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Abstract 

Polycyclic aromatic hydrocarbons (PAHs) can be considered as graphene nanoflakes 

in which the edges are hydrogenated. Zigzag and armchair-edged PAHs possessing 

circular, parallelogram, rectangular and triangular shapes have been studied using 

M06L/6-31+G(d) level of density functional theory (DFT). Molecular electrostatic 

potential (MESP) analysis of the PAHs is done to characterize their electron distribution 

while the time-dependent DFT (TD-DFT) analysis was used for the absorption spectral 

analysis. MESP analysis clearly showed Clar’s sextet like electronic arrangement in 

armchair-edged systems whereas zigzag-edged ones showed significant electron 

localization towards the edges. TD-DFT analysis casts light upon the absorption 

features of these systems, which followed a linear trends in absorption maximum (max) 

for most of the armchair-edged systems with respect to the number of π-electrons. 

MESP analysis on the electron rich and electron deficient features of PAH systems led 

to the design of donor-spacer-acceptor type PAH-π-PAH systems (D-π-A systems) 
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wherein a conjugated diene moiety functions as the π-spacer. Though these systems 

behaved weakly as D-π-A systems, with the introduction of electron donating functional 

group NMe2 on one PAH and electron withdrawing group COOH on the other led to 

the formation of strong D-π-A systems.  The MESP features, frontier molecular orbital 

(FMO) distribution, and absorption spectral features supported their strong D-π-A 

character. Among the different shapes studied, the rectangular PAH moiety showed 

the most efficient tuning of HOMO-LUMO gap. The optical and electronic data of PAH, 

PAH-π-PAH and functionalized PAH-π-PAH systems shed light upon possible tuning 

of their optoelectronic properties for practical applications.  

Introduction 

The field of molecular materials flourished in the 21st century after the isolation of 

graphene by Nobel Prize winners Geim and Novoselov,1 even though the pioneering 

theoretical work was done by P. Wallace in the year 1947.2  By definition, graphene is 

a polycyclic aromatic hydrocarbon (PAH) which is a flat monolayer of sp2 carbon atoms 

packed into a two dimensional -conjugated system,3-5 having exceptional electronic, 

thermal and mechanical properties.1,6 Despite being one atom thick, graphene can be 

optically visualized.7,8 Together with this visibility, other remarkable optical properties 

like hot luminescence, saturable absorption, and broadband applicability renders 

graphene an ideal photonic and optoelectronic material.9-17    

 

Figure 1. Different types of periphery and edges in PAHs. 
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Large flakes of graphene in which every ring are different from the other are termed 

nanographene,3,18-23 the properties of which are largely influenced by the size and edge 

shape.24-28 As the size of the PAH increases, the number of isomers possible also 

increases.29 Graphene nanoflakes are stable than carbon nanotubes of similar size, 

but less stable than the corresponding fullerenes. In addition, large flakes have almost 

zero bandgap whereas small ones are semiconductors or insulators. Graphene 

nanoflakes tend to show new and unexpected electronic, optical, vibrational and 

magnetic properties based on the size and geometry. 24,25,30-35 For example, 

triphenylene and tetracene are made of four aromatic rings, the absorption maximum 

of former is at 265 nm and the same for latter is 471 nm, a much higher value. In 

addition, triphenylene is quite stable against oxidation whereas tetracene is easily 

oxidized. On the basis of resonance structures of PAH, Clar proposed the sextet rule 

which predicts the largest number of disjoint benzene-like -conjugated moieties one 

can draw for a PAH.  According to Clar’s rule, triphenylene having three sextet rings is 

more aromatic and more stable than the isomer tetracene having only one sextet.36-39 

Two types of periphery (zigzag and armchair) and three types of edges (the bay, the 

cove and the fjord) are observed for PAHs, (Figure 1).24 PAHs with armchair periphery 

are more resonance stabilized compared to those with the zigzag periphery, making 

zigzag ones more reactive so that larger PAHs with zigzag periphery is instantaneously 

converted to quinine in the air.24 31 It is already proven that the HOMO-LUMO band 

gap engineering can be done by changing the size and the shape of graphene 

nanoflakes.40 Large PAHs are present naturally, but graphene nanoflakes are very 

difficult to synthesize and are not found naturally.41 Syntheses of nanoflakes are 

done,42-45 but the growth and nucleation trends are yet to be understood. Both top-

down46-50 and bottom-up43,51 approaches are adopted for synthesis. Extensive 

theoretical research on graphene nanoflakes have been done by various groups.52-57  
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Here we consider PAH molecules of various sizes and shapes as potential candidates 

for the design of donor or acceptor part of a donor-()spacer-acceptor (D--A) system. 

MESP analysis is used to evaluate the electron rich/deficient feature of a particular 

shape or size of the PAH. The electron rich PAH will be proposed suitable for the 

design of donor while a relatively electron deficient PAH will be suggested for the 

design of acceptor. Further, functionalization of the donor PAH is considered with NMe2 

substituent while an acceptor moiety COOH is proposed to improve the accepting 

ability of the acceptor PAH.  

Computational Methods 

All the molecules are optimized using Gaussian16 suite of programs,58 using the DFT 

method M06L/6-31+G(d).59 The optimized geometries are confirmed as energy minima 

by vibrational frequency analysis. The electron density generated using M06L/6-

31+G(d) method is used for molecular electrostatic potential (MESP) calculations. 

Using time-dependent density functional theory (TD-DFT)60-63 technique at the same 

level of theory, the absorption and molecular orbital features of every set of molecules 

are derived.  

Results and Discussion 

PAH systems: structure 

The PAHs are categorized into six groups on the basis of the overall shape of the 

molecule and the shape of their zigzag and armchair edges. A circular and 

parallelogram-shaped PAH can have armchair and zigzag edges. Armchair edged 

triangular-shaped PAH is also considered whereas a zigzag edged triangular shape is 
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not included in the study due to the requirement of odd number of C-H bonds to 

complete the shape (odd electron system). The sixth category belongs to rectangular-

shaped PAHs. For such a shape, one side has to be zigzag edged while the adjacent 

side has to be armchair edged. In every set of molecules, 4 systems are analyzed in 

the present study, which are designated as XyN, where X = C, T, P or R denoting 

circular, triangular, parallelogram and rectangular shaped structures respectively and 

y = z, a or h standing for zigzag, armchair and hybrid morphology, respectively. The 

notation N is used as a serial number (1-4) for the smallest to the largest system 

studied in each category. A representative set of molecules from each category is given 

in Figure 2.   

 

Figure 2. Representative set of PAH molecules under study 

For the PAH systems, the number of π-electrons and number of π-electrons per CC 

bonds (nπ) are given in Table 1. The nπ can be used as a simple measure to assess 

the π-electron density in every molecule. In every category, nπ decreases as the size 

of the system increases because the number of CC bonds monotonically increases. 

The CxN systems show the lowest nπ value. 
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Table 1. The number of π- electrons and ratio of the number of π electrons to the total 

number of CC bonds (nπ) in PAH systems. 

Syste

m 

No. of π-

ē nπ 

Syste

m 

No. of π-

ē nπ 

Syste

m 

No. of π-

ē nπ 

Cz1 24 

0.80

0 Pz1 16 

0.84

2 Ta1 18 

0.85

7 

Cz2 54 

0.75

0 Pz2 30 

0.78

9 Ta2 36 

0.80

0 

Cz3 96 

0.72

7 Pz3 48 

0.76

2 Ta3 60 

0.76

9 

Cz4 150 

0.71

4 Pz4 70 

0.74

5 Ta4 90 

0.75

0 

Ca1 42 

0.77

8 Pa1 24 

0.82

8 Rh1 20 

0.83

3 

Ca2 72 

0.75

0 Pa2 54 

0.77

1 Rh2 42 

0.77

8 

Ca3 132 

0.73

3 Pa3 96 

0.74

4 Rh3 74 

0.77

1 

Ca4 184 

0.71

3 Pa4 152 

0.73

8 Rh4 110 

0.73

3 

 

PAH systems: MESP analysis 

To understand the electronic characteristics of every PAH systems, the most negative 

valued MESP (Vmin) in the molecules is determined.64,65 MESP has been successfully 

demonstrated as an effective tool in studying PAH and other related systems, 
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especially to interpret Clar’s aromatic sextet theory.36-38 Figure 3 shows MESP features 

of a representative set of systems (the smallest member in every category). See 

supporting information for MESP isosurface for all the systems. The black dot in the 

MESP isosurface denotes the deepest Vmin and their values are given in Table 2 (cf. 

Figure S1 for MESP isosurface plots). A gradual decrease in the absolute value of the 

Vmin is observed with increase in the size of the PAH which indicates the diminishing 

electron richness due to the enhancement of electron delocalization.  

 

Figure 3. MESP features on smallest PAH system in all categories. 

Table 2. Vmin values of all the PAH systems in kcal/mol. 

 

CzN CaN PzN PaN TaN RhN 

N=1 -13.4 -12.8 -13.9 -14.0 -14.4 -13.9 

N=2 -12.5 -11.9 -13.1 -13.0 -13.5 -13.4 

N=3 -11.8 -11.7 -12.4 -12.3 -12.9 -13.0 

N=4 -11.0 -11.3 -11.9 -12.1 -12.6 -12.7 

Plots showing the correlation between nπ values and the corresponding Vmin values are 

given in Figure 4. The good linear relationships indicate that in a specific series, the π-

electronic features gradually decrease with increase in the size of the molecule.  The 

circular shaped systems (red dots in Figure 4) show the highest rate of decrease in π-

electron density while the rectangular RhN systems (green dots) display the lowest.  

-13.4 -12.8 -13.9 -14.0 -14.4 -13.9

Cz1 Ca1 Pz1 Pa1 Ta1 Rh1
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Figure 4. Graphs plotting nπ values and Vmin values on all the PAH systems. 

For CzN, the electron localization can be observed in the peripheral rings in all the 

structures as evident from the Vmin values at the outermost rings. In the case of CaN 

systems, outermost aromatic rings with three C-H bonds show the most negative Vmin. 

In CaN systems, the Clar’s aromatic sextet retention are easily visualised, while for the 

CzN ones, Clar’s sextet features of hexagons cannot be distinguished. In CzN, the 

electron cloud as seen in MESP is localised strongly towards the outermost rings. This 

trend indicates that the armchair edged ones are more stabilised by aromaticity than 

the zigzag edged ones. The peripheral localization of the electron cloud is clearly 

visible in the MESP picture for PzN systems, whereas for the PaN ones, MESP features 

are clearly expressed as Clar’s sextets. For PzN  systems, the terminal rings with three 

C-H bonds show the most negative MESP features and for PaN type PAHs, the Vmin 

values are observed at the terminal rings with four C-H bonds. The peculiarity of 

armchair edged systems, as mentioned for CaN and PaN type PAHs are retained in the 

TaN systems also. The visualisation of Clar’s sextet is evident by comparing with the 

Clar’s structure for all TaN. In this case, the Vmin values are observed at the corner rings 

of every structure, the magnitude of which gradually diminishes as the size increases. 

-15
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-13

-12

-11

-10

0.70 0.75 0.80 0.85 0.90

Vmin

(kcal/mol)

nπ

PzN

PaN
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The Vmin of RhN PAHs is observed at the corner rings in every system.  For these 

systems, the constituting individual acene parts viz. naphthalene, anthracene, 

tetracene and pentacene can be visualised from the topology of MESP.  A 

representative set of MESP features on armchair edged systems and their 

corresponding Clar’s structures are given in Figure 5, to show the Clar’s sextet like 

MESP localisation in these systems. In fact, Ca2 is not a complete armchair edged 

system as it contains short zigzag portions too. Similarly, Ca3 contains cove region 

while Ca4 contains short zigzag portions and cove regions (supporting information).  

The sextet localization of electrons in the rings is the lowest for such mixed systems.  

 

Figure 5. Figures of MESP isosurface of representative armchair edged PAHs with the 

corresponding Clar’s structures. 

PAH-π-PAH systems: structure 

Only the first member from each category of molecules (Cz1, Ca1, Pz1, Pa1, Ta1 and 

Rh1) is selected to design the PAH-π-spacer-PAH systems (PAH-π-PAH). The 



10 

selected π-spacer is t-butadiene moiety. These systems thus designed are named as 

Cz1-Ca1, Cz1-Pz1, Pa1-Cz1, Ta1-Cz1, Cz1-Rh1, Pz1-Ca1, Pa1-Ca1, Ta1-Ca1, Rh1-Ca1, 

Pa1-Pz1, Ta1-Pz1, Pz1-Rh1, Ta1-Pa1, Pa1-Rh1, and Ta1-Rh1. Naming is done in such a 

manner that the PAH system having the highest negative Vmin value is given first, 

followed by the name of the second PAH moiety. The most electron rich carbon of the 

PAH systems as seen in MESP topography (the carbon that appears nearest to the 

Vmin point) are selected to join the spacer butadiene moiety.  Most of the designed 

systems possess perfect planar structures and the exceptions are Rh1-Ca1, Cz1-Ca1, 

Cz1-Pz1, Pa1-Cz1, Ta1-Cz1, and Cz1-Rh1. All the Cz1 connected systems are non-

planar. The slight amount of non-planarity observed is measured in terms  of the largest 

twist angle between the conjugated diene and the PAH moieties. A representative set 

of one non-planar system Cz1-Pz1 and a planar one Ta1-Pa1 are shown in Figure 6. 

The dihedral angles made by both PAH parts with the diene are marked in the figure. 

In Cz1-Pz1, a dihedral angle 32o is visible between the Cz1 end whereas the Pz1 end 

is planar.  

 

Figure 6. Optimised geometry of non-planar (Cz1-Pz1) and planar (Ta1-Pa1) systems 

(dihedral angle is marked in both the structures).  

PAH-π-PAH systems: MESP analysis 

These systems are analyzed for their electronic features using the tool of MESP and 

the Vmin values on different parts of the systems are given in Table 3. The notations in 

Table 3 are color coded; the PAH moiety showing more electron rich character than  

32o 0o

0o 0o

Ta1-Pa1Cz1-Pz1
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Table 3. Vmin values on different parts of PAH-π-PAH systems. 

System 

VminD  VminS VminA 

(kcal/mol) (kcal/mol) (kcal/mol) 

Cz1-Ca1 -12.8  -13.6 -12.4 

Cz1-Pz1 -13.4  -14.3 -13.3 

Pa1-Cz1 -13.5  -13.9 -13.0 

Ta1-Cz1 -13.7  -14.0 -13.2 

Cz1-Rh1 -13.3  -13.8 -13.0 

Pz1-Ca1 -13.0  -13.6 -12.6 

Pa1-Ca1 -13.4  -13.3 -12.5 

Ta1-Ca1 -13.5  -13.6 -12.4 

Rh1-Ca1 -13.2  -13.8 -12.5 

Pa1-Pz1 -13.7  -14.0 -13.2 

Ta1-Pz1 -13.8  -14.3 -13.2 

Pz1-Rh1 -13.6  -14.7 -13.4 

Ta1-Pa1 -13.7  -13.7 -13.6 

Pa1-Rh1 -13.5  -13.8 -13.2 

Ta1-Rh1 -13.7  -13.9 -13.4 

 

the other is given in red color (donor moiety) while the other (acceptor moiety) is shown 

in blue color. VminD represents the Vmin of donor moiety whereas VminA represents the 

same for the acceptor moiety and VminS is for the Vmin value of spacer unit (butadiene 

moiety). The connected PAH moieties have different values of MESP minima 

independent of the shape of these systems. The Vmin observed for a PAH portion in 

PAH-π-PAH is less negative than the full PAH. For example, consider Ta1-Ca1 system, 

in which Ta1 part has a Vmin of -13.5 kcal/mol, while the free Ta1 system has a Vmin 
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value -14.4 kcal/mol. Similarly, the PAH system Ca1 has Vmin value -12.8 kcal/mol, 

which is changed to a less negative value -12.4 kcal/mol in Ta1-Ca1 system. See 

supporting Information for MESP isosurface for all the systems. The spacer part is 

having the highest Vmin ranging from -13.3 to -14.7 kcal/mol. This data indicates the 

slightly electron accepting character of the spacer unit from both the PAH moieties.  

Functionalized PAH-π-PAH systems: structure 

The PAH-π-PAH systems show only minor variations in the electron density 

distribution at various parts of the system meaning that the donor-π-acceptor (D-π-A) 

character is very weak in PAH-π-PAH. Hence to force a more significant electronic 

rearrangement on the PAH moieties, an electron withdrawing group COOH and 

electron releasing group NMe2 are introduced in the system.  NMe2 is introduced at the 

relatively more electron rich PAH portion (donor) while COOH is attached with the other 

PAH unit (acceptor).  Seven such functionalized PAH-π-PAH systems (f_PAH-π-PAH) 

are considered here which showed the difference 0.5 kcal/mol between the Vmin values 

of the constituting PAH parts. These systems in abbreviated names are f_Pa1-Cz1, 

f_Ta1-Cz1, f_Pa1-Ca1, f_Ta1-Ca1, f_Rh1-Ca1, f_Pa1-Pz1 and f_Ta1-Pz1 where f denotes 

the functionalization. The geometrical characteristics of planarity of PAH-π-PAH are 

retained in the functionalized systems. The optimized geometries of two designed 

f_PAH-π-PAH systems (f_Ta1-Cz1 and f_Rh1-Ca1) are given in Figure 8. 

 

Figure 8. Geometry of representative functionalized PAH-π-PAH systems. 

f_Ta1-Cz1 f_Rh1-Ca1
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Functionalized PAH-π-PAH systems: MESP analysis 

The Vmin values on different parts of the systems (donor, acceptor and spacer) are 

given in Table 4. The MESP topography is significantly modified when the system is 

functionlized using electron donating and withdrawing groups.  

Table 4. Vmin values on different parts of the functionalized PAH-π-PAH systems 

System 

VminD  VminS VminA 

(kcal/mol) (kcal/mol) (kcal/mol) 

f_Pa1-Cz1 -16.2 -13.8 -14.4 

f_Ta1-Cz1 -15.6 -15.4 -13.7 

f_Pa1-Ca1 -16.1 -13.8 -12.0 

f_Ta1-Ca1 -15.9 -15.7 -12.3 

f_Rh1-Ca1 -16.4 -14.0 -11.9 

f_Pa1-Pz1 -16.0 -13.5 -11.3 

f_Ta1-Pz1 -15.5 -15.2 -12.2 

From the values it is clear that the electron density on the donor PAH is enhanced 

significantly compared to the non-functionalized systems. For example, VminD on Pa1-

Ca1 is -13.4 kcal/mol, which is enhanced to a more negative -16.1 kcal/mol in f_Pa1-

Ca1. It is also observed that in the acceptor part of PAH, the electron density shows 

only a moderate variation when functionalized; for example, VminA on Pa1-Ca1 of -12.5 

kcal/mol is reduced to -12.0 kcal/mol for the functionalized f_Pa1-Ca1 system. The 

MESP features confirm that the functionalized systems are more like a true D-π-A 

system. The visual representation of MESP for PAH-π-PAH (Ta1-Ca1) and f_PAH-π-

PAH (f_Ta1-Ca1) systems is given in Figure 9, where the isosurface (in pink color) is 

plotted at the constant value of -10.0 kcal/mol and the position of the Vmin is marked 

using a black dot. The significant change in MESP distribution due to functionalization 
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is evident from the figure. See supporting Information for MESP isosurface for all other 

systems. 

 

Figure 9. MESP features on Ta1-Ca1 and f_Ta1-Ca1 systems, Vmin shown with a black 

dot. 

Frontier molecular orbital analysis 

The change in the size and shape of any PAH system will contribute towards the 

HOMO-LUMO gap modulation.40 The HOMO energy (EHOMO), LUMO energy (ELUMO) 

and the corresponding HOMO-LUMO energy gap (E) of every systems are given in 

Table 5. The gradual tuning of E with increase in number of rings is observed in each 

series. The data in Table 5 infer that the shape of the system and the zigzag or arm-

chair periphery strongly influence the E. Taking examples of Ca4 having 73 rings, Pa4 

consisting of 57 rings, and Rh4 made up of 14 rings, it is observed that E is 0.88, 1.30 

and 0.14 eV respectively. This proves that the shape of the PAH system is the most 

crucial in determining the electronic features of the systems.  The peculiarity of RhN 

type systems is evident from these values, as for very less number of rings, they exhibit 

very low E than other systems. For example, the same E of 2.05 eV is shown by 

Rh1 made of 5 rings and Cz2 made of 19 rings. The E versus n plot (Figure 10) show 

that CzN, CaN, PzN and PaN systems show a similar trend in the change in E values, 

whereas the trends in the same for TaN and RhN systems are significantly varied  

 

-12.4

-13.5 Ta1-Ca1
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Table 5. HOMO, LUMO energies and HOMO-LUMO gap in eV 

System EHOMO ELUMO E System EHOMO ELUMO E 

Cz1 -5.19 -2.11 3.09 Pz1 -5.05 -2.22 2.83 

Cz2 -4.75 -2.70 2.05 Pz2 -4.42 -2.99 1.43 

Cz3 -4.51 -3.05 1.46 Pz3 -4.11 -3.42 0.69 

Cz4 -4.36 -3.29 1.07 Pz4 -3.96 -3.64 0.31 

Ca1 -5.00 -2.34 2.65 Pa1 -5.22 -2.08 3.14 

Ca2 -4.58 -2.90 1.68 Pa2 -4.77 -2.62 2.15 

Ca3 -4.51 -3.13 1.38 Pa3 -4.54 -2.91 1.63 

Ca4 -4.28 -3.39 0.88 Pa4 -4.40 -3.10 1.30 

Rh1 -4.69 -2.64 2.05 Ta1 -5.54 -1.72 3.82 

Rh2 -4.20 -3.19 1.01 Ta2 -5.12 -2.21 2.91 

Rh3 -3.94 -3.51 0.43 Ta3 -4.87 -2.52 2.35 

Rh4 -3.83 -3.69 0.14 Ta4 -4.70 -2.73 1.96 

 

compared to the former. In TaN and RhN PAH systems, E reduction is very high even 

for systems having less number of π-electrons. 

 

Figure 10. Graphs plotting E and nπ values on all the PAH systems. 
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Figure 11.  HOMO and LUMO of representative PAH systems. 

 

The frontier molecular orbitals (FMOs) of all the systems are generated and a 

representative set including all the series are given in Figure 11 and the rest are given 

in the Supporting Information. The retention of the FMOs distribution pattern is seen in 

a series irrespective of the size change. In all the cases, the FMO is distribution is 

almost uniform throughout the carbon framework suggesting the extended 

delocalization which systematically lowers the E. 

For PAH-π-PAH systems, the energies EHOMO, ELUMO and E are given in Table 6. For 

all the systems the E is in the range of 1.60 to 2.31 eV. The peculiarity of RhN systems 

in lowering the energy gap is reflected in the designed systems. For example the PAH-

π-PAH systems which have Rh1 as structural component has the lowest E values 

(1.60 eV for Rh1-Ca1 and 1.61 eV for Cz1-Rh1). Rest of the systems show E value 

above 2.00 eV. The highest E 2.31 eV is observed for Ta1-Pz1 system.  The 

localization of HOMO on the donor PAH moiety and LUMO on the acceptor PAH moiety 

is mostly seen except for those connected with Rh1. In systems containing Rh1, the 

HOMO and LUMO distribution is mostly localised in the Rh1 part. The visualization of 

HOMO and LUMO of Pz1-Rh1 given in Figure 12 illustrates this feature (cf. Supp. Info.  

HOMO LUMO

Ca1

Pz1

Cz1

HOMO LUMO

Ta1

Rh1

Pa1
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Table 6. EHOMO, ELUMO and ELUMO-HOMO for PAH-π-PAH systems. 

System EHOMO 

(eV) 

ELUMO 

(eV) 

E  

(eV) 

Cz1-Ca1 -4.77 -2.71 2.05 

Cz1-Pz1 -4.82 -2.58 2.24 

Pa1-Cz1 -4.78 -2.70 2.08 

Ta1-Cz1 -4.79 -2.68 2.12 

Cz1-Rh1 -4.52 -2.91 1.61 

Pz1-Ca1 -4.82 -2.65 2.17 

Pa1-Ca1 -4.78 -2.70 2.08 

Ta1-Ca1 -4.79 -2.70 2.10 

Rh1-Ca1 -4.53 -2.93 1.60 

Pa1-Pz1 -4.87 -2.62 2.25 

Ta1-Pz1 -4.88 -2.57 2.31 

Pz1-Rh1 -4.52 -2.87 1.65 

Ta1-Pa1 -4.83 -2.67 2.16 

Pa1-Rh1 -4.69 -2.74 1.95 

Ta1-Rh1 -4.66 -2.80 1.86 

 

for FMOs of all the systems).  Also in all the cases, the connecting diene has a clear 

influence on the MO population. In general, a clear demarcation between the donor 

and acceptor part of these molecules is not emerged from the HOMO and LUMO 

analysis. 
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Figure 12. Frontier molecular orbitals of Pz1-Rh1 system 

 

The values of FMO energies and band gap E of all the f_PAH- π-PAH systems are 

given in Table 7. These systems possess lower E in comparison with the PAH-π-PAH 

hydrocarbons. All the systems show E lower than 2.00 eV. The Rh1 incorporated f 

_Rh1-Ca1 has the lowest E 1.51 eV. As evident from the FMOs of f_Ta1-Cz1 (Figure 

13), the HOMO is localised in the PAH region connected to the electron donating 

group, while the LUMO is localized towards the PAH connected with the electron 

withdrawing group. These systems are expected to show the characteristic charge-

transfer absorption features typical for a D-π-A system. 

Table 7. EHOMO, ELUMO and E for functionalized PAH-π-PAH systems. 

System EHOMO 

(eV) 

ELUMO 

(eV) 

E  

(eV) 

f _Pa1-Cz1 -4.65 -2.79 1.86 

f _Ta1-Cz1 -4.54 -2.70 1.84 

f _Pa1-Ca1 -4.66 -2.76 1.90 

f _Ta1-Ca1 -4.54 -2.71 1.83 

f _Rh1-Ca1 -4.41 -2.90 1.51 

f _Pa1-Pz1 -4.66 -2.72 1.94 

f _Ta1-Pz1 -4.57 -2.61 1.96 

 

HOMO (132) LUMO (133)

Pz1-Rh1
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Figure 13. Frontier molecular orbitals of f_Ta1-Cz1 system. 

Optical properties  

The calculated optical properties include absorption maxima (λmax), oscillator strength 

(f), light harvesting efficiency (LHE), excitation energy, and the most prominent FMO 

contribution. Tuning of these properties is assessed on the basis of the size and shape 

of the systems as well as the number of benzenoid rings present.  

The optical properties of the PAH systems are given in Table 8 and Table 9. Table 8 

lists the most prominent λmax values and the MO contribution corresponding to it. 

Although, the transitions other than the HOMO-LUMO can give rise to absorption 

maxima values of different strengths, the one corresponding to HOMO-LUMO, the 

longest wavelength absorption need not be the most prominent one. For the absorption 

process in CzN and CaN series, the prominent the FMOs with high percentage 

contributions is in the range 32 – 48 %, an exception being the C4N having HOMO  

LUMO percentage contribution of 5% only. In all other systems, the inner orbital 

contributions are also significant. 

The absorption spectra of representative PAH systems are illustrated in Figure 

14. For all the systems in CzN, single λmax values are observed with an exception Cz4. 

For a comparison with experimentally available absorption data, the value 300 nm66 in 

the case of Cz1 (coronene) is matched with the calculated value at M06L/6-31+G(d) 

level 317 nm. For Cz2, the λmax is 469 nm, whereas for Cz3, the value is 648 nm. The 

largest system Cz4shows λmax at 865 nm along with weak absorptions in the region of  

f_Ta1-Cz1

HOMO(174)
LUMO(175)
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Table 8. Absorption maxima and corresponding MO contribution for the most 

prominent transition in PAH systems 

System 

λmax 

(nm) MO contribution (%) System 

λmax 

(nm) MO contribution (%) 

Cz1 317 HOMO  LUMO 44 Pa1 234 HOMO-2  LUMO+3 52 

Cz2 469 HOMO  LUMO 32 Pa2 437 HOMO  LUMO+1 50 

Cz3 648 HOMO   LUMO 46 Pa3 561 HOMO  LUMO+1 50 

Cz4 865 HOMO  LUMO 46 Pa4 686 HOMO  LUMO+1 50 

Ca1 397 HOMO  LUMO 46 Ta1 258 HOMO-2  LUMO 51 

Ca2 619 HOMO  LUMO 39 Ta2 362 HOMO  LUMO 41 

Ca3 754 HOMO  LUMO 48 Ta3 445 HOMO  LUMO+1 41 

Ca4 1122 HOMO  LUMO 5 Ta4 530 HOMO  LUMO+1 39 

Pz1 235 HOMO-1  LUMO+1 79 Rh1 463 HOMO  LUMO 98 

Pz2 569 HOMO  LUMO 95 Rh2 321 HOMO  LUMO+5 52 

Pz3 491 HOMO-1  LUMO+1 77 Rh3 324 HOMO  LUMO+7 61 

Pz4 756 HOMO-1  LUMO+1 67 Rh4 375 HOMO  LUMO+5 40 

 

600- 640 nm. Ca1 system (hexabenzocoronene) has λmax at 397 nm and a shoulder at 

341 nm. The experimental λmax for this system is centred around 350nm.67 Ca2 shows 

λmax at 619 nm and a shoulder at 413nm. Ca3 has λmax at 754 and shoulder at 552 nm, 

whereas the largest system analysed Ca4 has λmax at 1122 nm and shoulder at 764 

nm.  
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Figure 14. Absorption spectra of PAH systems at M06L/6-31+G(d) level of theory. 

Pz1 is pyrene which has an experimental λmax around 250 nm,68 and the calculated 

value 235 nm agree well with this. Also it shows minor peaks at 352 nm and 279 nm. 

For Pz2, λmax values are at 329, 377 and 569 nm. Pz3 system absorbs strongly at 491 

nm and weakly at 945 nm. The largest system Pz4 absorbs strongly at 756 nm, while 

the weakly absorbing peaks are observed at 495 and 1680 nm. For PaN series, 

predominantly four sets of λmax can be visualised. Pa1 has λmax at 234, 289 and 315 

nm. For Pa2, the strongest absorption occurs at 437 nm along with minor peaks at 355, 

401 and 508 nm. For Pa3, λmax are at 668, 561, 512 and 449 nm. Pa4 system absorbs 

strongly in the 686 nm and weakly in the regions of wavelength 829, 625 and 540 nm.  

Triphenylene which is denoted as Ta1, has the reported experimental λmax in the region 

of 250 nm.69  This value is in agreement with the calculated value 258 nm. It also shows 

minor peaks at λmax 278 and 218 nm. Ta2 has λmax at 362 and 335 nm while Ta3 show 

317
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peaks at 451 and 409 nm. In the case of Ta4, λmax are at 530 and 483 nm. Perylene 

molecule Rh1 has an experimental λmax ~430 nm in methanol70 which is close to the 

theoretical value 463 nm obtained here. Other λmax of Rh1 are 229 and 277 nm.  Rh2 

has mainly three λmax, viz. 284, 321 and 765 nm. For Rh3 systems, λmax are observed 

at 324, 380 and 1297 nm. For the largest studied stystem Rh4, λmax are observed at 

375, 504 and 2505 nm.  

The light harvesting efficiency (LHE) of the PAH systems increases as the number of 

rings increases. As evident from Table 9, the energy requirement for the vertical 

excitation declines with the size enhancement. Most of the systems have LHE in the 

range from 0.755 to 0.981. LHE of TaN systems is in the range 0.6 to 0.8. For RhN 

systems, LHE is the lowest. From the analysis of vertical excitation energy, the 

rectangular systems show the lowest value. 

The effect of periphery shape is highly influential on the absorption characteristics of a 

PAH molecules. For example, Rh4 system having only 14 fused benzenoid shows λmax 

2505 nm which is very large compared to the λmax of other much larger systems.  

Table 10 gives the optical features of PAH-π-PAH systems. The absorption maxima 

values in the range of 433 nm to 630 nm are possible for these systems. The highest 

λmax is observed for the Rh1-Ca1 which is at 630 nm and the least λmax of 433 nm is 

seen for Ta1-Pz1 system. The absorption in the visible region of solar spectrum is 

attained for all the systems, which can be highly beneficial in solar energy harvesting 

applications.  

In most of the systems, the prominent absorption having the highest oscillator strength 

is the one corresponding to HOMOLUMO transition. The oscillator strength of all the 

designed PAH-π-PAH systems is in the range 0.80 to 1.95. Oscillator strength being a 

direct measure of the LHE, the changes in its values is reflected in the LHE. The Ta1-

Pz1 system has maximum LHE of 0.989 with the oscillator strength of 1.957, and the  
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Table 9. Oscillator strength, light harvesting efficiency and excitation energy of PAH 

systems 

System 

Oscillator 

strength LHE 

Excitation 

energy 

(eV) System 

Oscillator 

strength LHE 

Excitation 

energy 

(eV) 

Cz1 0.562 0.726 3.07 Pa1 1.726 0.981 3.48 

Cz2 0.747 0.821 2.04 Pa2 0.681 0.792 2.44 

Cz3 0.864 0.863 1.45 Pa3 1.073 0.916 1.86 

Cz4 0.901 0.875 1.07 Pa4 1.495 0.968 1.49 

Ca1 0.520 0.698 2.65 Ta1 0.423 0.622 3.81 

Ca2 0.477 0.666 1.68 Ta2 0.480 0.669 2.91 

Ca3 0.742 0.819 1.39 Ta3 0.702 0.802 2.34 

Ca4 0.714 0.807 0.88 Ta4 0.838 0.855 1.96 

Pz1 0.610 0.755 3.53 Rh1 0.327 0.529 2.68 

Pz2 0.460 0.653 2.18 Rh2 0.311 0.512 1.08 

Pz3 1.079 0.917 1.29 Rh3 0.381 0.584 0.96 

Pz4 0.926 0.881 0.66 Rh4 0.201 0.370 0.49 

 

least efficient in light harvesting is Pa1-Rh1 with a LHE 0.802 and oscillator strength 

0.703. Vertical excitation energies of all the designed systems are in the range of 2.0 

– 2.6 eV. Systems having high LHE and low excitation energy are ideal for photonic 

applications. The most prominent MO transition is HOMO  LUMO (62 - 92 %) for all 

the PAH-π-PAH systems, except Ta1-Pz1, Ta1-Rh1, and Pa1-Rh1. (The absorption 

spectra of all the systems are given in Supp. Info.) 

Compared to PAH-π-PAH, the functionalized PAH-π-PAH systems show significantly 

more red-shifted λmax  (Table 11). For example, Ta1-Ca1 has λmax 529 nm, whereas 

f_Ta1-Ca1 has 634 nm.  The light harvesting efficiency decreased for the functionalized 
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systems, an exception is f_Pa1-Pz1, where the LHE is enhanced to 0.903 from 0.882 

observed for Pa1-Pz1. The vertical excitation energy of f_PAH-π-PAH is significantly 

lowered compared to PAH-π-PAH. Maximum change in vertical excitation energy is 

observed for f_Pa1-Pz1, which has excitation energy 1.88 eV whereas the same for 

Pa1-Pz1 system is 2.53 eV. 

Table 10. Optical data for PAH-π-PAH type systems 

System λmax 

(nm) 

MO contribution (%) Oscillator 

strength (f) 

LHE Excitation 

energy  (eV) 

Cz1-Ca1 542 HOMO LUMO 87 1.218 0.940 2.29 

Cz1-Pz1 475 HOMO LUMO 72 1.006 0.901 2.54 

Pa1-Cz1 506 HOMO LUMO 90 1.543 0.971 2.45 

Ta1-Cz1 495 HOMO LUMO 92 1.478 0.967 2.50 

Cz1-Rh1 610 HOMO LUMO 90 1.357 0.956 2.03 

Pz1-Ca1 518 HOMO LUMO 79 0.821 0.849 2.39 

Pa1-Ca1 532 HOMO LUMO 85 1.101 0.921 2.33 

Ta1-Ca1 529 HOMO LUMO 85 1.010 0.902 2.34 

Rh1-Ca1 630 HOMO LUMO 82 1.413 0.961 1.97 

Pa1-Pz1 467 HOMO  LUMO 61 0.928 0.882 2.53 

Ta1-Pz1 451 HOMO LUMO+1 41 1.957 0.989 2.57 

Pz1-Rh1 578 HOMO LUMO 95 1.317 0.952 2.14 

Ta1-Pa1 480 HOMO LUMO 79 1.495 0.968 2.58 

Pa1-Rh1 478 HOMO-1 LUMO 30 0.703 0.802 2.20 

Ta1-Rh1 468 HOMO LUMO+1 50 1.189 0.935 2.18 
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Table 11. Optical data of all the functionalized PAH-π-PAH systems. 

System λmax  

(nm) 

MO contribution (%) Oscillator 

strength(f) 

LHE Excitation 

energy (eV) 

f_Pa1-Ca1 546 HOMO-1 LUMO 75 0.836 0.854 1.92 

f_Ta1-Cz1 626 HOMO LUMO 87 0.695 0.798 1.98 

f_Pa1-Ca1 546 HOMO-1 LUMO 75 0.836 0.854 1.92 

f_Ta1-Ca1 634 HOMO LUMO 90 0.887 0.870 1.96 

f_Rh1-Ca1 708 HOMO LUMO 67 0.580 0.737 1.75 

f_Pa1-Pz1 552 HOMO-1 LUMO 55 1.011 0.903 1.88 

f_Ta1-Pz1 570 HOMO LUMO 81 0.809 0.845 2.18 

Conclusions 

The design and study of polycyclic aromatic hydrocarbons (PAHs) or graphene 

nanoflakes has significance in the photosciences and photonics fields due to the 

excellent photonic and optoelectronic properties exhibited by them. Here several PAH 

systems are designed by changing the number of constituting rings, the shape of 

periphery and the geometry of the whole molecule. Circular, parallelogram, triangular 

and rectangular shaped PAHs has been designed and studied. DFT calculations at 

M06L/6-31+G(d) level have been carried out on the PAH systems to theoretically 

analyse the absorption properties together with electronic properties. In all the 

molecules, the frontier molecular orbitals analysis is carried out for the better 

understanding of reactivity and electronic features.  In all the different shaped PAHs, 

there is direct increase in the absorption maxima with increase in number of carbon 

atoms. This phenomenon is obvious because as the number of carbon atoms 

increases there is extending of conjugation in the structure, which shifts the absorption 
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maxima to greater wavelengths. As conjugation increases, the HOMO-LUMO gap gets 

shortened, thus less energy is required to cause the electronic transitions. As a result 

of which, the corresponding wavelength gets enhanced. One important feature that 

was observed is the dependence of shape and periphery geometry on the optical and 

electronic features of PAH systems. For molecules that are composed of same number 

of benzene rings, the electronic structure, features, and optical properties are distinctly 

different. As a direct result, for PAHs having same number of carbon atoms, the 

electron density can be different if their shape is differed. This paved the design and 

studies on D-π-A type systems connecting two PAH units via a conjugated π-system.  

The theoretical calculations on a set of such designed systems are done, which 

enhanced the possibility of developing D-π-A system as the PAH moieties showed 

different electronic features compared to each other. However, the donor-acceptor 

type feature is mildly present in the designed PAH-π-PAH systems and a quantification 

of the electronic feature is done with the help of Vmin values, which were different on 

different parts of the same system. Introduction of electron donating and withdrawing 

groups on these designed systems is done for further enhancement of electronic and 

optical features to improve the donor-acceptor character. The frontier molecular orbital 

analysis also reinforced the difference in the observed electronic features. The 

functionalization results in the minor lowering of the light harvesting efficiency and 

excitation energy for all the analysed systems.  

Armchair edged PAH system are found to be more resonance stabilised, which is 

supported by the Clar’s aromatic sextet like MESP isosurface arrangement in the entire 

structure. For zigzag periphery systems, the electron cloud is localised more towards 

the edges and these classes of systems might be very useful for donor-acceptor type 

electronic applications. Rectangular shaped PAH systems having both armchair and 

zigzag edges in same molecule are electronically very dense which has a characteristic 
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very low HOMO-LUMO gap even when number of rings constituting is less. This effect 

is verified by comparing with other systems of much higher number of constituting 

rings. In summary, the theoretical study on PAH, PAH-π-PAH and f_PAH-π-PAH 

systems provide new insight on the design and development of efficient light harvesting 

molecules that are derived from graphene nanoflakes of different sizes and shapes. 

 

Supporting Information  

MESP figures, HOMO and LUMO representations, Absorption spectra, and Optimized 

nuclear coordinates of all the structures.  
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have been analysed for their molecular electrostatic 

potential (MESP) features. The analysis provided an 
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systems.   
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