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ABSTRACT 

 

 Interactions between two closed-shell molecules are usually non-covalent such as van der 

Waals (vdW) interactions. A covalent-like multi-electron/multi-center (me/mc) intermolecular 

interaction, often termed as “pancake bond”, was recently found between some open-shell radical 

and multiradicals. Pancake bonding features highly orientated configurations and low-lying 

triplet/multiplet states. Pancake bonding was observed among a number of newly synthesized 

radical-based materials exhibiting exciting magnetic and electronic properties. Unlike closed-shell 

molecules with only vdW interactions, open-shell molecules with pancake bonding pose many 

challenges to theoretical chemists including the consideration of contribution from the 

multireference states, the special through-space dispersion interactions and the much shorter than 

vdW intermolecular distances. In this dissertation, we systematically studied a series of pancake-

bonded systems using density functional theory (DFT) with the purpose to better understand their 

properties and to make predictions about yet to be synthesized pancake-bonded systems. 

 Phenalenyl and its derivatives are stable radicals with strong pancake bonding. Using the 

unrestricted M05-2X DFT, we investigated a series of homogeneous phenalenyls including two 

newly synthesized derivatives: triphenyl-phenalenyl and trimethyl-phenalenyl. We found that 

these phenalenyls could aggregate through π-dimerizations or σ-dimerizations based on their 

substitution groups and the relative interaction energy. We further explained an experimentally 

observable interchange between π-dimers and σ-dimers of trimethyl-phenalenyl by calculating the 
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potential energy surface along the interchange. In addition to the study on homo-phenalenyls, we 

investigated on hetero-phenalenyls and suggested that large energy difference between singly 

occupied molecular orbitals (SOMOs) between two different phenalenyls could be utilized to 

generate very stable pancake-bonded hetero-phenalenyl π-dimers. 

 Next, we studied the possibly multiple pancake-bonded systems on a series of triangulenes 

which can be viewed as graphene flakes. Some triangulenes are multiradicals where phenalenyl is 

single radical. The DFT study we conducted on triangulenes suggested that multiple degenerate 

SOMOs among these multiradicals can serve as the basis of pancake-bonded π-dimers with a 

formal pancake bond order up to five. Surprisingly, we found a linear relationship between the 

pancake bond strength and the pancake bond orders. 

 We validated over fifty DFTs regarding their performance on pancake bonds. Dispersion 

corrections were included in the validation process. Comparing to the high-level MR-AQCC 

results on four different pancaked bonded systems, we found no universal DFT applicable for all 

pancake-bonded systems. However, we identified DFTs that worked well for each individual 

system. 
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CHAPTER I 

 

INTRODUCTION 

 

Typical intermolecular interactions are usually non-covalent. For example, the ionic force, 

hydrogen bonding and van der Waals (vdW) interactions do not constitute bonds based primarily 

on electron sharing. These intermolecular interactions are believed to be the major intermolecular 

interactions among the closed-shell molecules. However, the study of open-shell molecules such 

as organic radicals leads to the discovery of a new type of intermolecular interaction unique from 

the abovementioned ones.1  Generally, there are two classes of radical materials: the charge-

transfer radicals and the neutral radicals. The charge-transfer radicals are made by charge transfer 

between two different molecules as a donor-acceptor pair, such as tetrathiafulvalene cation TTF+ 

and tetracyanoquinodimethane anion TCNQ- pair (or tetracyanoethylene anion TCNE-) (Scheme 

1.1).2 The other class, neutral radicals includes for example, phenalenyl (PLY), triangulene and 

their derivatives.3,4 (Scheme 1.2).  

 

 

Scheme 1.1. Molecular structure of the first class of pancake bonded candidates as a result 

of charge-transfer.  
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Scheme 1.2. Molecular structure of the second class of radical, the neutral radials. 

Triangulene is a diradical. 

 

 This unique intermolecular interaction between organic radicals is often termed as “pancake 

bonding”.5 Unlike other intermolecular interactions for closed shell molecules, a typical pancake 

bonding arises from a covalent-like multi-electron multicenter (me/mc) interaction between the 

singly occupied molecular orbitals (SOMO) of two molecules.(Figure 1.1) The result of such 

interaction is a usually a stacked π-dimer or chain with much shorter than vdW intermolecular 

distances and stronger than vdW interaction energies.6 
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Figure 1.1. (a) The illustration of SOMO of phenalenyl (PLY) and TCNE- at UM05-2X/6-

31G(d,p) level. (b) a simplified molecular orbital diagram of pancake bonding.  

  

 We focus primarily on the pancake-bonded neutral radicals in this dissertation: phenalenyls 

(Chapter 2, 3 and 4) and triangulenes (Chapter 6). Phenalenyl is an odd-alternant hydrocarbon 

stable π-radical featuring 13 delocalized π electrons (Scheme 1.2). Phenalenyl was first discovered 

in the 1950s.3 Due to its unique two-electron/12-center (2e/12c) pancake bonding, it has received 

much interest from both experimental and theoretical chemists.7 The first isolated π-dimerized 

phenalenyl derivative was tri-tert-butyl-phenalenyl (TBPLY).8 This π-dimer was stable because 

of the bulky tert-butyl groups which prevented it from σ-dimerization. It was actually based on 

TBPLY, the concept of pancake bonding was suggested.5 Many applications on pancake-bonded 

phenalenyls including spintronics and organic conductors were reported thereafter. Haddon’s 

group successfully synthesized a series of spiro-biphenalenyls.9 These phenalenyl-based materials 

showed great potential on spintronic application and great conductivity based utilizing the pancake 

bonding between phenalenyls. Kubo’s group also reported such conductivity in other phenalenyl-

based materials.10 In additional to the interesting electronic and magnetic properties in pancake 

bonded π-dimers of phenalenyl-based materials, the σ-dimerized phenalenyl was also reported. 



4 

 

For example, Morita et, al. reported an coexistence between the σ-dimer and π-dimer, where a low-

lying triplet state was also observed by an ESR measurement.11 Phenalenyl chemistry also gained 

much enthusiasm from theorists. Small et, al. performed both DFT and ab initio calculations on 

phenalenyl dimerization modes and a good agreement of interaction energy between computation 

and experiment was found.7a, 12  Tian and Cui in our group recently performed theoretical 

computations on a series of phenalenyls and explained the reasons for the short bond distance and 

the concave/convex nature of a large number of phenalenyls.13 With the development and wide 

applications of multireference averaged quadratic coupled-cluster (MR-AQCC) method, 

pioneered by Szalay and Lischka et al., calculations on phenalenyl reached its highest accuracy so 

far. 14  For instance, Cui did a handful of pancake bonding calculations using MR-AQCC.15  

 Similar to phenalenyl, triangulene can be regarded as an extension of phenalenyl (Scheme 1.2). 

6-Triangulene (TRL) is the first known non-Kekulé diradical molecule4 and features a triplet 

ground state.16 The early attempts to isolate TRL were not successful until early 2017 due to its 

very low stability due to its diradical ground state.17  However, successful synthesized of the 

derivatives of triangulene, including tri-tert-butyl-TRL and tri-oxo-triangulene (TOT) were 

reported and a number of them showed pancake-bonded π-dimerization in cystals.16a,18 

 In this dissertation, we conducted a systematically theoretical investigation on a series of 

phenalenyls and triangulenes in an effort to obtain the in-depth understanding of the nature of 

pancake bonding and to provide suggestions for the design and synthesis of new pancake-bonded 

molecules with predicted properties. The dissertation is laid out as follows: in Chapter 2, we 

discuss the π-dimerization and σ-dimerization of six phenalenyls including three newly 

synthesized phenalenyls by our collaborators at Professor Kubo’s group at Osaka University in 
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Japan. We studied π-dimers and σ-dimers for each phenalenyl and compared their relative 

energetics as well as geometries. For some systems, we studied the energy barriers along certain 

important isomerization routes between σ-dimers and between π- and σ-dimers. The computed 

results were then compared with experimental data. The SOMO-SOMO binding energies were 

also studied where a linear correlation between the spin density of the monomer in a π-dimer and 

the SOMO-SOMO energy was observed. 

 In Chapter 3, we studied the heterogeneous phenalenyl π-dimers beyond the homogeneous 

phenalenyl π-dimers. The motivation of this study is to utilize electrostatic attraction in addition 

to pancake bonding to stabilize the hetero-π-dimers. We selected twenty phenalenyls where most 

of them were experimentally available, and studied their homo-π-dimers and many combinations 

of hetero-π-dimers. We explored the difference between SOMOs of different phenalenyls and 

suggested this could be used to generate large charge transfer and large electrostatic attraction. 

(Figure 1.2) We suggested to use such SOMO energy difference as the electronegativity index for 

the phenalenyl toward future design and synthesis of functional materials based on hetero-

phenalenyls. 
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Figure 1.2. Molecular orbital diagram that indicates the difference in SOMO energy in a 

pancake bonded system. Large ∆SOMO=|SOMO1-SOMO2| value generates significant charge 

transfer between two monomers and thus result in greater electrostatic attraction. 

 

 In Chapter 4, a phenalenyl derivative previously studied in Chapter 2, trimethyl-phenalenyl was 

found by our collaborators at Professor Kubo’s group to show a rapid sixfold σ-bond shift in σ-

dimer through the π-dimer. We investigated both σ- and π-dimerization modes and conducted the 

bond rotation/ bond dissociation potential energy surface (PES) scans. A small barrier found 

between σ- and π-dimer explained the reason for the observed σ-bond shift. 

 In Chapter 5, we studied multiple pancake bond by extending phenalenyl to its larger family 

triangulenes (Scheme 1.3). The triangulene monomers are multiradicals compared to the single 

radical in phenalenyl and therefore able to form multiple pancake-bonded dimers. We found many 

π-dimer configurations for each triangulene. We selected the ones with perfect SOMO overlapping 

and reasonable pancaked-bonded distance and then discovered a linear correlation between the 

pancake bond strength and the formal pancake bond order.  
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Scheme 1.3. Molecular structure of triangulenes. The radical/multi-radical feature of each 

molecule is indicated in the Scheme. 

 

 It is believed that the most accurate computational description towards pancake-bonded systems 

so far is the multireference averaged quadratic coupled-cluster (MR-AQCC). This is due to the 

small HOMO-LUMO gap in a pancake-bonded π-dimer where contributions from 

multiconfigurational states are significant.14 However, due to the increasing size of the molecule, 

MR-AQCC is not computationally feasible today. Density functional theory (DFT), however, can 

serve as a good albeit less rigorous alternative where a balance is established between the reduced 

computation power and if the DFT is chosen with care the accuracy is still acceptable. In Chapter 

2 to Chapter 5, for example, we adopted UM05-2X on phenalenyl and triangulene systems and the 

result is satisfactory. In Chapter 6, we tested 53 DFTs on four pancake-bonded systems against the 

MR-AQCC reference values.  
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CHAPTER II 

Evidence of σ- and π- Dimerization in a Series of Phenalenyls* 

Introduction 

Phenalenyl (1) is a stable odd alternant hydrocarbon π-radical which has been studied for 

its electronic and magnetic properties.19  This stable neutral radical has gained importance in 

organic chemistry as a fundamental building block for organic conducting materials. 20 

Dimerization of phenalenyl and its derivatives has recently attracted attention due to a unique two-

electron twelve center (2e/12c) π-π stacking bonding interaction between two phenalenyl 

monomers.21,22 This type of π-π stacking bonding has been called pancake bond23 where pancake 

bonding is the result of a singlet diradicaloid state where two electrons from the multicenter SOMO 

orbitals of the radical monomers forming bonding combinations across the inter-radical space. 

This results in closer distances as well as stronger than van der Waals bonding interactions.24 The 

stabilization of the π stacking configuration by virtue of pancake bonding makes it competitive 

energetically with σ-bonding. The main subject of this work is to provide detailed computations 

on the relative energies of six σ- and π-bonded radical dimers derived from the prototypical system, 

phenalenyl including two newly synthesized and characterized derivatives. 

Previous experimental studies on phenalenyl have shown that both σ-dimers and π-dimers 

can be formed.25,26 The fact that 12σ-dimer and 12π-dimer are close in energy may result in some 

interesting properties such as fluxional bonding. 27  We present the first systematic study of 

energetically competitive conformations of six dimerized phenalenyl derivatives: phenalenyl 

(PLY), perfluoro-phenalenyl (PFPLY), triphenyl-phenalenyl (TPPLY), tris(perfluorophenyl)-

phenalenyl (TPFPPLY), trimethyl-phenalenyl (TMPLY) and tri-tert-butyl-phenalenyl (TBPLY) 

                                                 
* Reproduced with permission from [Mou, Z.; Uchida, K.; Kubo, T.; Kertesz, M. J. Am. Chem. Soc. 2014, 136, 18009.] Copyright 

© 2014, American Chemical Society 
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see 2, 3, 4, 5 and 6 in Scheme 2.1. We combined available experimental data with calculations in 

order to interpret the characteristics of the dimers. The analysis provides insights into 

tautormerization reactions of these related phenalenyl dimers shedding light on the relative roles 

of sigma bonding, pancake bonding and van der Waals interactions. Because phenalenyls isolated 

so far are only 1, 4, and 6, we add new experimental data on the synthesis and experimental 

characterization of 3 and 5. Combination of various experimental methods including ESR, 1H 

NMR, UV-Vis, and X-ray crystallographic measurements fully support the computational results.  

 

 

Scheme 2.1 Monomer radical of phenalenyl and its radical derivatives discussed in this 

paper. T indicates the tertiary carbon close to the α-carbon. 

 

Two main conformations of the π-dimer are the eclipsed and the staggered, both providing 

perfect ππ overlap 28  of the SOMO orbitals for all compounds discussed here. Scheme 2.2 

illustrates the SOMO orbital for 1 and the bonding combination of the two SOMO orbitals in the 

pancake bonded staggered π-dimer of 12 which represents a strongly attractive interaction 

preferring maximum overlap. However, even without the various -substitutions that are present 

from 2 to 6, for the parent 12 the staggered configuration is significantly more stable than the 

eclipsed.29  
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Scheme 2.2: Illustration of bonding (HOMO) and antibonding (LUMO) combinations of two 

SOMOs in the 12π-dimer at the UM052X/6-31G(d) level. The orbital interaction diagram is on 

the right; the SOMO of the monomer is at the bottom. Note the multicenter nature of the bonding 

interaction in the HOMO of the dimer. 

 

The configurational space for the σ-dimers is more complex. We adopted the notation introduced 

in ref. 26 for various 12σ-isomers (Figure 2.0). Two basic types of σ-dimerizations arise: the RR 

(staggered) and the RS (eclipsed). Within each type further configurations can be identified26, and 

their relative energetics is one of the main subjects in this work.  
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Figure 2.0. Newman projections of six for 12σ isomers26 and the illustration of 12(RS1). The 

Newman projection is along the σ-bond connecting two α-carbons on a σ-dimer of a phenalenyl 

or its derivative. 

Computational Methods 

We employed density functional theory (DFT) applying an M05-class meta-generalized 

gradient (GGA) density functional for this study.30 We chose this method because it is a well-

established DFT including dispersion effects and previous studies showed good results for 

phenalenyl-related dimerization geometries and energetics. 31 , 32  The broken-symmetry spin-

unrestricted method was adopted for all open-shell species, i.e. π dimers and monomers and was 

labeled by the prefix (U). There is no broken symmetry spin-unrestricted solution for the σ-bonded 

dimers. Unless stated otherwise, all geometry optimizations as well as vibrational frequency 

calculations were done for the monomers and dimers with (U)M05-2x/6-31G(d) for PLY and 

(U)M05-2X/6-31G(d,p) for PFPLY, TMPLY, TPPLY and TPFPPLY. We adopted (U)M05-2x/6-

31G(d) for PLY because the addition of the p set on H has a negligible effect as shown in . The 

interaction energy (Eint) was obtained by taking the difference of the total energy, 𝐸𝑡𝑜𝑡, between 

dimer complex and the sum of two monomers. 

𝐸𝑖𝑛𝑡(𝑏𝑒𝑓𝑜𝑟𝑒 𝑍𝑃𝐸) = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟) − 2𝐸𝑡𝑜𝑡(𝑚𝑜𝑛𝑜𝑚𝑒𝑟).       (1.1) 
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Energy barriers corresponding to a particular transition structure, TS, are given as the smaller of 

two values along the torsional scans as 

𝛥𝐸𝑇𝑆  = 𝐸𝑇𝑆 − 𝐸𝑡𝑜𝑡𝑎𝑙(𝑐𝑙𝑜𝑠𝑒𝑠𝑡 ℎ𝑖𝑔ℎ𝑒𝑟 𝑙𝑜𝑐𝑎𝑙 𝑚𝑖𝑛𝑖𝑚𝑢𝑚).      (1.2) 

The zero-point energy (ZPE) correction, 𝐸𝑖𝑛𝑡(𝑍𝑃𝐸 𝑐𝑜𝑟𝑟), was computed as 

𝐸𝑖𝑛𝑡(𝑍𝑃𝐸 𝑐𝑜𝑟𝑟) = 𝐸𝑖𝑛𝑡(𝑏𝑒𝑓𝑜𝑟𝑒 𝑍𝑃𝐸) + 𝐸𝑍𝑃𝐸(𝑑𝑖𝑚𝑒𝑟) − 2𝐸𝑍𝑃𝐸(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)  (1.3) 

The separation of the total interaction energy into a component due to the SOMO-SOMO binding 

interaction and the remaining van der Waals term (that includes dispersion, Pauli repulsion and 

electrostatic terms) can be symbolically written as 

𝐸𝑡𝑜𝑡 = 𝐸(𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂) + 𝐸𝑣𝑑𝑊 .        (1.4) 

Following Mota et al. 33  and extensive validation at high level wave function level29, 34  we 

approximate the first term as 

𝐸(𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂) = 𝐸(𝑠𝑖𝑛𝑔𝑙𝑒𝑡 𝑎𝑡 𝑚𝑖𝑛. 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒𝑡) − 𝐸(𝑡𝑟𝑖𝑝𝑙𝑒𝑡 𝑎𝑡 𝑚𝑖𝑛. 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒𝑡).   (1.5)  

The potential energy surfaces (PES) were studied by constrained relaxed scans and rigid scans. 

For the PES curve regarding bond stretching, constrained optimizations (relaxed scans) were 

performed with one fixed distance of r, where r is the distance between the closest α-carbons 

(Figure 2.1). For π-dimers the six r distances were kept equal when rigid scans were performed. 

Relaxed torsional PES scans were performed by performing constrained optimizations as a 

function of the dihedral angle θ (Figure 2.2). For optimized π-dimers, the r values shown in the 

tables are the averages of six α-carbon distances. 
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Figure 2.1. Optimized geometry of 12(RR2) σ-dimer and the 12π-dimer isomer indicating the 

α-carbon to α-carbon distance, r. For the pancake bonded π-dimer, 12π, there are six contacts 

equal to r. The central carbon-carbon distance is Dcc in the pancake dimer. 

 

 

Figure 2.2.  Definition of the torsional angle θ for RR and RS σ-isomers.  

Vibrational frequency analyses were carried out in order to categorize stationary points as 

minima or transition states and to obtain the zero point energy (ZPE). Frequencies for ZPE were 

not scaled. All minima, except where noted otherwise, were confirmed obtaining all real 

vibrational frequencies, all transition structures (TSs) were identified by one imaginary frequency 

at the saddle point. Mulliken population based spin density was analyzed to characterize the nature 

of the dimerization. Mulliken spin density presented in this study is the total spin density of one 

monomer. All quantum mechanical computations were performed with the Gaussian09 package 

(D0.01)35. Visualization was done by ChemCraft.36 
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Result and Discussion 

Phenalenyl (PLY) 

Small et al. computed the relative energies of the six 12σ-isomers shown in Figure 2.0 using 

MP2/6-31G(d).26 We analyzed the torsional potential energy surfaces and identified the transition 

structures. 12(RS2) and 12(RS3) are energetically equivalent because they are enantiomers so we 

only presented 12(RS2) in this study. Five optimized 12σ-dimer configurations are shown in Figure 

2.3. Combined with 12π in Figure 2.1, six optimized 12-dimers are presented. We calculated the 

interaction energy of these dimers and the results are shown in Table 2.1. 

 

12(RR1)                            12(RR2)      12(RR3) 

 

12(RS1)                                                       12(RS2) (12(RS3)) 

Figure 2.3. Optimized geometries and of 12σ-dimers. (H atoms are hidden for clarity.)  
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Table 2.1. Interaction energies, Eint, and selected distances of the optimized 12-dimers using 

(U)M05-2X/6-31G(d)a  

aEint values are in kcal/mol and distances are in Å. bMP2/6-31G(d) calculation from ref. 26 before 

any correction. cCentral carbon-carbon distance. dSum of Mulliken spin density of a monomer in 

the dimer. 

 

Comparing with the MP2 calculation (ref. 26), the UM05-2X energies are reasonably close 

and hence we proceed with UM05-2X calculations in the rest of this work. According to Table 

2.1, the interaction energy for all 12σ-dimers are similar and they are 4~6 kcal/mol lower than the 

12π-dimer. However, ZPE correction narrows the energy difference to only 0.6~3.0 kcal/mol. The 

ZPE corrections for 12σ-dimers are almost identical due to the same bonding type (sigma bond). 

The ZPE correction for the 12π-dimer is significantly smaller than 12σ-dimers because of the loss 

of a σ-bond. It is worth noting that the σ-bond distance, r, is longer than normal σ-bonds because 

of steric repulsions between the two phenalenyl monomers but still shorter than in extreme cases 

such as hexaphenylethane.37  

 
12(RR1) 12(RR2) 12(RR3) 12(RS1) 12(RS2) 12π 

Eint from ref. 26b −14.50 −13.10 −15.30 −13.50 −15.30 N.A 

Eint before ZPE −14.55 −14.39 −16.65 −13.67 −16.15 −10.71 

Eint ZPE corr. 3.75 3.59 3.86 3.79 3.60 1.47 

Eint after ZPE −10.81 −10.78 −12.79 −9.88 −12.55 −9.24 

Symmetry C2 C2 C2 S2 None D3h 

α-carbon distance (r) 1.605 1.610 1.582 1.597 1.586 3.084 

Dcc 
c      3.137 

Spin dens.d 0 0 0 0 0 0.642 
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The small computed energy differences among these configurations may indicate fluxional 

bonding depending on the barrier between them.38,31 To study this conformational isomerism we 

present rotational scans along the σ-bonds for each of the 12σ-dimers as well as bond stretching 

scans between 12π-dimer and one of the 12σ-dimers. The torsional energy scans for the RR 

(staggered) and the RS (eclipsed) configurations as a function of dihedral angle θ, are presented in 

Figure 2.4. 

 

 

Figure 2.4. Relaxed torsional energy scan as a function of θ around the σ-bond for 12-RR and 

12-RS. Energy calculated at the UM052X/6-31G(d) level. For the notation of the different local 

minima, see Figure 2.3. Various transition structures are indicated by TS. 

 

Figure 2.4 shows three local minima for each of the two scans. The 12-RS scan shows symmetry 

because 12(RS2) and 12(RS3) are enantiomers. Both curves have three local minima and 

12(RR-TS1)

12(RR1)

12(RR-TS2)

12(RR2)

12(RR-TS3)

12(RR3)

12(RS-TS1)

12(RS3)

12(RS-TS2)

12(RS1)

12(RS2)

-18.00

-16.00

-14.00

-12.00

-10.00

-8.00

-6.00

-4.00

-2.00

0.00

0 30 60 90 120 150 180 210 240 270 300 330 360

1₂-RR

1₂-RS

E
in

t
(k

ca
l/

m
o
l)

θ(°)



17 

 

correspondingly three barriers. Tables 2.2 and 2.3 show the stationary points on the rotational 

scans of Figure 2.4.  The 12-RS scan which corresponds to the black line in Figure 2.4 shows a 

lower barrier at 131.2° and a higher barrier at 0°. The lower energy barrier at 131.2° (and 228.8° 

by symmetry) would be the one through which the isomerization between 12(RS1) and 12(RS2) 

(or 12(RS3)) would proceed. 

Table 2.2. Interaction energies, Eint, and energy barriers, ΔETS, for stationary points along 

the 12-RS scana.  

 12(RS3) 12(RS1) 12(RS-TS2) 12(RS-TS1) 

Eint −16.65 −13.67 −10.17 −3.74 

ΔETS      3.50  9.93 

aAll energies are without ZPE correction. Energy calculated at the UM052X/6-31G(d) level and 

are in kcal/mol. See eq. (1) and (2). 

Table 2.3. Interaction energies, Eint, and energy barriers, ΔETS, for stationary points along 

the 12-RR scana. 

 12(RR1) 12(RR2) 12(RR3) 12(RR-TS1) 12(RR-TS2) 12(RR-TS3) 

Eint −14.55 −14.39 −16.65 −8.70 −10.67 −4.7 

ΔETS
     5.85   3.71  9.68 

aAll energies are without ZPE correction. Energy calculated at the M052X/6-31G(d) level and are 

in kcal/mol. See eq. (1) and (2). 

There are six stationary points with three local minima and three TSs on the rotational scan 

of 12-RR scan as shown in Table 2.3 corresponding to the red line in Figure 2.4. Two out of the 

three TSs, 12(RR-TS1) and 12(RR-TS2), represent more accessible pathways. The study of the 

pathway is important to explore the possibility to form the 12π-dimer from the presented 

calculation results imply that we might be able to detect the presence of 12π-dimer experimentally. 

The 12(RR2) is the closest configuration that can transform into 12π and we present data on this 

scan as a function of distance r in Figure 2.5 and Table 2.4. The TS along the dissociation path is 

denoted as 12(TS4). It is important to realize that the dissociation of the π–dimer, 12π, proceeds 
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without a barrier and therefore the π–dimer can form spontaneously from the monomer 

independent from temperature.  

 

 

Figure 2.5. Eint scan between 12(RR2) and 12π at the UM052X/6-31G(d) level. 12(TS4) is the 

transition structure along the bond stretching path of 12.  

 

Table 2.4. Energies and selected distances for stationary points on the 12(RR2)-12π scana. 

 12(RR2) 12(TS4) 12π 

Eint before ZPE −14.39 −6.71 −10.71 

Eint ZPE corr. 3.61 2.57 1.47 

Eint  after ZPE  −10.78 −4.14 −9.24 

r 1.610 2.164 3.084 

ΔETS  5.10  

aEnergy values are in kcal/mol and distances are in Å. 
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The two minima in Figure 2.5 correspond to 12(RR2) and 12π separated by a stationary point, 

12(TS4), that is 5.10 kcal/mol higher in energy than 12π after ZPE correction. The α-carbon 

distance of 12(TS4) is at r = 2.164 Å corresponding to a typical TS value for breaking a σ-bond.31 

An interesting separation occurs between the rigid scan and relaxed scan in the r > 3.0 Å regime 

in Figure 2.5 (empty vs. full diamonds) which is a consequence of the multicenter nature of 

pancake bonding: while breaking one of the six αα contacts the others five break at a lower rate 

in the relaxed scan. Figure 2.6 shows the geometries corresponding to the two scans at an 

intermediate separation of r=3.6 Å indicating that the reverse reaction, the formation of the π-

stacking dimer, is asynchronous. 

  

Figure 2.6. Single point (left) vs. optimized (right) structures at r = 3.6 Å along the bond 

stretching scan in Figure 2.5 for 12. 

 

The diradical character of the 2e/mc bonding is one of the unusual characteristics of pancake 

bonding which is reflected in the spin density. Figure 2.7 shows the spin density based on the 

Mulliken population analysis along the reaction pathway between 12(RR2) and 12π.  

 



20 

 

 

Figure 2.7. Total spin density of a 1 monomer in the 12 dimer along the 12(RR2) to 12π scan 

using UM052X/6-31G(d). The Coulson-Fischer point is at r=2.7 Å. 

 

The Coulson-Fischer (bifurcation) point is at r=2.7 Å. It also indicates that the electronic 

structure of 12(TS4) (r=2.164 Å) is closer to that of the σ-bonded 12(RR2) tautomer and therefore 

it does not exhibit pancake bonding. According to the HOMO-LUMO orbital diagram for 12π 

(Scheme 2.2), π-π interactions solely occur at α-carbon positions. A split from r=3.1Å between 

relaxed scan and rigid scan corresponds well with Figure 2.5. There is no particular reason for the 

spin density of α-carbon approaching ~0.35 in Figure 2.S1, however the limiting value of 1 in 

Figure 2.7 total spin density of a monomer is consistent with the separation into two uncoupled 

radicals.  

Perfluoro-Phenalenyl (PFPLY) 

The preparation and characterization of the perfluoro-phenalenyl, 2 and its dimers has not yet 

been reported. Below is the summary of our results on modeling its various dimers in analogy to 

the parent 1 system. Table 2.5 summarizes the computed energetics of the isomers and a few key 

bond distance data. 
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Table 2.5. Interaction energies, Eint, and selected distances of the optimized 22-dimers using 

(U)M05-2X/6-31G(d,p)a. 

 
22(RR1) 22(RR2) 22(RR3) 22(RS1) 22(RS2) 22π 

Eint before ZPE −26.72 −25.41 −26.24 −25.67 −25.80 −15.30 

Eint ZPE corr. 4.50 4.34 4.20 4.33 4.31 1.93 

Eint  after ZPE −22.22 −21.07 −22.04 −21.34 −21.49 −13.37 

Symmetry C2 C2 C2 S2 None D3h 

r 1.593 1.590 1.576 1.583 1.579 2.933 

Dcc      3.109 

Spin dens.b 0 0 0 0 0 0.702 

aEint values are in kcal/mol and distances are in Å. bSum of Mulliken spin density of a monomer 

in the dimer. 

Results in Table 2.5 indicate, that the 22σ-dimers behave similarly as the 12σ-dimers: they 

are close in energy to one another and also have similar ZPE energies. However, the interaction 

energy of the 22σ-dimers is much lower than for the 12σ-dimers. This can be rationalized by 

referring to the difference of the bond dissociation energy between F3C-CF3 and H3C-CH3 bond. 

According to previous studies39, the CC bond in F3C-CF3 is about ~9 kcal/mol stronger than in 

H3C-CH3. In our case, although σ-bond environments are not exactly the same, it does explain the 

major source of the interaction energy difference between the 12σ- and 22σ- dimers. While all 22σ-

dimers are very close in energy, their torsional scans along the σ-bond, presented in Figure 2.S2, 

show a number of local barriers somewhat different from the analogous scans of the 12σ-dimers. 

Table 2.5 shows that Eint difference between 22(RR2) and 22π is 10.11 kcal/mol before ZPE 

correction and 7.70 kcal/mol after correction. This large difference in Eint indicates that the 22σ-

dimers would be preferred over the 22π-dimer. 

The σ-bonded dimers are significantly more stable for the 22 case and thus the computations 

suggest that the π-dimer is unlikely to be observed for this derivative. Nevertheless a bond 
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stretching scan is of interest in order to explore trends in the relative stabilities of σ-bonded and 

pancake bonded π-dimers. Figure 2.S3 shows the relaxed and unrelaxed dissociation-scan for 22 

while Table 2.6 summarizes the energetics of this scan. Similar to the dissociation of 12π also 22π 

can form from the monomers without a barrier. 

Table 2.6. Energy and distance comparisons between stationary points in the 22(RR2)-22π 

scans as shown in Figure 2.S3a. 

 22(RR2) 22(TS) 22π 

Eint before ZPE −25.41 −11.01 −15.30 

Eint ZPE corr. 4.34 3.33 1.93 

Eint after ZPE  −21.07 −7.68 −13.37 

r 1.590 2.206 2.933 

ΔETS  5.69  

aEint values are in kcal/mol and distances are in Å. 22(TS) indicates the transition structure on the 

scan shown in Figure 2.S3. 

According to Figure 2.S3, the bond stretching energy scan for 22 is very similar to that of 

the parent 12 shown in Figure 2.5. The spin density scan also shows a similar trend as presented in 

Figure 2.S4.  

Two differences arise between the spin density scans of 12 and 22. The Coulson-Fischer point 

occurs at a smaller r value in 22 (2.5 Å vs. 2.7 Å), and the α-carbons spin density is smaller for 22. 

The equilibrium distance for 22π is shorter at 2.93 Å compared to 3.08 Å for 12π and the perfluoro 

dimer has larger interaction energy in all configurations compared to the parent 12. Fluorine acts 

as an electron withdrawing group decreasing the α-carbon electron density. This results in the 

decrease of spin density as well as increase of Eint. This trend corresponds well with our previous 

study on the effect of various β-position substitutions versus Eint on 1.31 As far as pancake bonding 

is concerned in 22π, all factors (shorter and stronger bond, stronger electron pairing due to a lower 

spin density) indicate a stronger pancake bond for 22π compared to 12π if it could be observed.  
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Triphenyl-Phenalenyl (TPPLY) 

Tri-tert-butyl-phenalenyl (TBPLY, 6) and its dimer have been synthesized and studied.19, 31, 40 

It is believed that TBPLY will only form 62π-dimer because of steric repulsion effect on possible 

62σ-dimers. We will return to TBPLY but first we study the dimerization of the -substituted 

triphenyl-phenalenyl (TPPLY, 3). Following the σ-dimerization of 1 and 2, there could possibly 

be similar 32σ-dimers with low energy if side group steric repulsion could be properly avoided. 

We have obtained five 32σ-dimers as well as two 32π-dimers in our energy minimizations. These 

are represented in Figure 2.8, their energetics are shown on Table 2.7. The discussion of the 

experimental data follows the analysis of the potential energy surface. 

 

 

32(RR2)                                                                 32(RS2) 

Figure 2.8. Top view of two most stable optimized 32σ-dimer geometries. (H atoms are hidden). 

Grey and yellow indicate the two monomers connected by a σ-bond. Link-C indicates the linking 

carbons.  
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Table 2.7. Eint and selected distances of the optimized dimers of 3 using (U)M05-2X/6-31G(d, 

p) compared with XRD dataa. 

 32(RR1) 32(RR2) 32(RR3) 32(RS1) 32(RS2) 32πPB
b 32πAB 

Eint before ZPE −17.01 −25.23 −21.39 −14.64 −23.37 −16.22 −21.20 

Eint ZPE corr. 3.52 3.75 3.66 3.38 3.75 1.97 2.55 

Eint after ZPE −13.49 −21.48 −17.73 −11.27 −19.62 −14.25 −18.65 

Symmetry C2 C2 C2 S2 None D3 S6 

r 

r(XRD)c 

1.604 1.618 1.598 1.599 1.600 3.106 2.936 

3.017 

Dcc 

Dcc(XRD)c 

     3.142 3.066 

3.111 

Spin dens.d 0 0 0 0 0 0.656 0 

aEint values are in kcal/mol and distances are in Å. bGeometry is not fully converged. cFor the XRD 

data at 100 K see the cif files in the Supporting Information Section. dSum of Mulliken spin density 

of a monomer in the dimer.  

Large differences in Eint occur between some of the 32σ-dimers as shown on Table 2.7. 

Unlike 12 and 22 dimers, the potential energy surface of the 32-dimers is more complicated because 

of the phenyl torsions, phenyl-phenyl interactions and phenyl-phenalenyl interactions. The most 

stable 32σ-dimer is 32(RR2), the structure of which is closest to 32π. This indicates that the closed 

structures (more phenyl-phenyl and phenalenyl-phenalenyl interaction) such as 32(RR2) as well as 

32(RS2) are more stable than the open structures. 32(RR2) is the lowest in Eint and it appears that 

the edge-to-face vdW phenyl-phenyl attraction41 and vdW attraction between central phenalenyls 

contribute significantly to the stability of this structure. Note that a certain amount of steric 

repulsion is unavoidable in these crowded σ-bonded dimers as also indicated by the stretched 

lengths of these bonds at about 1.6 Å. The second most stable σ-bonded structure, 32(RS2), has 
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neither phenyl-phenyl interactions nor central phenalenyl-phenalenyl interactions so it is 

energetically slightly higher than 32(RR2). The third most stable structure is 32(RR3) which is 

about 2 kcal/mol higher than 32(RS2) and 4~6 kcal/mol lower than 32(RR1) and 32(RS1). 32(RR3) 

exhibits no phenyl-phenyl repulsions and has a weak phenyl-phenalenyl attraction. The other two 

isomers, 32(RR1) and 32(RS1), exhibit some phenyl-phenyl repulsions between two pairs of phenyl 

groups and thus are the least stable among the 32σ-dimers. 

Beside the 32σ-dimers, there are two possible 32π-dimers: the one with parallel-phenyl 

configuration which we named as 32π-parablade (32πPB) and the one with edge-to-face phenyl 

configuration which we named as 32π-antiblade (32πAB) referring to the phenyls as blades of two 

propellers facing one-another. Figure 2.9 shows the corresponding optimized geometries. 

   

Top view of 32πPB    Top view of 32πAB 

 

Side view of 32πPB    Side view of 32πAB 

Figure 2.9. Top/side view of the two 32π-dimers. PB: parablade and AB: antiblade 

configurations. 
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There are several differences between these two π-dimers. First of all, geometry 

convergence problems plagued the optimization due to the flatness of the PES and the large 

number of coupled soft degrees of freedom especially for 32πPB even after a large number of 

iterations. We included this structure in our discussion, but only an approximate ZPE value was 

available. Table 2.7 shows that 32πPB is ~5 kcal/mol less stable than 32πAB due to the fact that edge-

to-face phenyl attraction stabilizes the structure by about 2.2 kcal/mol.42 In our case, the phenyl-

phenyl distance in 32πAB is longer than in ref.42, so the interaction energy should be less. 

Comparing the interaction energy of 12π, to that of 32πAB provides some insights into the role of 

the bulky side groups that can provide additional stabilization.43 In this case we find that the latter 

is larger by 10.49 kcal/mol due to the stabilization effects of the side groups. Assuming a simple 

additivity approximation, this difference could be accounted for by the six edge-to-face phenyl-

phenyl interactions each contributing ~1.7 kcal/mol. This estimated value of a phenyl-phenyl vdW 

attraction is consistent with ref. 42. Isomers 32πAB and 32(RR2) are only ~2.5 kcal/mol apart, so 

there is a good chance for these two isomers to coexist. Solvent as well as temperature could be 

influential in determining the preferred structure.  

We actually prepared 3 in 8 steps from 2,7-diphenylnapthalene. Recrystallization from a 

toluene–hexane solution gave dark violet cubic crystals. X-ray crystallographic analysis of the 

single crystal revealed that 3 adapts a π-dimer form with extraordinary short separation distance, 

r, between the α-carbons (3.017 Å at 100K and 3.067 Å at 300 K). Figure 2.10 shows the crystal 

structure of 32π-dimer determined at 100 K. The central carbon-carbon distance, Dcc, is 3.111 Å at 

100 K and 3.145 Å at 300 K, which are longer than the -carbon distances. Thus 32π-dimer forms 

concave-concave overlap in solid state, in contrast to convex-convex overlap of 62π-dimer (r = av. 

3.306 Å and Dcc = 3.201 Å, at 300 K).1a This difference in the overlap motif arises from smaller 

steric repulsion of phenyl groups compared to tert-butyl groups. Phenyl groups in the 62π-dimer 

adopt edge-to-face configuration, and therefore, 3 prefers the 32π-antiblade (32πAB) form over the 

32π-parablade (32πPB) form in solid state. All these experimental findings are fully consistent with 

the computational results. 
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Figure 2.10. ORTEP drawings of 32π-dimer. (left) Top view and (right) side view. 

A toluene solution of 32π-dimer at room temperature showed a well-resolved multiline ESR 

spectrum corresponding to monomeric 3 (Figure 2.11a,b). Hyperfine coupling constant (HFCC) 

of the phenalenyl -proton was determined to be 0.620 mT, which is identical to that of parent 

phenalenyl (0.63 mT) and 6 (0.62 mT), indicating that an unpaired electron mostly resides on 

phenalenyl moiety. The ESR signals of 3 decreased in the intensity with decreasing temperature 

and almost disappeared at 170 K. The drop in signal intensity is assignable to the formation of a 

diamagnetic dimer. The enthalpy and entropy changes for the dimerization were determined to be 

9.6 kcal mol1 and 18 eu, respectively, by variable temperature ESR measurements (Figure 

2.11d,e). In order to clarify the structure of dimeric species, we measured variable temperature 1H 

NMR spectra of 3 in CD2Cl2 (Figure 2.12a). The solution of 3 gave no signal at 273 K, whereas at 

223 K ring protons appeared as two broad signals at 7.5 and 6.8 ppm and upon cooling progressive 

line sharpening was observed. Considering that similar behavior is observed for the π-dimerization 

of 6, 3 would prefer π-dimer form over σ-dimer also in solution state. Good agreement between 

the observed and calculated chemical shifts (Ho, 7.4 ppm; Hm, 7.1 ppm; Hp, 7.1 ppm; HPLY, 6.3 

ppm; GIAO-HF/6-311+G**) supports the formation of the π-dimer. We did not obtain any 

evidence of σ-dimerization for 3 by the 1H NMR studies.  
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Figure 2.11. (a) Observed (1  10-5 M, g = 2.003) and simulated ESR spectra of 3 in toluene 

at 270 K. (b) Magnified view of the central peak. (c) Determined HFCCs (in mT) of 3. In 

parentheses, HFCCs estimated with a UBLYP/6-31G**//UB3LYP/6-31G** method and the 

McConnell model (Q = -2.4 mT). (d) Temperature dependency of ESR signal intensity of 3. (e) 

Temperature dependence of the dimerization constant Kdimer of 3.  

Shorter π-π contact of 32π-dimer than 62π-dimer leads to wider HOMO-LUMO splitting 

that is formed by bonding and antibonding combinations of two SOMOs. Solid 32π-dimer in a KBr 
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pellet showed an intense broad band centered at 574 nm (Figure 2.12b), which is blue-shifted with 

respect to the band of 62π-dimer (613 nm).  

 

  

Figure 2.12. (a) Variable temperature 1H NMR spectra of 3 (10 mM) in CD2Cl2. Broad peaks 

around 7.5 ppm and 6.8 ppm are assignable to phenyl and phenalenyl protons, respectively. Small 

sharp peaks at 8 to 7.5 ppm are derived from 2,5,8-triphenylphenalenone. (b) UV-Vis spectra of 

(blue line) 32π-dimer and (red) 62π-dimer in a KBr pellet at room temperature. 

 

Tris(perfluorophenyl)-Phenalenyl (TPFPPLY) 

The perfluoro-phenyl analogue of 3 is TPFPPLY, 4. Experimental data were published recently 

by Kubo’s group.44 In ref. 44, two association modes were found: 42(RR3) and 1D stacking. We 

have addressed only possible dimer structures here and obtained five 42σ-dimers and two 42π-

dimers. Optimized geometries as well as Eint of these 42-dimers are shown in Figure 2.13 and Table 

2.8. 
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  42(RS2)      42(RR2)   

 

42(RR3) 

  

Top view of 42πPB    Top view of 42πAB 
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Side view of 42πPB    Side view of 42πAB 

Figure 2.13. Top/side views of optimized geometries of five low energy 42-dimers.  

 

Table 2.8. Eint and selected distances of the optimized 42dimers using (U)M05-2X/6-31G(d, 

p)a. 
 

42(RR1) 42(RR2) 42(RR3) 42(RS1) 42(RS2) 42πPB
b 42πAB 

Eint before 

ZPE 

−22.79 −32.36 −33.43 −24.59 −28.32 −20.86 −21.31 

Eint ZPE corr. 4.52 5.04 4.32 4.69 4.54 N/A 2.39 

Eint after ZPE −18.27 −27.32 −29.15 −19.90 −23.78 N/A −18.91 

Symmetry C2 C2 C2 S2 None D3 S6 

r 1.605 1.616 1.590 1.594 1.602  3.414c 3.100 

Dcc      3.383 3.141 

Spin dens.d 0 0 0 0 0 0.937 0.684 

aEint values are in kcal/mol and distances are in Å. bGeometry is not fully converged.  

cLarge value due to significant distortion from D3 symmetry.  

dSum of Mulliken spin density of a monomer in the dimer. 
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According to Table 2.8, the predicted structure with the lowest energy is a σ-bonded dimer 

42(RR3). 42(RR3) is one of the two association modes discussed in ref. 44. Unlike 3, the RR3 

configuration is slightly more stable than RR2 but they are both much more stable than the other 

42-dimers. We attribute this additional stabilization to the increased stabilization by substitution of 

fluorine over hydrogen in the phenyl groups providing a perfluorophenyl-phenalenyl attraction 

that is stronger than that of central phenalenyl-phenalenyl attraction in 42(RR3) as this stabilization 

appears to be analogous to the well-known phenyl-perfluorophenyl stabilizing effect.45 The energy 

of second most stable structure, 42(RR2), is by ~2 kcal/mol higher than that of 42(RR3). This small 

energy difference makes it possible for these two 42σ-dimers to coexist. The other three 42σ-dimers 

are 8~10 kcal/mol higher than 42(RR3). The optimization of 42πPB is not fully converged due to 

the same reasons as in the 32πPB case but the energy of 42πPB did not change over a wide range of 

geometry iterations on a rather flat PES. The energy of 42πPB obtained in this manner is very close 

to that of 42πAB. Stronger phenyl-phenyl π-π repulsion occurs in 42πPB than in 32πPB and this leads 

to a significant distortion from the ideal D3 symmetry whereby the torsional angle around the 

central CC contact deviates from the ideal29 0 or 60 for the parent compound 12 and becomes 

44. This distortion reduces the steric repulsion among the phenyl groups but is also reduces the 

pancake bonding between the two phenalenyls. The result is that the pancake bonded 42π 

configuration is overall less stable than the 42σ-dimers. The large value of the spin density in this 

case also indicates that this configuration provides little SOMO-SOMO pancake bonding 

interaction. It is interesting to note that neither of the 42π-dimers has been observed. 

Trimethyl-Phenalenyl (TMPLY) 

The next system we studied is the trimethyl-phenalenyl (TMPLY, 5) which has been recently 

synthesized and characterized. These results are provided here and analyzed in terms of the 

computational modeling. Optimized geometries and relevant data for the 52-dimers are shown in 

Figure 2.14 and Table 2.9.  
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52(RR2)                                                             52(RS2) 

 

52(RR3) 

      

      Top view of 52π     Side view of 52π 

Figure 2.14. Top/side views of four low energy 52-dimers. (H atoms hidden for clarity for the 

52σ-dimers).  
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Table 2.9. Interaction energies, Eint, and selected distances of the optimized the 52-dimers 

using (U)M05-2X/6-31G(d,p) compared with XRD dataa. 

 
52(RR1) 52(RR2) 52(RR3) 52(RS1) 52(RS2) 52π 

Eint before ZPE −18.76 −20.04 −19.24 −17.11 −18.94 −14.15 

Eint ZPE corr. 5.50 4.24 4.64 4.35 4.35 1.99  

Eint after ZPE −13.26 −15.80 −14.60 −12.76 −14.59 −12.16 

Symmetry C2 C2 C2 S2 None D3d 

r 

r(XRD)b 

1.610 

 

1.607 

1.614 

1.586 1.601 1.596 2.950 

3.053 

Dcc 

Dcc(XRD) 

     3.061 

3.145 

Spin dens.c 0 0 0 0 0 0 

aEint values are in kcal/mol and distances are in Å. Note: very small imaginary frequency on 52π 

was seen and corrected. bFor XRD data see the cif files in the Supporting Information Section, 

r(XRD)is an average. cSum of Mulliken spin density of a monomer in the dimer. 

Table 2.9 summarizes the computed data for various tautomers of 52-dimers. The most stable is 

the 52σ-dimer 52(RR2) while 52(RR3) and 52(RS2) are also competitive with ~1 kcal/mol higher 

in energy. The π-dimer 52π is less stable than all 52σ-dimers. Before ZPE correction, the energy 

difference between 52π-dimers and 52σ-dimers is in the 3~6 kcal/mol range. However the ZPE 

correction narrows down this energy difference to 0.6~3.6 kcal/mol. Based upon the Eint in Table 

2.9, 52(RR2) would be most preferred but the other 52-dimers including 52π might be also 

generated due to the small computed energy difference. Dependent on the solvent some of these 

52-dimers could coexist. In order to further explore the possibility of molecular fluctuation, the 

bond stretching scan along the transition between 52(RR2) and 52π is presented in Figure 2.15 and 

Table 2.10. 
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Figure 2.15. Dissociation scan along 52(RR2) and 52π. Energy calculated at the UM052X/6-

31G(d,p) level.   

Table 2.10. Energies and distances for stationary points on the 52(RR2)-52π scana. 

 52(RR2) 52(TS) 52π 

Eint before ZPE −20.04 −11.58 −14.15 

Eint ZPE corr.   4.24  2.92   1.99 

Eint after ZPE  −15.80 −8.66 −12.16 

r  1.607 2.217  2.950 

ΔETS   3.50  

aEnergy values are in kcal/mol and distances are in Å. 

 

 According to Figure 2.15 and Table 2.10, dissociation behavior between 52(RR2) and 52π 

is very similar to the scans of 12 and 22. It’s noteworthy that the barrier, ΔETS, along this scan is 

only 3.50 kcal/mol, which is ~2 kcal/mol smaller than that for the parent system, 12 (5.10 kcal/mol) 

or for the perfluorinated case, 22 (5.69 kcal/mol). This small value indicates that molecular 
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transformation between 52(RR2) and 52π is more likely to happen and the chance of coexistence 

of 52σ-dimers and 52π is significant. Again, the large difference between the relaxed and parallel 

rigid scan indicates that the 52π-dimer formation is asynchronous.  

We describe the synthesis of 5, in the Methods section. The reaction produced a highly 

colored (pink-violet) solution, which indicates the generation of 5 or 52-dimers, however, the 

concentration of the solution afforded colorless platelet crystals. X-ray crystallographic analysis 

revealed that 5 adopts a σ-dimer form in the colorless solid state and its configuration is very close 

to the most stable σ-form, 52(RR2), as shown in Figure 2.16. Heating at 573 K of 52σ-dimer plates 

in a sealed degassed tube resulted in melting accompanied by a color change from colorless to 

purple, and subsequent cooling the purple liquid gave purple plates together with colorless 52σ-

dimer plates. X-ray crystallographic analysis of the purple plate at 100 K revealed that the purple 

state is a π-dimer form (Figure 2.16) with a short contact of -carbons (r = av. 3.054 Å) and 

relatively long Dcc (3.145 Å). Thus 5 can exist in both σ- and π-dimer forms in the solid state and 

this facile change from 52(RR2) to 52π is in agreement with our computational predictions. 

 

Figure 2.16. ORTEP drawings of (left) 52σ-dimer and (right) 52π-dimer. Hydrogen atoms of 

52π-dimer are omitted for clarity. 
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Dissolution of 52σ-dimer in toluene gave a well-resolved multiline ESR spectrum 

corresponding to monomeric 5 (Figure 2.17a). HFCC of the phenalenyl α-proton was determined 

to be 0.620 mT. Upon cooling, the ESR signals decreased in intensity and almost disappeared at 

170 K, due to dimerization. The enthalpy and entropy changes for the dimerization were 

determined to be 9.7 kcal mol1 and 22 eu, respectively, by variable temperature ESR 

measurements (Figure 2.17c,d). The structure of diamagnetic species at low temperature is 

uncertain, because solution 1H NMR measurement at 173 K gave a complicated spectrum (not 

shown).46 Many isomers of the 52 dimer might exist in solution state, as predicted by the presented 

quantum chemical calculations.  

 

Figure 2.17. (a) Observed (1  10-5 M, g = 2.003) and simulated ESR spectra of 5 in toluene 

at 250 K. (b) Determined HFCCs (in mT) of 5. In parentheses, HFCCs estimated with a UBLYP/6-

31G**//UB3LYP/6-31G** method and the McConnell model (Q = -2.4 mT). (c) Temperature 

dependency of ESR signal intensity of 5. (d) Temperature dependence of the dimerization constant 

Kdimer of 5. 
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Tri-tert-butyl-Phenalenyl (TBPLY) 

In the crystal structure, TBPLY forms π-dimers in the staggered configuration avoiding steric 

repulsion.19a Five σ-dimers and a π-dimer have been identified in the presented modeling. Figure 

2.18 shows the structures; Table 2.11 lists the key parameters. 

 

 

62(RR2) 

 

Top view of 62π           Side view of 62π 

Figure 2.18. Top/side views of the two low energy 62-dimers. (H atoms hidden for clarity). 
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Table 2.11. Interaction energies, Eint, and selected distances of the optimized 62-dimers using 

(U)M05-2X/6-31G(d,p)a. 

 
62(RR1) 62(RR2) 62(RR3) 62(RS1) 62(RS2) 62πb 

Eint before ZPE −9.16 −16.08 −8.12 −9.32 −10.94 −12.17 

Eint ZPE corr. 3.93 3.75 4.34 3.72 4.00 0.70 

Eint after ZPE −5.23 −12.33 −3.78 −5.60 −6.94 −11.47 

Symmetry C2 None C2 S2 None S2 

r 1.601 1.637 1.618 1.598 1.615 3.298 

r(XRD)c      3.306 

Dcc      3.209 

Dcc (XRD)c      3.201 

Spin dens.d 0 0 0 0 0 0.794 

aEint values are in kcal/mol and distances are in Å.  bCalculation geometry adopted from ref.31 

cValues from ref.19a,40  dSum of Mulliken spin density of a monomer in the dimer. 

The most stable 62-dimer is 62(RR2) with an Eint of -12.33 kcal/mol. The other four 62σ-

dimers are significantly less stable. The small Eint for the five 62σ-dimers (besides 62(RR2)) are 

mainly due to steric repulsion. tert-butyl (TB) is a bulky and both TB-TB repulsion and TB-

phenalenyl repulsion increase the energy significantly for all 62σ-dimers except 62(RR2). In the 

62(RR2), on the other hand, the TB groups are oriented in a staggered fashion avoiding each other 

quite well. The Eint for 62π is -11.47 kcal/mol and is very close to that of 62(RR2). As we mentioned 

above, only 62π was observed and characterized for TBPLY dimers.  The reason why no 62σ-

dimers have been observed could be that specific solution environments can stabilize the pancake 

bonded 62π dimer over the σ-dimers. Moreover, the barrier between 62π and 62(RR2) may be high 

preventing the transformation from 62π to 62(RR2) to occur.  
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Trends in pancake bonds  

Next we discuss the different pancake bonded π-dimers, their strength, geometry, spin 

densities as a function of substitution. In order to find the relations and insights for π-dimerization, 

we compare in Table 2.12 all π-dimers including the six abovementioned ones, and two more 

fluoro-substituted systems and some our previously studied molecules that are closely related to 

this series.32  
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Table 2.12. Comparison of computed parameters for π-stacking phenalenyl derivative 

dimersa. 

aEint values are in kcal/mol and distances are in Å. bSum of Mulliken spin density of a monomer 

in the dimer. cAverage Mulliken spin density for α-carbons in phenalenyl. dAverage Mulliken 

charge on α-carbon. eCoulson-Fischer point from rigid (for 1 and 2) and relaxed (3 and 5) scans. 

fValues from ref.32. g3F-PLY2π refers to 3β-trifluoro-phenalenyl and 6F-PLY2π refers to 6α-

hexafluoro-phenalenyl.  

 

 
12π 22π 32πAB 42πAB 52π 62π f 3F-

PLY2

πg 

6F-

PLY2

πg 

3CN-

PLY2

π,g,f 

6CN-

PLY2  

f,g 

3NO2-

PLY2  

f,g 

3NH2-

PLY2 

f,g
 

Eint before ZPE −10.71 −15.32 −21.20 −21.31 −14.15 −12.16 −14.58 −17.21 −16.71 −12.95 −15.45 −17.55 

Eint ZPE corr. 1.47 1.94 2.55 2.39 1.99 0.69 2.36 1.41 1.85 0.91 1.61 3.77 

Eint  after ZPE −9.24 −13.38 −18.65 −18.91 −12.16 −11.47 −12.22 −15.80 −14.86 −12.04 −13.84 −13.78 

E(SOMO-SOMO) −13.56 −5.72 −21.99 −2.64 −21.50 −7.54 −22.61 −8.66 −18.80 −5.89 −22.94 −24.45 

Symmetry D3h D3h S6 S6 D3d S2 D3d D3d D3d D3d D3d D3d 

r 3.084 2.933 2.936 3.100 2.950 3.298 2.920 2.992 2.967 3.209 2.894 2.890 

Dcc 3.137 3.109 3.066 3.141 3.061 3.209 3.095 3.118 3.091 3.256 3.048 3.109 

Spin dens.b 0.642 0.702 0 0.684 0 0.794 0 0.625 0.446 0.825 0.049 0 

α-C spin 

dens.c 

0.215 0.208 0 0.312 0 0.269 0 0.226 0.155 0.232 0.017 0 

α-C charged −0.218 0.253 −0.194 −0.136 −0.194 −0.184 −0.306 0.336 −0.146 0.023 −0.163 −0.191 

CF pointe 2.70 2.50 2.936  2.950        
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Figure 2.19. E(SOMO-SOMO) (in kcal/mol) vs. total monomer spin density (in |e|) for π-dimers of 

PLY-derivatives in Table 2.12.  

 

Figure 2.19 shows that the E(SOMO-SOMO) has a strong relationship with the computed spin density 

using either theα-carbon or the total monomer spin density. Note that the limiting value obtained 

from the correlation indicates that π-dimers with larger spin density have less π-π bonding and are 

mixtures of singlet and triplet states in the electron configuration, in which E(SOMO-SOMO) is small. 

In an extreme case where E(SOMO-SOMO) goes to 0 kcal/mol we have two completely separated 

phenalenyl radicals. Small spin density ones however, indicates stronger π-π bonding thus result 

in purer singlet state form and large E(SOMO-SOMO). 
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Table 2.13. Summary of the preferred configurations for phenalenyl based dimers as 

predicted by (U)M05-2X/6-31G(d,p). ZPE corrected values are listed. 

Monomer Eint(π) − Eint(σ) [kcal/mol]a 

1, PLY 3.6b 

2, PFPLY 8.8b 

3, TPPLY 2.8 

4, TPFPPPLY 10.8 

5, TMPLY 3.64 

6, TBPLY 0.86 

 aThe lowest energy σ and πdimers are compared. 

 b(U)M05-2X/6-31G(d). 

 

At the given level of theory all six systems prefer σ-dimers over π-dimers based on their 

interaction energies. However, the energy differences between the most stable σ- and π-dimer fall 

into three groups. For the 22- and 42-dimers the σ-dimer is much more stable than π-dimer (by ~9-

11 kcal/mol) indicating the σ-dimer is the most likely dimerization mode in crystals as well as in 

solutions. For 12-, 32-, 52-dimers, the differences become σ- and π-dimer are smaller (by ~3-4 

kcal/mol) where coexistence of these dimer is more possible. For 62-dimer, these two dimers are 

almost the same in energy so the coexistence and molecular fluctuation of σ- and π-dimer are very 

likely to happen and solvent effect may play a significant role in determining the configuration of 

the dimer. 

Concluding Comments  

A series of substituted phenalenyl dimers have been investigated. The main points are: 

π-dimer formation can proceed through two pathways that we identified in this work. One 

is a direct formation from two radical monomers. In that case, there is no or very low barrier 

between the monomers and the π-dimer, but the formation of six alpha-alpha contacts is not 

equivalent, one of them is shorter than the other five during the approach. Therefore, the direct 

pathway is concerted and asynchronous. The other pathway proceeds from two monomers to a σ-

dimer (RR or SS) and then via a higher barrier path to a π-dimer, that is, via a stepwise mechanism. 
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Since RS σ-dimers lead to eclipsed π-dimers, which are less stable than a staggered π-dimer, only 

chiral (RR or SS) σ-forms are viable intermediates on the path from monomers to π-dimers. For 

the tri-tert-butyl (6) derivative, that pathway is prohibited by steric reasons. 

2. Strength of the π-stacking pancake interaction depends strongly on substituents. This is 

reflected in the wide range of SOMO-SOMO bonding energy values and spin densities as obtained 

by UDFT. 

3.  Many σ-dimer configurations compete some of which are separated by small barriers 

leading to fluxional structures between σ-bonded configurations or σ- and π-bonded 

configurations. 

4. The relative energies of the various σ-bonded configurations depend strongly on the 

substituents and reflect a range of group-group interactions, such as phenyl-phenyl, phenyl-

perfluorophenyl, phenyl-phenalenyl, etc. interactions. The same effects are further modulated 

when π-stacking pancake interactions are present. 

5. The presented computations do not include solvent effects and crystal packing effects, 

which can substantially alter the preferred configurations. The dimerization mode may show 

differences in the solid state and in solution phases because of the intermolecular interactions. A 

well-studied case indicating these complexities is represented by the crystal structure of 

perchlorophenalenyl (PCPLY). 47   In that case the phenalenyl part of the radical is strongly 

distorted from planarity yielding a ruffled edge which aggregate into 1D columns in the crystal. 

Pancake bonding and dimerization is prevented by the large vdW radius of chlorine. It sounds 

plausible to us –as one of the referees opined– that solid state effects over-ride σ-dimerization by 

affording a more efficient packing of the π-dimers. 

6. Although the computations demonstrate that all phenalenyls treated in this paper 

energetically prefer σ-dimer forms over π-dimer forms, it might be possible that only π-dimer is 

observed, in case of that E(TS1) is much lower than E(TS2) as shown in Figure 2.20. We have 

shown that for 1 and 2 there is no TS1 and the formation of the π-dimer can proceed without a 

barrier from the two monomers. In other cases structural changes induced by aggregation from 

monomer to the π-dimer might increase E(TS1). However, these structural changes are small for 

3 and 4 as illustrated by the torsional angles in Table 2.14 showing that the change in the phenyl 
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to phenalenyl torsion is modest, less than 10 degrees in all four π-dimers compared to the 

respective monomers. This indicates that the -sites are not "protected" by these large substituents. 

It looks like there is a good special fit between the two monomers as they come together in the π-

dimer for both 3 and 4. The case of 5 and 6 is probably similar to 3 and 4. 

 

 

Figure 2.20. Schematic illustration of barriers separating the σ- and π-dimers from the two 

isolated monomer radicals. 

 

 

Table 2.14. Torsional changes from monomer to π-dimers for 3 and 4 from the optimized 

geometries by (U)M05-2X/6-31G(d,p). 

aThe XRD value at 100 K is 33.3 degrees (average of two values).  

 

  3 (monomer) 32πPB 32πAB 4 (monomer) 42πPB 42πAB 

Symmetry D3 D3 S6 D3 D3 S6 

Phenyl to phenalenyl 

torsion in degrees  
40.3 39.6 32.1a 44.4 46.3 36.1 



46 

 

CHAPTER III 

Hetero π-dimers of Phenalenyls* 

Introduction 

Closed shell organic compounds have been long regarded as insulators due to their low 

conductivity. However, organic solids based on radicals offer a variety of interesting properties 

including high electrical conductivity. 48  Most of these radical conducting materials are 

heterogeneous: they are assembled by charge-transfer interactions between the donors and 

acceptors of two components, including such prototypical examples as the π-stacking organic 

charge transfer conductor, TTF-TCNQ.49- 50 Alternatively, phenalenyl (PLY, 1, Scheme 3.1) is a 

stable neutral π-radical and some of its derivatives are good organic conductors.51 The spontaneous 

aggregation of neutral radicals is a fascinating subject on its own right.52 PLY molecules usually 

combine to form σ-dimers or π-dimers53 or larger aggregates.54 Unlike most ordinary π-dimers 

stabilized by vdW interaction, PLY π-dimers are stabilized by the formation of a two electron and 

12-center (2e/12c) bond often termed as the “pancake bond”.55 These pancake bonds have low 

lying triplets and have a strong diradicaloid character.53,56 The mechanism of σ-dimerization and 

π-dimerization of homogeneous PLY derivatives have been well explored over the past few 

decades both experimentally and computationally.57 However, no study has yet been performed 

on the dimerization of heterogeneous PLY derivatives.  

Here we present calculations in the quest to find stable heterogeneous phenalenyl π-dimers. 

The π-dimers are of particular interest for potential solid state applications, although energetically 

the σ- and π-dimers configurations often compete and the same is expected for the hetero dimers. 

Therefore, we primarily focus in this study on π-dimers. We are also interested in better 

understanding the nature of the intermolecular pancake bonding. 

We studied 20 phenalenyls in this study out of which 12 have been experimentally available,53, 

57a, 58, 59-60, 62-64 while rest have not yet been synthesized. The following phenalenyls were included 

in the present study and are illustrated in Scheme 3.1: Phenalenyl (PLY, 1)53, tri-fluoro-phenalenyl 

(TFPLY, 2), hexa-fluoro-phenalenyl (HFPLY, 3), perfluoro-phenalenyl (PFPLY, 4), tri-cyano-

                                                 
* Reproduced with permission from [Mou, Z.; Kubo, T.; Kertesz, M. Chem. - Eur. J. 2015, 21, 18230.] Copyright © 2015 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim 
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phenalenyl (TCPLY, 5), tri-amino-phenalenyl (TAPLY, 6), hexa-cyano-phenalenyl (HCPLY, 7), 

2-azaphenalenyl (2APLY, 8)58, 1,3-diazaphenalenyl (DAP, 9)59, 2,5,8-triazaphenalenyl (TAP, 10), 

hexa-azaphenalenyl (HAP, 11) 60 , perchloro-2,5,8-tri-azaphenalenyl (PTAZ, 12) 61 , tri-nitro-

phenalenyl (TNPLY, 13), di-thio-phenalenyl (DTPLY, 14) 62 , tetra-thio-phenalenyl (TTPLY, 

15)62, hexa-thio-phenalenyl (HTPLY, 16)62, tri-methyl-phenalenyl (TMPLY, 17)57a, tri-phenyl-

phenalenyl (TPPLY, 18)57a, tris(perfluorophenyl)-phenalenyl (TPFPPLY, 19)63 and tri-tert-butyl-

phenalenyl (TBPLY, 20)64. We selected 25 combinations for detailed study, many of which turn 

out to be highly stable. 
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Scheme 3.1. Monomer radical of phenalenyl derivatives studied in this report. 

 

The singly occupied molecular orbitals (SOMOs) of PLY are localized on the α-carbons.65 

Scheme 3.2 illustrates the SOMO orbital of the monomer as well as HOMO and LUMO of the π-

dimer derived from the overlapping SOMOs. The staggered and the eclipsed configurations of π-

dimers have the same SOMO-SOMO overlap yet the van der Waals (vdW) repulsion in the 

staggered form is much weaker making this structure more stable and experimentally available.56 

Therefore, in this study we only investigated staggered configurations of π-dimers. 
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Scheme 3.2. a) PLY monomer. b) Illustration of bonding (HOMO) and antibonding (LUMO) 

combinations of two SOMOs in the PLY π-dimer at the UM052X/6-31G(d,p) level. SOMO of the 

monomer is at the bottom. c) The SOMO orbital interaction diagram. 

 

We denote the homogeneous π-dimers as AA and the heterogeneous ones as AB. (Figure 3.1) 

Key parameters including the interaction energies (Eint) and the spin densities indicative of the 

open-shell nature of the multicenter pancake bonds for the AA and AB dimers were computed and 

compared. Charge-transfer (Q) between AB was found to play an important role in stabilizing 

Eint.
56-57,66 

  

Figure 3.1. (a) Illustration of a homo-phenalenyl π-dimer (AA π-dimer, 12). (b) Illustration of 

a hetero phenalenyl π-dimer (AB π-dimer, [1-7]). 

 

 

 

 

a) b) 
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Methods 

 The M05-2X density functional theory (DFT)67 was employed for this study. M05-2X has 

been validated for PLY-related systems.57a,68 Because of the open-shell electronic structure of 

PLYs and the diradicaloid nature of its π-dimers, broken-symmetry spin-unrestricted method was 

used (UM05-2X) throughout this work together with Pople’s 6-31G(d,p) basis set.69 Comparison 

with a larger basis set and with UM06-2X is provided in the Supporting Information section. 

Vibrational frequency analyses ensured that the minima of the optimized geometries had only real 

vibrational frequencies. ZPE corrections were not adopted for this study because ZPE corrections 

for the π-dimers were very similar.  

 The interaction energy (Eint) was obtained by taking the difference of total energy between 

the π-dimer Etot(dimer) and its monomer. 

𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟) − 2𝐸𝑡𝑜𝑡(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)     (3.1) 

For further analysis Eint was approximately decomposed into three terms: the SOMO-SOMO 

interaction energy (𝐸𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂), the vdW interaction energy (Evdw) and the electrostatic energy 

(Ees). Ees was calculated by a point charge model, in which qi and qj are atomic charges in two 

different monomers using the Merz- Singh-Kollman scheme70 and dij is the distance between the 

i-th atom and the j-th atom that belong to the different monomers. 

𝐸𝑒𝑠 = ∑ ∑
𝑞𝑖𝑞𝑗

𝑑𝑖𝑗
⁄𝑗𝑖          (3.2) 

Considering interaction energies of the singlet state, Eint(S), and of the triplet state , Eint(T) at the 

minimum of the singlet state the following approximations were used: 

𝐸𝑖𝑛𝑡(𝑆) = 𝐸𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂 + 𝐸𝑣𝑑𝑊 + 𝐸𝑒𝑠(𝑆)      (3.3) 

𝐸𝑖𝑛𝑡(𝑇) = 𝐸𝑣𝑑𝑊 + 𝐸𝑒𝑠(𝑇)       (3.4) 

This is a modification of approximations used earlier for the homo-dimers9, 24 with additionally 

allowing for a different electrostatic interaction in the triplet and singlet due to the charge transfer 

effects that can be important in the hetero dimers.  



51 

 

For AA π-dimers, the atomic charge distribution on atoms are very similar between the singlet and 

triplet states, so Ees(T) ≈ Ees(S) and 𝐸𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂(𝐴𝐴)can be approximated as:56,71  

𝐸𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂(𝐴𝐴) = 𝐸𝑖𝑛𝑡(𝑆) − 𝐸𝑖𝑛𝑡(𝑇)     (3.5) 

However, for AB π-dimers, the charge distribution of the triplet and single states can differ 

substantially, the 𝐸𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂(𝐴𝐵) can be deduced from equation (3) and (4) without assuming 

that the two electrostatic terms cancel: 

𝐸𝑆𝑂𝑀𝑂−𝑆𝑂𝑀𝑂(𝐴𝐵) = 𝐸𝑖𝑛𝑡(𝑆) − 𝐸𝑖𝑛𝑡(𝑇) + 𝐸𝑒𝑠(𝑇) − 𝐸𝑒𝑠(𝑆)    (3.6) 

The specific values for 𝐸𝑒𝑠(𝑆) and 𝐸𝑒𝑠(𝑇) are listed in Table 3.S1. 

The stability of the AB π-dimers can be addressed in a number of ways because it can be more 

stable or less stable than the corresponding AA or BB π-dimers depending on the interaction 

energies involved. One expression describing such a relative stability, the extra stabilization 

energy, Ediff, was obtained by taking the difference between the interaction energy of AB π-dimer 

and the corresponding AA or BB π-dimer, whichever is more stable. 

  𝐸𝑑𝑖𝑓𝑓 = 𝐸𝑖𝑛𝑡(𝐴𝐵) − 𝐸𝑖𝑛𝑡(𝐴𝐴, 𝐵𝐵)𝑚𝑖𝑛      (3.7) 

This new index will be used in the subsequent analysis to identify the particularly strongly bound 

hetero dimers. All quantum mechanical computations were performed with the Gaussian09 

package (D0.01).72 Visualization was done with ChemCraft.73 

 

Result and Discussion 

Homogeneous dimers (AA π-dimers) 

Several of the AA π-dimers were explored previously in Table 12 ref. 57a. In this study, further 

experimentally available monomers (except for 10 which has not yet been made) were added and 

the calculation results for these homogeneous PLY π-dimers are presented in Table 3.1 serving as 

a basis of comparison for the hetero dimers. 
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Table 3.1. Summary of computed parameters for AA phenalenyl π-dimers.a  

System Eint EvdW ES-S Spinb Dcc Dαα
c Symm SOMOd 

PLY 1₂ -10.77 2.94 -13.71 0.651 3.136 3.081 D3h -5.5 

TFPLY 2₂ -14.75 7.85 -22.60 0.000 3.098 2.921 D3d -6.24 

HFPLY 3₂ -17.07 -1.22 -15.86 0.790  3.123  2.995  D3d -5.81 

PFPLY 4₂ -15.32 -9.60 -5.72 0.702 3.109 2.933 D3h -6.41 

TCPLY 5₂ -16.71 2.09 -18.80 0.446 3.091 2.967 D3d -7.08 

TAPLY 6₂ -17.55 6.91 -24.46 0.000 3.109 2.890 D3d -5.26 

HCPLY 7₂ -12.95 -7.06 -5.90 0.825 3.256 3.209 D3d -8.23 

2APLY 8₂ -14.69 8.93 -23.63 0.000 3.024 2.904 C2 -5.79 

DAP 9₂ -9.96 3.80 -13.76 0.588 3.202 3.159 C2 -6.53 

TAP 10₂ -20.66 4.08 -24.73 0.000 2.983 2.790 D3d -6.39 

HAP 11₂ -8.92 -5.55 -3.37 0.935 3.239 3.160 D3d -9.31 

6Cl3NPLY 12₂ -9.62 -4.71 -4.91 0.862 3.204 3.226 D3 -6.81 

3NO2PLY 13₂ -15.45 7.52 -22.97 0.049 3.048 2.896 D3d -7.2 

2SPLY 14₂ -12.10 -7.10 -5.00 0.860 3.242 3.188 C2h -5.14 

4SPLY 15₂ -16.63 -13.34 -3.29 0.898 3.239 3.212 C2h -4.98 

6SPLY 16₂ -19.44 -15.31 -4.12 0.000 3.125 3.057 D3d -4.88 

TMPLY 17₂ -14.15 7.35 -21.50 0.000 3.061 2.950 D3d -5.37 

TPPLY 18₂ -21.20 0.79 -21.99 0.000 3.066 2.936 S6 -5.62 

TPFPPLY 19₂ -21.31 -18.67 -2.64 0.684 3.141 3.100 S6 -6.23 

TBPLY 20₂ -12.16 -4.62 -7.54 0.794 3.209 3.298 S2 -5.32 

aAll energy values except SOMO energy are in kcal/mol and all distances are in Å. bMulliken total 

spin density of a monomer in a dimer. cDcc is the central carbon-carbon distance and Dαα is the 

average value of six α-position carbon-carbon distances. dSOMO energy values are in eV. 

 

The Eint values for all AA π-dimers are 10 ~ 20 kcal/mol, indicating a typical pancake bonding 

strength from previous calculation data.53,56-57 The intermolecular distances, Dcc and Dαα, also 

match typical pancake bonding distances that are shorter than the sum of the vdW radii. Note that 
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the SOMO energies for all candidates vary from -4.88 eV to -9.31 eV. These rather substantial 

differences can be exploited to create large charge transfer in AB π-dimers. The comparison of the 

energy terms for 1₂ and 11₂ is interesting. While the contact distance in the all carbon 1₂ is shorter 

than the N containing 11₂ the differences appear small. However, the vdW distance for N…N is 

3.1 Å vs. 3.4 Å for C…C. For this reason the SOMO-SOMO interaction energy is small for 11₂ 

and the total spin density is the largest in Table 3.1 indicating high diradicaloid character. 

 

Hetero dimers (AB π-dimers) 

A total of 190 different AB π-dimers could be formed from the 20 different phenalenyl 

derivatives in Table 3.1. Only 25 selected combinations were computed in this work. First, PLY 

was combined with the other 19 phenalenyl derivative monomers to be regarded as a benchmark. 

Then selected ABs were combined to generate maximum charge transfer between the A and B 

monomers. The calculation results for these 25 AB π-dimers are shown in Table 3.2. 

 Several of the proposed heterodimers indicate high stability. In Table 3.2. there are 13 

dimers have an interaction energy larger than -15 kcal/mol and eight have an interaction energy 

even larger than -20 kcal/mol. The implication is that some of these dimers are very likely to be 

made. 

 Next we analyze the factors that affect the stability of these dimers paying particular 

attention to the charge transfer. It turns out that AB π-dimers with large charge transfer values (Q) 

tend to be stable. We then point out that the large differences in the SOMO energy levels of the 

monomers can be used to predict the AB charge transfer quite accurately providing a simple 

predictive tool to design new stable heterodimers. 
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Table 3.2. Summary of computed parameters for hetero phenalenyl π-dimers (AB π-

dimers).a  

 Eint EvdW ES-S Spin Ees(S) 
ΔSOM

Oa 
Qb,c Ediff Dcc Dαα Symm 

[1-2]c -13.67 6.30  -20.88 0 0.90  0.74 0.13  -1.08 3.069 2.945 C3v 

[1-3] -15.46 -2.52  -11.16 0.70 -1.78  0.31 0.01  -1.61 3.110 3.025 C3v 

[1-4] -14.88 2.86  -14.02 0.60 -3.73  0.91 0.09  -3.10 3.095 2.956 C3v 

[1-5] -19.10 4.61  -21.93 0 -1.78  1.58 0.22  -2.39 3.045 2.933 C3v 

[1-6] -13.89 4.88  -20.82 0 2.05  0.24 0.08  3.65 3.081 2.928 C3v 

[1-7] -33.04 -4.93 -12.70 0 -15.41  2.73 0.56  -20.09d 3.162 3.054 C3v 

[1-8] -12.74 3.81  -18.30 0.42 1.75  0.29 0.03  1.96 3.069 2.981 Cs 

[1-9] -11.94 -0.36  -12.54 0.59 0.96  1.03 0.15  -1.17 3.129 3.063 Cs 

[1-10] -17.44 8.77  -24.49 0 -1.72  0.89 0.09  3.22 3.002 2.872 C3v 

[1-11] -35.67 0.65  -12.75 0 -23.57  3.81 0.61  -24.90 3.125 2.976 C3v 

[1-12] -20.08 1.38  -13.87 0 -7.59  1.31 0.29  -9.31 3.016 2.913 C3v 

[1-13] -21.42 5.96  -24.91 0 -2.47  1.7 0.25  -5.97 3.045 2.898 C3v 

[14-1] -9.75 1.69  -14.46 0 3.02  0.36 0.02  2.35 3.055 2.952 Cs 

[15-1] -10.00 -2.23  -10.26 0 2.49  0.52 0.03  6.63 3.058 3.010 Cs 

[16-1] -9.15 -5.12  -6.22 0 2.18  0.62 0.02  10.28 3.037 3.032 C3v 

[17-1] -12.35 -0.08  -16.53 0.50 4.25  0.13 0.01  1.80 3.101 3.024 C3v 

[1-18] -14.10 -1.81  -14.39 0.60 2.10  0.12 0.02  7.10 3.131 3.069 C3 

[1-19] -15.13 -2.57  -13.52 0.64 0.96  0.73 0.07  6.18 3.128 3.094 C3 

[20-1] -11.56 -3.71  -11.66 0.69 3.82  0.18 0.02  0.56 3.145 3.143 C1 

[3-7] -33.87 -8.12  -9.02 0 -16.72  2.42  0.58  -16.79 3.136 3.021 C3v 

[3-11] -42.85 1.80  -11.80 0 -32.85  3.50  0.63  -25.78 3.089 2.903 C3v 

[3-2] -14.88 0.14  -13.29 0.49 -1.74  0.43  0.13  2.19 3.069 2.968 C3v 

[4-2] -16.19 0.26  -14.50 0.53 -1.95  0.17  0.03  -0.87 3.084 2.938 C3v 

[3-4] -20.17 -11.59  -10.09 0.72 1.51  0.60  0.08  -3.10 3.094 2.951 C3v 

[16-11] -50.11 -9.75  -11.25 0 -29.11 4.43 0.72 -30.67 3.198 3.105 C3v 

aAll energy values except ΔSOMO are in kcal/mol and all distances are in Å. ΔSOMO energy 

values are in eV. bQ is the absolute charge transfer value of a monomer in a dimer. cIn [X-Y], X is 

the positive charged monomer and Y is the negative charged one. The direction of the CT is 

completely consistent with and determined by the SOMO energy levels of the monomers. dRed 
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and bolded data indicate very stable AB π-dimers in comparison with corresponding AA/BB π-

dimers with large Ediff values.  

 

The charge transfer values (Q) between the two identical monomers in the AA π-dimers 

are 0 and the Ees values are negligible in comparison with Eint. However, charge transfer in AB 

π-dimers can be an important stabilizer. According to Table 3.2., |Q| values for these hypothetical 

AB π-dimers vary from 0.01 to 0.72 e. The charge transfers arise from the differences between 

the monomers: various functional groups and in some case nitrogen substitutions result in 

different SOMO energy levels. The Eint indicates the strength of the pancake bonding and the 

stability of the dimer. According to equation 3.2., Eint and Ees values depend on atomic charges. 

Large Q values can result in large atomic charges and stronger Coulomb interaction between the 

two monomers. The importance of a large Q value in contributing significantly to Eint is shown 

in Figure 3.2. The Ees contributions are shown in Figure 3.S2. 

 

 

Figure 3.2. Interaction energy, Eint (in kcal/mol) vs. charge transfer, |Q| (in |e|) for AB π-

dimers of phenalenyl derivatives listed in Table 3.2. The least square fit line is provided to guide 

the eye. 
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The extra stabilization energy, Ediff (equation 7), is the main driving force towards AB π-

dimerization. The data in Table 3.2. indicate that Ediff is largely governed by the values of Ees and 

Q. The correlation between Ediff and |Q| is shown in Figure 3.3. 

 

 

Figure 3.3. Ediff (in kcal/mol) vs. Q (in |e|) for potential AB π-dimers of phenalenyl derivatives 

listed in Table 3.2. The least square fit is provided to guide the eye. 

 

According to Figure 3.3, less polarized AB π-dimers, with Q values smaller than 0.2 |e|, tend 

to be less stable compared to their corresponding AA and BB π-dimers (Ediff between -10 and 5 

kcal/mol). On the contrary, the five candidates with large Q values: [1-11], [1-7], [3-7], [3-11], 

[16-11] and one with a medium Q ([1-12]) have large negative Ediff values. These six hetero π-

dimer candidates with large negative are significantly more stable than their respective AA π-

dimers compared to the other candidates. Ediff of these stable π-dimers are shown in bolded red 

numbers in Table 3.2. 

In an environment where the A and B monomers are present simultaneously the heterogeneous 

(AB) π-dimerization would be energetically dominant in contrast to homogeneous (AA/BB) π-

dimerization. It also appears that larger Q values generally stabilize AB π-dimers. One way to 
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target stable candidates with large Q values is to evaluate the SOMO energy difference between 

the A monomer and the B monomer. The correlation between ΔSOMO and Q values is shown in 

Figure 3.4. This correlation indicates that large ΔSOMO values typically indicate large Q values 

and thus favor hetero dimer formation. In this respect the SOMO energies of the constituent 

monomers plays to role of a monomer (group) electronegativity index which underlies the 

correlation in Figure. 3.4. The signs of Q are fully consistent with the signs of ΔSOMO. 

 

 

Figure 3.4. Charge transfer (|Q|, in |e|) for AB π-dimers of phenalenyl derivatives as a 

function of the SOMO energy differences (ΔSOMO, in eV) based on Table 3.2.  

 

  σ-dimers had been synthesized for a number of phenalenyl derivatives.57 For AA π-dimers 

without nitrogen substitution in the phenalenyl ring, the RR2 configuration (notation adopted from 

ref. 57) is one of the most common and stable geometry configurations.57 For both AA and AB 

dimers, σ-dimerization results in closed shell electronic structures, however, depending on the 

circumstances they may be more or less stable. Table 3.3. summarizes a series selected AA/AB 

dimers including π-dimers and C-C, C-N and N-N bonded σ-dimers. Figure 3.5 illustrates these 

typical structures.  
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Table 3.3. Comparison of computed parameters for stable AB-dimer candidates with the 

corresponding AA/BB-dimers. Both π- and σ-dimers are shown. 

 Eint Ediff Eπ-Eσ
a
 Dαα σ-bond type Symm. 

1₂π -10.77 n.a 3.34 3.081 π D3d 

1₂(RR2) -14.11 n.a  1.612 C-C C2 

[1-7] π  -33.04 20.09 -14.27 3.054 π C3v 

[1-7]RR2  -18.77 5.81  1.702 C-C C2 

112π -8.92 n.a 59.22 3.160 π D3d 

112σ -68.14 n.a  1.371 N-N C2 

[1-11] π -35.67 24.90a 19.85 2.976 π C3v 

[1-11] σ -59.43 48.66  1.491 C-N C1 

aDifference in Eint between the π-dimer and the most stable σ-dimer. 
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  [1-7] σ-dimer      [1-7] π-dimer 

   

[1-11] σ-dimer      [1-11] π-dimer 

     

112 σ-dimer      112 π-dimer 

Figure 3.5. The σ- and π-configurations of selected AB-dimers. σ-bonds are indicated by sticks, 

π-contacts by dashed lines with the respective Dαα values given in Å. 

 

Phenalenyls with nitrogens in the α-position are more complex than the unsubstituted case 

because of the difference in bond dissociation energies and the bond lengths between C-C, C-N 

and N-N σ-bonds. The data in Table 3.3. show that the C-C bonded σ-dimers are less stable than 

the related π-dimers. For example, the [1-7] σ-dimer is 12.47 kcal/mol higher in energy than that 

of [1-7] π-dimer. These data also show that the C-N and N-N bonded σ-dimers are much more 

stable than their respective π-dimers with the N-N bonded being the most stable. This finding 
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contradicts the general understanding that the typical C-C bond dissociation energy is larger than 

that of the C-N and the N-N bonds.74 The reasons for the C-C bonded σ-dimers to be the weakest 

σ-dimer when compared with the C-N and the N-N bonded σ-dimers in Table 3.3 are as follows. 

Due to the sp3 orbital hybridization of the σ-bonded carbons and the planarity of phenalenyl 

monomer, the vdW repulsions between the atoms around intermolecular σ-bond carbons are very 

significant. These repulsions destabilize the σ-dimer and decrease the interaction energy. 

Moreover, because of such steric repulsion effect, the intermolecular σ-bond in [1-7]RR2 is 

substantially elongated to 1.70 Å as shown in Table 3.3 and therefore it is weaker than typical C-

C σ-bond with a bond length of 1.54 Å.75 Bond elongation results in weaker bonds.57a,76 However, 

the steric repulsion and bond elongation effects diminish in the C-N bonded σ-dimers and vanish 

in the N-N bonded σ-dimers because of the sp2 hybridization of the σ-bonded nitrogen. They result 

in much less elongated C-N bonded σ-dimers and normal N-N bonded σ-dimers. Therefore, the C-

N and N-N bonded phenalenyl σ-dimers are more stable than the C-C bonded in spite of the fact 

that C-C bonds are typically weaker than C-N and N-N bonds. 

The relative stability of σ-dimers vs. π-dimer in AB dimers depends mainly on the type of 

intermolecular σ-bond in the σ-dimers: For C-C bonded AB dimer such as [1-7], the AB π-dimers 

with a large charge transfer would be energetically preferred over σ-dimers. However, for AB 

dimers with nitrogen involved in σ-bonding such as [1-11], the σ-dimers are energetically preferred 

due to the very stable C-N bond. For AA dimers with nitrogen in σ-bonding such as the 112 σ-

dimer, the Eint is very large indicating a very stable σ-dimer. However no experimental data 

regarding 112 σ-dimer or π-dimer of 112 have been reported.  

Based on previous studies, the SOMO-SOMO interaction energy is a strong indicator of 

pancake bonding and it’s closely related to diradicaloid character as approximately indicated by 

the presence of non-zero spin density.57  The SOMO-SOMO energy was plotted against the spin 

density of a monomer in a dimer in Figure 3.S1. This result accentuates the correlation not 

withstanding of a few outliers. As the strength of the SOMO-SOMO interaction increases, the 

diradicaloid character is reduced and the bonding between the two components becomes more 

covalent-like. 
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Conclusion 

We have identified over a dozen highly stable AB hetero π-dimers of phenalenyl derivatives 

with large (up to -50 kcal/mol) interaction energies due to in large part to the large electrostatic 

stabilization resulting from charge transfer (Q) between the constituents molecules. To obtain a 

large Q value, the SOMO energy difference between the two monomers should be evaluated, 

where the SOMO energy plays to role of a monomer (group) electronegativity index. In this study, 

the monomers of phenalenyl derivative 7 and 11 were found to have a low SOMO energy level. 

Therefore we expect that these radicals with low SOMO levels in combination with radicals having 

a high SOMO level (like 1, 3 and 16) should produce stable π-dimers. These five candidates: [1-

7], [1-11], [3-7], [3-11] and [16-11] are the most stable AB π-dimers with large Q values. These 

heterodimers with a large ionic character can be used as components for one-dimensional 

alternating stacks of positively and negatively charged molecules, which are expected to show a 

ferroelectric property.77 On the other hand, partially ionized dimers with intermediate diradicaloid 

character, that is, [1-9] and [3-2], are promising candidates for non-linear optical materials with a 

large second hyperpolarizability.78 The computational analysis based on three interaction terms 

(Esomo-somo, Evdw, and Ees) provides a first-principles approach to discover a combination of π-

conjugated neutral radicals suitable for functional properties that could not be developed with 

single-component organic radicals. 

 The presented correlation between the monomer SOMO energy level differences and the 

stabilities of the dimers can provide a simple predictive tool to design highly stable new π-stacking 

heterodimers.  
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CHAPTER IV 

 Fluxional σ-Bonds of the 2,5,8-Trimethylphenalenyl Dimer: Direct Observation of 

the Six-Fold σ-Bond Shift via a π-Dimer† 

Introduction 

  Phenalenyl (1) is a neutral odd-alternant hydrocarbon radical which has a 

thermodynamically stabilized structure due to the extensive delocalization of its 13 π-electrons. 

The unpaired π-electron sits on a singly occupied molecular orbital (SOMO) which is delocalized 

over six α carbon atoms. 79  Phenalenyls have attracted much interest from fundamental and 

materials chemists80 due to the unique two-electron, twelve-center (2e/12c) π-stacking bonding in 

its dimers and other aggregates that is referred to as “pancake bonding”.81,82,83,84,85 Over 100 

derivatives have been synthesized many of which display unusual properties.80,85,86 Aggregation 

most often produces dimers but chains were also obtained in many cases some with remarkably 

high conductivities80 and others with complex magnetism.87 Although σ-bond (2e/2c bonding) 

formation has been considered as a natural dimerization mode for hydrocarbon radicals,88 the 

strong pancake bonding of phenalenyl, which is dominated by a covalent bonding interaction of 

the unpaired electrons in the SOMOs as well as van der Waals interactions,83,89,90 leads to bimodal 

σ- and π-dimerization (Scheme 4.1).91 Numerous efforts have been devoted to understand the 

essential dimerization behavior of phenalenyls on the basis of experimental and theoretical 

approaches,92,93,94,95,96,97 after the first isolation of a pancake-bonded π-dimer of the phenalenyl 

derivative with three tert-butyl groups at the β positions (2). 98 , 99  Systematic studies on the 

                                                 
† Reproduced with permission from [Uchida, K.; Mou, Z.; Kertesz, M.; Kubo, T. J. Am. Chem. Soc. 2016, 136, 4665.] Copyright 

© 2016, American Chemical Society 
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dimerization modes of phenalenyl derivatives suggested that the two dimerization channels are 

close in energy and phenalenyl derivatives should demonstrate the bimodal dimerization in 

solution and solid state.93,95,96 Indeed, 2,5,8-trimethylphenalenyl (TMPLY, 3) was successfully 

isolated as both σ-dimer and π-dimer in crystalline form, which was fully characterized by X-ray 

crystallographic analysis.96 

   We present in this paper the direct observation of σ-bond fluxionality demonstrated by the 

σ-dimer of a phenlaenyl derivative (TMPLY 3) in solution. We show that the pancake bonded π-

dimer plays a key role in the unique σ-bond rearrangement reaction. The high symmetry of the 

pancake bonded π-dimer of TMPLY has an important role as a highly stable intermediate. We 

show multiple evidence that a complex σ and π dimerization behavior is present even in the 

solution state, actually forming three different diamagnetic dimers: 32 σ-dimer (RR/SS), 32 σ-dimer 

(RS), and 32 π-dimer. These isomeric dimers interconvert yet we were able to fully characterize 

them by a combination of 1H NMR spectroscopy, electronic absorption measurements as well as 

computational studies. Whereas σ and π-dimerization modes were previously observed in the solid 

state,96,100 the first observation of both σ and π-dimerization modes in solution enabled us to 

elucidate quantitatively the relative preferences of the competing dimerization channels. 

Moreover, the 32 σ-dimer (RR/SS) demonstrated the six-fold σ-bond shift, which was 

unambiguously confirmed by 1H–1H EXSY measurements. The continuous transformation of the 

chemical bonds from a σ-bond to a pancake bond plays an important role in the mechanism of the 

unique σ-bond migration. The presence of a direct interconversion process between the 32 σ-dimer 

(RR/SS) and the 32 π-dimer was corroborated experimentally, suggesting the six-fold σ-bond shift 

takes place via the 32 π-dimer as an intermediate. We also present computational evidence of the 
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complex isomerization of the dimers fully supporting the experiment-based mechanism of the 

fluxional interconversion of the σ- and π-bonded dimeric aggregates.   

 

 

Scheme 4.1. Dimerization modes of phenalenyl. 

 

Results 

Dimerization Modes of 2,5,8-Trimethylphenalenyl (3) in Solution State  

Formation of diamagnetic dimers (32) was confirmed by variable temperature (VT) ESR 

measurements. The ESR signal corresponding to monomeric 3 recorded in degassed THF 

decreased in intensity upon decreasing temperature and disappeared completely at 170 K (shown 

in Figure 4.1), suggesting the formation of dimer species (32) similar to the case of 22.
91 The 

thermodynamic parameters for the dimerization, ΔH and ΔS, were estimated using the van′t Hoff 

plot (Figure 4.S1 in Supporting Information) to be −9.4 ± 0.19 kcal mol−1 and −22 ± 0.92 cal K−1 

mol−1, respectively, which are almost identical to those determined in toluene.96 However, the 
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formation of dimers at low temperatures leaves open the question as to the bonding characteristics 

of these dimers. 

 

 

Figure 4.1. ESR spectra of 3 measured in degassed THF at (a) 280 K, (b) 250 K, (c) 220 K, 

and (d) 170 K. 

 

The dimerization modes of 3 in solution were revealed by 1H NMR spectroscopy. The 1H NMR 

spectrum of 3 recorded in degassed THF-d8 at 173 K is shown in Figure 4.2. 3 showed a 

complicated 1H NMR spectrum arising from three diamagnetic dimer species (32), which are 

unambiguously characterized as the 32 σ-dimer (RR/SS), the 32 σ-dimer (RS), and the 32 π-dimer 

on the basis of 2D-NMR techniques as well as theoretical predictions of NMR chemical shifts with 

a GIAO-(U)B3LYP/6-31+G(d,p) method (see Figure 4.S2–S4 and Table 4.S1 in Supporting 

Information). The 32 σ-dimer (RR/SS) with a C2 geometry showed prominent six singlets 

corresponding to protons on phenalenyl moieties in the 8–4 ppm region and three singlets of the 
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methyl protons in the 3–1 ppm region. In contrast to the spectral simplicity of the 32 σ-dimer 

(RR/SS) with C2 symmetry, the 32 σ-dimer (RS) have a C1 geometry. This low symmetry structure 

showed twelve singlet peaks in the 8–4 ppm region corresponding to the two independent 

phenalenyl moieties. It should be noted that a singlet peak corresponding to one of the aromatic 

protons (Hb in Table 4.S1 in Supporting Information) shifted upfield to 5.46 ppm due to the strong 

shielding effect arising from the ring current of a neighboring phenalenyl ring. This result is 

consistent with the computational prediction that the Hb proton is in the vicinity of the other 

phenalenyl plane. Moreover, characteristic broadened signals at 6.5 ppm and 2.2 ppm are 

assignable to the 32 π-dimer. The chemical shift value of the broad peak corresponding to α protons 

on phenalenyl moiety is almost identical to those of the triphenyl derivative (6.8 ppm)96 and tri-

tert-butyl derivative 2 (6.5 ppm).81 

 

Figure 4.2. 1H NMR spectrum of 32 dimers measured in degassed THF-d8 at 173 K. The 

aromatic and olefinic region (8–4 ppm) are magnified three times relative to the aliphatic region 

(3–1 ppm) for ease of visualization. 
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The ratio of integrated 1H NMR signals gave the first quantitative insight into the preference of 

dimerization modes. The 32 σ-dimer (RR/SS) showing the most intense NMR signals is 

energetically the most favorable isomer. Although the 32 σ-dimer (RS) is 0.08 kcal mol−1 less stable 

in energy than the 32 σ-dimer (RR/SS) on the basis of the ratio of the NMR signal intensities and 

the Boltzmann distribution, the energy difference is extraordinarily small. In comparison with the 

32 σ-dimer (RR/SS), the 32 π-dimer showing the weakest NMR signals among three dimers is 0.68 

kcal mol−1 less stable in energy. This quantitative estimation of the preference of dimerization 

modes suggests that σ-dimerization is energetically more favorable, whereas the energy difference 

between σ-dimer and π-dimer is extremely small, which is well consistent with the theoretical 

prediction that the σ and π dimerization channels of phenalenyl are energetically competitive and 

depend on the substituents.91 The experimentally determined energetic preference of 32 is 

consistent with the computational results in that the 32 σ-dimer (RS) and the 32 π-dimer are 1.21 

kcal mol−1 and 3.64 kcal mol−1 less stable in energy than the 32 σ-dimer (RR/SS), respectively. 

(These values include Zero–point energy (ZPE) corrections.) 

   Formation of the metastable 32 π-dimer in solution was confirmed by a VT electronic 

absorption measurement within the temperature range from 295 to 173 K. Dilute solution of 3 

showed a weak and sharp absorption band (550 nm,  = 320 cm−1 M−1) at room temperature (Figure 

4.S2 in Supporting Information), which corresponds to a forbidden transition of the monomeric 3 

based on the absorption spectrum of the monomeric 2 measured in its dilute solution.92,98 A gradual 

cooling of 3 in THF resulted in the appearance of a broad absorption band at 500 to 600 nm (Figure 

4.3a). Whereas the σ-dimers of phenalenyl derivatives show no characteristic absorption band in 

visible region, π-dimers of phenalenyl derivatives are known to show a broad and intense 
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absorption band around 500 to 600 nm arising from their HOMO–LUMO transitions.93,94 Thus, 

the successive growth of the broad absorption band in visible region can be ascribed to the increase 

of the concentration of the 32 π-dimer. Interestingly, unlike the spectral change observed in the VT 

electronic absorption measurements of 2,92 3 showed a peculiar temperature dependence of the 

absorption spectrum upon decreasing temperature from 233 to 173 K. Subsequent cooling from 

233 K to 173 K resulted in the decrease in intensity of the absorption band corresponding to the 32 

π-dimer (Figure 4.3b). To understand this characteristic behavior, the concentrations of the 

monomeric 3 and its dimers (32 σ-dimer (RR/SS), 32 σ-dimer (RS), and 32 π-dimer) were simulated 

by using the thermodynamic parameters for the dimerization, which were determined by VT ESR 

measurements, and energy differences between 32 dimers, which were obtained by 1H NMR 

spectroscopy (see Figure 4.3c). The concentration of the monomeric 3 decreases with decreasing 

temperature, whereas the concentrations of the diamagnetic dimers increases due to the 

thermodynamic equilibrium. Notably, the population ratio among the different 32 dimers follows 

the Boltzmann distribution, suggesting that the population ratios of the metastable 32 σ-dimer (RS) 

and 32 π-dimer to the 32 σ-dimer (RR/SS) should decrease with decreasing temperature. With a 

focus on the simulated concentration of the 32 π-dimer shown in Figure 4.3d, the concentration of 

the 32 π-dimer would reach a maximum at 213–223 K. Indeed, the intensity of the absorption band 

of the 32 π-dimer reaches a maximum value at 233 K, which is very consistent with the 

concentration simulation. Hence, the characteristic behavior observed in VT electronic absorption 

measurements corroborates strongly the quantitative result obtained by 1H NMR spectroscopy 

which showed that the 32 π-dimer is a metastable dimer.  
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Figure 4.3. VT electronic absorption spectra of 3 (5.9×10−4 M) in degassed THF measured in 

the temperature range (a) from 295 to 233 K, and (b) from 233 to 173 K. (c) Simulated 

concentrations of monomeric 3 and its dimers 32 at each temperature on the assumption of 5.9×10−4 

M solution of 3. The concentration of monomeric 3, 32 σ-dimer (RR/SS), 32 σ-dimer (RS), and 32 

π-dimer were shown as , ●, ■, and ▲, respectively. (d) Magnified view of the simulated 

concentration of 32 π-dimer (▲). 

 

 

  A broad absorption band centered at 536 nm still remained existing even at 173 K. Because the 

concentration of monomeric 3 is estimated to be 5×10−6 M based on the concentration simulation 

as shown in Figure 4.3c, the absorption of monomeric 3 is negligible. Thus, the absorption band 

observed at 173 K is assignable to the intrinsic HOMO–LUMO transition of the 32 π-dimer. The 

HOMO and LUMO of π-dimer of phenalenyl arise from the bonding and antibonding 

combinations of SOMOs; therefore, the HOMO–LUMO transition of π-dimer reflects significantly 
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the nature of pancake bonding.96 The absorption band of the 32 π-dimer showed a blue shift with 

respect to that of the 22 π-dimer (λmax = 595 nm).92 This result suggests that a covalent bonding 

interaction works more effectively between two phenalenyl moieties in the 32 π-dimer than that in 

the 22 π-dimer. It is reasonable to attribute this difference to the replacement of bulky tert-butyl 

groups with sterically less hindered methyl groups. This spectroscopic result is fully supported by 

the molecular geometries determined by the X-ray crystallographic analysis and computational 

studies. The 32 π-dimer has shorter Cα–Cα distances (X-ray: 3.054 Å on average at 100 K, M05-

2X calculation: 2.950 Å) compared to the 22 π-dimer (X-ray: 3.306 Å at 300 K, M05-2X 

calculation: 3.298 Å) owing to a stronger pancake bonding.96,98 

 

Solution State Dynamics of TMPLY Dimers (32)  

To shed light on the dynamics of 32 in solution, 1H–1H exchange spectroscopy (EXSY) 

measurements were performed in degassed THF-d8 at 173 K (shown in Figure 4.4). First, we 

focused on the dynamics of the 32 σ-dimer (RS). The 32 σ-dimer (RS) showed cross peaks with the 

same sign as the diagonal peaks (Figure 4.4a) due to the mutual site exchange of protons in each 

 proton pair (that is, Ha/Ha', Hb/Hb', etc.), which is caused by the conformational change between 

the stable conformations with C1 geometries (RS1 and RS3 in Scheme 4.2). At higher temperature, 

non-equivalent signals for each  proton pair coalesce into an averaged signal due to the rapid 

interconversion between RS1 and RS3, as shown in Figure 4.5a. 
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Figure 4.4. 1H–1H EXSY spectrum, in the range of 8–4 ppm, of 32 dimers measured in THF-

d8 at 173 K (mixing time: 500 ms). (a) Cross correlations between protons of 32 σ-dimer (RS) 

depicted with blue lines, (b) cross correlations between protons on 32 σ-dimer (RR/SS) depicted 

with red lines. 
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Scheme 4.2. Conformational change between stable conformations with C1 geometries (RS1 

and RS3 enantiomers, see Figure 4.6). The position of the C(sp3)–C(sp3) σ-bond is indicated by 

a blue dot.  

 

Figure 4.5. VT 1H NMR spectra of 32 dimers recorded at (a) 263 K and (b) 173 K. 

Corresponding peaks of  proton pairs are indicated with the same symbols.  

 

 

The activation free energy (ΔG‡) of the conformational change can be estimated from an 

exchange rate, k, and a coalescence temperature, Tc, of an exchanging pair of signals. With a focus 

on the signals corresponding to benzyl protons observed at 4.14 ppm and 4.63 ppm as the 

representative, the exchange rate k at coalescence temperature (Tc = 191 K, see Figure 4.S7 in 

Supporting Information) is determined to be 435 s−1 by using the equation k = πΔν/√2, where Δν 
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is the frequency separation of the two corresponding peaks (Δν = 196 Hz for the pair of benzyl 

protons Ha). Therefore, the activation free energy for the conformational change between RS1 and 

RS3 was determined from the Eyring equation to be 8.7 kcal mol−1. This experimental estimation 

was fully supported by the relaxed torsional energy scan along the central σ-bond conducted with 

a UM05-2X/6-31G(d,p) method (see Figure 4.6). The rotational scan represents a symmetrical 

potential energy surface with three local minima (RS1, RS2, RS3) with the corresponding transition 

structures (TS1, TS2). The symmetry can be expressed as  

𝐸() = 𝐸(−) = 𝐸(360 − ) 

since RS1 and RS3 are enantiomers. The conformational change between RS1 and RS3 takes place 

through TS2; thus, the activation barrier is estimated to be 7.34 kcal mol−1 (without ZPE 

correction) which is comparable to the activation free energy determined experimentally. 

 

Figure 4.6. Relaxed torsional energy scan of 32 σ-dimer (RS) as a function of θ around the σ-

bond of 32 σ-dimer (RS). Energies were calculated at UM05-2X/6-31G(d,p) level. The 

positions of a C(sp3)–C(sp3) σ-bond were indicated with blue dots. 
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In contrast to the simplicity of 1H–1H EXSY cross peaks arising from the 32 σ-dimer (RS), the 

structural isomer, the 32 σ-dimer (RR/SS), showed a unique feature in EXSY measurements; that 

is, each  proton showed cross peaks with all the remaining  protons due to the chemical 

exchange (see Figure 4.4b). This intriguing phenomenon can be ascribed to the six-fold σ-bond 

shift between six sets of α carbon pairs (that is, Ca1/Ca2, Cb1/Cf2, Cc1/Ce2, Cd1/Cd2, Ce1/Cc2, Cf1/Cb2) 

within the time scale of the EXSY measurement, as illustrated in Scheme 4.3. For deeper 

understandings of the mechanism of the six-fold σ-bond shift, the exchange rates (kex) were 

estimated from the mixing time dependence of the intensities of the diagonal peaks and cross peaks 

arising from the corresponding pairs of signals (Figure 4.S8 in Supporting Information).101 The 

dynamic processes taking place between Ha and Hc−Hf gave almost the same exchange rates of 

0.7–0.8 s−1 at 173 K, whereas the exchange rate between Ha and Hb was slightly larger (kex = 2 

s−1). It should be noted that the cross peaks between Ha and Hb, which are in close proximity of 

each other, include the non-negligible contribution of the dipole–dipole interaction (NOE); thus, 

the exchange rate between Ha and Hb determined from the intensity ratio of the EXSY peaks would 

not reflect the kinetics of the σ-bond shift. 
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Scheme 4.3. σ-Bond shift in 32 σ-dimer (RR/SS). Only the shift between the Ca1/Ca2 pair and the 

Cf1/Cb2 pair is shown. Position of a C(sp3)–C(sp3) σ-bond was shown with a red dot. 

 

 

  With a focus on the aliphatic region of 1H–1H EXSY spectra shown in Figure 4.7, explicit cross 

peaks were found between the methyl protons of the 32 σ-dimer (RR/SS) and those of the 32 π-

dimer, which provides direct evidence for the presence of a dynamic equilibrium between the 32 

σ-dimer (RR/SS) and the 32 π-dimer. It should be noted that no cross peaks were observed between 

the 32 σ-dimer (RS) and the 32 π-dimer. As illustrated in Scheme 4.4, the dynamic exchange 

between the σ-dimer (RR/SS) and the staggered π-dimer proceeds starting with a rotation about the 



76 

 

C(sp3)–C(sp3) σ-bond and a simultaneous elongation of that σ-bond. On the other hand, the σ-

dimer (RS) cannot be converted into the π-dimer without the dissociation into monomeric radicals, 

because, as shown in Scheme 4.2, the rotation around the C(sp3)–C(sp3) σ-bond in the σ-dimer 

(RS) adopts an eclipsed overlap of the molecular skeleton and the corresponding π-dimer is 

destabilized.83 Thus, the result of EXSY strictly rules out the possibility that the dynamic exchange 

between the 32 σ-dimer (RR/SS) and the 32 π-dimer proceeds via the monomeric 3s that is generated 

by the dissociation of these dimers.  

 

Figure 4.7. The aliphatic region (3–1 ppm) of the 1H–1H EXSY spectrum of 32 dimers 

measured in THF-d8 at 173 K (mixing time: 500 ms). Cross correlations between protons of 32 

σ-dimer (RR/SS) and 32 π-dimer were depicted with green lines. 

 



77 

 

 

Scheme 4.4. Dynamic exchange between 32 dimers. Methyl groups were omitted for clarity. 

 

Discussion 

   Detailed investigation on the solution state dynamics of the neutral radical 3 gave an insight 

into the fluxional σ-bond of a phenalenyl dimer. The 32 σ-dimer (RR/SS) showed the six-fold σ-

bond shift within the time scale of 1H–1H EXSY measurements. On the basis of experimental 

results mentioned above, two reaction mechanisms are possible: (1) a concerted [m,m]-sigmatropic 

rearrangement (Scheme 4.5a), and (2) a stepwise isomerization via the 32 π-dimer as an 

intermediate (Scheme 4.5b).  
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Scheme 4.5. Proposed mechanism of the six-fold σ-bond shift. a) Concerted [m,m]-sigmatropic 

rearrangement between 32 σ-dimer (RR/SS). b) Stepwise σ-bond shift via 32 π-dimer as an 

intermediate. Position of a C(sp3)–C(sp3) σ-bond was shown with a red dot. 

 

 

In general, the exchange rate of the σ-bond shift depends significantly on the molecular 

geometry. Actually, C(sp3)–B σ-bond shift of 1-phenalenyl(dipropyl)borane, which was fully 

investigated by 1H–1H EXSY measurements, takes place between spatially close α carbon atoms 

([1,3]-sigmatropic rearrangement). 102  Although two dynamic processes, [1,3]9-B and [1,3]3-B 

migrations, were confirmed from EXSY measurements, a significant difference was observed in 

the exchange rates due to the difference in the molecular topology. We here focused on the 

molecular geometry of the 32 σ-dimer (RR/SS) based on the data of X-ray crystallographic analysis 

to understand the mechanism of the six-fold σ-bond shift. The distances between the carbon atoms 
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in each α carbon pair are summarized in Table 4.1. The Cd1–Cd2 distance of 6.298 Å is considerably 

longer than the Cb1–Cf2 distance of 3.355 Å, inferring the presence of a noticeable difference in 

the exchange rates for [3,3]- and [7,7]-sigmatropic rearrangements. However, in fact, no 

significant difference was observed in the exchange rates (see Figure 4.S8 in Supporting 

Information). This finding suggests strongly that the six-fold σ-bond shift takes place in equal 

probabilities between six sets of α carbon pairs. The non-selective σ-bond shift is accounted for 

by the stepwise mechanism via the 32 π-dimer. The stepwise reaction is anticipated to proceed 

through a dynamic exchange between the 32 σ-dimer (RR/SS) and the 32 π-dimer along with 

recurrent σ-bond dissociation–reformation in six sets of α carbon pairs. The σ-bond reformation 

in the 32 π-dimer with a D3d geometry should take place in equal probabilities between structurally 

identical six sets of α carbon pairs. The interconversion between the 32 σ-dimer (RR/SS) and the 

32 π-dimer was indeed corroborated experimentally by EXSY measurements; thus, the unique σ-

bond shift demonstrated by the 32 σ-dimer (RR/SS) is expected to proceed in the stepwise 

mechanism via the 32 π-dimer as an intermediate. These experimental consideration is supported 

by theoretical calculations. In our DFT calculations, the isomerization route between the 32 σ-

dimer (RR/SS) and the 32 π-dimer were well elucidated and the TS between such isomerization 

was successfully found. The relative potential energy surface (PES) of this isomerization is 

illustrated in Figure 15 of ref. 96. This calculation result showed that the barrier in the σ- to π- 

isomerization is only 7.14 kcal mol−1. This rather insignificant barrier is in good agreement with 

the experimental finding in this study concluding that both the 32 σ-dimer (RR/SS) and the 32 π-

dimer coexist and interconvert rapidly in solution. Furthermore, we tried to determine the pathway 

of the [3,3]-sigmatropic rearrangement for the 32 σ-dimer (RR/SS). However, the TS we found for 
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such sigmatropic rearrangement was exactly the same one as in the σ- to π- isomerization process 

discussed in ref. 96. This finding suggests that the σ-bond shifting between the 32 RR/SS σ-dimers 

proceeds through the 32 π-dimer as a stable intermediate. In other words, if the 32 π-dimer is 

unstable, [3,3]-sigmatropic rearrangement might have occurred and the corresponding TS might 

be different from the TS in the σ- to π- isomerization process. Therefore, our calculations 

reinforced the experimental data that σ-bond shift between the 32 σ-dimers (RR/SS) is through the 

stable 32 π-dimer as an intermediate. It also explains why the exchange rates are not different for 

the [3,3]- and the [7,7]-sigmatropic rearrangements in the presented case. 

 

Table 4.1. Distances between the carbon atoms in each α carbon pair of 32 σ-dimer (RR/SS) 

determined by X-ray crystallographic analysis and M05-2X calculation.96 

 Carbon 

pair 

Distance (X-ray) / 

Å 

Distance (M05-2X) / 

Å 

Ca1–Ca2 1.614 1.607 

Cb1–Cf2 3.355 3.255 

Cc1–Ce2 5.132 4.422 

Cd1–Cd2 6.298 5.001 

Ce1–Cc2 5.591 4.422 

Cf1–Cb2 3.582 3.255 
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Conclusion 

  In conclusion, we presented the bimodal dimerization of 2,5,8-trimethylphenalenyl (TMPLY, 3) 

and the first observation of σ-bond fluxionality demonstrated by the 32 dimers in the solution state. 

3 forms three diamagnetic dimers; that is, 32 σ-dimer (RR/SS), 32 σ-dimer (RS), and 32 π-dimer, 

which were fully characterized by spectroscopic analyses as well as computational studies. The 

energetic preference of dimerization modes was undoubtedly confirmed by 1H NMR spectroscopy, 

which indicates that the 32 σ-dimer (RR/SS) is the most stable configuration, and the others are 

metastable dimers. As predicted by computational studies, the energy difference between three 

dimers are extraordinarily small (less than 1 kcal mol−1). Furthermore, the detailed investigation 

on the solution state dynamics of the 32 dimers gave a direct evidence for the σ-bond fluxionality 

of phenalenyl σ-dimer. 32 σ-dimer (RR/SS) demonstrates the six-fold σ-bond shift that takes place 

between six sets of α carbon pairs in equal probabilities. This unique reaction is ascribed to the 

dynamic exchange between 32 σ-dimer (RR/SS) and 32 π-dimer, which was corroborated 

experimentally by 1H–1H EXSY measurements. The interconversion between 32 σ-dimer (RR/SS) 

and 32 π-dimer results in the continuous σ-bond dissociation and reformation between six sets of 

α carbon pairs, leading to the random σ-bond shift.  

 

Methods 

Experimental methods 

TMPLY 3 was prepared according to the synthetic procedure reported in previous literature.96 

Anhydrous dichloromethane and THF were purchased from Kanto Chemical Co., Inc. and used 

without further purification. THF-d8 for 1H NMR and EXSY measurements was dried over Na-K 
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alloy and distilled under reduced pressure. All spectroscopic measurements of 3 were conducted 

in solvents degassed by a repeated freeze-pump-thaw technique (4 times). ESR spectra were 

recorded in THF with a JEOL JES-RE1X in the temperature range from 300 to 170 K. 1H NMR 

spectra and 1H–1H EXSY measurements were performed on the JEOL ECS400 spectrometer. The 

electronic absorption spectra in dichloromethane and THF were measured with a JASCO V-570 

spectrometer and Shimadzu UV-3100PC spectrometer, respectively. 

Computational details  

We employed M05-2X, a meta-generalized gradient approximation (mGGA) density functional 

theory (DFT) for geometry optimizations and energy calculations.103 We also adopted B3LYP, a 

hybrid DFT, for NMR calculation with the GIAO-(U)B3LYP/6-31+G(d,p) method.104 For open-

shell species such as monomer radicals and π–dimers, the broken-symmetry spin-unrestricted 

method was adopted with the prefix (U). No broken-symmetry treatment was used for the closed-

shell species such as the RR/SS and RS σ-dimers. The 6-31+G(d,p) basis set was used for NMR 

calculations while 6-31G(d,p) was used for geometry optimizations and energy calculations. 

Interaction energy (Eint) was calculated by the taking the difference of the total energy of the dimer 

and its monomers.  

𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟) − 2𝐸𝑡𝑜𝑡(𝑚𝑜𝑛𝑜𝑚𝑒𝑟).         (4.1) 

The details of bond-rotation scans in σ-dimers and bond-stretching studies between σ-dimers and 

π-dimers can be found in our previous study.91 Vibrational frequency calculations were performed 

on stationary points to ensure the characteristics of minima (no imaginary frequency) and TSs (one 

imaginary frequency). ZPE correction were applied to minima and TS but not applied for scans. 

All quantum mechanical calculations were performed with Gaussian 09 package (D.01).105 
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CHAPTER V 

Pancake Bond Orders of a Series of π-Stacked Triangulene Radicals* 

It is well-established that neutral phenalenyl radicals, 1, can form π-stacking dimers by 

through-space pancake bonding with the following characteristics: contact distances that are 

shorter than van der Waals (vdW) distances coupled with a low-lying triplet state representing a 

case of two-electron multicenter (2e/mc) bonding with a strongly preferred specific highly 

overlapping configuration. Pancake bonding is a distinct category of π-stacking interaction106 

widely used for enhanced π–π electron transfer in organic conductors.107  The overwhelming 

majority of π-dimers of derivatives of 1 display the otherwise unusual atom-over-atom maximum 

overlap orientation. This is expected from the molecular orbital interaction diagram and indicates 

that the electron pairing of the two singly occupied molecular orbital (SOMO) electrons provides 

a driving force for pancake bonding, as illustrated in Figure 5.1. Herein, we investigate whether 

this idea can be extended to multiple pancake bonding in cases when the monomers are 

multiradicals. We use computational modeling to show that such cases can occur with up to 

quintuple pancake bond formation within the family of dimers of triangulene graphene flakes, 2–

6. The structure and bonding of the dimer of 7,108 a derivative of 2, is also discussed. While the 

molecular orbital diagrams shown in Figure 5.1 are oversimplified, they convey a highly favored 

maximum overlap of π molecular orbitals, which leads to π-stacking dimer formation of radicals 

1, 6, and 7. Figure 5.1 also indicates the possibility of even stronger driving forces for similarly 

maximally overlapping dimer formation for the diradical 2,109 the triradical 3,109 the tetraradical 4, 

                                                 
* Reproduced with permission from [Mou, Z.; Kertesz, M. Angew. Chem. Int. Ed. 2017, 129, 10322.] Copyright © 2017 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim 
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and the pentaradical 5 (Scheme 5.1). Based on formal bond orders, these structures would then 

correspond to double, triple, quadruple, and quintuple bonds, respectively, between the graphene 

flakes. Two caveats need to be added; one chemical, the other theoretical/computational.  

 

 

Figure 5.1. Molecular orbital interaction diagram for π-stacked dimers of radicals (1, 6, and 

7) as well as of multiradicals (2, 3, 4, and 5). The singly occupied π molecular orbital (SOMO) 

of 1 is illustrated on the top right.  
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Scheme 5.1. Radical and multiradical triangulenes, 1–6. Trioxo-6-triangulene (7a, R=H); 

tribrominated-trioxo-6-triangulene (7b, R=Br); tri-tert-butyl-trioxo-6-triangulene (7c, R=tBu). 

 

For π radicals, σ-dimerization is often energetically competitive with π-dimerization.110 In 

the case of phenalenyl (1) it turns out that a σ-dimer of 12 is more stable than the π-dimer by only 

1.6 kcal mol-1.110a However, as many as 56 π-stacking dimers with various substituents of 1 have 

been characterized by X-ray diffraction (XRD) and analyzed as pancake-bonded dimers.111 The 

theoretical caveat stems from the fact that the diagrams in Figure 5.1 are oversimplified and given 

the small HOMO–LUMO gaps (gap between the highest occupied and lowest unoccupied 

molecular orbitals) of the π-dimers the doubly excited states are easily accessible, indicating 

important contributions from static multiconfigurational electron correlation. Such an electron 

correlation contribution could be easily handled by configuration interaction (CI) methods, such 

as a complete active space CI (CAS-CI), were it not for the additional correlation effects arising 

from dispersion interactions that also provide important contributions to the stabilization of the π-

dimer. However, the description of these dispersion interactions, which are part of the vdW term, 

would require a large number of configurations on the top of a multiconfigurational ground 

state.106e Such high level calculations are available in the form of the multireference averaged 
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quadratic coupled-cluster (MR-AQCC) method for the 12 π-dimer,106e but not for the relatively 

larger systems discussed herein. Hence we settled on a Minnesota-type density functional, M05-

2X,112 which showed a very good track record for pancake-bonded phenalenyl derivatives110,111 

and we report computations from this model. 

 

We have identified various σ- and π-bonded dimers for each of the monomers listed in 1–

7 (Scheme 5.1) as local minima on their respective potential energy surfaces. Table 5.1 reports the 

most stable π-dimers with a few additional structures for comparison. Selected π-dimers are 

illustrated in Figure 5.2. There are various local minima and each can be characterized by the 

number of well-overlapped SOMO sites. Generally, a maximum eclipsed orientation would lead 

to the largest SOMO–SOMO (SS) overlap even though a fraction of the carbon sites have zero 

contribution to the SOMO orbitals; as illustrated in Figure1 for 1 and Figure 5.3 for 4. The 

maximum overlap configurations are characterized by the largest number of carbons with direct 

effective SS orbital overlaps in Table 5.1. 
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Figure 5.2. Illustration of selected π-dimers in Table 5.1. For single radicals 1, 6, and 7 and 

diradical 2, HOMOs of π-dimers are shown. For multiradical dimers of 3, 4, and 5 only selected 

HOMOs are shown. 
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Figure 5.3. Near-degenerate SOMOs of 4. The energy levels from left to right are: -6.10 eV, -

6.10 eV, -5.90 eV, and -5.73 eV. 

 

Table 5.1. π-dimers with computed characteristics. 

aEnergies in kcal mol-1. Calculated p-dimer at the UM05-2X/6–311G(d,p) level. All geometries 

are fully optimized except for 22(ecl) at 3.0 Å. bNumber of carbons with direct effective SS orbital 

overlaps. cSum of Mulliken spin density of a monomer in the dimer. dPBO: pancake bond order. 

eShortest intermolecular distance. fSlip-6 refers to a slipped configuration with six SS contacts and 

four others with contacts <3.3 Å. gXRD experiment: 2.98 Å.108d 

 

Dimera 12(stag) 
22  

(slip-6)e 

22(ecl) 

22(ecl)  

at 3 Å 

32(stag) 32(ecl) 42(ecl) 52(ecl) 62(stag) 7c2 (stag) 

Eint -13.13 -19.58 -13.62 -4.36 -30.04 -21.83 -18.14 -28.54 -33.67 -33.84 

ESOMO -15.24 -7.66 -10.19 -29.56 -12.76 -51.41 -61.12 -80.22 -15.03 -9.47 

 EvdW 2.11 -11.92 -3.43 25.20 -17.28 29.58 43.20 51.68 -18.65 -24.37 

# of SS sites b 12 12 18 18 12 36 50 66 12 14 

Spinc 0.58 1.76 1.81 1.35 2.45 0 0 0 0 0.71 

Symm./PBO D3d/1 C2h/2 D3h/2 D3h/2 C2h/3 D3h/3 D3h/4 D3h/5 D3d/1 D3/1 

Shortest dd 3.05 3.12 3.36 3.00 3.10 2.90 2.79 2.77 3.17 3.04f 
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  However, a strong attractive SS interaction (ESOMO) generates shorter contacts that in turn 

increase the closed-shell repulsions, making the total vdW interactions less attractive, or in some 

cases even repulsive because of the increasingly positive steric repulsion component.106e,110a The 

resulting potential energy surfaces of the dimers can therefore have multiple minima, each 

corresponding to a particular combination of a compromise between EvdW and ESOMO, as can be 

seen for 22 and 32 in Table 5.1. These π-stacking dimers all display nearly parallel geometries, but 

non-eclipsed dimers may be slipped and/or rotated relative to the eclipsed configuration to reduce 

the steric repulsion in the EvdW term while maintaining a significantly attractive ESOMO. Several 

such local minima with larger binding energy than the maximally overlapped minima have been 

identified (Table 5.1, 22(slip-6) and 32(stag)). We first discuss the dimers of hydrocarbons 1–6, 

followed by a discussion of 72. 

The formal through-space pancake bond orders (PBO) in Table 5.1 were computed simply 

by counting the SOMO- based bonding electron pairs in the dimers. The correlation between PBO 

and ESOMO is shown in Figure 5.4. This correlation is better than expected given the qualitative 

nature of the bond order as well as the large variation of the rest of the parameters characterizing 

these multiple pancake bonds. The very large negative ESOMO values for PBO>1 indicate that 

multiple pancake bonds provide a large driving forces for various aggregations, such as for pairing 

of diradicals.113 We examined the same correlation with complete active-space self-consistent field 

(CASSCF) computations and the results demonstrate the same near-linear trend (Supporting 

Information, Figure 5.S7 and Table 5.S5). 
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Figure 5.4. Stabilization energy arising from SS overlap (● and ○) as a function of the formal 

PBO for selected π-stacking triangulene dimers. Total interaction energies (▲ and ∆). Data 

from Table 5.1: only 12(stag), 22(ecl) at 3 b, 32(ecl), 42(ecl), and 52(ecl) are presented because 

they have the best SOMO overlap, with intermolecular distances shorter or at ca. 3.0 Å. Optimized 

geometry: (●)and (▲). 

 

The total interaction energies (Eint) and shortest contact distance values do not correlate 

well with the PBOs, primarily because of the large variations of the vdW interactions. This is 

particularly evident for 32 and 42 where Eint suffers from large positive vdW terms as a consequence 

of the extremely short respective equilibrium contact distances, yet Ebinding is still much larger than 

those of typical H-bonds. What is particularly instructive is the difference between the two 

conformers of 32. For 3 the maximum overlapping configuration (32(ecl) with 36 direct SS orbital 

contacts) at 2.90 Å has a very large ESOMO value. At the same time the large number of close 

contacts of non-SOMO bearing atoms leads to a large positive EvdW term. However, the 32(stag) 

configuration with reduced overlap and a parallel slip (12 SS contacts) has the largest negative 

EvdW contribution, even though the ESOMO driving force is diminished significantly. Nevertheless, 

these Eint values are substantial compared to other types of intermolecular interactions. Note that 
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a number of competing pancake-bonded π-dimer configurations can occur and the resulting 

potential energy surfaces are complex. For instance, at least four local π-bonded minima can be 

located for 22, in addition to the maximally overlapping minimum configuration. For π-bonded 

minima of 32 we found two additional local minima and for 62 we located two. For 42 and 52 we 

only located one π-dimer configuration each; we found both to be eclipsed. For the dimer of 7a we 

located only the eclipsed and staggered orientations. All of these configurations are less stable than 

the maximally overlapped configurations listed in Table 5.1 (Supporting Information). 

The case of 72 can now be put into context. While formally a derivative of 2, the SOMO 

of 7 is not degenerate and it is largely localized on the central carbon.108d The dimer interaction 

molecular orbital diagram applicable for 7 is therefore the same as that for 1 and 6. The XRD data 

on the dimer of 7c agree well with the optimized geometry of the isolated π-dimer, as shown in 

Table 5.1. The total spin per monomer in these pancake-bonded dimers indicates that electron 

pairing, as obtained by the spin-unrestricted DFT studies, is complete for the dimers 32, 42, 52, and 

62 but not for the others. While this level of theory is not particularly sensitive in obtaining accurate 

natural orbitals and their occupancies, it is clear that the very short contacts lead to a higher degree 

of electron pairing and in this respect multiple pancake bonding interactions resemble multicenter 

covalent bonds. The cases with less pairing indicate multireference ground states with multiradical 

characters and low singlet to high-spin gaps similar to the prototypical single pancake-bonded 12, 

and others that have low singlet to triplet gaps.106,111,113,114 It is interesting to note that the optimized 

geometry of the dimer 72, as well as the experimental XRD geometry of 72, display strongly 

concave geometries in concordance with the fact that the SOMO of the monomer is largely 

localized on the central carbon in this case. This is in contrast to the overwhelming majority of the 
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XRD structures of the substituted dimers of 12, where the SOMOs of the monomers are localized 

on the a-carbons and not on the central carbons leading to convex configurations.111 A generally 

recognized aspect of pancake bonding is that σ-dimerization may occur and compete 

energetically.115 In the absence of protecting groups, it is expected that this would be the case for 

the dimers of 1–6. We have located several σ-dimerized local minima as well. For 12 six different 

σ-dimer configurations were located earlier.110a For 22 six σ-dimer configurations were also found, 

each with two σ-bonds. Additionally, we found one diradical σ-dimer with only one σ-bond for 22. 

For 32we identified one σ-dimer configuration with three σ-bonds. For 12 and 22 the σ-dimer 

configurations represent the absolute minimum, which is more stable than the π-stacking pancake-

bonded dimers by 1.6 and 6.1 kcal mol-1, respectively. Notably, among the σ-dimers of 22 the 

singly bonded (pure triplet) dimer is only 2.5 kcal mol-1 higher than the most stable configuration. 

This situation might, in principle, lead to the formation of dimers and oligomers. For 32, however, 

the staggered π-bonded dimer is the most stable configuration and is lower by 5.5 kcal mol-1 

compared to the σ-dimer configuration containing three sp3-type C-C bonds. In the case of 42, 52, 

62, and 72we did not find σ-bonded dimer configurations even without a protective group. The 

strong π-stacking coupling described here for the first time may find applications in all-carbon 

based spintronics design.116 

Experimental Section 

Computational Details. M05-2X/6-311G(d,p), a meta-generalized gradient approximation 

(mGGA) DFT was adopted for the entire study.112 M05-2X includes dispersion effects that are 

essential for π-dimers. M05-2X showed success in reproducing highly accurate multi-reference 

averaged coupled cluster (MR-AQCC) computations117 on the prototypical pancake bonded dimer, 
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12 106e and produced good agreement for many pancake bonded dimers with experiments.110,111 See 

SI for detailed basis set evaluation. Because of the polyradicaloid and open shell character of the 

monomers and π-stacking dimers discussed here, we adapted the broken-symmetry spin-

unrestricted method with the U prefix. The dimer interaction energy (Eint) was calculated by using 

equation (1) 

𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟) − 2𝐸𝑡𝑜𝑡(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) = −𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔.       (5.1) 

Frequency calculations were applied to characterize all minima. For the π-dimers, Eint is 

approximated as a sum of two components: vdW interaction energy (EvdW) and SOMO-SOMO 

interaction energy (ESOMO) 106e,114a. 

𝐸𝑖𝑛𝑡 = 𝐸𝑆𝑂𝑀𝑂 + 𝐸𝑣𝑑𝑊.         (5.2) 

For ESOMO we applied the following approximation. (See SI for detailed for related discussion). 

106e,114 

𝐸𝑆𝑂𝑀𝑂 = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟 𝑠𝑖𝑛𝑔𝑙𝑒𝑡) − 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟 ℎ𝑖𝑔ℎ 𝑠𝑝𝑖𝑛 −  𝑚𝑖𝑛. 𝑠𝑖𝑛𝑔𝑙𝑒𝑡).  (5.3) 

where - indicates a single-point computation at the geometry of the minimum of the singlet state 

of the dimer. We also report an indicator of polyradicaloid character; that is, the total spin density 

of the monomer obtained by summing the total Mulliken spin densities of all atoms of a monomer 

in a π-dimer. 
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CHAPTER VI 

Validation of Density Functionals for Pancake-bonded π-dimers; Dispersion is Not Enough* 

 

Introduction 

Pancake bond is a unique intermolecular interaction between π-radicals. 118  Pancake 

bonding is very different from van der Waals (vdW) interactions. It features low-lying triplet 

(multiplet) excited states and a ground state diradicaloid (multiradicaloid) character and it is often 

described as covalent-like multi-electron, multi-center (me/mc) bond because of their highly 

specific preferred intermolecular configurations that correspond to maximal overlap of the singly 

occupied molecular orbitals (SOMOs). 119  As a result, pancake bonded molecules show 

significantly shorter than vdW intermolecular contact distances and similar in magnitude to vdW 

intermolecular attractive interactions.120  

During the past few decades, famous pancake bonded molecules have evolved such as 

tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ)121 and phenalenyl (PLY)122,123. Many 

organic electronic materials display pancake bonding in π-dimers and π-stacking aggregates124; 

and pancake bonding has been the basis of a class of electrochemically shape changing and 

actuating molecules.125 

Due to the unusually short intermolecular contacts in pancake bonds compared to the 

common vdW contacts, theoretical investigations of pancake bonds need to proceed with caution. 

The very short intermolecular distances cause small HOMO-LUMO gaps making the contributions 

                                                 
* Reproduced with permission from [Mou, Z.; Tian, Y,-H.; Kertesz, M. Phys. Chem. Chem. Phys., 2017, 19, 24761] Copyright © 

the Owner Societies 2017 
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from multiconfigurational state accessible and important.119,126 The ideal solution towards the 

description of such systems is to apply one of the high–level multireference methods that also 

includes a good approximation to the dispersion component of the interaction, such as the MR-

average quadratic coupled cluster (MR-AQCC) method.127 This approach has been successfully 

applied for relatively small systems such as the π–dimers of PLY126, thiatriazine radical,128 and 

K+(TCNE)-.129 Another high-level calculation, CASPT2 for TCNE- anion dimer also showed some 

similar results compared with MR-AQCC.130  However, MR-AQCC on larger systems is not 

practical due to the large computation resources needed. Alternatively, selected DFTs may be 

applied toward larger pancake bonded molecules with decent accuracy. For example, we have 

reported several studies on pancake bonded phenalenyl radical dimers and other hydrocarbons123e 

using M05-2X with good agreement with a variety of experiments.120,123 Given the growing 

interest in π-radicals and their interactions131 that include pancake bonded systems, we present a 

testing of over 50 easily accessible DFTs for applications to pancake bonded systems.  

The following four pancake bonded π-dimers form the basis of the presented DFT 

validation (Scheme 6. 1): Phenalenyl staggered π-dimer (PLY, 1), 1,2,4,6-thiatriazine π-dimer (2), 

1,3,2,4,6-dithiatriazine π-dimer (3) and potassium tetracyanoethylene π-dimer (K2TCNE2,4). 

 

 

Scheme 6.1. The monomers of pancake bonded π-systems where DFT validation is tested in 

this study. 
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A special characteristic of pancake bonding as opposed to vdW interaction is the strongly 

preferred maximum overlap orientation of the former compared to the relatively flat potential 

energy surfaces of vdW bonded aggregates. This maximum overlap refers SOMOs as illustrated 

by Figure 6.1, where part of the energy gain of π–stacking dimer formation comes from the 

bonding overlap of the SOMOs. We selected the most stable π-dimers corresponding to the 

maximum (SOMO-SOMO) overlap for the presented validation studies. These configurations are 

illustrated in Figure 6.2 showing the key geometric parameters. A major reason we adopted these 

four systems in this study is that they are relatively small and MR-AQCC benchmarks are 

available.126,128,129
 The simplified molecular orbital diagrams are shown in Figure 6.1. Similar to 

covalent bond orders, we introduced the pancake bond order (PBO) as the number of electron pairs 

in SOMOs.123e,10 The PBOs for the π-dimers 12, 22 and 42 are equal to one. However, for 32 PBO=2 

corresponding to a formal double bonded pancake with two electron pairs in bonding combination 

of the SOMOs.128  
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Figure 6.1. The illustration of PBO and SOMO-SOMO interactions of 12, 22 32 and 42 π-

dimer systems. The nearly degenerate HOMO and LUMO for the monomer of 4 are designated 

as SOMO and SOMO’. 

 

Due to the SOMO-SOMO interactions illustrated in Figure 6.1, the intermolecular interaction 

between radical π-systems is covalent-like and stronger than ordinary vdW interactions. A 

commonly applied approach has become to supplement DFT with dispersion correction terms 

(DFT+D) which have been widely validated for closed-shell compounds of which the predominant 

intermolecular interaction is vdW interaction or H-bonding.132,133 However, these methods may 

not be automatically appropriate for pancake bonded systems which utilize not only vdW 

interaction but also the highly directional electron sharing SOMO-SOMO interaction. Therefore, 

it should not be surprising that many of the DFT+D methods do not perform well when applied to 

pancake bonded systems. We study for the first time systematically the quality of DFT predications 

for pancake bonded dimers by evaluating over fifty DFTs and we hope the findings of this work 
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will support the development of new pancake bonded materials and help refine computational 

methods.  

 

 

Figure 6.2. Conformations and key geometry parameters of the π-dimers used in this study.  

The point group of each dimer is also shown. 

 

Experimental 

Computation details 

Quantum chemistry calculations were performed using Gaussian 16.134 We selected thirty-

two widely used DFTs that are available in Gaussian 16-A03 for this validation study including 

the following: APFD 135 , B1B95 136 , BLYP 137 , B1LYP137b, 138 , B3LYP137b,138, O3LYP137b, 139 , 

X3LYP137b,140, B3PW91138,141, B97D(D3)142, BMK143, BP86137a,144, CAM-B3LYP145, HSE146, LC-

wPBE147, M05148, M05-2X149, M06150, M06-2X150, M06-HF151, M06-L152, M11153, M11-L154, 

MN12SX155, MN15156, MN15-L157, N12SX155, PBE158, PBE0159, PW6B95160, SOGGA11X161, 

TPSS162, WB97XD163. Two dispersion corrections, version D3 and D3BJ were applied to selected 
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DFTs (see SI for details). 164  We also performed PBE or PBE0-based calculations including 

nonlocal many-body dispersion (MBD)165, which is denoted as PBE-MBD or PBE0-MBD, using 

the FHI-AIMS code166. The FHI-AIMS internal tier 1 basis set was used to obtain the optimized 

structures for subsequent single point binding energy calculations by applying their larger tier 2 

basis set.   

In total, we tested 54 methods including some with D3 and D3BJ dispersion correction. 

Geometry optimizations were done for all π-dimers and monomers. We used the 6-311++G(2d,2p) 

basis, a rather large basis set throughout the study to minimize errors arising from basis set 

limitations. Calculation results were compared with high level calculations using MR-AQCC for 

the benchmark.126,128,129 Broken-symmetry spin-unrestricted theory with prefix U was used for all 

singlet open-shell geometry optimizations for the monomers of 1 and 2 as well as for all four π-

dimers. Monomer 3 is a closed shell molecule, its geometry was obtained by closed shell 

optimization. For the monomer 4 the geometry was taken with DCC2 = 10 Å without further 

optimization following reference 129. 

The key energy and geometry parameters used in this study are defined as follows: 

The interaction energy (Eint) of pancake bonding for 1, 2 and 3 is defined as: 

𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟) − 2𝐸𝑡𝑜𝑡(𝑚𝑜𝑛𝑜𝑚𝑒𝑟),       (6.1) 

where both monomer and dimer geometries are fully optimized. For the 42 π-dimer, Eint is 

calculated differently, by taking the difference of Etot at the optimized geometry and Etot at DCC2 = 

10 Å 129: 

 

𝐸𝑖𝑛𝑡 = 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟) − 𝐸𝑡𝑜𝑡(𝑑𝑖𝑚𝑒𝑟 𝑎𝑡 𝐷𝐶𝐶2 = 10Å)     (6.2) 
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Unlike the other three systems, the monomer of 42 π-dimer is not one molecule but an ionic 

metal complex including K+ and TCNE-. The interaction between K+ and TCNE- may be different 

in dimer and in monomer if both are optimized. Therefore, using equation (1) for 42 π-dimer is 

inappropriate as it would not only reflect the interaction energy between two TCNE- anions of two 

monomers but also the changes between K+ and TCNE- in the monomers. That’s why we used 

equation (2) and did not optimize the monomer so that the Eint reflect the intermolecular pancake 

bonding appropriately. Such approximation was also adopted and justified in Ref 129. 

 

Following the literature, we assumed that the interaction energy is composed of a van der Waals 

component and a SOMO-SOMO interaction energy component by adopting the following 

approximations.119b,2d,126,129  

𝐸𝑖𝑛𝑡 = 𝐸𝑆𝑂𝑀𝑂 + 𝐸𝑣𝑑𝑊.          (6.3)  

𝐸𝑖𝑛𝑡(𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑒𝑡@ 𝑀𝑖𝑛. 𝑆𝑖𝑛𝑔𝑙𝑒𝑡) = 𝐸𝑣𝑑𝑊       (6.4) 

 

The SOMO-SOMO interaction energy (ESOMO) for 12 π-dimer, 22 π-dimer and 32 π-dimer are then 

approximated as: 

𝐸𝑆𝑂𝑀𝑂 = 𝐸𝑖𝑛𝑡(𝑀𝑖𝑛. 𝑆𝑖𝑛𝑔𝑙𝑒𝑡) − 𝐸𝑖𝑛𝑡(𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑒𝑡@ 𝑀𝑖𝑛. 𝑆𝑖𝑛𝑔𝑙𝑒𝑡)     (6.5) 

 

The SOMO-SOMO interaction energy (ESOMO) for the 42 π-dimer is not calculated because the 

reference MR-AQCC value is not available. 

 

The energy errors are then compared with Eref taken from MR-AQCC values.126,128,129 
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𝐸𝑒𝑟𝑟𝑜𝑟(𝑖𝑛𝑡/𝑆𝑂𝑀𝑂) = 𝐸𝑖𝑛𝑡/𝑆𝑂𝑀𝑂 − 𝐸𝑟𝑒𝑓        (6.6) 

 

Similarly, signed distance errors were calculated by comparing DFT values with MR-AQCC 

reference values. 126,128,129 

𝐷𝑒𝑟𝑟𝑜𝑟 = 𝐷𝑐𝑎𝑙𝑐 − 𝐷𝑟𝑒𝑓         (6.7) 

Besides energetics and distances, we also calculated the Mulliken total spin density of a monomer 

within the 12π-dimer as a spin density index and compared it with the MR-AQCC value to check 

the ability of methods to predict the open-shell nature of the ground state of the pancake bonded 

12π-dimer.126  

 

Results and Discussion  

Validation on phenalenyl, 12π-dimer 

We first tested DFTs on the phenalenyl 12 π-dimer by comparing Eint, ESOMO, DCC1, Dαα and 

spin densities with the reference values. The complete results can be seen in Figure 6.S1 and Table 

6.S1. We selected to display in Figure 6.3 only the DFTs with smaller errors in either energy 

predictions (|Eerror| < 10 kcal mol-1) or geometry predictions (|Derror| < 0.2 Å). The result shows that 

out of all tested DFTs, only 28, or 52% of DFTs are within 10 kcal mol-1
 error compared to the 

reference value for both Eint and ESOMO. Considering the MR-AQCC reference value for Eint is -

11.5 kcal mol-1 and for ESOMO is -17.50 kcal mol-1, we were surprised by the small number of DFTs 

that pass the a very generous ± 10 kcal mol-1 threshold. If we reduce the threshold to 4 kcal mol-1, 

only three methods pass. The DFT methods within 4 kcal mol-1 range in this test are M05-2X, 

M05-2X (D3) and PBE0-MBD/tier-2. Similarly, we set a 0.2 Å threshold for distance errors in 
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Figure 6.3b. Out of 54 methods tested, 39, or 72% are within this range. The reference DCC value 

is 3.104 Å and Dαα is 3.092 Å. If we apply a stricter threshold of 0.05 Å, only eleven, or 22% of 

the methods fall in this regime. Combining both 0.05 Å and 4 kcal mol-1 criteria, only M05-2X, 

M05-2X (D3) passed the combined test. The M05-2X without D3 correction performs slightly 

better than with the D3 correction and they both passed the spin density test (0.64 without D3 and 

0.66 with D3 compared to the reference value of 0.66). Pancake bonding in many cases is 

associated with an open shell singlet ground state as opposed to a closed shell singlet ground 

state.118,119,120 Many DFT approaches studied here, whether including dispersion corrections or not 

provide a closed shell singlet ground state even when the contact distances are in the longer range 

of pancake bonding (between 3.0 and 3.2 Å for C...C contacts vs. 3.4 Å for the van der Waals 

distance) where there is strong evidence that the ground state of phenalenyl (12π-dimer) has a large 

diradicaloid open shell singlet character.122,128 This information is important and within DFT the 

spin-unrestricted formalism provides an approximation to deal with the open shell character 

however imperfectly. We used the total Mulliken spin density of a monomer in a dimer as a spin 

density based index that is sensitive to the open shell character.123b Certainly other indices might 

work as well but it should be noted that none of the open shell character indices are physical 

observables. The complete information of this index of 12π-dimer can be found at Table S1. 

Among the appropriate DFTs, PBE0-MBD/tier-2 failed to predict an open-shell electronic 

structure of 12 π-dimer and resulted in a zero Mulliken spin density where the reference MR-AQCC 

value is 0.660. We conclude that the best DFT for phenalenyl related calculation is M05-2X for 

its excellent predictions for energy, geometry and the open-shell nature of the singlet ground state. 

Considering the partially covalent nature of the pancake bond and the error related to the spin 
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index, PBE0-MBD/tier-2 method is also quite good. Note that some widely used DFTs including 

B3LYP or M06-2X did not work well even with dispersion corrections and using these commonly 

used methods instead of M05-2X or PBE0-MBD/tier-2 will result in significant errors. 

 

 

Figure 6.3. Selected DFT result for the 12 π-dimer. Figure 6.3a shows the energy errors and 

Figure 6.3b shows distance errors compared to the MR-AQCC values. DFTs with energy errors 

larger than ±10 kcal mol-1 and DFTs with distances errors larger than ±0.20 Å are not shown. 

 

Validation on S- and N-containing pancake bonded systems, 22π-dimer and 32π-dimer 

Next, we moved to the pancake bonding of sulphur- and nitrogen-containing thiatriazine radicals. 

While 2 is a radical with seven π-electrons capable of forming a pancake bonded 22π-dimer, 3 has 
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eight π-electrons: formally a closed shell molecule. However, as illustrated in Figure 6.1, due to 

the near-degeneracy of its two frontier orbitals, the HOMO and LUMO (designated as SOMO and 

SOMO’ in Figure 6.1, respectively), it is capable of forming a 32π-dimer with a double-pancake 

bond.128 Hence, the PBO for the 22π-dimer is 1 and for the 32π-dimer is 2. Selected DFTs results 

are shown in Figure 6.4 for the 22π-dimer and Figure 6.5 for the 32π-dimer. We selected the ±10 

kcal mol-1 and ±0.2 Å as the display threshold in Figures 4a and 4b, respectively. We find that 24 

out of 54 methods, or 44%, are within this energy range. Note that the reference value for Eint is -

7 kcal mol-1 and ESOMO is -18.80 kcal mol-1.128  Applying the more stringent threshold of ±3 kcal 

mol-1 only one method, BLYP passes. Similarly, the distance error results in Figure 6.4b show that 

23 out of 54, or 43% of the methods can pass the 0.2 Å threshold for DSS1 with a reference value 

2.870 Å. However, only the BLYP method passes when applying the stricter 0.05 Å threshold 

value. We conclude that BLYP is the best DFT for modelling the 22π-dimer while a few others are 

marginally acceptable.  
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Figure 6.4. Selected DFT result for the 22 π-dimer. Figure 6.4a shows the energy errors and 

Figure 6.4b shows distance errors compared to the MR-AQCC values. DFTs with energy errors 

larger than ±10 kcal mol-1 and DFTs with distances errors larger than  ±0.20 Å are not shown. 

 

The double pancake bonded 32π-dimer have reference interaction and SOMO-SOMO energy 

values at Eint= -27.70 kcal mol-1, ESOMO= -90.20 kcal mol-1, respectively which are much larger 

than the singly bonded cases with a very short contact of DSS2= 2.571 Å.128 Therefore it is expected 

that the bond is more covalent-like, and therefore more of the DFT methods might provide 

reasonable agreement with the reference. Figure 6.5 shows selected results for the 32π-dimer. In 

Figure 6.5a, we applied the ±10 kcal mol-1 threshold. There are only 8 out of 54 DFTs, or 15% of 

the methods tested within in this range. For many DFTs (32, or 59%) the geometries for the 32π-
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dimer are acceptable within ±0.1 Å. Therefore, we limited Figure 6.5b to the DFTs that passed the 

energy test in Figure 6.5a adding a few DFTs that provided very good geometries even if they 

failed the energy test of ±10 kcal mol-1. 

 

 

Figure 6.5. Selected DFT result for the 32 π-dimer. Figure 6.5a shows the energy errors and 

Figure 6.5b shows distance errors compared to the MR-AQCC values. DFTs with energy errors 

larger than ±10 kcal mol-1 and DFTs with distances errors larger than ±0.10 Å are not shown. 

 

We find that the several members of the “LYP” family did a very good job without 

dispersion correction: the best one is O3LYP for the 32π-dimer while B1LYP, X3LYP and B3LYP 

are also satisfactory because the ESOMO error is smaller than 10%. The S-S intermolecular distance 

(DSS2) for the 32π-dimer is around 2.6 Å which is obviously longer than ordinary sigma bonds and 

much shorter than vdW distance of two sulphur atoms at 3.6 Å. The abovementioned LYP methods 

work better without dispersion corrections. This finding supports the notion that such pancake 

bonds have a strong covalent character. 
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Validation on K2(TCNE)2, 42π-dimer 

The last pancake bonded system we tested is a charge transfer complex K2(TCNE)2, the 42π-dimer. 

Previous work on the same system plus three others with 23 DFTs against a benchmark of RASPT2 

computations.167 Deficiencies of many DFTs were already noted for a large number of DFTs for 

this class of systems.167 Similar to the other three systems discussed in this work, only selected 

DFT results are shown in Figure 6.6 while the rest are shown in the SI section. The reference MR-

AQCC values are Eint = -10.10 kcal mol-1, DCC2 = 2.735 Å and DKN = 3.869 Å. For the energy test, 

46, or 84%, DFTs are within the range of ± 10 kcal mol-1. Considering the reference Eint value is 

only -10.10 kcal mol-1, we used the criterion of only ± 2 kcal mol-1 for inclusion in Figure 6.6a 

finding as many as 14 methods, or, 26% in this range. As far as geometry is concerned, 25, or 46% 

of the methods are within the ± 0.15 Å error range. We found that eight methods are within ± 2 

kcal mol-1 for Eint error and ± 0.15 Å for distance errors. We found that the best method for the 42π-

dimer is MN15L while M11L, BLYP-D3, TPSS-D3 are quite acceptable. The 42π-dimer is 

different from the other three pancake bonded system in that it is an ionic compound. The 

interaction between the TCNE- anions in the dimer is no longer limited to vdW and SOMO-SOMO 

interaction but contains a large electrostatic term which is generally well described with all DFTs. 

In concordance with previous work where B97D3(DJ) was found as the best for this class167a, we 

find the B97D3 as being excellent for geometry in this test case, and the energetics for that method 

is only slightly above our cut-off in Figure 6.4a.  
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Figure 6.6. Selected DFT result for the 42 π-dimer. Figure 6.6a shows the energy errors and 

Figure 6.6b shows distance errors compared to the MR-AQCC values. DFTs with energy errors 

larger than ±2 kcal mol-1 and DFTs with distances errors larger than ±0.15 Å are not shown. 

 

Conclusion 

We tested many frequently used modern DFT methods, some with dispersions corrections, on four 

pancake bonded π-dimers. In contrast to ordinary vdW complex results,132 we found that most of 

these widely used methods provide unacceptable optimized geometries and interaction energies. 

However, we also found a few select methods that worked very well for the presented pancake 

bonded systems. M05-2X and PBE0-MBD/tier-2 are the only appropriate DFTs for phenalenyl π-

dimer. By implication, these methods are expected to do well also for a wide range of conjugated 

hydrocarbon systems. This has been shown to be the case in a recent study for an experimentally 

characterised triangulene derivative123e,168, and also for 56 phenalenyl derivatives120b for which 

experimental data are available. Regarding S- N- containing molecules, we found that BLYP is 

the most suitable method for the 22π-dimer; O3LYP is the best for the 32π-dimer while B1LYP, 

X3LYP and B3LYP are also acceptable. For K2(TCNE)2 42π-dimer, the best method is MN15L 

while M11L, BLYP-D3, TPSS-D3 are acceptable. However, no universal method was found that 
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is applicable to all systems in this study. We also found no correlation between the percentage of 

HF exchange component of the DFTs and the accuracy of the result for pancake bonding. It is 

interesting to note that all methods displayed in Figure 6.4b predict CC bond distances that are too 

short; we do not see a similar general problem with the other three systems. Dispersion corrections, 

such as D3 and D3BJ, proved very successful with a variety of closed shell vdW compounds.132 

However, we found that dispersion corrections do not generally improve the results for pancake 

bonded systems. For example, for the 12π-dimer the best method is M05-2X, while M05-2X with 

D3 is over parametrized and performs not as well. Moreover, widely used dispersion corrected 

methods, such as B3LYP+D, B97+D and others do not work well for the 12π-dimer.132 For the 

22π-dimer, BLYP works the best without dispersion. This is also the case for the 32π-dimer where 

O3LYP, B1LYP, X3LYP and B3LYP without dispersion correction works quite well and better 

than the respective dispersion corrected ones. The only case where dispersion correction improved 

the results in this study occurred for the 42π-dimer where BLYP-D3, TPSS-D3 works well.  

The fact some of the non-dispersion-corrected DFTs performed well on pancake bonded systems 

demonstrates the covalent-like nature of pancake bonding. We believe this first systematic 

validation work of DFTs on a wide range of pancake bonded systems contributes to a better 

understanding of this unique bond, furthers the design and development of pancake bonded 

materials and helps the development of more broadly applicable DFTs. 
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