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Computational methods

In this work, selecting a suitable and reliable method is important for calculating the long range intermolecular 

interactions. As proposed in several works, coupled-cluster with singles, doubles, and perturbative triples 

(CCSD(T))1 calculation stands as the “golden-standard” in quantum chemical calculations2-4 of relatively weak 

interactions but the large computational cost renders them unsuitable for large molecules. In recent few years, much 

progress has been made in developing density functional theory (DFT) methods that can effectively describe such 

radical dimers.5-10 According to previously investigations, the hybrid meta exchange correlation functional (M06-

2X)5, 6 density function theory (DFT) are adapted to studying such π-dimer systems. In order to verify the accuracy 

of calculated results, the DFT methods with additional dispersion (M06-D3, B3LYP-D3 and B97D) were also 

employed. It was found that different functional obtained same trend in the structure parameters and interaction 

energies. Thus, we selected the M06-2X functional for further discussion in present work, the geometry 

optimizations of radical 1 and π-dimers 2180, 260-R and 260-S with all real frequencies are obtained with a spin-

unrestricted broken-symmetry (BS)11 UM06-2X/6-31+G** method. Spin density distributions on the carbon atoms 

of π-dimers (260-R, 260-S, 2180) are studied. Further, the diradical character (y) was estimated by a complete active 

space with two electrons and two orbitals CAS (2, 2) method on the basis of ab initio configuration interaction (CI) 

calculations.12-14

In order to the systematically understand bond character of the system, the M06-2X method was employed to 

calculate the Wiberg bond indices (WBI)15 and the energy difference of singlet state and the triplet states (ET-S) in 

this work. Further, the interaction energy (Eint) was also calculated at the M06-2X/6-31+G** level, to correct the 

basis set superposition error, the counterpoise (CP) procedure was used in calculations of interaction energy.16, 17 

The Eint can be expressed as the difference between the energy of dimer and the sum of energies of

monomers by the following Equation: 

ΔEint (AB) = E (AB) AB − [E (A) AB + E (B) AB]                                         (1)

All of the above calculations were performed with the Gaussian 09W program package.18



In addition, the energy decomposition analysis (EDA) was performed at the M062X-D3/TZ2P and M06-

D3/TZ2P level of theory by using the energy decomposition scheme of the Amsterdam density functional (ADF) 
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Figure S1. The schematic diagrams of layers structures of π-dimers (260-R, 260-S, 2180) by Diamond software.



Figure S2. The isosurface for α and β spin electron density in the HOMO of the PLY2 and 2180. 



Figure S3 (a) Detailed comparison of WBI component in related carbon set (see Table S2). Not easily read the 

information in the table due to these points are confusing, so we will data in ascending order. (b) shows data 

ordering from small to big, for WBI component in 2180, there are two largest values (0.0465 and 0.0467) compared 

with a pair enantiomer (260-R and 260-S). Besides, there is also a smallest WBI value. The total WBI value of the 2180 

is largest, which shows that 2180 has a stronger covalent interaction than 260-R and 260-S.



Figure S4. DFT-calculated spin density distributions. For the two-electron forms, the spin density of 2180, 260-R and 

260-S are predominantly localized on heptagon of up-layer and down-layer. Corresponding analysis of spin density 

on the carbon atoms is presented in Table S3.



Table S1. The distances between the up-layer and the down-layer, the average Layer distance [Å] of π-dimers (260-

R, 260-S, 2180) at UM06-2X/6-31+G** level of theory.

*The distances between the atoms Cn (n=1-13) in up-layer and the down-layer.

C1
* C2

* C3* C4* C5* C6* C7* C8* C9* C10* C11* C12* C13* Layer

distance

2180 3.149 3.145 3.157 3.186 3.167 3.148 3.132 3.149 3.151 3.187 3.177 3.148 3.117 3.155

260-R 3.289 3.291 3.306 3.308 3.290 3.288 3.286 3.308 3.302 3.313 3.286 3.259 3.257 3.291

260-S 3.292 3.290 3.273 3.265 3.278 3.295 3.30 3.314 3.298 3.282 3.274 3.302 3.304 3.290



Table S2. The WBI components of π-dimers (260-R, 260-S, 2180) at M06-2X/6-31+G** level of theory. 

The total wiberg bond index (WBI) values of these dimers include seven WBI components by six sets peripheral 

carbon atoms (1, 2, 3, 4, 5 and 6) and the one pair center atoms (C1 and C1').

up-layer down-layer WBI

2180 1 C2/C3 C8'/C9' 0.0340

2 C4/C5 C10'/C11' 0.0350

3 C6/C7 C12'/C13' 0.0465

4 C8/C9 C2'/C3' 0.0342

5 C10/C11 C4'/C5' 0.0352

6 C12/C13 C6'/C7' 0.0467

C1 C1' 0.0074

260-R 1 C2/C3 C4'/C5' 0.0301

2 C4/C5 C6'/C7' 0.0407

3 C6/C7 C8'/C9' 0.0339

4 C8/C9 C10'/C11' 0.0372

5 C10/C11 C12'/C13' 0.0432

6 C12/C13 C2'/C3' 0.0463

C1 C1' 0.0040

260-S 1 C2/C3 C12'/C13' 0.0301

2 C4/C5 C2'/C3' 0.0217

3 C6/C7 C4'/C5' 0.0371

4 C8/C9 C6'/C7' 0.0413

5 C10/C11 C8'/C9' 0.0466

6 C12/C13 C10'/C11' 0.0319

C1 C1' 0.0040



Table S3. Spin density on the carbon atoms of π-dimers (260-R, 260-S, 2180) at UM06-2X/6-31+G** level of 

theory.

From the Table S3, Spin density for up-layer are localized on C9 and C11 of heptagon, corresponding Spin density 

for down-layer are localized on C9’ and C11’ of heptagon. We find that the spin density is related to WBI, since the 

largest WBI component value of is presents carbon atoms of heptagon.

2180 260-R 260-S

up-layer C9 0.2269 0.2716 -0.3519

C11 0.2279 0.3607 -0.3680

down-layer C9’ -0.2271 -0.3517 0.2712

C11’ -0.2278 -0.3683 0.3610



Table S4. The layer distances [Å] of studied π-dimers (2180, 260-R and 260-S) at different methods.

The geometry structures were optimized using the DFT methods without/with additional dispersion (M06-2X, 

B3LYP-D3, M06-D3 and B97D) in π-dimers (2180, 260-R and 260-S). It is found that different methods obtained same 

trend in the structure parameters.

Layer distance

              M06-2X M06-D3 B97-D2 B3LYP-D3

2180 3.155 3.191 3.065 3.159

260-R 3.291 3.418 3.104 3.324

260-S 3.290 3.421 3.105 3.318



Table S5. The EDA results (ΔEint, kcal mol-1) of studied π-dimers (260-R, 260-S, 2180) by M06-D3/TZ2P method.  

It is found that two functional (M062X-D3/TZ2P and M06-D3/TZ2P) obtained same trend in The EDA results. 

The ΔEorb value makes a major contribution to ΔEint.

ΔEelstat ΔEPauli ΔEdisp ΔEorb ΔEint

2180 -15.06 22.78 -13.62 -44.85 -50.76

260-R -9.22 10.42 -12.52 -29.88 -41.20

260-S -9.23 10.45 -12.53 -29.92 -41.22



Cartesian coordinates of the optimized structures of 2

(1) 20 π-dimer.

20            frequency=-44.95     The total energy = -1001.149
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(2) 260-R π-dimer.

260-R      frequency=18.72       The total energy = -1001.152
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(3) 260-S π-dimer.

260-S        frequency=18.75    The total energy = -1001.152
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(4) 2180 π-dimer.

2180        frequency=60.66       The total energy = -1001.159
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-1.880889

-2.821547

-1.191267

-2.655988

-0.131607

 0.978428

-0.250001

 0.947371

-2.521073



C

H

H

H

H

H

H

-3.002595

-0.521257

 3.550161

 2.077821

-3.394493

 3.268822

-4.078488

 0.997120

-1.455450

 0.949502

-0.973814

 2.476857

 2.766992

 0.869168

-1.065286

-3.481965

-1.531993

-3.170906

 0.399183

 0.145582

-1.151773


