been carried out with GAUSSIAN1672 and 

CRYSTAL1773 suites of programs, respectively.  

3. Results and Discussion

3.1 Molecular structures of pillared graphene models.

To facilitate the analysis of the linear and nonlinear optical properties of systems of such structural 

complexity, we initially applied our computational strategy to prototype highly symmetric finite models of 

purposely chosen cross-linking patterns. Specifically, we have considered five models of double-layered 

graphene flakes (PGFs) interconnected with six 1,4-benzenediamine pillars, as shown in Figure 1. 
Nomenclatures of pillared graphene flakes (PGFs) and illustrations of the corresponding cross-linking patterns.  All PGFs share 

the same top flake. Each PGF is named as a function to the cross-linking pattern of its bottom flake as (1, 2)- (α, β, γ) and with 

respect to the chosen functionalization with (Η, OH). Description: “1”, “2” denote sp3 hybridized C atoms of the bottom flakes 
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bonded to one N atom of the p-diaminophenyl pillar at a specific position (1, 2) as shown in the figure; “α,” “β,” and  “γ” denote 

sp3 hybridized C atoms of the bottom flakes functionalized with X= (H or OH) as shown in Fig. 2. Example: 1α-(OΗ): the nitrogen 

atom of the diamine pillar is bonded to the carbon atom “1”, with a hydroxyl (-OH) bonded to the carbon atom at position “α.”

 All PGF models presented in that scheme are composed of two identical “claromatic” graphene 

armchair flakes (C114) built from 114 carbon atoms, each.  By the term “claromatic”,74,75 we refer to 

nanographene structures admitting solely one Clar 75–78 aromatic structure without any double bonds.  

Previous experimental studies79,80,81,82 suggest that diamine anchoring on graphene oxide (GO) is 

achieved by the reaction of the amino groups with epoxy sites (–C–O–C–) located in the framework of GO 

(see Figure 2). To be consistent with the respective reaction mechanism, we added the required –OH groups 

in trans positions in all symmetry-nonequivalent carbon atoms (labeled as α, β, and γ) that are bonded to 

each carbon atom chosen to play the role of nitrogen binding site. In addition, we have chosen to alternate 

–OH groups and nitrogen binding sites in a symmetric fashion, building initial PGF scaffolds of C6v 

symmetry. The principal C6 symmetry axes of their unrelaxed configurations have been set perpendicular 

to the molecular planes of the interconnected flakes passing through their centers of mass. To check for 

substitutional effects related to the presence of –OH groups, we increased the number of the systems from 

five to ten by considering an additional set of PGF models in which all –OH groups have been replaced by 

–H.

Geometry relaxations with tight convergence criteria, and no symmetry constraints of all ten systems 

considered at PBE0/def2-SVP level of theory, yielded real minima of C1 symmetry.  To obtain a measure 

of the final geometry distortions, we computed the nearest high point group symmetry of each 

configuration. The respective results revealed that cross-linking patterns 1α and 2β are close to the C3 point 

group with a standard deviation below 0.01 Å. On the other hand, the remaining configurations were found 

very close to the C6 symmetry with a standard deviation lower than 0.01 Å. Hence, none of the systems 

considered had the direction of their Cn symmetry axis seriously altered. This is confirmed by the dipole 

moment vectors, shown in Figure 3, which remained quasi-perpendicular to the planes of the pillared flakes 

as in their initial configurations of C6v symmetry, regardless of the cross-linking pattern and the 

functionalization of each PGF. In contrast, the two latter features proved to be crucial for the scalar values 

and the direction (upward or downward) of the PGF electric dipole moments shown in Figure 3, which 

exhibit a strong dependence on either the binding sites of the pillars or on the functional group bonded to 

their neighboring carbon atoms. 
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3.2 Absorption spectra, HOMO-LUMO/Optical Gaps and Projected Densities of States

In Figure 4a, we present the cross-linking effect on the UV-Vis absorption simulated spectra with 

respect to the spectrum of the pristine dimer (C114)2. For this task, we chose a “window” of ninety singlet 

ground to excited states quantum transitions. The obtained results demonstrate that the interconnection of 

the two identical armchair hexagonal flakes of D2h symmetry with six para-benzenediamine pillars gives 

rise to broader, blue-shifted spectra with respect to their unpillared parent dimer. Hence, while the highly 

symmetric (C114)2 dimer is predicted to feature one degenerated intense absorption band at 2.9 eV, its 

pillared derivatives tend to adopt two distinguishable bands of lower intensities stemming from the obvious 

symmetry breaking after geometry relaxations with no symmetry constraints. To rationalize the cross-

linking effect on the electronic structures of these binary systems, let us start by comparing HOMO–LUMO 

(HL) and optical gaps of the modeled PGFs with those of the “non-pillared” parent (C114)2 dimer. At first 

glance, the gap values presented in Figure 4b quickly reveal that the interconnection of the two C114 flakes 

with 1,4-benzenediamine linkers systematically results in smaller HL and optical gaps stemming from 

destabilizations of both HOMO and LUMO. The observed gap lowering is further justified by the inverse 

evolution of the polarizabilities per atom (also given in Figure 4a), which36 are inversely proportional to 

the optical gaps of a given molecule by definition.35 Hence, those PGFs featuring smaller HL and optical 

gaps are also characterized by the larger polarizabilities per atom. 

More enlightening information about the band gap atomic contribution in these finite models has 

been obtained by studying the density of states of each system projected on the three fragments: a) the 

atoms of the pillars, b) the carbon centers of the bottom flakes, and c) the top flakes. A representative 

example of this analysis is provided in Figure 5 in the case of PGFs 2β-H and 2γ-Η. As seen, the global 

PGF HL gaps coincide with the “partial” gap of one out of the two pillared flakes. This outcome is further 

supported by the results presented in Figure 6a, where we compare the HL gaps of all pillared binary 

systems with X=H to those of non-pillared monolayer graphene flakes (GF) functionalized with –NH2, as 

in their pillared counterparts. The computed values expose that all PGFs feature HL gaps lying very close 

to those of the isolated functionalized flake with the narrowest energy difference between their occupied 

and unoccupied orbitals. Similar behavior is obtained for the PGF functionalized with –OH (Figures S1 

and S2). To obtain more insights into the optical properties of the considered PGF models, we performed 

a detailed analysis of those excited states which are involved in the most intense absorption bands of the 

PGF shown in Figure 4. The respective investigation, conducted by means of natural transition orbitals, 

suggested that both dominant absorption peaks are related to local intra-flake quantum transitions (Figure 

S3).
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An additional significant trend that becomes evident from the above structure-property correlations 

concerns the weak influence of the pillars on the HL gaps of these systems. Such a tendency has been also 

observed in three-dimensional pillared graphene architectures by Klontzas et al.12 Our results confirm and 

extend their conclusions to the optical absorption profiles of such systems. See, for instance, the results 

presented in Figure 7, where we compare the optical gaps and absorption profiles of pillared graphene 

flakes cross-linked by various molecules of different electron delocalization features (e.g., aromatic, 

conjugated, saturated hydrocarbons). The illustrated values show beyond any doubt that the type of diamine 

pillar marginally affects the linear optical behavior of the pillared dimers. This should not be surprising, 

bearing in mind that the HOMOs (LUMOs) of the pillars we considered are lying noticeably lower (higher) 

in energy than those of the interconnected flakes. Therefore, only pillars bearing similar HOMO and/or low 

LUMO energies with respect to the frontier orbital energies of graphene flakes could potentially influence 

the global optical behavior of these species.   

3.3 Local structural features

 To discuss the effect of local structural features on the optical properties of the PGF models considered 

in this work, we chose to start from the property variations presented in Figure 8a.  Thereby, we compare 

the HL and optical gaps of three groups of PGFs. The first group (group A) comprises structures 2α, 2β, 

and 2γ -(H) containing twelve sp3 atoms in each GF. Starting from group A, we constructed an additional 

group of models (group B) by removing three out of the six pillars on each PGF. To maintain the sp3 

character of the corresponding binding carbon atoms, we added a hydrogen atom in each binding position. 

Therefore, group B comprises structures of three pillars and six sp3 atoms on each flake. Finally, the third 

group (group C) has been built upon the structures of group B by converting the non-pillared sp3 hybridized 

carbon atoms to sp2. 

A careful inspection of the gap evolution depicted in Figure 8a reveals a strong correlation between 

computed HL and optical gaps of a series of PGF systems and the presence of sp3 hybridized carbon atoms 

in their frameworks.  PGFs of the same number of sp3 carbons (groups A and B) appear to feature similar 

optical gaps even if they are cross-linked by a smaller number of ligands. In contrast, PGFs of reduced 

numbers of sp3 hybridized carbon atoms (group C) are characterized by profoundly wider optical gaps than 

the former. The only exception is observed in structure 1α-(Η), for which the optical gap does not show a 

substantial dependence on the number of sp3 carbon atoms. This is the only PGF of the five considered in 

which the diamine pillars bind to terminal aromatic rings which are bonded to more than two hydrogens. A 

more comprehensive picture demonstrating the dominant impact of the sp3 carbons on the optical profiles 

of such double-layered systems is given in Figure 8b. Thereby, we contrast the UV-Vis spectra of some of 
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the pillared flakes of Figure 1 to their non-pillared analogs functionalized with the same number of sp3 

carbon atoms lying on equivalent positions. It is more than obvious that both pillared and non-pillared 

species share similar optical profiles. 

Let us focus on the most apparent quantitative aspects of the observed band gap changes. In that case, 

we see that out of the ten initial models considered intense HL-gap changes (> 1eV) are manifested only in 

PGFs 1α-Η(ΟΗ) and 2β-Η(ΟΗ). On the other hand, the gap modifications observed in the rest of the PGFs 

with respect to the interacting dimers are strikingly modest.  This evident structure-property variation 

correlates with the electron delocalization results plotted in Figure 6b. Thereby, we have presented the 

aromaticity patterns of the flakes relying on computations of six-center π-electron delocalization in rings 

on the analog bottom single flake of each system functionalized with –NH2 and –H. A careful inspection of 

those quantities exposes that out of the ten PGFs considered, 1α-Η(ΟΗ) and 2β-Η(ΟΗ) are the sole systems 

in which the nitrogen-bind sites and the sp3 C–H carbons of the bottom flake, are lying on intercyclic-

single-bonds connecting two neighboring aromatic sextets. Therefore, the delocalization distribution within 

each interconnected flake, as it is shaped after the crosslinking process, is most likely a decisive element 

on which the optical behavior of these systems depends on. This outcome might also be used to explain, up 

to a certain extent, the band gap dependence on the pillar distribution observed in periodic pillared graphene 

phases by Klontzas et al.12  

3.4 Nonlinear optical properties  

3.4.1 First hyperpolarizabilities. 

Table 1 contains HLGs dipole moments, mean dipole polarizabilities, and tensorial components of 

the dipole hyperpolarizability of PGFs interconnected with diamino-benzene. We should remind here that 

the βxxx, βyyy, and βzzz components express the nonlinear polarization capacity of a molecule along x, y, and 

z directions when an external electric field is applied on x, y and z molecular axes, respectively. In a similar 

manner, the tensorial component βxxz expresses the “hyperpolarization” along Cartesian direction x and 

appears when two fields are applied to the x and z molecular axes.  In addition, we have added the 

corresponding β-modulus 83of the first hyperpolarizability (  ) and indices  and , respectively, ‖𝛽‖ 𝛷𝐽 = 1 𝛷𝐽 = 3

in the first-order nonlinear responses of these systems. All three quantities can be computed from the 

nonvanishing components of the tensor as follows: 

(2)‖𝛽‖ = [𝛽2
𝑥𝑥𝑥 + 𝛽2

𝑦𝑦𝑦 + 𝛽2
𝑧𝑧𝑧 + 3(𝛽2

𝑥𝑦𝑦 + 𝛽2
𝑥𝑧𝑧 + 𝛽2

𝑦𝑥𝑥 + 𝛽2
𝑦𝑧𝑧 + 𝛽2

𝑧𝑥𝑥 + 𝛽2
𝑧𝑦𝑦) + 6𝛽2

𝑥𝑦𝑧]1/2
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β-modulus reflects the “intrinsic” hyperpolarizability of any system, and it is used to compare first-order 

nonlinearities between molecules of varying symmetries. The respective expression is quite handy because 

it can be decomposed into two irreducible components as or ||J=1||=[||J=1||2+||J=3||2]1/2. 𝛽 = 𝛽𝐽 = 1 ⊕ 𝛽𝐽 = 3

In the latter formula, ||J=1|| represents the dipolar contributions while (||J=3||) stands for the octupolar 

contributions to the first hyperpolarizability. In terms of Cartesian tensorial -components, the dipolar and 

octupolar components can be written as follows in conditions of Kleinman84 symmetry:

 (3)‖𝛽𝐽 = 1‖ = [3
5∑

𝑖𝛽
2
𝑖𝑖𝑖 +

6
5∑

𝑖 ≠ 𝑗𝛽𝑖𝑖𝑖𝛽𝑖𝑗𝑗 +
3
5∑

𝑖 ≠ 𝑗𝛽
2
𝑖𝑗𝑗 +

6
5∑

𝑖 ≠ 𝑗 ≠ 𝑘𝛽𝑖𝑗𝑗𝛽𝑖𝑘𝑘]1/2

(4)‖𝛽𝐽 = 3‖ = [2
5∑

𝑖𝛽
2
𝑖𝑖𝑖 ―

6
5∑

𝑖 ≠ 𝑗𝛽𝑖𝑖𝑖𝛽𝑖𝑗𝑗 +
12
5 ∑

𝑖 ≠ 𝑗𝛽
2
𝑖𝑗𝑗 +

6
5∑

𝑖 ≠ 𝑗 ≠ 𝑘𝛽𝑖𝑗𝑗𝛽𝑖𝑘𝑘 + 6∑
𝑖 ≠ 𝑗 ≠ 𝑘𝛽𝑖𝑗𝑘]1/2

Using the above quantities, in which i,  j, and k refer to Cartesian molecular directions x, y, and z, one can 

calculate the so-called nonlinear anisotropy parameter  representing a measure of the interplay 𝜓 =
‖𝛽𝐽 = 3‖
‖𝛽𝐽 = 1‖

between the octupolar/dipolar contributions85,86 on the first hyperpolarizability tensor β using the quantities  

 (octupolar contributions) and   (dipolar contribution), respectively. Φ𝐽 = 3 =
𝜓

(𝜓 + 1) Φ𝐽 = 1 = 1 ― Φ𝐽 = 3

Systems of strong octupolar contributions imply83 strong couplings between exited states, while in systems 

where the dipolar contributions are more pronounced, prevailing ground-to-excited states transitions, 

should be expected, as in the case of long-established push-pull chromophores35.   In the latter, the dominant 

first hyperpolarizability contributions come from charge-transfer excitations along the direction of their 

dipole moment, while in the former, the prevailing “hyperpolarization” mechanism also involves two-

photon excitation paths occurring between virtual excited states connected by strong transition dipoles.17 

The hyperpolarizability computations presented in Table 1 have been conducted not only on the 

exact true minima of C1 symmetry, obtained via full geometry relaxations, but also on configurations 

purposely symmetrized to the nearest highest symmetry point groups C3 and/or C6. Noncentrosymmetric 

molecules belonging to the latter symmetries must feature one dipole moment and two polarizability-

independent components, respectively. In addition, they must carry four and two nonvanishing first 

hyperpolarizability independent tensorial components, respectively. For the molecular orientations shown 

in Figure 3, the nonvanishing components of the properties of interest are:  C3 μz, axx=ayy, azz, βxxx= –βxyy, 

βyyy= –βxxy, βzzz, βxxz=βyyz  and C6 μz, axx=ayy, azz, βxxz= –βyyz, βzzz. 
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12

Bearing the above symmetry rules in mind, lets us now focus on the outcomes listed in Table 1. 

Starting from the β-modulus, one can easily distinguish PGFs 1α-Η and 1β-Η as the most hyperpolarizable 

species out of the five H-PGFs studied here. In their C1 or C3 symmetry configuration, these two PGFs 

carry strong first-dipole hyperpolarizabilities of more than 10×103 au. The computed ΦJ=3 (ΦJ=1) indices of 

0.97 (0.3) for 1α-Η-C3 and of 0.78 (0.22) for 1β-Η-C3 point out that their first order nonlinearities should 

be of octupolar character owed to the strong in-plane βxxx and βyyy components. On the other hand, the 

contribution of the βzzz components, related to polarization effects along the direction of their permanent 

dipole moments, is found relatively weak for 1a-H (βzzz=473 au) but considerably stronger for 2β-H 

(βzzz=1915 au). 

The observed component variations are in line with the excited states discussed in a previous section. 

They indicate that the predicted strong nonlinearities should be credited more to intra-flake electronic 

excitations occurring within the top and/or bottom flakes than to inter-flake charge-transfer interactions. 

This is also implied by the weak βzzz perpendicular components observed in PGFs apart from 2β-H, which 

is related, though, to charge-transfer interactions between the p-diaminophenylene pillar and the bottom 

flake. To identify which of the two pillared graphene flakes contributes the most in large 

hyperpolarizabilities of 1α-Η or 2β-Η PGFs we computed the respective quantities of the isolated top and 

bottom graphene flakes functionalized with -H and -NH2 groups illustrated in Fig.  6. As in the case of the 

HL-gaps, the obtained results clearly point out that the large hyperpolarizabilities of either 1α-Η or 2β-Η 

are similar in magnitudes with those of the non-pillared functionalized bottom flakes. For instance, the β-

modulus computed for the isolated functionalized bottom flake of PGF 1α-Η is found to be only 1×103 au 

smaller than in its pillared counterpart (13×103 vs. 12×103 au, respectively). 

Based on the inverse proportionality between the optical gap of a given system and its second order 

NLO responses,17 one could initially deduce that the pronounced hyperpolarizabilities of 1α-Η and 2β-Η 

should mainly stem from their narrow band gaps, which in turn are defined by one of the two pillared flakes. 

However, computations conducted on fully symmetrized C6 geometries of 1α-Η and 2β-Η PGFs, do not 

solely point to that end. For instance, in the case of 1α-Η PGF we see that the transition from C3 symmetry 

to C6 provokes a notable HL gap narrowing of 0.5 eV that could justify an increase in their first 

hyperpolarizabilities. In contrast, our calculations predict a threefold drop in the magnitude of modulus ||β|| 

caused by the elimination of components βxxx and βyyy due to symmetry constraints. The analog behavior 

holds in the case of isomer 2β-Η.  Therefore, the smaller gaps of either 1α-Η or 2β-Η should account only 

for a fourfold and fivefold difference, respectively, as compared to the rest of the isomers of this series of 

models. 
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In the case of the OH-functionalized PGFs, a similar behavior is observed. However, these species 

exhibit weaker hyperpolarizabilities than their hydrogenated counterparts. This is mainly due to a drastic 

reduction of the axial hyperpolarizability components along the x and y axes, occurring after replacing –H 

with –OH groups. To check whether the respective strong hyperpolarizability lowering is connected to 

substitution effects, we simply replaced all hydroxyl groups of 1α-OH and 2β-ΟΗ with H using a standard 

C–H bond length of 1.08 Å. Hyperpolarizability computations on unrelaxed structures of these systems 

revealed that modulus ||β|| recovers a large portion of its strength after substituting OH with H. In brief, in 

the transition 1α(2β)-OH→1α(2β)-H ||β|| increased from 3.0×103 (4.9×103) to 10.3×103 (7.8×103) au, 

respectively. Consequently, the drastic reduction in the nonlinearities of the –OH functionalized models 

should be mainly attributed to effects related to the presence of –OH units in their framework via their 

implication in charge transfer transitions. From another viewpoint, the identified effects also imply that the 

NLO responses in such systems could be the subject of further modifications via the choice of 

functionalization agents. 

In a previous section, we demonstrated that the choice of the pillar brings minor changes to the HL 

and optical gaps of the PGFs considered regardless of the cross-linking pattern. Let us now see if this is the 

case for the first order NLO responses of such systems, which from their definition, depend on a large set 

of quantum electronic transitions between the occupied and unoccupied molecular orbitals of a given NLO 

active species.  For this task, we chose to present the results obtained on those patterns which yield the 

largest band gap variations within the series, designated by the prefixes 1α- and 2β-.  At first glance, the 

hyperpolarizability results illustrated in Figure 9 expose that intense modifications on the NLO capacity in 

such interconnected species are observed only in the case of diamino-butadiene. The analysis of the 

respective tensorial components suggests that the notable increase observed in the case of 1β- patterns 

should be primarily attributed to the hyperpolarizability components parallel to the flake planes and 

secondarily to the perpendicular component of β tensor describing the nonlinear polarization along the C3 

symmetry axis of these systems which in this case are considerably strong. Nevertheless, the absence of 

such an effect in the case of cross-linking pattern 1a indicates that the considerable property enhancement 

observed in this particular system should be more associated with its elaborated structure than with the 

pillar itself.  Therefore, we will not further insist on discussing the source of this effect that depends on the 

relative alignment of the pillar’s π valence orbitals and those of the bottom flake. Nonetheless, it is worth 

mentioning that this distinct outcome undoubtedly exposes the nontrivial electronic-structure character of 

pillared graphenes.    
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3.4.2 Pillared graphenes of enhanced NLO responses

The analysis of the static hyperpolarizabilities performed on purposely designed systems highlighted 

a distinct local structural pattern that appears to define the magnitudes of their first order NLO responses, 

which, in turn, depend on nontrivial transitions between more than one ground and excited states of a given 

system. The revealed pattern depends on the presence of sp3 carbon atoms formed during the cross-linking 

process and on local electron delocalization features of the cross-linked graphene sections, which undergo 

drastic modifications with respect to the pristine case. Specifically, it was seen that the formation of 

intercyclic single bonds between sp3 hybridized carbon atoms dramatically influences the band gaps of such 

systems and delivers large first-order nonlinearities.  To test the robustness and limits of the observed 

structure-property correlations, we designed and performed the computational experiment described in 

Figure 10(a). Thereby, we present hyperpolarizability results corresponding to four pairs of different PGFs 

interconnected with p-diaminophenyl pillars denoted as 1-(A, B) (–H, –OH) and 2-(A, B)(–H, –OH). Note 

that in PGFs 2-(A, B)(–H, –OH) species, the fully saturated C atoms are accommodated by a single 

aromatic hexagon. On the other hand, 1-(A, B) (–H, –OH) both top and bottom flakes sp3 carbon atoms 

have been placed on the heterojunctions of neighboring aromatic sextets. Based on the outcomes witnessed 

so far, we expect that this local structural feature appearing in both cross-linked flakes will deliver an 

increased NLO response. Computations at the CAM-B3LYP/def2-SVP level, schematically presented in 

Figure 10, fully confirm the last deduction. In addition, owing to their large number of electrons,87–89 these 

species exhibit substantially strong second-order nonlinearities reaching orders of magnitude higher than 

104 au maintaining wide optical gaps. If the latter feature is combined with the intense octupolar character 

of the overall responses, it leads to the conclusion that the strong NLO properties observed in these systems 

should involve strong excited state coupling.17 Finally, a brief analysis of the first excited states of the 

considered propeller like PGFs confirmed that the transitions involved correspond to intra-flake electron 

density redistributions (Figure S4).  

Finally, an approximate estimation about the size of the first order NLO magnitudes at the infinite 

periodic limit has been obtained by designing the periodic double-layer two-dimensional model of pillared 

graphene oxide shown in Figure 10(b). The computed hyperpolarizability results (per unit cell) fully 

confirm the predictions obtained in finite systems about the capacity of such species to deliver extra strong 

(~107 au) first order NLO responses of octupolar character (βJ=3 βJ=1). In this case, the observed ≫  

significant responses should be close to the nonzero but narrow band gap (~0.8 eV) obtained for this 

periodic infinite system. Interestingly, the projected density of states plotted in Figure 10(b) follows the 

trend according to which the global band gaps of pillared graphene architectures should be defined by the 

layer of the smallest energy gap between its valence and conduction bands.
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4. Conclusions
Motivated by the recent advances in graphene materials, we conducted a systematic study on a series of 

properties related to the optical behavior of finite graphene sections covalently interconnected by diamino 

organic pillars.  Our outcomes revealed that the linear and nonlinear optical behavior of such hybrid 

networks of nonzero band gaps is governed by the graphene fragments. Especially in the case of the 

nonlinear optical capacity of these systems, promising potential for applications related to technologies 

based on materials bearing high nonlinear optical coefficients has been identified. What’s more, the 

performed analysis allowed us to spot intuitive local structural features that appear to play a decisive role 

in the observed property trends.  Specifically, our computations revealed that intercyclic carbon-carbon 

single bonds formed between sp3 hybridized carbon atoms belonging to two neighboring aromatic sextets 

are strongly related to drastic changes observed in the optical absorption profiles, excited states, and the 

nonlinear optical behavior of these species. As far as the pillars are concerned, in this work, we investigated 

conventional aromatic, conjugated, and fully saturated organic diamino molecules that have been used as 

pillars in several of the reported synthetic attempts. No noticeable property variations that could be related 

to their nature have been observed. We believe that pillars bearing similar HOMO and/or low LUMO 

energies with respect to the frontier orbital energies of graphene flakes could potentially influence the global 

optical behavior of these species. Finally, judging from the property differences observed between hydrogen 

and hydroxyl functionalized species, it became evident that further functionalization of the graphene layers 

could stimulate synergic effects between the pillars and the graphene sections. 
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TABLES
Table 1. HOMO-LUMO gaps (HLG in eV),  dipole moments (au), mean dipole polarizabilities (au), dipole hyperpolarizability (au) tensorial components,  ‖𝛽‖
modulus (au), depolarization ratios (Ψ), octupolar (ΦJ=3)  and dipolar (ΦJ=1) contributions of all PGFs interconnected with diamino-benzene fixed in C3 and C6 
symmetries. Numbers in parenthesis correspond to property values computed on the exact equilibrium geometries of these species belonging to the C1 symmetry 

point group.  All property computations have been carried out at CAM-B3LYP/def2-SVP level of theory applied on PBE0/def2-SVP optimized geometries.

Sym. HLG OPG μz axx azz ×103𝛼 𝛽𝑥𝑥𝑥 𝛽𝑦𝑦𝑦 𝛽𝑥𝑥𝑧 𝛽𝑧𝑧𝑧 ×103‖𝛽‖ Ψ 𝛷𝐽 = 3 𝛷𝐽 = 1

1α C3 2.74(2.74) (1.63) 1.0 (1.0) 4770 1427 3.7(3.7) 4809 4621 60 473 13.3 (13.4) 29.03 0.97 0.03

1α C6 2.24 .. 0.9 5055 1437 3.8 - - 1616 277 4.0 1.06 0.52 0.48

1β C6 3.64(3.65) (2.00) -0.2(-0.2) 4144 1439 3.2(3.2)  - - 323 224 0.8 (0.8) 0.70 0.41 0.59

2α C6 3.53(3.53) (1.97) 1.7(1.7) 4210 1468 3.3(3.3) - - 258 258 0.8 (0.8) 14.73 0.94 0.06

2β C3 2.38(2.38) (1.16) 1.3(1.3) 4864 1475 3.7(3.7) -4938 -1115 876 1915 10.5(10.8) 13.57 0.78 0.22

2β C6 1.85 .. 1.4 5296 1474 4.0 - - 868 2460 4.8 (10.8) 0.45 0.31 0.69

-H

2γ C6 3.66 (3.66) (2.39) 0.8(0.8) 4156 1468 3.3 (3.3) - - -269 460 0.8 (0.8) 13.08 0.93 0.07

1α C3 2.98(2.99) (1.70) -0.6 (-0.7) 4695 1480 3.62 (3.6) -744 -846 650 1252 3.0 (3.0) 1.16 0.54 0.46

1α C6 2.12 .. -1.2 5198 1483 3.96 - - 1112 1114 2.9 0.54 0.35 0.65

1β C6 3.42(3.35) (1.79) -1.0 (-0.9) 4191 1485 3.29 (3.3) - - 380 349 1.0 (1.0) 0.58 0.37 0.63

2α C6 3.37(3.37) (1.76) -0.2 (-0.2) 4255 1520 3.34 (3.3) - - -80 1103 1.1 (1.1) 1.16 0.54 0.46

2β C3 2.46(2.46) (1.08) -0.6 (-0.6) 4813 1524 3.71 (3.7) 619 -1695 868 2460 4.9 (5.0) 1.11 0.53 0.47

2β C6 1.67 .. -0.6 5493 1525 4.2 - - 790 2602 3.2 0.05 0.04 0.96

-OH

2γ C6 3.65(3.65) (2.36) -0.4 (-0.4) 4180 1498 3.28 (3.3) - - -192 852 1.0 (1.0) 2.49 0.71 0.29
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Figure 1. Nomenclatures of pillared graphene flakes (PGFs) and illustrations of the corresponding cross-linking patterns.  All 
PGFs share the same top flake. Each PGF is named as a function to the cross-linking pattern of its bottom flake as (1, 2)- (α, β, γ) 
and with respect to the chosen functionalization with (Η, OH). Description: “1”, “2” denote sp3 hybridized C atoms of the bottom 
flakes bonded to one N atom of the p-diaminophenyl pillar at a specific position (1, 2) as shown in the figure; “α,” “β,” and  “γ” 
denote sp3 hybridized C atoms of the bottom flakes functionalized with X= (H or OH) as shown in Fig. 2. Example: 1α-(OΗ): the 
nitrogen atom of the diamine pillar is bonded to the carbon atom “1”, with a hydroxyl (-OH) bonded to the carbon atom at position 
“α.”

Page 25 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



Figure 2. Schematic representation of SN2 nucleophilic attack reaction between 1,4 benzenediamine and GO epoxides. 

Figure 3. Dipole moment vectors (red arrows) and scalar t values (μTOT) are given in Debye (D) of all PGFs shown in Figure 1 
Hydrogen atoms are not shown in this figure. Rows correspond to the same varying linking patterns 1α, 1β, etc. (see Figure 1), 
and columns correspond to the same cross-linking pattern with different substitutions (X=H, OH). Cartesian axes in each case are 
given as green arrows. All computations have been performed at the CAM-B3LYP/def2-SVP level of theory on PBE0/def2-SVP 
optimized geometries of C1 symmetry. 
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Figure 4 (a) UV-Vis simulated spectra of pillared graphene flakes interconnected with six 1,4- benzenediamine linkers 

computed at the TD-CAM-B3LYP/def2-SVP/ level. (b) Kohn-Sham orbital energies, HOMO-LUMO, and optical gaps (eV) of 

pillared graphene flakes interconnected with six 1,4- benzenediamine linkers. Values in parentheses correspond to the dipole 

polarizabilities per atom (au). All values have been computed at the CAM-B3LYP/def2-SVP level of theory.
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Figure 5. Projected density of states and HOMO-LUMO orbitals computed at the CAM-B3LYP/def2-SVP level of theory. 
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Figure 6. a) HOMO-LUMO gap comparisons between PGFs of in Fig. 1 and the corresponding non-pillared top flakes (designated 
with the extension -GF at the bottom axis). The isolated flakes have been functionalized with -NH2 and -H, groups at the same 
atoms as in their pillared counterparts. All computations have been performed at the CAM-B3LYP/def-2SVP level of theory on 
PBE0/def2-SVP optimized geometries. b) CAM-B3LYP/def2-SVP π-delocalization patterns per carbon hexagon of the isolated 
bottom functionalized flakes of all PGFs. The delocalization values are given as percentage differences with respect to the isolated 
benzene molecule computed with the same method. For example, the π-electron delocalization in the three terminal axial-aromatic 
sextets of pristine C114 is 53% of the delocalization of C6H6 computed at the respective level of theory.  
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Figure 7. a) Optical gaps (energy difference between the ground electronic states and the first allowed by 
symmetry excited state) of PGFs interconnected with six pillars of a different character in terms of 
conjugation, polarity, and linking atom. b) UV-Vis simulated spectra (90 states) of PGFs interconnected by 
various diamine pillars. Each PGF is interconnected by six pillars of the same type. All computations have 
been performed within the Time-Dependent Density Functional framework by applying the CAM-
B3LYP/def2-SVP basis set on PBE0/def2-SVP optimized geometries.
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Figure 8. a) Optical gaps (and frontier orbital energies of PGFs interconnected with six and three pillars. Grey hexagons correspond 
to aromatic dark sextets. Group A comprises structures 2α, 2β, and 2γ -(H) containing twelve sp3 atoms in each GF. Starting from 
group A, we constructed an additional group of models (group B) by removing three of the six pillars un each PGF. To maintain 
the sp3 character of the corresponding binding carbon atoms, we added a hydrogen atom in each binding position. Finally, the third 
group (group C) has been built upon the structures of group B by converting the non-pillared sp3 hybridized carbon atoms to sp2. 
b) Comparison of UV-Vis spectra of the optical gap are defined as the energetic difference between the ground electronic states 
and the first allowed by symmetry excited state of each system. All computations have been performed within the Time-Dependent 
Density Functional framework by applying the long-range corrected CAM-B3LYP functional with the def2-SVP basis set on 
PBE0/def2-SVP fully optimized geometries.
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Figure 9. a) Pillar dependence of the first dipole hyperpolarizability modulus ||β||. b) Parallel (βxxx) and perpendicular (βzzz) 
to the graphene flake layers tensorial components of the first hyperpolarizability in the case of diamino-butadiene pillared 
species. All computations have been carried out with the long-range corrected functional CAM-B3LYP and the def2-SVP 
basis set on PBE0/def2-SVP optimized geometries with Grimme’s D3 empirical dispersion.
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Figure 10. a) Cross-linking pattern dependence of the first dipole hyperpolarizability modulus ||β|| in four pillared graphene 
flakes of large sizes. All computations have been carried out with the long-range corrected functional CAM-B3LYP and 
the def2-SVP basis set on PBE0/def2-SVP fully optimized geometries, including Grimme’s D3 empirical dispersion. Grey-
shaded carbon hexagons correspond to aromatic Clar sextets. All species have twelve sp3 atoms equally distributed in each 
flake. In species denoted with the letter “A,” all sp3 carbon atoms belong to two neighboring aromatic sextets of the pristine 
parent flake. On the other hand, in species denoted with the letter “B,” all sp3 carbon atoms reside in the same aromatic 
sextet of their parent pristine, isolated graphene flakes. b) Projected density of states and modulus ||β|| together with dipolar 
and octupolar contributions of a periodic graphene oxide bilayer slab interconnected by two diamino benzene pillars per 
unit cell computed at CAM-B3LYP/pob-DZVP-rev2 level of theory. The lattice of the system, built from 162 atoms in 
total, has been optimized at the PBE0/pob-DZVP-rev2 level of theory, including Grimme’s D3 empirical dispersion.
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