
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

A Propargylbenzene Dimer: C–H···π Assisted π–π Stacking  

 

Aniket Kundu,‡ Saumik Sen‡ and G. Naresh Patwari∗∗∗∗ 

 

Department of Chemistry,  

Indian Institute of Technology Bombay,  

Powai, Mumbai 400 076 India.  

E-mail: naresh@chem.iitb.ac.in 

 

‡ Equal contribution 

 

  

Page 1 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



2 

 

Abstract 

The propargylbenzene dimer was investigated using mass selected electronic and infrared 

spectroscopy in combination with quantum chemical calculations. The IR spectrum in the 

acetylenic C–H stretching region indicates that the two propargylbenzene units in the dimer 

are in almost identical environment. Calculated stabilization energies at various levels of 

theory predict that the anti-parallel structure is the most stable isomer. The observed spectra 

are assigned to π-stacked structures which incorporate C–H···π interaction. The SAPT0 

energy decomposition analysis revels that electrostatics contributes around 35% while the 

rest is from dispersion. Comparison with the phenylacetylene and toluene dimer indicates that 

the higher stabilization energy of PrBz dimer can be attributed to the synergy between the π–

π stacking and C–H···π interactions. 
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1. Introduction 

Aromatic π–π stacking constitutes an important class of intermolecular interaction and is 

known to influence wide variety of phenomena in chemistry,
1
 biology,

2
 and material 

science.
3
 The key challenges are to understand its strength, orientational preference and 

inter conversion to structures which are close in energy but not necessarily π-stacked. 

The prototypical benzene dimer, has been a subject of intense debate over the past two 

decades. Experimentally only the tilted T–shaped structure has been observed,
4
 even 

though high-level ab-initio calculations indicate that parallel displaced π-stacked dimer 

is almost isoenergetic.
5
 A recent report suggests  that the free energy always favours the 

tilted T-shaped structure,
6
 however has been questioned.

7
 Electrostatic based Hunter-

Sanders π–π stacking model suggests that electron donating substituent on one of the 

constituent and electron withdrawing substituent on the other will lead to favourable π–π 

stacking.
8
 On the contrary, high-level ab-initio calculations suggest that any substitution, 

whether electron donating or electron withdrawing, will favour formation of π–π 

stacking.
9
 Adding to the debate is the π–π stacking in hetero-aromatic molecules such as 

pyridine and others.
10

 The bulk of the investigations on π–π stacking use theoretical 

methods and the role of dispersion vis-à-vis electrostatics is the one of the most pertinent 

question that is being addressed using a variety of theoretical methods.
11

  

Experimental investigations on gas-phase π-stacked dimers provide an excellent 

opportunity to address electronic effects and can be compared directly with the ab-initio 

calculations. However such reports are sparse and only three instances of π-stacked 

homo-dimers of substituted benzenes are reported. The π-stacked homo-dimers reported 

in the literature are (1) 1,2-difluorobenzene, using Fourier transform microwave 

spectroscopy,
12

 (2)  anisole, using high-resolution electronic spectroscopy
13

 and (3) 

phenylacetylene, using IR-UV double-resonance spectroscopy.
14

 These three examples 
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illustrate the fact that π-π stacking is feasible irrespective of the nature of the substituent 

(electron withdrawing or electron donating). In fact, it has been shown that even 

substitution of methyl group on the benzene ring favours the formation of π-stacked 

dimer.
15

 

To delineate the factors responsible for π–π stacking in benzene one of the 

experimental strategies that can be adapted is to investigate π–π stacking with minimum 

perturbation on the benzene and then extrapolate to zero perturbation. Under this 

strategy, propargylbenzene (3-phenyl-1-propyne; PrBz) would be an ideal choice to 

investigate π–π stacking due to the following reasons (a) the presence of an in-plane 

ethynyl group would be lower the conjugation than that in toluene and (b) the electron 

withdrawing nature of the ethynyl group on the Cα position would possibly compensate 

for the electron donating nature of the methyl group. The molecular structure of PrBz is 

shown in Fig. 1. Additionally, one of the interesting aspects of PrBz is that it combines 

the features of phenylacetylene and toluene. Herein, formation of a C–H···π assisted π–

stacked PrBz dimer is demonstrated using combination of spectroscopy and ab-initio 

calculations.  

 

2. Methods 

(A) Experimental 

The details of the experimental setup have been described elsewhere.
16

 Spectra were 

acquired using two-stage Wiley-McLaren time-of-flight (TOF) mass spectrometer 

coupled with supersonic jet expansion technique.  PrBz (Aldrich) kept at 25 ºC was 

doped in helium buffer gas at 4 atm and expanded through a 0.5 mm diameter pulsed 

nozzle (Series 9, Iota One; General Valve Corporation) operating at 10 Hz into a vacuum 

chamber operating at 10
-6

 Torr. The expanded molecular beam was crossed with the 
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frequency doubled output of a dye laser (Narrow Scan GR; Radiant Dyes) operating with 

the Coumarin-540A dye, pumped with third harmonic of a Nd:YAG laser (Brilliant-B; 

Quantel). Electronic excitation spectra were recorded using one-color resonant two-

photon ionization (1C-R2PI) spectroscopic technique by monitoring the appropriate mass 

ion signal in the TOF mass spectrometer using a channel electron multiplier (CEM-KBL-

25RS; Sjuts) and a preamplifier (SR445A; Stanford Research Systems). The signal from 

the CEM was digitized by a digital storage oscilloscope (TDS-1012; Tektronix), which is 

interfaced to a personal computer using a data acquisition program written in LabView. 

The integrated signal intensity is plotted against the wavelength to get the 1C-R2PI 

spectrum. The infrared spectra in the acetylenic C–H stretching region were obtained 

using ion-dip infrared (IDIR) spectroscopic technique.
17

 In this technique a pulsed UV 

laser excites and the ensuing 1C-R2PI signal is monitored as a measure of the ground 

state population. Prior to the UV laser, an IR laser is introduced, and its wavelength is 

scanned.  When the IR wavelength is resonant with a vibrational transition of the species, 

the IR absorption induces reduction of the population of the ground state, which is then 

detected as a decrease in the intensity ion signal intensity. The resultant spectrum is 

called or ion-dip infrared (IDIR) spectrum. In our experiments the source of tunable IR 

light is an idler component of a LiNbO3 OPO (Custom IR OPO; Euroscan Instruments) 

pumped with an injection-seeded Nd:YAG laser (Brilliant-B; Quantel). The typical 

bandwidth of both UV and IR lasers is about 1 cm
-1

 and the absolute frequency 

calibration is within ±2 cm
-1

. 

(B) Computational 

A detailed conformational search was carried by generating about 35 initial structures by 

taking snapshots from MM2 MD trajectory followed geometry optimization at M06-2X/aug-

cc-pVDZ level of theory,
18a

 which converged on to 15 structures. Geometry optimization was 
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followed vibrational frequency calculations at the same level of theory to evaluate the zero-

point energies and the vibrational frequencies of the systems and to verify nature of the 

minima obtained (presence of imaginary frequencies). Single point calculations were carried 

out using ωB97X-D and B2PLYP-D3 functionals,
18b,19

 and MP2 methods with aug-cc-pVDZ 

basis set. The stabilization energy was determined as the difference between the dimer energy 

and the sum of monomer energies. The calculated stabilization energies were corrected for 

the vibrational zero-point energy (ZPE) and the basis-set superposition error (BSSE) using 

counterpoise method. The BSSE correction was made after geometry optimization. A scaling 

factor of 0.9523 was chosen so as to match the experimental vibrational frequency of the 

PrBz monomer and the same scaling factor was used for the complexes. The analysis of the 

stabilization energies of various PrBz dimer structure was carried out using Symmetry 

Adapted Perturbation Theory (SAPT).
20

 The simplest of SAPT approach. i.e. SAPT0 with cc-

pVTZ basis set along with the cc-pVTZ-JKFIT basis for the Hartree-Fock and cc-pVTZ-RI 

basis for The SAPT procedure.
21

 The density fitting approach was used to reduce the 

computational expense. The main advantage of SAPT calculations is that it allows for the 

separation of interaction energy (ESAPT0) into physically well-defined components, such as 

those arising from the electrostatic (Eelec), induction (Eind) dispersion (Edisp) and exchange 

(Eexch) as given in equation (1) 

(10) (10) (20) (20) (20) (20)

0SAPT elec exch ind exch ind disp exch dispE E E E E E E
− −

= + + + + +     (1)  

The perturbative method SAPT0 treats the monomers at the Hartree–Fock level and then 

dissociates the overall intermolecular interaction energy into the different components using 

second-order perturbation theory. It has been found that the SAPT0 calculations with 

reasonable basis sets provide good estimates of stabilization energies.
21

 In the present 

analysis the exchange-induction and exchange-dispersion terms will be included to the parent 
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induction and dispersion terms. Spin component scaled (SCS)-SAPT0 calculations were also 

carried out and the energy decomposition in this case is given by equation (2).
22

  

(20) (20)

0 0SCS SAPT SAPT disp SCS dispE E E E
− −

= − +        (2) 

The interaction between the two PrBz monomers in the P1, P3 and P4 structures was 

analysed by the topographical study of electron density using the atoms in molecules (AIM) 

approach.
23

 In the present case the critical points of electron density distribution were 

obtained, characterized by the rank and trace of the Hessian matrix. A (3,-1) bond critical 

point (BCP) with a positive Laplacian for the electron density distribution at the BCP 

indicates the non-covalent interaction. The electronic energy density Hc, and its components, 

the local one electron kinetic energy density (Gc), and the local potential energy density (Vc), 

for the charge distribution at the BCP’s were also calculated. Geometry optimization and 

frequency calculations were carried out using the GAUSSIAN 09 suite of programs,
24

 SAPT0 

calculations were carried out using PSI4 ab-Initio package,
25

 and AIM analysis was carried 

out using AIM-2000 package.
26

 The structures and the vibrations were visualized by 

ChemCraft.
27

 

 

3. Results and Discussion 

The electronic excitation spectrum of PrBz (Fig. 2) shows an intense band at 37578 cm
-1

 

which corresponds to absorption from the zero point energy level of the ground state to zero 

point energy level of the first excited state, while the corresponding band for toluene occurs 

at 37477 cm
-1

.
28

 The electronic excitation spectrum for the PrBz dimer, also shown in Fig. 2, 

remains largely in the same wavelength region, however is considerably broadened. The 

broadening of the electronic transition can possibly be attributed to variety of factors such as 

(a) distributed Franck-Condon factors, which is important for the π-stacked structures due to 

presence of low frequency vibrations (b) multiple isomers and (c) excitonic coupling.
29
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IR spectra in the acetylenic C–H stretching region were selectively recorded for 

the PrBz and its dimer and the results are presented in Fig. 3. PrBz monomer shows a 

single band at 3336 cm
-1

 corresponding to the acetylenic C–H stretching vibration. 

Interestingly, the IDIR spectrum of the PrBz dimer (Fig. 3) also shows as single band 

at 3332 cm
-1

. The appearance of a single band in the IDIR spectrum of the PrBz dimer 

indicates that the local environment around the acetylenic groups in both the 

monomeric units of the dimer is almost identical. This spectrum also indicates that 

formation of PrBz dimer minimally perturbs the acetylenic C–H group in each of the 

monomers. 

Ab-initio/DFT calculations were used to interpret the vibrational spectrum to obtain the 

structure of PrBz dimer. A detailed conformational search resulted in 15 low energy 

structures at M06-2X/aug-cc-pVDZ level of theory, which are shown in Fig. 4. Table 1 lists 

ZPE and BSSE corrected stabilization energies at various levels of theory. The stabilization 

energies calculated at MP2 level are the highest, which can be attributed to overestimation of 

dispersion.
30

 For the various density functionals the energies calculated at ωB97X-D level are 

the highest followed by M06-2X and B2PLYP-D3. The PrBz dimers can be generally 

classified into three sets of structures. The first set consists of structures which are π-stacked 

along with noticeable C–H···π interaction (P1, P2, P3, P4, P11), while the second set consists 

of structures which exclusively π-stacked (P5, P6, P7, P8, P9, P10, P13, P14) and the third set 

consists structures which do not have any π–π stacking interaction and show C–H···π 

interaction (P12 and P15). Most of the π–stacked structures differ in the relative orientation 

of the two propargyl groups on each of the monomer. The relative stabilization energies of 

the first set is higher than the second followed by the third set. Even though there is 

substantial variation in stabilization energies calculated at various levels of theory, the 

stabilization energy ordering of various structure at all levels of theory is almost the same.   

Page 8 of 30Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



9 

 

The structure P1 is the global minimum at all levels of theory and is an anti-parallel π-stacked 

structure with zero dipole moment. 

As stated earlier, the appearance of a single band in the IDIR spectrum of the PrBz 

dimer indicates that the local environment around the acetylenic groups in both the 

monomeric units of the dimer is identical. The vibrational frequency calculations indicate that 

any of the P1, P3, P4, P6, P7, P8, P11 and P13 structures could be possible for PrBZ dimer. 

Among these the structures P6, P7, P8, P11 and P13 can be ruled out as they are at least 2 kJ 

mol
-1

 or higher in energy at all levels of theory used in this work. We had recently shown that 

under similar experimental conditions only the structures which are within 1 kJ mol
-1

 of 

global minimum are populated.
31

 Therefore it is reasonable to neglect all the structures which 

are above 2 kJ mol
-1

. Consequently, only the structures P1, P3 and P4 are considered. Table 

S1 (See ESI) lists the stabilization energies at HF and electron correlation levels without 

counterpoise correction at B2PLYP-D3/aug-cc-pVDZ method. In all the cases the electron 

correlation plays dominant role for the stabilization of the complexes, particularly for the 

three observed structures P1, P3 and P4. All the three structures are π-stacked and differ only 

by relative orientation of the two PrBz molecules. The present experiments cannot distinguish 

between any of the three structures. Therefore we assign the observed PrBz dimer to be 

originating from the three structures P1, P3 and P4. 

The energy decomposition for all the PrBz dimers (P1-P15) was carried out using cc-

pVTZ basis set using the simplest truncated model (SAPT0) and the results are listed in Table 

2. The SAPT0 interaction energies are marginally higher than the stabilization energies 

calculated at MP2/aug-cc-pVDZ level, while the SCS-SAPT0 interaction energies are 

comparatively lower than the stabilization energies calculated at M06-2X/aug-cc-pVDZ 

level. Further, the stabilization energies calculated at ωB97X-D /aug-cc-pVDZ level are lie 

between the SAPT0 and SCS-SAPT0 interaction energies. Furthermore, the stabilization 
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energies calculated at ωB97X-D /aug-cc-pVDZ level are comparable to the SCS-SAPT0 

interaction energies. Fig. 5 shows the SAPT0 energy decomposition for the six lowest energy 

structures (P1–P6). The P1 structures maximizes the electrostatic and induction components, 

which can be attributed to the anti-parallel alignment of two dipoles. Among the stabilizing 

components for the P1, P3 and P4 structures, electrostatics contributes about 39-36% while 

the rest is from dispersion. For all the three structures P1, P3 and P4 there is correlation 

between the dispersion and exchange components. The sum of dispersion and exchange 

energies are also plotted in Fig. 5, which indicates that these two components compensate for 

each other, therefore the net stabilization can be arrived without including these two 

components.  

Fig. 6 shows the molecular graphs following AIM (Atoms in Molecules) analysis for 

the P1, P3 and P4 dimers. The bond critical points (BCPs) indicate the presence of the both 

C···C (π–π stacking) and C–H···π interactions between the two monomers in all the three 

structures. The topological parameters are listed in Table 3 indicates interaction between 

closed shell molecules. The observed structures of the PrBz dimer (P1, P3 and P4) 

incorporate C–H···π interaction, which is well known for its stabilizing effect on in a variety 

of structures in chemistry and biology.
32

 AIM calculations point out the presence of π–π 

stacking between the two acetylenic units in the P3 structure in addition to the π–π stacking 

interaction between the phenyl rings. In the case of P4 structure, the π electron density of the 

C≡C bond is also involved in π–π stacking and C–H···π interactions.  

Since PrBz incorporates features of phenylacetylene and toluene it is only prudent to 

make a comparison between all the three dimers. The spectroscopy and the calculated 

structures of phenylacetylene dimer have been reported.
14,33

  However, in order to make 

direct comparison calculations on phenylacetylene dimer were carried out at same level of 

theory. Six unique π-stacked structures were identified, which are depicted in Fig. 7. Further, 
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Table 4 lists the ZPE and BSSE corrected stabilization energies calculated at various levels of 

theory. Even in the case of phenylacetylene dimer the anti-parallel structure (PA1) is the most 

stable.  The π-stacked structures of the phenylacetylene dimer are about 8-12 kJ mol
-1

 less 

stable than the π-stacked structures of PrBz dimer. This difference can be attributed to the 

existence of C–H···π interactions in the PrBz dimer, which are absent in the phenylacetylene 

dimer. In the case of toluene dimer the anti-parallel structure π-stacked structure which 

incorporates C–H···π interactions is the most stable, which has also been recalculated at the 

same level of theory used of PrBz dimer which enables direct comparison. The present set of 

calculations indicate that the stabilization energy of the toluene dimer is about 10-14 kJ mol
-1

 

lower than the most stable observed PrBz dimer.  It is interesting to note that at any level of 

calculation the stabilization energy of the most stable PrBz dimer (P1) is about 70% of the 

value obtained by the sum of stabilization energies of the most stable anti-parallel structures 

of the phenylacetylene and toluene dimers, even though PrBz dimer has only two benzene 

rings against four from phenylacetylene and toluene dimers. Therefore the stabilization of 

PrBz dimer can be attributed to the synergy between the π–π stacking and C–H···π 

interactions. The larger stabilization energy of PrBz dimer relative to phenylacetylene and 

toluene dimers can be attributed to larger cross-section of interaction for the PrBz dimer and 

displaced phenyl rings in the PrBz dimer allow the parallel interaction of aromatic C–H group 

with the C≡C bond.
34

  

 

4. Conclusions 

The IDIR spectrum of the PrBz dimer indicates that the local environment around the 

acetylenic groups in both the monomeric units of the dimer is identical with marginal change 

in observed C-H stretching frequency compared to PrBz monomer. Ab-initio and DFT 

calculations indicate that the anti-parallel structure is the most stable structure. The 
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broadening of the electronic excitation spectrum is attributed to several factors including 

formation of multiple isomers. The calculations indicate presence of three isomers with the 

energy band of 2 kJ mol
-1

, which have been assigned to the observed PrBz dimer. The 

observed PrBz dimer forms π–stacked dimers incorporating C–H···π interactions as well. 

Dispersion plays a dominant role in formation of PrBz dimer with significant contribution 

from electrostatics. The displaced phenyl rings enhance the stability of PrBz dimer due to 

interaction between the aromatic CH group and π electron density of the C≡C bond.  
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Notes 

Electronic Supplementary Information (ESI) available: Tables containing Hartree-

Fock and Electron correlation parts of stabilization energies and Cartesian coordinates 

of all the structures.  See DOI: 10.1039/c000000x/ 
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Table 1. ZPE and BSSE corrected stabilization energies (kJ mol-1), dipole moments 

(Debye) and the acetylenic C-H stretching frequencies (cm-1) for various structures of 

PrBz dimer. 

Structure M06-2X ωB97X-D B2PLYP-D3 MP2 µ νC-H
 

PrBz - - 
- 

- 0.49 3336 

P1 -31.7 -33.6 -26.8 -37.7 0.00 3334 

P2 (1) -28.9 -32.6 -25.3 -36.1 0.59 3303, 3324 

P3 -29.4 -32.3 -25.1 -34.9 0.89 3334 

P4 -27.7 -32.0 -25.3 -36.8 0.30 3333 

P5 -28.9 -31.3 -24.1 -35.1 0.39 3333, 3338 

P6 -26.6 -30.4 -23.6 -34.8 0.17 3333, 3334 

P7 -25.0 -28.8 -22.4 -34.1 0.52 3333 

P8 -25.2 -28.7 -22.1 -34.1 0.69 3335 

P9 (1) -25.16 -28.6 -22.0 -33.5 0.82 3304, 3315 

P10 -24.8 -28.0 -21.5 -32.5 0.83 3329, 3333 

P11 -21.1 -24.3 -19.1 -27.4 0.69 3332, 3333 

P12 (1) -20.0 -22.7 -18.5 -23.7 0.49 3311, 3333 

P13 -18.7 -20.6 -15.2 -25.9 0.00 3339 

P14 -14.6 -17.6 -12.5 -18.5 0.58 3317, 3334 

P15 -15.6 -16.6 -12.8 -17.3 0.41 3313, 3331 

Number of imaginary frequencies are shown in parenthesis.  
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20 

 

Table 2. SAPT0 interaction energy components (kJ mol-1) for various structures of PrBz 

dimer.  

Structure Eelec Eind Edisp  Eexch ESAPT0 ESCS-disp ESCS-SAPT0 

P1 -33.6 -9.3 -69.4 68.0 -44.4 -54.3 -29.2 

P2 -32.1 -8.0 -70.3 70.3 -40.2 -55.0 -24.8 

P3 -33.7 -8.3 -66.1 67.7 -40.4 -51.7 -26.0 

P4 -31.9 -7.9 -71.0 70.8 -39.9 -55.5 -24.5 

P5 -28.7 -8.1 -69.7 68.2 -38.4 -54.5 -23.2 

P6 -26.8 -7. 9 -70.7 68.3 -37.0 -55.2 -21.6 

P7 -26.5 -6.9 -71.2 69.2 -35.3 -55.7 -19.8 

P8 -27.6 -7.0 -72.3 70.5 -36.3 -56.6 -20.6 

P9 -27.8 -7.9 -68.9 69.6 -34.9 -53.9 -19.9 

P10 -27.1 -7.1 -68.4 68.1 -34.5 -53.5 -19.6 

P11 -23.7 -6.0 -51.7 50.7 -30.7 -40.4 -19.4 

P12 -26.3 -7.6 -43.5 46.9 -30.6 -33.9 -21.0 

P13 -15.8 -5.5 -63.5 59.1 -25.7 -49.6 -11.8 

P14 -13.5 -4.9 -42.3 40.8 -19.9 -33.0 -10.6 

P15 -21.9 -5.0 -36.2 41.4 -21.7 -28.3 -13.8 
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Table 3: Topological parameters at the intermolecular BCPs for the C···C and C–

H···C(π) contacts for P1, P3 and P4 structures of the PrBz dimer calculated at M06-

2X/aug-cc-pVDZ Level.  

  Distance (Å) ρ ∇∇∇∇
2(ρ) Gb Vb Hb 

P1 

C···C 3.389 0.0061 0.0043 0.0037 -0.0031 0.0006 

C–H···C(π) 

2.772 0.0077 0.0064 0.0054 -0.0045 0.0009 

2.752 0.0077 0.0062 0.0053 -0.0045 0.0008 

2.771 0.0077 0.0064 0.0054 -0.0045 0.0009 

2.751 0.0077 0.0062 0.0053 -0.0045 0.0008 

3.405 0.0052 0.0034 0.0029 -0.0024 0.0005 

3.355 0.0062 0.0043 0.0037 -0.0030 0.0007 

P2 

C···C 

3.405 0.0052 0.0034 0.0029 -0.0024 0.0005 

3.355 0.0062 0.0043 0.0037 -0.0030 0.0007 

3.239 0.0073 0.0052 0.0043 -0.0035 0.0008 

C–H···C(π) 

2.966 0.0063 0.0048 0.0038 -0.0029 0.0009 

2.794 0.0064 0.0051 0.0041 -0.0030 0.0011 

2.934 0.0067 0.0056 0.0046 -0.0037 0.0009 

P3 

C···C 

3.444 0.0050 0.0033 0.0028 -0.0023 0.0005 

3.496 0.0062 0.0039 0.0033 -0.0028 0.0005 

3.296 0.0071 0.0047 0.0040 -0.0032 0.0008 

C–H···C(π) 

2.762 0.0070 0.0051 0.0043 -0.0035 0.0008 

2.860 0.0063 0.0052 0.0041 -0.0030 0.0011 

2.948 0.0057 0.0044 0.0035 -0.0026 0.0009 

 

Page 21 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



22 

 

Table 4. ZPE and BSSE corrected stabilization energies (kJ mol-1) dipole moments 

(Debye) for various structures of phenylacetylene dimer and toluene dimer. 

Structure M06-2X ωB97X-D B2PLYP-D3 MP2 µµµµ    

PA1 -20.4 -22.3 -18.6 -29.4 0.00 

PA2 -19.2 -21.7 -18.0 -29.0 0.77 

PA3 -20.1 -21.5 -17.9 -29.7 0.94 

PA4 -17.5 -20.2 -16.9 -26.4 1.11 

PA5 -17.3 -19.6 -16.0 -26.2 1.24 

PA6 -14.4 -15.2 -11.9 -22.2 0.00 

TU1 -18.6 -21.0 -15.7 -25.2 0.00 

 

  

Page 22 of 30Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



23 

 

 

 

Fig. 1. The molecular structure of propargylbenzene (PrBz). 
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Fig. 2. The electronic spectra recorded using resonant two-photon ionization 

spectroscopic method for (A) PrBz and (B) PrBz dimer. The two spectra (A) and (B) 

were recorded by monitoring mass signals at 116 and 232 Da, respectively. 
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Fig. 3. The IDIR spectra in the acetylenic C–H stretching region for (A) PrBz and (B)  

PrBz dimer. The two spectra were recorded by monitoring mass signals at 116 and 232 

Da, following selective excitation at 37588 and 37537 cm
-1

, respectively. 
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Fig. 4.  Structures of PrBz dimer optimized at M06-2X/aug-cc-pVDZ level. ZPE and BSSE 

corrected stabilization energies (kJ mol
-1

) at ωB97X-D/aug-cc-pVDZ level of theory are 

shown in parenthesis (see Table 1).  
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Fig. 5. SAPT0 energy partitioning for the six lowest energy structures (P1–P6) of 

PrBz dimer (see Table 2). 

  

Page 27 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



28 

 

 

 

Fig. 6. Molecular graphs for PrBz dimer structures P1, P3 and P4 calculated at M06-2X/aug-

cc-pVDZ level.  For the sake of clarity only the bond critical points are shown. Arrows point 

the intermolecular bond critical points. 

  

Page 28 of 30Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



29 

 

 

 
 

  

PA1 (-22.3) PA2 (-21.7) PA3 (-21.5) 

 

 
 

 
 

PA4 (-20.2) PA5 (-19.6) PA6 (-15.2) 

 

 

 

 

 TU1 (-21.0)  

 

Fig. 7.  Structures of π-stacked phenylacetylene dimers and toluene dimer optimized at 

M06-2X/aug-cc-pVDZ level. ZPE and BSSE corrected stabilization energies (kJ mol
-

1
) at ωB97X-D/aug-cc-pVDZ level of theory are shown in parenthesis (see Table 4). 
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Infrared spectrum of the size-selected 

propargylbenzene dimer suggest formation 

of a π-stacked dimer. 
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