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Abstract: This paper reports a Hirshfeld surfaces analysis of crystalline 2- and 4-methylmethcathinone 

(2-MMC and 4-MMC) hydrochlorides to analyze NH∙Cl and CH∙∙∙Cl intermolecular interactions and 

approve the formation of the NН2
+–Cl– salt fragment in both 2-MMC∙HCl and 4-MMC∙HCl crystals. 

Two isomeric dimers were separated from the corresponding crystal packing to model IR spectra of the 

crystalline 2-MMC∙HCl and 4-MMC∙HCl species within the framework of density functional theory 

(DFT) and B3LYP/6-31G(d,p) approach. All observed IR bands were assigned and interpreted in the 

experimental spectra of the 2-MMC∙HCl and 4-MMC∙HCl standard crystal samples representing an 

important aspect of the forensic problem solvation. A detailed analysis of the nature of IR spectra for 

both isomers has shown that intermolecular interactions between the NН2
+ and Cl– ionic moieties occur 

in two crystalline samples. The presence of the ionized form of the 2- and 4-MMC∙HCl compounds 

with the NН2
+Cl– fragment is a key condition for the correct reproduction of the IR spectra when 

calculating the corresponding dimer structures as a model of a crystalline sample. 

Keywords: 2-methylmethcathinone hydrochloride; 4-methylmethcathinone hydrochloride; IR 

spectrum; Hirshfeld surfaces analysis; DFT calculations; Bader’s QTAIM analysis. 
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1. Introduction 

Cathinone (2-amino-1-phenyl propanone) is an alkaloid responsible for khat 

intoxication [1,2]. This class of compounds can be considered β-keto analogs of amphetamine 

(1-phenylpropan-2-amine) because of its almost identical structure (Figure 1) [3]. The 

molecular skeleton of cathinone represents a polyfunctional backbone that can be easily 

modified in several predictable manipulations, including aromatic ring substitution, N-

alkylation, or/and variation of the alkyl substituents in the structure of cathinone (Figure 1). 

Such simple structural manipulations lead to new designer cathinone derivatives with similar 

stimulant effects and represent an active research area [4–10]. Several cathinones such as 

amfepramone [11,12], bupropion [13,14], and pyrovalerone [15,16] are used in pharmacology. 
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However, most of the newly synthesized cathinones are gaining popularity as a legal alternative 

to illicit drugs of abuse. 

By the end of 2021, 830 new psychoactive substances (NPS) were monitored by 

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). Among them, there 

are 209 cannabinoids and 156 cathinone. Totally 46 NPS were first reported in 2020. Since 

2015, about four hundred previously unreported NPS appeared on the European market each 

year. Therefore, the development of the analytical method is of great importance for forensic 

medical examination in cases of drug trafficking [17–21]. X-ray diffraction, NMR, and 

vibrational spectroscopy are generally used for structure determination and finger printing, i.e., 

identifying unknown compounds [22]. The electrophoretic (capillary electrophoresis) and 

chromatographic (gas and liquid chromatography) techniques are the most important tools for 

the separation of chiral drugs on an analytical scale, i.e., for analysis of their enantiomeric 

purity [23–26]. Gas chromatography-mass spectrometry (GC–MS) provides a reliable analysis 

platform commonly used in forensic chemistry to identify controlled substances [27]. In this 

respect, quantum chemical calculations can efficiently predict the structure and spectra of 

newly synthesized and insufficiently experimentally characterized cathinone [28–32]. 

 
Figure 1. The structure of amphetamine, 2-methylmethcathinone and 4-methylmethcathinone. The cathinone 

backbone is given along with four regions where functionalization is possible. 

In our recent density functional theory (DFT) study of 1-(4-chlorophenyl)-2-

(ethylamino)propan-1-one (4-chloroethylcathinone or 4-CEC) hydrochloride, it was proven 

that the presence of the NН2
+Cl– fragment in the ionized form of the 4-CEC is a key condition 

for the correct reproduction of the IR spectrum of a crystalline 4-CEC sample [33]. Since the 

N-methyl derivatives or methcathinone were the most commonly abused synthetic drugs [34], 

a further quantum chemical computational analysis of the electronic descriptors should be 

performed. Analytical, chemical, and pharmaceutical data of methcathinone including 2-

(methylamino)-1-(4-methylphenyl)propan-1-one or 4-methylmethcatinone and it’s 2- and 3-

methyl methcathinone isomers were reported in Refs. [35–41]. 

The most popular and accessible drug mephedrone (4-methylmethcathinone, 4-MMC) 

is synthesized in the form of free base cathinone (4-MMC) and the form of more stable salt 

compound 4-methyl methcathinone hydrochloride (4-MMC∙HCl). The experimental IR 

spectrum of 4-ММС (vapor phase) and 4-MMC∙HCl (crystals of the salt) have been detected 

in Ref. [36], but without assignment of the bands’ origin. Power et al. [37] have presented IR 

spectra of three synthesized 2-, 3- and 4-isomers of methyl methcathinone hydrochlorides and 

have shown that these spectra can be used to discern these three compounds with analytical 

accuracy. In Refs. [36,37,40,41], however, not much attention has been paid to the analysis of 

the high-frequency IR region, where valence stretching N–H∙∙∙Cl and C–H∙∙∙Cl are revealed, 

and assignments of some IR bands are doubtful.  
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In a recent study [42], the quantum-chemical calculations of IR, UV, and NMR spectral 

properties based on the density functional theory [43] are presented. Starting from the initial 

molecular geometries obtained by the PM3 approach [44,45], we have predicted the DFT-

optimized structure of the 4-MMC isomer as the gas-phase molecule by complete calculation 

of its force field the corresponding global minimum on the potential energy surface in the 

multidimensional space of all internal variables. On such backgrounds, we have simulated and 

assigned all vibrational modes in the IR spectrum of the 4-MMC molecule. This psychotropic 

substance's DFT calculated IR spectrum really does contain all absorption bands corresponding 

to frequencies and relative intensities of the measured experimental vapor-phase IR spectrum 

of the 4-MMC isomer being the synthesized standard sample [36]. However, starting from 

initial molecular geometries generated by the PM3 method [44,45] for the salt structure of 4-

MMC∙HCl cathinone, the DFT approach comes to HCl coordination with the oxygen atom of 

the carbonyl group of methcathinone, which does not correspond to the X-ray diffraction data, 

obtained in the study of Nycz et al. [40]. These authors [40] (besides the X-ray diffraction data) 

have also studied the FTIR absorption spectrum of 4-MMC salt powder. However, they have 

assigned only a few simplest characteristic bands in their FTIR spectrum. 

Here we represent a detailed interpretation of the IR spectra of 2- and 4-methyl 

methcathinone (shortly named 2-MMC and 4-MMC) hydrochloride crystalline samples with 

the DFT method taking into account X-ray data. Crystal structures of 2-MMC∙HCl and 4-

MMC∙HCl are available in Refs. [40,41]. The Hirshfeld surfaces analysis of crystalline 2-MMC 

and 4-MMC hydrochlorides is performed here to analyze the intermolecular interactions and 

correctly select the corresponding dimer structures as models for the reproduction of the 

experimental IR spectra by the DFT method. 

2. Materials and Methods 

2.1. Computational details. 

The Hirshfeld surface analysis (HSA) of the studied 2-and 4-MMC crystals and their 

corresponding 2D fingerprint plots were performed using the Crystal Explorer 21.5 software 

at a very high resolution [46]. The HSA represents a simple and aesthetically pleasing approach 

for the identification and representation of all close atomic contacts in crystals. 

According to HSA, the molecular density at each point r among the atoms of the 

molecule (promolecule density) is written as [47,48] 

=
i

at
i

pro rr )()( 

,                                  (1) 

where the individual 
)(rat

i  is spherically averaged ground-state atomic densities. 

A sharing function for each atom in a molecule is defined as  

).()/()( promol rrrw at
аа =                              (2) 

In this context, the electron density of an atomic fragment produces the following 

relation  

),()()( mol rrwr aа  =                                    (3) 

where )(mol r represents the molecular electron density. 

A weight function of a molecule in a crystal can be written as 

).()/()( procrystalrrrw promol
А =                     (4) 
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The Hirshfeld surface (Figure 2) is visualized by the normalized contact distance 

(dnorm), which is defined in terms of external and internal distances (de and di, respectively), 

and the van der Waals radii (vdW) of atoms is computed with the following equation [46–48]: 

vdW
e

vdW
ee

vdW
i

vdW
ii

norm
r

rd

r

rd
d

−
+

−
=

,                      (5) 

where 
vdW

ir  and 
vdW

er  are the van der Waals radii of the appropriate atoms internal and external 

to the surface, respectively. The contacts with distances equal to the sum of the vdW radii are 

indicated in white in Figure 2, and the contacts with distances shorter or longer than vdW radii 

are represented in red and blue, respectively. 

To simulate intermolecular interactions in the crystal, the quantum chemical DFT 

[49,50] calculations were carried out for the dimers isolated from the 2- and 4-MMC crystal 

structures. The structures of the studied dimers were optimized at the B3LYP/6–31G(d,p) 

[43,51,52] level of theory using the Gaussian 16 package [53]. Vibrational frequencies and the 

corresponding IR intensities were calculated for the optimized geometry of the 2- and 4-

MMC∙HCldimers at the same computational level. 

To compare the calculated spectrum with the experimental IR spectrum of compounds 

2-MMC and 4-MMC, the calculated vibrational frequencies were scaled with different scale 

factors for two optical regions: 0.945 for high-frequency valence vibrations and 0.97 for the 

1700–500 cm–1 spectral region. The scale factors were estimated as the averaged ratio between 

the experimentally observed and DFT-calculated frequency of all bands in a particular IR 

region. We should note that similar values of the scaling factors were obtained before and are 

typical for many organic molecules in the corresponding spectral regions [54–58]. The 

calculated IR spectra of the 2- and 4-MMC∙HCl dimers were constructed using the SWizard 

4.6 program [59] (with the Lorentzian distribution function). The detailed assignment of all 

fundamental modes in the IR spectra was obtained from the calculated vibrational animation 

with the GaussView 6.0 program [60], which visualizes vibrational movements. 

Non-covalent interaction parameters for the 2- and 4-MMC∙HCl dimers were calculated 

within the framework of the Bader method “Quantum Theory of Atoms In Molecules” 

(QTAIM) [61] using the AIMAll software [62]. The energies of non-covalent bonds (E) were 

estimated by the Espinosa-Molins-Lecomte (EML) equation [58–65]: 

E = 0.5 ν(r),     (6) 

where ν(r) is the potential energy density value in the corresponding (3, -1) bond critical point 

[61]. 

3. Results and Discussion 

3.1. Hirshfeld surface (HS) analysis. 

To gain insight into the nature of the intermolecular contacts stabilizing the crystal 

structures of the 2- and 4-MMC∙HCl and to explain the peculiarities of the influence of these 

intermolecular interactions on their IR spectra, the HS analysis was carried out. The 

hydrochloride salts of 2-MMC and 4-MMC crystallize in the orthorhombic (Pbca) and 

monoclinic (P21/n) space groups [40,41], respectively. The cell packing and HS of the 2- and 

4-MMC∙HCl are presented in Figure 2. It includes several dimers; one has to stress also 

different types of the N–H–Cl interactions of the N-H group with its counter anion and those 
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links with another Cl anion from the neighboring molecule (the second cation partner in the 

dimer). The late intermolecular link is denoted as N–H∙∙∙Cl bonding. 

As one can see in the Hirshfeld dnorm surface plot for both 2- and 4-MMC (i.e., 2- or 4-

MMC cation and chlorine ion), the N–H∙∙∙Cl interactions between the chlorine ion and the 

hydrogen atom of the amino group of the neighboring cation represent the most prominent 

intermolecular contacts with distances of 2.466 and 2.226 Å in 2- and 4-MMC crystals, 

respectively, and are indicated as dark red spots in HS. The shortest contacts 2.272 and 2.182 Å 

in crystals of 2- and 4-MMC, respectively, can be considered as N–H–Cl intramolecular 

interactions between the hydrogen atom of the amino group of 2-MMC/4-MMC cation 

connected directly with its native chloride ion; therefore, these contacts are not indicated by 

the red spot on the HS. The other contacts 2.920 and 2.591 Å in 2-MMC crystal and 2.643 and 

2.867 Å in 4-MMC crystal, correspond to the CH∙∙∙Cl link contacts. 

 
 

a b 

Figure 2. Hirshfeld dnorm surface of the intermolecular interactions for 2-MMC (a) and 4-MMC (b); green Cl, 

blue N, red O, grey C atoms. 

Figure 3 shows a 2D fingerprint plot detailing the percentage at which each meaningful 

contact occurs, including an overall plot of all contacts. For both 2-MMC and 4-MMC, the 

H∙∙∙H interactions appear as the largest region (55.1 and 53.7 %, respectively) of the fingerprint 

plot with a high concentration at de = di ~1.2 Å. The Cl∙∙∙H interactions in the fingerprint plot 

are pictured by the two distinct spikes of equal lengths. The contribution to the total surface 

area for Cl∙∙∙H contacts is 19.4% for 2-MMC and 21.0% for 4-MMC. The C∙∙∙H contacts 

contribute 16.2% when the methyl group is at meta position on the phenyl ring (2-MMC) and 

13.7% in the case of para-substituted phenyl ring (4-MMC) and show the two pairs of 

characteristic wings in the fingerprint plot (Figure 3). In addition, the O· ·H contacts are present 

in the wide central part of the HS with contributions of 8.9 and 11.0% for 2- and 4-MMC, 

respectively. The contribution of the C∙∙∙C contacts, responsible for the π-π stacking 

interactions, reaches only 1%. This indicates that the supramolecular arrangement in both 

crystals is mainly due to the hydrogen bonds discussed above. 
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Figure 3. Fingerprint plots for 2-MMC and 4-MMC (The de and di denote the external and internal distances, 

respectively). The relative contributions of the particular intermolecular interactions on the HS (%) are 

presented in two low-lying rows. 

3.2. Structural features in the 2- and 4-MMC∙HCl dimers, DFT results. 

The experimental 2- and 4-MMC dimer structures are shown in Figure 4. The optimized 

structures with the numbers of atoms specified by the program are shown in Figure S1 in 

Supplementary Information, SI. The calculated structural parameters were compared with the 

corresponding experimental data obtained by X-ray diffraction analysis of the compounds 2- 

and 4-MMC in Refs. [40,41]. Relevant structural data (bond lengths and angles) for the dimer 

1 and 2 of the 2-methyl methcathinone hydrochloride and one dimer of the 4-methyl 

methcathinone hydrochloride are presented in Tables S1 and S2 in SI, selected intermolecular 

distances for the dimers 1 and 2 of 2-MMC∙HCl are given in Table 1. 

Both dimers of the 2-MMC compound, selected from the elementary cell, have close 

bond lengths, bond-, and torsion angles (Table S1 in SI), but different intermolecular distances 

between chlorine atoms and hydrogen and oxygen atoms of the neighboring molecule 

(Table 1). In the optimized dimers structures of the 2- and 4-MMC, the N–HCl and N–H bonds 

become longer; the C–H bonds of the methine groups are also stretched, and the H–Cl bonds 

become shorter (Table S1). This is because the dimer model does not take into account the 

equivalent intermolecular forces in all directions from the whole crystalline medium and leads 

to a different conformation of the molecule, which in this case, is the most energetically 

advantageous.  

  
a 
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b 

Figure 4. The structures of the corresponding dimers selected from crystals of 2-MMC (a) and 4-MMC (b). 

Selected bond lengths (Å) theoretically calculated (top number) and experimental (bottom number indicated in 

bold) values for the dimers. Oxygen atoms are in red color; Chlorine atoms are in turquoise; Nitrogen atoms are 

in blue. 

The rest of the bond lengths, bond-, and torsion angles are well reproduced by quantum 

chemical calculations. 

Table 1. Selected intermolecular distances (Å) for the dimer 1 and dimer 2 of 2-MMC∙HCl calculated at the 

B3LYP/6-31G(d,p) theory level 

Structural 

parameters 

Dimer1 Dimer2 

theor. 
exp., 
[41] 

theor. 
exp., 
[41] 

NH4 (1)∙∙∙Cl 59 (2) 
NH33 (2)∙∙∙Cl 60 (1) 

2.307 
2.307 

2.466 
2.466 

4.736 
4.777 

5.044 
5.044 

NH3 (1)∙∙∙Cl 59 (2) 

NH32 (2)∙∙∙Cl 60 (1) 

3.774 

3.775 

3.661 

3.661 

4.491 

4.510 

4.345 

4.345 

Cl 60 (1)∙∙∙H50 (2) 
Cl 59 (2)∙∙∙H21 (1) 

2.981 
2.981 

2.920 
2.920 

5,176 
5.177 

5.066 
5.066 

H17 (1)∙∙∙Cl 59 (2) 
H46 (2)∙∙∙Cl 60 (1) 

4.891 
4.903 

4.684 
4.684 

2.589 
2.589 

2.591 
2.591 

H14Ar (1)∙∙∙Cl59 (2) 
H43Ar (2)∙∙∙Cl60 (1) 

6.162 
6.201 

5.930 
5.930 

3.049 
3.049 

3.243 
3.243 

O1 (1)∙∙∙Cl 59 (2) 
O30 (2)∙∙∙Cl 60 (1) 

3.475 
3.475 

3.475 
3.475 

5.197 
5.179 

5.236 
5.236 

Number of molecules in the dimer are shown by bold digits in brackets. 

 

Short intermolecular contacts NH∙∙∙Cl and intramolecular contacts NH–Cl in dimers of 

the 2-ММС and 4-MMC (Table 1 and Tables S1 and S2 in SI), calculated with DFT/B3LYP/6-

31G(d,p) approach, are in good agreement with the X-ray data. The Hirshfeld surfaces analysis 

of the intermolecular interactions for the crystalline 2-MMC compound. In the optimized 

structure of the 4-MMC dimer, as well as in the experiment [40], one short intermolecular 

contact NH34(2)∙∙∙Cl 1(1) (calc.: 2.105 Å, exp.: 2.226 Å) and intramolecular contacts NH4–

Cl 1 and NH33–Cl 2 (calc.: 1.992 and 1.993 Å, respectively, exp.: 2.182 Å) were found in 

notable disagreement. Thus, in the dimer 4-MMC structure, three N–H bonds are under the 

influence of chlorine atoms. Only one N3–H5 bond, which does not participate in the salt 

formation, can participate in the vibrational process as a free bond.  

3.3. Bader’s QTAIM analysis.  

In order to characterize the non-covalent chemical interactions, the topological 

characteristics of the electron density were calculated for the 2- and 4-MMC dimers (Figure 4) 

at the (3, -1) critical points using the Bader’s QTAIM approach. It was found that for both 2- 

and 4-MMC dimers, strong NH∙∙∙Cl contacts take place (Figure 4). According to QTAIM 

analysis, these NH∙∙∙Cl contacts have the positive values of the electron density Laplacian 
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∇2ρ(r) > 0 and the negative values of the Cremer–Kraka electron energy density he(r) < 0; that 

allows us to classify these bonds as an intermediate type of interactions (Table 2). Another two 

parameters, namely bond ellipticity (ε) and delocalization index (DI) can shed light on the 

bonding characteristics in 2- and 4-MMC dimers. Large ellipticity values indicate structural 

instability and vice versa. All NH∙∙∙Cl contacts have reasonably small ellipticity values (Table 

2), indicating cylindrically symmetrical bonds and dynamically stable binding character of the 

NН2+–Cl– salt fragments. The delocalization index values elaborate on this bonding nature and 

determine the measure of the electron density concentration in the interatomic region. In the 

case of the 2-MMC dimer, the total energy values of the NH∙∙∙Cl contacts estimated by the 

EML formula (Eq. 6) are –8.53 kcal mol–1 for NH32–Cl 59/NH3–Cl 60 and –4.20 kcal mol–1 

for NH4∙∙∙Cl 59/NH33∙∙∙Cl 60 contacts (Table 2). For the 4-MMC dimer, the energy of the 

NH∙∙∙Cl contacts is –11.23 kcal mol–1 for the NH4–Cl 1 link and –7.15 kcal mol–1 for the 

NH34∙∙∙Cl 1 contact (Table 2). 

Table 2. Topological characteristics of the non-covalent bonds calculated by the QTAIM method for the 2- and 

4-MMC dimers. 

Bond d, Å 
ρ(r), 

3

oe a− 1 

ν(r), 

a.u. 

g(r), 

a.u. 

he(r), 2 

a.u. 

2 ρ(r), 
5

oe a−
 

E, 

kcal/mol 
ε DI 

2-MMC (Dimer 1) 

NH32–Cl59 
NH3–Cl60 

2.023 
2.272 

0.0405 –0.0272 0.0221 –0.0051 0.0676 –8.53 0.0118 0.174 

NH4 (1)∙∙∙Cl59 (2) 
NH33 (2)∙∙∙Cl 60 (1) 

2.307 
2.466 

0.0223 –0.0134 0.0127 –0.0007 0.0483 –4.20 0.0322 0.115 

Cl59 (2)∙∙∙H21C18 (1) 
Cl60 (1)∙∙∙H50C47 (2) 

2.981 
2.920 

0.0067 –0.0030 0.0040 0.0010 0.0201 –0.94 0.0268 0.043 

2-MMC (Dimer 2) 

Cl59 (2)∙∙∙H17C16 (1) 

Cl60 (1)∙∙∙H46C45 (2) 

2.589 

2.591 
0.0134 –0.0074 0.0083 0.0009 0.0363 –2.32 0.0250 0.085 

4-MMC (Dimer 1) 

NH4–Cl1 
1.992 

2.182 
0.0495 –0.0358 0.0273 –0.0085 0.0753 –11.23 0.0079 0.196 

NH34(2)∙∙∙Cl1 (1) 
2.105 

2.226 
0.0329 –0.0228 0.0202 –0.0026 0.0705 –7.15 0.0303 0.133 

1 a0 is the Bohr radius; 2 he(r) = ν(r) + g(r), where g(r) is the kinetic energy density at the (3, –1) critical 

point;1/4∇2ρ(r) = 2g(r) + ν(r). Experimental X-ray data [40, 41] are highlighted in bold. Bold symbol denotes the 

number of molecule in the dimer. 

 

Both 2- and 4-MMC crystals are also stabilized by weak closed-shell non-covalent 

CH∙∙∙Cl contacts, which were predicted in dimers with ∇2ρ(r) > 0 and he(r) > 0 (Table 2). In the 

2-MMC crystal, each chlorine atom is held by the two CH∙∙∙Cl bonds (dimers 1 and 2), 

characterized by relatively small ellipticity values and a low concentration of electron density 

in the inter-atomic space (Table 2). The bond energy of CH∙∙∙Cl contacts in 2-MMC is in the 

range of (–2.32 till –0.94) kcal mol–1 (Table 2). The 4-MMC crystal also contains weak CH∙∙∙Cl 

contacts (2.643 Å and 2.867 Å, Figure 2) with an energy of about 2 kcal mol–1. 

Thus, the topological consideration of the 2- and 4-MMC dimers allows the prediction 

of electronic peculiarities for the non-covalent bonds occurring in crystals. The presence of 

NH∙∙∙Cl and CH∙∙∙Cl contacts mainly contributes to a specific arrangement of molecules in the 

2- and 4-MMC crystal packing. 
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3.4. IR spectra of the 2- and 4-MMC dimers. 

Numerical values of some vibrational frequencies and IR absorption intensities, 

together with their assignment in the calculated IR spectrum of 2-MMC (dimer 1 and dimer 2) 

and 4-MMC dimer, are shown in Tables 3 and 4. The complete Tables for all calculated modes 

are presented in Tables S3–S5 in SI. 

 

Table 3. Calculated frequencies, IR intensities, experimental data, and assignment of selected vibrational modes 

for the dimer 1 and dimer 2 of 2-MMC∙HCl determined at the B3LYP/6-31G(d,p) theory level. 

Dimer 1 Dimer 2 

Exp. [37] Assignment DFT freg. 

calc. 
IIR 

DFT freq. 

calc. 
IIR 

– – 3387 59 
3372 

[41] 
N–H4 str., 1 

– – 3379 65 3372 [41] N–H33 str., 2 

3037 23 3034 34 3024 C–HAr str., 2 

3024 25 3018 14 3024 C–HAr str., 1 

2996 10 2997 4 2984 CH3 str., as., 2 

– – 2985 132 2984 C42Ar–H43 str. (2)∙∙∙Cl 60 (1) 

– – 2984 92 2984 C13Ar–H14 str. (1)∙∙∙Cl 59 (2) 

2961 22 2962 15 2959 CH3 Ar  str., as., 2 

2960 19 2962 17 2959 CH3 Ar  str., as., 1 

2933 110 – – 2920 

C22H3str., s.,1,N–H4 (1)∙∙∙Cl 59 

(2) str., C51H3str., s., 2, N–H33 

(2)∙∙∙Cl 60 (1) str., ooph. 

– – 2933 6 2920 C22H3 str., s., 1 

– – 2932 6 2920 C51H3 str., s., 2 

2899 51 2895 8 2895 C18H3 str., s., 1, C47H3 str., s., 2 

2882 35 2887 21 2895 CH3 Ar str., s., 1 

2882 12 2887 21 2895 CH3 Ar  str., s., 2 

– – 2878 158 2895 C45–H46 str. (2)∙∙∙Cl 60 (1) 

– – 2876 83 2895 C16–H17 str. (1)∙∙∙Cl 59 (2) 

2774 280 – – 2742 

N–H4 (1)∙∙∙Cl 59 (2) str., C16–

H17 str., 1,  
N–H33 (2)∙∙∙Cl 60 (1) str., C45–

H46 str., 2 

2753 256 – – 2742 

N–H4 (1)∙∙∙Cl 59 (2) str., C16–

H17 str., 1, N–H33 (2)∙∙∙ 

Cl 60 (1) str., C45–H46 str., 2 

– – 2451 749 2451 
N–H3–Cl 60 str., 1, N–H32–Cl 59 

str., 2, ooph. 

– – 2364 109 2361 
N–H3–Cl 60 str., 1, N–H32–Cl 59 

str., 2, iph. 

2458 805 – – 2451 

N–H3–Cl 60 str., 1, N–H32–Cl 59 

str., 2, ooph.,  

N–H4 (1)∙∙∙Cl 59 (2) str., 1, N–
H33 (2)∙∙∙Cl 60 (1) str., 2 

2419 4 – – 2361 

N–H3–Cl 60 str., 1, N–H32–Cl 59 
str., 2, iph.,  

N–H4 (1)∙∙∙Cl 59 (2) str., 1, N–

H33 (2)∙∙∙Cl 60 (1) str., 2 

1714 272 1691 224 1696 С=О str., NH2 scis., 1, 2, ooph. 

1712 113 1691 92 1696 С=О str., NH2 scis., 1, 2, iph. 

1621 0.004 – – – NH2 scis., 1, 2, iph. 

1591 17 1606 18 1600 С=С str., s., 2 

1591 12 1606 19 1600 С=С str., s., 1 

1571 35 1574 42 1572 NH2 scis., 1, 2, ooph. 

1558 9 1536 85 1550 С=С str., s., 1 

1558 52 1536 38 1550 С=С str., s., 2 

1470 0.2 1488 31 1489 С=С str., as., 2 

1467 9 1487 30 1489 С=С str., as., 1 

1459 122 1463 43 1459 CH3 def., as., NH2 wag., 1,2, ooph. 

1450 93 1452 88 1459 CH3 def., as., NH2 wag., 1,2, ooph. 

1427 95 1430 47 1430 CH3 def., as., NH2 wag., 1, 2 

1418 23 1419 1 1417 С=С str., as., CH3 Ardef., as., 1, 2 
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Dimer 1 Dimer 2 

Exp. [37] Assignment DFT freg. 

calc. 
IIR 

DFT freq. 

calc. 
IIR 

1376 42 1388 55 1380 CH3 def., s., NH2twist., 1, 2 

– – 1336 15 1336 NH2 twist., CH bend.,1, 2 

1308 30 1294 8 1300 NH2 twist., CH bend.,1, 2 

1293 12 1294 17 1300 С=С str., as. Kekule, 1, 2 

1292 12 1293 13 1300 С=С str., as. Kekule, 1, 2 

1268 34 – – 1246 
СAr–С str., 1,2, ooph., CCHAr 

bend, CH bend. 

1221 54 1220 70 1200 СAr–С str., CH bend., 1, 2, iph. 

1191 155 1220 123 1200 СAr–С str., CH bend., 1, 2, ooph. 

1094 68 1101 124 1095 
С–N str., CH bend., CH3 twist., 1, 

2, ooph. 

1048 15 1042 7 1049 CH3 Ar rock., 1, 2 

1034 14 1031 26 1030 
С–СH3 str., N–CH3str., C–N str., 
1 

– – 1005 7 1007 
N–CH3 str., C–N str., ooph., 
CCHAr oop. bend., 2 

1013 43 – – 1007 С–СH3 str., N–CH3str., ooph., 1, 2 

970 143 971 30 973 
С–С str., CHAr oop. bend., CH3 

rock., 2 

– – 942 137 947 
С–С str., ring def., CH3 rock., 

CCHAr oop. bend., 1 

944 13 – – 947 CCHAr oop. bend., 2 

852 11 850 30 845 C–N str., 1, 2, ooph. 

788 11 786 28 781 CCHAr oop. bend., 1. 

755 40 755 47 752 CCHAr oop. bend., 1, 2, ooph. 

732 16 726 12 728 CCHAr oop. bend., iph., 2 

675 13 671 11 671 CCHAr oop. bend., 1 

641 7 634 1 636 Ring def., ip., as., CNC bend., 2 

568 3 560 6 564 Ring def., ip., as., CNC bend., 2 

526 12 527 25 524 CCHAr oop. bend., 2 

Abbreviations: DFT freq. calc.. – calculated frequency with scale factor, cm–1; exp. – experimental; IІR – calculated 

IR intensity, km/mol; Ar – aryle; def. – deformation; str. – bond stretching; rock. – rocking, twist. – twisting, wag. 

– wagging, bend. – bending, scis. – scissoring deformation vibrations; s. – symmetric and as. − asymmetric 

vibrations; ooph. – out-of-phase; iph. – in-phase; ip. – in-plane; oop. – out-of-plane.  

The bold symbol denotes the number of molecules in dimer 1. 

Table 4. Calculated frequencies, IR intensities, experimental date, and assignment of selected vibrational modes 

for the dimer of 4-MMC∙HCl determined at the B3LYP/6-31G(d,p) theory level 

Mode 

DFT 

freq. 

calc. 

Exp. 

[37] 
ІІR Assignment 

ν174 3358 
3356 

[40] 
40 N3–H5 str., 1 

ν173 3092  2 C–HAr str., iph., 2 

ν172 3088  4 C–HAr str., iph., 1 

ν171 3078 3065 13 C–HAr str., iph., 2 

ν169 3065 3065 11 C–HAr str., iph., 1 

ν168 2999 3000 13 C–HAr str., ooph., 2 

ν167 2997 3000 18 C–HAr str., ooph., C13H3str., as., 1 

ν166 2996 3000 18 C–HAr str., ooph., C13H3str., as., 1 

ν165 2995 3000 12 C–HAr str., ooph., 2 

ν164 2995 3000 8 C42H3 str., as., 2 

ν163 2994 3000 14 C–HAr str., ooph., 1 

ν161 2970 2967 11 C18H3 str., as., 1 

ν160 2966 2967 15 C47H3 str., as., 2 

ν159 2961 2967 9 C47H3  str., as., 2 

ν158 2951 2942 5 C18H3 str., as., 1 

ν157 2950 2942 14 C55H3 Ar str., as., 2 

ν156 2946 2942 16 C26H3 Ar str., as., 1 

ν155 2920 2917 14 C55H3 Ar str., as., 2 

ν154 2917 2917 19 C26H3 Ar str., as., 1 

ν153 2914 2904 25 C42H3 str., s., C35–H36 str., 2 

ν152 2909 2904 12 C42H3 str., s., C35–H36 str., 2 
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Mode 

DFT 

freq. 

calc. 

Exp. 

[37] 
ІІR Assignment 

ν151 2878 2871 41 C13H3 str., s., C6–H7 str., 1 

ν150 2866 2871 10 C47H3 str., s., 2, C6–H7 str., 1 

ν149 2756 2740 121 N32–H34 (2)∙∙∙Cl 1(1) str. 

ν148 2743 2740 184 N32–H34 (2)∙∙∙Cl 1(1) str. 

ν147 2738  18 C55H3 Ar str., s., 2 

ν146 2734 2740 165 N32–H34 (2)∙∙∙Cl 1(1) str. 

ν145 2734 2740 389 N32–H34 (2)∙∙∙Cl 1(1) str. 

ν144 2458 2451 805 N3–H4–Cl 1 str., 1, N32–H33–Cl 2 str., 2, ooph. 

ν143 2410 2418 131 N3–H4–Cl 1str., 1, N32–H33–Cl 2 str., 2, iph. 

ν142 1716 1684 161 С=О str., N32H2scis., 2 

ν141 1689 1684 190 С=О str., N3H2scis., 1 

ν140 1606 1605 72 С53=С59 and C40=C51 str., s., 2 

ν139 1606 1605 107 С24=С30 and C11=C22 str., s., 1 

ν138 1578 1569 34 N32H2 scis., 2 

ν137 1562 1569 10 С39=С40 and С59=С46 str., s., 2 

ν136 1562 1569 11 С10=С11 and С30=С17 str., s., 1 

ν135 1542 1569 95 N3H2 scis., 1 

ν134 1502 1492 2 С=С str., as., 1 

ν133 1497 1492 1 С=С str., as., 2 

ν132 1485 1467 85 C42H3 def., as., N32H2 wag., 2 

ν131 1474 1467 25 C13H3 def., as., N3H2 wag., 1 

ν130 1472 1467 28 C42H3 def., as., C47H3 def., as., 2 

ν129 1472 1467 5 C13H3 def., as., C18H3 def., as., 1 

ν128 1461 1457 12 C47H3 def., as., 2 

ν127 1458 1457 3 
C13H3 def., as., C18H3 def., as., 1, C42H3 def., as., C47H3 def., 

as., N32H2 twist., 2 

ν126 1457 1457 31 
C42H3 def., as., C47H3 def., as., N32H2 twist., 2, C13H3 def., 

as., C18H3 def., as., N3H2 twist., 1 

ν124 1453 1457 9 C55H3Ar def., as., 2 

ν123 1452 1457 10 C26H3 def., as., 1 

ν122 1449 1457 14 C13H3 def., as., C18H3 def., as., N3H2 twist., C6H7 bend, 1 

ν119 1437  1457 8 C42H3 def., as., N3H2 wag., 2 

ν118 1423 1412 18 C13H3 def., s., C18H3 def., s., N3H2 wag., C6H7 bend., 1 

ν117 1412 1412 6 C13H3 def., s., C18H3 def., s., N3H2twist., C6H7 bend., 1 

ν115 1400 1412 13 С53=С59 and C40=C51 str., as., N32H2 twist., C35H36 bend., 2 

ν114 1398 1412 21 С24=С30 and C11=C22 str., as., N3H2 twist., C6H7 bend., 1 

ν113 1382 1384 83 C47H3 def., s., N32H2 twist., C35H36 bend., 2 

ν111 1376 1384 22 C47H3 def., s., N32H2 twist., 2 

ν108 1330 1347 42 N32H2 twist., C35H bend, 2 

ν107 1310 1295 9 С=С str., as. Kekule, 1 

ν105 1308 1295 94 Ring str., С6–С8 str., C6H7 bend., N3H2 twist., 1 

ν104 1299 1295 25 Ring str., С6–С8 str., C6H7 bend., N3H2 twist., 1 

ν103 1294 1295 7 Ring str., C35H bend., 1 

ν102 1288 1295 15 C6H7 bend., С6–С8 str., С8–С10Ar str., ooph., N3H2 twist., 1 

ν101 1280 1295 43 C35H36 bend., С35–С37 str., С37–С39Arstr., ooph., 2 

ν100 1256 1248 107 С8–С10Ar str., C6–N3 str., C6H bend., 1 

ν99 1236 1248 121 С37–С39Ar str., C35–N32 str., C35H bend., 2 

ν97 1213 1215 17 С55H3–С46Ar str., CCHAr bend., 2 

ν95 1196 1201 20 CCHAr bend., N32H2 rock., 2, CCHAr bend., 1 

ν94 1194 1201 13 СCHAr bend., NH2 rock., 1, 2 

ν93 1186 1189 34 СCHAr bend., N32H2 rock., 2 

ν92 1164 1166 5 С6–N3 str., С6H7 bend., C13H3 rock., 1 

ν91 1160 1166 7 С35–N32 str., С35H36 bend., C42H3 rock., 2 

ν90 1128 1126 13 СCHAr bend., 1 

ν89 1126 1126 12 СCHAr bend., 2 

ν88 1098 1096 50 
С35–N32 str., N32–C42H3 str., ooph., C47H3 rock., C42H3 
rock., 2 

ν87 1097 1096 25 С6–N3 str., N3–C13H3 str., ooph., C13H3, C18H3 rock., 1 

ν86 1058 1050 8 N32–C42H3str., C35–C47H3str., N32H2 twist., 2 

ν83 1052 1050 13 C26H3 rock., 1 

ν82 1048 1050 13 C35–N3 str., N32–C42H3 str., ooph., C35–C47H3str., 2 

ν81 1035 1030 15 C6–N3 str., N3–C13H3 str., ooph., C6– C18H3 str., 1 

ν78 1013 1008 21 N32–C42H3 str., C47H3 rock., C55H3 rock., 2 

ν77 1008 1008 14 N3–C13H3 str., C18H3 rock., C26H3 rock., 1 

ν76 1006 1008 40 C55H3 rock., N32–C42H3 str., 2 
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Mode 

DFT 

freq. 

calc. 

Exp. 

[37] 
ІІR Assignment 

ν75 1005  8 C26H3 rock., N3–C13H3 str., 1 

ν74 990 sh. 976 6 CHAr oop. bend., ooph., 1, 2 

ν73 988 sh. 976 17 CHAr oop. bend., ooph., 1, 2 

ν71 978 976 42 
CHAr oop. bend., ooph., С6–C8 str., N3–C13H3str., iph., C18H3 

rock., 1 

ν70 973 976 48 
CHAr oop. bend., ooph., С35–С37 str., N32–C42H3str., iph., 

C47H3 rock., 2 

ν68 912 889 35 N32H2 rock., 2 

ν67 863 889 41 N3H2, rock., 1 

ν66 851 854 4 CHAr oop. bend., ooph., 1, 2 

ν65 848 854 6 CHAr oop. bend., ooph., 1, 2 

ν64 841 854 4 N32–C35 str., ring breathing, 2 

ν63 836 844 20 CHAr oop. bend., iph., 1 

ν62 824 828 12 CH Ar oop. bend., iph., 2 

ν61 822 828 16 N3–C6 str., ring breathing, 1 

ν60 802 802 5 С46Ar–С55H3  str., ring str., s., 2 

ν59 801 802 8 С17Ar–С26H3  str., ring str., s., 1 

ν58 753 757 18 CCHAr oop. bend., iph., 1 

ν57 746 757 9 CCHAr oop. bend., iph., 2 

ν56 735 733 10 CCHAr oop. bend., iph., 1 

ν55 731 733 8 CCHAr oop. bend., iph., 2 

ν54 688 687 6 Ring def., oop, 1 

ν53 682 687 4 Ring def., oop, 2 

ν50 599 600 7 Ring def., ip., s., 1 

ν49 598 600 3 Ring def., ip., s., 2 

ν48 512 510 5 N3H2
+ libration movement relative Cl 1 atom, 1 

ν47 507 510 18 N32H2
+ libration movement relative Cl 2 atom, 2 

ν46 480 478 8 CCHAr oop. bend., iph., 1 

ν45 480 478 18 CCHAr oop. bend., iph., 2 

Abbreviations: DFT freq. calc.. – calculated frequency with scale factor, cm–1; exp. – experimental; IІR – calculated 

IR intensity, km/mol; Ar – aryle; def. – deformation; str. – bond stretching; rock. – rocking, twist. – twisting, wag. 

– wagging, bend. – bending, scis. – scissoring deformation vibrations; s. – symmetric and as. − asymmetric 

vibrations; ooph. – out-of-phase; iph. – in-phase; ip. – in-plane; oop. – out-of-plane.  

The bold symbol denotes the number of molecules in the dimer. 

 

The calculated and experimental IR spectra for the dimers 1 and 2 of 2-MMC∙HCl in 

the high-frequency region are presented in Figure 5, and for the dimer 4-MMC∙HCl – in Figure 

6. 

 
Figure 5. Calculated (curves 1 and 2) and experimental (curve 3, [37]) IR spectra of 2-methyl methcathinone 

hydrochloride in the 3500–2300 cm–1 range: curve 1 – IR spectrum for dimer 1, curve 2 – IR spectrum for dimer 

2. Line half-width is 5 cm–1. 
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Figure 6. Calculated (curve 1) and experimental (curve 2, [37]) IR spectra of 4-methyl methcathinone 

hydrochloride in the 3500–2300 cm–1 range. Line half-width is 5 cm–1. 

 

The highest frequencies in the calculated IR spectra of 2-MMC∙HCl (Figure 5, curve 2) 

show weak bands (N2–H4) and (N31–H33) stretching vibrations (calc.: 3387 and 3379 cm–

1). These normal vibrations happen only in dimer 2, where the hydrogen atoms H4 and H33 

connected with nitrogen are located far from hydrogen chloride (Figure 4); thus, they do not 

interact with HCl. The corresponding absorption band in the experimental IR spectrum does 

not have a clearly defined maximum (Figure 5), and therefore, different values are given in 

different Refs for (N–H) in 2-MMC∙HCl compound: 3372 cm–1 [41], 3443.5 cm–1 [37]. In the 

IR spectrum of 4-MMC, the absorption of the free N–H group was calculated at 3358 cm–1 

(exp.: 3356 cm–1 [40], Figure 6). 

In the experimental IR spectrum of the 2-MMC∙HCl compound, absorption in the range 

3000–2800 cm–1 appears as a complex band with weakly pronounced peaks (Figure 5, curve 

3). The weak peak at 3024 cm–1 and left shoulder are related to valence vibrations of C–H 

bonds in the aromatic ring (calc.: 3037, 3024 cm–1 in dimer 1 and 3034, 3018 cm–1 in dimer 2, 

Figure 5, curves 1 and 2, respectively, Table 3). The peak at 2959 cm–1 and left shoulder (2984 

cm–1) belong to asymmetric vibrations of methyl groups (calc.: 2996, 2961 in dimer 1 and 

2997, 2962 cm–1 in dimer 2); in this case, the absorption by the methyl group of the aromatic 

ring occurs at lower frequencies (Tables S3 and S4 in SI). A very weak absorption band of 

asymmetric vibrations of CH3 groups at 2997 cm–1 in dimer 2 is overlapped by an intense 

absorption band at 2985 cm–1 of C–H valence vibrations (C42Ar–H43 and C13Ar–H14 in the 

aromatic ring, which is under the influence of the chlorine atom from the HCl counterpart from 

the other molecule); the calculated intermolecular distances H14Ar (1)∙∙∙Cl 59 (2) and H43Ar 

(2)∙∙∙Cl 60 (1) are equal 3.049 Å (exp.: 3.243 Å, Table 1). Such weak contact is also predicted 

by Hirshfeld surfaces analysis of the intermolecular interactions for crystalline 2-MMC 

compound (Figure 2). 

Symmetric vibrations of methyl groups were calculated in the range 2933–2882 cm–1 

(Tables S3 and S4 in SI). Therefore, the experimental peaks at 2920 and 2895 cm–1 were 

assigned to these symmetrical CH3 vibrations. 

In the IR spectrum of isolated dimer 2 the strong absorption band of methine groups 

С16–H7 and C45–H46 (Figure 5, Table 3) was calculated at 2878 cm–1. Although the methine 

group has a relatively weak absorption [66], such strong IR absorption is determined by the 

presence of chlorine atom from the neighboring molecule in the vicinity of H7 and H46 atoms 
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of methine groups in the 2-ММС dimer (Figure 4). As stated above, the С–H∙∙∙Cl interactions 

between methine groups and the chlorine atoms of the neighboring molecule provide short 

contacts with distances of 2.591 Å in 2-MMC crystals (calc.: 2.589 Å in the isolated dimer 2). 

Dimer 1 has no short contact between methine groups and the chlorine atoms of the neighboring 

molecule (Table 1). We paid attention to weak contacts between H21, and H50 atoms of the 

C18H3 and C47H3 methyl groups with the chlorine atom of the neighboring molecules 

identified in the Hirshfeld surfaces analysis of the intermolecular interactions for crystalline 2-

MMC compound and determined by the Bader’s QTAIM analysis for the optimized structure 

of dimer 1 (calculated intermolecular distances H21 (1)∙∙∙Cl 59 (2) and H50 (2)∙∙∙Cl 60 (1) are 

equal 2.98 Å, exp.: 2.92 Å [41], Table 1). They are manifested differently in the IR spectrum 

for two dimer models (they are seen only in symmetric C–H vibrations of methyl groups C18H3 

and C47H3). The absorption intensity in dimer 1 is approximately 6 times stronger (51 km/mol) 

compared to dimer 2 (8 km/mol, Table 3, calc..= 2899 cm–1, exp.= 2895 cm–1). 

Interaction of a free NH group (not bound to HCl) with a chlorine ion of a neighboring 

molecule produces strong bands of valence vibrations N–H (1)∙∙∙Cl (2) and  

N–H (2)∙∙∙Cl (1) in the IR spectrum of the dimer 1 of 2-MMC at 2774 and 2753 cm–1 (Table 3, 

Figure 5). This interaction is determined by the shortest intermolecular contacts NH4 (1)∙∙∙Cl 

59 (2) and NH33 (2)∙∙∙Cl 60 (1) (calc.: 2.31 Å, exp.: 2.46 Å, Table 3). In our opinion, a strong 

band at 2742 cm–1 in the experimental IR spectrum of 2-MMC is due to this interaction. The 

intermolecular distances NH4 (1)∙∙∙Cl 59 (2) and NH33 (2)∙∙∙Cl 60 (1) for the dimer 2 of 2-

MMC∙HCl are too large (exp.: 5.044 Å, Table 3), and therefore these types of vibrations are 

absent in the IR spectrum of the dimer 2. At the same time, a short intermolecular contact NH34 

(2)∙∙∙Cl∙1 (1) (calc.: 2.105 Å, exp.: 2.226 Å) in 4-MMC dimer gives a strong IR absorption band 

2734 cm–1 and a weak band at 2756 cm–1 (exp.: 2740 and 2788 cm–1, respectively). 

The band at 2933 cm–1, theoretically calculated in the IR spectrum of the dimer 1, which 

we attributed to symmetric vibrations of C–H bonds of methyl groups, also has a contribution 

from valence vibrations N–H (1)∙∙∙Cl (2) and N–H (2)∙∙∙Cl (1) and increased absorption 

intensity (110 km/mol, Table 3). 

The calculated spectrum of 4-MMC compound in the high-frequency region shows 

characteristic ν(C–H) stretching bands of the aromatic rings at 3078 cm–1 (exp.: 3065 and  

3000 cm–1), νas CH3 at 2997, 2966, 2950, and 2917 cm–1 (exp.: 3000, 2942, and 2917 cm–1), νs 

CH3 and ν(C–H) stretching of the methine groups at 2909 and 2878 cm–1 (exp.: 2871 cm–1, 

Figure 6, Table S5 in SI). All the spectrum is well reproduced by one dimer model for the 4-

MMC compound. 

For the 2-MMC crystal model, the most strong bands, 2458 and 2451 cm–1 in the 

calculated spectra of dimers 1 and 2, respectively (Figure 5, curves 1 and 2), are produced by 

valence vibration of the intramolecular N–H–Cl fragments in both molecules of the dimers 

being in the out-of-phase relationships (mode of one molecule is out-of-phase to displacement 

in the other molecule). The corresponding absorption band in the IR spectrum of the 4-MMC 

dimer was also calculated at 2458 cm–1. In the experimental spectra of 2- and 4-MMC, this 

vibration is observed at 2451 cm–1 and has significantly lower IR absorption (Figures 5, 6). The 

absorption associated with the salt type N–H–Cl vibrations in both molecules “in-phase” (calc.: 

2419 and 2361 cm–1, exp.: 2364 cm–1 for 2-ММС, Figure 5; calc.: 2410 cm–1, exp.: 2418 cm–1 

for 4-ММС, Figure 6) is much weaker in the calculated and experimental spectra of the studied 

compounds. Normal vibrations of the N–H–Cl fragment calculated at 2458 and 2419 cm–1 in 

the IR spectrum of the dimer 1 for 2-MMC have a contribution of valence vibrations N–H 
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(1)∙∙∙Cl (2) and N–H (2)∙∙∙Cl (1). The correct assignment of the IR bands in the range of 2800–

2350 cm–1 for the 2- and 4-MMC compounds is confirmed by the fact that in the experimental 

IR spectrum of the vaporous sample of 4-MMC (base) [36] and our previous calculated spectra 

for the non-salt 4-MMC molecule (without hydrochloride) [42], these bands are absent at all. 

The calculated and experimental IR spectra in the middle “fingerprint” frequency 

region (1800–500 сm–1) are shown in Figure 7 for 2-MMC∙HCl and Figure 8 for 4-MMC∙HCl 

compounds. 

 
Figure 7. Calculated (curves 1, 2) and experimental (curve 3 [37]) IR spectra of 2-methyl methcathinone 

hydrochloride in the 1800–500 cm–1 range: curve 1 – IR spectrum for dimer 1, curve 2 – IR spectrum for dimer 

2. Line half-width is 4 cm–1. 

 
Figure 8 Calculated (curve 1) and experimental (curve 2 [37]) IR spectra of 4-methyl methcathinone 

hydrochloride in the 1800–500 cm–1 range. Line half-width is 4 cm–1. 

 

The calculated IR spectra of 2-MMC in the middle frequency region showed strong 

C=O absorption bands at 1714 and 1691 cm–1 for dimers 1 and 2, respectively (Figure 7, curves 

1 and 2, exp.: 1696 cm–1, curve 3). Here again, as in the case of the high-frequency region, the 

observed 2-MMC spectrum can be represented as a superposition of IR bands produced by 

both dimer models. The C=O absorption band for the 4-MMC dimer compound splits to form 

two bands at 1716 and 1689 cm–1 (exp.: 1684 cm–1, Figure 8). The carbonyl groups ν(C=O) 

valence vibrations are mixed with scissoring deformation vibrations of amino groups (Tables 

3 and 4). The NH2 scissoring vibrations in the 4-MMC spectrum are rather weak (1569 cm-1); 

for dimer 1 of the 2-MMC compound, it is also calculated at 1621 cm–1, but has no intensity (I 

= 0.004 km/mol, Table 3). We also assigned the weak band at 1572 cm–1 in the experimental 

spectrum of 2-MMC (Figure 7, curve 3) to NH2 scissoring vibrations (calc.: 1571 and 1574 
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cm–1 for dimers 1 and 2, respectively). These scissoring vibrations of the NH2 group in the IR 

spectrum of 4-MMC are calculated at 1578 cm–1 (in molecule 2) and at 1542 cm–1(in molecule 

1) (exp.: 1569 cm–1, Figure 8). The significant discrepancy in frequencies and intensities of 

scissoring vibrations of the NH2 group in the IR spectrum of the 4-MMC dimer is because, in 

molecule 2 of the dimer, the NH2 group is under the influence of two chlorine atoms, while in 

molecule 1 there is only one influencing Cl atom (Figure 4b). 

The weak intensity band 1600 cm–1 and the right shoulder 1550 cm–1 at the band 1572 

cm–1 in the experimental spectrum of 2-MMC (Figure 7, curve 3) are assigned to symmetric 

valence vibrations of the aromatic C=C bonds (calc.: 1591 and 1558 cm–1 in the IR spectrum 

of the dimer 1, Figure 7, curve 1; 1606 and 1536 cm–1 in the dimer 2, curve 2). Asymmetric 

C=C vibrations in the phenyl ring produce the weak intensity experimental band 1489 сm–1 

(calc.: 1488 cm–1) and give contributions to the medium intensity band 1417 сm–1 (1418 сm–1 

in the IR spectrum of the dimer 1 and 1419 сm–1 in dimer 2). The reduction of experimental 

frequency of the band 1417 cm–1 (and the calculated as well) in comparison with standard 

characteristic group frequency of aromatic C=C bonds [66] we explained by the substituent 

influence (methyl group) in the aromatic ring. The aromatic C=C bonds vibrations in the 

spectrum of 4-MMC are calculated at 1606, 1562, near 1500, and 1400 cm–1 (exp.: 1605, 1569, 

1492, and 1412 cm–1, respectively). In contrast to 2-MMC, the band of symmetric C=C 

vibrations near 1600 cm–1 has a strong IR intensity in agreement with the experiment (Figure 

8, Table 4). 

Asymmetric C=C vibrations of the Kekule type produce weak IR bands in the observed 

spectra of 2- and 4-MMC compounds at 1300 сm–1 (calc.: 1293 and 1294 сm–1 in dimers 1 and 

2 of 2-MMC, respectively; calc.: 1310 сm–1, exp.: 1295 сm–1 in 4-MMC, Tables 3 and 4). 

The asymmetric deformations of methyl groups (CH3 def., as.) in the IR spectrum of 2-

MMC are calculated in the frequency region 1471–1415 cm–1; symmetric deformations of a 

methyl group – in the range 1405–1372 сm–1 (Tables S3, S4 in SI). These vibrations are mixed 

with wagging and twisting deformation vibrations of NH2 groups. In the experimental 

spectrum, these CH3 (def., as.) vibrations produce a band of 1459 cm–1 of middle intensity and 

a weak band of 1430 сm–1 (calc.: 1450, 1427 сm–1, respectively, in dimer 1 and 1452, 1430 

сm–1 in dimer 2). The symmetric CH3 (def., s.) vibrations produce a band 1380 сm–1 (calc.: 

1376 and 1388 cm–1 in dimers 1 and 2, respectively, Figure 7). Corresponding methyl 

deformation (CH3 def., as.) bands of 4-ММС dimer in the IR spectrum are observed at 1457, and 

1467 cm–1 (left shoulder on a strong band 1457 cm–1), and their symmetric counterparts (CH3 

def., s.) vibrations produce the bands 1412 and 1384 сm–1 of middle intensity (Figure 8, Table 

4). These IR manifestations of methyl groups provide an important analytical remedy because 

of their different positions in the two studied drugs. Detailed assignment of all CH3 vibrational 

modes could help to distinguish between both isomers. 

Wagging deformation vibrations of the NH2 group (NH2 wag.) contribute to the 

experimental bands 1459, 1430 сm–1 of the 2-MMC compound and 1467, 1457, 1412 сm–1 IR 

bands of 4-MMC. The twisting deformations (NH2 twist.) contribute to the observed bands 

1380, 1336, 1300 сm–1 and 1457, 1384, 1347, 1295 сm–1 of 2- and 4-MMC, respectively. The 

rocking vibrations of the amino group (NH2 rock.) produce the experimental IR bands 1166, 

1137, 973 сm–1 and 1201, 1189, 1166, 889 сm–1 for 2- and 4-MMC compounds, respectively 

(Figures 7 and 8, Tables S3–S5 in SI). 

Vibrations of single bonds С–С and С–N are calculated in the range 1248–798 сm–1. In 

the experimental IR spectrum of the 4-MMC compound, they correspond to the strong bands 
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at 1248 сm–1 (calc.: a split band with maxima at 1256 and 1238 сm–1), 1096 (calc.: 1098 сm–

1), 1008 сm–1 (calc.: 1006 сm–1), 976 сm–1 (calc.: 978 сm–1) and several weak bands at 1215, 

1166, 1050, 854 and 802 сm–1 (Figure 8). They are accompanied by deformation vibrations of 

methyl groups and CH bending vibrations. In the observed spectrum of 2-MMC compound  

С–С and С–N skeletal vibrations correspond to the moderate and weak bands at 1246, 1200, 

1095, 1030, 1007, 973, and 845 cm–1 (Figure 7, Tables S3, S4 in SI).The late band at845 cm–1 

is responsible only for the С–N stretching vibration. 

The aromatic in-plane CCH deformation vibrations (CCHAr bend) are predicted in 

1276–1060 cm–1 (Tables S3–S5 in SI) with a very weak IR absorption. Thus, they have no 

large analytical importance, and their discussion is given in the SI. 

The low experimental intensity IR band of 4-MMC at 510 сm–1 (Figure 8, curve 2) was 

assigned to libration movement of the salt fragments NH2
+ relative Cl atoms (Table 4, calc.: 

512 and 507 сm–1 for molecules 1 and 2 in dimer). There is no vibration of this type in the 2-

MMC dimers in this frequency range. The dimeric simulation of crystal structure for both drags 

many other interesting differences in the low-frequency vibrations, but this is outside the scope 

of IR spectra and will be the subject of the Raman scattering study. All other absorption bands 

are listed in Tables S3–S5 in SI. 

4. Conclusions 

In the course of the systematic IR study of the methcathinone drug series, we present 

in this paper the DFT modeling calculations of crystalline 2- and 4-methyl methcathinone (2-

MMC and 4-MMC) hydrochlorides IR spectra, which strongly depend on the crystal packing 

details and, in particular – on the character of the methcathinone molecules interact with the 

hydrochloride moiety. The task of such DFT simulations is proved to be very difficult and 

requires modeling a great number of molecular dimers. The DFT geometry optimization was 

initiated with the experimental crystal structure derived from the X-ray analysis, where the 

methcathinone dimer structure simulated the elementary cell. Thus, it leads to HCl coordination 

on the amino group instead of binding to the C=O group, which was obtained in the case of 

one methcathinone molecule. The DFT optimized structures of the dimers (2-MMC∙HCl)2 and 

(4-MMC∙HCl)2 explain the IR observed spectra. The Hirshfeld surfaces analysis of two 

simulated crystalline methyl methcathinone hydrochlorides affords to analyze NH∙∙∙Cl and 

CH∙∙∙Cl intermolecular interactions and approves the formation of the NН2
+–Cl– salt fragment 

in both 2-MMC∙HCl and 4-MMC∙HCl crystals. Bader’s “QTAIM” analysis of density 

gradients supported the correct nature of intermolecular interactions in the dimers in accord 

with the Hirshfeld surfaces for the whole crystal cells additionally.  

Despite small discrepancies in the crystal structure parameters (in particular -

overestimation of the carbonyl bond length, which leads to the IR band shift for the C=O 

valence vibration), the applied DFT method permits us to predict the main peculiarities of the 

simulated dimers structures and IR spectra of two cathinone hydrochlorides. The proper HCl 

coordination on NH-groups upon the formation of the dimer provides a correct description of 

IR spectra for both studied compounds, including the high-frequency and fingerprint regions. 

This pure theoretical study of crystalline structure and IR spectra of methcathinone 

hydrochloride drug compounds provides a complete assignment to a certain category of 

psychotropic substances. Many structural features are connected with their IR spectroscopic 

manifestations, which can be used in forensic studies. Interpretation of the complicated nature 
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of the IR bands associated with the vibration of the salt NН2
+Cl– moiety is an important 

achievement of the density functional theory. 
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Supplementary Information 

 

 
 

DIMER 1 (2-MMC) 

  
 

DIMER 2 (2-MMC) 

a 
 

 

DIMER  (4-MMC) 

b 

Figure S1. The structures of the corresponding dimers selected from crystals of 2-MMC (a) and 4-MMC (b) 

optimized at the B3LYP/6-31G(d,p) theory level. Oxygen atoms are in red; Chlorine atoms are in turquoise; 

Nitrogen atoms are in blue. 

Table S1. Selected bond lengths (Å) and angles (deg) for dimer 1 and dimer 2 of 2-methylmethcathinone 

hydrochloride. 

Structural 

parameters 

Dimer1 Dimer2 
Bond lengths 

and angles, exp., 

[33] 
Bond lengths and 

angles, theor. 

Bond lengths 

and angles, 

theor. 

O1–C15, O30–C44 1.218 1.227 1.213 

C5–C15, C34–C44 1.494 1.487 1.492 

C15–C16, C44–C45 1.549 1.545 1.525 

C16–N2, C45–N31 1.497 1.506 1.487 

N2–H3Cl, N31–H32Cl 0.969 0.985 0.891 

N2–H4, N31–H33 0.948 0.924 0.890 

N2–C22H3, N31–C51H3 1.492 1.492 1.484 

C16–H17, C45–H46 1.097 1.102 0.980 

C16–C18H3, C45–C47H3 1.535 1.530 1.518 

C6Ar–C26H3, C35Ar–C55H3 1.510 1.511 1.501 

C5–C6, C34–C35 1.416 1.418 1.398 

C6–C7, C35–С36 1.401 1.398 1.393 

C7–C9, C36–C38 1.394 1.396 1.384 

C9–C11, C38–C40 1.395 1.393 1.372 

C11–C13, C40–C42 1.391 1.393 1.381 

C5–C13, C34–C42 1.405 1.405 1.389 

H3–Cl 60, H32–Cl 59 2.023 2.023 2.272 

H3N2H4 

H32N31H33 

107.42 

107.45 

109.31 

108.94 
107.58 

N2C16C15C5 

N31C45C44C34 

–173.68 

172.05 

–173.53 

172.05 

–172.05(1) 

172.05(2) 

C6C5C15C16 141.39 141.26 139.72(1) 
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Structural 

parameters 

Dimer1 Dimer2 
Bond lengths 

and angles, exp., 

[33] 
Bond lengths and 

angles, theor. 

Bond lengths 

and angles, 

theor. 

C35C34C44C45 –137.88 –141.42 –139.72(2) 

C6C5C15O1 

C35C34C44O30 

–39.74 

39.74 

–39.74 

39.74 

–39.74(1) 

39.74(2) 

C5C15C16C18 

C34C44C45C47 

–51.42 

49.92 

–48.42 

47.07 

–48.31(1) 

48.31(2) 

C26C6C5C15 

C55C35C34C44 

0.15 

–0.15 

0.15 

–0.15 

0.15(1) 

–0.15 (2) 

Table S2. Selected bond lengths (Å) and angles (deg) for the dimer calculated at the B3LYP/6-31G(d,p) level. 

Molecule 1 Molecule 2 

Bond  

lengths 

and angles, 

exp. [32] 

Structural  

parameters 

Bond 

lengths 

and 

angles, 

theor. 

Structural  

parameters 

Bond lengths 

and angles, 

theor. 

O9–C8 1.227 O38–C37 1.219 1.228 

C22–C11 1.394 C51–C40 1.394 1.400 

C11–C10 1.404 C40–C39 1.402 1.395 

C22–C17 1.400 C51–C46 1.400 1.370 

C17Ar–C26H3 1.509 C46.Ar–C55H3 1.509 1.526 

C17–C30 1.405 C46–C59 1.405 1.378 

C24–C30 1.387 C53–C59 1.387 1.387 

C10–C24 1.406 C39–C53 1.406 1.396 

C10–C8 1.482 C39–C37 1.491 1.492 

C6–N3 1.501 C35–N32 1,490 1.489 

C6–H7 1.091 C35–H36 1.092 0.980 

N3–C13 1.491 N32–C42 1.485 1.476 

N3–H4Cl1 0.962 N32–H33 0.966 0.899 

N3–H5 0.923 Cl132–H34 0.940 0.900 

NH4–Cl1 1.992 NH33–Cl 2 1.993 2.182 

C6H7–Cl1       3.757 3.758 

NH34(2)∙∙∙Cl1(1)       2.105 2.226 

С10С24C30 120.42 С39С53C59 120.55 119.25 

С24C30C17 120.84 С53C59C46 121.09 121.39 

C30C17C22 118.39 C59C46C51 118.15 119.28 

C17C22C11 121.35  C46C51C40 121.10 121.08 

C22С11С10 119.76 C51C40C39 120.48 119.20                                      

H4N3H5 107.53 H33N32H34 104.06 107.53 

C13N3C6C18 66.46 C42N32C35C47 –66.46 
66.46 (1) 
–66.46 (2) 

N3C6C8C10 162.47 N32C35C37C39 –162.47 
162.46 (1) 

–162.46 (2) 

C8C6N3C13 –176.18 C37C35N32C42 173.10 
–169.74 (1) 
169.74 (2) 

O9C8C6N3 –22.66 O38C37C35N3 23.84 
–23.10(1) 
23.10(2) 

Table S3. Calculated frequencies, IR intensities, corresponding experimental date, and assignment of 

vibrational modes for the dimer 1 of 2-methylmethcathinone hydrochloride determined at the B3LYP/6-

31G(d,p) level. 

Mode 

DFT 

freq. 

calc. 

Exp.  

[29] 
ІІR Assignment 

ν174 3039  2 C22H3 str., as., 1 

ν173 3038  1 C51H3 str., as., 2 

ν172 3037 3024 18 C–HAr str., iph., 1 

ν171 3037 3024 23 C–HAr str., iph., 2 

ν170 3024 3024 25 C–HAr str., ooph., 1 

ν169 3024 3024 24 C–HAr str., ooph., 2 

ν168 3016  4 C51H3  str., as., 2 

ν167 3016  5 C22H3  str., as., 1 

ν166 3015  2 C–HAr str., ooph., 1 

ν165 3014  2 C–HAr str., ooph., 2 
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Mode 

DFT 

freq. 

calc. 

Exp.  

[29] 
ІІR Assignment 

ν164 3009  6 C–HAr str., ooph., 1 

ν163 3008  6 C–HAr str., ooph., 2 

ν162 2996 2984 10 C47H3  str., as., 2 

ν161 2995 2984 9 C18H3 str., as., 1 

ν160 2972 2984 18 C18H3 str., as., 1, C47H3  str., as., 2 

ν159 2972  3 C18H3 str., as., 1, C47H3  str., as., 2 

ν158 2961 2959 22 C55H3 Ar  str., as., 2 

ν157 2960 2959 19 C26H3 Ar  str., as., 1 

ν156 2945  12 C26H3 Ar  str., as., 1 

ν155 2944  13 C55H3 Ar  str., as., 2 

ν154 2933 2920 110 
C22H3 str., s., 1, N–H4 (1)∙∙∙Cl 59 (2) str., C51H3 str., s., 2, N–H33 (2)∙∙∙Cl 60 (1) 
str., ooph. 

ν153 2933  0.3 
C22H3 str., s., 1, N–H4 (1)∙∙∙Cl 59 (2) str., C51H3 str., s., 2, N–H33 (2)∙∙∙Cl 60 (1) 
str., iph. 

ν152 2899 2895 51 C18H3 str., s., 1, C47H3 str., s., 2, ooph. 

ν151 2899  0.1 C18H3 str., s., 1, C47H3 str., s., 2, iph. 

ν150 2882  35 C26H3 Ar str., s., 1 

ν149 2882  12 C55H3 Ar  str., s., 2 

ν148 2774 2742 280 
N2–H4 (1)∙∙∙Cl 59 (2) str., C16–H str., 1, N31–H33 (2) ∙∙∙Cl 60 (1) str., C45–H str., 
2, iph. 

ν147 2766  2 N2–H4 (1)∙∙∙Cl 59 (2) str., C16–H str., s., 1, N31–H33 (2)∙∙∙Cl 60 (1) str., 2, ooph. 

ν146 2753 2742 256 
N2–H4 (1)∙∙∙Cl 59 (2) str., C16–H str., 1, N31–H33 (2)∙∙∙Cl 60 (1) str., C45–H str., 

2, ooph. 

ν145 2747  2 
N2–H4 (1)∙∙∙Cl 59 (2) str., C16–H str., 1, N31–H33 (2)∙∙∙Cl 60 (1) str., C45–H str., 

2, iph. 

ν144 2458 2451 805 
N2–H3–Cl 60 str., 1, N31–H32–Cl 59 str., 2, ooph.,  

N–H4 (1)∙∙∙Cl 59 (2) str., 1, N–H33 (2)∙∙∙Cl 60 (1) str., 2 

ν143 2419 2364 4 
N2–H3–Cl 60 str., 1, N31–H32–Cl 59 str., 2, iph., 

N–H4 (1)∙∙∙Cl 59 (2) str., 1, N–H33 (2)∙∙∙Cl 60 (1) str., 2 

ν142 1714 1696 272 С=О str., NH2 scis., 1, 2, ooph. 

ν141 1712 1696 113 С=О str., NH2 scis., 1, 2, iph. 

ν140 1621 – 0.004 NH2 scis., 1, 2, iph. 

ν139 1591 1600 17 С35=С36 and C40=C42 str., s., 2 

ν138 1591 1600 12 С6=С7 and C11=C13 str., s., 1 

ν137 1571 1572 35 NH2 scis., 1, 2, ooph. 

ν136 1558 1550 9 С5=С6 and С9=С11 str., s., 1 

ν135 1558 1550 52 С38=С40 and С34=С35 str., s., 2 

ν134 1471 1489 23 
C18H3 def., as., C22H3 def., as., N3H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2 

ν133 1470 – 0.2 
C18H3 def., as., C22H3 def., as., С=С str., as., 1, C47H3 def., as., C51H3 def., as., 

С=С str., as., 2 

ν132 1467 – 9 
CH3 def., as., С=С str., as., C5–C15 str., 1, CH3 def., as., С=С str., as., C34–C44 str., 

2, ooph. 

ν131 1466 – 0.06 
CH3 def., as., С=С str., as., C5–C15 str., 1, CH3 def., as., С=С str., as., C34–C44 str., 

2, iph. 

ν130 1462 – 0.04 CH3 def., as., NH2 wag., 1, 2, iph. 

ν129 1462 1459 11 CH3 def., as., NH2 wag., 1, 2, ooph. 

ν128 1459 1459 122 CH3 def., as., NH2 wag., 1, 2, ooph. 

ν127 1457 – 5 CH3 def., as., NH2 twist., 1, 2 

ν126 1455 1459 30 CH3 Ar def., as., NH2 twist., 1, 2, C47H3 def., as., 2 

ν125 1453 – 2 CH3 def., as., NH2 twist., 1, 2 

ν124 1450 1459 93 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2 

ν123 1448  0.1 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2 

ν122 1441 1430 8 CH3Ar def., as., 1, 2 

ν121 1440 1430 20 CH3 Ar def., as., 1, 2 

ν120 1427 1417 95 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 
N31H2 wag., 2 

ν119 1419 1417 3 С=С str., as., CH3 Ar def., as., 1, 2 

ν118 1418 1417 23 С=С str., as., CH3 Ar def., as., 1, 2 

ν117 1415 – 0.02 
C18H3 def., as., C22H3 def., as., N2H2 wag., C16H bend., 1, C47H3 def., as., C51H3 

def., as., N31H2 wag., C45H bend., 2 

ν116 1405 1417 22 
C22H3 def., s., N2H2 twist., C16H bend., 1, C51H3 def., s., N31H2 twist., C45H 

bend., 2 
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Mode 

DFT 

freq. 

calc. 

Exp.  

[29] 
ІІR Assignment 

ν115 1404 – 0.02 C22H3 def., s., N2H2 twist., 1, C51H3 def., s., N31H2 twist., 2 

ν114 1393  0.01 
C22H3 def., s., N2H2 twist., C16H bend., 1, C51H3 def., s., N31H2 twist., C45H 

bend., 2 

ν113 1385 – 6 
C22H3 def., s., N2H2 twist., C16H bend., 1, C51H3 def., s., N31H2 twist., C45H 

bend., 2 

ν112 1379  3 C26H3 def., s., 1 

ν111 1379  2 C55H3 def., s., 2 

ν110 1376  0.8 C18H3 def., s., 1, C47H3 def., s., 2, iph. 

ν109 1376 1380 42 C18H3 def., s., N2H2 twist., 1, C47H3 def., s.,N31H2 twist., 2, ooph. 

ν108 1308 1300 30 
N2H2 twist., C16H bend., C22H3 rock., 1, N31H2 twist., C45H bend., C51H3 rock., 2, 

ooph. 

ν107 
1306 

 0.05 
N2H2 twist., C16H bend., C22H3 rock., 1, N31H2 twist., C45H bend., C51H3 rock., 2, 

iph. 

ν106 1293 1300 12 С=С str., as. Kekule, 2 

ν105 1292 1300 12 С=С str., as. Kekule, 1 

ν104 1268 1246 34 СAr–С str., 1, 2, ooph., CCHAr bend, CH bend. 

ν103 1266  0.3 СAr–С str., 1, 2, iph., CCHAr bend, CH bend. 

ν102 1264  3 СCHAr bend., 1 

ν101 1264  2 СCHAr bend., 2 

ν100 1221 1200 54 СAr–С str., CH bend., 1, 2, ooph. 

ν99 1216  0,00 СAr–С str., 1, 2, iph., CCHAr bend, CH bend. 

ν98 1191 1200 155 СAr–С str., CH bend., 1, 2, ooph. 

ν97 1187  0.3 СAr–С str., CH bend., 1, 2, iph. 

ν96 1175  14 CCHAr bend., С35–С55H3 Ar str., 2 

ν95 1175  3 CCHAr bend., С6–С26H3 Ar str., 1 

ν94 1148  1 СCHAr bend., 1 

ν93 1148  1 СCHAr bend., 2 

ν92 1139  3 C22H3 rock., 1, C51H3 rock., 2 

ν91 1137  0.00 C22H3 rock., 1, C51H3 rock., 2 

ν90 1117  2 СCHAr bend., 1 

ν89 1116  2 СCHAr bend., 2 

ν88 1094 1095 68 С22–N2 str., С16–N2 str., ooph., C16H bend., C18H3 twist., C22H3 twist., 1 

ν87 1094  9 С51–N31 str., С45–N31 str., ooph., C45H bend., C47H3 twist., C51H3 twist., 2 

ν86 1060  6 СCHAr bend., ring str., 2 

ν85 1059  1 СCHAr bend., ring str., 2 

ν84 1055  0.04 N2H2 twist., C16–C18 str., 1, N31H2 twist., C45–C47 str., 2, iph. 

ν83 1053  8 N2H2 twist., C16–C18 str., 1, N31H2 twist., C45–C47 str., 2, ooph. 

ν82 1049  0.8 C26H3 Ar rock., 1, C55H3 Ar rock., 2 

ν81 1048 1049 15 C26H3 Ar rock., 1, C55H3 Ar rock., 2 

ν80 1034 1030 14 N2–C22H3 str., C16–C18H3 str., iph., C16–N2 str., ooph., 1 

ν79 1033 1030 9 N31–C51H3 str., C45–C47H3 str., iph., C45–N31 str., ooph., 2 

ν78 1016  0.8 C55H3 Ar rock., ring str., 2 

ν77 1015  0.7 C26H3Ar rock., ring str., 1 

ν76 1013 1007 43 
С16–С18H3 str., N2–C22H3 str., ooph., 1, С45–С47H3 str., N31–C51H3 str., ooph., 

2, 1 and 2, ooph. 

ν75 1010  0.01 C16–C18H3 str., 1, C45–C47H3 str., 2 

ν74 988  0.06 CHAr oop. bend., ooph., 2 

ν73 988  0.05 CHAr oop. bend., ooph., 1 

ν72 976 973 38 N2H2 rock., C22H3 rock., 1, N31H2 rock., C51H3 rock., 2 

ν71 970 973 11 С16–С15 str., ring def., CH3 rock., 1, С44–С45 str., ring def., CH3 rock., 2, iph. 

ν70 970 973 143 
С16–С15 str., ring def., CH3 rock., N2H2 rock., 1, С44–С45 str., ring def., CH3 rock., 

N31H2 rock., 2, ooph. 

ν69 950  0.004 N2H2 rock., C22H3 rock., 1, N31H2 rock., C51H3 rock., 2 

ν68 944 947 13 CHAr oop. bend., ooph., 2 

ν67 944 947 8 CHAr oop. bend., ooph., 1 

ν66 878  1 CHAr oop. bend., ooph., 2 

ν65 877  1 CHAr oop. bend., ooph., 1 

ν64 852  0.5 N2– C16 str., 1, N31–C45 str., 2, iph. 

ν63 852 845 11 N2– C16 str., 1, N31–C45 str., 2, ooph. 

ν62 801 798 11 Ring def., ip., as., C6Ar–С26H3  str., 1 

ν61 800  3 Ring def., ip., as., C35Ar–С55H3  str., 2 

ν60 789 781 6 CHAr oop. bend., iph., 2 

ν59 788 781 11 CHAr oop. bend., iph., 1 

ν58 755 752 40 CCHAr oop. bend., 1, 2 

ν57 755 752 6 CCHAr oop. bend., 1, 2 
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Mode 

DFT 

freq. 

calc. 

Exp.  

[29] 
ІІR Assignment 

ν56 732 728 16 CCHAr oop. bend., iph., 2 

ν55 732 728 8 CCHAr oop. bend., iph., 1 

ν54 677 671 11 CCHAr oop. bend., 2 

ν53 675 671 13 CCHAr oop. bend., 1 

ν52 641 636 7 Ring def., ip., as., C45N31C51 bend., 2 

ν51 639 636 5 Ring def., ip., as., C16N2C22 bend., 1 

ν50 568 564 3 Ring def., ip., as., C45N31C51 bend., 2 

ν49 568  2 Ring def., ip., as., C16N2C22 bend., 1 

ν48 526 524 12 CCHAr oop. bend., 2 

ν47 525  1 CCHAr oop. bend., 1, 2 

ν46 480 478 3 CCHAr oop. bend., iph., 1 

ν45 480 478 3 CCHAr oop. bend., iph., 2 

Abbreviations: DFT freq. calc.. – calculated frequency with scale factor, cm–1;  exp. – experimental; IІR – 

calculated IR intensity, km/mol; Ar – aryle; def. – deformation; str. – bond stretching; rock. – rocking, twist. – 

twisting, wag. – wagging, bend. – bending, scis. – scissoring deformation vibrations; s. – symmetric and as. − 

asymmetric vibrations; ooph. – out-of-phase; iph. – in-phase; ip. – in-plane; oop. – out-of-plane.  

The bold symbol denotes the number of molecules in dimer 1. 

Table S4. Calculated frequencies, IR intensities, corresponding experimental date, and assignment of 

vibrational modes for the dimer 2 of 2-methylmethcathinone hydrochloride determined at the B3LYP/6-

31G(d,p) level.  

Mode 

DFT 

freq. 

calc. 

Exp.  

[29] 
ІІR Assignment 

ν174 
3387 3372 

[33] 
59 N2–H4 str., 1 

ν173 
3379 3372 

[33] 
65 N31–H33 str., 2 

ν172   3 C22H3  str., as., 1 

ν171   1 C–HAr str., iph., 1, 2, iph. 

ν170 3034 3024 34 C–HAr str., iph., 1, 2, ooph. 

ν169 3031   3 C51H3  str., as., 2 

ν168 3018  14 C–HAr str., ooph., 1 

ν167 3018  14 C–HAr str., ooph., 2 

ν166 3017  2 C22H3  str., as., 1 

ν165 3016  2 C51H3  str., as., 2 

ν164 3003  11 C–HAr str., ooph., 1 

ν163 3002  12 C–HAr str., ooph., 2 

ν162 2997  4 C47H3  str., as., 2 

ν161 2993  4 C18H3 str., as., 1 

ν160 2985 2984 132 C42Ar–H43 str. (2)∙∙∙Cl 60 (1) 

ν159 2984 2984 92 C13Ar–H14 str. (1)∙∙∙Cl 59 (2) 

ν158 2964 2959 7 C47H3 str., as., 2 

ν157 2963 2959 8 C18H3 str., as., 1 

ν156 2962 2959 15 C55H3 Ar str., as., 2 

ν155 2962 2959 17 C26H3 Ar str., as., 1 

ν154 2947 2959 17 C55H3 Ar str., as., 2 

ν153 2946 2959 18 C26H3 Ar str., as., 1 

ν152 2933 2920 6 C22H3 str., s., 1 

ν151 2932 2920 6 C51H3 str., s., 2 

ν150 2895 2895 8 C47H3 str., s., 2 

ν149 2894 2895 8 C18H3 str., s., 1 

ν148 2887 2895 21 C55H3 Ar str., s., 2 

ν147 2887 2895 21 C26H3 Ar str., s., 1 

ν146 2878 2895 158 C45–H str., (2)∙∙∙Cl 60 (1) 

ν145 2876 2895 83 C16–H str., (1)∙∙∙Cl 59 (2) 

ν144 2451 2451 749 N2–H3–Cl 60 str., 1, N31–H32–Cl 59 str., 2, ooph. 

ν143 2364 2361 109 N2–H3–Cl 60 str., 1, N31–H32–Cl 59 str., 2, iph. 

ν142 1691 1696 224 С=О str., NH2 scis., 1, 2, ooph. 

ν141 1691 1696 92 С=О str., NH2 scis., 1, 2, iph. 

ν140 1606 1600 18 С35=С36 and C40=C42 str., s., 2 

ν139 1606 1600 19 С6=С7 and C11=C13 str., s., 1 

ν138 1574 1572 3 NH2 scis., 1 

ν137 1574 1572 42 NH2 scis., 2. 
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Mode 

DFT 

freq. 

calc. 

Exp.  

[29] 
ІІR Assignment 

ν136 1536 1550 85 С5=С6 and С9=С11 str., s., 1, С34=С35 and С38=С40 str., s., 2, iph. 

ν135 1536 1550 38 С5=С6 and С9=С11 str., s., 1, С34=С35 and С38=С40 str., s., 2, ooph. 

ν134 1488 1489 31 С=С str., as., 2 

ν133 1487 1489 30 С=С str., as., 1 

ν132 1463 1459 43 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, ooph. 

ν131 1462 1459 2 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, iph. 

ν130 1459 1459 32 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, ooph. 

ν129 1458 1459 25 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, iph. 

ν128 1452 1459 27 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, iph. 

ν127 1452 1459 88 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, ooph. 

ν126 1449 1459 31 C26H3 def., as., 1, C55H3 def., as., 2, ooph. 

ν125 1448 1459 8 C26H3 def., as., 1, C55H3 def., as., 2, iph. 

ν124 1445 1459 27 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 
N31H2 wag., 2, ooph. 

ν123 1445 1459 5 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 
N31H2 wag., 2, iph. 

ν122 1436  14 C26H3 def., as.,1, C55H3 def., as., 2, ooph. 

ν121 1436  2 C26H3 def., as.,1, C55H3 def., as., 2, iph. 

ν120 1430 1430 47 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, ooph. 

ν119 1428 1430 3 
C18H3 def., as., C22H3 def., as., N2H2 wag., 1, C47H3 def., as., C51H3 def., as., 

N31H2 wag., 2, iph. 

ν118 1419 1417 1 С=С str., as., C26H3 Ar def., as., 1 

ν117 1419 1417 1 С=С str., as., C55H3 Ar def., as., 2 

ν116 1400  14 C51H3 def., s., N31H2 twist., 2 

ν115 1396  18 C22H3 def., s., N2H2 twist., 1 

ν114 1388 1380 55 C51H3 def., s., N31H2 twist., 2 

ν113 1388 1380 16 C22H3 def., s., N2H2 twist., 1 

ν112 1374  1 C55H3 def., s., 2 

ν111 1374  10 C47H3 def., s.,C55H3 Ar def., s., N31H2 wag., C45H bend., 2 

ν110 1373  5 C18H3 def., s., C26H3 Ar def., s., N2H2 wag., C16H bend., 1 

ν109 1372  18 C18H3 def., s., C26H3 Ar def., s., N2H2 wag., C16H bend., 1 

ν108 1340  1 
C16H bend., N2H2 twist., C22H3 rock., 1, C45H bend., N31H2 twist., C51H3 rock., 2, 
iph. 

ν107 1336 1336 15 
C16H bend., N2H2 twist., C22H3 rock., 1, C45H bend., N31H2 twist., C51H3 rock., 2, 
ooph. 

ν106 1296  2 C16H bend., 1 

ν105 1294 1300 8 C45H bend., 2 

ν104 1294 1300 17 С=С str., as. Kekule, 2 

ν103 1293 1300 13 С=С str., as. Kekule, 1 

ν102 1276  1 CCHAr bend., 2 

ν101 1276  1 СCHAr bend., 1 

ν100 1220 1200 70 СAr–С str., CH bend., 1, 2, iph. 

ν99 1220 1200 123 СAr–С str., CH bend., 1, 2, ooph. 

ν98 1182  3 С35–С55H3 Ar str., 2 

ν97 1181  2 С6–С26H3 Ar str. 1 

ν96 1174 1166 7 C22H3 rock., C18H3 rock., N2H2 rock., 1 

ν95 1174 1166 18 C51H3 rock., C47H3 rock., N31H2 rock., 2 

ν94 1149  2 СCHAr bend., 1, 2, ooph. 

ν93 1149  0 СCHAr bend., 1, 2, iph. 

ν92 1136  2 
C22H3 rock., N2H2 rock., C16H bend., СCHAr bend., 1, C51H3 rock., N31H2 rock., 

C45H bend., СCHAr bend., 2, iph. 

ν91 1136 1137 29 
C22H3 rock., N2H2 rock., C16H bend., СCHAr bend., 1, C51H3 rock., N31H2 rock., 

C45H bend., СCHAr bend., 2, ooph. 

ν90 1125 1137 49 
C22H3 rock., N2H2 rock., C16H bend., 1,  C51H3 rock., N31H2 rock., C45H bend., 2, 

СCHAr bend., 1, 2, ooph. 

ν89 1123  3 
C22H3 rock., N2H2 rock., C16H bend., 1, C51H3 rock., N31H2 rock., C45H bend., 2, 

СCHAr bend., 1, 2, iph. 
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[29] 
ІІR Assignment 

ν88 1101 1095 124 
С22–N2 str., С16–N2 str., ooph., C16H bend., C18H3 twist., C22H3 twist., 1, С51–

N31 str., С45–N31 str., ooph., C45H bend., C47H3 twist., C51H3 twist., 2, ooph. 

ν87 1099  0 
С22–N2 str., С16–N2 str., ooph., C16H bend., C18H3 twist., C22H3 twist., 1, С51–

N31 str., С45–N31 str., ooph., C45H bend., C47H3 twist., C51H3 twist., 2, iph. 

ν86 1054 1049 13 C47H3 rock., C51H3 rock., 2 

ν85 1054 1049 15 C18H3 rock., C22H3 rock., 1 

ν84 1050  1 Ring str., 2 

ν83 1050  0 Ring str. 1 

ν82 1042  7 C55H3 Ar rock., 2 

ν81 1042  6 C26H3 Ar rock., 1 

ν80 1031  1 
N2–C16 str., N2–C22H3 str., C16–C18H3 str., 1, N31–C45 str., N31–C51H3 str., 
C45–C47H3 str., 2, iph. 

ν79 1031 1030 26 
N2–C16 str., N2–C22H3 str., C16–C18H3 str., 1, N31–C45 str., N31–C51H3 str., 
C45–C47H3 str., 2, ooph. 

ν78 1005 1007 7 N31–C51H3 str., C45–N31 str., ooph., CCHAr oop. bend., 2 

ν77 1002 1007 8 N2–C22H3 str., C16–N2 str., ooph., CCHAr oop. bend., 1 

ν76 986  1 C55H3 Ar rock., 2 

ν75 986  0 C26H3 Ar rock., 1 

ν74 971 973 30 C44–C45 str., CHAr oop. bend., CH3 rock., 2 

ν73 969 973 7 C15–C16 str., CHAr oop. bend., CH3 rock., 1 

ν72 958  5 N31–C51H3 str., CHAr oop. bend., ooph., 2 

ν71 957  3 N2–C22H3 str., CHAr oop. bend., ooph., 1 

ν70 943 947 18 C44–C45 str., CHAr oop. bend., C47H3 rock., 2 

ν69 942 947 137 C15–C16 str., CHAr oop. bend., C18H3 rock., 1 

ν68 875  1 CHAr oop. bend., ooph., 2 

ν67 874  1 CHAr oop. bend., ooph., 1 

ν66 850 845 30 C–N str., 2 

ν65 850 845 26 C–N str., 1 

ν64 812  4 N2H2 rock., C22H3 rock., C18H3 rock., 1 

ν63 811  3 N31H2 rock., C51H3 rock., C47H3 rock., 2 

ν62 786  4 CCHAr iph. oop. bend., 1, 2, ooph. 

ν61 786 781 28 CCHAr oop. bend., 1 

ν60 782  2 Ring def., ip., as., C35Ar–С55H3  str., 2 

ν59 782  7 Ring def., ip., as., C6Ar–С26H3  str., 1 

ν58 755 752 47 CCHAr iph., oop. bend., 1, 2, ooph. 

ν57 755 752 0 CCHAr iph., oop. bend., 1, 2, iph. 

ν56 726 728 12 CCHAr oop. bend., 1, 2, ooph. 

ν55 725 728 4 CCHAr oop. bend., 1, 2, iph. 

ν54 671 671 11 CCHAr oop. bend., 1 

ν53 671 671 2 CCHAr oop. bend., 2 

ν52 634 636 1 Ring def., ip., 2, 

ν51 631 636 1 Ring def., ip., 1 

ν50 560 564 2 Ring def., ip., 1 

ν49 560 564 6 Ring def., ip., 2 

ν48 527 524 25 CCHAr oop. bend., ooph., 2 

ν47 525 524 4 CCHAr oop. bend., ooph., 1 

ν46 477 478 7 CCHAr oop. bend., ooph., 2 

ν45 476 478 3 CCHAr oop. bend., ooph., 1 

Abbreviations: DFT freq. calc.. – calculated frequency with scale factor, cm–1; exp. – experimental; IІR – 

calculated IR intensity, km/mol; Ar – aryle; def. – deformation; str. – bond stretching; rock. – rocking, twist. – 

twisting, wag. – wagging, bend. – bending, scis. – scissoring deformation vibrations; s. – symmetric and as. − 

asymmetric vibrations; ooph. – out-of-phase; iph. – in-phase; ip. – in-plane; oop. – out-of-plane.  

Bold symbol denotes the number of molecule in the dimer 2. 

 

Table S5. Calculated frequencies, IR intensities, corresponding experimental date and assignment of vibrational 

modes for the dimer of 4-methylmethcathinone hydrochloride determined at the B3LYP/6-31G(d,p) level 

Mode 

DFT 

freq. 

calc. 

Exp. 

[29] 
ІІR Assignment 

ν174 3358 
3356 

[32] 
40 N3–H5 str., 1 

ν173 3092  2 C–HAr str., iph., 2 

ν172 3088  4 C–HAr str., iph., 1 

ν171 3078 3065 13 C–HAr str., iph., 2 
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Mode 

DFT 

freq. 

calc. 

Exp. 

[29] 
ІІR Assignment 

ν170 3066  1 C42H3 str., as., 2 

ν169 3065 3065 11 C–HAr str., iph., 1 

ν168 2999 3000 13 C–HAr str., ooph., 2 

ν167 2997 3000 18 C–HAr str., ooph., C13H3 str., as., 1 

ν166 2996 3000 18 C–H Ar str., ooph., C13H3 str., as., 1 

ν165 2995 3000 12 C–HAr str., ooph., 2 

ν164 2995 3000 8 C42H3 str., as., 2 

ν163 2994 3000 14 C–HAr str., ooph., 1 

ν162 2989 3000 7 C13H3 str., as., 1 

ν161 2970 2967 11 C18H3 str., as., 1 

ν160 2966 2967 15 C47H3 str., as., 2 

ν159 2961 2967 9 C47H3 str., as., 2 

ν158 2951 2942 5 C18H3 str., as., 1 

ν157 2950 2942 14 C55H3 Ar str., as., 2 

ν156 2946 2942 16 C26H3 Ar str., as., 1 

ν155 2920 2917 14 C55H3 Ar str., as., 2 

ν154 2917 2917 19 C26H3 Ar str., as., 1 

ν153 2914 2904 25 C42H3 str., s., C35–H36 str., 2 

ν152 2909 2904 12 C42H3 str., s., C35–H36 str., 2 

ν151 2878 2871 41 C13H3 str., s., C6–H7 str., 1 

ν150 2866 2871 10 C47H3 str., s., 2, C6–H7 str., 1 

ν149 2756 2740 121 N32–H34 (2)∙∙∙Cl 1 (1) str. 

ν148 2743 2740 184 N32–H34 (2)∙∙∙Cl 1 (1) str. 

ν147 2738  18 C55H3 Ar str., s., 2 

ν146 2734 2740 165 N32–H34 (2)∙∙∙Cl 1 (1) str. 

ν145 2734 2740 389 N32–H34 (2)∙∙∙Cl 1 (1) str. 

ν144 2458 2451 805 N3–H4–Cl 1 str., 1, N32–H33–Cl 2 str., 2, ooph. 

ν143 2410 2418 131 N3–H4–Cl 1 str., 1, N32–H33–Cl 2 str., 2, iph. 

ν142 1716 1684 161 С=О str., N32H2 scis., 2 

ν141 1689 1684 190 С=О str., N3H2, scis., 1 

ν140 1606 1605 72 С53=С59 and C40=C51 str., s., 2 

ν139 1606 1605 107 С24=С30 and C11=C22 str., s., 1 

ν138 1578 1569 34 N32H2 scis., 2 

ν137 1562 1569 10 С39=С40 and С59=С46 str., s., 2 

ν136 1562 1569 11 С10=С11 and С30=С17 str., s., 1 

ν135 1542 1569 95 N3H2 scis., 1 

ν134 1502 1492 2 С=С str., as., 1 

ν133 1497 1492 1 С=С str., as., 2 

ν132 1485 1467 85 C42H3 def., as., N32H2 wag., 2 

ν131 1474 1467 25 C13H3 def., as., N3H2 wag., 1 

ν130 1472 1467 28 C42H3 def., as., C47H3 def., as., 2 

ν129 1472 1467 5 C13H3 def., as., C18H3 def., as., 1 

ν128 1461 1457 12 C47H3 def., as., 2 

ν127 1458 1457 3 C13H3 def., as., C18H3 def., as., 1, C42H3 def., as., C47H3 def., as., N32H2 twist., 2 

ν126 1457 1457 31 
C42H3 def., as., C47H3 def., as., N32H2 twist., 2, C13H3 def., as., C18H3 def., as., N3H2 

twist., 1 

ν125 1453 1457 2 C13H3 def., as., C18H3 def., as., N3H2 wag., C6H7 bend, 1 

ν124 1453 1457 9 C55H3 Ar. def., as., 2 

ν123 1452 1457 10 C26H3 def., as., 1 

ν122 1449 1457 14 C13H3 def., as., C18H3 def., as., N3H2 twist., C6H7 bend, 1 

ν121 1448 1457 5 C26H3 def., as., 1 

ν120 1446 1457 6 C55H3 def., as., 2 

ν119 1437  1457 8 C42H3 def., as., N3H2 wag., 2 

ν118 1423 1412 18 C13H3 def., s., C18H3 def., s., N3H2 wag., C6H7 bend., 1 

ν117 1412 1412 6 C13H3 def., s., C18H3 def., s., N3H2 twist., C6H7 bend., 1 

ν116 1407 1412 5 C42H3 def., s., 2 

ν115 1400 1412 13 С53=С59 and C40=C51 str., as., N32H2 twist., C35H36 bend., 2 

ν114 1398 1412 21 С24=С30 and C11=C22 str., as., N3H2 twist., C6H7 bend., 1 

ν113 1382 1384 83 C47H3 def., s., N32H2 twist., C35H36 bend., 2 

ν112 1377  2 C55H3 def., s., 2 

ν111 1376 1384 22 C47H3 def., s., N32H2 twist., 2 

ν110 1374  1 C26H3 def., s., 1 

ν109 1373  7 C18H3 def., s., 1 

ν108 1330 1347 42 N32H2 twist., C35H bend, 2 
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Exp. 

[29] 
ІІR Assignment 

ν107 1310 1295 9 С=С str., as. Kekule, 1 

ν106 1310 1295 1 С=С str., as. Kekule, 2 

ν105 1308 1295 94 Ring str., С6–С8 str., C6H7 bend., N3H2 twist., 1 

ν104 1299 1295 25 Ring str., С6–С8 str., C6H7 bend., N3H2 twist., 1 

ν103 1294 1295 7 Ring str., C35H bend., 1 

ν102 1288 1295 15 C6H7 bend., С6–С8 str., С8–С10Ar str., ooph., N3H2 twist., 1 

ν101 1280 1295 43 C35H36 bend., С35–С37 str., С37–С39Ar str., ooph., 2 

ν100 1256 1248 107 С8–С10Ar str., C6–N3 str., C6H bend., 1 

ν99 1236 1248 121 С37–С39Ar str., C35–N32 str., C35H bend., 2 

ν98 1214  1 С26H3–С17Ar str., CCHAr bend., 1 

ν97 1213 1215 17 С55H3–С46Ar str., CCHAr bend., 2 

ν96 1201  1 CCHAr bend., N3H2 rock., 1 

ν95 1196 1201 20 CCHAr bend., N32H2 rock., 2, CCHAr bend., 1 

ν94 1194 1201 13 СCHAr bend., NH2 rock., 1, 2 

ν93 1186 1189 34 СCHAr bend., N32H2 rock., 2 

ν92 1164 1166 5 С6–N3 str., С6H7 bend., C13H3 rock., 1 

ν91 1160 1166 7 С35–N32 str., С35H36 bend., C42H3 rock., 2 

ν90 1128 1126 13 СCHAr bend., 1 

ν89 1126 1126 12 СCHAr bend., 2 

ν88 1098 1096 50 С35–N32 str., N32–C42H3 str., ooph., C47H3, C42H3 rock., 2 

ν87 1097 1096 25 С6–N3 str., N3–C13H3 str., ooph., C13H3, C18H3 rock., 1 

ν86 1058  8 N32–C42H3 str., C35–C47H3 str., N32H2 twist., 2 

ν85 1055  6 N3–C13H3 str., C6–C18H3 str., N3H2 twist., 1 

ν84 1054 1050 5 C55H3 rock., 2 

ν83 1052 1050 13 C26H3 rock., 1 

ν82 1048 1050 13 C35–N3 str., N32–C42H3 str., ooph., C35– C47H3 str., 2 

ν81 1035 1030 15 C6–N3 str., N3–C13H3 str., ooph., C6– C18H3 str., 1 

ν80 1029  2 Ring def., as., 1 

ν79 1028  1 Ring def., as., 2 

ν78 1013 1008 21 N32–C42H3 str., C47H3 rock., C55H3 rock., 2 

ν77 1008 1008 14 N3–C13H3 str., C18H3 rock., C26H3 rock., 1 

ν76 1006 1008 40 C55H3 rock., N32–C42H3 str., 2 

ν75 1005  8 C26H3 rock., N3–C13H3 str., 1 

ν74 990 sh. 976 6 CHAr oop. bend., ooph., 1, 2 

ν73 988 sh. 976 17 CHAr oop. bend., ooph., 1, 2 

ν72 982  2 CHAr oop. bend., ooph., 1 

ν71 978 976 42 CHAr oop. bend., ooph., С6–C8 str., N3–C13H3 str., iph., C18H3 rock., 1 

ν70 973 976 48 CHAr oop. bend., ooph., С35–С37 str., N32–C42H3 str., iph., C47H3 rock., 2 

ν69 946  4 CHAr oop. bend., ooph., 2 

ν68 912 889 35 N32H2, rock., 2 

ν67 863 889 41 N3H2, rock., 1 

ν66 851 854 4 CHAr oop. bend., ooph., 1, 2 

ν65 848 854 6 CHAr oop. bend., ooph., 1, 2 

ν64 841 854 4 N32–C35 str., ring breathing, 2 

ν63 836 844 20 CHAr oop. bend., iph., 1 

ν62 824 828 12 CH Ar oop. bend., iph., 2 

ν61 822 828 16 N3–C6 str., ring breathing, 1 

ν60 802 802 5 С46Ar–С55H3  str., ring str., s., 2 

ν59 801 802 8 С17Ar–С26H3  str., ring str., s., 1 

ν58 753 757 18 CCHAr oop. bend., iph., 1 

ν57 746 757 9 CCHAr oop. bend., iph., 2 

ν56 735 733 10 CCHAr oop. bend., iph., 1 

ν55 731 733 8 CCHAr oop. bend., iph., 2 

ν54 688 687 6 Ring def., oop, 1 

ν53 682 687 4 Ring def., oop, 2 

ν52 639  1 Ring def., ip., as., 2 

ν51 638  0.1 Ring def., ip., as., 1 

ν50 599 600 7 Ring def., ip., s., 1 

ν49 598 600 3 Ring def., ip., s., 2 

ν48 512 510 5 N3H2
+ libration movement relative Cl 1 atom, 1 

ν47 507 510 18 N32H2
+ libration movement relative Cl 2 atom, 2 

ν46 480 478 8 CCHAr oop. bend., iph., 1 

ν45 480 478 18 CCHAr oop. bend., iph., 2 
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Abbreviations: DFT freq. calc.. – calculated frequency with scale factor, cm–1; exp. – experimental; IІR 
– calculated IR intensity, km/mol; Ar – aryle; def. – deformation; str. – bond stretching; rock. – rocking, twist. – 

twisting, wag. – wagging, bend. – bending, scis. – scissoring deformation vibrations; s. – symmetric and as. − 

asymmetric vibrations; ooph. – out-of-phase; iph. – in-phase; ip. – in-plane; oop. – out-of-plane.  

Bold symbol denotes the number of molecules in the dimer. 

SM:  

The aromatic in-plane CCH deformation vibrations (CCHAr bend) are predicted in 1276–

1060 cm–1 (Tables S3–S5) with a very weak IR absorption. In the IR spectrum of the 4-MMC 

dimer, this type of vibration forms the independent weak experimental band 1126 cm–1 (calc.: 

1128 and 1126 сm–1) and provides contributions to experimentally observed IR absorption at 

1189 сm–1 (Figure 8 in the main text). The rest of the CCHAr bend. Vibrations do not give visible 

bands due to weak IR absorption. The out-of-plane deformation vibrations ССН produce 

experimental IR bands 1007, 973, 947, 781, 752, 728, 671, 524, 478 сm–1 in the spectrum of 

2-MMC compound (Figure 7) and 976, 854, 844, 828, 757, 733, 478 сm–1 in the spectrum of 

4-MMC compound (Figure 8); however, the calculated absorption intensities are, as a rule, 

lower than the experimental ones. 
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