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Mohammad Mosharraf Hossain,*§a M. Saeed Mirzaei,b Sergey V. Lindeman,a Saber Mirzaei,*c and 
Rajendra Rathore‡a

 

Here, we report two series (denoted meta and para) of π-extended dibenzo[g,p]chrysenes (DBC) with different substituents 
(H, Me and OMe). These six novel compounds benefit from the presence of eight methyl groups on the sp3 bridges which 
improve solubility and rigidify the extended phenylenes. Optoelectronic properties were determined using electrochemistry 
and spectroscopic (UV-vis and emission) techniques and further supported by DFT calculations. The results showed that 
both the position and nature of substituents on the π-extended moieties exert significant effects on optoelectronic 
properties and the charge delocalization mechanism. In addition, isomerism (meta and para) leads to different packing in 
structure in the solid state; interestingly, the crystal structure of the hydrogen substituted para molecule showed a 
permanent three-dimensional porous structure.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) with both flat and 
twisted/contorted structures have been of ever growing 
interest to chemists over the past century.1-12 Among this 
superfamily, dibenzo[g,p]chrysene (DBC) constitutes a unique 
class of PAHs with a twisted topology (Chart 1).13 Regarding this 
molecule, substantial investigations have been done both in 
terms of developing the synthetic strategies14-19 and 
demonstrating interesting properties.20-24 In an early attempt 
by our group, the isolation and the first insights into electronic 
structure of octasubstituted DBC were achieved.25 Therein, the 
role of frontier molecular orbitals (FMO) in the bond length 
alteration of octamethoxy DBC (meta and para positions, Chart 
1) upon the one-electron oxidation potential was highlighted. In 
a separate study, we introduced a highly efficient route toward 
the synthesis of skeletal DBC using DDQ as the oxidant.16 Also, 
we investigated the dependence of the frontier molecular 
orbital energies/shapes on substituent positions.26 
More recently, the Iwasawa group reported the site-selective 
synthesis of DBC derivatives including the controlled 
hydroxylation of para and meta (Chart 1) regions of DBC.27 The 
same group synthesized twofold alkylated DBCs and observed 

that the two remaining sites accept groups selectively.28 
Regarding electronic structure, Liu et al. reported that electron-
rich/deficient substitutions markedly change the photophysical 
properties of DBC.29 Moreover, the substituted DBC fragment 
shows interesting features in the solid state and is useful in the 
preparation of liquid crystals.30-32 
Despite these efforts, to our best knowledge, the effects of the 
position (meta and para) and/or substituents of π-extended 
DBC molecules on optoelectronic properties have not been 
explored. Herein, we employed two tetra-brominated DBC 
isomers and a practical two-step synthesis to obtain two 
different π-extended and rigid DBC species (Chart 1) with 
different substituents. Further, we investigate the 
optoelectronic properties of all compounds by employing both 
experimental (UV-vis, emission, electrochemistry) and 
computational methods.
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Chart 1. The structure of DBC and previously reported functionalized DBCs at 
different meta and/or para positions; π-extended DBC compounds in this work.
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Results and discussion
Synthesis
The gram-scale synthesis of tetra-brominated meta and para 
DBCs can be done in good to excellent yields following a 
reported procedure (see ESI for details).33 In order to install the 
aryl groups, we synthesized three different 3,3-dimethyl-
benzoxaborole compounds with H, Me and OMe substituents 
(A in Scheme 1) following literature procedures.34-36 These 
groups on compound A allow us to investigate substituent 
effects on optoelectronic properties. The installation of A on the 
tetra-Br DBCs was accomplished using the Pd(dppf)Cl2 as a 
catalyst in a 2:1 mixture of 1,2-dimethoxyethane (DME) and 
water in 33-98% yields. This relatively large range can be 
attributed to the different solubilities of intermediate species 
(e.g., two or three additions). The tetrahydroxy species were 
obtained without column chromatography and characterized by 
1H NMR and HRMS techniques (see ESI for further details). 
These tetrahydroxy compounds were subjected to oxidative 
cyclization using methanesulfonic acid (CH3SO3H) in anhydrous 
CH2Cl2 for ∼2 hours. The presence of Me groups on the sp3 
bridging carbons, in addition of making the reaction feasible by 
stabilizing the carbocation, allow us to rigidify the products and 
help to improve the solubility. The final products were purified 
using silica gel column chromatography or recrystallization and 
characterized using 1H/13C NMR and MALDI-TOF 
spectroscopies. We have also obtained single-crystal structures 
of four out of six final compounds (p-H, m-H, m-Me and m-
OMe) which unambiguously show the targeted products. 
Crystallography
Slow evaporation of a 1,2-dichloroethane solution of p-H and 
1:1 dichloromethane/acetonitrile solutions of m-H, m-Me and 
m-OMe at room temperature afforded high-quality crystals. As 
expected, all compounds possess twisted topologies inherited 
from the DBC backbone. Comparison of p-H with m-H (Fig. 1) 
shows similar bond distances with negligible 
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Scheme 1. Synthesis of para and meta compounds. Reaction conditions: (I) 
Pd(dppf)Cl2, Na2CO3, 2:1 DME/H2O, 100 °C; (II) CH3SO3H, CH2Cl2, rt.

differences (∼10 pm). Also, there are no significant structural 
changes due to the different substituents of the meta isomer; 
the single-crystal structures of m-Me and m-OMe are provided 
in the supporting information (Fig. S1, ESI).     
The packing patterns of p-H and m-H differ dramatically. The p-
H molecules are interlocked with their neighbours through 
scissor-like arms via CH···π (∼2.77–3.55 Å) interactions. The 
assembly extends along the c axis and constructs a microporous 
structure that is held together purely by noncovalent 
interactions (Fig. 1). The narrow opening of the channel has a 
rectangular shape with a size of 6.3×5.8 Å; considering the van 
der Waals radius of carbon (1.7 Å)37 the dimensions decrease to 
2.9×2.4 Å. Also, as depicted in Fig. 1, the dominant noncovalent 
interactions are CH···π (∼2.53 Å) for m-H.  
Recently, Meng et al. introduced π-stacked organic frameworks 
(termed π-OF) with improved features (e.g. solubility and 
conductivity) over conventional covalent organic frameworks 
(COF).38 We believe that our compound (p-H) can be classified 
in this new class of organic frameworks (π-OF) and has a very 
high potential to be further explored in this different field of 
materials chemistry. 
The distance between the ring centroids (π-π distance) is larger 
than 4.7 Å for both the m-H and p-H isomers and the rings are 
not parallel with respect to each other. To the contrary, both m-
Me and m-OMe showed π-π stacking with parallel-displaced 
configurations. The extended phenylenes interact with the DBC 
backbone with the center-to-center distance of ∼3.8 Å for both 
m-Me and m-OMe (Fig. S2, ESI). Also, the distance of the least-
squares-fit planes (angle between two planes is < 1°) of the 
parallel rings is ∼3.5 Å (Fig. S3 and S4, ESI). This value is in 
perfect agreement with the computationally calculated 
distance (3.5 Å)39 for benzene/benzene dimer in a parallel-
displaced geometry and matches the accepted distance range 
(3.4-3.8 Å) for π-π interactions;40 note that this geometry is 
around 1.15 kcal/mol more stable than the sandwich-stacked 
geometry for benzene/benzene dimer.41 
Spectroscopy  
The oxidation potentials of all π-extended DBCs were collected 
using a platinum electrode for ∼1 × 10-3 M solutions containing 
0.1 M tetra-butylammonium hexafluorophosphate (n-Bu4NPF6) 
as the supporting electrolyte. The cyclic voltammograms of all 
DBCs met the criteria of reversibility for the oxidation process 
(Fig. 2). The first oxidation potential of 
unsubstituted/unextended dibenzochrysene (DBC) is around 
0.88 V vs Fc/Fc+.26 Comparing this value with the m-H (Eox1 = 
0.53 V vs Fc/Fc+) and p-H (Eox1 = 0.70 V vs Fc/Fc+) reveals that 
the extended π systems in both meta and para isomers can 
decrease the first oxidation potential; however, this decrease 
depends highly on the position of the connected phenylene 
moiety.26 Moreover, the para-substituted DBCs exhibit a 
significantly higher oxidation potential compared to meta 
isomers. Interestingly, with the increase of the electron-
donating nature of the phenylene moieties (from H to Me to 

Page 2 of 8Organic Chemistry Frontiers

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



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

Fig. 1 The schematic, ball-stick representation of crystal packing arrangment and CH···π interactions (in angstrom, Å) of m-H (top) and p-H (down). Crystal structures obtained at 100 
K; hydrogen atoms and solvent molecules are deleted for clarity and thermal ellipsoids are set at 50% probability level. 

Fig. 2 Cyclic (—) and square-wave (···) voltammograms of para and meta substituted 
isomers of DBCs in a solution of CH2Cl2 (containing 0.1 M n-Bu4NPF6) at a scan rate of 200 
mV/s and room temperature.    

OMe), the difference between meta and para isomers increases 
significantly. This difference is around 170, 210 and 220 mV for 
H, Me and OMe, respectively.  This is in accordance with the 
observation from our previous study that substitution of four 
methoxy groups on the meta or para positions of the DBC core 
decreases the first oxidation potentials to 0.40 and 0.73 V, 
respectively. The major difference is that π-extended p-OMe 
decreases the first oxidation potential by ∼140 mV more 
efficient than tetramethoxy directly connected to the para 
positions of DBC core.26 To the contrary, this value is just ∼30 
mV for meta species, indicating weaker effects of the extended 
π systems on the meta isomers relative to their para 
counterparts.   
The absorption and emission spectra of both isomers were 
collected to provide a better understanding of their electronic 
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Fig. 3 UV-vis absorption (A) and emission (B) spectra of meta (···) and para (—) DBCs at neutral state in CH2Cl2 and room temperature. (C) UV-vis-Near IR absorption spectra of meta 
(dark colors) and para (light colors) DBCs+• at 0 °C.

Table 1. Experimental and DFT (in parentheses) values of the first oxidation potential (Eox1, V vs Fc/Fc+), maximum absorption (maximum of the 
lowest transition peak, nm) and emission (nm), energy of HOMO (calculated using EHOMO = −[E1/2 + 4.80] eV) and LUMO (eV, calculated using Eg = 
ELUMO − EHOMO) and optical gap (Eg, eV, calculated using the offset wavelength, see the ESI for more details).     

Compound Eox1 (V vs Fc/Fc+) Absorption (nm)a Absorption (CR, nm) Emission (nm) EHOMO (eV)b ELUMO (eV)b Eg (eV)c

m-H 0.53 415 (396) 1040 (893) 437 -5.33 (-5.98) -2.49 (-1.55) 2.84  (4.43)
m-Me 0.46 417 (399) 1106 (958) 440 -5.26 (-5.88) -2.43 (-1.48) 2.83 (4.40)

m-OMe 0.37 422 (402) 1233 (1075) 445 -5.17 (-5.77) -2.38 (-1.41) 2.79 (4.37)
p-H 0.70 357 (327) 800 (618) 436 -5.50 (-6.25) -2.20 (-1.25) 3.30 (5.00)

p-Me 0.67 360 (331) 1207 (1192) 438 -5.47 (-6.18) -2.22 (-1.18) 3.25 (5.00)
p-OMe 0.59 364 (335) 1414 (1388) 435 -5.39 (-6.04) -2.23 (-1.16) 3.16 (4.88)

In parentheses are: a DFT maximum absorption (λmax nm); b DFT energy of HOMO (eV) and c DFT Eg (ELUMO–EHOMO, eV); all DFT values are reported at MN15/6-
31+G(d,p)+PCM(CH2Cl2) level of theory.

structures. Fig. 3A and 3B display the absorption and emission 
spectra of the DBCs in their neutral state. As expected, by 
increasing the electron-donating ability of the substituent, the 
absorption spectrum red-shifted for both isomers; however, 
this shift is not significant (∼2-7 nm). The position of the 
attached π system does make a significant difference between 
meta and para species (∼58 nm regardless of the substituent). 
Having these data, we calculated optical gaps (Eg) for both series 
using the absorption edge wavelength (λa.e, see the 
computational details, ESI).42 As listed in Table 1, the Eg of the 
meta isomers are around 0.4 eV smaller than those of the para 
isomers. Moreover, the electrochemistry data are used to 
calculate the EHOMO according to EHOMO = −[E1/2 + 4.80] eV, where 
E1/2 is the first redox event.43 Finally, the ELUMO of all species 
wascalculated by using Eg = ELUMO − EHOMO. 
Unlike the absorption spectra, all six compounds have very 
similar emission spectra (λem = 435-445 nm). These similar λems 
lead to a notable difference between Stokes shift values. While 
the meta compounds exhibit small Stokes shifts (∼1200 cm−1), 
the para species show much bigger values (∼4800 cm−1 on 
average). The Stokes shifts are important when thinking about 

the practical applications of PAHs as optical materials; 
compounds with larger Stokes shifts benefit from lower self-
quenching.44, 45 
In order to complement our data about the different electronic 
structures of our compounds, we examined the absorption 
spectra of the cation radical species, generated by quantitative 
redox titrations using THEO•+SbCl6– (Ered = 0.67 V vs Fc/Fc+ and λmax 
= 518 nm) for p-OMe, m-H, m-OMe and m-Me and NAP•+SbCl6– (Ered 
= 0.94 V vs Fc/Fc+ and λmax = 672 nm) for p-H and p-Me as oxidants 
in CH2Cl2 at 0 °C (Fig. 3C).46 The lower temperatures were used 
to decrease noise and measurements at room temperature 
showed no change of the spectra despite reduced noise. The 
absorption spectra of the meta isomers showed very similar 
patterns among different substituents (H, Me and OMe). 
However, as listed in  Table 1, and opposite to the neutral 
species, these substituents have larger effects (∼100 nm) on the 
absorption spectra. Comparing the meta DBCs with their para 
isomers, there are remarkable differences. While the λmax is 
higher for m-H (1040 vs 800 nm), both m-Me (λmax = 1106 nm) 
and m-OMe (λmax = 1233 nm) showed lower values in 
comparison with their para isomer;  
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Fig. 4  Left: ring labels for NICS calculations and corresponding isosurface representations (±0.02 au) of HOMO (neutral, S0) and spin density (±0.001 au, cation radical, D0) for meta 
and para DBCs obtained at MN15/6-31+G(d,p)+PCM(CH2Cl2) level. Right: ACID isosurface plots (0.05) of p-OMe DBC in the neutral and oxidized states. The induced ring current 
vectors are plotted inside the rings to denote the diatropic and paratropic ring currents. 

λmax is 1207 and 1414 nm for p-Me and p-OMe, respectively. 
These data illustrate abnormal effects that not only suggest a 
different electronic structure among the para species, but also 
reveal a clear difference between the meta and para isomers. 
To understand these phenomena and gaining better insights 
about these novel species, we employed computational 
techniques.
Computational
The calculated energies at the MN15/6-31+G**+PCM(CH2Cl2) 
level of theory showed that the meta isomers are more stable 
than their para counterparts in the neutral (ΔG = 1 kcal mol-1) 
and one-electron oxidized states (ΔG = 5-8 kcal mol-1). We 
calculated these values using five different functionals (see the 
computational details, ESI); the results showed that these 
relative energies are independent of the employed functional 
(Table S2, ESI). 
The calculated HOMO/LUMO energies show bigger gaps (Eg) for 
para versus meta isomers (Table 1) which agree with the 
experimental data; however, the DFT calculations overestimate 
(∼1.5 eV) the Eg. This overestimation is not related to the 
selected functional and all other examined methods showed 
the same trend (Table S3, ESI). TD-DFT calculations can 

reproduce the experimental data with acceptable accuracy. 
Analysis of the TD-DFT data showed that for meta isomers the 
major contribution (∼94%, oscillator strength ≈ 1.0) of the 
highest transition (396-402 nm) comes from the HOMO-to-
LUMO transition. However, for para isomers, the HOMO-to-
LUMO transition has either no (p-H and p-OMe) or smaller 
contributions (∼51%, m-Me) to the λmax values (Table 1).  
Evaluating the frontier molecular orbitals of our compounds 
reveals that while the HOMOs of the meta isomers have similar 
patterns for different substituents (i.e. HOMO is distributed 
over the whole aromatic system), the para isomers show two 
different patterns (Fig. 4). The HOMO is mainly distributed over 
the DBC backbone in the p-H molecule and does not have any 
contribution from the extended phenylene groups. By contrast, 
the p-Me and p-OMe HOMOs have totally different shapes and 
distributions. Also, note that the large HOMO contribution over 
the central C-C bond of DBC is decreased dramatically (from 
∼24% to ∼1%) by moving from p-H to p-Me/p-OMe. This effect 
can decrease electronic communication between the two sides 
by making a nodal 
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Table 2. NICS values for OMe substituted of meta and para DBC isomers calculated at 
MN15/6-31+G**+PCM(CH2Cl2) level; the values for H and Me substituents are provided 
in the Table S5, ESI. 

Ring a b c A B C
m-OMe
Neutral -7.8 -6.8 -1.4 -7.8 -6.8 -1.4

CR -7.2 -2.3 5.3 -7.2 -2.3 5.3
p-OMe
Neutral -7.9 -6.8 -1.4 -7.9 -6.8 -1.4

CR -7.8 -5.3 0.1 -5.6 -5.4 11.0

planeand indeed separates two p-quaterphenyl moieties 
electronically. 
To further investigate the effects of these different patterns on 
hole stabilization, we calculated the spin densities of the cation 
radical spices (Fig. 4). For the meta compounds, the spin density 
is delocalized over the whole molecule and follows the HOMO 
pattern. The same result is observed for the p-H molecule (i.e. 
spin density follows the HOMO pattern and the extended 
phenylenes have no contribution to charge stabilization). To the 
contrary, for the p-Me and p-OMe isomers the hole is localized 
on one side, which is similar to our previous study of para-
tetramethoxy DBC.26 
To classify our compounds according to the Robin-Day 
classification47 of charged species, we calculated electronic 
couplings (V12) and structural reorganization energies (λreorg, Fig. 
S5, ESI). Based on these data and looking at the spin density 
distributions (Fig. S5 and Fig. 4), the meta isomers are class III 
(strong electronic coupling, evenly and static charge 
delocalization, 2V12 > λreorg), while the para compounds have 
smaller electronic coupling than the reorganization energy and 
are clas II (λreorg > 2V12). 
This different charge (de)localization behaviour explains the 
different UV-vis-NIR spectra. As listed in Table 1, the TD-DFT 
calculations reproduce the experimental data with good 
accuracy; however, similar to the neutral compounds, the TD-
DFT results showed systematic underestimation. These 
calculations revealed that the highest transition (∼1600 and 
2200 nm for meta and para isomers, respectively) which is from 
HOMO-to-LUMO, has a very weak oscillator strength and the 
observed λmax is originating from transitions involving other 
orbitals (Fig. S6-S17, ESI). 
Further, the analysis of the C–C bond lengths of oxidized para 
isomers confirms that single bonds between p-quaterphenyl 
moieties undergo contraction only on one side with the Me and 
OMe substituents (Fig. S18, ESI). However, the bond alteration 
and the shape of the orbitals provide no strong evidence of 
aromatic to quinoidal switching from the neutral to cation 
radical states.
Finally, in order to investigate the aromaticity changes of our 
systems upon oxidation, aromaticity descriptors were 
utilized.48-50 Nucleus-independent chemical shift (NICS)51, 52 
calculations indicate the extent of local aromaticity, with 
negative values for aromatic systems and positive values for 
antiaromatic rings. As listed in Table 2, for neutral compounds 
the aromaticity pattern is symmetric and relatively identical for 
both meta and para isomers. At the oxidized state, the 

extended phenylenes (A/a rings, Fig. 4) remain aromatic with 
small changes, but the DBC rings undergo dramatic changes. For 
example, when oxidizing to the cation radical (CR) the NICS 
values of the B/b and C/c rings of the m-OMe molecule indicate 
large shifts from -6.8 to -2.3 and from -1.4 to +5.3, respectively. 
These aromaticity changes are symmetrical for the meta 
compounds (Table S5, ESI), but for the para isomers with Me 
and OMe substituents, the loss of aromatic character in the DBC 
core is more dramatic and asymmetric. For example, for p-OMe, 
the shift is -6.8 to -5.4 in ring B, -1.4 to +11.0 in ring C and -1.4 
to +0.1 in ring c. These values show more antiaromatic 
character in the side where the hole has been localized. 
In addition to NICS calculations, the analysis of the anisotropy 
of the current induced density (ACID)53 method confirms the 
significant aromaticity disturbance upon oxidation (Fig. 4). The 
substantial clockwise ring current in the A/a and B/b sites of the 
neutral state and current vectors in the opposite direction for 
the C/c ring indicates the strong aromatic and non-aromatic 
character, respectively, which follow the Clar sextet rules.54 On 
one-electron oxidation, ring C becomes antiaromatic, with a 
counter-clockwise ring current, while the adjacent c ring keeps 
its very weak aromatic nature. Therefore, the NICS and ACID 
data reveal that in the π-extended DBCs both substituent 
structures and their positions can tune the aromaticity of 
oxidized species.

Conclusions
Here we developed two different series (denoted meta and 
para) of π-extended dibenzo[g,p]chrysenes (DBC) with different 
substituents (H, Me and OMe). The final compounds are rigid 
and showed good solubility owing to the presence of bridged 
sp3 carbons.  The developed synthetic method is not restricted 
to the investigated substituents and can easily be extended to 
different groups. These six molecules are designed to 
investigate the effects of both extended aromaticity and 
substituents on the optoelectronic properties of DBCs. 
Interestingly, the experimental (electrochemistry and UV-vis) 
and DFT data showed strong effects of both substituent position 
(meta vs para) and structure on the charge delocalization 
mechanism. In addition, the p-H compound showed interesting 
packing in the solid state which generate a permanent porosity 
purely through C-H···π interactions. Applications of this porous 
compound will be published in due course. The results of this 
study can be useful in the different fields of materials chemistry 
and can shed light on the importance of substituent effects on 
π-conjugated systems and charge delocalization in PAHs. 
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