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Preface

This Reprint includes studies that successfully combine experimental and theoretical research

methods to determine the structure and spectra of a number of substances in gaseous and condensed

states. The presented articles exemplify the self-sufficiency of quantum chemical methods and their

ability to replace costly experiments in studying the structure, nature of chemical bonds, electronic

and vibrational spectra, and magnetic properties of chemical compounds. This Reprint is intended for

readers interested in both the physical chemistry of the specific compounds discussed in the articles

and those pursuing the advances of modern quantum chemistry.

Georgiy V. Girichev

Guest Editor

ix





Editorial

Special Issue “Molecular Structure, Electronic, and Vibrational
Spectra Theoretical Calculations in Materials Sciences”

Georgiy V. Girichev

Department of Physics, Ivanovo State University of Chemistry and Technology, Sheremetevsky Avenue 7,
153000 Ivanovo, Russia; g.v.girichev@mail.ru; Tel.: +7-4932-35-9874

1. Introduction

The dialectic of the development of science is expressed in the fact that today’s experi-
ments must give way to tomorrow’s theory, which makes these experiments unnecessary,
but which, in turn, must give way to a new, more accurate experiment the day after tomor-
row, and so on along the path of progress. In the case of structural studies, the problem
along this path is the different physical meaning of the molecular parameters obtained in
the experiment and in quantum chemical calculations, where the researcher is faced with
the task of comparing them with each other or using the calculated data to explain the
properties of a real object.

Experimental data refer to a real physical object. For example, structural parameters,
obtained by diffraction methods, are averaged over electronic, vibrational, and in some
cases rotational levels populated under the experimental conditions, or they bear the
imprint of collective interaction. The latter often manifests itself in the results of XRD and
many spectroscopic studies.

At the same time, the structural and spectroscopic parameters obtained in routine
quantum chemical calculations refer to the unobservable hypothetical equilibrium structure
of the molecule. In this regard, the problem of comparing and mutually complementing
experimental and calculated data, which are in principle incompatible due to different
physical meanings, arises, the solution of which requires further development.

Currently, the most important technique for theoretical calculations in the field of
chemistry and materials science is the use of quantum chemical methods of varying levels
of complexity.

Quantum chemistry in its development appears in the form of stages associated with
both the improvement of the theoretical level and the expansion of the range of research
objects. The beginning of quantum chemistry as a special branch of physical chemistry
was laid thanks to the concept of the French physicist Louis de Broglie, according to whom
the key elementary particle responsible for the chemical properties of a substance, the
electron, has both corpuscular and wave properties; this was presented in his article [1]
(this phenomenon subsequently received a special name—wave–particle duality). The
article mentioned was published in 1925, and this year marks exactly 100 years since
its publication. Based on the concept of Louis de Broglie, the Austrian physicist Erwin
Schrödinger in his classic works [2,3] formulated the so-called the wave equation that bears
his name and describes the state of an electron in an atom; namely, it became the basis of
quantum chemistry and retains its significance to this day.

In its development, quantum chemistry has gone through a number of stages, expand-
ing its application from the analytical (theoretical) description of the object of study to

Int. J. Mol. Sci. 2025, 26, 7941 https://doi.org/10.3390/ijms26167941
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its numerical modeling, consistently increasing the theoretical level of description of the
system under study.

By now, two main approaches to calculating molecular characteristics have been
formed—ab initio methods and DFT methods. The latter methods are less demanding on
computer resources for calculations, and they have today received a significantly larger
scale of practical application than ab initio methods—Hartree–Fock and post-Hartree–Fock
methods. Nevertheless, the “gold standard” of quantum chemistry for small molecules is
the CCSD(T) coupled cluster method, which belongs to the ab initio method class.

Returning to the beginning of this article, which generally examines the interaction of
experiment and theory as the basis of the dialectic of scientific development, it is important
to note the main pragmatic purpose of theory—replacing an expensive experiment while
simultaneously ensuring the accuracy of predicting the properties being studied, which is
not inferior in accuracy to experimental data.

At present (if not in principle at all), the key to the successful development of theo-
retical methods is the presence of metrologically reliable and clear in physical meaning
experimental data, which can be relied upon when testing new theoretical constructs.

Among spectroscopic methods, microwave spectroscopy is most widely used to
determine the exact geometric structure of free molecules. However, the application of
this method is limited to molecules consisting of a relatively small number of atoms and
possessing a dipole moment.

A valuable method for establishing molecular structure is NMR. However, the accu-
racy of determining internuclear distances through this method is 1–2 orders of magnitude
lower than the accuracy of microwave and diffraction methods. It should be noted that
the obtained structural data, as a rule, relate to the condensed state of the substance or
solution and largely concern clarifying issues of the chemical identification of the sample,
conformational analysis, internal influence effects, etc.

Valuable information about the geometric and electronic structure of molecules can be
obtained by studying their vibrational (IR and Raman) and electronic (emission, absorption,
etc.) spectra.

The most frequently used method for determining the structure of substances in
the solid state is single-crystal XRD. If the crystal is molecular, the geometric structure
of separate molecules can be found. Thanks to favorable statistics, namely, a very wide
sample (the number of reflections recorded during X-ray structural analysis of single
crystals can reach tens of thousands), this method allows us to determine interatomic
distances with very high metrological accuracy. However, compared to the structure of an
isolated (individual) molecule, the molecular structure obtained in X-ray diffractometry is
distorted by the collective (intermolecular) interaction in the crystal. This distortion can
significantly exceed the error of the diffraction experiment and in some cases can lead to
erroneous conclusions when using X-ray structural data to describe the steric and electronic
effects that determine the structure of an isolated molecule. Another factor that must be
considered when using most XRD structural data is that the scattering of X-rays occurs on
the electron shells of atoms in a molecule. Therefore, it is not the internuclear distances that
are determined, but the distances between the centers of gravity of the electron density on
the atoms, which can differ significantly from the internuclear ones due to the specifics of
the chemical bond that is formed. Examples of such situations are the distances between
light atoms that have lone electron pairs or the distances between atoms, one of which is
a hydrogen atom. In the latter case, special geometric techniques are used that formally
define the positions of hydrogen atoms.

The listed circumstances should be taken into account when formulating conclusions
based on a comparison of the XRD and quantum chemical structure.

2
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The main experimental method for determining the structure of polyatomic (up to
100 atoms or more) molecules free from collective interaction is gas electron diffraction.
However, the molecules under study must be transferred to the gas phase. In some cases,
the vaporization process is accompanied by the incongruent evaporation of the sample
or oligomerization, its interaction with the inlet system material, and in some cases this
requires an effusion experiment at elevated temperatures (up to 2000 K and higher), which
significantly complicates both the experiment and the interpretation of its results. The issue
of identifying the object under study was resolved in the works [4,5], in which the authors
combined electron diffraction and mass spectrometric experiments, thereby obtaining the
ability to continuously monitor the composition of the vapor under study throughout the
diffraction experiment. However, the different physical meaning of the structure obtained
by electron diffraction (it is a nuclear configuration averaged over all electronic, vibrational
and rotational states populated under the experimental conditions) and the structure from
quantum chemical calculations (it corresponds to a minimum on the potential energy
surface and is unobservable in the experiment) greatly complicates the task and requires
that the specifics of intramolecular dynamics, based on the calculated quantum chemical
force field of the molecule, are taken into account when deciphering the diffraction pattern
of molecules.

Considering the vibrational effects and the effects of centrifugal distortion when
interpreting the data of a gas-phase electron diffraction experiment allows us to determine
the equilibrium molecular structure, which in its physical meaning coincides with the
calculated quantum chemical structure. This further allows us to use it equally with the
calculated structure to establish structure–property correlations of real objects or when
testing quantum chemical methods for calculating molecular structure.

Thus, the question of the physical meaning of the obtained molecular characteristics is
in many cases the most crucial key if we want to explain the subtle effects of the relationship
between the structure and physicochemical properties of substances.

This introduction does not claim to be an exhaustive examination of all methods
capable of providing information on the structure of molecules, but it merely draws the
attention of researchers to the validity and quantitative side of conclusions that are based
on a comparison of the structural and energy characteristics of molecules obtained by
different methods.

This Special Issue “Molecular structure, electronic and vibrational spectra. Theoretical
calculations in materials science” represents a characteristic cross-section of the current
situation in the literature, with the help of which one can indirectly conceptualize the
nature of the interaction of experiment and theoretical calculations and the direction of
development of the problem under discussion.

2. An Overview of the Published Articles

Contribution 1. The work of Adabekyan and co-authors is a classic example of the
successful complementarity of experimental and computational methods for the purpose
of deep penetration into the physicochemistry of the compounds studied. In this work,
the photoprocesses in 1,4-diazadistyrylbenzene and 1,3-diazadistyrylbenzene derivative
diperchlorates in MeCN were studied by absorption, luminescence, and kinetic laser spec-
troscopy. The comprehensive experimental measurements were added by DFT/PBE0/6-
31+G(d,p)/PCM(MeCN) calculations of cis and trans isomer structure diazadistyrylben-
zenes and their electrocyclization products (dihydrophenanthrenes DHP-1 and DHP-2)
in the ground S0 and singlet excited S1 states. The absorption and emission spectra
were calculated by TDDFT with the same functional, basis set, and solvent model. The
information obtained in the work on photoprocesses in diazadistyrylbenzenes can be im-
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plemented in the construction of photoactive supramolecular systems based on their use of
macrocyclic compounds.

Contribution 2. The work of Giricheva and co-authors has demonstrated an even closer
connection between experimental and theoretical methods. The main goal of the work
was to establish the possibility of the existence of cyclic dimers of 4-n-propyloxybenzoic
acid formed by hydrogen bonds in the gas phase. The authors used a combined method,
including gas electron diffraction, mass spectrometry, and DFT calculations. The calculated
structural parameters were refined during the LS structural analysis of the experimental
diffraction pattern. In addition, the calculated force field was used both to calculate the
starting values of the root mean square vibration amplitudes and vibrational corrections
to internuclear distances in order to give them the physical meaning of values close to
equilibrium ones. Thus, the experimental and calculated structural parameters were re-
duced to a single scale, thereby ensuring their correct comparison. The energy of hydrogen
bonds to the cyclic fragment of the found dimer was calculated quantum chemically and
the bonding nature was described within the framework of NBO analysis.

Contribution 3. The work of Sagan and co-authors is a completely theoret-
ical study of chemical bonding in the associates “cyclopropenylidene—MX2” and
“imidazol-2-ylidene—MX2”, where M = Be, Mg, Zn; X = H, B. The physical nature of
these “carbene. . .MX2” interactions has been quantitatively characterized by the joint use
of a topological QTAIM-based Interacting Quantum Atoms (IQA) decomposition scheme,
the molecular orbital-based Extended Transition State—Natural Orbitals for Chemical
Valence (ETS-NOCV) charge, and a Local Energy Decomposition scheme (LED) based on
the Domain-based Local Pair Natural Orbital Coupled Cluster with Single, Double, and
perturbative Triple excitations (DLPNO-CCSD(T)) method, which was used to minimize
the error introduced by the theoretical level of calculations.

The characteristic feature of the considered associates is the bent structure of the MX2
molecule. The formation of the C. . .M bond leads to the significant elongation of the M–X
bond and a greater opening of the L–C–L angle in the carbene molecule. It is also worth
noting that for the bond length M–X, the relation Be < Zn < Mg applies so that for a given
X, the magnesium atom forms the longest M–X bond.

Contribution 4. The work of Tverdova and co-authors reports the results of studying
the geometric structure, vibrational frequencies, electronic characteristics, and thermody-
namic characteristics of conformers, as well as the structure and energy of transition states
of 4-(4-tritylphenoxy)phthalonitrile (TPPN), which can be used in material science as a
precursor in the synthesis of phthalocyanines with bulky substituents. A set of comple-
mentary methods include gas electron diffraction, mass spectrometry, IR spectroscopy, and
quantum chemical calculations (DFT/B3LYP, PBE, CAM-B3LYP, and B97D). It was found
that the molecule TPPN has four conformers. All vibrational bands in the experimental
IR spectrum of TPPN have been assigned by symmetry and the distribution of normal
vibration energy over internal coordinates. A slight difference was noted in the theoretical
IR spectra of the conformers, which, however, made it possible to determine that TPPN
consists of a mixture of conformers in the condensed state. The structure of transition states
between conformers is determined. The close calculated values of the total energy of the
conformers and high transition barriers suggest that the conformational diversity of TPPN
is formed during the synthesis of the compound.

Contribution 5. The work of Tiunova and co-authors describes the synthesis of
cationic Mn(III) complexes with ligands 5-Hal-sal2323 (Hal = Cl, Br) and a paramagnetic
divalent counterion [ReCl6]2− as follows: [Mn(5-Cl-sal2323)]2[ReCl6] (1) and [Mn(5-Br-
sal2323)]2[ReCl6] (2). The crystal structures and magnetic properties of both isostructural
two-component ionic compounds were studied at six temperatures (from 100 to 423 K).
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The phenomenon of different spin behavior of Mn atoms in stoichiometrically identical
fragments of [Mn(5-Cl-sal2323)] within 1 and 2 was discovered. A thermally induced spin
transition at high temperature, associated with the cationic moiety, and a field-induced
slow magnetic relaxation of magnetization at cryogenic temperature, associated with the
anionic moiety of the complexes, were detected.

Contribution 6. In the work of Merkel and co-authors, FTIR spectroscopy in combina-
tion with DFT/B3LYP/6-311 G (p, d) calculations were applied to study the geometrical
structure and intermolecular interaction of two mesogenic groups based on cyanobiphenyl
(CB) with thioether-linking groups (C-S-C) termed CBSCnSCB (n = 5, 7) and the asymmetric
system with the ether- and thioether-linking groups, termed CBSCnOCB (n = 5, 7). Changes
in the behavior of intermolecular interactions were observed by significant differences in
the values of transition dipole moments for selected vibrational bands. One significant
finding of this study was evidence that the intermolecular forces evolved on the transition
from the nematic phase to the twist–bend phase. A model for the packing of the dimer
molecules in the twist–bend phase was developed due to the overlapping of the rigid
cyanobiphenyl cores stabilizing this phase and thus affecting the helical pitch.

Contribution 7. In the work of Ferjani and co-authors, new salt of the antifungal
drug fluconazole, (H2Fluconazole)·SnCl6·2H2O, was synthesized and characterized by
single-crystal XRD, Hirshfeld surface analysis, Raman, FTIR, UV-visible spectroscopies,
and magnetic property measurements. To understand and predict the chemical behavior
of (H2Fluconazole)·SnX6·2H2O; (X = F, Cl, Br, and I), global chemical reactivity descrip-
tors were used, including EHOMO, ELUMO, ionization potential, electron affinity, hardness,
softness, chemical potential, electrophilicity, and electronegativity, and these were calcu-
lated at the theory level HSE1PBE/6-311++G**,LANL2DZ(Sn). TDDFT calculations were
performed at the optimized geometries using the same levels of theory.

Contribution 8. In the work of Loska and co-authors, FTIR spectroscopy and
DFT/B3LYP/6-311 G (p, d) calculations have been used to study the structure and molecu-
lar interactions in the nematic and twist–bend phases of symmetrical and asymmetrical
dimers with the cyanobiphenyl mesogenic groups linked in two mesogenic cores by methy-
lene, thioether, and ether fragments. The presence of conformers and the knowledge of their
structural and energetic characteristics are important for calculating the orientation order
in liquid crystals. In this connection, the dihedral angle distributions and conformations in
terms of potential energy functions for torsional motion were the objects of special attention.
Another distinctive feature of this work is the presence of detailed data on the theoret-
ical and experimental frequencies, dichroism values, relative intensity, direction of the
transition dipole moment, and approximate band assignments for all dimers investigated.

Contribution 9. In the work of Qi Gong and Guiling Zhang, a state-of-the-art quantum
mechanics-based program, CASTEP module of Materials Studio 2020 package (Accelrys
Inc., Materials Studio version 2020.08, San Diego, CA, USA), specifically designed for
solid-state materials science was applied to study of new 2D topological insulators (TIs)
with a large bulk bandgap. It was identified through first-principles calculations that
HSb2XHn and HBi2XHn form a new family of giant bandgap 2D TIs. On the examples of
HSb2XHn and HBi2XHn, spin–orbit coupling electronic structures of Janus (asymmetrically
functionalized by CH3 or OH) Sb and Bi monolayers with nontrivial topology, Rashba
splitting, and valley-contrast circular dichroism are proposed and demonstrated in the
present study.

Contribution 10. In the work of Ryzhov and co-authors, the electronic and geometric
structures of metal-free tetrapyrazinoporphyrazine (TPyzPA), octachlorotetrapyrazino-
porphyrazine (TPyzPACl8), and their complexes with Al, Ga, and In were studied at the
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DFT/PBE0-D3/def2TZVP theory level. The main objective was to study the effect of
chlorination on the structure and properties of these macrocycles.

It has been established that the structural parameters of the macrocyclic ligand undergo
minimal changes when replacing a central metal atom or introducing chlorine atoms at
the periphery.

The substitution of H-atoms for Cl leads to a decrease in the energy of the frontier
MOs of M(Cl)TPyzPACl8 as compared to M(Cl)TPyzPA. The electron absorption spectrum
of TPyzPACl8 contains three intense bands, while only two bands were found for TPyzPA.
The calculated IR spectra of TPyzPACl8 have a significant difference in comparison with
TPyzPA due to heavy Cl atoms involved in the vibrations that form medium and strong
bands in the region of 1000–1500 cm−1.

Contribution 11. The work of Klyukin and co-authors is devoted to the combined
theoretical and experimental study of the protonation of [2,6-B10H8O2CCH3]−. This is
a typical example of the successful use of quantum chemical calculations to understand
the mechanism of a chemical reaction for the synthesis of a compound, in particular, the
[2,6-B10H8O2CCH3*Hfac]0 complex. The structure of this complex was obtained using
NMR experiments and DFT calculations. The 11B-1H NMR spectra of this complex were
found to be complex and difficult to interpret. Notably, DFT/B97/IGLO-III calculations
reproduced the experimental NMR spectrum well.

Contribution 12. The work of Ziyi Wang and co-authors demonstrates the effectiveness
of combining experimental spectroscopy and quantum chemical calculations for interpret-
ing vibrational spectra. The initiative of this work relates to the problem of the corrosion of
technological equipment under the influence of organic sulfur compounds. However, the
problem of corrosion itself is not specifically considered here, and the study is limited to
a detailed analysis of the structure, as well as vibrational spectra and vibrational behav-
iors, of two sulfur-containing compounds, dibenzyl disulfide and dibenzyl sulfide (DBDS,
DBS), as well as bibenzyl (BiBz). The obtained IR and Raman spectra of these compounds
were interpreted using DFT calculations. The conformational composition was calculated
according to the Boltzmann distribution in relative Gibbs free energy. The analysis of the
distribution of potential energy of normal vibrations along internal coordinates was used
in the assignment of experimental spectra. The Noncovalent Interaction Analysis (NCI)
method was applied to reveal the nature of dominant conformations with low free energy.

No comments were made regarding the validity of the comparison of vibrational
spectra, since these were measured for the solid phase and calculated for the gas.

Contribution 13. In the work of Dan Deng and co-authors, the phosphorescence
mechanism of the (E)-3-(((4-nitrophenyl)imino)methyl)-2H-thiochroman-4-olate-BF2 com-
pound has been theoretically investigated. The calculated radiative and nonradiative rate
constants confirm the predominant relaxation scheme of the excited state S2 in the form of
a chain of transitions S0→S2→S1→T2→S0, indicating a violation of the Kasha rule.

3. Conclusions

The articles presented in this Special Issue attest to the increasingly deep comple-
mentarity of experiments and quantum chemical calculations. In some cases, calculations
act as an independent research method, claiming to eliminate the need for experiment
and demonstrating the availability of obtaining the wider spectrum of properties of the
compounds studied compared to experiments. Improvements in calculation methods
eventually eliminate the need for an experiment in cases where this replacement cost is
effective. In science circles, the following quote is known: “There is nothing more practical
than theory”. However, it is necessary to remember that the effectiveness of theoretical
methods is tested by comparing their predictions with the results of experiments. In this
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regard, the following quote of Nobel Prize Laureate, Professor Pyotr L. Kapitsa, is substan-
tiated: “Theory is a good thing, but well done experiment lasts forever” [6]. In this regard,
works that contain experimental and theoretical results that are both complementary and
mutually verifiable are of particular value.
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Abstract: Photoprocesses in 1,4-diazadistyrylbenzene (1) and 1,3-diazadistyrylbenzene derivative
(2) diperchlorates in MeCN were studied by absorption, luminescence, and kinetic laser spectro-
scopies. For compound 1, trans-cis-photoisomerization and intersystem crossing to a triplet state are
observed. For compound 2, photoelectrocyclization is suggested. Quantum chemical calculations of
diazadistyrylbenzene structures in the ground and excited states were carried out. The schemes for
photoreactions were proposed.

Keywords: diazadistyrylbenzene; electrocyclization; fluorescence; laser photolysis; triplet state;
trans-cis-isomerization; density functional theory

1. Introduction

Distyrylbenzenes are promising photoactive compounds for the design of organic
light-emitting diodes, materials for solar cells, nonlinear optical materials, and chemical
sensors [1–5]. The presence of two C=C double bonds in a molecule of distyrylbenzene
offers additional opportunities for their phototransformations. Distyrylbenzenes have
been the object of a sufficient number of studies [6–14], but there were no data on photo-
processes of diazadistyrylbenzenes and their derivatives. Earlier, we studied the photon-
ics of tetramethoxy-1,4-distyrylbenzenes [15], and also bis-15-crown-5- and 18-crown-6-
containing 1,3- and 1,4-distyrylbenzenes [16–21] and their ability to form supramolecular
complexes with metal cations.

The present study is focused on the derivatives of 1,4- and 1,3-diazadistyrylbenzenes
(1 and 2, respectively, Figure 1). The aim of this work was a comparative study of the
photonics of these compounds in MeCN by absorption, fluorescence, and kinetic laser
spectroscopies, detecting the triplet state and intermediate products of photoreactions. In
parallel with experimental studies, quantum chemical calculations were carried out to
elucidate the structure of the chromophore in the course of photoexcitation, as well as to
interpret the experimental absorption and fluorescence spectra.

The established ability of isomeric 1,4- and 1,3-derivatives of distyrylbenzenes to
undergo various types of photochemical transformations, including those involving triplet
states, has not been studied previously and is of considerable interest. This ability makes
them promising for use in photoactive materials. The photoprocesses of diazadistyrylben-
zenes under study can also be implemented in the construction of photoactive supramolec-
ular systems on their basis with the use of macrocyclic compounds.

Int. J. Mol. Sci. 2022, 23, 15346. https://doi.org/10.3390/ijms232315346 https://www.mdpi.com/journal/ijms9
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Figure 1. Structures of 4,4’-{1,4-phenylenebis[(E)-ethene-2,1-diyl]}bis(1-ethylpyridinium diperchlo-
rate (1) and 4,4’-{1,3-phenylenebis[(E)-ethene-2,1-diyl]}bis(1-ethylpyridinium) diperchlorate (2).

2. Results and Discussion

2.1. Absorption and Fluorescence Spectra

Figure 2 shows the absorption spectra, and Table 1 represents the corresponding
absorption band maxima and extinction coefficients for compounds 1 and 2. The absorption
spectra of 1 and 2 differ both in shape and in the position of the absorption band maxima.
A significant blue (40 nm) shift is observed for compound 2 as compared with 1. In this
case, the extinction coefficients of both compounds are virtually identical.

 

(a) (b) 

Figure 2. Absorption spectra of compounds (a) 1 and (b) 2. The concentration of compounds is
4 × 10−5 (a) and 5 × 10−5 (b) mol/L.

The calculation shows that the absorption of 1 originates from a single delocalized
electronic transition with high oscillator strength, while the absorption of 2 originates from
four localized electronic transitions with lower oscillator strength, which sum up to almost
the same intensity as the absorption of 1.
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Table 1. Absorption band maxima and extinction coefficients.

Compound
Experiment Calculation

λmax, nm ε, L·mol−1·cm−1 λmax, nm f

1 390 5.4 × 104 420 2.07

2 350 5.0 × 104

372 1

350 1

348 1

314 1

0.59 1

0.58 1

0.75 1

0.23 1

f is the oscillator strength; 1 four absorption bands of 2.

Figure 3 shows the fluorescence spectra of compounds 1 and 2, and Table 2 represents
their absorption band maxima, fluorescence quantum yields, and fluorescence lifetimes.

 

(a) (b) 

Figure 3. Fluorescence emission (1) and excitation (2) spectra of compounds (a) 1 and (b) 2. The
concentration of compounds 1 and 2 is 5 × 10−6 mol/L.

Table 2. Emission band maxima, fluorescence quantum yields ϕ and fluorescence lifetimes.

Compound
Experiment Calculation

ϕ λmax, nm λ0-0, nm λexc, nm Δλ, nm τfl, ps λmax, nm f τr, ps

1 0.05 470 434 393 77 120 454 1

472 2
2.18
1.34

1420
2500

2 0.02 455 395 346 109 160 409 1

422 2
0.30
0.19

8350
13700

Δλ is a Stokes shift between the fluorescence emission and excitation maxima; 1 trans isomer; 2 cis isomer.

A weak fluorescence of compounds 1 and 2 was detected. Fluorescence excitation
spectra coincide with the corresponding absorption spectra. At the same time, compound
2 demonstrates a large Stokes shift of the fluorescence band (109 nm) and a significant (by
2.5 times) decrease in the fluorescence quantum yield compared with compound 1, which
can be explained by a lower degree of conjugation and a significant deformation of the
structure upon photoexcitation of 2. The measured fluorescence lifetime is 120 ps for 1 and
160 ps for 2. The fluorescence kinetics for compound 2 was found to have a biexponential
character, which can confirm the presence of another form of 2 in the excited state with a
structure significantly different from the initial one.

The calculated radiative lifetimes are 20–50 times longer than the measured ones,
which is consistent with the low fluorescence quantum yield (ϕ = τ/τr). In the absence of a
quencher and the occurrence of the intersystem crossing to the triplet state, the fluorescence
lifetime is determined as τ = 1/(kr + knr + kic). The nonradiative lifetime τnr for trans isomer
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1 is 126 ps, for 2, it is 163 ps, whereas the radiative lifetime is 1420 and 8950 ps, respectively,
thus being in agreement with the experimental values.

2.2. Kinetic Spectroscopy

Upon laser flash excitation at 355 nm, a change in the absorption spectrum of com-
pound 1 is observed, as illustrated in Figure 4. The corresponding kinetic curves measured
in the maxima of the photoinduced absorption bands are shown in Figure 5.

Figure 4. Difference photoinduced absorption spectra of deoxygenated solution of compound 1 mea-
sured at 5, 30, and 300 μs after the laser pulse. The concentration of compound 1 is 5 × 10−5 mol/L.

 

(a) (b) 

Figure 5. Kinetic curves of the absorbance change in the deoxygenated solution of compound 1

measured at λ = 400 nm (a) and 570 nm (b). The concentration of compound 1 was 5 × 10−5 mol/L.

The photoinduced absorbance change at 350–450 nm can be attributed to trans-cis-
isomerization of 1 to give a relatively long-lived cis-isomer (Figure 5a). In this case, the rate
of decrease in absorption at 400 nm does not depend on the ambient oxygen content in
the solution and characterizes the process of cis-trans isomerization. The absorption band
in the region of 500–650 nm is observed only for the deoxygenated solution and can be
associated with the T-T absorption. The triplet state lifetime of 1 is 30 μs (Figure 5b).

The absence of bleaching in the principal absorption band of compound 1 can be
attributed to the similarity of the absorption spectra of the trans and cis isomers of the
compound.

For compound 2, the difference in the photoinduced absorption in the visible spectral
range is negligible and more than an order of magnitude smaller than for compound 1.
Figure 6 illustrates the different spectrums of photoinduced absorption of compound 2

under the accumulation of absorption curves.
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Figure 6. Photoinduced absorption spectrum of compound 2 measured at 5 μs after the laser pulse.
The concentration of compound 2 was 5 × 10−5 mol/L.

The observed photoinduced changes in the absorbance of compound 2 can be ex-
plained by assuming that these changes occur mainly in the short-wavelength region of
the spectrum, which made it impossible to detect them by kinetic laser spectroscopy. In
addition to spectral measurements performed upon laser excitation, the absorption spectra
of compounds 1 and 2 were measured upon stationary UV irradiation. Figure 7 shows the
obtained data.

 

(a) (b) 

Figure 7. Absorption spectra of compounds 1 (a) and 2 (b) measured upon UV irradiation at various
times as indicated in the insets. The concentration of compounds 1 and 2 was 5 × 10−5 mol/L.

Upon UV irradiation, an increase in optical density of the solution of compound 1

was observed, which corresponds to a photoinduced change in absorption measured upon
laser excitation (Figure 4) and attributed to the formation of a long-lived cis isomer of
1, which has an absorption spectrum similar to that of the trans isomer and a significant
extinction coefficient.

On the contrary, UV irradiation of compound 2 results in a decrease in absorption of the
principal absorption band and an increase in absorption in the short-wavelength region of
the spectrum, which is consistent with the experimental data obtained upon laser excitation.
It can be assumed that for compound 2, photoelectrocyclization takes place to give the final
product, which absorbs in the short-wavelength region of the spectrum. This conclusion is
supported by the literature data confirming the participation of 1,3-distyrylbenzenes in the
electrocyclization reaction [1–3,8]. Photocyclization of 1,3-diazadistyrylbenzene seems to
occur in the singlet excited cis isomer, which has a short lifetime. The possible scheme of
electrocyclization of compound 2 is depicted in Figure 8.
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Figure 8. Scheme of electrocyclization of compound 2.

2.3. Quantum Chemical Calculations
2.3.1. Model

In general, the processes of laser flash photolysis experiments can be viewed as follows.
The reactions of trans-cis and cis-trans isomerization proceed via a conical intersection

(CI), and the minimum energy paths from the local trans or cis minima on the S1 potential
energy surface to the CI include saddle points, which limit the photoisomerization rate. The
energy of the transition state relative to the trans or cis local minimum can be considered as
the activation energy of trans-cis photoisomerization.

A laser pulse (355 nm) gives the molecule (trans-1 or trans-2) excessive energy, which may
be sufficient to overcome the barriers of trans-cis photoisomerization. After that, the molecules
can easily reach the region of the conical intersection and relax nonradiatively either to the
trans or to the cis form in the ground state. This explains why the trans-cis isomerization takes
place in the nanosecond timescale under the laser flash photolysis conditions.

When photoinduced absorption spectra are measured (after at least 5 μs after the laser
pulse), the excess energy is already dissipated either radiatively or nonradiatively, and the
mixture consists of the initial molecule in the ground state and its primary photoproducts
in their lowest states (S0 for singlet products and T1 for triplet products). In order to
measure photoinduced absorption, the molecules in the mixture are excited directly to
their absorption bands without pumping excessive energy. In this case, the barriers for the
excited-state reactions can be overcome only through thermal activation, and the reaction
rates can be estimated using the Arrhenius formula, given that the corresponding excited
state is sufficiently long-lived.

Therefore, after the laser pulse, the mixture consists of both trans and cis of 1 or 2 in
their ground state and, where possible, their triplet forms. Upon measuring the photoin-
duced absorption spectra, the triplet forms absorb at ~500–600 nm, and the singlet forms
absorb at ~350–400 nm, undergo thermally activated or barrierless phototransformations,
or emit light (fluoresce).

2.3.2. Results

The structures of 1,4-diazadistyrylbenzene (1) and its electrocyclization product calcu-
lated by PBE0/6-31+G(d,p)/PCM(MeCN) are shown in Figure 9. The trans isomer is planar
both in the ground and in the excited states. The cis isomer is nonplanar; the C-C=C-C
torsion angle is ~9◦ in the ground state and ~23◦ in the excited state. These torsions are
close to the same angles in the DHP (~8 and 18◦ in the ground and excited states, respec-
tively). The ground-state DHP is a local minimum, while the excited-state DHP is a conical
intersection (CI). Trans-cis photoisomerization proceeds via another conical intersection at
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~90◦ C-C=C-C torsion angle. The minimum energy path from both trans and cis minima to
the CI includes two saddle points at ~121 and 66◦ C-C=C-C torsion angle.

(a) 

(b) 

 
(c) 

Figure 9. Structures of (a) trans-1 and (b) cis-1 and (c) its electrocyclization product dihydrophenan-
threne DHP-1.

Figure 10 shows the energy level diagram of diazadistyrylbenzene 1 (a), its possible
phototransformations (b), and the absorption maxima of the phototransformation prod-
ucts (c). On the basis of the calculated data, we may infer the following picture of the
photoprocesses in 1.
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(a) 

 
(b) 

 
(c) 

Figure 10. (a) Energy level diagram of diazadistyryl benzene 1, (b) scheme of its possible phototrans-
formations, and (c) absorption maxima of the phototransformation products. Straight arrows on the
energy diagram denote radiative processes, and wavy arrows denote nonradiative processes.

As mentioned above, after the laser pulse, the mixture consists of trans-1, cis-1, and,
possibly, 3trans-1. When photoinduced absorption is measured, trans-1 absorbs at 420 nm
(390 nm in the experiment) with further relaxation to the minimum of the S1 state ((trans-
1)*). From the minimum, the molecule can emit light at 455 nm (470 nm in the experiment),
convert to the triplet state (3trans-1) through S1-T2 intersystem crossing with further phos-
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phorescence and nonradiative relaxation, or undergo a trans-cis isomerization. Without
excess excitation energy provided by the laser pulse, this process proceeds in the microsec-
ond timescale and, therefore, is sufficiently slow. The reverse cis-trans isomerization in
the excited state proceeds much faster, namely, in the nanosecond timescale and can take
place even under the conditions of steady-state photoexcitation. Transformation to DHP-1
from any of the S1 minima is unfavorable (denoted by red cross in Figure 10b) because the
excited (DHP-1)* is ~5.5 kcal/mol higher than the excited (cis-1)* minimum, and the excess
energy received by the molecule upon primary flash excitation is dissipated.

The absorption bands of cis-1 and trans-1 are very close and overlap when measured
(calculated 420 and 412 for trans-1 and cis-1, respectively). The emission proceeds in the
nanosecond timescale, and the fluorescence spectra of both cis and trans isomers also
overlap (calculated at 455 and 472 nm for trans-1 and cis-1, respectively).

The rate of phototransformation to the triplet state was not evaluated. However, it
is worth noticing that T2 lies only ~6 kcal/mol lower than S1 both in the trans- and cis- S1
minima, and the nature of the T2 state is different from the nature of the S1 state (see Figure
S3 of Supplementary Materials). According to the El-Sayed rule, ISC is efficient in this case,
leading to further evolution of the triplet molecule.

Since DHP-1 does not accumulate, its oxidation product, phenanthrene-1 (Phen-1),
which could be detected by absorption at ~380 nm, does not form.

For the 1,3-diazadistyrylbenzene (2) and its electrocyclization product, the correspond-
ing structures calculated by the same method are shown in Figure 11. The trans isomer is
planar both in the ground and in the excited states. The cis isomer is nonplanar; the C-C=C-
C torsion angle is ~8◦ in the ground state and ~14◦ in the excited state. These torsions are
even closer to the same angles in the DHP (~8 and 16◦ in the ground and excited states,
respectively) than in 1. The ground-state DHP is a local minimum, while the excited-state
DHP is a conical intersection. Trans-cis photoisomerization proceeds via another conical
intersection at ~90◦ C-C=C-C torsion angle. The minimum energy path from both trans and
cis minima to the CI includes two saddle points at ~128 and 57◦ C-C=C-C torsion angle.

Figure 12 shows the energy level diagram of diazadistyrylbenzene 2 (a), its possible
phototransformations (b), and the absorption maxima of the phototransformation prod-
ucts (c). On the basis of the calculated data, we may infer the following picture of the
photoprocesses in 2.

After the laser pulse, the mixture consists of trans-2, cis-2, and, possibly, 3trans-2.
When photoinduced absorption is measured, trans-2 absorbs at 314–372 nm (350 nm in
the experiment) with further relaxation to the minimum of the S1 state ((trans-2)*). From
this minimum, the molecule can either emit light at 409 nm (455 nm in the experiment),
transform to the triplet state through the S1-T3 intersystem crossing with further phospho-
rescence or nonradiative relaxation, or undergo a trans-cis isomerization. Without excess
excitation energy provided by the laser pulse, this process proceeds in the microsecond
timescale and, therefore, is sufficiently slow. The reverse cis-trans isomerization proceeds
slower by order of magnitude, which may result in the accumulation of the cis-2 isomer.

From the (cis-2)* minimum, the molecule can transform to the excited (DHP-2)*,
which has almost the same energy as the excited (cis-2)* minimum. The (DHP-2)* is a
conical intersection and serves as a funnel for the nonradiative relaxation of (cis-2)*. The
ground-state DHP-2, which absorbs in the visible region, is not accumulated due to its
fast oxidation to the corresponding phenanthrene-2 (Phen-2), whose absorption band
(calculated 358–361 nm) overlaps with those of the trans-2 and cis-2.

17



Int. J. Mol. Sci. 2022, 23, 15346

 
(a) 

 
(b) 

 
(c) 

Figure 11. Structures of (a) trans-2 and (b) cis-2 and (c) its electrocyclization product dihydrophenan-
threne DHP-2.

ISC in the (trans-2)* can proceed from the S1 to the closest triplet level, which is
T3. However, both S1 and T3 states are formed by the same orbitals (see Figure S3 of
Supplementary Materials), and this makes ISC inefficient according to the El-Sayed rule
(denoted by red cross in Figure 12b). This explains the absence of photoinduced absorption
at 500–600 nm in 2.

The absorption bands of cis-2 and trans-2 are even closer than in 1 and overlap (cal-
culated 372 and 368 nm for trans-2 and cis-2, respectively). The emission proceeds in the
nanosecond timescale and the fluorescence spectra of both cis and trans isomers also overlap
(calculated at 409 and 422 nm for trans-2 and cis-2, respectively).
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(a) 

 
(b) 

 
(c) 

Figure 12. (a) Energy level diagram of diazadistyrylbenzene 2, (b) scheme of its possible phototrans-
formations, and (c) absorption maxima of the phototransformation products. Straight arrows on the
energy diagram denote radiative processes, whereas wavy arrows denote nonradiative processes.

3. Materials and Methods

The synthesis of perchlorates of 1,4- and 1,3-diazadistyrylbenzenes (1 and 2) is beyond
the scope of this study and will be published elsewhere. 1H-NMR spectra of 1 and 2 can be
found in Supplementary Materials, Figures S1 and S2.
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The absorption spectra were recorded on the Agilent 8453 spectrophotometer. The
luminescence spectra were recorded on the Varian Eclipse spectrofluorimeter. Fluorescence
lifetimes were measured on the Fluotime 300 spectrofluorimeter. The difference absorption
spectra of photoproducts and kinetics decay were measured by means of the nanosecond
laser flash photolysis apparatus [22]. Irradiation was performed using the third harmonic
of the Nd-YAG laser Solar (λ = 355 nm). The dissolved oxygen was removed by the argon
bubbling of the solution. Stationary irradiation of diazadistyrylbenzenes solutions was
performed using a DKSSh-150 lamp with a UFS-6 glass filter. For the measurement of
fluorescence quantum yields, 9,10-diphenylanthracene (quantum yield 0.92 in ethanol [23])
was used as a standard. The accuracy of quantum yield measurement was 10%. All
measurements were carried out in MeCN (high purity grade, grade 0, Cryochrome) at
room temperature.

Kinetic spectroscopy allows us to draw conclusions about the presence of certain
photoreaction products from indirect data (photoinduced absorption spectra and kinetic
curves). Since the concentration of the diazadistyrylbenzenes is very low, it is not possible
to accumulate and isolate (in general, unstable) photoreaction products in their pure form.

Calculation

The structures of the cis and trans isomers of diazadistyrylbenzenes 1 and 2 and their
electrocyclization products (dihydrophenanthrenes DHP-1 and DHP-2) in the ground S0
and singlet excited S1 states, as well as the transition states of the trans-cis photoisomer-
ization on the S1 potential energy surfaces and DHP oxidation products, phenanthrenes
Phen-1 and Phen-2, were optimized by the DFT with PBE0 functional and 6-31+G(d,p) basis
set using FireFly program package [24] partially based on GAMESS(US) code [25]. The
solvent effect (MeCN) was included through the dielectric polarizable continuum model
(D-PCM) [26].

The absorption and emission spectra were calculated by TDDFT with the same func-
tional, basis set, and solvent model. The absorption spectra were calculated after geometry
optimization of the ground state, while the emission spectra were calculated after geometry
optimization of the π–π* excited state. The vibrational frequencies and normal modes were
calculated for all the studied stationary points of the ground and S1 excited states. The
triplet energies were calculated by TDA [27].

The radiative lifetime τr was calculated as follows:

kr =
2
3

f0iν
2
i0; τr =

1
kr

(1)

where kr is the fluorescence rate constant, f 0i is the oscillator strength, and νi0 is the
frequency (cm−1) of the transition.

The trans-cis and cis-trans photoisomerization times τtc were calculated using the
Arrhenius equation:

ktc = cω0 exp
(−EA

kT

)
; τtc = 1/ktc (2)

where EA is the activation energy calculated for the corresponding transition state on
the S1 potential energy surface, c is the speed of light, and ω0 is the frequency of the
reorganizational mode [28–30].

Since the energy profile of the isomerization and subsequent electrocyclization goes
through conical intersection regions, the applicability of TDDFT needs special discussion. It
is known that TDDFT is inapplicable to cases with quasidegeneracy. In the quasidegeneracy
region, the excited state geometry optimization procedure fails because the gap between the
ground and excited state (or the excitation frequency) becomes zero, and Casida equations
do not have positive eigenvalues [31]. However, for our qualitative conclusions, we neither
need the exact energy of the minimum energy CI nor its exact structure. For our purposes,
it is sufficient to know that both (DHP-1)* and (DHP-2)* lie in the region of the conical
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intersection. If this intersection is peaked [32], it acts as a reaction funnel. By TDDFT, we
may roughly demonstrate that the near-CI region for (DHP-1)* lies higher than the local
cis and trans minima of the S1 state, while for (DHP-2)*, this region has lower energy and,
therefore, a barrierless path from the cis form to the CI is possible in 2.

The calculations were also repeated using BHandHLYP functional to demonstrate
that the results are qualitatively the same and only slightly depend on the weight of exact
exchange in the functional (Figure S4 of Supplementary Materials)

This methodology has been benchmarked against multireference (XMCQDPT2/CASSCF)
calculation in [33].

4. Conclusions

It was found that the photoprocesses of 1,4- and 1,3-isomers of diazadistyrylbenzenes
differ substantially. The phototransformation of the 1,4-diazadistyrylbenzene derivative
involves trans-cis isomerization and intersystem crossing to the triplet state. In this case, the
formation of DHP-1 is energetically unfavorable. For 1,3-diazadistyrylbenzene, trans-cis
isomerization is followed by the electrocyclization from the cis-form to generate DHP-2 and
further fast oxidation with atmospheric oxygen to give phenanthrene, while intersystem
crossing is not efficient. The considered photoprocesses of diazadistyrylbenzenes can be
implemented in the construction of photoactive supramolecular systems on their basis with
the use of macrocyclic compounds.

Supplementary Materials: The following Supplementary Material can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms232315346/s1.
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Abstract: A comprehensive study of saturated vapors of 4-n-propyloxybenzoic acid (POBA) by gas
electron diffraction (GED) and mass spectrometric (MS) methods supplemented by quantum chemical
(QC) calculations was carried out for the first time. An attempt was made to detect dimeric forms
of the acid in the gaseous state. It has been established that at the temperature of GED experiment,
vapor over a solid sample contains up to 20 mol.% of cyclic dimers with two O-H...O hydrogen bonds.
The main geometrical parameters of gaseous monomers and dimers of POBA are obtained. The
distance r(O . . . O) = 2.574(12) Å in the cyclic fragment of the gaseous dimer is close to that in the
crystal structure (2.611 Å). In the mass spectrum of the POBA recorded the ions of low intensity with
a mass exceeding the molecular mass of the monomer were detected. The presence of ions, whose
elemental composition corresponds to the dissociative ionization of the dimer, confirms the results of
the GED experiment on the presence of POBA dimers in the gas state. The results of GED studies of
acetic acid, benzoic acid, and POBA were compared. It is shown that the COOH fragment saves its
geometric structure in monomers, as well as the COOH...HOOC fragment with two hydrogen bonds
in dimers of different acids. The intermolecular interaction energy in considered acid dimers was
estimated using QC calculations (B97D/6-311++G **). The significant value of last (>84 kJ/mol) is
the reason for the noticeable presence of dimers in the gas phase.

Keywords: 4-n-propyloxybenzoic acid; hydrogen bond; dimer; molecular structure; gas electron
diffraction; DFT; mass spectrometry; intermolecular interaction

1. Introduction

It is well known that aromatic carboxylic acids are dimerized in crystalline and liquid
crystalline phases [1–6]. Due to this feature, even benzoic acids with short substituents can
exhibit liquid crystal properties [5].

During heating, substituted benzoic acid passes into a liquid-crystalline state, and
then into an isotropic state with a gradual destruction of intermolecular hydrogen bonds,
and according to IR spectroscopy, the number of dimers in the isotropic state becomes
small [1].

For aromatic carboxylic acids the method of IR spectroscopy is a reliable tool for
detecting dimeric forms of acids, since IR spectra contain characteristic absorption bands
in the range of 2500–2700 cm−1 [3,4,6–8] and a band related to the frequency of the C=O
stretching vibration (1680–1700 cm−1), which is shifted to the low-frequency region of the
IR spectrum compared with the frequency ν(C=O)st for the monomeric form, which is
usually localized at 1740 cm−1 [1,3,4]. Most of the IR spectra of aromatic carboxylic acids
refer to samples in the crystalline state, or to a solution of acids in non-polar solvents, in
which intermolecular hydrogen bonds are preserved.

An interesting question is the possibility of the existence of dimers of benzoic acids
in vapor. The experimental methods that can be used divulge the answer are IR spec-
troscopy of the gas phase, mass spectrometry and gas electron diffraction. In this case, the
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temperature of the experiment and the total vapor pressure are very important, since the
dimerization constant Kdim strongly depends on these parameters, in addition, the method
of registration of dimeric forms is also important.

It is reported in [9–13] that substituted benzoic acids can be in the dimeric form in the
gas phase. This conclusion is mainly based on the interpretation of the vibrational spectra
of benzoic acid (BA) and its substituted ones obtained under special conditions.

For example, in [10], the IR absorption spectra of the jet-cooled BA monomer and dimer,
recorded throughout the 500–1900 cm−1 range via ion dip spectroscopy, was obtained.
In [13], the IR spectra of the BA dimer have been recorded under jet-cooled conditions using
the double resonance method of fluorescence-dip IR spectroscopy. The authors [13] note
that “the spectra are assuredly due exclusively to dimers in the ground-state zero-point
level at a rotational temperature of 3–5 K”. Even under these conditions, the dimers have
remarkably broad spectra, extending from 2600 to almost 3150 cm−1.

In [11,12], the conclusion about the existence of dimers was made based on the infrared
spectra of benzoic acid and deuterobenzoic acid embedded in Ar matrices; the compounds
were evaporated from a Knudsen effusion cell at 46 ◦C. The authors note that both a raise
of benzoic acid concentration and a matrix annealing lead to the formation of H-bonded
benzoic acid dimers.

At the same time, in NIST Chemistry WebBook, the IR spectra of gaseous BA and its
substituted ones did not reveal bands characteristic of dimers. However, it should be noted
that the IR spectra of the gas refer to the temperature of the experiment at which complete
thermal dissociation of dimeric forms is possible, for example, for unsubstituted BA, the
gas temperature is 160 ◦C.

Therefore, for the study of monomer-dimer equilibrium, the method of GED may be
more effective, which requires lower experimental temperatures than IR spectroscopy of
gaseous compounds, and when registering a diffraction pattern, there is no destructive
effect on the molecular forms present in the vapor under study, such as this is the case in
electron ionization mass spectrometry.

Such electron diffraction studies of BA were performed in two laboratories at different
vapor temperatures (T = 288 K [14] and T = 405 K [15]). In both works, the interpretation
of the diffraction pattern was made on the assumption of a monomer composition of the
vapor. The possibility of the presence of dimeric forms in the vapor was not tested.

Thus, in the literature, there is no consensus about the possibility of maintaining
hydrogen bonds (HBs) in gaseous aromatic carboxylic acids.

At the same time, for acetic acid (AA), the presence of cyclic dimers with two hydrogen
bonds in vapor was proved by the electron diffraction method. A unique example of such a
study is the work [16], in which a two-temperature electron diffraction/mass-spectrometric
(GED/MS) experiment was performed. It is shown that at T = 296 K the gas phase
contains dimeric forms in the amount of 31(2) mol%, while at T = 457 K, the number of
dimers is negligibly small. The validity of this conclusion is confirmed by the distinct
difference between the two radial distribution functions f(r) associated with the different
composition of the gas phase, i.e., with different monomer-dimer ratio and its dependence
on the temperature. At the same time, the mass spectra of acetic acid obtained at two
temperatures in [16] did not contain ions with a mass greater than the molecular mass of
the monomer.

The purpose of this work is a comprehensive study of vapors of 4-n-propyloxybenzoic
acid (POBA) by electron diffraction, mass spectrometric and quantum chemical methods
and an attempt to detect dimeric forms of the acid in the gaseous state. The object of study
is the first representative in the series of 4-n-alkyloxybenzoic acids (n ≥ 3), which exhibits
liquid crystal properties, despite the presence of a short substituent –OCnH2n + 1.

An encouraging example of a gaseous acetic acid dimer [16], on the one hand, inspires
hope for a successful solution of the problem of establishing the monomer–dimer compo-
sition of POBA vapors, since, according to our estimates, the intermolecular interaction
energy (EIMI) in the POBA dimer is comparable to that for the acetic acid dimer. On the
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other hand, there are circumstances that complicate this task, since the POBA dimer is not
an easy object to study by the GED method, since dimer contains internuclear distances
exceeding 20 Å.

2. Results and Discussions

2.1. Peculiarity of GED Data Structural Analysis of POBA Vapor

The temperature 87(15) ◦C of GED experiment was lower than the temperature of
“crystal-liquid crystal” transition (TCr→LC = 140.5 ◦C), i.e., POBA sublimation took place.

The theoretical function of molecular scattering sM(s) contained two terms:

sM(s) = α·sM(s)mon + (1−α)·sM(s)dim (1)

where sM(s)mon is the theoretical function for monomer, sM(s)dim is the theoretical function
for dimer, α is the coefficient that determines the contribution of the monomeric form to
the function sM(s), which can take the value 0 < α < 1.

The coefficient α is related to the mole fraction of the monomer by the following
relationship χmon = α/[α + (1−α)/3.54], which takes into account the different scattering
power of monomeric and dimeric forms. The scattering power of molecular species present
in the vapor were estimated by the formula: ΣZiZj × kij/rij, where Zi are charges of atom
nuclei; rij is the distance between i and j atoms; kij is the multiplicity of the (i–j) distance.
The ratio of scattering power of dimer and monomer calculated in this way is 3.54/1.

The geometric models of the monomer and dimer with the numbering of atoms are
shown in Figure 1. To describe their geometry, 21 independent parameters were used:
five internuclear distances (C-O1, O1-H, C1-C, C2-H, C . . . X), eleven bond angles (C-O1-
H, O2=C-O1, C1-C-O1, C-C1-C2, C-C1-C6, C4-OR-C1R, C1-C2-H, OR-C1R-H, H-C1R-H,
O2=C-X, O1-C-X), and five torsion angles (C1R-OR-C4-C5, C2R-C1R-OR-C4, C3R-C2R-
C1R-OR, H-C1R-OR-C4, H-C3R-C2R-C1R). The non-equivalence of C-C and C-H bonds in
benzene and propyl fragments was taken into account.

Figure 1. Geometric models of the POBA monomer and dimer with atomic numbering.

In the least squares analysis of electron diffraction data (modified KCED program [17]),
the parameters obtained from the results of quantum chemical calculations (B97D/6-
311++G **) were taken as the starting values of internuclear distances, bond angles and
torsion angles. VibModule program [18] was applied to calculate the vibrational corrections
Δr = rh1 − ra and the starting values of root-mean-square vibration amplitudes of monomer
and dimer POBA at the temperature of the GED experiment using the harmonic approxi-
mation and taking into account the non-linear interrelation between internal and Cartesian
vibrational coordinates. The quantum chemically calculated difference between parameters
of the same type in the monomer and dimer was retained. In the least squares analysis,
both 10 geometrical parameters (Table 1) along with 14 groups of vibration amplitudes of
the monomer and dimer were varied simultaneously.

25



Int. J. Mol. Sci. 2022, 23, 15079

Table 1. Theoretical (B97D/6-311++G **) and experimental (GED) geometric parameters of the
gaseous monomer and cyclic dimer POBA (Rf = 3.405%).

Monomer Dimer

Parameters a QC
re Structure

GED b

rh1 Structure

QC
re Structure

GED
rh1 Structure

(C-C)av (Ph) 1.404 1.405(4) p1
c 1.405 1.406(4)

C-O1 1.375 1.368(7) p2 1.332 1.325(7)
C=O2 1.219 1.212(7) (p2) 1.242 1.234(7)
O1-H 0.971 0.971 1.010 1.010
C1-C 1.483 1.484(4) (p1) 1.484 1.484(4)

C1-C6 1.413 1.414(4) (p1) 1.413 1.414(4)
C-Hav(Ph) 1.087 1.082(5) p3 1.087 1.082(5)

C4-OR 1.362 1.354(7) (p2) 1.362 1.355(7)
OR-C1R 1.443 1.436(7) (p2) 1.442 1.435(7)
C1R-C2R 1.524 1.525(4) (p1) 1.524 1.525(4)

C-Hav (R) 1.101 1.094(5) (p3) 1.099 1.095(5)
O2=C-O1 121.6 121.8(30) p4 123.2 123.2(30)
C1-C-O1 112.9 114.4(13) p5 114.6 113.1(13)
H-O1-C 105.9 105.9 110.1 110.1
C6-C1-C 123.0 122.9(4) p6 122.1 122.0(4)
H-C6-C1 119.6 124.6(18) p7 119.4 124.3(18)

C4-OR-C1R 118.5 117.4(23) p8 118.5 117.4(23)
H-C1R-OR 109.3 111.6(80) p9 109.4 111.6(80)
C2-C1-C 118.3 116.5(25) p10 119.1 119.0(25)

O1-C-C1-C2 180.0 180.0 179.2 179.2
C5-C4-OR-C1R 180.0 180.0 178.6 178.7

C3R-C2R-C1R-OR 180.0 180.0 179.0 179.0
H-C1R-OR-C4 −59.2 −59.2 −60.0 −62.9

H-C3R-C2R-C1R 180.0 180.0 180.0 180.0

χ, mol.fr. 0.80(10) 0.20(10)
a distance in Å, angle in degree. b Uncertainties given in parentheses were taken as: [(2.5σLS)2 + σ2

scale]1/2, σscale
= 0.002r for bond distances and 3σLS for bond angles, σLS is a standard deviation in the least-squares refinement.
c pi—refinable independent parameter; (pi)—parameter refined in the i-th group.

2.2. Conformers of the Monomeric and Dimeric Forms of POBA. Possibilities of Gas Electron
Diffraction Method

In [2,19], we considered conformers of the POBA monomer, which differ both in the
spatial structure of the OC3H7 substituents and in the structure of the COOH acid group.
The latter can have a cis-(H-O1-C=O2 torsion angle is 0◦) or trans-(H-O1-C=O2 torsion
angle is 180◦) conformation (Figure S1). The most energetically favorable (by ≈25 kJ/mol,
B97D/6-311++G **) is the cis-configuration which can form cyclic dimers.

In addition, the POBA monomer has some conformers that differ in the structure of
the –OC3H7 substitute. The most stable conformers, the energy difference of which does
not exceed 6.7 kJ/mol, are shown on Figure S2.

The calculation results showed that, regardless of the spatial structure of the substituents,
the intermolecular interaction energy, and the geometry of the –OPh-COOH···COOH-PhO-
backbone in the POBA dimer remain the same.

For GED analyze the model of POBA monomer with a flat trans-structure of the
substituent carbon backbone was chosen (Figure 1). This conformer is energetically more
favorable.

The set of independent geometric parameters includes torsion angles C1R-OR-C4-C5,
C2R-C1R-OR-C4, C3R-C2R-C1R-OR, H-C3R-C2R-C1R (see Section 2.1). Their variation
gives effective values, which in their physical meaning correspond to thermally averaged
values of torsion angles for all monomeric conformers (Figure S2) present in saturated
vapor at the temperature of the GED experiment. The variation of the four indicated torsion
angles does not lead to a decrease in the disagreement factor Rf but indicates a large error
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in their determination and shows the impossibility to determine substituent conformations
in the monomeric and dimeric forms of the acid by the GED method.

It should be noted that the GED method is quite sensitive to determination of struc-
tural parameters of molecules with a set of internuclear distances in the range from 1 to
15 Å. If molecular forms have terms with internuclear distances r > 10 Å, then to them
determination, it is necessary to decrease the scanning step Δs of the electron scattering
intensity sM(s).

In [20], we considered the question of the relationship between the scanning step
Δs and the maximum value of the internuclear distance r, as well as the reliability of
determining terms corresponding to large r values. It was shown that even when the
scanning step Δs is reduced to 0.1 Å−1, instead of the traditionally used 0.2 Å−1 or 0.25 Å−1,
the sensitivity of the GED method is very low for terms with internuclear distances r > 14 Å.

In the case of POBA, the monomeric form has an effective length of about 12 Å, the
dimer is 24 Å, and the -Ph-COOH . . . HOOC-Ph- dimer synthon is 12 Å. The range of
distances from 1 to 12 Å also includes terms which belong to different monomers in the
dimer (for example C . . . C3R’, C1 . . . OR’, OR . . . C4′ (Figure 1)).

Thus, the set of terms determined by the GED method includes the terms of the
monomer, the terms of monomer fragments in the dimer, and the terms describing the
central part of the dimer. However, it is not possible to reliably determine the relative
positions of the two –OC3H7 substituents in the dimer.

These limitations in studying the composition and geometry of the POBA vapor
components affected the found set of geometric parameters of monomers and dimers
(Table 1).

Note that two options for determining the vapor composition were used: the grid
method, in which the coefficient α in equation (1) changed with a certain step when
refining all other independent parameters (Figure 2), and the simultaneous variation of the
structural parameters and the coefficient α associated with the concentration monomers
and dimers in the framework of the least-squares analysis.

Figure 2. Dependence of the value of Rf on the mole fraction of the dimer χdim in the vapor of POBA
The horizontal dashed line corresponds to the Hamilton’s test [21] for uncertainties at significance
level 0.05.

Both options lead to results consistent within the error (simultaneous variation of
χdim = 0.20(10), Rf= 3.405%; grid method χdim = 0.22, Rf = 3.407%, Figure 2).

The experimental functions of the molecular scattering intensity sM(s) and the radial
distribution f(r) together with theoretical analogs corresponding to the optimized values
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of the structural parameters and the optimal ratio between the monomers and dimers of
POBA vapor are shown in Figures 3 and 4, respectively.

Figure 3. Experimental (points) and theoretical (lines) curves of the molecular scattering intensity
sM(s) and their difference.

Figure 4. Experimental (points) and theoretical (lines) curves of the radial distribution f(r) and their
difference Δf (r).

2.3. Mass Spectrometric Confirmation of the Existence of Dimeric Forms in a Vapor over POBA

To date, we are not aware of mass spectrometric data that would indicate the presence
of dimeric forms of any aromatic carboxylic acids in the gas phase. The NIST database
lists the mass spectrum of POBA in the range m/z = 0–180, which does not cover the mass
range of ions related to the dimeric forms of the acid (Figure S3).

From the example with acetic acid, it is known that its dimers decompose upon
electron impact and are not detected in the mass spectrum [16].

We have carried out a mass-spectrometric study of POBA vapors with a thorough
analysis of the high mass range.

In the synchronous GED/MS experiment, the mass spectrum recorded simultaneously
with the registration of the diffraction pattern in the extended mass range also did not
contain intense ions belonging to dimeric form.
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However, the APDM-1 mass spectrometer, which is part of complex GED/MS, has a
low sensitivity. Therefore, the mass spectrometric experiment for POBA was performed on
an MI-1201 device [22], which has both a higher sensitivity and resolution compared to
APDM-1.

As well as in the GED/MS experiment, the ions corresponding to the monomeric form
of the acid were registered in the range of 0–180 Da. The POBA monomer has a molecular
weight of 180 a.m.u. In addition to them, when scanning the range of 180–400 a.m.u., heavy
ions of low intensity were detected (Figure 5).

Figure 5. Mass spectrum of POBA recorded on an MI-1201 device.

The elimination of certain fragments during the ionization of molecules by electrons,
known in the mass spectrometry of organic compounds [23], was used to identify elemental
composition of ions.

It was supposed the elimination of the phenyl fragment -C6H4- and elimination of
groups –CH2–, –CH2-CH2–, –CH2-CH2-O–, –CH2-CH2-CH2-O– from substituents –O-C3H7.

The possible elemental composition of monomer ions as well as ions with masses of
more than 180 a.m.u. found in the mass spectrum of the acid are shown in Table 2. The
presence of such ions corresponding to the dissociative ionization of the dimer confirms
the results of the GED experiment on the presence of POBA dimers in the gas phase.

Table 2. Ions recorded in the mass spectrum of POBA in this work (MI-1201) and NIST.

Ion Mass
a.m.u.

Elemental Composition of Ion a I, %
this Work

I, %
NIST

39 C3H3 10 22

41–43 b C3Hn 15 21

50–53 C4Hn 2 8

63–65 C5Hn 18 23

81 C5H4OH 2 7

93 C6H4-OH 12 12

121 HOOC-C6H4 68 92
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Table 2. Cont.

Ion Mass
a.m.u.

Elemental Composition of Ion a I, %
this Work

I, %
NIST

138 HOOC-C6H4-OH 100 100

180 HOOC-C6H4-OC3H7 50 25

198 c –COOH . . . .HOOC–C6H4-OCH3 0.05

207 H7C3O–COOH . . . .HOOC–OC3H7 0.14

214–212 H3CO–COOH . . . .HOOC–C6H4-CH3 0.01

221–222 H6C3–COOH . . . .HOOC–C6H4-CH2
-C6H4-B-C6H4-CH2-

0.004
<0.01

233–232 H5C6-A-C6H4-OH <0.01

248 HO-H4C6-A-C6H4-OH 0.01

256–258 H7C3O–COOH . . . .HOOC–C6H4-OCH3 <0.01

264 H4C2-C6H4-B-C6H4-C2H4 <0.01

285 H7C3O–COOH . . . .HOOC–C6H4-OC3H7 <0.01

296 H4C2O-C6H4-B-C6H4-OC2H4 <0.01

302–300 H2CO-C6H4–COOH . . . .HOOC–C6H4-OCH2 <0.01
a A –O=C-O-C=O–; B –O=C-C=O–. b The maximum intensity of ions in the CmHn groups is given. c It was noted
that the molecular ion of aliphatic carboxylic acids dimer is also not registered in the mass-spectra [24], but the
M·COOH ion, which contains the COOH . . . HOOC fragment, is registered.

2.4. Comparison of the Results of GED Studies of Three Carboxylic Acids: AA—Acetic Acid,
BA—Benzoic Acid, and POBA—4-n-Propyloxybenzoic Acid

Two-temperature GED studies of AA vapors were carried out in 1944, 1971, and 2020
at three GED laboratories [16,25,26].

The main conclusion of these studies is the statement that AA vapor at temperatures
close to room temperature contains a significant amount of dimeric form with two HBs,
and at temperatures 120–150◦ higher, the amount of dimers in the vapor is negligibly small.

For unsubstituted benzoic acid BA, studies were also performed at two temperatures
(288 K [14] and 405 K [15]). However, they were performed in different GED laboratories
on devices with different inlet systems. Moreover, the construction of new evaporator for
low pressure gas electron diffraction was used in [14]. As was noted in the introduction, the
interpretation of the GED data [14,15] obtained at different temperatures was performed
on the assumption that only monomeric forms of BA are present in the vapor.

Similar to the results for AA, one would expect the presence of dimeric forms of BA at
low temperatures [14]. However, the very small value of the structural wR factor of 2.52%
indicates a good agreement between the theoretical monomer model of BA vapor and the
experimental data.

Using the DFT/B97D/6-311++G ** method, we calculated the geometrical and vibra-
tional parameters (T = 298 K) and theoretical functions sM(s) and f®of the BA monomer
and dimer (Figures S4 and S5).

It can be seen the theoretical functions sM(s)dim and sM(s)mon have common visual
features, which are also observed on the experimental function sM(s) [14]. At the same
time, the difference curve ΔsM(s) = sM(s)d–m − sM(s)mon is significantly different from
zero (Figure S4).

Significant differences are seen between the theoretical functions f(r)mon and f(r)dim
(Figure S5). Thus, the GED method would make it possible to detect the presence of dimers
in the BA vapor.

For further analysis of the results [14,15], we estimated the mole fraction of the dimer in
BA vapor under the conditions of the GED experiments (T and P were taken from [14]). Us-
ing the DFT/B97D/6-311++G ** method, we calculated the Gibbs free energy of the dimer-
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ization process at different temperatures (ΔG290 = −19.5 kJ/mol and ΔG405 = −0.75 kJ/mol).
It turned out that the equilibrium constant kx = xdim/x2

mon of “2·monomer↔dimer” re-
action is 6·10−4 and 0.018 at T = 290 K and T = 405 K, respectively. Small values of kx can
be an explanation for the absence of dimeric forms in BA vapor for experiments [14,15].
The low vapor pressure in the evaporator in the first experiment [14] and the high vapor
temperature in the second experiment [15] contributed to the dissociation of dimers into
monomers.

Table 3 compares the geometric parameters obtained by GED experiments for the
monomeric forms of POBA [this work], BA [14,15], and AA [16], as well as the parameters
of the cyclic COOH···HOOC fragment in POBA and AA dimers.

Table 3. The selected geometric parameters of AA, BA and POBA obtained by GED.

POBA
this Work

AA
[16] a

BA
[14,15] a

Parameters

Monomer
rh1

Structure
T = 360 K

Dimer
rh1

Structure
T = 360 K

Monomer
re

Structure
T = 296 K

Dimer
re

Structure
T = 296 K

Monomer
ra

Structure
T = 288 K

Monomer
ra

Structure
T = 405 K

(CPh-
CPh)av

1.405(4) 1.406(4) - - 1.393(12) 1.401(2)

C-O 1.368(7) 1.325(7) 1.350(8) 1.315(10) 1.350(10) 1.367(8)
C=O 1.212(7) 1.234(7) 1.207(10) 1.226(12) 1.205(10) 1.225(6)

C1Ph-C 1.484(4) 1.484(4) 1.490(12) 1.493(12) 1.493(10) 1.484(7)
C-Hav(Ph) 1.082(5) 1.095(5) 1.090(17) 1.090(17) 1.103(10) 1.102(8)

O . . . H 1.565(8) 1.657(23)
O . . . O 2.574(12)
O–C=O 121.8(30) 123.2(30) 120.5(9) 123.0(12) - 120.3(31)

χmon 0.80(10) 0.69(5) 1.0 1.0
a For a correct comparison in brackets instead of σLS [14,16] the uncertainties in internuclear distances calculated
by the formula σ = [(0.002r)2 + (2.5σLS)2]1/2 is used.

Despite the fact that the parameters for the monomers AA, BA, and POBA are different
in their physical meaning, they all agree within the experimental error. Agreement is also
observed between the parameters of the cyclic fragment in the AA and POBA dimers.

Therefore, it can be concluded that the COOH fragment retains its structure in the
monomers of various carboxylic acids, as does the COOH . . . OOC fragment with two hy-
drogen bonds in the dimers.

These experimental data are confirmed by the results of quantum chemical calculations
on the structure of monomeric and dimeric forms, characteristics of HB, and dimerization
energy of the considered carboxylic acids (Table S1).

During the formation of cyclic dimers, as noted in [16,25,26], the C=O and O–H bonds
are lengthened, while the C–O bonds are shortened, which can be clearly explained using
NBO analysis.

2.5. NBO-Analysis and HB Energy

In [27], we analyze the nature of the HB in the POBA dimer and estimate the energy
of the HB using the NBO analysis of the electron density distribution.

The geometric parameters of the O-H···O=C fragments and the dimerization energy
correspond to a strong HB between the carboxylic acid monomers. Note that the dis-
tance r(O···O) in gaseous dimers (Table 3) is close to that in the crystal structure POBA
(2.611 Å [28]).

The main donor-acceptor interactions occur between the lone electron pairs of the
LP(O2) atom and the antibonding orbital σ*(O1′-H’), which lead to the formation of a
bonding region between O2···H’ atoms, to a decrease in the electron density in the region
of C=O2 and O1′-H’ bonds, and an increase their length.
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The balance between the energy of the donor-acceptor interaction of the orbitals
E(2) = 131.0 kJ/mol and the energy of steric repulsion Esteric = 79.2 kJ/mol between the
electron density of the orbitals LP(O2) and the bonding orbital σ(O1′-H’) is 51.8 kJ/mol.
The latter value can be considered as the energy of one HB in the POBA cyclic dimer
(Table S2).

On the other hand, the HB energy can be estimated from the intermolecular interaction
energy ΔEIMI, calculated as the difference between the optimized dimer energy Edim and
the energies of the monomers with their geometry in the complex Emon(SP). To calculate
the latter, the SP (Single Point) variant was used.

ΔEIMI = Edim − 2Emon(SP)

The interaction energy ΔEIMI is −88.7 kJ/mol, i.e., more than 44 kJ/mol per HB. Close
values of this energy were obtained for p-n-propyloxycinnamic and p-n-propylbenzoic
acids in [29] (see Note S1).

The significant value of the intermolecular interaction energy in carboxylic acid dimers
is the reason for their noticeable presence in the gas phase.

3. Materials and Methods

Commercial (Aldrich) 4-n-propyloxybenzoic acid was used without additional purification.

3.1. Conditions of a Synchronous GED/MS Experiment

The gas phase electron diffraction patterns and mass spectra were recorded simul-
taneously using the technique described in ref. [30,31] at two nozzle-to-plate distances
(338 and 598 mm). The POBA sample was evaporated at a temperature of 87(15) ◦C from
an effusion cell made of X18H10T stainless steel. The cell nozzle size is 0.5 × 1.6 mm
(diameter × length).

The conditions of the GED/MS experiments are shown in Table 4.

Table 4. Conditions of the synchronous GED/MS experiments.

Nozzle-to-Plate Distance,
mm

338 598

Number of recorded plates 6 6
Electron beam current, μA 1.35 0.65
Wavelength of electrons, Å 0.03969(3) 0.03981(4)
Temperature of the effusion

cell, K 360(15) 360(15)

Average exposure time, s 105 85
Residual gas pressure in
diffraction chamber, Torr 1.3 · 10−6 1.8 · 10−6

s-range/Δs, Å−1 2.6–27.0/0.1 1.3–15.0/0.1
Ionization voltage, V 50 50

For each distance nozzle-to-plate, 6 electron diffraction patterns of the studied sub-
stance and 2 diffraction patterns of the ZnO polycrystalline standard were obtained. The
latter were taken before and after recording electron diffraction patterns of POBA vapors
to control and accurately determine the electron wavelength.

3.2. The Separate MS Experiment

MS experiment was carried out on a serial MI-1201 mass spectrometer equipped for
thermodynamic studies [22]. In the study of saturated vapors over POBA, a molybdenum
effusion cell was used with the ratio “evaporation area/effusion orifice area” equal to 1000.
The ionizing voltage in the ion source was 50 V. The temperature of the effusion cell was
measured using a tungsten-rhenium thermocouple WRe-5/20.
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3.3. Computational Details

The QC calculations were carried out using the Gaussian 09 software [32], within
the density functional theory (DFT) using B97D [33] functionals with 6-311++G ** basis
sets [34]. The use of the functional, which considers dispersion interaction, is important
in theoretical studies of the considered objects capable of forming H-bonded complexes.
The results of the QC calculations were visualized with the ChemCraft program [35]. The
electron density distribution was analyzed using the NBO program [36] from the Gaussian
09 software.

The results of QC calculations were used for a comparative analysis of the geometric
parameters, electronic, and vibrational characteristics of the monomeric and dimeric forms
of acetic, benzoic, and POBA acids, in the calculation of thermodynamic functions at
different temperatures.

For each molecular form, the geometry was optimized without any restrictions, the
vibration frequencies and the force field were calculated in the harmonic approximation.
The latter were used to calculate the amplitudes of vibrations and corrections to internuclear
distances necessary for the structural analysis of GED data. In this case, a modified
VibModule program [18] was used (for details of the modification, see note S2), which
makes it possible to calculate the vibrational parameters for supermolecules containing
intermolecular hydrogen bonds.

4. Conclusions

Performed study of the saturated vapor of p-n-propyloxybenzoic acid showed that
an efficient method for detecting hydrogen-bonded carboxylic acid dimers is the electron
diffraction method.

For recording gas IR spectra, a higher vapor pressure is required than in electron
diffraction experiment, hence high temperatures, which lead to the dissociation of dimers.
In the method of electron impact mass spectrometry, deep dissociative ionization of dimers
is observed, and fragment ions with a mass exceeding the mass of the monomer have a
very low intensity compared to monomeric ions, based on which a false conclusion can be
made about the composition of the vapor.

One of the advantages of the GED method is the greater scattering power of dimers
compared to monomers. This makes it possible to detect dimeric forms even with a
significant predominance of monomers in the vapor.

It is shown that the geometrical parameters of the cyclic fragment of a dimer with
two hydrogen bonds can be determined by the GED method. However, this method is not
sensitive to the determination of conformations of OC3H7 substituents.

The decisive role in the successful registration of dimeric forms in aromatic carboxylic
acid vapors by the GED method is the choice of experimental conditions, which depend on
the design of the inlet system used.

The QC modeling is a necessary tool that supplements experimental studies in solving
such problems. It is shown that due to the presence of two strong hydrogen bonds, not all
cyclic dimers of the considered acids dissociate into monomers during sublimation.
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Abstract: The nature of beryllium–, magnesium– and zinc–carbene bonds in the cyclopropenylidene· · ·MX2

(M = Be, Mg, Zn; X = H, Br) and imidazol-2-ylidene· · ·MBr2 dimers is investigated by the joint use of
the topological QTAIM-based IQA decomposition scheme, the molecular orbital-based ETS-NOCV
charge and energy decomposition method, and the LED energy decomposition approach based
on the state-of-the-art DLPNO-CCSD(T) method. All these methods show that the C· · ·M bond
strengthens according to the following order: Zn < Mg << Be. Electrostatics is proved to be the
dominant bond component, whereas the orbital component is far less important. It is shown that
QTAIM/IQA underestimates electrostatic contribution for zinc bonds with respect to both ETS-NOCV
and LED schemes. The σ carbene→MX2 donation appears to be much more important than the
MX2 →carbene back-donation of π symmetry. The substitution of hydrogen atoms by bromine (X in
MX2) strengthens the metal–carbene bond in all cases. The physical origin of rotational barriers has
been unveiled by the ETS-NOCV approach.

Keywords: carbene; imidazol-2-ylidene; cyclopropenylidene; beryllium bond; magnesium bond;
zinc bond; interaction; IQA; ETS-NOCV; LED

1. Introduction

Carbenes are undoubtedly one of the most important groups of organic compounds [1–18].
They are characterized by having only two valence carbon atoms, thanks to which it
generally forms two single covalent bonds to the substituents, CR1R2. As a consequence,
the carbon atom retains two unbound electrons, which in a singlet state occupy the same
p orbital, creating a lone electron pair, which is the cause of nucleophilic properties of
carbenes. In other words, singlet carbenes are good Lewis bases. It is therefore not
surprising that carbenes participate in various kinds of intermolecular interactions, such
as hydrogen bonds [19–27], lithium bonds [16,18,28–30], beryllium bonds [16,18,31–35],
magnesium bonds [16,18,34–38], triel bonds [18,39–42], tetrel bonds [18,43–45], pnictogen
bonds [18,46–48], chalcogen bonds [18,49], halogen bonds [18,50–53] (in particular to the
iodine atom [50,51]), and aerogen bonds [54]. However, carbenes in particular are known
for their great ease of bonding with transition metal atoms [8,12,16,36,55–61] to form
various adducts, which is the goal of numerous studies in organometallic chemistry. In this
case, the N-heterocyclic carbenes (NHCs), especially those derived from imidazol-2-ylidene,
are of particular importance [4,8,9,11,12,15–18,27]. In turn, within the group of the NHC–M
complexes, those involving zinc are of increasing practical importance [35,36,38,62–78], due
in part to the easy availability and relatively low cost of precursors of such complexes. Some
practical applications of NHC–Zn complexes in organometallic catalysis have recently been
extensively described [62–65]. It is worth mentioning, however, that apart from the lone
electron pair which gives singlet carbenes nucleophilic properties, singlet carbenes also
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feature electrophilic properties [7,79–84] resulting from the presence of an empty p orbital
perpendicular to the plane formed by CR1R2.

Very recently, one of us (M. J.) has investigated [35] the beryllium [85–93], magne-
sium [85,92–96] and zinc (spodium) [78,97–100] bonds in a large group of dimers formed
by carbenes ((NH2)2C, imidazol-2-ylidene, imidazolidin-2-ylidene, tetrahydropyrymid-2-
ylidene, and cyclopropenylidene) or carbodiphosphoranes ((PH3)2C and (NH3)2C) and
MX2 (M = Be, Mg, Zn and X = H, F, Cl, Br, Me) molecules. This was the first study of
beryllium, magnesium, and zinc bonds of the C· · ·M type. Moreover, in the vast majority
of cases, in earlier systems with the beryllium or magnesium bond, the Lewis base was
a small molecule involving either atom being good electron donors [85–87,90,92,93,95]
or π-electron bonds [88]. On the other hand, theoretical research on zinc bonds is rather
sporadic [35,78,97,100].

Among many important findings was the demonstration that carbene· · ·MX2 dimers
are characterized by a very high charge transfer from carbene to the MX2 molecule [35].
Namely, it was from two to almost four times greater than in the case of HOH· · ·OH2
and HOH· · ·NH3 dimers. This result showed that the carbene· · ·MX2 (M = Be, Mg, Zn;
X = H, F, Cl, Br, Me) dimers are undoubtedly systems in which the charge transfer effect
plays a large role, especially in the presence of very polarizable bromine atoms as X. This,
in turn, proves the strong interorbital interactions between the carbene molecule and MX2.
Importantly, it has been shown that in terms of the electron density and the total electronic
energy density values computed at the bond critical point [101] of C· · ·M the C· · ·Zn zinc
bond is similar to the C· · ·Be beryllium bond. Treating the value of electron density as
a measure of bond strength [101], this result has shown that the zinc bonds should be of
similar strength to the beryllium bonds, while the magnesium bonds should be significantly
weaker than them [35]. Moreover, together with positive values of the Laplacian of the
electron density, negative values of the total electronic energy density obtained for the
beryllium and zinc bonds have indicated a significant degree of electron sharing, in turn
reflecting a high degree of covalence [102].

A somewhat surprisingly different picture of the similarity of these three types of
bonding has been obtained on the basis of the delocalization index, δ(C,M), which describes
the exchange of the electrons in the basins of atoms C and M [103–106]. Namely, the δ(C,M)
values for the zinc bond were large, while those for the beryllium and magnesium bond
were much lower and similar to each other [35]. Thus, taking into account the relationship
of δ(A,B) to the exchange energy [107] and therefore treating δ(A,B) as a measure of the
covalent character of an A–B bond [108], this result has shown that the zinc bond is much
more covalent than the beryllium and magnesium bond. On the other hand, the NCI-
based (the abbreviation NCI is derived from the Non-Covalent Interactions index [109,110])
analysis has shown [35] that the zinc bond is the strongest; however, the beryllium bond is
only slightly weaker.

In light of the previously obtained results [35] briefly recalled here, it is necessary
to investigate comparatively the physical nature of the beryllium, magnesium and TM-
type zinc bonds, not only qualitatively but also quantitatively. This is the main goal of
this article, and this nature will be analyzed using complementary energy decomposition
methods, IQA (i.e., the Interacting Quantum Atoms approach [111,112]), which provides
a local picture of bonding and ETS-NOCV (i.e., the combination of the Extended Tran-
sition State (ETS) method [113] with the Natural Orbitals for Chemical Valence (NOCV)
method [114–118]), which is more suited for the description of bonding between molecular
fragments. Results will also be compared with the state-of-the-art DLPNO-CCSD(T) (i.e.,
the Domain-based Localized Pair-Natural Orbital Singles and Doubles Coupled Cluster
with perturbative Triples) [119–123] calculations and the Local Energy Decomposition
(LED) scheme [124,125].
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2. Results and Discussion

As already mentioned in the Introduction section, one of us (M. J.) has recently
investigated [35] beryllium, magnesium and zinc (spodium) bonds in a large group of
dimers formed by either a carbene ((NH2)2C, imidazol-2-ylidene, imidazolidin-2-ylidene,
tetrahydropyrymid-2-ylidene, and cyclopropenylidene) or a carbodiphosphorane ((PH3)2C
and (NH3)2C) and the MX2 (M = Be, Mg, Zn and X = H, F, Cl, Br, Me) species. While the
C· · ·M contact has been shown to be certainly dominant in all of these dimers, some of
them contain additional intermolecular interactions (either hydrogen bond or dihydrogen
bond). Since the purpose of this article is to quantify the physical nature of the C· · ·M
bond, such dimers are not considered here. In other words, in this article, only those dimers
in which the described interaction C· · ·M is undoubtedly dominant will be considered.
The structural characteristics of these dimers will be briefly discussed in the first subsection.
Then, in the second and third subsections, the description of the C· · ·M interaction obtained
by the IQA and ETS-NOCV methods, respectively, will be presented. The correspondence
of the results with the outcomes originating from the DLPNO-CCSD(T) method, and based
on it, LED energy decomposition will be shown in the fourth subsection. Finally, in the fifth
subsection, we will analyze the energy changes of dimers during the rotation of carbene
with respect to the ZnBr2 subunit.

2.1. Structural Characteristics of the Considered Dimers

To meet the aforementioned condition, in this article only the cyclopropenylidene· · ·MX2
(M = Be, Mg, Zn; X = H, Br) and, additionally, imidazol-2-ylidene· · ·MBr2 dimers will
be studied (see Figures S1 and S2). It is worth noting that in the former case, the lack of
additional intermolecular interactions (i.e., apart from the described C· · ·M) is ensured
by the perpendicular orientation of the cyclopropenylidene and MX2 molecules (see the
representative cyclopropenylidene· · ·ZnBr2 dimer in Figure 1).

Figure 1. Fully optimized cyclopropenylidene· · ·ZnBr2 (left) and imidazol-2-ylidene· · ·ZnBr2 (right)
dimer structures.

In the latter case, however, although the flatness of the entire dimer admits the possi-
bility of the presence of N–H· · ·Br hydrogen bonds, these interactions should be relatively
weaker than C· · ·M due to the large distance H· · ·Br and the almost parallel orientation
of the N–H and Zn–Br bonds relative to each other (see the representative imidazol-2-
ylidene· · ·ZnBr2 dimer in Figure 1). A thorough analysis of these intermolecular N-H· · ·Br
hydrogen bonds will also be performed. The values of some fundamental parameters charac-
terizing the considered carbene· · ·MX2 dimers are presented in Table 1.
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Table 1. Some fundamental data characterizing cyclopropenylidene· · ·MX2 (X = H, Br) and imidazol-
2-ylidene· · ·MBr2 dimers (M = Be, Mg, Zn): C· · ·M and M-X distance, change of the MX bond
length (in Å), XMX, CMX, LCL angles (in degrees), dissociation energy (in kcal/mol), charge transfer
(in a.u.).

MX2 dC···M dMX ΔdMX αXMX αCMX αLCL ΔαLCL D0 CT a

cyclopropenylidene

BeH2 1.743 1.374 0.039 135.1 112.4 56.6 0.8 29.1 −0.317
MgH2 2.268 1.740 0.035 148.3 105.9 56.7 0.9 20.9 −0.273
ZnH2 2.121 1.575 0.036 144.6 107.7 57.3 0.9 15.2 −0.279
BeBr2 1.764 2.043 0.093 134.5 112.8 57.3 1.5 35.4 −0.414
MgBr2 2.206 2.376 0.052 145.4 107.3 57.0 1.3 32.1 −0.331
ZnBr2 2.061 2.298 0.083 137.1 111.5 57.3 1.5 28.2 −0.380

imidazol-2-ylidene

BeBr2 1.765 2.059 0.109 132.9 113.6 104.2 3.5 48.6 −0.464
MgBr2 2.173 2.393 b 0.069 c 147.9 106.1 d 103.5 2.8 43.7 −0.363
ZnBr2 2.037 2.311 0.097 139.2 110.4 104.2 3.4 41.2 −0.432

a The charge transfer was calculated based on Hirshfeld’s atomic charges [126,127]. b The average value determined
from the two values 2.386 Å and 2.400 Å. c The average value determined from the two values 0.062 Å and 0.076 Å.
d The average value determined from the two values 102.9◦ and 109.2◦.

As can be seen from Figure 1 and Table 1 (see the αXMX angle), the characteristic
feature of the considered dimers is the clearly bent structure of the MX2 molecule. It is
worth noting that this bend is similar in the case of MX2 molecules with beryllium or zinc,
while it is clearly smaller in the case of the magnesium atom, which forms more ionic and
thus more resistant M–X bonds. Thus, the value of the angle αXMX suggests the similarity
between the Be and Zn atoms. It should be noted that the bending of the MX2 molecule is
a characteristic effect of the presence of a beryllium or magnesium bond in dimers with
different Lewis bases [85,86,88,92]. Moreover, Martín-Sómer et al. [86] have shown that
in the case of H3N· · ·BeH2−nXn (X = F, Cl, Br; n ≤ 2) dimers, the nonlinearity of the
BeH2−nXn molecule is due to the decrease in LUMO energy. It is also worth noting that for
the bond length M–X the relation Be<Zn<Mg applies so that for a given X the magnesium
atom forms the longest M–X bond. It should also be emphasized that the formation of
the C· · ·M bond leads to significant elongation of the M–X bond (see ΔdMX in Table 1)
and a greater opening of the L–C–L angle in the carbene molecule (see ΔαLCL in Table 1).
For the same MX2 molecule, both of these effects are clearly greater in imidazol-2-ylidene
than in cyclopropenylidene, suggesting that the C· · ·M interaction should be stronger
in the dimers of imidazol-2-ylidene. This is confirmed by the computed dissociation
energies [35]. For imidazol-2-ylidene, these energies are in the 41.2–48.6 kcal/mol range,
while for cyclopropenylidene, only 28.2–35.4 kcal/mol (for the same set of MX2 molecules,
i.e., MBr2), similar outcomes are valid when considering other XC and DLPNO-CCSD(T)
method, Table S1. The greatest dissociation energy value characterizes the dimers with Be,
while the smallest D0 are noted in the dimers containing Zn, which can only partially be
explained by the shortest distance C· · ·M in the case when M = Be. This is because in the
case of Mg and Zn, the distance C· · ·Mg is longer than that of C· · ·Zn, but the magnesium
bond is stronger than the zinc bond. For example, for the cyclopropenylidene· · ·MH2
dimers, the C· · ·M lengths for Be, Mg, and Zn, respectively, are 1.743, 2.268, and 2.121 Å,
while the dissociation energies are 29.1, 20.9, and 15.2 kcal/mol. This result shows that the
dissociation energy is not completely dependent on the distance C· · ·M. Such a trend has
already been observed in literature [35].

It has already been mentioned in Introduction that the carbene· · ·MX2 dimers con-
sidered here are characterized by a very high charge transfer effect from the Lewis base,
i.e., the carbene molecule, to the Lewis acid, i.e., the MX2 molecule, and this effect is partic-
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ularly large in the presence of highly polarizable bromine atoms. Indeed, in the case of the
imidazol-2-ylidene· · ·BeBr2 dimer, the value of the charge transfer (based on chemically
reliable [128–130] Hirshfeld atomic charges [126,127]) is as high as −0.464 au. It is enough
to mention that the charge transfer determined on the same level of theory in the case of the
water dimer is only −0.098 au. This comparison suggests the presence of strong interorbital
interactions between the carbene molecule and the MX2 unit. Their significance, however,
can be quantified by ETS-NOCV and LED methods.

2.2. IQA-Based Results

As already mentioned in the Methods section, the IQA approach is a unique method
that enables the determination of the interaction energy of any two atoms and the decom-
position of this energy into individual terms, according to Equations (1) and (2). The results
of such decomposition carried out for the contact C· · ·M are shown in Table 2.

Table 2. The IQA-based energy (in a.u.) terms (see Methods) computed for the C· · ·M interaction in
the carbene· · ·MX2 dimers.

MX2 Eneen Enn Eee Eee,C Eee,xc %Eee,xc Eelst Eint

cyclopropenylidene

BeH2 −12.2839 7.2846 4.6505 4.6963 −0.0458 13.1 −0.3030 −0.3488
MgH2 −32.4999 16.8017 15.5098 15.5405 −0.0307 16.3 −0.1577 −0.1884
ZnH2 −90.1277 44.8987 45.0634 45.1726 −0.1091 65.9 −0.0564 −0.1655
BeBr2 −12.1017 7.1990 4.5383 4.5810 −0.0428 11.7 −0.3217 −0.3644
MgBr2 −33.3934 17.2713 15.9040 15.9383 −0.0343 15.7 −0.1838 −0.2181
ZnBr2 −92.5816 46.2217 46.1682 46.2894 −0.1212 63.2 −0.0705 −0.1917

imidazol-2-ylidene

BeBr2 −11.3609 7.1976 4.1093 4.1554 −0.0461 85.5 −0.0079 −0.0539
MgBr2 −32.0341 17.5351 14.5370 14.5767 −0.0397 −104.7 0.0777 0.0379
ZnBr2 −88.3086 46.7541 41.5418 41.6735 −0.1317 1037.0 0.1190 −0.0127

A certain inconvenience of IQA (which is also a characteristic feature of energy de-
composition methods) is that the components of the interaction energy are generally much
larger than the interaction energy itself. This is obviously due to the close cancellation of
the negative and largest Eneen and the positive sum of Enn and Eee,C. It is obvious that
the rapid growth of the relevant components with the change Be→Mg→Zn results from
both the increase in the atomic number of M, i.e., the charge of the atomic nucleus, and the
increase in the number of electrons. However, it is much more important that according to
IQA, the C· · ·M (M = Be, Mg, Zn) interaction in all the dimers with the participation of
cyclopropenylidene is stabilizing, which is indicated by negative values of the obtained
interaction energies. For the same X, the binding effect increases in the Zn→Mg→Be
direction and is slightly stronger when X = Br, so that the strongest C· · ·M bond is for
BeBr2 (−0.3644 a.u.).

It is interesting to look at the values of the exchange-correlation energy (Eee,xc) as
well as the percentage share of this component in the total interaction energy (%Eee,xc).
Of course, independently of X, Eee,xc increases (i.e., becomes more negative) in the direc-
tion Mg→Be→Zn, with the corresponding values being slightly greater for Br than for H.
Importantly, the values for Zn are significantly greater than those for Be or Mg (e.g., Eee,xc
is −0.1091 a.u. in cyclopropenylidene· · ·ZnH2 and only −0.0458 a.u. and −0.0307 a.u. in
cyclopropenylidene· · ·BeH2 and cyclopropenylidene· · ·MgH2, respectively). The contri-
bution of negative electrostatic energy (Eelst) in the case of the cyclopropenylidene dimers
quickly decreases in the Be→Mg→Zn series, as a consequence of which the percentage
of the exchange-correlation energy quickly increases from ca. 12–13% for the beryllium
bond, to ca. 16% for the magnesium bond and up to ca. 63–66% for the zinc bond. This
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result shows that the IQA method suggests that the zinc bond is highly covalent, whereas
the beryllium and magnesium bonds are electrostatic in nature. Of course, such a result
was to be expected, because, as already mentioned in the Introduction section, the same
trend has already been obtained earlier for the delocalization index δ(C,M) [35], which,
as is known [107,108], correlates very well with the exchange-correlation energy.

Interestingly, IQA has given quite small interaction energies for the imidazol-2-
ylidene· · ·MBr2 dimers, which do not match the significant dissociation energies for these
complexes; Table 1. Even more surprisingly, a positive interaction energy value (0.0379 a.u.)
has been obtained for the imidazol-2-ylidene· · ·MgBr2 dimer. This destabilizing effect
of C· · ·Mg (0.0379 a.u.) is due to a significant destabilizing electrostatic contribution
(0.0777 a.u.), which exceeds the negative exchange-correlation energy (−0.0397, i.e., ca.
51% only). In the case of imidazol-2-ylidene· · ·ZnBr2, Eelst is also positive (0.1190 a.u.; and
therefore the purely Coulombic contribution gives no bonding), but unlike for imidazol-
2-ylidene· · ·MgBr2, this contribution is excessively overshadowed (over 110%) by Eee,xc
(−0.1317 a.u.), which gives stabilizing C· · ·Zn bond, which could be considered as anti-
electrostatic and covalent.

These diatomic IQA data do not explain the stability of the imidazol-2-ylidene· · ·MgBr2
species. To this end, we have also summed the interaction energies corresponding to the
pairs of atoms in the groups representing the {carbene}· · · {MX2} fragmentation (i.e., all
the combinations where one of the atoms is in the {carbene} moiety and the other one in
{MX2}). In such treatment, which in fact ignores many-body effects, all the Eint values are
negative, as expected. Furthermore, the IQA fragment-based data (see Table 3) indicate
domination of Eelst over Exc for the Be- and Mg-based systems ( ca. 51–58% of Eint), with
the Zn-based species as the only exceptions and the share of electrostatics in their total
stabilization reaching ca. 16–21% only.

Table 3. Sums of the IQA-based energy terms (in kcal/mol) computed (MP2/6-311+G(d,p)) for
groups of atoms reflecting the ETS-NOCV fragmentation, that is {carbene}· · · {MX2}.

MX2 Eint Eelst %Eelst Eee,xc %Eee,xc

cyclopropenylidene

BeH2 −143.28 −73.68 51.4 −69.60 48.6
MgH2 −71.81 −38.55 53.7 −33.25 46.3
ZnH2 −91.45 −14.86 16.2 −76.59 83.8
BeBr2 −162.74 −90.98 55.9 −71.76 44.1
MgBr2 −88.25 −49.41 56.0 −38.85 44.0
ZnBr2 −105.00 −18.61 17.7 −86.38 82.3

imidazol-2-ylidene

BeBr2 −190.24 −110.00 57.8 −80.27 42.2
MgBr2 −113.04 −63.87 56.5 −49.17 43.5
ZnBr2 −127.25 −26.19 20.6 −101.05 79.4

For the imidazol-2-ylidene complexes, among all the {carbene}· · · {MX2} atomic pairs,
the most stabilizing according to IQA are N· · ·M interactions, providing from ca.
−150 kcal/mol in the case of Zn via. ca. −220 kcal/mol (Mg) to ca. −250 kcal/mol
(Be), followed by C· · ·Br (from ca. −43 kcal/mol to ca. −39 kcal/mol) and H· · ·Br (from
ca. −48 kcal/mol to ca. −32 kcal/mol), Table S2. Surprisingly, the C· · ·M interactions are
not among the most stabilizing ones, ranging from +20 kcal/mol (Mg) to −40 kcal/mol
(Be). In the case of cyclopropenylidene complexes, the C· · ·M interactions are definitely
the most important, ranging from ca. −100 to over −200 kcal/mol, Tables S3 and S4.

In the fragment-based treatment, a quite different picture of the C· · ·M bond nature
has been obtained. Namely, for cyclopropenylidene· · ·MX2, the exchange-correlation
energy component became more prominent (ca. 45% for Be and Mg, and up to 80%
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in the case of Zn; Table 3). Concurrently, in the fragment-based approach, all the MX2
complexes with imidazol-2-ylidene have negative Eint values, as well as their electrostatic
and exchange-correlation components; Table 3. Moreover, the character of these interactions
changed in the case of Be and Mg as the electrostatic energy became dominant.

Clearly, the fragment-based approach seems to be much more credible for the de-
scription of the carbene· · ·metal bonds in both cyclopropenylidene and imidazol-2-ylidene
complexes. However, the lack of the C· · ·M interaction among the most important contri-
butions is alarming, as much as the counterintuitive positive Eint value for the imidazol-
2-ylidene· · ·MgBr2 dimer (Table 2). The most probable explanation is a quite significant
positive QTAIM charge on the metal atoms (e.g., the QTAIM-based atomic charge of Mg is
as much as 1.687 a.u. compared to 0.616 a.u. only obtained from the Hirshfeld method) [35].
This, coupled with the incorrect sign of charges on the carbene carbon atom (already
stressed in the first work concerning these systems [35]), puts the reliability of IQA elec-
trostatics in question. Since the IQA method clearly depends on the charge distribution
between QTAIM atomic basins and therefore provides variable outcomes for different
charge density partitionings, we will switch to ETS-NOCV, which estimates Eelst in a more
reliable way through the quasi-classical approach based on self-consistently converged
fragment electron densities; see Methods.

2.3. ETS-NOCV-Based Results

In this section, we will present the results obtained by means of the molecular orbital-
based ETS-NOCV method. We have used singlet {carbene} and {MX2} fragments which
have appeared to be more suitable than triplets since they deliver the smallest orbital inter-
action contribution. The obtained values of the ETS-NOCV energy terms (see Equation (5))
are listed in Table 4.

Table 4. The ETS-NOCV-based energy (in kcal/mol) contributions to carbene· · ·MX2 bonding.

MX2 ΔEint ΔEelst ΔEPauli ΔEdisp ΔEorb ΔEσ
orb ΔEπ

orb ΔENH···Br
orb

cyclopropenylidene

BeH2 −45.69 −69.29 (56%) 77.03 −2.56 (2%) −50.87 (41%) −40.33 −10.11 n/a
MgH2 −26.20 −45.85 (70%) 39.55 −2.58 (4%) −17.32 (26%) −14.16 −2.88 n/a
ZnH2 −23.63 −75.38 (68%) 87.86 −2.87 (3%) −33.24 (30%) −27.31 −5.19 n/a
BeBr2 −52.23 −82.67 (58%) 90.98 −4.90 (3%) −55.64 (39%) −47.43 −6.34 n/a
MgBr2 −38.57 −57.23 (69%) 44.25 −4.14 (5%) −21.44 (26%) −17.67 −2.56 n/a
ZnBr2 −37.74 −95.45 (67%) 104.58 −4.52 (3%) −42.34 (30%) −36.96 −3.53 n/a

imidazol-2-ylidene

BeBr2 −66.86 −103.25 (61%) 102.10 −6.61 (4%) −59.10 (35%) −47.92 −5.24 −1.71
MgBr2 −50.49 −77.00 (71%) 58.24 −6.01 (5%) −25.72 (24%) −18.57 −3.13 −1.10
ZnBr2 −50.92 −122.82 (68%) 128.22 −6.45 (4%) −49.87 (28%) −42.15 −3.70 −1.11

Contrary to the atomic resolution-based IQA results, all ETS-NOCV interaction en-
ergies (ΔEint) are negative and correspond better to the bond dissociation energies (D0
values in Table 1). Bonds formed by beryllium are the strongest, followed by energetically
similar magnesium and zinc bonds. Systems with Br atoms are bonded noticeably stronger
than with H atoms, and complexes with imidazol-2-ylidene are stabilized more than their
cyclopropenylidene counterparts. The carbene· · ·metal bonds are dominated by electro-
statics (ΔEelst, Table 4), with its percentage contribution to the total stabilization being
67–71% in the case of Mg and Zn dimers and 56–61% in systems with Be. This is similar
to other reports of bonding in transition metal complexes of imidazol-2-ylidene-based
NHCs [12,56–59,61] and other model carbenes [55,58,61]. For example, it turned out that
the electrostatic contribution to C· · ·M bonds in imidazol-2-ylidene complexes with Cu, Ag
and Au halides accounts for more than 65% of the binding energy [56]. This contribution
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was also very similar (ca. 2/3 of the interaction energy) in the various NHC–TM complexes
studied by Tonner et al. [58]. It is worth mentioning at this point the excellent review on
the NHC–M bond by Jacobsen et al. [12], in which it was found that NHC–M bonds are
mainly electrostatic in origin with a percentage contribution from 60% to 80%.

Orbital interaction is the second strongest energy term, reaching up to 40% of total
stabilization in beryllium systems and 25–30% in the case of Mg and Zn systems, Table 4.
The carbene→metal donation (the LP(C)→ σ�(MX) transfer in MO language) dominates
by far (72–87%) over the metal→carbene back-donation in π symmetry, with 16–20%
contribution in the case of systems with X = H and 7–12% for X = Br. The clearly lower
back-donation effect is visible in the latter case, resulting from the electron-withdrawing
properties of Br atoms. It should be pointed out that in many transition metal complexes,
the π-back-bonding may be far more pronounced and can reach even 40% of the overall
orbital interaction energy [60]. Finally, it should be commented that the geometry distortion
term appeared to be the most pronounced for Be-species, Table S5. Also noteworthy, weak
(up to −1.7 kcal/mol, i.e., ca. 3% of the orbital interaction energy) side N–H· · ·Br hydrogen
bonds have been identified in the imidazol-2-ylidene· · ·MBr2 complexes, Figure 2.

Figure 2. Dominant NOCV-based deformation density contributions determined for imidazol-2-
ylidene· · ·BeBr2 dimer.

Such a negligible share of N–H· · ·Br hydrogen bonds really confirms the correct
choice of systems with the dominant C· · ·M interaction. As ETS-NOCV is only capable of
separating the ΔEorb contribution, it is necessary to support it with complementary IQA
results, which indicate a strong electrostatic component (EH···Br

elst represents 95% of EH···Br
int

amounting to −45.5 kcal/mol). Such pronounced interaction energies are common for a
two-atomic approach. For example, for the hydrogen bond in water, the ΔEO···H

int value
amounts to ca. −100 kcal/mol [111].

2.4. LED-Based Results

Local Energy Decomposition [124,125] allows for partitioning of the binding energy at
the DLPNO-CCSD(T) [120–122] level of theory, often considered as the ‘gold standard’ for
calculating interaction energies. The same fragments as before, i.e., {carbene} and {MX2},
have been chosen. The binding energies obtained at the DLPNO-CCSD(T) level of theory
are consistent with the DFT-based energies, that is, the beryllium bonds are the strongest,
followed by magnesium and zinc (spodium) bonds; compare Tables 1 and 5.
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Table 5. DPLNO-CCSD(T)/ccpv-tz Local Energy Decomposition analysis of the {carbene}· · · {MX2}
bonding (carbene names shortened for clarity: cpy = cyclopropenylidene and imi = imidazol-2-
ylidene). Energies in kcal/mol.

cpy–BeBr2 cpy–MgBr2 cpy–ZnBr2 imi–BeBr2 imi–MgBr2 imi–ZnBr2

Eint −39.60 −34.28 −29.08 −54.28 −46.37 −42.63
Eref

elst −218.44 −152.51 −327.12 −251.84 −190.31 −393.52
Eref

exch −20.12 −11.84 −33.73 −20.84 14.59 −39.32
Eref

geo−prep 14.88 6.23 10.76 17.58 6.73 11.24
Eref

el−prep 190.33 126.75 325.62 210.63 158.28 387.67
EC

non−disp -0.69 0.12 1.91 −2.74 −1.83 −0.17
EC

disp −5.35 −2.93 −6.14 −6.43 −4.10 −7.67
EC

T −0.21 −0.10 −0.38 −0.63 −0.55 −0.85

CT 1→2 −16.96 −9.52 −13.44 −19.17 −11.11 −16.32
CT 2→1 −3.33 −2.43 −7.58 −3.56 −2.53 −8.14

Local Energy Decomposition partitioning confirms the importance of electrostatics in
metal–carbene bonding, with Eref

elst ≈ 90% of total stabilization for all compounds, Table 5.
Dispersion contribution of ca. 2% of the total interaction energy proved to be very small.
The charge-transfer contributions, bottom of the Table 5, confirm qualitatively the picture
obtained by ETS-NOCV, i.e., the carbene → MX2 donation being far more important than
MX2 → carbene back–donation.

2.5. Flat vs. Perpendicular Structure of the Carben· · ·MX2 Dimer

Looking at Figure 1, showing the cyclopropenylidene · · ·ZnBr2 and imidazol-2-
ylidene· · ·ZnBr2 dimers, the fundamental difference between them in the orientation
of the ZnBr2 molecule relative to the carbene plane is clearly visible. Namely, the ZnBr2
and carbene units are perpendicular to each other in cyclopropenylidene· · ·ZnBr2, while
imidazol-2-ylidene· · ·ZnBr2 is planar. Taking into account the fact that the cause of the
twisting of the metal-unit in relation to the carbene plane was described in the literature
only very sporadically [78], and taking advantage of the relatively high structural simplicity
of the studied systems, it was tempting to investigate the cause of the structural differences
regarding the twisting of the MX2 and carbene planes in relation to each other. For this
purpose, we have performed additional calculations for the twisted structures of both
dimers, i.e., cyclopropenylidene· · ·ZnBr2 and imidazol-2-ylidene· · ·ZnBr2, in which the
twist angle (denoted by θ) L-C-Zn-Br (L is either C or N) was changed every 10◦ from 0◦ to
90◦. Figure 3 (left) shows the energy profile related to the change in θ from 0◦ to 90◦.

Figure 3. Relation between the relative energy (i.e., determined in relation to the minimum for a
given dimer) (left) or the distance dC···Zn (right) and the twist angle of the ZnBr2 unit plane with
respect to the carbene plane for dimers cyclopropenylidene· · ·ZnBr2 (cpy-ZnBr2) and imidazol-2-
ylidene· · ·ZnBr2 (imi-ZnBr2).
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It is clearly visible that although the equilibrium geometry of the cyclopropenylidene
· · ·ZnBr2 dimer corresponds to the perpendicular structure (i.e., with θ = 90◦), the planar
structure (θ = 0◦) is energetically less stable by only 1 kcal/mol so that the rotation of the
ZnBr2 unit around the C· · ·Zn bond axis is practically free, Figure 3. Dimer imidazol-
2-ylidene· · ·ZnBr2 presents a completely different situation, namely the flat structure of
this dimer is more stable than the perpendicular structure by about 6.5 kcal/mol which
proves hindered rotation of ZnBr2 due to the presence of adjacent N–H bonds, Figure 1.
Planarization clearly favors the formation of residual hydrogen bonds N–H· · ·Br giving
rise to Zn· · ·C bond contraction by ca. 0.023 Å; Figure 3, right.

According to the Walsh rule [131], a molecule adopts the conformation that most
ensures stabilization of HOMO. A Walsh diagram showing the dependence of the orbital
energies of the three highest occupied orbitals, i.e., HOMO, HOMO-1 and HOMO-2, on the
twist angle θ is shown in Figure 4.

Figure 4. Dependence of the orbital energy of the three highest occupied orbitals (i.e., HOMO,
HOMO-1 and HOMO-2) on the twist angle of the ZnBr2 unit plane with respect to the carbene plane
for dimers cyclopropenylidene· · ·ZnBr2 (cpy-ZnBr2) and imidazol-2-ylidene· · ·ZnBr2 (imi-ZnBr2).

It is clearly visible that in the case of imi-ZnBr2, i.e., the imidazol-2-yliden· · ·ZnBr2
complex, the 90◦ → 0◦ rotation leads to a greater stabilization of all the orbitals considered,
and thus also of HOMO. Thus, based on Walsh’s rule, the planar structure should be
more stable for this complex than the perpendicular structure, which is indeed true (see
Figures 1 and 3). By the way, it is worth noting that both structures are characterized by
reversed positions of HOMO and HOMO-1. In the case of the cyclopropenylidene· · ·ZnBr2
dimer, the 0◦ → 90◦ rotation leads to the stabilization of HOMO, but this stabilization is
so minimal that it is doubtful to see this stabilization as the cause of the perpendicular
structure of this dimer (Figure 1). Nevertheless, small changes in orbital energies may
perhaps explain a small change in total energy (Figure 3) and almost unhindered rotation
around the C· · ·Zn axis.

However, in order to make a more reliable assessment of structural changes, ETS-
NOCV contributions along rotation angle have been determined and depicted in Figure 5.
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Figure 5. Changes in the values of the ETS-NOCV-based interaction energy components (left) or
the orbital energy components (right) with the change of the rotation angle of the ZnBr2 unit plane
with respect to the carbene plane for dimers cyclopropenylidene· · ·ZnBr2 (changes relative to θ = 0◦;
ZnBr2-cpy) and imidazol-2-ylidene· · ·ZnBr2 (changes relative to θ = 90◦; ZnBr2-imi).

It can be seen that the significant shortening (0.024 Å) of the C· · ·Zn distance upon
planarization of the imidazol-2-ylidene· · ·ZnBr2 dimer (see Figure 3, right) is due to an
increase in the orbital interaction term and, to a larger extent, the electrostatic contributions,
which causes a drop of ΔEint by ca. 4.7 kcal/mol. The former, i.e., the orbital interac-
tions, results mainly from the amplification of the σ(Zn–C) component and, to a lesser
extent, the π(Zn–C) component, Figure 5. Interestingly, the effect of twisting (0◦ → 90◦)
the cyclopropenylidene· · ·ZnBr2 dimer also causes a similar shortening (0.025 Å) of the
distance C· · ·Zn (Figure 3, right). Nevertheless, the overall C· · ·Zn interaction energy
(ΔEint) changes only slightly by ca. 1.3 kcal/mol, which is consistent with a facile rotation.
Such small variations in C· · ·Zn bond interaction energies are caused by modifications
of both orbital interaction and electrostatic contributions, Figure 5. Finally, it is worth
mentioning that rotation around the C· · ·Zn axis in the cyclopropenylidene· · ·ZnBr2 dimer
has practically no effect on the Zn–Br bond length, while in the imidazol-2-ylidene· · ·ZnBr2
dimer the transition from perpendicular to planar structure slightly lengthens the bond by
0.006 Å. This effect can be attributed to a larger LP(C) → σ∗(Zn–Br) donation.
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3. Methods and Materials

Geometries of monomers and dimers were fully optimized on the ωB97X-D/6-311++G
(2df,2p) level of theory, that is utilizing the ωB97X-D range-separated hybrid GGA exchange-
correlation functional [132] of Density Functional Theory (DFT) [133–136] and the 6-
311++G(2df,2p) basis set [137–143], which includes both polarization and diffuse func-
tions. Mardirossian and Head-Gordon have shown [136] that ωB97X-D is one of the best
exchange-correlation functionals among 200 for general purposes including intermolec-
ular interactions. To increase the accuracy of the optimization procedure and numerical
integration, cutoffs on forces and step size that are used to determine convergence were
additionally tightened (0.000015 and 0.000010 for maximum force and its root mean square,
respectively, and 0.000060 and 0.000040 for maximum displacement and its root mean
square, respectively) and integration grid was increased to the (99, 590) one (UltraFine) hav-
ing 99 radial shells and 590 angular points per shell. Vibration analysis showed that all the
considered systems correspond to real minima on potential energy surfaces. Both geometry
optimization and vibration analysis were performed by means of Gaussian 09 [144].

The Interacting Quantum Atoms (IQA) approach [111,112], which is based on Bader’s
QTAIM (i.e., Quantum Theory of Atoms in Molecules) [101], allows the total energy of a
system to be divided into mono- and polyatomic contributions. Of the many useful terms
defined by the IQA method, this article will utilize the interatomic interaction energy:

EE1E2
int = EE1E2

nn + EE1E2
ne + EE1E2

en + EE1E2
ee (E1 
= E2) (1)

where EE1E2
nn is the repulsion energy between nuclei of atoms E1 and E2, VE1E2

ne is the
attraction energy between the nucleus of the atom E1 and the electrons of the atom E2,
EE1E2

en is the attraction energy between electrons of the atom E1 and the nucleus of the atom
E2 and EE1E2

ee is the interatomic two-electron repulsion energy. The sum of the middle two
terms gives the energy of the interatomic nucleus–electron attraction (EE1E2

neen). Importantly,
the interelectron repulsion energy can be further divided into a sum of the purely classical
(Coulombic) contribution and the exchange-correlation (i.e., the non-classical term) energy:

EE1E2
ee = EE1E2

ee,C + EE1E2
ee,xc (2)

Moreover, the sum of the first three terms in Equation (1) and the classical interelectron
energy contribution gives the electrostatic energy, such that:

EE1E2
int = EE1E2

elst + EE1E2
ee,xc (3)

As one can see, all the terms in the IQA equations have strictly defined physical meanings.
It is also worth emphasizing that an extremely valuable feature of the IQA decomposition
method is the fact that it does not require any reference system and that the interatomic
interaction energy can be determined for any pair of E1 and E2 atoms, e.g., not necessarily
connected with each other by a bond path. In this article, the interatomic interaction
energy and its components will be determined for the C· · ·M (M = Be, Mg, Zn) interaction.
Moreover, for an estimation of the total interaction energy between carbene and metal
moieties, pair atomic energies between all atoms in both fragments were summed, such as
for moieties G and H:

EGH
int = ∑

A∈G
∑

B∈H
EAB

int (4)

The AIMAll program [145] was utilized for this purpose. MP2/6-311+G(d,p)-based [146,147]
wave functions generated in Gaussian09 were used based on the aforementioned
geometries.

The ETS-NOCV method [118] is a combination of the ETS Ziegler–Rauk method [113]
with the Natural Orbitals for Chemical Valence (NOCV) method [114–117]. In the ETS
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method, the total interaction energy between fragments A and B (atoms, fragments and
molecules) is decomposed according to the following equation:

ΔEtotal = ΔEdist + ΔEelst + ΔEPauli + ΔEdisp + ΔEorb = ΔEdist + ΔEint (5)

where ΔEdist is the distortion energy that is needed to transform the structures of the
isolated fragments A and B into the geometries they have in the created A–B system, ΔEelst
is the energy of the electrostatic interaction of fragments A and B (in their final positions in
the molecule, but frozen electron densities), ΔEPauli is the Pauli repulsion energy resulting
from the repulsion between electrons with same spins of fragments A and B, ΔEdisp is the
dispersion energy, and ΔEorb is the orbital interaction energy associated with the formation
of the A–B system (e.g., an A–B bond) and results from the interaction between the occupied
orbitals of the A subsystem with the virtual orbitals of the B subsystem and vice versa.
This term also contains the polarization energy related to the electron density changes
in each of the A and B subsystems and the interfragment charge transfer. The last four
terms of Equation (5) form the interaction energy, ΔEint. On the other hand, the NOCV
orbitals are eigenvectors of the differential charge and bond orders matrix, ΔP = P − P0,
where P is the density matrix of a molecule (e.g., A–B), and P0 is the sum of the density
matrices of the orthogonalized fragments A and B, P0

A + P0
B. The overriding feature of the

NOCV orbitals representation is the ability to decompose the differential electron density,
Δρorb = ρAB − ρ0

A − ρ0
B, into chemically meaningful Δρk

orb diagonal contributions:

Δρorb =
M/2

∑
k=1

νk[−ψ2
−k + ψ2

k ] =
M/2

∑
k=1

Δρk
orb (6)

where νk are the eigenvalues obtained by diagonalizing the matrix ΔP, and M is the number
of basis set functions. Visualization of contributions Δρk

orb enables the identification and
characterization of the individual components (σ, π, δ, etc.) of a bond. Importantly,
under the ETS-NOCV method, it is possible to quantify the energies (ΔEk

orb) corresponding
to the individual Δρk

orb components:

ΔEorb =
M/2

∑
k=1

νk[−FTS
−k,−k + FTS

k,k ] =
M/2

∑
k=1

ΔEk
orb (7)

Calculations under the ETS-NOCV method were performed on the BLYP-D3(BJ) [148–150]/
TZP-ZORA [151,152] level of theory using the ADF program [153]. Such a computational
protocol proved to be adequate for bonding analysis both in our and other previous
studies [154,155]. In this work, we will focus on the instantaneous interaction energy ΔEint,
since total energy has already been studied in Ref. [35].

The Domain-based Localized Pair-Natural Orbital Singles and Doubles Coupled
Cluster with perturbative Triples [120–123] (DLPNO-CCSD(T)) approach is a relatively
new approximation of the Coupled Clusters method, which in turn is often referred to
as a ‘golden standard’ for quantum-chemical calculations [142]. DLPNO-CCSD(T) itself
recovers >95% of triples contribution and 99.8% of correlation energy, and thanks to its
scaling being close to DFT, it is the first CCSD(T) approximation capable of calculating the
entire protein [122]. It is performed by localizing the orbitals and generating the Projected
Atomic Orbitals from occupied localized orbitals, followed by creation of Pair Natural
Orbitals from selected PAOs [119,120].

Local Energy Decomposition [124,125] was created for the DLPNO-CCSD(T) approach
in order to harness its accuracy in determining interaction energies and provide an energy
decomposition scheme on the CCSD(T) level of theory. It decomposes the binding energy
into the following quantities:

ΔE = ΔEgeo−prep + ΔEint (8)

48



Int. J. Mol. Sci. 2022, 23, 14668

The first component is the energy needed to distort fragments A and B from their optimal
geometries to their final state in the AB adduct. On the other hand, ΔEint is the interaction
energy of said fragments, which can be further decomposed into reference (HF) energy,
ΔEHF

int , and a correlation contribution (ΔEC
int):

ΔEint = ΔEHF
int + ΔEC

int (9)

The Hartree–Fock part can in turn be expanded into:

ΔEHF
int = ΔEHF

el−prep + ΔEelstat + ΔEexch (10)

where ΔEHF
el−prep is the energy needed to distort the electronic structure of fragments into

the state optimal for fragment interaction. Electrostatic interaction between monomers is
denoted by ΔEelstat, and the HF exchange by ΔEexch. Correlation energy is decomposed into:

ΔEC
int = ΔEC

no−disp + ΔEC
disp + ΔEC−(T)

int (11)

Terms ΔEC
disp and ΔEC

no−disp are correlation energy contributions associated with dispersion

and non-dispersive corrections, respectively. The term denoted by ΔEC−(T)
int is the triples

correction arising from CCSD(T).

4. Conclusions

This article presents a comparative study of a series of metal–carbene bonds between
main- and transition group metals: beryllium, magnesium and zinc, and model carbenes:
cyclopropenylidene (a regular carbene), and imidazol-2-ylidene (N-heterocyclic carbene,
NHC). The physical nature of these carbene· · ·MX2 (X = H, Br) interactions has been
described for the first time by the joint use of topological QTAIM-based IQA decomposition
scheme, molecular orbital-based ETS-NOCV charge and energy decomposition method, as
well as LED energy decomposition basing on the state-of-the-art DLPNO-CCSD(T) method.

All methods agree on the increasing bond strength in a series: Zn < Mg << Be.
For beryllium and magnesium bonds, electrostatics proved to be the most important bond
component (55–90% of total stabilization), followed by stabilization due to electron shar-
ing (10–45% of total stabilization), while dispersion interactions proved to be marginal
(2–5%). QTAIM/IQA underestimates electrostatic contribution for zinc bonds with respect
to both ETS-NOCV and LED schemes which, similarly to Be and Mg species, identify the
following importance of Zn–carbene bond constituents: Eelstat > Eorb > Edispersion. Both
ETS-NOCV and LED also provide a consistent picture of these carbene bonds on an orbital
level, with the σ carbene→MX2 donation strongly dominating over the MX2 → carbene
back-donation of π symmetry. Substitution of hydrogen atoms by bromines (X in MX2)
strengthens the metal–carbene bond in all cases due to the amplification of electrostatic
forces as well as donation and back-donation effects. The former is likely due to mak-
ing metal atoms more electrophilic. Finally, the conformational preferences (planar vs
twisted) are controlled by the nature of C–Zn bonding as unveiled by ETS-NOCV analyses
performed along rotation coordinate pathways.
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Abstract: By DFT method with B3LYP, PBE, CAM-B3LYP, and B97D functionals, it was found that
the molecule 4-(4-tritylphenoxy)phthalonitrile (TPPN) has four conformers. The geometric structure,
vibrational frequencies, electronic characteristics, and thermodynamic functions of conformers,
as well as the structure and energy of transition states, were determined. IR spectrum of TPPN
film contains vibrational bands belonging to different conformers. The assignment of bands was
performed basing the distribution of normal vibration energy on internal coordinates. A synchronous
electron diffraction/mass spectrometric experiment was performed to determine the structure of
conformers in a saturated TPPN vapor. The elemental composition of the ions recorded in the mass
spectrum indicates the thermal stability of TPPN at least up to T = 200 ◦C. The difference in the
structure of tetrasubstituted metal phthalocyanines, which can be synthesized from different TPPN
conformers, has been shown.

Keywords: gas electron diffraction; mass spectrometry; DFT calculations; IR spectrum; molecular
structure; 4-(4-tritylphenoxy)phthalonitrile; conformers

1. Introduction

Currently, considerable attention is paid to phthalocyanines containing bulk trityl, due
to their manifestation of liquid crystal properties [1–4], as well as the prospects for their use
in thin-film electronics [5]. In addition, phthalocyanine compounds with high solubility are
currently needed [6,7]. An increase in solubility can be achieved by introducing substituents
of a certain nature [7,8]. In [5], novel tetra (4-tritylphenoxy) substituted copper, zinc,
and cobalt phthalocyanines were obtained by reaction of 4-(4-tritylphenoxy)phthalonitrile
(TPPN) (Scheme 1) with CuCl2, ZnCl2, CoCl2 metal salts (scheme in two dimensions
of metal substituted phthalocyanine molecules is given in Supplementary Materials,
Section S1). It has been shown in Ref. [5] that the presence of bulky 4-tritylphenoxy
substituents on the peripheral positions prevents the aggregation in organic solvents, such
as CHCl3, CH2Cl2, THF, DMF, DMSO, and adds interesting properties to phthalocyanines,
such as high solubility.

It is well known that tetrasubstituted phthalocyanines are usually obtained as a
mixture of four constitutional isomers [9]. This can be considered a positive or negative
factor, depending on the purpose of applied phthalocyanines. For using these compounds
as materials in thin films, it is even better to have an isomeric mixture that will not crystallize
very easily [2]. The presence of bulky 4-tritylphenoxy substituents in the β-position can
lead to regioselectivity of substituted phthalocyanines.
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Scheme 1. Molecule of 4-(4-tritylphenoxy)phthalonitrile.

However, 4-tritylphenoxy substituents have a structural feature that is usually over-
looked and which can affect the thermodynamic, spectral, and electro-optical properties
of metal phthalocyanines. This feature of 4-tritylphenoxy substituents is related to the
conformational properties of TPPN, which is used as the precursor for the synthesis of
phthalocyanines with trityl groups as peripheral substituents.

Obtaining reliable experimental data for the 4-(4-tritylphenoxy)phthalonitrile and
their subsequent study is an actual problem due to the lack of any experimental work on
the structure of this compound.

This paper describes the first experimental study (gas electron diffraction in combina-
tion with mass spectrometry, as well as IR spectroscopy) of the molecular structure and
conformational properties of 4-(4-tritylphenoxy)phthalonitrile supplemented by quantum
chemical calculations.

2. Results and Discussion

2.1. DFT Calculations
2.1.1. Conformational Analysis

The TPPN molecule has six torsion coordinates, which can give rise to several con-
formers that differ in the mutual orientation of trityl, phenoxy (PhO), and phthalonitrile
(PhN) fragments. The atom numbering is shown in Figure 1.

Figure 1. Atom numbering in the TPPN molecule.

To determine the structure of the found conformers (Figure 2) and the barriers between
them, the potential functions of internal rotation were calculated (B3LYP/cc-pVTZ): Around
the CO1-O (Figure 3), Ct-CO4 (Figure 4), CN1-O (Figure 5) bonds, and around Ct-Ct1 bond
in the trityl group. The φ[CO2CO1OCN1], φ[CO3CO4CtCt1], and φ[CO1OCN1CN2] dihedral
angles were scanned with a step of 2◦ or 10◦.
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Figure 2. Conformers and transition states of the TPPN molecule. Projections with the same orienta-
tion of the trityl fragment are shown.
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Figure 3. The potential function of internal rotation of O-PhN fragment around the CO1-O bond.
Structure TSI→II Structures of conformers I and II are shown in Figure 2.
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Figure 4. The potential function of internal rotation of PhO-PhN group around the CO4-Ct bond in
cis-conformers I and II. On the right: TS structure.

−200 −150 −100 −50 0 50 100 150 200
0

1

2

3

4

5

6

φ

Figure 5. The potential function of internal rotation of PhN fragment around the CN1-O bond.
Structures of conformers II and IV are shown in Figure 2.

The potential function of the internal rotation of the O-PhN group around the CO1-
O bond has two deep minima (Figure 3) corresponding to cis-conformers I and II with
φ[CO1OCN1 CN2] ≈ 0◦ (Table 1). The potential function of the internal rotation of the
O-PhN group for trans-conformers III→IV with torsion angle φ[CO1OCN1CN2] ≈ 180◦
(Table 1) has a similar form. In cis-conformers, the CO1–O bond eclipses the CN1-CN2 bond,
whereas in trans-conformers, the dihedral angle CO1OCN1CN2 is approximately 180◦. As a
result, cis-conformers I and II differ from the corresponding trans-conformers III and IV by
the position of the C≡N substituents in the phthalonitrile moiety (Figure 2).
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Table 1. Selected characteristics of 4-(4-tritylphenoxy)phthalonitrile conformers according to
DFT/B3LYP/cc-pVTZ.

Characteristics
Cis-Forms Trans-Forms

I II III IV

ΔEtotal, kcal/mol 0.10 0 0.34 0.27
EHOMO, eV −6.8 −6.8 −6.9 −6.8
ELUMO, eV −2.4 −2.4 −2.3 −2.3
ELUMO-EHOMO, eV 4.4 4.4 4.6 4.5
μ, D 8.2 8.1 10.1 10.0

Dipole moment direction in
I and III conformers

CO1OCN1CN2 −4.2 1.4 −176.1 −178.0
CO4CtCt1Ct2 −2.3 −1.4 −6.2 −1.1
CO3CO4CtCt1 67.6 −116.4 69.8 −115.6
CN1OCO1CO2 99.3 −94.8 99.7 −96.5
min r(HPhN···Htrt) 3.74 4.06 3.79 4.15

ΔG◦
298, kcal/mol 0.12 0.40 0.63 0.0

ΔG◦
478, kcal/mol 0.28 0.76 0.95 0.0

χi, mol% T = 298 K 30.4 19.2 13.0 37.4
χi, mol% T = 478 K 29.1 17.6 14.3 39.0
S◦298 cal/mol K 197.3 196.2 196.4 198.2
Cv298 cal/mol K 114.3 114.2 114.3 114.3

The barrier between cis-conformers I and II and, accordingly, between trans-conformers
III and IV is practically the same and amounts to 6.3 kcal/mol. In transition states TSI→II
and TSIII→IV the dihedral angle φ[CO2CO1OCN1] between the planes of the PhO and PhN
fragments is close to 0◦ (Figures 2 and 3).

The second way of the transition between conformers I→II and III→IV can be realized
by rotating the PhO-PhN fragment around the CO4-Ct bond. In this case, in the TSI→II and
TSIII→IV transition states, strong steric interaction occurs between PhO and trityl C(Ph)3
fragments, which leads to a high energy barrier > 16 kcal/mol (Figure 4).

The difference in the two cis-conformers I and II, as well as in the two trans-conformers
III and IV, lies in the different orientation of the PhN group relative to trityl fragment,
namely, in conformers I and III, the dihedral angle CO2CO1OCN1 should be defined as
ϕ = +99◦, and in conformers II and IV ϕ = −95◦ (Figure 3, Table 1).

Figure 5 demonstrates that cis→trans transition can be realized by rotation of the PhN
fragment around the O-CN1 bond. The energy barrier between the cis-conformer II and
trans-conformer IV is 5.6 kcal/mol and corresponds to TSII→IV in which the bond angle CO1-
O-CN1 between the PhO and PhN fragments is 118◦, and dihedral angle φ[CO1OCN1CN2]
is 90◦.

Additional calculations were carried out to estimate the barrier of internal rotation
of the phenyl ring of the trityl group around the Ct-Ct1 bond. It has been shown that
an independent rotation by ~40◦ of one of the phenyl fragments leads to a strong steric
repulsion between the Ph fragments in trityl. As a result, the phenyl rings cannot rotate but
perform synchronous torsional vibrations. The amplitude of these vibrations Δφ depends
on the thermal energy RT and is estimated as ±16◦ at T = 298 K and ±18◦ at T = 478 K.
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2.1.2. The General Structural Motives and Electronic Characteristics of Conformers

Theoretical calculations performed using four DFT functionals lead to consistent re-
sults. All variants of the DFT method predict the presence of four C1 symmetry conformers
for the TPPN molecule. For identical molecular forms, the differences in the corresponding
internuclear distances do not exceed 0.002 Å, in the values of bond angles 1◦, and less than
7◦ in the values of torsion angles (Table S1).

All conformers have a similar structure of (Ph)3C(PhO) fragment. The central site
C(C)4 is a distorted tetrahedron with identical C-C bonds, two C-C-C bond angles that are
smaller than the tetrahedral one, and four C-C-C bond angles larger than the tetrahedral
one (Table S1). The bond lengths and bond angles in this fragment are the same in all
conformers. Differences are observed in the values of torsion angles of cis- and trans-
conformers as well as bond lengths in the PhN fragment. In addition, in conformers I and
III, the shortest distance H···H between the hydrogen atoms of the trityl group and the
phthalonitrile PhN fragment is ~3.7 Å and in conformers II and IV ~4.1 Å.

Table 1 shows the selected characteristics of conformers of 4-(4-tritylphenoxy)phthalonitrile
molecule according to DFT/B3LYP/cc-pVTZ (Table S2 shows the characteristics of the
conformers calculated with the functionals B97D, CAM-B3LYP, PBE).

All conformers have close energies of frontier orbitals and large dipole moments
(Table 1), however, the direction of dipole moments in cis-conformers differs significantly
from their direction in trans-conformers.

Figure 6 shows the frontier MOs of conformer II. At the electron transition from HOMO
to LUMO, the electron density is transferred from the trityl fragment to phthalonitrile PhN.
The frontier orbitals of other conformers have a similar form.

Figure 6. View of the frontier MOs of cis-conformer II.

Table 1 lists the relative energies of conformers ΔEtotal, relative Gibbs free energies
ΔG◦

T, and mole fractions χi of conformers in saturated vapor calculated for T = 298 K and
T = 478 K (the latter corresponds to the temperature of the GED experiment). The difference
in the ratio of ΔEtotal and ΔG◦

T for the four conformers is due to the entropy factor.
The conformers have close electronic energies. The difference in total energy ΔE

between conformers I-IV does not exceed 0.4 kcal/mol. This increases the probability that
the 4-(4-tritylphenoxy)phthalonitrile may contain different conformations in the unit crystal
cell and have a complex conformational composition of the gas phase (Tables 1 and S2).
Since the barriers between conformers are quite high and exceed 5 kcal/mol, conformational
transitions are unlikely even at the temperature of GED experiment (the thermal energy RT
is less than 1 kcal/mol). Thus, conformational diversity may arise during the synthesis of
a compound.

In this case, the mixture of conformers should be characteristic of both the condensed
and gas phases. We tried to find the validity of this assumption when interpreting the IR
spectra and GED data.

2.2. Vibrational Spectrum

The infrared spectrum for the films of TPPN is shown in Figure 7, along with the
calculated spectrum for a mixture of cis- and trans-conformers.
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−1

(a) 

(b) 

Figure 7. Experimental FTIR spectrum for the film of TPPN (a), and calculated spectrum for a mixture
of cis- and trans-conformers (b).

The harmonic vibrational frequencies were calculated for the fully optimized geome-
tries of I–IV conformers at B3LYP/cc-pVTZ level. Analysis of the calculated IR spectra
showed that the spectra of the two conformers I and II (cis) and two conformers III and IV
(trans) almost coincide (Figure S1).

In Table 2, the experimental vibrational frequencies νexp of TPPN recorded in this work
and in [5] are compared with the calculated frequencies ωtheor, which have the highest
intensity in the corresponding spectral region for cis- and trans-conformers (Figure 7).

The values of the experimental frequencies νexp in the two works are in good agree-
ment with each other. However, in Ref. [5], low-intensity bands at 1419, 1311, and
1033 cm−1 were not noted, and an erroneous assignment of the frequency at 1253 cm−1 to
the C-O-C bending vibration was given.

The correctness of the assignment of frequencies was checked on the basis of the
dependencies ωtheor = f(νexp), which had a linear character with a correlation coefficient
almost equal to 1 (Figure 8).

Ρ
τη

τ 16

Figure 8. Correlation ωtheor vs. f(νexp).
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Table 2. Experimental (νexp) and theoretical (ωtheor) vibrational frequencies for cis- and trans-
conformers of 4-(4-tritylphenoxy)phthalonitrile 1,2,3.

[4]
νexp,
cm−1

ωtheor
2,

cm−1

cis

ωtheor,
cm−1

trans

Distribution Energy of Normal
Vibrations over Internal Coordinates

3084 w 4 3101 3101 ν(Ct-H)

3051
(C-H)Ar

3057 m 3073 3073 ν(C-H)t, ν(C-H)PhO

3028 w 2986 2986 ν(C-H)t

2231
(C≡N) 2233 m 2256 m 2256 m ν(C≡N)

1593
(C=C) 1593 s 1595 s 1597 s ν(C-C)PhN, ν(C-C)PhO

1566 1566 w 1561 vw 1558 m ν(C-C)PhN, δ(CCH)PhN

1505 sh 1505 m 1505 m ν(C-C)PhO, δ(CCH)PhO

1487 1491 s 1492 s 1488 s ν(C-C)PhN, δ(CCH)PhN, ν(C-O)

1442 1442 m 1448 w ν(C-C)PhN, δ(CCH)PhN

1419 w 1420 m ν(C-C)PhN, δ(CCH)PhN

1311 w 1310 s ν(C-C)PhN, ν(C-O), δ(CCC)PhN

1288 1282 m 1279 m 1283 s ν(C-O), ν(C-C)PhN, δ(CCH)PhN

1253
(Ar-O-Ar) 1250 s 1243 s 1248 s ν(C-O), ν(C-C)PhN, ν(CN-C),δ(CCH)PhN

1213 1213 m 1208 m 1211 m ν(C-O), ν(C-C)PhN, δ(CCC)PhO,δ(CCH)t

1174 1176 m 1172 m 1174 m ν(C-O), ν(C-C), δ(CCH)PhO, δ(CCH)PhN

1082 1086 w 1087 w 1092 w ν(CN-C), δ(CCH) ν(C-O), ν(C-C)PhN,
δ(CCC)

1033 w 1036 vw ν(C-C)t

1014 1014 w 1017 w 1017 w ν(C-C)PhO, δ(CCC) PhO, δ(CCH) PhO

956 954 w 953 w 954 w ρ(C-H)PhO, δ(CCC)

885 890 w 892 w 892 w ρ(C-H)PhO, τ(CCCC)PhO

825 835 m 854 w 853 w ρ(CN-C), ρ(C-H)PhO, ρ(O-C), ρ(C-H)PhN

750 752 s 752 w 752 w ρ(C-H)t, ρ(C-C) t, τ(CCCC)t

700 704 s 709 m 708 m ρ(C-H)t, δ(CCC)PhN, ρ(C-C)t, τ(CCCC)PhO

632 632 w 632 w 635 w δ(CCC)C4, δ(CCC)t, ρ(CCN)

522 w 537 w 536 w ρ(C-C)PhN, lb(CPhNCNN)
1 see Figure 1 for atom numbering. PhO—phenoxy fragment, PhN—phthalonitrile fragment, t—trityl fragment.
2 scaled values of ωtheor are given. Scale is found as the average value of the ratio νexp/ωcalc. The scale value
is 0.965 for frequencies in the range of 3500–1650 cm−1 and 0.978 for frequencies in the range of 1650–500
cm−1. 3 relative intensities: w—weak, vw—very weak, s—strong, m—medium. 4 internal coordinates: ν(X-
Y)—bond stretching, δ(XYZ)—deformation of XYZ valence angle, ρ(XY)—out of plane motion of X-Y bond,
lb(XYZ)—bending of XYZ linear fragment, τ(XYVZ)—torsion about Y-V bond.

For all frequencies of normal vibrations, the distribution of potential energy (DPE)
over internal vibrational coordinates is calculated. For this, the VibModule [10] program
was used. The last column of Table 2 shows the natural coordinates that make the maximum
contributions to an individual normal vibration.

The relative intensities are indicated for the vibrational bands. The assignment for
all 168 vibrational frequencies of the four conformers of the TPPN molecule is given in
Table S3.
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It should be noted that most bands in the IR spectrum possess a mixed nature (Table 2).
For this reason, it is possible to discuss only the predominant contribution of various
internal coordinates to the normal vibration. The exceptions are the stretching vibrations
of C-H bonds, which are completely separated from other vibrations, and the stretching
vibrations of C≡N bonds.

The bands in the range 1593–1491 cm−1 correspond to the vibrations of ν(C-C)PhN,
δ(CCC)PhN, δ(CCH)PhN in the phthalonitrile fragment. The bands at 1282, 1250, 1213, and
1176 cm−1 can be assigned to ν(C-O)PhN, ν(C-O)Ph stretching vibrations in combination
with ν(C-C), δ(CCH) modes. Note that in [1,5], the band at 1250 cm−1 is assigned to the
Ph-O-Ph bending vibration instead of the C-O stretching vibration (although the force
constant stretching of C-O bond (5.38 mdn/Å) is significantly higher than the force constant
deformation of the C-O-C angle (1.20 mdn/Å)).

The frequencies associated with bending vibrations of the central site C(C)4, phthaloni-
trile PhN, phenoxy PhO fragments, and the trityl group C(Ph)3, according to calculations,
are in the range below 1000 cm−1. The low frequency region of the IR spectrum shows the
presence of bands at 835, 752, 704, 632, 522 cm−1 associated with out-of-plane vibrations of
the C-H, CPhN-CN bonds.

The main differences between the calculated IR spectra of the cis- and trans-conformers
are in the intensity of the band at 1566 cm−1 as well as the presence of characteristic bands
at 1311 cm−1, 1442 cm−1 belonging to cis-conformers, and 1033 cm−1, 1419 cm−1 belonging
to trans-conformers (Table 2).

The bands at 1442 cm−1 (cis) and 1419 cm−1 (trans) correspond mainly to the stretching
vibrations of the C-C bonds in the phthalonitrile fragment. It should be noted that the
r(CN3-CN4)PhN bond length in cis-conformers is shorter than in trans-conformers (Table 3),
which is reflected in the difference in the ν(C-C)PhN frequency.

An analysis of the recorded vibrational frequencies allows us to conclude that the IR spec-
trum indicates the presence of the cis- and trans-conformers of TPPN in the condensed state.

2.3. GED Structural Analysis

Geometry of each conformer of the TPPN molecule possessed C1 symmetry and
was described by 79 independent parameters. To reduce the correlation, the number of
independent parameters was restricted to 14: Ct-CO4, CO4-CO3, O-CO1, CN3-C, C-N, Ct2-H
bond distances, CO4CtCt1, CO3CO4Ct, CO2CO3CO4, CN1OCO1, Ct3Ct2H valence angles, and
CO3CO4CtCt1, CN1OCO1CO2, and Ct1CtCO4Ct1′ dihedral angles (Figure 1). The remaining
65 independent parameters were linked to the above-mentioned 14 parameters by the
difference between non-equivalent structural parameters of the same type obtained from
B3LYP/cc-pVTZ calculations.

VibModule program [10] was applied to calculate the vibrational corrections Δr = rh1 − ra
and the starting values of root-mean-square vibrational amplitudes of each conformer at
the temperature of the GED experiment using the harmonic approximation and also
taking into account the non-linear interrelation between internal and Cartesian vibrational
coordinates. Starting values of the geometrical parameters and vibrational amplitudes were
taken from B3LYP/cc-pVTZ calculations. The dependent parameters were determined in
terms of the geometrically consistent rh1-structure. The amplitudes were refined in groups
corresponding to the different peaks on the radial distribution curve. The analysis of the
electron diffraction intensities was carried out using the modified KCED-35 program [11].

Theory predicts that despite the different mutual orientations of the phthalonitrile
and trithyl groups, the corresponding bond lengths and most nonbonded distances of
conformers I–IV are very close. This indicates that the electron diffraction intensities may
be insensitive to the conformational composition of this compound.

The calculated Gibbs free energies at the temperature of the GED experiment 478 K
indicate that the ratio between the mole fractions of the cis- and trans-conformers in the gas
phase is close to 1 (Table 1). In addition, DFT calculations predict that the cis I and trans IV
forms predominate in vapor over the cis II and tarns III forms.
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Table 3. Experimental and theoretical parameters of cis- and trans-conformers.

Parameter 1,2 cis-Conformer I trans-Conformer IV

DFT GED DFT GED

Ct-CO4 1.554 1.542(6) 4 1.553 1.542(6)
CO4-CO3 1.402 1.409(3) 1.402 1.409(3)
O-CO1 1.396 1.392(14) 1.395 1.391(14)
C≡N 1.152 1.148(7) 1.152 1.148(7)
CN3-C 1.429 1.424(3) 1.429 1.425(3)
C t2-H 1.078 1.101(6) 1.078 1.102(6)
CO4CtCt1 105.1 103.7(2.3) 4 104.9 103.6(2.3)
CO3CO4Ct 118.7 118.3(0.9) 118.7 118.2(0.9)
CO2CO3CO4 121.9 121.8(0.8) 121.9 121.8(0.8)
CN1OCO1 120.3 120.3(4.6) 120.3 120.4(4.6)
Ct3Ct2H 118.6 fixed 118.6 fixed
Ct1CtCO4Ct1′ 121.2 120.5(2.2) 4 121.1 120.5(2.2)
CO3CO4CtCt1 −53.5 −57.2(3.0) −54.1 −56.6(3.0)
CN1OCO1CO2 99.3 82.3(27.3) −96.5 −83.9(27.3)

Distorted tetrahedron CC4

C-C 3 1.554 1.543(6) 1.554 1.543(6)
C-C-C 3 (4) 111.6 111.3(2.5) 111.7 111.4(2.5)
C-C-C 3 (2) 105.3 105.8(3.3) 105.1 105.6(3.3)

Parameters of PhN fragment

CN2-CN3 1.395 1.402(3) 1.389 1.396(3)
CN3-CN4 1.407 1.414(3) 1.411 1.418(3)
CN4-CN5 1.400 1.407(3) 1.395 1.402(3)
CN5-CN6 1.379 1.386(3) 1.385 1.392(3)
CN1CN2CN3 119.8 119.8(0.8) 120.3 120.2(0.8)
CN5CN6CN1 120.1 120.1(0.8) 119.6 119.6(0.8)

Parameters of Ph fragment of trityl group

C-C 3 1.391 1.397(3) 1.391 1.397(3)
C-C-C 3 120.0 120.0(1.2) 120.0 120.0(1.2)

1 See Figure 1 for atom numbering. 2 distances in Å, bond angles in deg, 3 averaged values 4 Error limit given in
parentheses was estimated as σ = ((0.002 σ)2 + (2.5 σLS)2)1/2 for distances and σ = 3 σLS for angles, where σLS is
the standard deviation from LS refinement.

To assess the ability of the GED method to identify TPPN conformers I-IV, the theo-
retical functions sM(s) were calculated separately for each conformer based on structural
parameters (bond lengths, angles, vibrational amplitudes, and shrinkage corrections) ob-
tained using B3LYP/cc-pVTZ level (Figure S2), as well as theoretical radial distribution
functions f(r) (Figure S3). Only a small difference in the f(r) functions is observed in the
range of 3–8 Å for the cis- and trans-conformers.

The least-squares analysis of GED experimental intensities was performed under the
assumption that the vapor contains separate conformers, as well as under the assumption
that the vapor contains cis- and trans-conformers in mole percent of 30/70, 50/50, and 70/30.
In these versions of the least squares analysis, the value of the disagreement factor Rf varied
in the range of 4.13–4.28%. In accordance with the Hamilton criterion at 0.05 significance
level [12], GED data do not allow giving preference to any variant of the vapor composition.

Despite the lack of success in the experimental solution of the conformational prob-
lem of TPPN, the GED method still allows us to obtain reliable structural parameters
of the molecule. Table 3 shows that the calculated geometric parameters of equilibrium
configurations of cis- and trans-conformers agree satisfactorily with the experimental ones.

The comparison of the experimental functions sM(s) and f(r) with the theoretical curves for
the mole percent of 50/50 cis/trans vapor model are shown in Figures 9 and 10, respectively.
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−1

ΔsM s

Figure 9. Experimental (dots) and theoretical (full line) molecular intensities sM(s) for mole percent
of 50/50 cis/trans vapor model and residual curves for 4-(4-tritylphenoxy)phthalonitrile.

f r

Δf r

Figure 10. Experimental (dots) and theoretical (full line) radial distribution function f(r) for mole
percent of 50/50 cis/trans vapor model and residual curve for 4-(4-tritylphenoxy)phthalonitrile.

The performed analysis of IR spectra, data, and the results of quantum chemical
calculations indicates the existence of cis- and trans-conformers of TPPN, both in the
condensed and in the gaseous state, and GED/MS data do not contradict this conclusion.

Figure 11 shows examples of positions of 4-tritylphenoxy substituents that can occur
in tetrasubstituted metal phthalocyanines (MPc) during their synthesis by reaction of
cis- (a) or trans-conformers (b) 4-(4-tritylphenoxy)phthalonitrile with metal salts. There are
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significant differences in the structure of the MPc conformers (a and b), which can lead to a
difference in their physicochemical properties. Thus, for tetra-cis-substituted MPcs, there is
a high probability of manifestation of regioselectivity, which reduces the steric repulsion
between adjacent bulky substituents (Figure 11a). In the case of tetra-trans-substituted MPcs,
regioisomers are possible. In addition, the possibility of the formation of tetrasubstituted
MPcs with different cis- and trans-orientations of 4-tritylphenoxy substituents within the
same metal complex cannot be ruled out.

Figure 11. Tetra-cis-4-tritylphenoxy substituted metal phthalocyanines (a), tetra-trans-substituted
metal phthalocyanines (b), bottom: cis- and trans-conformers of TPPN.

A series of copper (4-tritylphenoxy)phthalocyanines was synthesized in [4]. The
authors note that the synthesized compounds exhibit mesomorphic properties and suggest
that their mesomorphism originates from thermal fluctuations due to the free rotation of
the bulky substituents. However, our data on barriers of internal rotations (Figures 3–5)
show that the assertion of the authors of [4] about the free rotation of phenoxy and trityl
groups is untenable. Nevertheless, it seems that the copper(II) phenoxy(phthalocyaninato)
complex with trans-oriented 4-tritylphenoxy substituents has no serious steric obstacles to
the formation of a columnar mesophase (Figure 11b).

3. Methods and Materials

3.1. Synthesis

Synthesis of TPPN was carried out according to the scheme used in [7,13], which is
closely repeated in [4] and is described in detail in Supplementary Materials (Section S1).

The product was characterized by mass spectrometry (LDI–TOF, negative mode), 1H
NMR (CDCl3), 13C NMR (CDCl3), FTIR spectrum, and elemental analysis methods. The
results are given in Supplementary Materials Section S1.

67



Int. J. Mol. Sci. 2022, 23, 13922

3.2. The Infrared Spectrum

IR spectrum was recorded for the films deposited from a solution on the KRS-5 slides in
the range of 400–4000 cm−1 using an Avatar 360 FTIR spectrometer. (Details in Section 2.2).

3.3. Synchronous Gas Electron Diffraction and Mass Spectrometric Experiment

The gas phase electron diffraction patterns and mass spectra were recorded simul-
taneously using the technique described in Refs. [14,15] at two nozzle-to-plate distances
(338 and 598 mm). The conditions of the synchronous gas-phase electron diffraction/mass
spectrometric (GED/MS) experiments are shown in Table S4.

The electron wavelength was obtained by polycrystalline ZnO. The optical densities
were measured by a computer-controlled modified MD-100 microdensitometer [16] with a
step of 0.1 mm along the diagonal of the plate. A 10 × 130 mm region was scanned. The
number of equidistant scan lines was 33. The total intensity curves were obtained in the
ranges s = 1.3–16.7 Å−1 and s = 3.0–28.6 Å−1.

Simultaneously with the registration of electron diffraction patterns, the mass spectra
of TPPN vapors were recorded. According to the mass spectrometric data, only TPPN is
present in the vapor, no volatile impurities are observed. Table 4 shows that the mass spectra
of electron ionization (Uioniz = 50 V) contain signals of the parent ion [M]+ ([C33H22N2O]+)
and lighter ions formed as a result of dissociative ionization of molecules: Ions formed upon
breaking Ct-Ct1 bonds (see Figure 1 for atom numbering), with the loss of one [M-(C6H5)]+,
two [M-(C6H5)2]+ and three [[M-(C6H5)3]+ phenyl groups of the trityl fragment, and
additionally the loss of a substituent CN [M-(C6H5)3-CN]+, ions with loss of trityl fragment
[M-C(C6H5)3]+ and group CN [M-C(C6H5)3-CN]+, trityl ion [C(C6H5)3]+, as well as the
high intensive [C(C6H5)2]+ ion. In addition to ions associated with the detachment of
individual groups, the mass spectrum contains ions related to the dissociative ionization of
trityl phenyl fragments with the elimination of C2Hn and C3Hn groups ([M-C3H3-C2H2]+

and [(C4H4)2CC3H3]+. The most intense is the ion with stoichiometry [M-C6H5]+.

Table 4. Most intensive ions in mass spectrum of TPPN recorded during the GED experiment at
478 K (Uioniz = 50 V).

Ion M/E Relative Abundance, %

[M]+ = [C33H22N2O]+, parent ion 462 52
[M-C3H3-C2H2]+ 397 41
[M-C6H5]+ 385 100
[C(C6H5)3(C6H4)]+ 319 40
[M-(C6H5)2]+ 308 43
[C(C6H5)3]+ 243 65
[M-(C6H5)3]+ 231 44
[M-(C(C6H5)3)]+ 219 40
[M-(C6H5)3-CN]+ 205 38
[M-(C(C6H5)3)-CN]+ 193 40
[OC6H4CC6H5]+ 181 35
[C(C6H5)2]+ 166 63
[(C4H4)2CC3H3]+ 155 42

3.4. Computational Details

Quantum-chemical modeling of the TPPN molecule was implemented using the
Gaussian 09 program [17]. The calculations were performed using the density functional
theory (DFT) method, variants of hybrid functionals: B3LYP [18–20], PBE [21], CAM-
B3LYP [22], as well as the B97D functional [23], which considers dispersion interactions.
The atoms of carbon, oxygen, nitrogen, and hydrogen were described using correlation-
consistent three-exponential valence bases cc-pVTZ [24].

Using the DFT/B3LYP/cc-pVTZ method, the potential energy surface (PES) was
scanned along torsion coordinates, and the presence of four conformers was established.
For each conformer of the TPPN molecule, the geometry optimization was performed (see
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Section 2.1) without symmetry restrictions. The calculation of the frequencies confirmed
the correspondence of the optimized structures to the PES minima, and the calculated
frequencies were used in the interpretation of the experimental IR spectrum.

4. Conclusions

The TPPN compound is thermally stable up to at least 200 ◦C, as evidenced by the
data of the GED/MS experiment. This property of TPPN can be used in modeling CVD
processes for obtaining thin films for various purposes.

The presence of bulky 4-tritylphenoxy substituents in the β-position can lead to
regioselectivity of substituted phthalocyanines.

Using the DFT method with B3LYP, PBE, CAM-B3LYP, and B97D functionals, it was
shown that the molecule TPPN has four conformers with the same structure of the -Ph-
C(Ph)3 fragment and different positions of the -O-PhN group. All conformers have a sig-
nificant dipole moment and similar energies of frontier orbitals. At the HOMO → LUMO
transition, the electron density is transferred from the trityl to the phthalonitrile fragment.

The structure of transition states between conformers is determined. The close val-
ues of the total energy of the conformers and high transition barriers suggest that the
conformational diversity of TPPN is formed during the synthesis of the compound.

All vibrational bands in the experimental IR spectrum of TPPN have been assigned.
A slight difference was noted in the theoretical IR spectra of the conformers, which, how-
ever, made it possible to determine that TPPN consists of a mixture of conformers in the
condensed state.

The elemental composition of the ions registered in the mass spectrum of electron
ionization has been established in saturated vapor TPPN.

GED study of saturated vapor TPPN was performed. The experimental geometrical
parameters of the conformers are found, which agree with the calculated ones within the
experimental error. Joint analysis of GED and QC data indicates that at T = 478 K, the gas
phase of TPPN consists of a mixture of conformers.

It can be assumed that the use of TPPN for the synthesis of tetrasubstituted metal
phthalocyanines will lead to the formation of conformers that differ significantly in the
spatial structure of peripheral fragments and retain the conformational features of TPPN.

Moreover, within the same complex, 4-tritylphenoxy substituents can be in different
conformations. This feature of such complexes can be used for practical purposes.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms232213922/s1.
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Abstract: The cationic complexes of Mn(III) with the 5-Hal-sal2323 (Hal = Cl, Br) ligands and a param-
agnetic doubly charged counterion [ReCl6]2− have been synthesized: [Mn(5-Cl-sal2323)]2[ReCl6] (1)
and [Mn(5-Br-sal2323)]2[ReCl6] (2). Their crystal structures and magnetic properties have been stud-
ied. These isostructural two-component ionic compounds show a thermally induced spin transition at
high temperature associated with the cationic subsystem and a field-induced slow magnetic relaxation
of magnetization at cryogenic temperature, associated with the anionic subsystem. The compounds
are the first examples of the coexistence of spin crossover and field-induced slow magnetic relaxation
in the family of known [MnIII(sal2323)] cationic complexes with various counterions.

Keywords: spin-crossover; MnIII(sal2323) complexes; hexahalorhenates; polyfunctional compounds;
magnetic properties; single-ion magnet

1. Introduction

At present, the main class of Mn(III) spin-crossover compounds are cationic complexes
of Mn(III) with the sal2323 ligand and its derivatives [1] (Scheme 1), which were first ob-
tained in 2003 [2], and the first spin transition in this class was discovered in 2006 [3]. Since
that time, active investigations of these complexes started, aimed at studying the effects of
substituents on the phenolate nucleus of the ligand, the nature of counterions and lattice sol-
vents on the spin behavior of the complexes. The sal2323 ligand is a condensation product
of two molecules of salicylaldehyde with a flexible tetraamine 1,2-bis(3-aminopropyl-
amino)ethane, Scheme 1. The use of this tetramine leads to a trans-arrangement of the
oxygen atoms of the sal2323 ligand around the manganese ion. As a result, the octahedral
configuration of Mn(III) is strongly distorted and axial contraction of the Mn-O bonds
occurs. Such a molecular structure of Mn(III) complexes with ligands of the sal2323 family
contributes to the appearance of reversible spin transitions from the S = 1 state to the S = 2
state upon heating (spin-crossover (SCO) behavior), accompanied by the population of
dx

2
-y

2 orbital. During the transition, the equatorial Mn-N bonds lengthen, while the axial
Mn-O bonds remain practically unchanged.
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Scheme 1. Synthesis of compounds 1 and 2.

To date, several important results have been obtained in this class of Mn(III) spin-
crossover complexes. Variation of substituents and counterions led to the synthesis of the
complexes, which showed sharp spin transitions with significant hysteresis [4–13], includ-
ing a conducting spin-crossover complex with an electroactive counterion TCNQ with a
hysteresis width of 50 K, [Mn(5-Cl-sal2323)]TCNQ1.5·2CH3CN [7]. The Mn(III) complexes
with a 3,5-dihalo-substituted sal2323 ligand and tetraphenylborare as a counterion were
recently synthesized and showed unusual structural and magnetic properties [8–12]. So,
the dichlorine-containing complex displayed three structural phase transitions below 300 K
and two spin crossovers coupling with structural transitions. One of the spin crossovers is
characterized by the formation of an intermediate HS:LS phase from the initial high-spin
state (HS), and the second is associated with the transition from the HS:LS phase to the
low-spin state (LS) [11,12]. The giant magnetoelectric coupling was found at a Mn(III) spin
crossover in [Mn(3,5-diBr-sal2323]BPh4 [14].

In this work, we used for the first time a doubly charged paramagnetic anion [ReCl6]2−
as a counterion in the Mn(III) cationic complexes with a monohalo-substituted ligand
(5-Cl(Br)-sal2323). To the best of our knowledge, all known complexes of the [Mn(sal2323]+

family synthesized so far contain singly charged anions. An important argument in favor
of choosing the [ReCl6]2− as a counterion was the fact that this anion demonstrates a
field-induced single-ion magnet behavior [15], like its analogs [ReBr6]2−, [ReI6]2− and
[ReF6]2− [16–18]. Thus, one could expect the formation of complexes combining the Mn(III)
spin crossover and [ReCl6]2− single-ion magnetism in the same crystal lattice. Only a few
compounds are known in the literature in which the spin transition coexists with single-
molecule magnetism [19–27]. Two isostructural complexes [Mn(5-Cl-sal2323)]2[ReCl6] (1)
and [Mn(5-Br-sal2323)]2[ReCl6] (2) were synthesized. Their crystal structures and magnetic
properties have been studied. Herein, we present these results.

2. Results and Discussion

2.1. Synthesis

Complexes 1 and 2 were synthesized according to Scheme 1 in a solvent containing
96% ethanol and acetonitrile in a ratio of 1:1, see Section 3. Previously, the 5-Cl-sal2323 and
5-Br-sal2323 ligands were synthesized using the N,N′-bis(3-3-aminopropyl)ethylenediamine
and the corresponding salicylaldehyde. Then, a solution containing Mn(NO3)2 4H2O and
K2[ReCl6] was added to the resulting solution of ligands. After mixing the two solutions,
the color changed from yellow to dark red, which indicates the oxidation of Mn(II) to
Mn(III). Black single crystals 1 and 2 were formed upon slow evaporation of the solvent.
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2.2. Crystal Structures

The compounds 1 and 2 crystalize in the monoclinic system (centrosymmetric space
group C2/c) and are isostructural. Both compounds do not undergo a temperature-induced
phase transition in the studied range from 100 to 423 K. Electroneutral unit of 1 and
2 consists of two mononuclear cationic [Mn(5-Cl(or Br)-sal2323)]+ complexes and one
[ReCl6]2− counter anion (Figure 1). Asymmetric units are represented by halves of these
moieties, the Mn and Re ions are on special positions. ReCl62− anions have a slightly
distorted octahedral environment with bond lengths in a narrow range (2.3511(6)–2.3765(6)
Å for 1 and 2.3505(8)–2.3760(7) Å for 2). These values are in agreement with those in known
compounds with ReCl62− anions [15,28].

Figure 1. The general view of electroneutral units of compound 1 (a) and 2 (b). H atoms are omitted
for clarity.

The [Mn(5-Cl(or Br)-sal2323)]+ complexes have a distorted hexacoordinated geom-
etry with MnN4O2 coordination environment corresponding to the previously reported
structures of cationic complexes [Mn(R-sal2323)]+ with similar hexadentate ligands [1].
The bond lengths Mn-N(or O) and octahedral distortion parameters (ζ, Σ and Θ) in co-
ordination polyhedron MnIIIN4O2 of 1 and 2 (for different temperatures) are shown in
Table 1. Two nonequivalent [Mn(5-Cl(or Br)-sal2323)]+ cations found in the structures of
the compounds under consideration have significantly different Mn-N bond lengths and
octahedral distortion parameters.

At 100 and 240 K, these nonequivalent Mn ions correspond to different spin states (LS
and HS for Mn(1) and Mn(2), respectively). The average equatorial bond lengths Mn–Nim
and Mn–Nam in complexes 1 and 2 fall in the range of that expected for LS and HS Mn(III)
ions (Table 1) [1]. Upon increasing the temperature to 300K, the bond lengths Mn(1)–N
show a slight increase in values that corresponds to the part of low-spin Mn(1) ions transit
to a high-spin state (Table 1). A further gradual increase in temperature to 423 K reveals an
increase in the bond lengths Mn(1)–Nim and Mn(1)–Nam, which corresponds to an increase
in the fraction of HS Mn(1) ions in the crystals, while these values do not reach values
corresponding to the HS Mn(III) ion. For second nonequivalent ion Mn(2), the bond lengths
and angles in coordination polyhedron correspond to the Mn(III) ion in HS state (Table 1)
and are retained in all temperature ranges under consideration. The axial Mn–O bond
lengths do not change significantly with increasing of temperature for both nonequivalent
Mn ions.
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Table 1. Selected bond lengths and octahedral distortion parameters 1 in 1 and 2.

Compound 1

Temp. 100 K 240 K 300 K 353 K 403 K 423 K

Parameter Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Mn1 Mn2

Mn-O, Å 1.874(2) 1.866(2) 1.871(2) 1.866(2) 1.868(2) 1.865(2) 1.866(2) 1.864(2) 1.865(2) 1.860(2) 1.864(2) 1.860(2)

Mn-Nim, Å 1.981(2) 2.091(2) 1.983(2) 2.098(2) 2.004(2) 2.101(2) 2.039(2) 2.099(2) 2.067(2) 2.097(3) 2.071(3) 2.098(3)

Mn-Nam, Å 2.046(2) 2.201(2) 2.053(2) 2.219(2) 2.080(2) 2.223(2) 2.114(3) 2.225(3) 2.149(3) 2.233(3) 2.157(3) 2.235(3)

Σ, ◦ 43.60 63.75 45.02 68.08 50.52 68.79 60.90 70.29 66.31 70.74 68.56 70.54

Θ, ◦ 124.47 198.15 129.35 216.06 143.62 221.00 170.69 228.08 186.97 229.90 193.20 230.65

ζ, Å 0.373 0.747 0.392 0.780 0.464 0.791 0.562 0.796 0.649 0.812 0.668 0.818

Compound 2

Temp. 100 K 240 K 300 K 353 K 403 K 423 K

Parameter Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Mn1 Mn2

Mn-O, Å 1.871(2) 1.864(2) 1.872(2) 1.863(2) 1.873(2) 1.860(2) 1.864(2) 1.862(2) 1.862(3) 1.858(2) 1.860(3) 1.863(3)

Mn-Nim, Å 1.985(3) 2.095(3) 1.989(2) 2.100(2) 2.014(3) 2.099(3) 2.046(3) 2.099(3) 2.069(3) 2.096(3) 2.072(4) 2.100(4)

Mn-Nam, Å 2.045(3) 2.193(3) 2.053(2) 2.213(3) 2.087(3) 2.218(3) 2.122(3) 2.222(3) 2.149(4) 2.220(4) 2.154(4) 2.222(4)

Σ, ◦ 43.19 68.82 46.12 68.82 53.14 69.75 61.31 71.38 67.56 71.81 68.55 72.38

Θ, ◦ 125.73 215.36 132.81 215.36 149.32 220.22 172.39 226.58 191.11 230.89 193.61 230.63

ζ, Å 0.375 0.784 0.398 0.784 0.473 0.795 0.587 0.797 0.657 0.801 0.677 0.794
1 Σ is the sum of the deviation from 90◦ of the 12 cis-angles in the coordination polyhedron. Θ is the sum of the
deviation from 60◦ of the 24 trigonal angles of the projection of the octahedron onto the trigonal faces. ζ is the
sum of deviation from individual M-N(or O) bond distances with respect to the mean M-X bond distance (the
distance distortion parameter).

Besides the bond lengths changing, strong changes in the bond angles X-Mn-X are
observed, which is well illustrated by the significant difference in the parameters of oc-
tahedral distortion (Σ and Θ) shown in Table 1. For complexes 1 and 2, the octahedral
distortion parameters for Mn(1) complexes at 100 and 240 K are close and corresponding
to the Mn(III) ion in LS state [1]. Upon increasing the temperature from 240 to 423 K, the
values of the octahedral distortion parameters for Mn(1) increase from ~45–46 to ~69 and
from ~129–133 to ~193–194◦ for Σ and Θ, respectively. At 300K and higher, the octahedral
distortion parameters for Mn(1) ions have intermediate values between ones for LS and HS
Mn(III) ions, that may indicate on an incomplete gradual spin transition between LS (S = 1)
and HS (S = 2) states of Mn(III) ion in complexes under consideration. At the same time,
Mn(2) coordination polyhedra have the octahedral distortion parameters (Table 1) corre-
sponding to the high-spin Mn(III) ion, which are not changed significantly with increasing
of temperature from 100 to 423 K.

The crystal structures of 1 and 2, besides electrostatic cation–anion interactions, are sta-
bilized by intermolecular H-bonds and weak C-H . . . πPh and C-H . . . Hal intermolecular
interactions. The key intermolecular interactions are non-covalent N–H· · ·Hal interac-
tions between [Mn(5-Hal-sal2323)]+ cations. Only Mn1 complexes that undergo a high-
temperature spin transition are linked into chains with each other due to intermolecular
N-H . . . Cl(Br) hydrogen bonds along c-axes (Figure 2). The geometric parameters of these
H-bonds are shown in Table 2.
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Figure 2. Projection of the fragment of the crystal structure of 1 (or 2) on ac plane. Dashed lines show
shortest intermolecular contacts.

Table 2. The geometric parameters of intermolecular H-bonds in crystal packing of 1 and 2.

D-H . . . A d(H . . . A), Å d(D . . . A), Å <(D-H . . . A), ◦

N-H . . . Cl 2.70 3.41 141.5
N-H . . . Br 2.77 3.48 140.5

The Mn2 complexes, which remain high-spin over the entire temperature range stud-
ied, weakly bound with neighboring the Mn2 complexes and ReCl62− anions due to
C-H . . . Cl(Br) contacts 2.77 (2.80 for 2) Å and have also discrete intermolecular contacts
C-H . . . πPh 2.67 (2.67 for 2) Å with the Mn1 complexes. Mn1 complexes have the same
C-H . . . Cl (ReCl6) contacts 2.78 (2.80 for 2) Å, which apparently do not influence the spin
transition process in these salts. Thus, strong non-covalent intermolecular interactions
between cations and anions that can play a significant role in the spin-state switching
behavior are absent in crystal packing of 1 and 2 [1,6–12,29,30]. As a result, we can observe
only an incomplete high-temperature spin transition in Mn1 complexes that are linked
into chain by N-H . . . Hal intermolecular H-bonds. The Mn and Re centers are well iso-
lated from each other in the crystal structure, with the shortest intermolecular Mn...Mn,
Mn...Re, and Re...Re distances being equal to 7.85(7.87 for 2), 7.33(7.34), and 11.97(12.03) Å,
respectively.

2.3. DC Magnetic Properties

Static magnetic susceptibility was measured on samples of complexes 1 and 2 in a
field of 0.5 T at temperatures of 2–400 K. The phase purities of these bulk samples were
confirmed by powder X-ray diffraction (Figure S1). Both compounds exhibit a very similar
behavior (Figure 3). The χmT vs. T dependencies are close, and the curves remain the
same upon heating and cooling. At temperature below 240 K, the χmT value slowly
decreases, reaching 5.12 cm3K/mol and 5.07 cm3K/mol for 1 and 2, respectively, at 100
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K. These values are close to the calculated value (5.6 cm3K/mol) for the sum of three
magnetically non-interacting centers: Re(IV) ion with χmT = 1.6 cm3K/mol (S = 3/2 with g
= 1.80–1.90) [31,32] and two independent Mn (III) ions: Mn2 in high-spin (HS) state with
χmT = 3.0 cm3K/mol (S = 2, g = 2), and Mn1 in the low-spin (LS) state with χmT = 1.0
cm3K/mol (S = 1, g = 2). There are good correlations between these magnetic data and
the Mn-N bonds lengths at 100 K, which clearly indicate that the cations in complexes 1

and 2 are in different spin states: Mn1 is in the LS state, while Mn2 is in the HS state. With
an increase in temperature from 240 K, a gradual increase in the χmT value is observed,
which reaches values of 6.67 cm3K/mol and 6.96 cm3K/mol at 400 K for complexes 1 and
2, respectively, indicating a gradual transition of the Mn1 cations in both complexes from
the LS→HS states. However, by 400 K, complete spin transformation does not occur. An
analysis of the crystal structures of 1 and 2 at temperatures above 400 K (423 K) showed
that the Mn-N bond lengths continue to increase with a further increase in temperature.
Thus, in both complexes at high temperatures, the Mn(III) cationic subsystem is in the
high-spin state, while at low temperatures (below 240), an intermediate state is realized, in
which half of the cations are in the high-spin state (Mn2) and the other (Mn1) in a low spin
state.

Figure 3. Temperature dependency of χmT product for complexes 1 (a) and 2 (b) upon cooling (blue)
and heating (red).

Upon cooling below 100 K, the χmT values for these compounds continue to slowly
decrease at first, and then, around 40-30 K, they decrease abruptly to reach 1.99 (1)
and 1.80 cm3K/mol (2) at 2 K. The abrupt decrease in the χmT values is mainly due to
the strong magnetic anisotropy, which are observed in ReIV- and [MnIII(sal2323)]-based
systems [31–35]. These χmT values at 2.0 K are comparable to the sum of the χmT values for
the isolated Re(IV) complexes with halide ligands (approx. 1.0 cm3K/mol) [15,16,32] and
the Mn(III) complexes in mixed HS:LS = 1:1 state with the sal2323 ligand family (approx.
0.7–0.9 cm3K/ mol) [9,11,36] at low temperature. Such a correspondence indicates that the
antiferromagnetic coupling between the complexes is very weak in compounds 1 and 2,
which correlates with the strong isolation of Mn and Re centers in the crystal structure. It
should be noted that the observed slow linear decrease in the χmT values upon cooling from
240 to 30 K is possibly associated with the contribution of the temperature-independent
paramagnetism (TIP).

The field dependences of the magnetization (M vs. μ0H/T, Figure 4) for complexes 1

and 2 were recorded at temperatures 2, 3, and 5 K in the field range of 0–5 T. For both
complexes, the magnetization reaches a value of about 4.0 at 5.0 T without saturation. The
low value of magnetization at 5.0 T, absence of saturation and the non-coincidence of M/μB
vs. μ0H/T curves at different temperatures indicate the presence of considerable magnetic
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anisotropy in the complexes as a results to significant zero-field splitting effects inherent in
the Re(IV) and Mn(III) ions [15–17,31–35,37–39].

Figure 4. Magnetization vs. μ0H/T plots for complexes 1 (a) and 2 (b) in the fields of 0–5 T and
temperatures of 2, 3, and 5 K.

2.4. AC Magnetic Properties

In order to test whether the complexes 1 and 2 exhibit the properties of single-ion
magnet (SIM), the ac susceptibility of both compounds was studied in the absence and
at applied static magnetic field. The frequency dependences of the in-phase χ′(ν) and
non-zero out-of-phase χ′′(ν) signals of the ac susceptibility make it possible to test the
relaxation mechanisms in magnetic systems [40,41]. Both compounds do not display the
slow relaxation of the magnetization in the absence of the applied magnetic field; the χ′′
signals are not observed. It is known that magnetic relaxation of SMMs is highly susceptible
to quantum tunneling of magnetization (QTM), which can be suppressed by an external
applied dc field. The field-dependencies of ac susceptibility (χ′ and χ′′) were recorded
at 2 K in fields of 0–3000 Oe and two fixed frequencies (200 and 1000 Hz) in search for
an optimal field to suppress the QTM effect. The value of the optimal magnetic field
corresponds to the position of the maximum in the dependence of χ′′(H). With an increase
in the field, the χ′′ increases and reaches some saturation at 3000 Oe (Figures S2 and S3).
To test the relaxation behavior of compounds 1 and 2, the ac susceptibility was studied in a
field Hdc = 3000 Oe at frequencies of 100–10,000 Hz and temperatures of 2–3 K (Figure 5
and Figure S7). Frequency-dependent signals from both components of the ac suscep-
tibility were observed at temperatures from 2.0 to 2.75 K, indicating field-induced slow
relaxation of magnetization and, therefore, SIM phenomenon. However, the χ′′ maxima
lie above 10,000 Hz that is not feasible in our experimental set-up. Assuming that the
relaxation of magnetization in 1 and 2 is Debye process driven by the thermal activation
over the energy barrier Ueff, we estimated the values of energy barrier Ueff and τ0, using the
formula (1) [37,42].

ln
(
χ′′/χ′) = ln(ωτ0) + Ue f f/kT, (1)

where ω = 2πν–angular frequency, τ0—preexponential factor in the Arrhenius law
τ = τ0exp(Ueff/kT), T—absolute temperature, τ—time relaxation, Ueff—the effective spin-
reversal barrier, k—Boltzmann constant.
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Figure 5. The frequency dependency of the χ′′ for complexes 1 (a) and 2 (b) at temperatures of 2–3 K
under Hdc = 3000 Oe.

The experimental plots ln(χ′′/χ′) vs. T−1 at different frequencies, their fitting by
the formula (1) and values of parameters are presented in Figure 6. The values of the
τ0 parameter for 1 and 2 and other similar ReIV complexes are close [16,17,38]. The
average values of Ueff are 13(1) and 16(1) K for 1 and 2, respectively. The Ueff values
for 1 and 2 are similar between them, and close to that of compound (Th2imH+)2[ReCl6]
with diamagnetic photochromic cation Th2imH+ (Ueff = 12.21 before irradiation and 11.35
K after irradiation) [15]. At the same time, these values are higher than in the case of
Ueff for (Ph4P)2[ReI6] and approximately two and three times lower than those for field-
induced single-ion magnets (Ph4P)2[ReX6], X = F, Br, respectively [16,17]. Research on the
hexahalorhenates [ReIVX6]2− (X = F, Cl, Br and I) has shown that the magnetic behavior
of these anions depend greatly on the nature of the counterion [43]. For example, a study
of the [ReI6]2− ion with alkali metal cations, from Li+ to Cs+, has illustrated that none of
these compounds is a SIM [39], same as in the case of hexahalorhenates with paramagnetic
cations of ferrocenium [28] and metal oxazolidine nitroxides [43], whereas substitution of
the perchlorate counterions in the Mn6 SMM by [ReIVCl6]2− led to the energy barrier for
magnetization relaxation increasing by 30% [44].

Figure 6. The plot of ratio ln(χ′′/χ′) vs. T−1 at different frequencies for 1 (a) and 2 (b). The color lines
represent the fit by Equation (1) with values of parameters τ0 = 8.1 10−10 s, 2.3 10−10 s, 1.0 10−10 s
and Ueff = 11.0 K, 12.7 K, 14.2 K at ν = 1000, 2300, and 3636 Hz, respectively, for 1 and τ0 =2.6 10−10 s,
1.1 10−10 s, 1.0 10−10 s, 5.5 10−11 s and Ueff = 15.0 K, 16.1 K, 16.2 K, 17.2 K at ν = 758, 1450, 2300, and
3636 Hz, respectively, for 2.
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3. Materials and Methods

The starting compounds and solvents were obtained from commercial sources and
were used without further purification. The reactions related to the synthesis of the
complexes were carried out in air. IR spectra were recorded on solid samples using a
Bruker ALPHA spectrometer with the attenuated total reflectance (ATR) module. Elemental
analyses were performed on a Vario MICRO cube (Elementar Analysensysteme GmbH,
Langenselbold, Germany) equipment. Thermogravimetric analysis was carried out in a
helium flow with a purity of 99.9999% using a STA 449 F3 Jupiter thermal analyzer. The
heating rate was 2.0 ◦C/min.

3.1. Synthesis of [Mn(5-Cl-sal2323)]2[ReCl6] (1)

5-Cl-salicylicaldehyde (0.5 mmol, 0.0783 g) was dissolved in acetonitrile-ethanol mix-
ture (1:1, 15 mL) and added with vigorous stirring to N,N′-bis(aminopropyl)ethylenediamine
(0.25 mmol, 0.0457 mL), previously dissolved in the same mixture of solvents (15 mL). After
mixing the solutions, stirring was continued for 15 min. Manganese(II) nitrate tetrahydrate
(0.25 mmol, 0.0627 g) and potassium hexachlororenate(IV) (0.125 mmol, 0.0596 g) were
dissolved in the same solvent mixture (40 mL) with 5 mL distilled water added. After
adding this solution to the ligand solution, the color changed from yellow to dark red. The
solution continued to be stirred intensively for another 30 min and filtered out. Black single
crystals precipitated from the solution within a week during the slow evaporation of the
solvents. The crystals were filtered off and dried in air. Yield: 47%. Elemental analysis, calc.
(%) for C44H52Cl10Mn2N8O4Re: C, 37.54, H, 3.72, N, 7.96; found: C, 36.96, H, 3.71, N, 7.85.
IR (only intense bands, cm−1): 3263, 2928, 2876, 1613, 1378, 1279, 1069, 985, 805, 704, 469
(Figure S4).

3.2. Synthesis of [Mn(5-Br-sal2323)]2[ReCl6] (2)

The procedure for the synthesis of complex 2 is similar to the synthesis of complex 1,
except that 5-bromosalicylaldehyde was used instead of 5-chlorosalicylaldehyde. Yield:
52%. Elemental analysis, calc. (%) for C44H52Br2Cl6Mn2N8O4Re: C, 33.33, H, 3.30, N, 7.07;
found: C, 32.91, H, 3.32, N, 6.98. IR (only intense bands, cm−1): 3249, 2928, 2871, 1613, 1374,
1279, 1071, 985, 828, 682, 461 (Figure S4).

The powder XRD analysis showed the phase purity of bulk samples of complexes 1

and 2 (Figure S1). Thermogravimetric analysis of both complexes showed that they are
stable up to 220 ◦C (Figures S5 and S6).

3.3. Magnetic Measurements

Dc magnetic properties of powdered samples 1 and 2 were measured by a vibrating-
sample magnetometer of a Cryogen Free Measurement System (Cryogenic Ltd., UK). The
dependencies M(T) were measured in cooling–heating conditions at T = 2.0–400 K in
static magnetic field H = 0.5 T. The temperature change rate was 2 K/min. The magnetic
moment of the samples took into account the contribution of the sample holder. Molar
magnetic susceptibility χ was corrected taking into account a diamagnetic component of
susceptibility according to the Pascal rule. Ac measurements carried out in a 3 Oe oscillating
field on a magnetometer PPMS-9 (Quantum Design) in the absence and application of dc
magnetic field.

3.4. X-ray Diffraction

X-ray diffraction data of 1 and 2 were collected at different temperatures
(from 100 to 423 K) using an Agilent XCalibur diffractometer employing graphite monochro-
matic MoKα radiation (λ= 0.71073 Å). Experimental absorption corrections
(SCALE3ABSPACK) were applied using the CrysAlisPro program [45] to all data. The
structures were solved by direct methods and refined on F2 by anisotropic full-matrix
least-squares methods using SHELXTL program [46,47]. All non-hydrogen atoms were
refined in the anisotropic approximation against F2 for all reflections. Hydrogen-atom

79



Int. J. Mol. Sci. 2022, 23, 11449

positions were obtained from difference Fourier syntheses and were refined with riding
model constraints on their respective atoms. A summary of the crystallographic details of
the X-ray analyses is given in Tables S1 and S2. Selected bond lengths and calculated using
OctaDist software [48] octahedral distortion parameters are given in Table 1. The X-ray
crystal structures data were deposited with the Cambridge Crystallographic Data Center
(CCDC), with CCDC 2182503-2182508 and 2182509-2182514 reference codes for 1 and 2,
respectively. Powder X-ray diffraction patterns for 1 and 2 were registered on an Aeris
diffractometer (Malvern PANalytical B.V., Netherlands) at room temperature. The compari-
son of powder XRD and single crystal data showed that polycrystalline samples 1 and 2

are monophase crystalline materials (Figure S1).

4. Conclusions

Multifunctional compounds based on spin-crossover complexes of the [MnIII(sal2323)]+

family with the magnetic anion [ReIVCl6]2−: [Mn(5-Cl-sal2323)]2[ReCl6] (1)
and [Mn(5-Br-sal2323)]2[ReCl6] (2) were synthesized. Complexes 1 and 2 are isostruc-
tural and contain in elemental unit two independent cations Mn1 and Mn2. The study
of the crystal structures of the complexes at six temperatures (100, 240, 300, 350, 403, and
423 K) and their dc magnetic properties showed that cation Mn1 at 100 K is in the low-spin
state with S = 1, and as the temperature rises to 423 K gradually passes into a high-spin state
(S = 2), which is accompanied by an increase in the Mn-N bond lengths and a significant
distortion of the Mn1N4O2 octahedral parameters (Table 1). In contrast to Mn1, cation Mn2
is in the HS state in the studied temperature range. Both components of ac susceptibility
(χ′ and χ′′) exhibit frequency dependent signals when a constant magnetic field is applied.
This behavior of the ac susceptibility indicates slow magnetic relaxation, meaning that
complexes 1 and 2 are field-induced single-ion magnets. Until now, only one case of the
manifestation of single-ion magnetic behavior of the [ReIVCl6]2− anion has been known in
the literature [15]. Compounds 1 and 2 are the first examples of the coexistence of a spin
crossover at high temperatures and slow magnetic relaxation at low helium temperatures
into the family of [MnIII(sal2323)] cationic complexes. This result opens up prospects for
creation of new multifunctional compounds combining spin transition and single molecular
magnetism based on cationic complexes of the [MnIII(sal2323)]+ with counterions–anionic
single molecule magnets, proceeding from mononuclear complexes of Re(IV), Co(II), and
Dy(III) with increased temperatures of magnetization barriers.
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Abstract: Polarized beam infrared (IR) spectroscopy provides valuable information on changes in
the orientation of samples in nematic phases, especially on the role of intermolecular interactions
in forming the periodically modulated twist–bent phase. Infrared absorbance measurements and
quantum chemistry calculations based on the density functional theory (DFT) were performed to
investigate the structure and how the molecules interact in the nematic (N) and twist–bend (NTB)
phases of thioether dimers. The nematic twist–bend phase observed significant changes in the
mean IR absorbance. On cooling, the transition from the N phase to the NTB phase was found to
be accompanied by a marked decrease in absorbance for longitudinal dipoles. Then, with further
cooling, the absorbance of the transverse dipoles increased, indicating that transverse dipoles became
correlated in parallel. To investigate the influence of the closest neighbors, DFT calculations were
performed. As a result of the optimization of the molecular cores system, we observed changes in the
square of the transition dipoles, which well corresponds to absorbance changes observed in the IR
spectra. Interactions of molecules dominated by pairing were observed, as well as the axial shift of
the core to each other.

Keywords: FTIR spectroscopy; DFT simulations; intermolecular interactions; liquid crystal dimers;
twist–bend phase; self-assembling

1. Introduction

One of the main goals of soft matter theory is to understand the structure–property
relationship of material systems so that the specific properties of the materials can be
obtained through molecular design. Self-organization is the process by which molecules
spontaneously arrange themselves into stable and ordered structures due to noncovalent
interactions. This process can occur on all scales, ranging from the nanoscopic, involving
atoms or molecules, to cosmic-sized objects. These spontaneous organizations can deliver
information on mounting components, i.e., their shape, charge, polarizability, magnetic
dipole, mass, etc., as these properties determine their interactions [1]. Molecular self-
assembly studies provide essential information about the influence of intermolecular
interactions on the structure of the investigated molecular system. Therefore, such studies
are crucial when anisotropic molecular systems can lead to direction-dependent physical
properties. One of the fascinating examples of molecular self-organization is the emergence
of chirality. The formation of chiral superstructures and phases is an area of great interest
from theoretical and practical perspectives [2]. In the biological context, helical structures
are found in DNA and proteins; twisted beta sheets form helical columns [3], similar to silk
and its synthetic analogs reported in [4,5]. Materials science examples include cholesteric
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liquid crystalline structures [6] and chiral smectic phases [7], which are formed by bent-core
molecules. The most famous example of the last decade of creating chiral structures using
nonchiral molecules is the (spatially modulated) twist–bend nematic phase (NTB), which
has a pitch length of several nanometers [8–12].

The experimental study of the structure of the NTB phase has mainly been carried out
with nonresonant (SAXS, WAXS) [13–15] and resonant X-ray scattering [10,11,16–19], freeze–
fracture transmission electron and atomic force microscopy (FFTEM, AFM) [8,9,20–22],
polarized Raman [23], infrared [24–26], and nuclear magnetic resonance spectroscopy
(NMR) [27–31], as well as with optical methods under applied electric fields [32–38] and
magnetic fields [39]. The formation of the NTB structure has been modeled using rigid ele-
ments [15,40,41]. Some models [15,41] assume the nanophase segregation of the assembling
elements: flexible central alkyl linker, terminal chains, and the mesogenic cores; molecular
end groups with the flexible central spacers provide orientational freedom. Finally, the
X-ray evidence of the half-molecular length periodicity along the NTB helix led to a model
based on the self-assembly of half-molecule-long blocks as the basic element of the NTB
phase [10,18,42]. The NTB materials that have been most investigated are the cyanobiphenyl
(CB)-based liquid crystal dimers (CBCnCB; n = 7, 9, 11) [8–11,13,16,21,23,27–33,36–39],
where cyanobiphenyl units prefer an antiparallel arrangement due to dipole–dipole inter-
actions, [43–46]. Up-to-date research has confirmed that molecular curvature is important
for phase formation, but its stability increases as the bending angle decreases [47–52].
There have also been important reports suggesting that such factors also influence the N–
NTB phase transition as intramolecular torsion [17,31,53], conformational changes [54–58],
bend angle fluctuations [59], the effect of free volume [54,60,61], as well as intermolecular
interactions [25,62–66].

It has long been known that hydrogen bonds and the π–π intermolecular interactions
play a crucial role in supramolecular biological phenomena such as base-pairing in double-
stranded DNA, protein binding, cell–cell recognition, and viral infection [67,68]. A similar
phenomenon is observed in the field of soft matter, where unconventional intermolecular
interactions lead to the emergence of new supramolecular liquid crystal structures [69,70],
such as the twist–bend phase (NTB) [71] or the polar–twisted phase (NPT) [72], as well as
the newly discovered ferroelectric nematic phase (NF) [73,74].

This work is devoted to observations of the intermolecular interactions and their
impact on the structural changes that occur during the transition from the nematic phase
to the twist–bend phase. For this purpose, infrared spectroscopy was an excellent tool for
analyzing orientational order in a molecular system. In the case of conventional nematics,
it is usually assumed that the transition dipole moments that correspond to a specific
vibration are temperature-independent. As absorbance is related to the square of the
transition dipole moment, the average absorbance is expected to be density-dependent.
Density, in turn, is typically temperature-dependent. In the NTB phase, however, the
average absorbance of several molecular vibrations exhibits a specific behavior due to the
molecular system’s self-assembly. Experimental data indicate that short-range interactions
grow significantly, and thus the intercorrelations between the transition dipoles of the
interacting functional groups become more important. Moreover, the longitudinal dipoles’
behavior differs from those of the transversal dipoles.

In the paper, we report combined FTIR and DFT studies of intermolecular interaction
for two groups of dimers: a symmetric system with the thioether-linking groups (C-S-C)
termed CBSCnSCB (n = 5, 7) and an asymmetric system with the ether- and thioether-
linking groups, termed CBSCnOCB (n = 5, 7). A symmetric dimer with ether-linking
groups (C-O-C) with the acronym CBOCnOCB (n = 7) is chosen for reference.

2. Results

2.1. Temperature Dependencies of the Absorbance

By measuring the absorbance in polarized light, the temperature dependencies of
the absorbance components in the temperature range of the N and the NTB phases could
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be directly analyzed [24–26]. The experiment will distinguish the different behavior of
the absorbance components for the bands with longitudinal and transverse dipoles in
the molecular frame. In an orientationally ordered material, the absorbance components
are dependent on the angle between the alignment axis and the polarization direction of
the incident beam. At a microscopic level, the infrared absorption depends on the angle
between the molecular transition dipole moment μi of the particular absorption band and
the polarization of the IR beam. The average IR absorbance A0 = (AX + AY + AZ)/3 of
the specific vibrational modes is determined by how the electric dipole moment of the
system changes with the atomic oscillations. To the lowest order, the required quantities
are proportional to the derivatives of the dipole moment with respect to the system’s
vibrational normal modes, i, evaluated at the equilibrium geometry. The IR absorbance of
the ith vibrational mode is given by [75]:

Ai =

ν2∫
ν1

A(ν)dv =
nπ
3c

[
dμi
dQi

]2
(1)

where n is the number of molecules per unit volume (molecular density) and μi is the
molecule transition dipole moment for the normal coordinate, Qi, corresponding to the
ith mode.

The temperature dependence of the average absorbance, A0, and the corresponding
transition dipoles was analyzed for all dimers in the N and the NTB phases. In the range of
the N phase, the average absorbance increased with the molecular density, which confirmed
that the transition dipole seemed to be constant in this temperature range. At temperatures
below the NTB transition, the behavior of symmetric and asymmetric dimers was different
and, in some cases, was determined by cell windows [26].

A detailed analysis of the infrared spectra compared to those simulated for different
conformers, along with the exact assignments of vibrations, is presented in a separate
paper [76]. Several vibrational bands that belonged to the longitudinal and transverse
transition dipole that showed significant dichroism of the band were selected to be ana-
lyzed. For the longitudinal transition dipole moment, the phenyl stretching band (νCC) at
1600 cm−1 and the C-H deformation vibration in the benzene plane at 1100 cm−1 (βCH)
were selected. The band at 1100 cm−1 was a vibration that involved a sulfide group, so it
may be a good indicator of the dimer’s conformational change [76]. Figure 1 shows the
temperature dependencies of the average absorbances, A0, for the bands corresponding to
the longitudinal transition dipole. We introduced the nematic phase trend line as a refer-
ence: the solid black line in Figure 1. There was a clear transition from the conventional
N phase to the NTB for all of the molecules, except for CBOC7OCB, which behaves like
a classical calamitic molecule. This is attributed to its large opening angle and which is
responsible for not forming the NTB phase. The absorbances involving the biphenyl group
(1600 cm−1 and 1100 cm−1 in Figure 1), and also the band at 2220 cm−1 (that involved a
cyan group), show a significant decrease just after entering the NTB phase (see Table 1).
This indicates the structure rearrangement in the NTB phase, resulting in the antiparallel
orientation of the neighboring cyanobiphenyl groups. Both dipole–dipole interaction and
London dispersion forces are likely involved in this process that stabilizes the NTB phase.
It seems the nanosegregation process proceeds along the Z-axis of the system. A similar
conclusion has already been presented for cyanobiphenyl-based LCs, showing an overlap
of the termini of the molecules [44–46,61]. Following the transition to the NTB, a significant
decrease in the average absorbance was measured, suggesting the presence of dipole corre-
lations in this phase and the presence of other molecular interactions related to the change
in the system’s geometry.
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Figure 1. Normalized IR absorbance vs. temperature behavior of the dimers for the longitudinal
dipole (μ): benzene ring vibration at 1600 cm−1 (νCC) and a deformation vibration of the C-H group
in the benzene ring plane at 1100 cm−1 (βCH ip CB + νasCArS). �–CBSC7OCB, �–CBSC5OCB,
�–CBSC7SCB (1600 cm−1), and �–CBC9CB; �–CBSC7SCB (1100 cm−1); solid black line—nematic
phase trend line. A0—integral average absorbance (cm−1), AN-TB—integral absorbance in the transi-
tion from nematic to twist–bend phase (cm−1).

Table 1. The absorbance changes on transition from the N to the NTB with calculated ratio
μ2

IMF/μ2
noIMF in the presence of weak intermolecular interactions and local orientational order.

Vibration Frequency (cm−1)
A0/AN-TB μ2

IMF/μ2
noIMF * A0/AN-TB A0/AN-TB μ2

IMF/μ2
noIMF * A0/AN-TB

CBSC7SCB CBSC7SCB CBC5OCB CBC7OCB CBC7OCB CBC9CB

520 1.25 1.60 1.42 1.48 1.54 –
810 1.22 1.64 1.32 1.33 1.41 1.05

1100 0.94 0.65 0.94 0.84 0.84 –
1250 – – 0.89 0.71 0.80 –
1485 0.89 0.73 0.90 0.66 0.70 0.94
1600 0.86 0.63 0.78 0.60 0.61 0.93
2220 0.80 0.93 0.85 0.68 0.95 0.93

* DFT simulation—B3LYP/6-311 G (p, d).

We noticed that, for the CBC9CB dimer, there was a significantly smaller decrease in
the mean absorbance for the band at 1600 cm−1 than for the other dimers. This indicates
the importance of the sulfide group in this phenomenon.

Three bands were identified as a probe for transverse interaction: these are out of
the benzene plane of the C-C vibration, which also involved a thioether bridge (γCC op
CB + δCS; op—out of benzene plane) at 520 cm−1; the second one was assigned to the out
of plane deformation vibrations of the C-H groups at 811 cm−1 (γCH op CB), the complex
band at 821 cm−1 for CBSCnOCB dimers (γCH op CB + νs CArO; s–symmetric), and the
in-plane deformation of the C-H groups at 1395 cm−1 (βCH ip CB with a sulfur linkage
C-S-C). Figure 2 shows the temperature dependencies of the average absorbance, A0, for
the transversal transition dipole moment. We introduced the nematic phase trend line as a
reference: the solid black line in Figure 2.

For a symmetric dimer (CBSC7SCB), the average absorbance of the transversal dipole
is affected by the transition to the NTB phase. However, in contrast to the longitudinal
ones, they show a significant increase in their trend for all transversal dipoles. For the
asymmetric dimers (CBSC7OCB), however, two steps of the temperature changes in the
NTB phase could clearly be distinguished (for transversal dipoles of sulfur linkages 811 and
521 cm−1): the first extending almost 30 K below the N–NTB transition temperature and
the second below this range. In the first region, the absorbance continued to increase as the
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molecular density increased to nearly 30 K below the N–NTB transition temperature. Then,
the absorbances of the sulfur linkages (811 and 521 cm−1) started to grow significantly.
This was conveyed by the further absorbance decrease of the longitudinal dipole (Figure 1).
Such behavior indicates the emergence of another interaction which causes so-called bond
orientation and an escape from the uniaxial arrangement [26]. Please note the absorbance
for CBC9CB is not affected by the N–NTB transition. All the above can prove the leading
role of the sulfur group in the emergence of bond orientations. They are involved in the
π–π stacking interactions and in hydrogen bonds between neighbors. It should be pointed
out that the vibration that involved the sulfur group (~811 cm−1) showed an absorbance
increase, while the other with the oxygen group (~820 cm−1) did not.

Figure 2. Normalized IR absorbance vs. temperature behavior of the dimers for the transversal dipole
(μ⊥): 811 (813/816) cm−1 (γCH op CB for the rigid core with a sulfur linkage C−S−C): �–CBSC7OCB,
�–CBSC5OCB, �–CBSC7SCB, and �–CBC9CB; 520 cm−1 (γCC op CB + δCS): �–CBSC7OCB,
�–CBSC7SCB; solid black line—nematic phase trend line. A0—integral average absorbance (cm−1),
AN-TB—integral absorbance in the transition from nematic to twist–bend phase (cm−1).

The latter result can be analyzed considering the rotation barrier between the cyanobiphenyl
group’s bond and the alkyl linker. This barrier is much higher for the oxygen group than
for the sulfur one [12,76], so it can be assumed that the oxygen bridge remains in planar
conformation. However, the sulfur bridge has conformational freedom and can escape
from the phenyl plane [76]. It is reasonable to conclude that the origin of the absorbance
increase is due to transversal order rearrangement and emergence phase biaxiality.

In light of the experimental results, we attempted to investigate possible intermolecular
interactions resulting in bond orientation. To determine the molecular rearrangement on
entering the NTB phase, we performed density functional calculations (DFT) for the system,
including the nearest lateral neighborhood. The calculated polarized IR spectra for such a
system allow determining the transition dipole moments of particular vibration to control
a specific type of interaction that might influence them.

2.2. Intermolecular Nonspecific Binding Energy in the System

Regarding the vibrations of individual molecular groups, we find the contributions
of the couplings between vibrations for the rigid mesogenic cores within one molecule
are negligible, in other words, hair-pin conformations are very rare [24–26]. On the other
hand, the interactions of the mesogenic groups belonging to adjacent dimers turn out to
be significant [25,26]. Therefore, to confirm the experimental observations and determine
the molecular arrangement in the NTB phase, DFT simulations were performed for the
system, including the nearest lateral neighborhood. With the focus on following neigh-
bor interactions and considering that DFT simulations for such large molecules are very
time-consuming, calculations were directed at the CBSC7 and the structurally related
CBOC7 monomers, judged to show the relevant features for adjacent interactions. First,
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the optimization of the single molecules was performed. The potentially stable conformers
were determined based on calculating the energy barriers for the internal rotation of the
cyanobiphenyl group (CB) and the rotation around the dihedral angle between the CB and
the linker. All the technical details were described and discussed in a previous paper [76].

In the next step, the six monomer molecules consisting of the optimized molecule
and the most energetically stable conformer [76] were arranged in a so-called sublayer
(Figure 3a). The arrangement of the molecules in such a sublayer was created based on the
detailed experimental data from resonant X-ray scattering measurements (TReXS) collected
for these molecules [12].

Figure 3. View of the CBSC7 monomer components. (a) Top view (X-Y plane) of the system with
the initial arrangement of six molecules into a sublayer prepared for DFT calculations. IR spectra
were calculated for a molecule (highlighted in blue) that is surrounded by other molecules. (b) The
close-up view of a CBSC7 molecule pair after optimization using the B3LYP/6-311 G (d, p) method.
(c) Top view (X-Y plane) of a pair of molecules (stick representation of the bonds).

We prepared two systems: one that contains only CBSC7 molecules and a hybrid
system consisting of three CBSC7 and three CBOC7 molecules. Figure 3a shows, for exam-
ple, a top view of the initial arrangement of the CBSC7 molecule selected for calculation.
Molecules were arranged parallel to each other, the distance between them was set at
approximately 5Å, and their cyan groups were arranged alternately. The system was opti-
mized using the B3LYP/6-311 G (d, p) method. In the next stage for the optimized system,
the atoms and bonds of the molecules located at the system’s periphery were frozen. The
frequencies and intensities of the vibrations were calculated for a central molecule that
was surrounded by other molecules (Figure 3a, the selected molecule highlighted in blue).
This approach allowed the calculation of the FTIR spectrum and, more precisely, the square
of the dipole transition moment for a single molecule, taking into account the influence
of the nearest surroundings. The binding energy was determined using the so-called
supramolecular approach using the superposition error basis set (BSSE) correction utilizing
the counterpoise method (CP). It was estimated at 30 and 37 kJ/mol (for the thioether and
hybrid systems, respectively).

ΔECP = EAB − EA(AB) − EB(AB) (2)

where EAB is the energy of the complex, EA(AB)—the energy of fragment A, which was
calculated in the dimer base and, EB(AB)—the energy of fragment B, which was calculated
in the base of the dimer. Figure 3b,c show a group of the molecules into pairs.

2.3. Hypothetical Arrangement of the CBSC7SCB Molecules—DFT Modeling

In order to determine the molecular arrangement in the NTB phase for the system,
including the nearest lateral neighborhood, the geometry of the system was optimized
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based on the arrangement of the six interacting molecules. These are the monomers with
a sulfur atom CBSC7, Figure 3a, and the hybrid system containing the CBSC7 and the
CBOC7 molecules. After optimization, it was observed that the distance between the rigid
mesogens decreased (ranging from 4.1 Å to 4.7 Å), which corresponds very well with the
average lateral intermolecular distance determined from X-ray scattering measurements
(~4.5 Å) for such molecules [12]. The differences are mainly due to ignoring/neglecting
the thermal aspect in this DFT simulation. A group of the molecules were arranged into
pairs and a shift of the molecular axes relative to each other was detected (see Figure 3b).
As observed in numerous physical experiments, a nanosegregation into pseudolayers–
biphenyls “stacking” next to each other, creating an aromatic pseudolayer, and the spacer
tending to be parallel to form an aliphatic layer was observed as well. The molecules with
a sulfide bridge are coaligned so that the phenyl planes of cyanobiphenyl remain in the
so-called “T-shape” conformation (Figure 3c) relative to their neighbors. In the case of
oxygen bridged molecules, a flatter “parallel-displaced” arrangement was observed. The
segregation of the aromatic parts (partial overlapping) and an attraction of the CN group
to the alkyl chains were observed. Molecular interdigitating also occurred [44,46].

In the next stage, the outer molecules were frozen, while the vibrational frequencies
and transition dipole moments were calculated for the molecule that remained in the center
(see Figure 3a). The theoretical IR spectrum for a surrounded molecule should reflect
the situation in which the intermolecular forces (IMF) are considered. The IR spectrum
of a molecule where the intermolecular forces were considered was compared with the
spectrum of the isolated molecule and the experimental one in the N and NTB phases
(Figures 4 and 5).

For the longitudinal dipoles (bands at wavenumbers: 1000, 1100, 1485, 1600, and
2220 cm−1), a decrease in the intensity of the bands for the system with the IMF when
compared to a single monomer was detected. This result is consistent with the correlation
along the Z-direction, visible in the IR experiments. An increase in the intensity for the
transverse bands was also observed, i.e., for the bands at 520 and 811 cm−1. This result
implies a correlation of the transverse dipoles in the direction perpendicular to the nematic
order (so call bond ordering).

For bands with transversal dipoles (520, 811 cm−1), an increase in the intensity of the
bands by approximately 50% relative to an isolated molecule was detected. For the vibra-
tions in the longitudinal dipoles (1100, 1485, 1600 cm−1), the decrease was approximately
40%. The slightest change in intensity was obtained for the CN vibrations at 2220 cm−1

(about 10%). These values align with the trend of absorbances observed in experimental
spectra at the transition from the N to the NTB phase. Table 1 summarizes the absorbance
changes in the transition from the N to the NTB phase (related to the square of the corre-
sponding transition dipole moments) with a calculated ratio μ2

IMF/μ2
noIMF in the presence

of weak intermolecular interactions and local orientational order.
We note that the interactions between several molecules do not yet fully explain the

behavior of a group of molecules. Thermodynamic and probabilistic considerations related
to entropy and enthalpy changes must be considered to determine this behavior fully.

Hence, our current calculations are to be viewed as the first step toward more advanced
simulations using periodic density functional theory modeling, which we plan to perform
in the future.
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Figure 4. Comparison of the theoretical and experimental spectra for the symmetric dimer. Left
Panel: Experimental spectra of the CBS7SCB dimer, solid magenta line—the nematic phase, short
black dotted line—the twist–bend nematic phase (spectrum is represented for 5 μm cell). Right Panel:
Simulations for the CBS7 monomer: solid blue line—spectra for an isolated molecule (no IMF), short
navy dotted line—a system of six interacting molecules (with IMF).
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Figure 5. Comparison of the theoretical and experimental spectra for the asymmetric dimer. Left
Panel: Experimental spectra of the CBS7OCB dimer, solid magenta line—the nematic phase, short
black dotted line—the twist–bend nematic phase (spectrum is represented for 5 μm cell). Right Panel:
Simulations for the CBO7 monomer: solid blue line—spectra for an isolated molecule (no IMF), short
navy dotted line—a system of six interacting molecules (with IMF).

3. Discussion

Based on the analysis of the molecular structure, a model of the geometrical arrange-
ment of the molecules in the NTB phase was developed (Figure 6). In this model, the
molecules follow the shape of the helix formed by the director, with overlapping the CB
groups formed. This is due to increased bond and dipole correlations, as shown through the
optimization of the geometry of the monomer system. We found that for the investigated
dimers, the hydrogen bonds between the CN group and the hydrogen atoms of the spacer,
the hydrogen bonds between the sulfur atom and the hydrogen atom of the benzene ring,
and the interactions of the π–π orbitals of the benzene rings all play an essential role. The
presence of intermolecular interactions in the NTB phase is clearly visible. The model
and the experimental results for intermolecular interactions are consistent with the re-
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ports of other measurements obtained using the TReXS (Tender Resonant X-ray Scattering)
method [11,12]. Table 2 shows the summary of the determined molecular parameters.

Figure 6. Proposed hypothetical arrangement of the thioether dimers in the twist–bend nematic
phase. The helix pitch was computed as p = 2π/q, where q is the wave vector.

Table 2. Summary of the determined molecular parameters: the length of the molecule (l), the tilt
angle (θt), the helix pitch (p), the effective length of the molecule (d), and the number of molecules
per helix pitch (p/d).

CBACnBCB θt (◦) p (nm) l (nm) * d = lcos θt p/d

CBC9CB 25.6 8.15 [10] 2.88 2.6 3.1
CBSC7SCB 33 9.1 [11,12] 2.90 2.43 3.7
CBSC7OCB 15.6 11.5 [12] 2.90 2.79 4.1

*—lengths of the molecules were determined for the optimized molecules using the B3LYP/6-31 G (d, p) method
(CBC9CB–U conf., CBSC7SCB–F conf., CBSC7OCB–F conf., see paper [76]).

4. Materials and Methods

4.1. Materials

Liquid crystal dimers were investigated based on the cyanobiphenyl (CB) mesogenic
groups. We represent symmetrical dimers by the general abbreviation CBAC7BCB with
A = B, where A and B = C, S or O (see Figure 7a). In the asymmetric dimers with the
acronym CBSCnOCB (n = 5,7), the mesogens were linked to an alkyl spacer on one side by
a thioether bridge and the other by an ether one. The primary CBC9CB compound was
synthesized as described in Refs. [77–80]. All details on the synthesis of thioether dimers
and the preliminary result of differential scanning calorimetry (DSC) and X-ray scattering
studies are summarized in papers [81,82]. Figure 7a shows the molecular structure of the
CB dimers.
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°

 

(a) (b) 

Figure 7. (a) Transition temperature and molecular structure of the cyanobiphenyl dimers with a
molecular frame of reference: z—long axis (bowstring), x—axis normal to the bent plane, y—bow
arrow axis. (b) Schematic of the polarized infrared transmission technique at a normal incidence of
light. The planar cell’s laboratory frame (X, Y, Z). In the nematic phase, Z was the axis along and X
was perpendicular to the optical axis (the optical axis coincided with the rubbing direction). In the
NTB phase, Z coincided with the helix axis.

4.2. Infrared Spectroscopy

The planar-aligned cells were prepared between two optically polished zinc selenide
(ZnSe) windows. The windows were spin-coated with a SE-130 commercial polymer
aligning agent (Nissan Chemical Industries, Ltd., Pasadena, TX, USA) in order to obtain
a homogeneous alignment. The cells were assembled with a parallel positioning of the
rubbing direction, and Mylar foil was used as a spacer to provide 2 μm and 5 μm separation.
The thickness of the cells was determined by the measurements on the interference fringes
using a spectrometer interfaced with a PC (Avaspec-2048). The samples were capillary
filled by heating an empty cell in the N phase, five degrees below the transition to the
isotropic phase. The quality of the alignment was tested using polarizing microscopy. The
textures of the samples were monitored using a polarizing microscope (Olympus BX56).
The spectra were acquired using a Fourier infrared spectrometer (Agilent Cary 670) with a
resolution of 1 cm−1, and these spectra are averaged over 32 scans. The experiment was
conducted in the transmission mode with a polarized IR beam. An IR-KRS5 grid polarizer
was used to polarize the IR beam. The IR spectra were measured as a function of the
polarizer rotation angle in the wavenumber range 500–4000 cm−1. To keep the absorbance
in the linear regime, we combined the spectrum of a 5 μm sample with a spectrum of 2 μm
near strong bands of the spectra (810 cm−1).

The measurements were performed using slow cooling and heating at a rate of
0.5 K/min. For the samples with a thioether bridge (CBSC7SCB, CBSC7OCB), an ad-
ditional measurement was taken with a faster cooling rate (4 K/min) in a temperature
range from a few degrees above the N–NTB transition until the solid phase (glass or crystal)
was obtained. A faster cooling rate near the N–NTB transition temperature significantly
increased the width of the NTB phase range for sulfide-bridged samples, so the later results
were selected in the data analysis. The temperature of the samples was stabilized using a
PID temperature controller with an accuracy of 2 mK.

Figure 7b shows the configuration of the infrared measurements using the polarized
transmission technique. These measurements enabled the orientation of the transition
dipole moment of the bands to be determined with respect to the long molecular axis
and the temperature dependencies of the absorbance of the samples. To determine all
components of absorbance (AX, AY, and AZ), it was necessary to measure two cells with
different orientations: planar (homogeneous) and homeotropic. Unfortunately, in the case
of the tested materials, i.e., for the cyanobiphenyl dimers, it was extremely difficult to obtain
a good homeotropic alignment. Therefore, to calculate the mean absorbance, assuming
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that the material was uniaxial and AX = AY, the mean absorbance was determined as
A0 = (2AX + AZ)/3. The absorbance components were determined as being the area bound
by the contour of the given band using Bio-Rad Win-IR Pro version 2.96e. In the case of
complex bands that contained more vibrations, they were separated using the Origin Pro
2021 software using the Pearson VII fit.

4.3. Density Functional Theory Calculations

In this work, the molecules’ electronic structure calculations were performed using
the Gaussian09 software package (version E.01) [83]. The molecular structures, binding
energy, harmonic vibrational force constants, absolute IR intensities, and components
of the transition dipole moments were calculated using the density functional theory
(DFT). The Becke’s three-parameter exchange functional combined with the Lee, Yang, and
Parr correlation functional was applied (B3LYP) with the polarization basis set (6-311 (d,
p)). [84,85].

Information about the components of the transition dipole moment for a specific
vibration enables the parallel and perpendicular components of the spectral density to
be calculated. The parallel component of the absorption coefficient was calculated as the
square of the component of the transition dipole moment along the axis that coincided with
the long axis of the dimer |μz|2 = μ2

‖. To determine the perpendicular component of the
spectral density, the sum of the squares of the transition dipole moments along the vertical

directions was used |μx|2 +
∣∣∣μy

∣∣∣2 = μ2
⊥. The direction of the transition dipole moment was

determined according to the molecular reference system (Figure 7a).
The theoretical vibrational frequencies were scaled by one coefficient equal to 0.98

to simplify the comparison with the experiment, and the Gaussian profile was used
with a 7 cm−1 full width at half maximum (FWHM). The results were visualized using
GaussView 6.

5. Conclusions

The study’s most striking finding was the evidence that the intermolecular forces
evolved on the transition from the nematic (N) phase to the twist–bend (NTB) phase.
Changes in the behavior of intermolecular interactions were observed by significant dif-
ferences in the values of transition dipole moments for selected vibrational bands. The
longitudinally induced dipoles of the CB group showed negative correlations due to the
antiparallel mesogen arrangement, while the perpendicular dipoles were positively corre-
lated; in other words, they increased. To explain this phenomenon of such self-organization,
the DFT modeling was performed for the system, taking into account the nearest side
neighborhood. Results that is most consistent with the experimental data is a system of
several molecules that exhibits a clustering of the rigid CB cores and nonspecific weak
intermolecular interactions. These interactions are mainly associated with the π−π orbitals
interactions of the aromatic rings and the sulfur atoms. However, the formation of weak
hydrogen bonds H···S/O and H···N may also be present. The nonspecific intermolecular
interactions resulted in a significant bond ordering in the NTB phase.

Based on the DFT simulation for the groups of interacting molecules, along with the
experimental data from absorbance measurements, as well as X-ray resonance scattering, a
model for the packing of the dimer molecules in the twist–bend phase was developed with
overlapping of the rigid cyanobiphenyl cores stabilizing the NTB phase and thus affecting
the helical pitch.
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65. Knežević, A.; Sapunar, M.; Buljan, A.; Dokli, I.; Hameršak, Z.; Kontrec, D.; Lesac, A. Fine-tuning the effect of p–p interactions on
the stability of the NTB phase. Soft Matter 2018, 14, 8466–8474. [CrossRef]

66. Alaasar, M.; Tschierske, C. Nematic phases driven by hydrogen-bonding in liquid crystalline nonsymmetric dimers. Liq. Cryst.
2019, 49, 124–130. [CrossRef]

67. Cragg, P.J. Supramolecular Chemistry: From Biological Inspiration to Biomedical Applications, 1st ed.; Springer: Dordrecht, The
Netherlands, 2010.

68. Asensio, J.L.; Arda, A.; Canada, F.J.; Jimenez-Barbero, J. Carbohydrate-aromatic interactions. Acc. Chem. Res. 2013, 46, 946–954.
[CrossRef]

69. Mingos, D.M.P. Structure and Bonding. In Liquid Crystalline Functional Assemblies and Their Supramolecular Structures; Kato, K., Ed.;
Springer: Berlin/Heidelberg, Germany, 2008; Volume 128. [CrossRef]

70. Kato, T.; Gupta, M.; Yamaguchi, D.; Kian, P.G.; Nakayama, M. Supramolecular Association and Nanostructure Formation of
Liquid Crystals and Polymers for New Functional Materials. Bull. Chem. Soc. Jpn. 2021, 94, 357–376. [CrossRef]
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Abstract: In this study, we report the synthesis of a new organic–inorganic molecular salt of the
clinically used antifungal drug fluconazole, (H2Fluconazole).SnCl6.2H2O. By detailed investigation
and analysis of its structural properties, we show that the structure represents a 0D structure built of
alternating organic and inorganic zig-zag layers along the crystallographic c-axis and the primary
supramolecular synthons in this salt are hydrogen bonding, F···π and halogen bonding interactions.
Magnetic measurements reveal the co-existence of weak ferromagnetic behavior at low magnetic
field and large diamagnetic contributions, indicating that the synthesized material behaves mainly as
a diamagnetic material, with very low magnetic susceptibility and with a band gap energy of 3.6 eV,
and the salt is suitable for semiconducting applications. Extensive theoretical study is performed to
explain the acceptor donor reactivity of this compound and to predict the Cl-substitution effect by F,
Br and I. The energy gap, frontier molecular orbitals (FMOs) and the different chemical reactivity
descriptors were evaluated at a high theoretical level. Calculations show that Cl substitution by Br
and I generates compounds with more important antioxidant ability and the intramolecular charge
transfer linked to the inorganic anion.

Keywords: crystal structure; fluconazole drug; salt; spectroscopy; optical and magnetic studies; DFT;
TD-DFT; chemical reactivity descriptors; ICT

1. Introduction

The great technological potential of hybrid organic–inorganic materials as low-cost
solar-cell absorbers, phosphors, and light-emitting diodes [1–4] has renewed interest in
this large and well-known family of materials. The synthetic versatility and structural
definition of these crystalline solids, which are typically formed through solution-state
self-assembly, drive research in this field. Many possible combinations of organic amine
(A), metal (B = Sn or Pb) and halides (X) within the AaBbX3b+a hybrid material framework
provide access to a diverse set of compositions. These material structures are formed
from MX6 octahedra sharing corners, edges, or faces to form three-dimensional struc-
tures, two-dimensional systems, one-dimensional chains, or zero-dimensional clusters
that are separated by organic cations [5–8]. Among these materials, the halogenostan-
nate hybrid compounds containing protonated amine cations draw considerable attention,
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because of their interesting physical and chemical properties such as magnetic, electrolumi-
nescence, photoluminescence, and conductivity, which potentially lead to technological
advances [9–12]. Apart from that, these compounds have gained attention due to their
interesting antibacterial and antifungal properties against a wide range of bacterial and
fungal species [13–19]. Several studies with fascinating results on antitumor activities
against a diverse panel of human tumor cell lines have been reported [20–22]. In general,
the structure of these compounds and the type of organic cations have a significant impact
on their biochemical activity.

To date, many halogenostannate hybrid materials have been successfully assembled.
However, there is a dearth of research on the interactions between organic and inorganic
units. In comparison with other organic–inorganic coordination compounds, the rational
design and assembly of organic halogenostannate, especially non-covalent connection,
remains a difficult task for halogenostannate chemists. Several factors must be considered
to achieve this goal, including the coordination geometry of the metal ions, the nature of
the organic ligands, the solvent, pH, and reaction temperature. Ligand selection is the most
crucial of these factors.

Fluconazole (1-(2,4-difluorophenyl)-1, 1-bis [(1H-1,2,4-triazol-1-yl) methyl] ethanol)
(Scheme 1) is a 1,2,4-triazole derivative that is a commonly used as antifungal medicine
but also a good flexible ligand to build metal–organic materials with optical properties
and medical applications [23,24]. This ligand has several donor/acceptor groups (difluoro
phenyl, triazole, and hydroxyl groups) that can form non-covalent interactions to stabilize
the supramolecular architecture. A search in the Cambridge Structural Database (CSD
version 5.42, November 2020) revealed 128 entries relating to metal complexes including
fluconazole, compared to 112 entries relating to fluconazole molecules directly linked to
the metal, with one structure reported by our group as the first organic–inorganic (linked
by non-covalent interactions) salt base on bismuth-fluconazole [25].

Scheme 1. Molecular structure of fluconazole.

In the context of this current study, we report the synthesis, detailed crystallographic
analysis, vibrational study, and the optical and magnetic properties of a new hybrid
organic–inorganic salt, (C13H14F2N6O).SnCl6.2H2O. In addition, this study is supported
by an extensive computational investigation using the density functional theory (DFT)
and time dependent density functional theory (TD-DFT). In the first step, we performed a
theoretical benchmark that is more complete than any previously published data of this
kind of systems, from the point of view of the number of functionals evaluated. Then, we
retained the most suitable one to investigate the optical and electronic properties, as well
as the frontier molecular orbitals (FMOs) and the energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Then, we
tried, to study the Cl-substitution effect to predict the gap energy and chemical descriptor.
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2. Results and Discussion

2.1. Crystal Structure of (H2Fluconazole).SnCl6.2H2O

The single-crystal data and the refinement results are presented in Table 1. Atomic
coordinates and equivalent isotropic displacement parameters are provided in Table S1
in the Supporting Information (SI). Selected interatomic distances and bond angles are
presented in Table S2 in the Supporting Information (SI).

Table 1. Crystallographic data and structure refinement parameters of (H2Fluconazole).SnCl6.2H2O.

Empirical Formula (C13H14F2N6O).SnCl6.2H2O

Formula weight (g/mol) 675.72
Crystal system, space group monoclinic, P21/n

a (Å) 8.0328 (5)
b (Å) 29.4011 (13)
c (Å) 10.3323 (7)
β (◦) 100.901 (5)

V (Å3) 2396.2 (2)
Z 4

μ (mm−1) 1.78
Dx (Mg m−3) 1.873

F(000) 1328
Crystal size (mm) 0.72 × 0.64 × 0.58

Crystal habit Colorless, Prism
θmin/θmax (deg) 1.4/26.8

Measured reflections 13,858
Independent reflections 5043

Observed refl. with I > 2σ(I) 4495
Rint 0.046

Data/restraints/parameters 5043/0/289
R[F2 > 2σ(F2)] 0.037

wR (F2) 0.088
GooF = S 1.12

Δρmax/Δρmin (e.Å−3) 0.53/−0.95

The (H2Fluconazole).SnCl6.2H2O salt crystallizes in the monoclinic system P21/n
space group with one anion [SnCl6]2−, one (H2Fluconazole)2+ cation and two water
molecules in the asymmetric unit (Figure 1). Table S1 lists some selected bond lengths
and angles of this structure. These bond lengths and angles are in good agreement with
those observed in similar compounds based on fluconazole cation and hexachlorostannate
(IV) [23,26–29]. The (H2Fluconazole)2+ cations interact with [SnCl6]2− anions and the water
molecules through strong intermolecular O-H···O (cyan dashed lines), N-H···O (orange
dashed lines) and N-H···Cl (purple dashed lines) hydrogen bonds as shown in Figure 2a
(Table 2). Additionally, the water molecule is bonded to the adjacent [SnCl6]2− anions
through O-H···Cl (Green dashed lines) hydrogen bonds (Table 2, Figure 2a). In addition to
these strong hydrogen bonds, the cations are connected to the adjacent anions and water
molecules via weak C-H···X (X = Cl and O) contacts (green dashed lines in Figure 2b).
In this structure, H2Fluconazole randomly adopts anti-gauche (A-G) conformations [30].
The existence of intramolecular C-H···X (X = F, O and N) hydrogen bonds causes this
conformation (Table 2, Figure 2b). Figure 3a shows how [SnCl6]2− anions interact with
H2Fluconazole cations via Cl1/5···Cg1/2/3 interactions. The d(Cl···Cg) distances are
dCl1···Cg2 = 3.468 (2) Å, dCl5···Cg1 = 3.613 (2) Å and dCl5···Cg3 = 3.712 (2) Å, where Cg1
and Cg2 are the centroids of the triazole rings and Cg3 is the centroid of difluophenyl ring
(purple dashed lines). Moreover, due to the inversion center, the H2Fluconazole cations
are related to each other by halogen bonding, F···π, and π-stacking interactions. However,
weak π-stacking interactions (Cg3···Cg3 = 4.325 (2) Å) were observed between the centroids
of the difluorophenyl rings of the (H2Fluconazole) cations (red dashed lines in Figure 3b).
In addition, the fluorine atom forms weak halogen bonds. From a geometric point of
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view, these F···F contacts can be classified as type I (d(F2···F2 = 2.961 (3) Å, Ang(C-F···F) =
100.80(16)◦) purple dashed lines in Figure 3b) [31–36]. Additionally, the F atoms engage in
a non-covalent interaction with the nitrogen atoms of the nearby. H2Fluconazole cations
(d(F2···N2 = 3.134 (4) Å; blue dashed lines in Figure 3b). Furthermore, through C-F···π
interactions, the fluorine atom interacts with adjacent triazole and difluorophenyl rings
(dF1···Cg1 = 3.283 (3) Å, and dF1···Cg3 = 3.552 (3) Å, green dashed lines in Figure 3b).
According to the geometry, the C-F bond is perpendicular or parallel to the aromatic ring,
or, as in this instance, the C-F···π interaction take the form of T-shaped halogen bonding
with Cg1 (C-F1···Cg1 = 171.31◦) and π···π (lone-pair···π) with Cg3 (C-F1···Cg3 = 85.3◦).
Calculation on the electrostatic map was performed at the HSE theoretical level (Figure S1).
This figure confirms the below Hirshfeld surface analysis and enrichment ratio calculation.
indeed, we can see that the red region is the negative extreme which is mainly located in
the inorganic part and the blue is the positive extreme and located in the organic part with
slightly positive region located in the center of the difluorphenyl group interacting with
the negative equatorial region of F. Finally, the interplay between hydrogen and halogen
bonding as well as F···π and π-stacking interactions results in the formation of endless
zig-zag chains in the [100] direction (Figure 4).

Figure 1. Asymmetric unit of (H2Fluconazole).SnCl6.2H2O with 50% probability ellipsoids.

Figure 2. Hydrogen bond interactions in (H2Fluconazole).SnCl6.2H2O.
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Table 2. Intermolecular interactions in (H2Fluconazole).SnCl6.2H2O.

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A(◦)

O1-H1···O2 0.82 1.94 2.750 (3) 169
O2-H2A···O3 ii 0.85 2.01 2.820(4) 160
O2-H2A···Cl1 ii 0.85 2.81 3.522(3) 142
O2-H2B···Cl3 i 0.85 2.77 3.395(3) 132
O3-H3A···Cl5 0.85 2.37 3.214(3) 177

C12-H12···Cl2 i 0.93 2.72 3.359 (4) 127
C12-H12···O2 0.93 2.52 3.284 (4) 140

C11-H11A···F2 0.97 2.29 2.921 (4) 122
C11-H11B···Cl3 ii 0.97 2.93 3.546 (3) 122

C8-H8A···F2 0.97 2.40 3.038 (4) 123
C8-H8B···Cl6 iii 0.97 2.86 3.471 (3) 122
C8-H8B···Cl1 iii 0.97 2.90 3.704 (3) 141

C8-H8B···N5 0.97 2.57 3.221 (5) 124
C9-H9···Cl2 iv 0.93 2.70 3.566 (3) 155

C9-H9···O1 0.93 2.34 2.813 (4) 111
C10-H10···Cl6 v 0.93 2.93 3.855 (4) 175

N6-H6···O3 0.85 (5) 1.91 (5) 2.736 (4) 162 (6)
N3-H3···Cl4 iv 0.85 (5) 2.44 (5) 3.240 (3) 157 (4)

Symmetry codes: (i) x − 1, y, z; (ii) x − 1/2, −y + 1/2, z + 1/2; (iii) x − 1/2, −y + 1/2, z − 1/2; (iv) x − 3/2,
−y + 1/2, z − 1/2; (v) −x + 3/2, y + 1/2, −z + 1/2.

 
Figure 3. Details of the halogen bonding, X···π, π-stacking interactions in
(H2Fluconazole).SnCl6.2H2O (with 50% and 20% probability ellipsoids in (a) and (b), respectively).

Figure 4. Overall packing of unit cell of (H2Fluconazole).SnCl6.2H2O viewed along the c-axis.
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2.2. Hirshfeld Surface Analysis and Contact Enrichment Ratio

The Hirshfeld surfaces mapped over dnorm as well as the 2D fingerprint plots of
the abundant contacts in the structure are presented in Figure 5. It should be noted that
regions of intense red color are located over the oxygen, carbon, and nitrogen atoms of
organic cations and water molecules (Figure 5a). Hirshfeld surface (HFs) maps (Figure 5b)
show that the most abundant contacts are the O/N/C-H···Cl hydrogen interactions, which
account for 44.5% of the total HFs maps. The non-covalent H···H interactions occupy 16.6%
of the total HFs maps indicating high contribution of triazole and difluorophenyl rings in
the stabilization of the crystal packing (Figure 5c). The relative contributions of all contacts
governing the structure are summarized in Figure 6.

Figure 5. Two-dimensional fingerprint plots order with a dnorm view of (a) All (100%),
(b) Cl· · ·H/H· · ·Cl (44.5%) and (c) H· · ·H (16.6%) contacts in (H2Fluconazole).SnCl6.2H2O.

Figure 6. The relative contribution of intermolecular contacts in (H2Fluconazole).SnCl6.2H2O to the
Hirshfeld surface.
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The enrichment ratios (E), which are the ratios of actual contacts in the crystal to
random contacts (theoretical proportion), were calculated using surface contact data from
the Hirshfeld surface analysis, with E greater than one indicating a favored contact between
pairs of elements and E less than one indicating a disfavored contact. The enrichment
ratios of (H2Fluconazole).SnCl6.2H2O (Table 3) shows that the F· · ·N halogen bonding and
F· · ·π interactions (EFN = 3.33 and EFC = 3.16) are the most favoured contact in the crystal
packing followed by the H· · ·Cl hydrogen bond contacts (EHCl = 1.55), C· · ·C π-stacking
interactions (ECC = 1.55), C· · ·Cl contacts (ECCl = 1.45), O· · ·Cl (EOCl = 1.18) and N· · ·Cl
contacts (ENCl = 1.09), respectively. Theoretical and experimental equilibrium geometry of
the (H2Fluconazole).SnCl6.2H2O listed in Table S4.

Table 3. Analysis of contacts on the Hirshfeld surface. The % of contact types (SX) between chemical
species is given followed by random contacts (%) and their enrichment ratio (E). The major contacts
as well as the major enriched ones are highlighted in bold characters.

Atoms Cl H C N O F

(%) Contacts from fingerprint plots

Cl 1.2 - - - - -

H 44.5 16.6 - - - -

C 6 2.9 0.7 - - -

N 4.4 5.5 0 0 - -

O 1.6 2.8 0 0 0 -

F 2.7 4.1 3.1 3.2 0 0.8

Surface
(%)

30.8 46.5 6.7 6.54 2.2 7.35

Random contacts % (RXX and RXY)

Cl 9.84 - - - - -

H 28.64 21.6 - - - –

C 4.13 6.32 0.45 - - -

N 4.03 6.09 0.88 0.043 - -

O 1.35 2.05 0.29 0.28 0.048 -

F 4.52 6.84 0.98 0.96 0.32 0.54

Enrichment ratio E (EXX and EXY)

Cl 0.13 - - - - -

H 1.55 0.77 - - - -

C 1.45 0.46 1.55 - - -

N 1.09 0.9 0 0 - -

O 1.18 1.36 0 0 0 -

F 0.59 0.6 3.16 3.33 0

2.3. FT-IR and Raman Spectral Analysis

The solid-state IR and Raman spectra for (H2Fluconazole).SnCl6.2H2O (Figure 7 and
Figure S2, respectively) are consistent with their crystal structure. Table 4 shows the
band assignments in the IR and Raman spectra, which are based on the spectra from
earlier studies of fluconazole cation and SnCl6 cluster [23–25,37–39] as well as quantum
chemical computations.
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Figure 7. Experimental IR absorption spectrum of (H2Fluconazole).SnCl6.2H2O recorded at room temperature.

Table 4. Attribution of the experimental and calculated IR frequencies (cm−1) of
(H2Fluconazole).SnCl6.2H2O.

Experimental HSEH1PBE Attribution

495-547 450-572 skeletal deformation

613 611 C-H out of plane

677 695 O-H out of plane

749 755 N-H out of plane of triazole group

837 818 C-H bending of triazole

904 897 C-H bending of benzene

948 965 C-C bending

1004 1001 C-N bending

1071 1085 C-O stretch mode

1103 1115 C-H and N-H bending of triazole

1257 1278 C-F bending mode

1408 1415 C-N stretch of triazole ring

1479 1490 C = C stretch 2,4-difluorobenzyl
group

1530 1554 C = N stretch of triazole ring

1620 1607 C = N stretch of triazole ring

1631 1740 Benzene ring deformation

2411 2850 N-H stretch of triazole ring

2989 2928 C-H stretch of propane backbone

3156 3120 C-H stretch of propane backbone

3339 3150 C-H stretch (antisymmetric) of
propane backbone

3412 3190 N-H stretch of triazole

3497 3274 O-H stretch mode

3603 3390 νs(OH) of crystallization water

3607 3560 νas(OH) of crystallization water
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Internal Modes of H2Fluconazole Cation

The stretching vibrations of the different functional groups interconnected by a series
of hydrogen bonds in the crystal are represented in the high frequency region, which ranges
from 3560 to 2600 cm−1. However, the presence of crystallization water in the structure is
indicated by the strong signals centered at roughly 3560 and 3390 cm−1, which are assigned
to the O-H stretching vibrations. The O-H stretching modes of the tertiary alcohol and N-H
groups appeared as a weak band centered at 3274 and 3190 cm−1, respectively. In addition,
the spectrum shows strong intensity bands in the 3150–3120 cm−1 spectral range which
are attributed to C-H stretching modes of the triazole ring. These individual frequencies
are slightly shifted because of the presence of intermolecular C-H/π interactions, as was
discussed in the analysis of the crystal structure. The absorption bands of the νa(CH2) and
νs(CH2) group in the complexes are observed in the frequency range 2928–2850 cm−1.

Asymmetric and symmetric bending vibrations of δ(N-H) and δ(C-H), as well as
valence vibrations of ν(C-O), ν(C = C), ν(C-N), ν(C = N) and ν(C-F) generally appear
coupled and can be observed in the 1607–1085 cm−1 range. Finally, N-H, O-H and C-H
out-of-plane bending modes are attributed to the bands in the 1000–500 cm−1 range.

The scaled IR spectrum using HSEH1PBE functional associated to LANL2DZ pseu-
dopotential and 6-311++G** basis in the considered region is in good agreement with the
experimental data (Table 4).

2.4. UV–Visible Spectroscopic Study

The optical absorption spectrum (300–700 nm) of (H2Fluconazole).SnCl6.2H2O (Figure 8a)
reveals a broad absorption band across the ultraviolet region up to the absorption edge onset
at 408 nm (3.03 eV). Two less pronounced bands can be seen in the range of 200–300 nm at
216 nm (5.74 eV) and 266 nm (4.66 eV). These two bands are produces by the charge transfer
between the conjugated rings in H2Fluconazole [38,40].

Figure 8. Solid-state UV-visible absorption spectra (a) and the Kubelka-Munk transformation of
absorption data (b) of (H2Fluconazole).SnCl6.2H2O.

The material’s diffuse reflectance was measured in order to estimate its optical band
gap by changing the absorption spectrum into a Tauc plot Figure 8b, according to the
Kubelka–Munk function: F(R) = (1 − R)2/2R, in which R is the experimentally observed
reflectance. In a F(R)2 vs. photon energy plot, the energy band gap is determined as
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the point where the energy axis intersects with the extrapolated linear component of the
absorption edge. The direct band gap value measured is 3.60 eV, which is typical with the
compound’s semiconductor characteristics.

2.5. Magnetic Study

The magnetic hysteresis loops measured at 10 and 300 K are shown in Figure 9. The
magnetization curves indicate the co-existence of two components: weak ferromagnetic
and large diamagnetic behavior. The M-H curve at room temperature shows mainly a
diamagnetic contribution with small magnetic susceptibility. The diamagnetic contributions
(i.e., the linear part) at high magnetic field and the ferromagnetic behavior as shown in the
inset of Figure 9. The temperature dependence of the magnetic susceptibility measured
at H = 50 kOe is shown in Figure 10. The diamagnetic behavior is confirmed again by
the negative magnetic susceptibility at high field. It can be concluded from the magnetic
measurement that the synthesized 0D organic–inorganic hybrid material behaves as a
diamagnetic material, with very low magnetic susceptibility. Previous reports showed a
ferromagnetic behavior for two-dimensional organic–inorganic hybrids [41,42].

Figure 9. M-H curves at 10 and 300 K.

χ

Figure 10. Magnetic susceptibility χ(T) measured at 50 KOe.
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To reveal the origin of the ferromagnetism in this sample, the magnetization as a
function of temperature measured in the field-cooled (FC) and zero-field-cooled (ZFC)
configurations at an applied magnetic field of 100 Oe was measured as shown in Figure 11.

Figure 11. ZFC/FC curves.

The FC and ZFC curves show obvious bifurcation, which indicate the existing of
magnetic nano clusters with blocking temperature of 160 K. Furthermore, the magneti-
zation is not inversely proportional to T in the ZFC plot, indicating the non-existence of
superparamagnetic nanoparticles. Therefore, the overall magnetization contributed to
this system is originated from two sources. The first source of magnetization is the free
carriers located in defect states where the density of magnetic contribution increases with
the increase in localized carriers at low temperature. The second source of magnetiza-
tion is the contribution of the magnetic nanoparticle exist in this sample as shown in the
ZFC/FC measurements.

2.6. TD-DFT Study

Despite the difficult performance of benchmarks for this kind of systems, especially
due to the requested resources, TD-DFT methods have become useful tools used by theorists
and experiments to examine, understand, and predict the optical and chemical behavior of
different types of organic and inorganic compounds [43–46] due to the remarkable ratio of
accuracy and computational time.

As mentioned above, we have used nine density functionals to investigate the optical
and chemical behavior of the studied compound.

In the first step, we focused on the evaluation of different functional performance by
the comparison of calculated energy gap (Eg) with the experimental value (3.6 eV).

As we see in Figure 12, the B3LYP, CAM-B3LYP, LC-wHPBE and wB97XD functionals
fail to recover the correct Eg. This is mainly due to the weak bonds of water molecules.

For the five functionals employing PBE correlation, PBE1PBE underestimates the Eg
by 0.8 eV while PBEh1PBE overestimates it by 1.2 eV. However, the OHSE1PBE, OHSE2PBE
and HSE1PBE functionals effectively reproduce the energy gap with error at approximately
8% (3.9 vs. 3.6 eV).

Since the HSE1PBE functional is the recommended one for the study of this type
of systems, it will be retained in the next step for the description of the electron excited
state transitions, the examination of the different chemical reactivity descriptors and the
prediction of the halogen-substitution effect on the chemical behavior of studied compound.
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Figure 12. Absolute error between calculated energy gap (Eg) using different functionals and
experimental value (3.6 eV).

To investigate the electronic and optical properties, as well as the UV-visible spectra
and the way that any molecule interacts with other species, is related to the inspection
of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). The higher energy of LUMO as an electron acceptor represents the higher
resistance to accept an electron. While the low energy of the HOMO indicates the lower
ability to donate an electron. The UV–visible spectra were calculated using the HSE1PBE
functional and listed in Table S3. Close inspection of the properties of the electronic
transitions shows that the first transition is mainly the promotion of a single electron
from the HOMO to the LUMO with a predicted oscillator strength of 0.0012. The second
transition occurs in UV, with a relatively high oscillator strength calculated to be 0.0265.
Finally, a transition in the UV region calculated to occurs at 219 nm. This latter is a
combination from a promotion of one electron from HOMO−10 to LUMO+2 and a second
transition from HOMO−8 to LUMO+2. It should be noted that theoretical calculations
are in good agreement with those measured experimentally in UV the region, whereas we
note a low accuracy in the near UV-visible region. This may be due to the multireference
character of the transition.

To better understand and predict the chemical behavior of molecules, several chem-
ical reactivity descriptors, which been have detailed in our previous works [25,47], are
widely used.

These descriptors are related to frontier molecular orbitals (FMOs) and evaluated
using HOMO and LUMO energy values according to the following equations [48,49]:

Energy gap (Eg), Eg = E(LUMO) − E(HOMO) (1)

First Ionization energy (I), I = −E(HOMO) (2)

Affinity (A), A = −E(LUMO) (3)

Chemical hardness (η), η =
(ELUMO − EHOMO)

2
(4)

Chemical potential (μ), μ =
(EHOMO + ELUMO)

2
(5)

Electrophilicity (ω), ω =
μ2

2η
(6)

Electronegativity (χ), χ =
(I + A)

2
(7)

Softness (S), S =
1

2η
(8)
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The energy gap (Eg) between the HOMO and the LUMO is a critical parameter to
demonstrate the bioactivity and the intermolecular charge transfer [50]. A molecule with
a small Eg is more polarizable and is generally associated with high chemical reactivity
and low kinetic stability due to ease of charge transfer. It is also a soft molecule, which is
confirmed by the low softness (S) value.

The low Eg of (H2Fluconazole).SnCl6.2H2O (Eg = 3.6 eV) is a proof of the intramolecu-
lar charge transfer (ICT), which supports the antioxidant ability of the studied compound.

We will now examine the Cl-substitution effect on the electronic properties, that is, the ex-
change of Cl by F, Br or I. The main electronic data for the different. (H2Fluconazole).SnCl6.2H2O
compounds are reported in Table 5. At first glance, it can be seen that Eg decreases with the
atomic number of halogens.

Table 5. Global reactivity descriptor values (in eV) of (H2Fluconazole).SnX6.2H2O; (X = F, Cl, Br,
and I).

F
(Z = 9)

Cl
(Z = 17)

Br
(Z = 35)

I
(Z = 53)

ELUMO −1.9 −3.2 −3.4 −4.3

EHOMO −7.4 −7.2 −6.5 −6.0

Eg 5.5 3.9 3.1 1.6

Ionis 7.4 7.2 6.5 6.0

Elec. Aff 1.9 3.2 3.4 4.3

Hardness 2.7 2.0 1.6 0.8

Softness 0.2 0.3 0.3 0.6

Chem. Pot −4.7 −5.2 −5.0 −5.2

Electrophilicity 4.0 6.9 7.8 16.5

Electronegativity 4.7 5.2 5.0 5.2

As a large Eg is preferred for higher stability, we can conclude that the compound
resulting from the Cl substitution by F is more stable and thus less reactive. The Cl substi-
tution by I leads to a less stable compound and eventually more important intramolecular
charge transfer within the molecule and so a significant antioxidant ability.

This trend was is consistent with those of other chemical reactivity descriptors.
The contour surfaces of the FMOs are depicted in Figure 13. Differently to Br and

I, in the case of the compound resulting from the Cl substitution by F, the HOMO and
the LUMO are localized on the organic cation. More precisely, the electron concentration
of HOMO is on the 2,4-difluorophenyl ring of the H2Fluconazolium molecule, while the
LUMO is localized on one of the triazolium rings without any electron concentration on
inorganic anion.

In the case of (H2Fluconazole).SnX6.2H2O; (X = Cl, Br, I) compounds, the HOMO
and the LUMO are localized only in the inorganic anion. Hence, Eg and other chemical
reactivity descriptors are primarily linked to the inorganic anion due its importance in the
activity of the molecule.
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Figure 13. Frontier molecular orbitals and energy gap (Eg in eV) of (H2Fluconazole).SnX6.2H2O;
(X = F, Cl, Br and I).

3. Materials and Methods

3.1. Salt Preparation

All the starting reagents were acquired commercially and were used without further
purification. All the synthesis processes were carried out in the open air. A mixture of tin
chloride (1 mmol, 0.074 g) and fluconazole (2 mmol, 0.1 g) was dissolved in concentrated
hydrochloric acid (10 mL) and stirred for 2 h at 60 ◦C. The saturated colorless solution was
slowly cooled and evaporated at ambient temperature. Colorless crystals suitable for X-ray
diffraction analysis were obtained after 1 day.

3.2. X-ray Structure Determination

Single-crystal X-ray diffraction experiments were carried out on a STOE IPDS 2
diffractometer equipped with a graphite monochromator. Data collection and unit cell
refinement for the datasets were performed using the X-AREA, data reduction and inte-
gration were performed by X-RED32 [51]. The crystal structures were solved by using
Olex2 [52] software and the model obtained was refined by full-matrix least-squares on F2
(SHELXL2018/3) [53].

Anisotropic displacement parameters were used to refine all non-hydrogen atoms.
A riding model was used to place hydrogen atoms at calculated positions. The new salt
structure’s crystallographic information was deposited in the CSD [54] with the code
CCDC 2012995.

3.3. Physicochemical Characterization

The solid-state infrared spectrum was recorded using a Bruker Tensor 27 FT-IR spec-
trometer with scanning range set from 400 to 4000 cm−1. The room temperature Raman
spectrum was recorded in the region of 500–100 cm−1 with a RENISHAW RAMAN in Via
Microscope with an excitation wavelength of 532 nm. The room-temperature UV–visible
absorption spectrum of the polycrystalline powder of (H2Fluconazole).SnCl6.H2O was

112



Int. J. Mol. Sci. 2022, 23, 8765

measured using a PerkinElmer Lambda 750 spectrophotometer in the wavelength range
300–700 nm, and the BaSO4 plate was used as reference. Magnetic characterizations were
performed in a Quantum Design MPMS-5S SQUID magnetometer. Zero-field-cooled and
field-cooled (ZFC-FC) curves were recorded at a magnetic field of 100 Oe.

3.4. Hirshfeld Surface Analysis (HS)

Hirshfeld surface analysis is a useful approach for evaluating weaker intermolecular
interactions such as hydrogen and halogen bonds and other weak contacts. The Hirsh-
feld surface [55] and the decomposed two-dimensional (2D) fingerprint plots [55] were
computed with CrystalExplorer17 [56]. Furthermore, the enrichment ratios (E) [57] of
the intermolecular contacts were calculated to estimate the likelihood of two chemical
species interacting.

3.5. Theoretical Calculations

Computations have been carried out with the Gaussian 16 program [58]. The asymmet-
ric unit of (H2Fluconazole).SnCl6.2H2O crystal (Figure 1) was used to start the geometry
optimization and frequency calculations. To perform our benchmark, we have employed
several hybrid functionals. We started by using the famous Becke Three-Parameter Hybrid
functional (B3LYP) [59,60], then we tested two long-range corrected functionals-CAM-
B3LYP [61] and LC-wHPBE [62,63]. We also employed the wB97XD [64] functional in-
cluding the dispersion correction (Grimme’s D2 dispersion model). In addition, we tested
five functionals employing PBE correlation-PBE1PBE [65] and PBEH1PBE [66]; the HSE
functionals OHSE1PBE and OHSE2PBE; and the recommended version of the full Heyd-
Scuseria-Erzerhof functional HSE1PBE given by Scuseria and coworkers [67–71], which
have been proved as suitable functionals for solid-state calculations. In these calculations,
the LANL2DZ pseudopotential [72] was used to describe the Sn and I atoms and the
6-311++G** basis set was used to describe F, O, N, C, H, Cl and Br atoms.

To treat all the elements on an equal footing, additional calculations with the 6-31+G*
basis set for the light atoms and LANL2DZ for the Sn atom were performed. The quality of
the basis set does not affect the UV-visible spectrum and the different chemical reactivity
descriptors studied. All geometries were fully optimized in the C1 symmetry group. All
structures present a real minimum in their potential energy surface, and this was confirmed
by the lack of imaginary frequencies.

TD-DFT calculations were performed at the optimized geometries using the same
levels of theory. These extensive calculations were performed to examine the optical
behavior, the chemical reactivity descriptors and the reliability of various functionals.

4. Conclusions

In this work, a new salt of the antifungal drug fluconazole, (H2Fluconazole).SnCl6.2H2O,
was synthesized and characterized by single-crystal XRD, Hirshfeld surface analysis, Raman,
FT-IR and UV-visible spectroscopies. This new compound crystallizes with a monoclinic crystal
structure in the P21/n space group and represents an 0D structure built of alternating organic
and inorganic zig-zag layers along the crystallographic c-axis. The nature of intermolecular
interactions in the title compound was also confirmed and quantified using HS analysis and
enrichment ratio calculations. IR and Raman techniques confirm all vibrational modes of
molecular groups. The optical properties of (H2Fluconazole).SnCl6.2H2O at the absorption
edge revealed less pronounced bands at 216 and 266 nm, respectively. The direct band gap
energy measured was 3.6 eV. The magnetic studies show that at low magnetic fields, weak
ferromagnetic contributions coexist with large diamagnetic contributions, implying that the
synthesized material behaves primarily as a diamagnetic material, with very low magnetic
susceptibility. Despite the extensive DFT calculations in conjunction with large basis sets, only
the HSE functionals, i.e., OHSE1PBE, OHSE2PBE and HSE1PBE, reproduce the Eg effectively.
From a comparative point of view, HSE1PBE agrees better with the measured experimental
values, where the largest error is approximately 16% in the H-O bond. According to our study,
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we recommend the HSE1PBE functional to study similar systems. HSE1PBE provides accurate
data about the antioxidant ability of the synthetized crystal and predicts the Cl-substitution
effect on the chemical behavior. A significant intermolecular charge transfer (ICT) was found
in the case of Cl, Br and I. Finally, FMOs show that the ICT process is mainly linked to the
inorganic anion part.
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Abstract: Infrared spectroscopy (IR) and quantum chemistry calculations that are based on the
density functional theory (DFT) have been used to study the structure and molecular interactions of
the nematic and twist-bend phases of thioether-linked dimers. Infrared absorbance measurements
were conducted in a polarized beam for a homogeneously aligned sample in order to obtain more
details about the orientation of the vibrational transition dipole moments. The distributions to
investigate the structure and conformation of the molecule dihedral angle were calculated. The
calculated spectrum was compared with the experimental infrared spectra and as a result, detailed
vibrational assignments are reported.

Keywords: FTIR spectroscopy; DFT simulations; intermolecular interactions; liquid crystal dimers;
spatially modulated phases

1. Introduction

Soft matter physics encompasses materials that are easily deformed by thermal fluc-
tuations and external forces, such as, for example, liquid crystals (LC) [1]. Undoubtedly
the terms “crystal” and “liquid” are mutually exclusive, but it turns out that their merge
perfectly reflects the uniqueness of the material to which it refers. Liquid crystals can be
broadly defined as any state of matter with some degree of positional or orientational
organization intermediate between the isotropic liquid state and a crystalline solid with
long-range positional and orientational order in three dimensions. They can be classi-
fied, according to the source behind the formation of the mesophases, into lyotropic and
thermotropic [2]. The first group, lyotropic liquid crystals, emerges when amphiphilic
mesogens, composed of a flexible hydrophobic chain and a polar head group (ionic or
nonionic), are dissolved in a suitable solvent at an appropriate temperature, pressure, and
concentration [3]. The second group comprises thermotropic liquid crystals, where the
existence of mesophase is exclusively controlled by temperature, and the composition of
the forming material is not changing with temperature. In this article, we will narrow the
discussion to only thermotropic liquid crystalline phases, primarily nematic and twist-bend
phases (NTB). Without any doubt, the discovered nematic twist-bend phase is different
from 3D liquids known to date because it exhibits a macroscopic chirality while formed
from chemically achiral, bent-core-like molecules.

Vibrational spectroscopy has become one of the most informative tools in the study of
liquid crystal materials [4–13]. An analysis of the intensity and positional changes of the
vibrational bands makes it possible to identify the liquid crystal phases and to calculate the
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orientational order parameters. Unfortunately, for large molecules, it is virtually impossible
to reliably define the vibrational fundamentals without any theoretical input; therefore, de-
termining the vibrational frequencies using computational methods is extremely important.
These methods are helpful in interpreting the experimental vibrational spectra for large
molecules. They also give information about the shape of the bands and the orientation of
the transition dipole moment in the molecular coordinate system.

In this research, we studied the liquid crystal dimers that are based on cyanobiphenyl
mesogens. These dimers typically contain two rigid terminal groups that are chemically
linked to each other by a flexible spacer with an odd number of methylene units [14–16].
Interest in liquid crystal dimers is high because of their extraordinary flexoelectric [17–19]
and electro-optical properties [20–23] and their ability to form modulated nematic phases
(NTB—twist-bend, NSB—splay-bend phase) [24–31]. This unique twist-bend phase is, in
a sense, an example of the spontaneous formation of a helical structure similar to chiral
helices found in DNA and proteins; twisted beta sheets form helical columns that are
similar to silk and some modern synthetic analogs. The twist-bend modulated nematic
phase (NTB) has a helical structure with a pitch length of several nanometers [21,25,32–34].
The structure of the NTB phase has primarily been studied using non-resonant (SAXS,
WAXS) [35–37] and resonant X-ray scattering [32,33,38–41] as well as using polarized
Raman [42], infrared [43–46] and nuclear magnetic resonance spectroscopy (NMR) [47–51].
Current experimental results show that the formation of the NTB phase is very sensitive to
changes in the shape of the molecules [52–57]; therefore, the key is to carefully define the
relationship between the molecular parameters of the molecules and the occurrence of the
modulated nematic phase. For this purpose, many authors have used molecular modeling
methods, mainly the density functional theory (DFT) [28,29,33,34,52,58–61] or molecular
dynamics simulations (MD) [62–64] to analyze structural and conformational changes of the
dimers. However, no analysis of the conformational changes of molecules in the transition
from the nematic to the twist-bend nematic phase based on a comparison of simulated
and experimental vibrational spectra has been performed so far. Polarized measurements
of the vibrational spectra (Raman and infrared) are extremely useful in studies of the
supramolecular systems that primarily arise through intermolecular interactions such as
hydrogen bonding [45,65–70] and π-π stacking [71]. The analysis of the vibrational spectra
for such supramolecular systems in the first stage requires the assignment of the bands in
the spectrum with regard to the individual functional groups in the molecule, which the
modulated nematic phases are clearly an example of.

Here, we report on a spectroscopic and theoretical study of two groups of dimers: a
symmetric one that contains the thioether-linking groups (C-S-C) and ether-linking groups
(C-O-C) and an asymmetric one that contains both the ether- and thioether-linking groups.
By using the polarized infrared absorbance method for a homogeneously aligned sample, it
was possible to obtain information about the orientation of the transition dipole moments
of a molecule. This information was compared with the theoretically calculated cartesian
components of the vibrational transition dipole moment for specific vibrations and has
proven to be very useful in the precise assignment of the bands in experimental spectra.

2. Results

2.1. Molecular Structures

The rotational potential barriers of the molecules were obtained using the relaxed
potential energy surface scan method with the molecular geometry optimized in order to
find the most probable conformations that occurred in the tested materials. In order to find
the most stable conformation of a dimer, the optimization of the geometry was performed
in a few steps. All of the possible conformations of the dimers that were considered were
defined by the values of the dihedral angles ϕ1–ϕ4 (Figure 1b). In the first stage, the energy
barriers to the internal rotation of the cyanobiphenyl (torsional angles ϕ3 and ϕ4) were
determined. In a further step, the energy barriers to the rotation around the dihedral angle
(ϕ1, ϕ2) between the cyanobiphenyl and the linker were determined. The approximate
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potential energy functions were calculated at intervals of ten. For the calculations, the
torsional angles (ϕ1–ϕ4, each in turn) were fixed at arbitrarily selected values while the
other geometrical parameters were optimized, after which relaxed potential energy scans
were performed. This procedure enabled the values of the torsion angles for which the
minimum energy was obtained to be determined. As the energy barrier to the internal
rotation in the alkyl chain is very small (approx. 1 kJ/mol), no other linker/alkyl chain
conformations than the all-trans were considered. In the ordered phases, in principle, the
alkyl chains can take up all of the possible conformations, and therefore, adopting all of
the all-trans conformations is a better representation of the average molecular shape of the
dimers [72]. In the next step, taking into account the values of torsion angles that were
determined, a full optimization of the geometry was performed for all of the dimers.

 

 

(a) (b) 

Figure 1. (a) The calculated potential energy functions for the torsional motion of the cyanobiphenyl
dimers relative to the minimum value (ϕ1 or ϕ2); black solid line—CBC9CB dimer, red solid
line—CBS7SCB dimer, green solid line—CBO7OCB dimer. (b) Definition of the investigated di-
hedral angles of the dimers.

Dihedral Angle Distributions and Conformations

Figure 1 shows the calculated rotational potential barriers. First, the torsion angle of the
cyanobiphenyl was calculated (ϕ3, ϕ4). The calculated value of the angle for the minimum
energy was 40◦, and the potential barriers to this twisted conformation were 8.71 kJ/mol for
ϕ = 0◦ and 8.98 kJ/mol (for ϕ = 90◦). The value of the ϕ1/ϕ2 angle is the most crucial for
determining the bend angle of the molecule. There are a number of conformations for the
CBSCnSCB and CBSCnOCB dimers, which are important for calculating the orientational
order, primarily due to possible dihedral angle (ϕ1, ϕ2): CAl-S-CAr-CAr of the sulfur bridge
for CBSCnSCB and also CAl-O-CAr-CAr (Ar—aromatic ring, Al—alkyl) of the oxygen bridge
for CBSCnOCB. The conformational energies of the individual molecules were calculated
with respect to those dihedral angles. Both angles were found to have a minimum energy
for the “zero” angle (planar conformation) in contrast to the corresponding angle for
CBCnCB: CAl-CAl-CAr-CAr, which was close to 90◦ with a potential barrier of 5.5 kJ/mol
(upright conformation). The energy barrier to the rotation of the CAl-O-CAr-CAr bridge
was high enough (ΔU~13.7 kJ/mol) to enable only the planar conformer to be possible.
In the case of the sulfur bridge (CAl-S-CAr-CAr), however, the barrier was much smaller
(ΔU~2.1 kJ/mol), and therefore, the intermolecular interactions might have influenced the
molecular structure, which is in agreement with Y. Cao et al. [34]. This means that for the
dimers that contain sulfur, more than one energetically stable conformation is possible. As
the energy barrier to the internal rotation in the alkyl chain is very small (approx. 1 kJ/mol),
no spacer other than the all-trans was considered. In the ordered phases, in principle, the
alkyl chains can occupy all of the possible conformations, and, therefore, adopting all of
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the all-trans conformations is a better representation of the average molecular shape of the
dimers [72].

Taking into account the designated torsion angles, a full optimization was performed
for each conformation of the dimers. Based on the coordinates of the atoms in space and
the coordinates and lengths of the vectors corresponding to the arms of the molecules, the
opening angles of the molecules were estimated for all of the probable conformations of
the molecules (Figure 2). Table 1 shows the torsion angle values and opening angle values
for the fully optimized geometry of all of the dimers.

 

Figure 2. Probable conformers of the studied dimers. U—upright, F—flat (planar), M—mixed.

Table 1. Values of the most important torsion angles, potential energies with the root mean square
(RMS) and opening angles for the optimized geometry of a dimer.

Sample Conf.
Potential Energy RMS

(kJ/mol)

Torsion Angles, ϕt (◦) Opening
Angle (◦)ϕ1 ϕ2 ϕ3 ϕ4

CBC9CB
Upright

(U)
−3,843,952.076

0.014 92.3 86.2 −38.7 −38.5 112

CBSC7SCB

Upright
(U)

−5,521,962.5193
0.0035 −92.9 −92.8 −39.0 −39.0 94

Flat
(F)

−5,521,963.9252
0.0024 5.8 5.8 −37.2 −37.2 108

CBSC7OCB

Mixed
(M)

−4,673,985.9556
0.0077 −96.1 −179.1 −38.8 −37.2 120

Flat
(F)

−4,673,986.6314
0.0037 −176.3 −180.0 −37.4 −37.6 126

CBOC7OCB
Flat
(F)

−3,826,009.436
0.020 −179.3 −179.2 −37.3 −37.3 144
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The bend of a molecule is necessary for the formation of the twist-bend phase. The
largest opening angle (144◦) was obtained for the CBOC7OCB molecule. This caused its
shape to be closer to a calamitic molecule than to a bent (banana) molecule, which means
that it did not meet the conditions for the formation of the twist-bend phase, which was
confirmed experimentally via the POM, DSC and FTIR measurements [46,59,73].

2.2. Molecular Vibrations

To perform an in-depth analysis of the experimental spectra, the density functional
theory (DFT) was used to calculate the theoretical IR spectra for an isolated molecule.
Generally, however, there are no absolute assignments of the IR frequencies, and for low
symmetry molecules, the correlations of the calculated and experimental frequencies are
primarily made by comparing bands that have similar frequencies, assuming that there is
no rearrangement of the individual peaks in the bands.

All of the calculated vibrational frequencies are expressed as the wavenumber in cm−1,
while the so-called integral absorption coefficient, which is directly proportional to the
sum of the components of the squares of the transition dipole moments, is represented by
the formula:

A =
Nπ

3c2

[(
∂μx

∂Q

)2
+

(
∂μy

∂Q

)2

+

(
∂μz

∂Q

)2
]

, (1)

where N—Avogadro constant, c—speed of light and ∂μi
∂Q —the change in the component of

the dipole moment with respect to the normal coordinates.
For a more precise analysis of the spectra, it was necessary to calculate the components

of the transition dipole moment. Information about the components of the transition dipole
moment for a specific vibration enables the parallel and perpendicular components of the
spectral density to be calculated. The parallel component of the absorption coefficient
was calculated as the square of the component of the transition dipole moment along the
axis that coincided with the long axis of the dimer |μz|2. To determine the perpendicular
component of the spectral density, the sum of the squares of the transition dipole moments
along the perpendicular directions was used |μx|2 +

∣∣μy
∣∣2. The direction of the transition

dipole moment was determined according to the molecular reference system (see Figure S1
in Supplementary Materials).

In order to compare the theoretical bands with the experimental results, the discrete
spectrum lines were extended using the Gaussian function with a half-width of 7 cm−1.
Then, the frequencies were rescaled using the scaling coefficient that was determined for
the base that was used, which is 0.967 ± 0.021, according to Computational Chemistry
Comparison and Benchmark Database. The intensities of the bands were divided by the
intensity of the highest band in the theoretical spectrum for a given molecule (or the
conformation in the case of molecules for which two stable conformers were calculated).
The results of the calculations were compared with the experimental data from the nematic
phase in order to identify the most important bands in the spectrum.

2.3. Vibrational Spectra and Their Assignments

It is practically impossible to obtain perfect order in an experiment, and additionally,
the dichroism of the bands is influenced by many factors, mainly the intermolecular
interactions. Therefore, based only on the analysis of the experimental spectra, it is difficult
to say with absolute certainty which band and which of the cyanobiphenyl para axes
will be characterized by the behavior of the long axis of a dimer, i.e., to independently
describe the direction of the dimer arms. In the case of the theoretical spectra for symmetric
dimers, for a given band of the cyanobiphenyl, two characteristic vibrations with a similar
frequency but with different intensities should always be obtained. These correspond to
the simultaneous vibrations in both arms, one of which is in phase and the other is out of
phase. These vibrations, while coupling with each other, can ultimately cause a transition
dipole moment to be along the long axis of the dimer or across it. Based on the analysis of
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the band dichroism for the theoretical spectra, which illustrate the theoretical, “ideal” order,
it can be said that if the so-called infinite dichroism can be obtained, i.e., when one of the
components is maximum and the other is close to zero, then such a band will then describe
the behavior of the long axis of a dimer. On the other hand, in any other case, when the
band dichroism is intermediate, there is a lack of vibration coupling for both arms and this
band will describe the behavior of the para axis of the mesogens.

The experimental spectra in the entire range of wavenumbers (500–3500 cm−1) for all
of the studied dimers in the nematic phase are presented in Figure S2 in the Supplementary
Materials.

Overall, the spectra of the cyanobiphenyl dimers can be divided into the following
frequency ranges:

• 500–600 cm−1 and 700–900 cm−1 ranges, which cover the deformational vibrations of
the carbon atoms (C-C) and hydrogen atoms (C-H) out of the benzene plane;

• 900–1650 cm−1 range, which includes both the characteristic deformation vibrations
in the benzene plane as well as the deformation vibrations of the methylene groups of
the alkyl chain of the linker in a dimer;

• 2100–2400 cm−1 range, which includes the stretching vibrations of the cyan group (C≡N)
that were observed as a sharp and very intense peak in the experimental spectrum;

• 2800–2950 cm−1 range, which includes the C-H stretching vibrations of the methylene
groups. In this range, the vibrations were not well reproduced by the theoretical
spectra because the calculations did not take into account the anharmonic effect;

• 2900–3100 cm−1 range, which represents the stretching vibrations of the hydrogen
atoms (C-H) in the aromatic ring. These vibrations were also not well reproduced
by the theoretical frequencies. The bands in this range corresponded to the mixed
vibrations, which were strongly overlapping, and the vibrations stretching the C-H
hydrogen atoms, significantly disturbed by the Fermi resonance effect.

Most of the fundamentals in the range of 500–2300 cm−1 were very well reproduced
by the vibrations in the experimental spectra. Most of the observed changes, relative to the
transition from the nematic phase to the twist-bend and with the conformational changes
that were observed for the thioether dimers, were in the range from 500 to 1200 cm−1.

In this section, we will present the spectra analysis for the CBS7SCB and CBS7OCB
dimers in more detail. A comparison of the experimental and theoretical spectra for
the dimers, CBC9CB and CBOC7OCB, is summarized in the Supplementary materials
(Figures S3–S5).

2.3.1. The CBSC7SCB Dimer

The most important information in comparing the conformers is polarity of the promi-
nent bands. The simulated spectra correspond to the perfect order. On the contrary, the
experimental spectra are measured in the nematic phase, and corresponding orientational
order is rather weak (S~0.5) due to the bending shape of the molecules. In order to make
them comparable, we converted experimental spectra to those of the perfect order (we used
the Equation (2a,2b)) [46]. Then, we analyzed differences in the theoretical spectra between
the two conformations (flat and upright), with comparison to the experimental spectra in
the nematic phase.

Figure 3 shows the comparison between the polarized experimental and theoretical
spectra for the CBSC7SCB dimer in the region of 500–1150 cm−1. In the low frequency
range, two medium-intensity bands at 520 and 560 cm−1, which were assigned to the
deformational vibration of the carbon atoms out of the benzene plane (γCC op CB; op–out
of benzene plane CB–cyanobiphenyl), and a low-intensity band on the slope of the 560 band
at the wavenumber of 551 cm−1, which referred to the deformational vibration of the C≡N
group (δCN), were observed. In the experimental spectra, the band at the wavenumber
of 520 cm−1 had a perpendicular direction of the transition dipole moment. This band
also involved the thioether bridge and made a significant contribution to the deformation
vibration of the sulfur atom (γCC op CB + δCS). In the theoretical spectrum for the planar
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conformation (F), as a result of the coupling of the vibrations of both arms, a band at the
wavenumber of 514 cm−1 was observed with the maximum dichroism, and the transition
dipole moment was perpendicular to the long axis of the dimer. In the case of the second
conformation, which was called upright (U), two bands of comparable intensities were
observed, one representing the vibration in the phase of both arms, which indicated the
perpendicular direction of the transition dipole moment, while the antiphase vibration of
both arms indicated the direction of the transition dipole moment parallel to the long axis
dimer. Therefore, this band did not show dichroism for the U conformation. Additionally,
for the upright conformation (U) in the theoretical spectrum, for the band at 650 cm−1, we
observed a splitting into two maxima, which was not observed in the experimental spectra.

 

Figure 3. The comparison of the polarized experimental spectrum with the theoretical spectra
(B3-LYP/6-311G (d,p)) for the CBSC7SCB dimer in the region of 500–1150 cm−1. AII–the parallel
absorbance component in the z-axis direction of the molecular system, which coincided with the
ordering axis of the sample. A –the perpendicular absorbance component was perpendicular to
the rubbing direction. Top Figures–experimental spectra of the nematic phase (370 K). Middle
Figures–calculated spectra for a planar conformer (dihedral angles CAl-S-CAr-CAr = 0◦). Bottom
Figures–calculated spectra for an upright conformation (dihedral angles CAl-S-CAr-CAr = 90◦).
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In the range of 800 to 1120 cm−1, the biggest differences between the conformers were
associated with the out-of-plane deformation vibrations of the C-H groups (811 cm−1; γCH
op CB) and the deformation C-H vibrations in the benzene plane (1100 cm−1). In the case
of the upright conformation (U), there were two vibrations with similar wavenumbers
and comparable intensities, which were similar to the 520 cm−1 band. In the experimental
spectra, the 811 cm−1 band indicated the perpendicular direction of the transition dipole
moment with a high dichroism, which corresponded to the flat conformer (F). The band at
1100 cm−1 was a complexed vibration and involved a sulfide bridge and was assigned to the
asymmetric stretching vibration of the CAr-S group (βCH ip CB + νas CAr-S; Ar–aromatic
ring; as–asymmetric, ip–in the benzene plane); therefore, this band was quite sensitive to
the dimer conformational changes.

Another indication that the flat conformation was more favored was the absence of a
band at 1100 cm−1 for the U conformer. In this range, there was also a band of low intensity
at 1000 cm−1, which was attributed to the breathing deformation vibration of the carbon
atoms in the benzene ring (βCC).

The next spectrum range that is discussed is the 1200–1650 cm−1 range, where several
high-intensity bands (1460, 1594, 1600 cm−1) were observed, which were assigned to
the benzene ring deformations (νCC br; br–benzene ring). They corresponded to the
longitudinal transition dipole, which was similar to the bands at 1000, 1100 and 2300 cm−1

wavenumbers (2300 cm−1–assigned to the stretching vibrations of the cyan group, νCN).
In this range, a low-intensity band with a wavenumber of about 1395 cm−1 was also

observed, the direction of which was the dipole transition perpendicular to the long axis of
the dimer. This band was assigned to the in-plane deformation of the C-H groups (βCH
ip CB). Differences between the two conformations for the benzene ring vibrations were
also observed at 1600 cm−1. In the experimental spectrum, this peak was split into two
maxima with similar wavenumbers (1594 and 1604 cm−1), for which the intensity shares
changed with temperature. In the nematic phase, both peaks had a similar intensity, while
in the twist-bend phase, an increase in peak intensity was observed at a lower wavenumber
(1594 cm−1). For the F conformer, this vibration was observed at a lower wavenumber,
i.e., about 1595 cm−1, while for the U conformer, it was observed at 1598 cm−1 wavenum-
ber. The above observations could lead to the conclusion that in the high temperature
phases (nematic phase), the coexistence of both conformations and/or some intermediate
conformers are probable, while when the temperature is lower, the planar conformation
predominates, which is more preferred energetically.

In the Supplementary materials, a comparison of the unpolarized experimental and
theoretical spectra for both conformations is additionally summarized in Figure S6. This
comparison was intended to show that the band frequencies in the experimental spectrum
are remarkably well reproduced by the theoretical ones for the flat conformation.

2.3.2. The CBSC7OCB Dimer

Figure 4 shows the comparison between the polarized experimental and theoretical
spectra for the asymmetric CBSC7OCB dimer in the region of 500–1150 cm−1. In the
low frequency range, three medium-intensity bands were observed at 520, 530 and 560
cm−1. It was observed that the band at the wavenumber 520 cm−1, which characterized
the vibration of the C-C groups out of plane, together with the deformation vibration
of the C-S group, had a perpendicular direction of the transition dipole moment in the
experimental spectrum and was split into two maxima. An additional maximum appeared
at the wavenumber 530 cm−1, which was not observed for the CBSC7SCB dimer. This new
band was assigned to the deformation vibration of the C-C group out of the benzene plane
along with the deformation vibration of the CAr-O-CAl group (γCC op CB + δCArOCAl;
Al–alkyl chain). In the theoretical spectrum of the F conformer, a split band was also
obtained and the transition dipole moment was directed perpendicular to the long axis of
the dimer.
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Figure 4. The comparison of the polarized experimental spectrum with the theoretical spec-
tra (B3-LYP/6-311G (d,p)) for the CBSC7OCB dimer in the region of 500–1150 cm−1. AII–
the parallel absorbance component in the z-axis direction of the molecular system, which
coincided with the ordering axis of the sample. A –the perpendicular absorbance compo-
nent was perpendicular to the rubbing direction. Top Figures–experimental spectra of the ne-
matic phase (375 K). Middle Figures–calculated spectra for a flat conformer (dihedral angles
CAl-S-CAr-CAr = 0◦, CAl-O-CAr-CAr = 0◦). Bottom Figures—calculated spectra for a mixed confor-
mation (dihedral angles CAl-S-CAr-CAr = 90◦, CAl-O-CAr-CAr = 0◦).

In contrast to the mixed conformation (M), only one undivided band was observed.
Additionally, in the experimental spectrum, three bands were observed, which also corre-
sponded to the transversal transition dipole moment: wavenumbers 813, 821 and 850 cm−1.
Compared to the CBS7SCB dimer, a new maximum appeared at 821 cm−1, which was a
complex band and, in addition to involving the out-of-plane deformation vibrations of
the C-H group, also described the symmetrical stretching vibration of the CAr-O group
(γCH op CB + νs CArO; s–symmetric). In the spectrum of the CBSC7OCB dimer, other new
bands that were characteristic for the oxygen bridge were observed: asymmetric stretching
vibrations of the CAl-O group (νas CAlO) at 1029 and 1050 cm−1 and strong vibrations
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that were assigned to the asymmetric stretching of the C-O group (νas CArO) at 1249 and
1266 cm−1.

In the 800–1120 cm−1 range, the greatest differences between the conformers were
associated with the out-of-plane vibration of the C-H group (813, 821 cm−1). In the case of
the mixed conformation, only one maximum of high intensity at 816 cm−1 was observed.
In the case of the F conformer, two maxima were observed, which was in good agreement
with the experiment. Another indicator that a planar conformation is more likely was the
absence of a maximum at 1100 cm−1 in the spectra of M conformer, which was the same as
that for the symmetric dimer.

Figure S7 in the Supplementary Materials shows a comparison of the unpolarized
experimental and theoretical spectra for both conformations.

3. Discussion

The spontaneous emergence of nanoscale helices in non-chiral materials is one of
the most fascinating topics in liquid crystal research with implications for soft matter
research in general. An example is the nematic twist bend (NTB) phase, where typically
dimeric molecules assemble in helices of the 6–16 nm scale. The helix pitch has mainly been
identified by anomalous (k-edge) scattering–a technique globally available at a very limited
number of synchrotron stations. Based on the information gathered there, models for
molecular assembly have been developed, essentially packing bend and twisted molecules
into helices. In this contribution, we show the powerful tool of IR spectroscopy, a much
more widespread and in many ways more democratic technique, as it is much cheaper
and does not require access to scarce and massively oversubscribed beamlines to provide
additional information on the assembly in the NTB phase.

To clarify matters, we investigated a set of systems where the helical structure had been
unambiguously identified, and we measured and analyzed the impact of different moieties
using detailed polarized infrared measurements (IR) of critical groups. Additionally we
employed molecular modelling methods, mainly the density functional theory (DFT)
to analyze structural and conformational changes of the dimers. The analysis of the
conformational changes of the molecules in the transition from the nematic to the twist-
bend nematic phase based on a comparison of simulated and experimental vibrational
spectra was performed for the first time for such complex systems.

In summary, it can be seen that the frequencies of the most important bands in
the experimental spectra are well reproduced by the theoretical frequencies, while the
differences in band intensities are due to the lack of consideration of the intermolecular
interactions. The torsional barrier of the S-bridge is quite small (~2 kJ/mol). Therefore, the
nearest neighbor’s molecules may significantly influence the vibration of the particular
molecule. In the paper [74], we show the effect of the vibrational coupling between nearest
neighbors. As a result, transition dipoles as well as absorbances of the particular vibrations
significantly differ from those of a single molecule.

Table 2 presents a comparison of the main experimental bands and their assignments
to the vibrations of the appropriate functional groups for all of the studied dimers. More-
detailed and raw data on the theoretical and experimental frequencies, dichroism values,
relative intensity, direction of the transition dipole moment and approximate band as-
signments for all of the investigated dimers are included in the Supplementary Materials
(Tables S1–S4).
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Table 2. Vibrational frequencies, IR intensities and assignments of the dimers.

CBC9CB CBSC7SCB CBSC7OCB CBOC7OCB
Assignments¯

ν Ir
¯
ν Ir

¯
ν Ir

¯
ν Ir

520 vvw 522 m 523 w – – γCC op CB + δCS

– – – – 532 w 532 w/m γCC op CB + δCO

554 w 562 w 562 w 562 w γCC op CB + δCN

816 vs 811 vs 813 vs – γCH op CB

– – – – 821 s, sh 821 vs νsCOC + γCH op CB

836
850 w 852 w 850 w 850 w γCH op CB + νCCC sk + δasCH2 rocking

1007 w 999 w 999 w 1000 w βCC ip CB, breathable

1026 vw 1020 vw 1013 vw 1013 vw νCCC sk + βCH ip CB

– – – – 1029
1051 w 1032 w νasCAlO + βCH ip CB

– – 1097 m 1095 m – – νasCArS + βCH ip CB

1112 vw – – – – 1120 w βCH ip CB

1185 m 1185 s 1180 s 1178 s βCH ip CB

– – – – 1249
1266

vs
m, sh

1249
1266

vs
m,sh νasCArO + βCH ip CB

1284
1315
1360

vw 1279
1315 vw 1290

1311 vw 1290
1313 vw γsCH2 wagging

γsCH2 twisting

1397 w 1395 w 1392 w 1390 w βCH ip CB

1460 w 1437
1462 w 1435

1472 w 1472 w βsCH2 scissoring

–
1493 s 1484

– vs 1485
1494 vs –

1493 vs νCC br

– – – – 1522
1577

m
vw

1523
1580

m
w νCC br + βsCH2 + νasCArO

–
1605 s 1594

1604 vs –
1603 vs –

1602 vs νCC br

2224 vs 2223 vs 2223 vs 2223 vs νCN

Key: ip—in plane vibration; op—out of plane deformation, br—stretching and deformation vibrations of the ring
(benzene ring), s—symmetrical, as—asymmetric, Al —alkyl chain, Ar—aromatic ring, sk—skeletal, ν—stretching,
γ—deforming out of plane, β—deforming in plane, δ—deforming, vs—very strong, s—strong, m—medium,
w—weak, vw—very weak, sh—shoulder. Ir—relative intensity of the bands.

4. Materials and Methods

4.1. Materials

The symmetrical and asymmetrical liquid crystal dimers with the cyanobiphenyl (CB)
mesogenic groups were investigated. We present three symmetric dimers, which had the
general acronym CBXC7XCB (X = C or S or O), that contain nine functional groups in
the chain linking the two mesogenic cores (methylene, thioether, ether); the CBC9CB that
contains nine methylene groups in the linker and the CBSC7SCB and CBOC7OCB in which
the alkyl chains contain seven methylene groups are connected to the cyanobiphenyls
by two thioether or two ether bridges, respectively. In the asymmetric dimers with the
acronym CBSCnOCB (n = 5, 7), the mesogens are linked to an alkyl chain with five or seven
methylene groups on one side by a thioether bridge and on the other by an ether bridge.
The details for the materials CBC9CB were reported earlier [75–77]. Synthesis details
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concerning the thioether/ether compounds were published recently [59,73]. Figure 5
shows the chemical structures of the investigated compounds.

Figure 5. Chemical structures of the investigated dimers.

4.2. Infrared Spectroscopy

The planarly aligned cells were prepared between two optically polished zinc selenide
(ZnSe) discs. The thickness of the fabricated cells was determined to be within the range of
5.1–5.6 μm by the measurements of the interference fringes using a spectrometer that was
interfaced with a PC (Avaspec-2048). The infrared spectra were acquired using a Fourier
infrared spectrometer (Agilent Cary 670 FTIR). The experiment was conducted using the
transmission method with a polarized IR beam. An IR-KRS5 grid polarizer was used to
polarize the IR beam. The IR spectra were measured as a function of the polarizer rotation
angle in the range 500–4000 cm−1 of wavenumbers. The details of the sample preparation
and absorbance measurement are published in Kocot et al. [46]. These measurements
enabled the orientation of the transition dipole moment of the bands to be determined with
respect to the long molecular axis and the temperature dependencies of the absorbance of
the samples. To determine all three components of absorbance (Ax, Ay, Az), it is necessary to
measure two samples with different orientations: planar (homogeneous) and homeotropic.
Unfortunately, in the case of the tested materials, i.e., for the cyanobiphenyl dimers, it
was extremely difficult to obtain a good homeotropic alignment. Therefore, in order to
calculate the mean absorbance of the sample and assuming that the material was uniaxial,
it was assumed that Ax = Ay and, therefore, the mean absorbance was determined as
A0 = (2Ay + Az)/3. The absorbance components were determined as the area that was
bound by the contour of a given band using Bio-Rad Win-IR Pro version 2.96e. In the case
of complex bands that contained more vibrations, they were separated using Origin Pro
2021 software with the Pearson VII fit.

4.3. Density Functional Theory Calculations

In this work, the calculations of the electronic structure of the molecules were per-
formed using the Gaussian09 program (version E.01) [78]. The molecular structures,
intermolecular binding energy, harmonic vibrational force constants, absolute IR intensi-
ties and components of the transition dipole moment were calculated using the density
functional theory (DFT) with Becke’s three-parameter exchange functional in combina-
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tion with the Lee, Yang and Parr correlation functional B3-LYP method with the basis set:
6-311(d,p) [79,80]. The results were visualized using GaussView 5.0.8.

All of the DFT optimizations were performed with the following convergence criteria,
which were used with the Berny algorithm (all values in atomic units): the maximum
component of the force was set to 0.00045, the root-mean square (RMS) of the forces
that were calculated for the next step—smaller than 0.0003; the computed displacement
for the next step—smaller than 0.0018 and the RMS of the displacement below 0.0012.
These criteria restricted the dependence of the final geometry parameters on the initial
starting geometry.

5. Conclusions

The extensive research on the structure of the NTB phase, to date, permits specific con-
clusions to be drawn, namely, that a molecular curvature is fundamental for the formation
of the phase and that the stability of this phase increases with a decrease in the molecular
bending angle.

Using the DFT simulations of the electron structure of molecules, the rotational barriers
were determined and the optimization of the most probable conformers that could appear
in real samples was performed. Two energetically stable conformations were found for the
molecules that contained sulfide bridges, and one was found for the molecules CBC9CB
and CBOC7OCB. The opening angles of the tested dimers were also determined. The
simulated theoretical spectra turned out to be an invaluable tool for identifying the most
important bands in the experimental spectra as well as in determining the directions of
the dipole transition moments of the molecules. Combined with the observations of the
deflections in the normal modes of the atoms from the equilibrium positions, bands were
assigned to the appropriate fragments of the molecules, and thus information about the
geometry of the system was obtained.

However, due to the torsional barrier of the S-bridge that is very small (~2 kJ/mol) the near-
est neighbor’s molecules may significantly influence the vibration of the particular molecule.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms23148005/s1.
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Abstract: Janus Sb and Bi monolayers as a new class of 2D topological insulator materials, which
could be fulfilled by asymmetrical functionalizations with methyl or hydroxyl, are demonstrated
by first-principles spin–orbit coupling (SOC) electronic structure calculations to conflate nontrivial
topology, Rashba splitting and valley-contrast circular dichroism. Cohesive energies and phonon
frequency dispersion spectra indicate that all Janus Sb and Bi monolayers possess a structural stability
in energetic statics but represent virtual acoustic phonon vibrations of the hydrogen atoms passivating
on monolayer surfaces. Band structures of Janus Sb and Bi monolayers and their nanoribbons
demonstrate they are nontrivial topological insulators. Rashba spin splitting at G point in Brillouin
zone of Janus Bi monolayers arises from the strong SOC px and py orbitals of Bi bonding atoms
together with the internal out-of-plane electric field caused by asymmetrical functionalization. Janus
Sb and Bi monolayers render direct and indirect giant bandgaps, respectively, which are derived from
the strong SOC px and py orbitals at band-valley Brillouin points K and K′ where valley-selective
circular dichroism of spin valley Hall insulators is also exhibited.

Keywords: two-dimensional Janus structure; topological insulator; quantum spin Hall effect;
valley electronics

1. Introduction

Two-dimensional (2D) topology insulators and nanomaterials have gained more atten-
tion since graphene was exfoliated successfully, and the recently focused Rashba effects
and valleytronics promote emergence of various practical spintronic devices, especially
for operating at room temperature [1,2]. Janus polar-structures have attracted intensive
attention due to their specific intrinsic properties and potential applications of exploiting
Janus anisotropy in spintronic devices, catalysts, drug delivery, biosensors and antibac-
terials [3–5]. Two-dimensional Janus discs have been demonstrated both in theory and
practice to provide new schemes of modifying electronic structure and surface functionality
of graphene-like 2D materials [6–8]. Spin–orbit coupling (SOC) plays an important role to-
gether with internal built-in electric fields in Janus quantum systems with a 2D honeycomb
atomic structure to cause various physical effects, such as Rashba spin-splitting and elec-
tronic valley freedom from Dirac-point electronic states at Brillouin zone boundary [9,10].

Surface functionalizations of physical or chemical decorations on 2D graphene-like
materials provides a new routine of manipulating electronic properties by band structure
engineering. Physical adsorption of gas or small organic molecules provides a rather
feasible method to achieve preferable electronic properties, which will generally cause
substantial reconstruction in local atomic structures to engender great changes in electronic
structures [11–13]. However, covalent functionalization is a better way of acquiring higher
stability and homogeneity. Previous researches on the covalent functionalizations of
elemental 2D topological materials incorporate hydrogenation and halogenation, oxidation,
organic group decoration and cycloaddition reaction [14–19]. The plasma method of
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halogenation leads to a serious increase in lattice defects and thus even ruins topological
properties, and the hydrogenated surface is easy to be oxidized at room temperature due
to the poor chemical stability [20,21].

Extensive effort has been devoted to the search for new 2D topological insulators (TIs)
with a large bulk band-gap. Some layered materials such as silicene, germanene and stanene
have been proposed, and the bulk band-gap of 2D TIs has been promoted remarkably to
0.3 eV in chemically modified tin films [22–25]. Recently, ultrathin Bi films have drawn
much attention as promising candidates for quantum spin Hall effect (QSH) insulators,
and the 2D topological properties of ultrathin Bi(111) films have been reported [26]. To the
best of our knowledge, neither 2D nor 3D TIs have achieved a bulk band-gap exceeding
0.7 eV [27]. Because Bi and Sb are well known for their strong SOC that can generate
and stabilize topologically nontrivial electronic-states, it is worthwhile to explore large
band-gap QSH insulators from Bi- or Sb-based 2D materials, such as Sb or Bi monolayers
symmetrically functionalized by methyl, amino and hydroxyl groups [28]. Especially when
the inversion symmetry of honeycomb lattice is broken, Bi and Sb monolayers become a
quantum valley Hall insulator, whilst Rashba spin splitting and chiral optical selectivity
of electronic valleys are expected to be feasibly achieved. To date, no research has been
reported focusing on the asymmetrical functionalization of Sb or Bi monolayers to realize
these versatile exotic phenomena from nontrivial topology in inversion asymmetry and
fabricate new quantum devices operating at room temperature. Such novel structures will
promote graphene-like elemental 2D topological materials to a controllable and practical
level of fulfilling advanced applications in innovative 2D spintronic devices.

In the present study, we intensively investigate the asymmetrical (Janus) function-
alizations of Sb and Bi monolayers by chemically attaching hydrogen atoms on one side
and chemical groups (methyl or hydroxyl) on the other side according to the so-called
“chair” prototypical geometry [29]. First-principles calculations of structure optimization,
phonon dispersion and electronic structures are carried out to theoretically verify that Sb
and Bi monolayers asymmetrically functionalized by methyl or hydroxyl are stable giant
band-gap QSH insulators with a giant bulk band-gap. It is suggested that their giant bulk
band-gaps originate from strong SOC near Fermi level that is dominantly contributed by Sb
or Bi px and py orbitals in Janus monolayers, which makes them promising for topological
insulator applications at ambient temperature. Meanwhile, when the inversion symmetry
of Bi or Sb monolayers in honeycomb lattices is broken by asymmetrical functionalization
of hydrogen and methyl or hydroxyl respectively on two surface sides, we obtain Janus 2D
structures with evident Rashba splitting and chiral optical selectivity.

2. Results and Discussion

2.1. Atomic Geometry and Stability

Janus Sb or Bi monolayers (HSb2XHn and HBi2XHn, XHn = CH3, OH) are obtained by
asymmetrical functionalizations (decorations) where the radical groups of methyl (CH3)
and hydroxyl (OH) are bonded to Sb or Bi atoms on one surface side of Sb or Bi monolayer
with the other surface side being saturated by hydrogen (H), as schematically shown in
Figure 1, which possess space group of P3M1 in a threefold rotational symmetry of 2D
honeycomb lattices. Compared with Sb or Bi and their hydrogen-saturated monolayers, the
inversion symmetry has been broken for Janus Sb or Bi monolayers due to asymmetrical
decoration. Lattice constants, bond lengths of Sb or Bi with center atoms of CH3 or OH,
center buckle thickness, entire layer thickness, cohesive energy, Mulliken population charge
of Janus Sb or Bi monolayers are listed in Table 1. We can see the appreciable buckle config-
urations of central Sb or Bi atomic layers for SbH or BiH monolayer and the quasi-planar
geometry of Janus structures (for comparison). It has been demonstrated by preliminary
calculations that the cohesive energy of the SbH or BiH monolayer (without chemical group
decoration and no Janus) is higher than that of their purely elemental counterparts. Even
though the bonding strength of Sb or Bi with C or O atoms is substantially higher than
that with H atoms, the remarkably larger buckling of SbH and BiH monolayers leads to
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a comparable and even higher cohesive energy as that of Janus Sb and Bi monolayers,
as shown in Table 1. The bonding strength, which is characterized by bond length and
cohesive energy, increases with the increase in electronegativities of C and O elements.
In particular, the cohesive energy approaches the highest and lowest values of 9.59 and
7.53 eV/unitcell for HSb2OH and HBi2CH3, respectively. It is an energetic indication that
Janus Sb or Bi monolayers can be realized by strongly bonding CH3 or OH with Sb or Bi
atomic layer into perfect crystalline structures. Thus, it is preferential to synthesize these
asymmetrically functionalized monolayers with a high static stability in structure.

  
(a) (b) (c) 

Figure 1. (a,b) Top-view (top) and side-view (bottom) schematics of Janus Sb or Bi monolayers
with asymmetrical decorations of H and CH3 or OH on two surface sides, respectively, where the
violet, gray, red and white balls symbolize the bonding atoms of Sb or Bi, C, O and H, respectively;
(c) high-symmetry points (M, K, M′, K′) specifying the dispersion paths of phonon frequency or
electron energy in Brillouin zone.

Table 1. Lattice constants a, bond lengths of Sb or Bi with center atoms of CH3 or OH (dMX), center
buckle thickness (hM), entire layer thickness (h), cohesive energy (Ecoh), Mulliken population charge
(qM) where M1 and M2 indicate two atoms of Sb or Bi and X denotes the functional-group center
atom (C or O) or the H atom (for SbH and BiH only) of Janus Sb and Bi monolayers together with the
SbH and BiH monolayers for comparison.

Monolayers a/Å dMX/Å hM/Å h/Å Ecoh/eV·unitcell−1
qM/e

M1 M2 X

SbH 5.218 1.719 0.092 3.346 9.409 0.13 0.13 −0.13
HSb2CH3 5.207 2.173 0.003 4.252 9.245 0.29 0.09 −0.53
HSb2OH 5.219 1.912 0.003 4.596 9.591 0.71 −0.13 −0.71

BiH 5.467 1.851 0.175 3.526 7.771 0.73 0.73 −0.73
HBi2CH3 5.478 2.333 0.046 4.475 7.534 1.08 0.48 −0.93
HBi2OH 5.494 2.120 0.034 4.656 7.619 1.18 0.46 −1.32

Kinetic stability under atomic oscillations is evaluated with frequency dispersion
spectra of phonon modes, as shown in Figure 2. Preliminary phonon calculations by the
linear response method [30] indicate that LO–TO frequencies at Brillouin zone center are
degenerated for all these Janus and SbH or BiH monolayers, verifying that LO–TO splitting
can be neglected. Phonon dispersion spectra of Janus Sb and Bi monolayers represent
12 branches comprised of three acoustic and nine optical branches. Acoustic phonon
modes are classified into longitudinal acoustic waves, in-plane and out-of-plane transverse
acoustic waves, while optical phonons contain an isolated out-of-plane transverse optical
wave and a pair of G-point degenerated longitudinal and in-plane transverse optical waves.
Both Janus Sb or Bi monolayers and SbH or BiH monolayers represent partially negative
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acoustic phonon frequencies in dispersion along G–M while approaching positive values
near K point, which is attributed to virtual vibrations of H atoms passivating on Sb or Bi
atomic layers. This result suggests that it is preferable to use other elements with a heavier
mass and higher bonding strength rather than H atoms to saturate pz orbitals of Sb or Bi
monolayers for complete kinetic stability.

 

Figure 2. Phonon dispersion spectra of Janus Sb and Bi monolayers in comparison to SbH and BiH
monolayers.

2.2. Internal Gradient of Electrostatic Potential

Mulliken population charges on the C and O bonding atoms of −0.5 and −0.7 e (or
−0.9 and −1.3 e), respectively, due to their higher electronegativity than that of Sb (or Bi)
are in contrast to −0.1 e (or 0.7 e) on hydrogen atoms directly bonding with Sb or Bi atoms,
as listed in Table 1, implying substantial charge transfer and electronic cloud shifting out
of central layer plane in Janus Sb and Bi monolayers. Accordingly, significant internal
electric fields of Janus monolayers are created by the potential differences of Δφ = 5.586,
3.179, 5.262 and 1.734 eV for HSb2CH3, HSb2OH, HBi2CH3 and HBi2OH, as shown in
Figure 3. Therefore, it is suggested that inversion symmetry of Sb and Bi monolayers has
been broken in these Janus monolayers due to the asymmetric decoration of CH3 or OH.
For the Janus monolayers based on a heavy main group element, the electronegativity of
center atoms in asymmetrically decorating chemical groups is a judgement giving rise to
an intrinsic electric field.
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Figure 3. Internal potential gradient and bonding characteristics of the Janus Sb and Bi monolayers:
mean electrostatic potential as a function of the planar position, with the inserted panels showing
the electron localization function contoured on the normal plane crossing both Sb or Bi and C or O
atomic centers.

Bonding characteristics of Sb or Bi with C or O atoms are evaluated by electron
localization function (ELF), as depicted with the white–black contoured maps on the
normal plane through atomic centers in the inserted panels of Figure 3. For all these Janus
Sb and Bi monolayers, the highest ELF appears around the bonding middle between C atom
center of CH3 and Sb or Bi atoms as a manifestation of covalent bonding in consistence with
the minimal electron transfer according to Mulliken population charges. By contrast, for H
or O atoms bonding with Sb or Bi atoms, the high ELF region resides around H or O center
and promptly decreases at the middle of bonds, which implies ionic character, accounting
for an internal electric field internal Janus Sb or Bi monolayers. ELF distributions reveal
the chemical bonding attributes of the internal electric fields caused by asymmetrical
functionalization with CH3 or OH.

2.3. Band Structure

All the band structures of Janus Sb and Bi monolayers from our calculations are merged
in Figure 4, where the SOC effect could be distinguished by red and black dispersion curves.
According to partial and atomic projections, it is determined that band-edge electronic-
states near Fermi level are primarily composed of px and py orbitals from Sb or Bi bonding
atoms [31]. Even without SOC, the highest valence band and the lowest conduction band
crossing linearly at K and K′ points imply the Dirac-cone-like characteristics of these 2D
honeycomb systems. When SOC is included, the degeneracy at Dirac-cone point splits
off with the highest valence band and the lowest conduction band shifted towards high
and low energy from Fermi level, respectively, thereby opening a notable band-gap by
SOC for both the symmetrically hydrogenated and Janus monolayers. By contrast, at
G point, the valence and conduction bands are upshifted and downshifted respectively,
which accounts for a global indirect band-gap in the functionalized Bi monolayers with a
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remarkably larger K-point splitting caused by a much stronger SOC of Bi systems than that
of Sb systems. Global band-gaps of Janus Sb and Bi monolayers range in 0.2~0.4 eV and
0.8~0.9 eV, respectively, as listed in Table 2.

Figure 4. Band structures without SOC (red curves) and with SOC (black curves) of Janus Sb (top
panels) and Bi (bottom panels) monolayers, and SbH and BiH monolayers with inversion symmetry
are presented for comparison, in which Fermi level is referenced as energy zero (horizontal dash
line).

Table 2. Rashba spin-splitting RG of the highest valence band at G point, SOC-induced splitting
λv and λc at K point for valence and conduction band-edges respectively, SOC-induced Dirac-cone
splitting gaps at K point ED(K), global band-gaps Eg(global) of Janus Sb and Bi monolayers compared
with SbH and BiH monolayers.

Monolayers RG/eV·Å λv/meV λc/meV ED(K)/eV Eg(global)/eV

SbH 0 0 0 0.426 0.426
HSb2CH3 0 0.060 0.065 0.351 0.351
HSb2OH 0 0.194 0.229 0.194 0.194

BiH 0 0 0 1.372 0.918
HBi2CH3 0.224 0.124 0.123 1.219 0.809
HBi2OH 0 0.093 0.177 1.323 0.824

It has been reported by ab-initio calculations that Rashba spin-splitting occurs in all
the Janus Mo and W dichalcogenide monolayers due to the simultaneous existences of
strong SOC and internal electric field. Consistently, Rashba spin-splitting arises in HBi2CH3
monolayers with a built-in potential gradient as shown in Figure 3, leading to a perceptible
Rashba parameter RG of 0.224 eV·Å due to the strong SOC from px and py orbitals of Bi
bonding atoms, as manifested by comparing non-SOC and SOC band structures in Figure 4.
It is suggested by the lower built-in electric field in Rashba splitting HBiCH3 than in
HSb2CH3 with a lower SOC that strong SOC dominates the generation of Rashba splitting
in Janus Sb and Bi monolayers. Since SOC and angular momentum cannot be simultaneous
represented in quantum mechanics, the spin-up and spin-down states cannot be completely
determined in SOC band structures, as shown by the color-mapped spin components near
Fermi level for Rashba HBiCH3 monolayer in the inserted panel of Figure 4. Meanwhile,
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SOC also causes remarkable band-edge splittings at K point for Janus Sb and Bi monolayers,
as indicated by λv and λc for the upmost valence band and the downmost conduction band,
respectively, with the values listed in Table 2. For HBi2CH3 and HBi2OH monolayers, the
valley shape of the upmost valence band is preferred over the flat shape of the downmost
conduction band at K point for valleytronics applications.

Topological properties of SbH and BiH monolayers are characterized by the topolog-
ical Z2 invariant evaluated from first-principles electronic Bloch wave-functions, where
Z2 = 1 and Z2 = 0 represent the nontrivial and trivial topology, respectively. Since the
atomic structures of SbH and BiH monolayers have space inversion symmetry, the Z2 topo-
logical invariant is directly calculated by Bloch wave-function parities of valence electrons
at time-reversal-invariant points (TRIPs) in Brillouin zone. Electronic structures of SbH and
BiH monolayers have four TRIPs, one at G point and three at M point, so the topological
index P can be calculated as follows:

P(Ki) =
N

∏
m=1

δi
2m, (−1)ν =

4
∏
i=1

P(Ki) =P(G)P(M)3 (1)

where P denotes the parity product of Bloch wave-functions on TRIPs, δ = ±1 indicates
parity, and N is the number of valence bands. The 12 valence electrons in primitive cells
of SbH or BiH monolayer constitute six spin-degenerate electronic-states at a TRIP, and
the parities of spin-degenerate electron eigenfunctions of SbH and BiH monolayers on all
TRIPs are identical. As shown in Table 3, the values of P at G and M points are –1 and
+1 respectively, which leads to the nontrivial Z2 = 1, demonstrating that SbH and BiH
monolayers are nontrivial topological insulators.

Table 3. Parities δ and their product P of spin-degenerate states at TRIPs for SbH and BiH monolayers.

TRIP Parity δ P

G +1 +1 −1 +1 −1 +1 −1
3 M +1 −1 +1 −1 +1 −1 +1

In contrast, it is invalid of evaluating Z2 invariant by the parity of valence electronic-
states to determine whether Janus Sb and Bi monolayers are topologically trivial or non-
trivial, because they are lacking of space inversion symmetry due to the asymmetrical
functionalization of chemical groups. Nevertheless, nontrivial topology of Janus Sb and
Bi monolayers could be represented in the odd number of conductive channels from
edge electronic-states without band-gap, where Dirac-cone point appears to be crossed by
the lowest conduction band and the highest valence band of nanoribbon at Fermi level.
To investigate this important topological property, the zigzag nanoribbons of Janus Sb
and Bi monolayers are constructed, in which atomic structures on both edges are mirror-
symmetrical to each other, and the unsaturated edge bonds are passivated by hydrogen
atoms. Nanoribbon width is specified about 35 Å to avoid overlapping between two edge
states of nanoribbon. After geometrical optimization, the band structures of Janus Sb and
Bi monolayer nanoribbons are calculated, with the results shown in Figure 5. The energy
dispersion of edge electronic-states of these nanoribbons intersects into a Dirac-cone point
of Fermi level at boundary X point of one-dimensional Brillouin zone. The odd number of
edge-state conductance channels is derived from nontrivial topology that will also present
edge-state Dirac-cones in band structures of armchair nanoribbons. Therefore, this Dirac-
cone signature of edge states proves these Janus Sb and Bi monolayers are (nontrivial)
topological insulators to realize QSH effect at ambient temperature supported by their
giant band-gaps.
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Figure 5. SOC-included band structures of zigzag nanoribbons of Janus Sb and Bi monolayers
(functionalized asymmetrically by H atom and CH3 or OH), and SbH and BiH nanoribbons are
presented for comparison, with red color indicating edge states and Fermi level being referenced as
energy zero.

2.4. Valley-Contrast Circular Dichroism

There is a valley degree of freedom in Janus Sb and Bi monolayers, and the strong SOC
opens a large electronic energy gap at the corners of Brillouin zone. Inversion symmetry
is broken in Janus Sb and Bi monolayers due to the asymmetrical functionalizations with
CH3 or OH, leading to valley-contrast Berry curvature and spin that yield valley spin Hall
effect and valley-contrast circular dichroism. With a giant bulk band-gap and nontrivial
topology, these Janus monolayers can afford to be a quantum spin Hall insulator and a
quantum valley Hall insulator at ambient temperature. Valley-contrast Berry curvature
and spin can be described by valley polarization η(k) in Brillouin zone as follows:

η(k) =
|P+(k)|2 − |P−(k)|2
|P+(k)|2 + |P−(k)|2

, P± = Px ± iPy (2)

where Pα (α = x, y) denotes momentum matrix element between the lowest conduction
band and the highest valence band. Prototypically, the calculated η(k) of HBi2OH mono-
layer along the high-symmetry path through valley K and K′ points in Brillouin zone is
shown in Figure 6, illustrating the contrast of optical selection rule between two valley
counterparts. The left-hand and right-hand circular polarized photons are almost purely
absorbed at K and K′ valleys, respectively. Therefore, circular polarized photons can
distinguish electronic excitation and imbalance electron occupation between the two in-
versely distributed nonequivalent electronic-valleys in Janus Sb and Bi monolayers without
external electric field.
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Figure 6. Valley polarization of HBi2OH monolayer along high-symmetry path through valley K and
K′ points.

According to a low-power model, the valley magnetic moments in Janus Sb and Bi
monolayers are related to both valley pseudo-spin and real spin which are substantially
coupled due to giant band-gaps induced by strong SOC. Valley pseudo-spin can be rendered
by strong SOC under the internal built-in electric field in Janus Sb and Bi monolayers,
which is different from inversion symmetry systems that need an external electric field.
Notably, valleytronics can hardly be achieved due to minimal SOC in graphene or silicene,
whilst requires a high external electric field to break inversion symmetry in SbH and
BiH monolayers.

3. Theoretical Methodology

Employing the fully relativistic pseudopotential planewave first-principles method
based on spin density functional theory, the atomic structure, phonon dispersion, SOC
electronic structures of Janus Sb and Bi monolayers are calculated as implemented by
CASTEP module of Materials Studio 2020 package (Accelrys Inc., Materials Studio version
2020.08, San Diego, CA, USA) [32]. Gradient-corrected exchange–correlation functional Wu
and Cohen (WC) is adopted to perform the electronic state and energy calculations [33].
WC functional has been shown to achieve a significant improvement over LDA, PBE and
TPSS functionals for predicting atomic structures of solids including ionic compounds and
describing covalent bonds of molecules, especially for group I, group IV and group III–V
semiconductors [34]. SOC is incorporated into the calculations of energy, atomic force
and geometry, electronic structure and optoelectronic matrix elements. Band structures
without SOC are also calculated for comparison to reveal the SOC-induced source of Rashba
splitting, valley freedom and giant band-gaps.

Interactions between atomic cores and valence electrons are presented by norm-
conserving pseudopotential, and the relativistic effect is treated with Koelling–Harmon
schemes [35]. Electron wave functions are expanded by plane-wave basis-set under 720 eV
energy cutoff, whilst finite basis-set correction is used in energy and stress calculations
by estimating energy derivatives from three-points numerical differentiation [36]. Pulay
density mixing scheme at 0.5 charge magnitude is utilized to carry out self-consistent field
(SCF) iterations with a convergence tolerance of 5 × 10−7 eV/atom and on an FFT grid of
48 × 48 × 200 for electron density calculations [37,38]. Monkhorst–Pack 3 × 3 × 1 grid of
k-sampling is adopted for integration in Brillouin zone [39].

Two-dimensional atomic structures are modeled in virtual three-dimensional space
by setting a sufficient vacuum layer (15 Å) between the periodic images of monolayers.
Geometry optimization is fulfilled by minimizing energy functional with BFGS algorithm in
delocalized internal coordinates instead of Cartesian coordinates, so as to reach the energy,
atomic force and stress convergences of 5.0 × 10−6 eV/atom, 0.01 eV/Å and 0.02 GPa,
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respectively [40]. Phonon structures are calculated by finite-displacement method using
several small supercells without SOC-induced bonding force and ignoring frequency
splitting between the longitude and transverse optical vibration modes (LO–TO splitting)
at G point, in which the convergence tolerance of mechanical constant is specified as
1.0 × 10−5 eV/Å2.

4. Conclusions

Spin–orbit coupling electronic structures of Janus (asymmetrically functionalized by
CH3 or OH) Sb and Bi monolayers (HSb2XHn and HBi2XHn) with nontrivial topology,
Rashba splitting and valley-contrast circular dichroism are first proposed and demonstrated
in the present study. Cohesive energies and phonon dispersion indicate that all these Janus
systems have innate static stability, whilst undergoing kinetic instability of H atoms capping
another surface of Sb or Bi atomic layer. Under SOC effects, Janus Sb and Bi monolayers
show direct and indirect band-gap characteristics of band structures, respectively. It is
identified by means of first-principles calculations that HSb2XHn and HBi2XHn are a new
family of giant band-gap 2D TIs with the largest bulk band-gap of ~0.8 eV, by far exceeding
the current band-gaps of 2D TI materials realized in experiments. These giant band-gaps
are entirely attributed to strong SOC of Sb or Bi px and py atomic orbitals around K and K′
valleys in Brillouin zone of honeycomb lattice, which suffice for practical applications at
ambient temperature. Rashba splitting originates dominantly from strong SOC together
with built-in out-of-plane electric field, as manifested by the unique Rashba HBi2CH3
monolayer possessing strong SOC but with a minimal out-of-plane potential gradient.
Janus Sb and Bi monolayers are identified to be a spin valley Hall insulator by valley-
selective circular dichroism. Due to strong SOC, the valley magnetic moments could be
modified by intrinsic out-of-plane electric field to produce a substantial correlation between
real and valley-pseudo spins. These results represent a significant advance in 2D TIs to
stimulate further work of developing these new 2D TIs for Rashba spintronic devices and
quantum valley Hall insulators.
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Abstract: Electronic and geometric structures of metal-free, Al, Ga and In complexes with tetrapyrazino-
porphyrazine (TPyzPA) and octachlorotetrapyrazinoporphyrazine (TPyzPACl8) were investigated by
density functional theory (DFT) calculations and compared in order to study the effect of chlorination
on the structure and properties of these macrocycles. The nature of the bonds between metal atoms
and nitrogen atoms was described using the NBO-analysis. Simulation and interpretation of elec-
tronic spectra were performed with the use of time-dependent density functional theory (TDDFT).
A description of calculated IR spectra was carried out based on the analysis of the distribution of the
potential energy of normal vibrational coordinates.
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1. Introduction

Tetrapyrrole macroheterocycles are essential for a wide range of technologies, includ-
ing optoelectronics and information storage devices [1–7]. The complexes of tetrapyrazino-
porphyrazine (H2TPyzPA) with metals possessing π-deficient heterocyclic fragments are
promising compounds for organic electronics [8–11]. The results of the recent electrochemi-
cal study [8] of the perchlorinated complexes M(Cl)TPyzPACl8 (M = Al, Ga, In) allow them
to be considered as potential acceptor materials. Recently this was also demonstrated for
perchlorinated tripyrazinosubporphyrazines [12].

Fine tuning of the physico-chemical properties of the metal complexes with macro-
heterocyclic ligands requires a deep knowledge of their molecular and electronic structures.
However, only a little attention has, of yet, been paid to structural investigations of the metal
complexes of TPyzPA [13]. Solid-state X-ray studies of Fe(II) [14] and Sn(IV) complexes [15]
revealed that the TPyzPACl8 macrocycle is nearly planar. The possible planarity of the
structures of MTPyzPACl8 complexes gives rise to the extended π-electron conjugation,
which in turn results in an increased packing density.

The present contribution is devoted to the combined computational investigation
of the geometry structures, features of the metal–ligand bonding and spectral properties
of M(Cl)TPyzPA (M = Al, Ga, In) complexes and their perchlorinated analogues. It also
extends our recent study [16] of the tetrabenzoporphyrin (TBP) complexes with the same
set of metals. Density functional theory (DFT) [17,18] was used as a theoretical frame-
work since it was earlier established to provide a good description of the features of the
geometry and electronic structures of the analogous macroheterocycles and their metal
complexes [16,19–25].
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2. Results

2.1. Molecular Structures

According to the performed quantum chemical calculations, the equilibrium structures
of the Al(III), Ga(III) and In(III) complexes of tetrapyrazinoporphyrazine (M(Cl)TPyzPA)
and their perchlorinated analogues are doming-distorted and possess C4v symmetry
(Figure 1). The distortion is caused by a metal atom as the metal-free H2TPyzPA and
H2TPyzPACl8 molecules are planar (D2h symmetry). The H2TPyzPA internuclear distances
obtained by the authors of [26] are systematically higher compared to our data. This
discrepancy can be explained by the use of corrections for the dispersion interaction in this
paper and pseudopotentials in [26]. The H2TPyzPA bond lengths calculated in [27] are also
systematically higher than those obtained in this work. The main geometric parameters of
compounds under consideration are given in Table 1.

Figure 1. Molecular structures of the Al(III), Ga(III) and In(III) complexes with pyrazinopor-
phyrazine (M(Cl)TPyzPA) (a), octachloropyrazinoporphyrazines (M(Cl)TPyzPACl8) (b) and metal-
free molecules ((c) and (d), respectively) with atom labeling.
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Table 1. Internuclear distances (re, in Å) and valence angles (∠, in deg.) of the equilibrium structures
by PBE0-D3/def2-TZVP calculations.

Al(Cl)TPyzPA Ga(Cl)TPyzPA In(Cl)TPyzPA H2TPyzPA

Symmetry C4v C4v C4v D2h

Distances

M-Np/M-Np
′ 1.981 2.022 2.161 -

M-Clax 2.145 2.187 2.336 -
Np-Cα/Np

′-Cα
′ 1.371 1.367 1.364 1.368/1.355

Cα-Nm/Cα
′-Nm 1.308 1.310 1.316 1.304/1.321

Cα-Cβ/Cα
′-Cβ

′ 1.450 1.453 1.458 1.450/1.464
Cβ-Cβ/Cβ

′-Cβ
′ 1.391 1.393 1.399 1.401/1.393

Cβ-Nd/Cβ
′-Nd

′ 1.328 1.328 1.326 1.329/1.324
Nd-Cγ/Nd

′-Cγ
′ 1.322 1.322 1.323 1.320/1.327

Cγ-Cγ/Cγ
′-Cγ

′ 1.408 1.407 1.405 1.408/1.401
Cγ-H/Cγ

′-H’ 1.086 1.086 1.086 1.086/1.086
(Np . . . Np)opp 3.859 3.918 4.037 4.054/3.899
(Np . . . Np)adj 2.728 2.770 2.854 2.812

P 1 21.432 21.416 21.440 21.376

Bond angles

∠(ClaxMNp) 103.1 104.3 110.9 -
∠(MNpCα) 125.2 124.5 123.6 123.2

∠(NpCαNm)/(Np
′Cα

′Nm) 127.9 128.0 128.0 128.5/128.1
∠(CαNmCα

′) 122.5 123.4 125.5 124.2
∠(CαCβNd)/(Cα

′Cβ
′Nd

′) 129.8 129.8 129.8 129.0/130.6
∠(CβNdCγ)/(Cβ

′Nd
′Cγ

′) 113.2 113.3 113.6 113.6/113.3
M-X 2 0.448 0.499 0.772 -
α 3 175.5 174.3 164.7 180

Al(Cl)TPyzPACl8 Ga(Cl)TPyzPACl8 In(Cl)TPyzPACl8 H2TPyzPACl8

Symmetry C4v C4v C4v D2h

Distances

M-Np/M-Np
′ 1.980 2.021 2.162 -

M-Clax 2.142 2.183 2.332 -
Np-Cα/Np

′-Cα
′ 1.372 1.368 1.364 1.368/1.356

Cα-Nm/Cα
′-Nm 1.308 1.310 1.316 1.304/1.321

Cα-Cβ/Cα
′-Cβ

′ 1.447 1.450 1.455 1.448/1.461
Cβ-Cβ/Cβ

′-Cβ
′ 1.384 1.387 1.392 1.394/1.386

Cβ-Nd/Cβ
′-Nd

′ 1.330 1.329 1.328 1.330/1.325
Nd-Cγ/Nd

′-Cγ
′ 1.305 1.306 1.307 1.304/1.310

Cγ-Cγ/Cγ
′-Cγ

′ 1.433 1.432 1.430 1.433/1.424
Cγ-Cl/Cγ

′-Cl′ 1.709 1.709 1.709 1.709/1.712
(Np . . . Np)opp 3.856 3.915 4.031 4.051/3.892
(Np . . . Np)adj 2.726 2.768 2.850 2.809

P 1 21.440 21.424 21.440 21.376

Bond angles

∠(ClaxMNp) 103.2 104.5 111.2 -
∠(MNpCα) 125.2 124.5 123.5 123.3

∠(NpCαNm)/(Np
′Cα

′Nm) 128.0 128.1 128.1 128.5/128.2
∠(CαNmCα

′) 122.3 123.3 125.3 124.0
∠(CαCβNd)/(Cα

′Cβ
′Nd

′) 130.3 130.3 130.3 129.5/131.1
∠(CβNdCγ)/(Cβ

′Nd
′Cγ

′) 114.9 115.0 115.2 115.3/114.9
M-X 2 0.451 0.504 0.782 -

A 3 175.3 174.0 164.6 180
1 P is the coordination cavity perimeter (in Å). 2 X is dummy atom located in center between Np atoms. 3 α is the
dihedral angle between planes of opposite pyrrole rings.

148



Int. J. Mol. Sci. 2022, 23, 5379

The degree of the doming-distortion can be described by the distance M-X between
the metal atom and the center of the plane formed by four nitrogen atoms Np and the
dihedral angle between the planes of opposite pyrrole rings α. The distance M-X increases
in line with the size of a metal atom. Furthermore, the dihedral angle between the opposite
pyrrole fragments α decreases by 10 degrees from Ga to In, while a slight change in this
parameter is noted from Al to Ga (rionic(Al) = 0.39, rionic(Ga) = 0.47, rionic(In) = 0.62) [28].
Structural parameters of the TPyzPA macrocyclic ligand are practically independent of
the nature of a metal atom and peripheral –Cl substitution. The only noticeable change
occurs for the peripheral Cγ-Cγ bond that is 0.025 Å longer in the TPyzPACl8 metal
complexes due to the electron-withdrawing effect of the –Cl substituents. A similar picture
was previously observed for the complexes of tetrabenzoporphyrin with Al(Cl), Ga(Cl),
In(Cl) [10] and porphyrazine, and tetrakis(1,2,5-thiadiazole)porphyrazine with Y(Cl), La(Cl)
and Lu(Cl) [29]. The perimeter of the coordination cavity is not affected by the nature
of a metal atom and increases by ca. 0.05 Å in the metal complexes as compared to the
metal-free H2TPyzPA and H2TPyzPACl8; nevertheless, the distances between the nitrogen
atoms of pyrrole fragments (Np . . . Np)opp and (Np . . . Np)adj are noticeably different (up
to 0.2 Å). This can be explained by the fact that in the Al-Ga-In series, there is a consistent
decrease in distances Np-Cα along with valence angles ∠(MNpCα) and an increase in
Cα-Nm distances and ∠(CαNmCα), which leads to the possibility of a significant difference
in distances (Np . . . Np)opp and (Np . . . Np)adj without noticeable perimeter change.

2.2. NBO-Analysis

To gain a deeper insight into the electronic structures of M(Cl)TPyzPA and M(Cl)TPyz
PACl8 complexes and features of the metal–ligand chemical bonding, we performed the
NBO-analysis of the electron density distribution. The obtained results suggest that the
chemical bonding between a metal atom and TPyzPACl8 macrocyclic ligand can be de-
scribed in terms of the donor–acceptor interactions of the types: LP(N) → ns(M) and LP(N)
→ np(M), where n is the principal quantum number for the valence shell of the metal atom
(n = 3 for Al, n = 4 for Ga, n = 5 for In). It should be noted that in the case of Al complexes,
the interactions occur between LP(N) and two 3p(Al) orbitals, while for the complexes of
Ga and In, all three valence p-orbitals provide a favorable overlap (Figure 2).

Comparing periphery-substituted TPyzPACl8 complexes with their non-substituted
analogues (Table 2), we found that peripheral –Cl substituents do not affect the charac-
teristics of the metal–ligand bonding. The enhanced covalent contribution into the Ga–N
bond is in line with the trend of the electronegativities of the metal atoms: Al (χ = 1.47),
Ga (χ = 1.82) and In (χ = 1.49) [30,31]. According to Table 2, the NPA charge of Al is the
most positive, in contrast to the NPA charge of Ga. More than that, an analogical situation
is observed for the negativity of NPA charges of chlorine atoms. Therefore, these charges
also correlate with the electronegativities of the metals.

Table 2. Selected parameters of M(Cl)PyzPA complexes from NBO calculations.

Al(Cl)
TPyzPA

Al(Cl)
TPyzPACl8

Ga(Cl)
TPyzPA

Ga(Cl)
TPyzPACl8

In(Cl)
TPyzPA

In(Cl)
TPyzPACl8

E(HOMO),eV −6.329 −6.803 −6.362 −6.836 −6.411 −6.882
E(LUMO),eV −3.815 −4.294 −3.829 −4.308 −3.864 −4.343

ΔE, eV 2.514 2.509 2.533 2.528 2.547 2.539
q(M) NPA, e 1.718 1.716 1.637 1.635 1.694 1.692
q(N) NPA, e −0.651 −0.651 −0.631 −0.631 −0.623 −0.623
q(Cl) NPA, e −0.550 −0.545 −0.523 −0.518 −0.528 −0.521

configuration 3s0.423p0.83 3s0.423p0.83 4s0.534p0.81 4s0.534p0.81 5s0.545p0.76 5s0.545p0.76

∑ E(d-a), kcal mol−1 526.0 526.5 539.6 539.0 510.7 507.8
Q(M-N), e 0.335 0.330 0.343 0.342 0.327 0.325
r(M-N), Å 1.981 1.980 2.022 2.021 2.161 2.162
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Figure 2. Schemes of the dominant donor–acceptor interactions between Ga and TPyzPA ligand.
(a) The result of the orbital interaction of the type LP(N) → 4s(Ga) (E(2) = 59.2 kcal mol−1); (b) the
result of the orbital interaction of the type LP(N) → 4px(Ga) (E(2) = 30.7 kcal mol−1); (c) the result of
the orbital interaction of the type LP(N) → 4py(Ga) (E(2) = 30.7 kcal mol−1); (d) the result of the orbital
interaction of the type LP(N) → 4pz(Ga) (E(2) = 14.3 kcal mol−1). Only one of the four corresponding
interactions is demonstrated.

2.3. Electronic Absorption Spectra

Analyzing the absorption spectra (Figure 3), we can note that three intense absorption
bands are observed in the visible light and near UV in the case of M(Cl)TPyzPACl8, in
contrast to M(Cl)TPyzPA, of which spectra contain only two bands in the visible light and
near UV range. The B1-band in the latter has low oscillator strength, so it is practically
imperceptible in the absorption spectrum, while this peak is clearly observed in the perchlo-
rinated complexes. This can be related to the fact that the peripheral Cl atoms contribute
significantly to 6a1 molecular orbital (MO) in M(Cl)TPyzPACl8 in contrast to the hydrogen
atoms in M(Cl)TPyzPA to 3a1 MO (Figure S1). The B1-band is predominantly formed by
the electron transitions from these orbitals to doubly-degenerated LUMOs (Table 3).
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Figure 3. Simulated (solid lines) and experimental (dashed lines) electronic absorption spectra for
M(Cl)TpyzPA and M(Cl)TPyzPACl8 (M = Al, Ga, In) and its metal-free complexes.

It can be seen that the position of the Q-band maxima in the electronic absorption
spectra shifted bathochromically in the series Ga < Al < In. The changes in the theoretical
and experimental spectra are similar to each other and therefore allow the nature of the
results obtained to be explained. This indicates that the HOMO–LUMO gap is influenced
not only by the degree of doming-distortion of the macrocycle, but also by electronegativity
of the central metal, which is the highest for Ga. In addition, a minor bathochromic
shift of the Q-band occurs for perchlorinated complexes M(Cl)TPyzPACl8 as compared to
M(Cl)TPyzPA. Noteworthy is the single absorption maximum (B-band) in the near UV Soret
region (300–420 nm) that appears for M(Cl)TPyzPA, while B1- and B2-bands are present for
M(Cl)TPyzPACl8. Experimental spectra of Ga(OH)TPyzPACl8 and In(OH)TPyzPACl8 can
be found in ESI (Figures S2 and S3).

In addition, attention should be paid to the pronounced hyperchromic effect in metal-
free complexes caused by the superposition of several absorption bands with close wave-
lengths. The composition of the excited states forming the absorption bands is given in
Table 3.

It can be seen that the excited states of the compounds under consideration are formed
as a result of similar sets of electron transitions. The main composition of the excited states
responsible for the Q-band consists of transitions between the frontier π-orbitals. Hence
Q-band wavelengths correlate with the HOMO–LUMO gaps. The molecular orbitals level
diagram is shown in Figure 4. Stabilization of LUMO upon peripheral chlorination of
the TPyzPA macrocycle correlates with the electrochemical data [8], indicating that the
reduction potentials for Cl8TPyzPA complexes are shifted by 0.4–0.5 V in a less negative
region as compared to the values typical for unsubstituted TPyzPA complexes [10]. It is
also worth noting that the 11E states are formed mainly by Gouterman-type transitions a2
→ e* for metal complexes and transitions of the au→b1g and au→b3g types for metal-free
ones due to the lower symmetry of the latter [32–34]. The situation is typical for a number
of macrocycles of similar structure [35–37]. Despite the fact that the higher energy states
are formed by almost the same electronic transitions, they have a different composition,
and therefore energy.
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Table 3. Calculated composition of the lowest excited states and corresponding oscillator strengths
for TPyzPA and TPyzPzCl8 complexes.

Al(Cl)TPyzPA Al(Cl)TPyzPACl8

State Composition (%) λ, nm f exp. λ,
nm State Composition (%) λ, nm f exp. λ, nm

11E 4a1 → 1e∗ (8)
3a2 → 1e∗ (90) 570 0.31 11E 5a1 → 1e∗ (5)

3a2 → 1e∗ (90) 576 0.37 643

71E
3a1 → 1e∗ (54)
2b2 → 1e∗ (17)
4a1 → 1e∗ (22)

327 0.07 41E

2b1 → 1e∗ (5)
6a1 → 1e∗ (77)
3b1 → 1e∗ (7)
3a2 → 2e∗ (5)

377 0.37

91E

3a1 → 1e∗ (27)
4a1 → 1e∗ (58)
3a2 → 1e∗ (6)
3a2 → 2e∗ (6)

318 1.00 81E

5a1 → 1e∗ (70)
6a1 → 1e∗ (7)
3a2 → 1e∗ (7)
3a2 → 2e∗ (9)

331 0.95 363

Ga(Cl)TPyzPA Ga(Cl)TPyzPACl8

State Composition (%) λ, nm f exp. λ,
nm State Composition (%) λ, nm f exp. λ, nm

11E 4a1 → 1e∗ (8)
3a2 → 1e∗ (90) 565 0.32 11E 5a1 → 1e∗ (6)

3a2 → 1e∗ (90) 571 0.38 638

71E
3a1 → 1e∗ (26)
2b2 → 1e∗ (34)
4a1 → 1e∗ (32)

333 0.05 41E
5a1 → 1e∗ (6)
6a1 → 1e∗ (75)
4b2 → 1e∗ (13)

381 0.31

91E

3a1 → 1e∗ (47)
4a1 → 1e∗ (38)
3a2 → 1e∗ (6)
3a2 → 2e∗ (5)

319 0.95 81E

5a1 → 1e∗ (63)
6a1 → 1e∗ (8)
3a2 → 1e∗ (8)

3a2 → 2e∗ (16)
337 1.03 360

In(Cl)TPyzPA In(Cl)TPyzPACl8

State Composition (%) λ, nm f exp. λ,
nm State Composition (%) λ, nm f exp. λ, nm

11E 4a1 → 1e∗ (8)
3a2 → 1e∗ (89) 562 0.32 589 11E 3a2 → 1e∗ (90)

5a1 → 1e∗ (6) 569 0.38 649

71E

3a1 → 1e∗ (36)
2b2 → 1e∗ (26)
4a1 → 1e∗ (28)
3a2 → 2e∗ (7)

336 0.04 335 41E
6a1 → 1e∗ (76)
5a1 → 1e∗ (6)

3b2 → 1e∗ (14)
386 0.26

91E

3a1 → 1e∗ (43)
4a1 → 1e∗ (39)
3a2 → 1e∗ (7)
3a2 → 2e∗ (7)

320 0.98 81E

5a1 → 1e∗ (55)
6a1 → 1e∗ (6)
3a2 → 1e∗ (8)

3a2 → 2e∗ (22)
336 1.05 339

H2TPyzPA H2 TPyzPACl8

State Composition (%) λ, nm f exp. λ,
nm State Composition (%) λ, nm f exp. λ, nm

11B1u 3au → 1b∗1g (90) 555 0.35 645 11B1u 3au → 1b∗1g (90) 560 0.43 656

11B3u

3au → 1b∗3g (86)
2b2u → 1b∗1g (5)
3b2u → 1b∗1g (8)

552 0.33 611 11B3u

1b2u → 1b∗1g (5)
2b2u → 1b∗1g (7)
3au → 1b∗3g (86)

560 0.39 626

21B3u
2b2u → 1b∗1g (12)
3b2u → 1b∗1g (80)

382 0.12 31B3u

1b2u → 1b∗1g (5)
2b2u → 1b∗1g (85)
3au → 2b∗3g (5)

364 0.78 358

41B3u

1b2u → 1b∗1g (7)
2b2u → 1b∗1g (66)
3b2u → 1b∗1g (9)
3au → 1b∗3g (9)
3au → 2b∗3g (6)

315 1.32 330 41B1u
1b2u → 1b∗3g (18)
2b2u → 1b∗3g (78)

362 0.26 358

41B1u
1b2u → 1b∗3g (62)
2b2u → 1b∗3g (33)

311 0.29 41B3u
1b2u → 1b∗1g (6)
3au → 2b∗3g (91)

345 0.13

51B1u

1b2u → 1b∗3g (33)
2b2u → 1b∗3g (42)
3b2u → 1b∗3g (10)
3au → 1b∗1g (6)
3au → 2b∗1g (5)

306 0.94 51B3u
1b2u → 1b∗1g (79)
3au → 1b∗3g (8)

319 0.88

51B1u
1b2u → 1b∗3g (68)
2b2u → 1b∗3g (12)

316 1.34
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Figure 4. Molecular orbitals (MO) level diagram for H2TPyzPA, H2TPyzPACl8, M(Cl)TPyzPA and
M(Cl)TPyzPACl8 complexes. The values of higher occupied molecular orbital–lowest unoccupied
molecular orbital (HOMO–LUMO) gaps are given in eV.

Considering the shapes of the molecular orbitals (MOs) involved in the most probable
electronic transitions, we can conclude that the metal nature should not affect the Q-band
position since the boundary MOs are the linear combination of atomic orbitals (LCAO)
of the macrocyclic ligand. Nevertheless, the size of the coordination cavity depends on
the metal nature: changing the geometric structure provides an indirect effect on the
position of the Q-band. Moreover, the shape of the LUMOs depends on the metal nature
(Figure S1). In the case of Al, it consists of the bonding π-orbitals lying along the Cα-Cβ

bond and antibonding π-orbitals located around the Cα-Nm and Cα-Np bonds, while
for Ga and In, the Cα-Np bonds have a significant contribution to the bonding π-orbital,
probably due to the influence of the d-sublevel of the metal. The HOMO consists of
the AOs localized on carbon atoms of pyrrolic fragments, which is a typical picture for
porphyrazines [10,19,25,38]. Note that peripheral Cl atoms contribute to the formation
of the MOs involved in the electronic transitions corresponding to the B1-band in the
absorption spectrum. For the rest, the MO’s form is similar for all compounds; therefore,
it can be concluded that the ligand rather than metal has a decisive influence on the
absorption spectrum.

2.4. IR Spectra

The IR spectra were simulated on the basis of the normal mode frequencies and
band intensities, which have been calculated by the DFT (PBE0/def2-TZVP) method in a
harmonic approximation.

Bands of weak intensity appear in the region up to 600 cm−1, as well as the shift
of bands in the range from 600 to 1000 cm−1 occurs with the substitution of hydrogen
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atoms by the metal. It should be noted that the most intensive vibrational transitions
of the metal complexes are degenerate, while the splitting of the bands in the case of
the metal-free H2TPyzPA and H2TPyzPACl8 is observed due to the lower symmetry. It
results in two peaks with close frequencies formed by the normal vibrations of the pyrrole
and pyrrolenine fragments. A medium peak of the Np-H stretching at 3552 cm−1 and
3554 cm−1 (H2TPyzPA and H2TPyzPACl8, respectively) is typical for macrocycles such as
porphyrazines [25]. According to the experimental data [8,26], these frequencies are 3286
and 3287 cm−1, respectively.

In-plane vibrations contribute to the medium band at 1400 cm−1 in the spectra of
M(Cl)TPyzPA. Noteworthy are the main differences in the M(Cl)TPyzPA IR spectra ob-
served in the range of 300–600 cm−1 related to the weak bands with a strong contribution
of the M-Cl stretching.

It is worth noting that a low-frequency band shift occurs in both M(Cl)TPyzPA and
M(Cl)TPyzPACl8 in the Al→Ga→In series. Among the most intense peaks, the only
exception is the ω92-ω93 band at the ~1140 cm−1 for MTPyzPA, which corresponds to
in-plane vibrations of the macrocyclic core. Moreover, a significant decrease in these bands’
intensity occurs with an increase in the ionic radius of a metal [28].

The IR spectra of M(Cl)TPyzPA are similar in the range of 600–3500 cm−1 where the
influence of the metal is almost absent. The replacement of H by Cl leads to the vanishing
of the bands at 3190 cm−1, corresponding to the C-H stretching vibrations, and an increase
in the relative intensity of the peaks in the 800–1300 cm−1 region. Simulated spectra are
shown in Figure 5. The most intense bands at ~1250 cm−1 of all investigated compounds are
predominantly stretching vibrations of the bonds of pyrazine rings. Unlike M(Cl)TPyzPA
spectra with one peak with a relative intensity >50%, the M(Cl)TPyzPACl8 spectra also
contain the strong bands ω117-ω118, composed by Nd-Cγ and Cβ-Nd stretching vibrations.
Moreover, M(Cl)TPyzPACl8 spectra include more relatively intense peaks compared to
MTPyzPA. A description of the main vibrations is listed in Table 4 (full list of the most active
vibrations can be found in Supplementary Materials, Table S1). It is important to mention
that the calculated spectra of Ga(Cl)TPyzPACl8 and In(Cl)TPyzPACl8 are consistent with
the experimental ones with a factor ~0.95. Actually, the main differences may be caused by
another axial ligand (OH instead of Cl). Experimental spectra can be found in ESI (Figures
S4 and S5).

Figure 5. Calculated IR spectra of M(Cl)TPyzPA (a) and M(Cl)TPyzPACl8 (b).
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Table 4. Assignment of the IR vibrations of the M(Cl)TPyzPA and M(Cl)TPyzPACl8 complexes.

Frequency, cm−1 Irel, % Symmetry Assignment 1 Exp, cm−1

H2TPyzPA KBr [26]

1091 (ω86) 78 B1u

r(Np-Cα) (29),
r(Nm-Cα) (18),
r(Nd-Cγ) (10),
r(Cγ-Cγ) (12)

1040

1157 (ω90) 81 B2u

r(Np-Cα) (23),
r(Nm-Cα) (18),
r(Cα-Cβ) (6),
r(Cβ-Nd) (8),
r(Nd-Cγ) (6),

ϕ(Cα-Np-Hc) (8),
ϕ(Cβ-Nd-Cγ) (7)

1121

1242 (ω95) 100 B1u

r(Cα-Cβ) (14),
r(Cβ-Cβ) (10),
r(Nd-Cγ) (10),
ϕ(Nd-Cγ-Hs)

(7)r(Cβ-Nd) (6),
r(Cβ-Cβ) (42),
r(Cγ-Cl) (26),

ϕ(Nd-Cγ-Cl) (6)

1198

3193 (ω141) 24 B2u r(Hs-Cγ) (99) 3051
3552 (ω143) 45 B1u r(Hc-Np) (99) 3286

H2TPyzPACl8 KBr [8]

1242 (ω107) 100 B1u

r(Cβ-Nd) (6),
r(Cβ-Cβ) (42),
r(Cγ-Cl) (26),

ϕ(Nd-Cγ-Cl) (6)

1192

1255 (ω109) 98 B2u

r(Cβ-Nd) (8),
r(Cγ-Cγ) (46),
r(Cγ-Cl) (21),

ϕ(Nd-Cγ-Cl) (6)

1235

1281 (ω111) 67 B1u

r(Cα-Cβ) (8),
r(Cβ-Cβ) (19),
r(Nd-Cγ) (13),
r(Cγ-Cγ) (13)

1328 (ω116) 52 B1u

r(Np-Cα) (7),
r(Nm-Cα) (11),
r(Cβ-Nd) (12),
r(Nd-Cγ) (45)

1340 (ω117) 83 B2u

r(Np-Cα) (8),
r(Cα-Cβ) (10),
r(Cβ-Cβ) (8),
r(Cβ-Nd) (19),

ϕ(Cα-Np-Hc) (28)
3554 (ω143) 27 B1u r(Hc-Np) (99) 3287
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Table 4. Cont.

Frequency, cm−1 Irel, % Symmetry Assignment 1 Exp, cm−1

Al(Cl)TPyzPA

1140 (ω92-ω93) 53 E

r(Np-Cα) (24),
r(Nm-Cα) (14),
r(Cα-Cβ) (10),
r(Cβ-Nd) (12),
r(Nd-Cγ) (9)

1255 (ω98-ω99) 100 E

r(Np-Cα) (5),
r(Cα-Cβ) (15),
r(Cβ-Cβ) (14),
r(Nd-Cγ) (20),

ϕ(Cβ-Nd-Cγ) (9)

1404(ω113-ω114) 36 E

r(Cβ-Cβ) (12),
r(Cγ-Cγ) (13),

ϕ(Nd-Cγ-Hs) (36),
ϕ(Cγ-Cγ-Hs) (23)

3189 (ω142-ω143) 18 E r(Hs-Np) (99)

Al(Cl)TPyzPACl8 KBr [8]

1246 (ω111-ω112) 100 E
r(Cγ-Cγ) (43),
r(Cγ-Cl) (25),

ϕ(Nd-Cγ-Cl) (6)
1168

1293 (ω115-ω116) 52 E

r(Np-Cα) (8),
r(Cβ-Cβ) (15),
r(Nd-Cγ) (25),
r(Cγ-Cγ) (13)

1260

1331 (ω117-ω118) 97 E
r(Cα-Cβ) (8),
r(Cβ-Nd) (23),
r(Nd-Cγ) (49)

1323

Ga(Cl)TPyzPA

1142 (ω92-ω93) 44 E

r(Np-Cα) (49),
r(Nm-Cα) (11),
r(Cα-Cβ) (9),
r(Nd-Cγ) (9)

1254 (ω98-ω99) 100 E

r(Np-Cα) (6),
r(Cα-Cβ) (12),
r(Cβ-Cβ) (11),
r(Cβ-Nd) (9),
r(Nd-Cγ) (18)

1401 (ω113-ω114) 35 E

r(Cβ-Cβ) (11),
r(Cγ-Cγ) (12),

ϕ(Nd-Cγ-Hs) (36),
ϕ(Cγ-Cγ-Hs) (23)

3194 (ω142-ω143) 17 E r(Hs-Np) (99)

Ga(Cl)TPyzPACl8 this work

1248 (ω111-ω112) 100 E
r(Cγ-Cγ) (41),
r(Cγ-Cl) (24),

ϕ(Nd-Cγ-Cl) (6)
1232

1290 (ω115-ω116) 50 E

r(Np-Cα) (6),
r(Cα-Cβ) (7),

r(Cβ-Cβ) (17),
r(Nd-Cγ) (26),
r(Cγ-Cγ) (13)

1328 (ω117-ω118) 94 E
r(Cα-Cβ) (8),
r(Cβ-Nd) (22),
r(Nd-Cγ) (50)

1349
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Table 4. Cont.

Frequency, cm−1 Irel, % Symmetry Assignment 1 Exp, cm−1

In(Cl)TPyzPA KBr [39]

1143 (ω92-ω93) 36 E

r(Np-Cα) (49),
r(Nm-Cα) (10),
r(Cα-Cβ) (6),
r(Nd-Cγ) (10)

1100

1247 (ω98-ω99) 100 E

r(Np-Cα) (5),
r(Cα-Cβ) (15),
r(Cβ-Cβ) (14),
r(Nd-Cγ) (20)

1213

1396 (ω113-ω114) 34 E

r(Cβ-Cβ) (10),
r(Cγ-Cγ) (10),

ϕ(Nd-Cγ-Hs) (34),
ϕ(Cγ-Cγ-Hs) (22)

1364

3194 (ω142-ω143) 17 E r(Hs-Np) (99) 3316

In(Cl)TPyzPACl8 this work

1250 (ω111-ω112) 100 E
r(Cγ-Cγ) (44),
r(Cγ-Cl) (26),

ϕ(Nd-Cγ-Cl) (6)
1264

1280 (ω114-ω115) 50 E

r(Np-Cα) (5),
r(Cα-Cβ) (7),

r(Cβ-Cβ) (19),
r(Nd-Cγ) (26)

1323

1325 (ω117-ω118) 83 E
r(Cα-Cβ) (8),
r(Cβ-Nd) (23),
r(Nd-Cγ) (49)

1364

1 Coordinates are listed provided that their contributions (shown in parentheses) are greater than ~5%. Assignment
of vibrational modes based on potential energy distribution. The following designations of the coordinates are
used: r—stretching of the bond; ϕ—bending, a change in the angle; OPB—out-of-plane bending; θ—a change in
the dihedral angle. Experimental frequencies are given for metal complexes with an axial–OH ligand.

3. Materials and Methods

3.1. Synthesis

Octachlorotetrapyrazinoporphyrazinatogallium(III) hydroxide, [Ga(OH)TPyzPACl8].
A mixture of 5,6-dichloropyrazine-2,3-dicarbonitrile (200 mg, 1 mmol) and gallium(III)
hydroxydiacetate (50 mg, 0.24 mmol) was melted at 200 ◦C for 10 min. The obtained solid
was powdered, washed with CH2Cl2, then dissolved in conc. H2SO4, precipitated by
pouring into ice-water, centrifuged and washed with MeOH. After drying, the complex
was obtained as dark green hydrated material.

Octachlorotetrapyrazinoporphyrazinatoindium(III) hydroxide, [In(OH)TPyzPACl8].
A mixture of 5,6-dichloropyrazine-2,3-dicarbonitrile (1) (200 mg, 1 mmol) and indium(III)
hydroxydiacetate (50 mg, 0.2 mmol) was melted at 200 ◦C for 10 min. The obtained solid
was powdered, washed with CH2Cl2, then dissolved in THF and chromatographed on
silica with THF as eluent. The eluted product was precipitated by pouring into water,
centrifuged and washed with MeOH. After drying, the complex was obtained as dark
green hydrated material [8].

The IR spectra were measured on an IR-spectrometer Cary 630 FT-IR using KBr pellets.
UV–Vis spectra were recorded using a Cary UV-Vis spectrophotometer in THF solution
and can be found in ESI.

3.2. Computational Details

The DFT study of M(Cl)TPyzPA and M(Cl)TPyzPACl8 included geometry optimiza-
tion and calculations of the harmonic vibrations, followed by calculation of the electronic
absorption spectrum by the TDDFT method. The number of the calculated excited states
was 30. The calculations were performed using the PBE0 functional with the density
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functional dispersion correction D3 provided by Grimme [40] with the def2-TZVP basis
set [41] taken from the EMSL BSE library [42–44]. Firefly QC package [45], which is partially
based on the GAMESS (US) [46] source code, was used to obtain the optimized geometry,
electronic absorption spectra and NBO-analysis. The optimized Cartesian coordinates of
H2TPyzPA, H2TPyzPACl8 and their metal complexes with Al, Ga, In are available in the
Supplementary Materials.

The calculations of IR spectra were carried out with use of Gaussian09 [47] software
package due to the fact it applies analytical functions in the second derivatives computing.
The molecular models and orbitals demonstrated in the paper were visualized by means of
the Chemcraft program [48].

4. Conclusions

The geometry and electronic structure of TPyzPA were investigated using PBE0-D3
functional with basis set def2-TZVP. The distance M-X between the metal atom and the
center of the plane formed by four nitrogen atoms Np increases in line with the size of a
metal atom. Structural parameters of the TPyzPA macrocyclic ligand are practically inde-
pendent of the nature of a metal atom and peripheral −Cl substitution. The fact that (Np
. . . Np)opp and (Np . . . Np)adj are substantially different for Al, Ga and In complexes, while
the perimeter of the coordination cavity almost remains invariant for both M(Cl)TPyzPA
and M(Cl)TPyzPACl8 complexes, indicates that the degree of distortion increases from Al
to In. At the same time, the substitution of H-atoms for Cl mainly affects the internuclear
distances of pyrazine rings and has a negligible effect on the Np-Cα and Cα-Nm.

According to the NBO-analysis of electron density distribution, the strong donor–
acceptor interactions of the types: LP(N) → ns(M) and LP(N) → np(M), where n is the
principal quantum number for the valence shell of the metal atom, stabilize the complexes.

It was found that the HOMO–LUMO gap is slightly affected by the nature of the metal
and increases in the Al-Ga-In series. The substitution of H-atoms for Cl leads to a decrease
in the energy of the frontier MOs of M(Cl)TPyzPACl8 as compared to M(Cl)TPyzPA.
Furthermore, the LUMO is stabilized much more than the HOMO, resulting in a smaller
HOMO–LUMO gap.

Simulated electronic absorption spectra show that the metal nature slightly influences
the position of the band’s position. In the series Al→Ga→In→H2, the Q-band is shifted to
a shorter wavelength. In addition, a minor bathochromic shift occurs in M(Cl)TPyzPA com-
pared to M(Cl)TPyzPACl8. The excited states corresponding to the Q-bands are composed
mainly of Gouterman-type transitions. The electronic absorption spectra of TPyzPACl8
contain three intense maxima, while only two peaks were found for TPyzPA. The addi-
tional B1 band in the M(Cl)TPyzPACl8 spectra is caused by the transitions from MOs with
a contribution of AOs of the peripheral Cl atoms.

The calculated IR spectra of TPyzPACl8 have a significant difference in comparison
with TPyzPA due to heavy Cl atoms being involved in the vibrations that form medium
and strong bands in the region of 1000–1500 cm−1.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23105379/s1.
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Abstract: The process of protonation of [2,6-B10H8O2CCH3]− was investigated both theoretically and
experimentally. The most suitable conditions for protonation of the derivative [2,6-B10H8O2CCH3]−

were found. The process of protonation was carried out in the presence of an excess of trifluo-
romethanesulfonic acid CF3SO3H at room temperature in dichloromethane solution. The structure of
the resulting complex [2,6-B10H8O2CCH3*Hfac]0 was established using NMR data and the results
of DFT calculations. An additional proton atom Hfac was found to be localized on one of the facets
that was opposite the boron atom in a substituted position, and which bonded mainly with one
apical boron atom. The main descriptors of the B-Hfac bond were established theoretically using
QTAIM and NBO approaches. In addition, the mechanism of [2,6-B10H8O2CCH3]− protonation
was investigated.

Keywords: closo-borates; boron cluster; protonation; DFT calculation; NMR spectra; QTAIM;
Fukui function

1. Introduction

The investigation of covalent and noncovalent interactions is one of the main tasks of
modern inorganic chemistry [1,2]. Such studies provide an opportunity to better under-
stand the structures of chemical substances and their properties. By examining chemical
bonds, it is possible to establish factors that influence their breaking and formation [3,4].
This fact can be used to produce new substances with given properties. A combined
theoretical and experimental approach is the best way to investigate such phenomena [5,6].

There are several driving forces behind bonding formation: orbital, electrostatic,
and the van der Waals interactions [7–9]. Information about the energy characteristics
of such interactions is one of the most important descriptors. Theoretical methods allow
exploration of the nature of chemical interactions and estimation of their energies in a
simple and intuitive way. The application of such popular and well-established methods
as QTAIM (Quantum Theory of Atoms in Molecules), ELF (Electron Localization Function),

Int. J. Mol. Sci. 2022, 23, 4190. https://doi.org/10.3390/ijms23084190 https://www.mdpi.com/journal/ijms162



Int. J. Mol. Sci. 2022, 23, 4190

and NBO (Natural Bond Orbitals) analysis provides the opportunity to find essential
information about the chemical structure and bonding of target compounds [10–14].

Closo-borates and related compounds have always attracted attention due to their
unusual structure. Their electron structures cannot be described in terms of the classic
Lewis approach [11,15]. For a correct description of the structure of closo-borate compounds,
the terms of 3D-aromacity are used. Closo-borates possess various interesting properties,
such as thermodynamic and oxidative stability and biological activity [16–18]. These
properties determine the potential application of closo-borate systems for the preparation
of solid-state batteries [19], magnetic and hydrogen storage materials [20,21], and drugs for
BNCT (boron neutron capture therapy) [22–24]. Such systems can form various covalent
and noncovalent interactions. It is impossible not to mention the tremendous contributions
of the pioneers of boron cluster chemistry, such as Lipscomb [25–28], Hoffman [29–31],
Wade [32–34], Mingos [35–37], and Muetterties [38–41]. Their works have significantly
expanded ideas about the structure and properties of such systems. Currently, there is a
great deal of interest in the chemistry of closo-borate anions [42,43]. The phenomena of
the exo-polyhedral B-X (X = H, C, N, O, F) bonds have been extensively studied [44–46],
for example, research into the main characteristics of these bonds for hydroxy-derivatives
[BnHn-1OH]2− (n = 6, 10, 12) was carried out [47]. For the exo-polyhedral B-O bonds, it
has been established that, for the closo-borate anion, covalent interactions increase with
an increase in the boron cluster size. Noncovalent contacts of closo-borate anions and
related compounds have also been investigated [48]. This type of interaction is weaker
than covalent bonds but also has a significant effect on the structure and properties of
the systems under study. For example, the interactions of nitrile derivatives with various
nucleophiles have previously been studied [34,49–52]. It was shown that the structure
of the products obtained was the result of noncovalent interactions between protons of
nucleophile and hydrogen atoms of the cluster anion.

Closo-borate anions possess an excess of electron density and can act as an electron
donor for an electrophilic system. They can form a complex with different Lewis acids:
protons, AlCl3, MLn, and others [42,53]. Previously, the structure of the [B10H11]− anion
was studied both theoretically and experimentally [54,55]. It was shown that Hfacmoves
freely in the equatorial belt, with a very low energy barrier (approximately 1 kcal/mol) [20].

The present study focused on [2,6-B10H8O2CCH3]−. This anion is a member of the
class of borylated heterocycles. Analogous derivatives based on borylated boroxazole
were also investigated for closo-decaborate and dodecaborate anions [56–59]. Several ap-
proaches for the preparation of this class of closo-borate derivatives have been explored
previously [60,61]. In addition, the disclosure reaction of borylated heterocycle has been
established [62]. [2,6-B10H8O2CCH3]− is a convenient model system for the investigation
of the protonation process. This system is more symmetrical than mono-substituted deriva-
tives and the number of possible isomers is reduced, compared to them. The protonation
process of a given anion can be readily investigated. It is important to assess the differences
and similarities between the protonation of the original anion [B10H10]2− and the deriva-
tives based on it. In addition, the protonation of a given derivative enables the preparation
of a derivative with a degree of substitution equal to three. Thus, in the present research, a
combined theoretical and experimental study of the protonation of [2,6-B10H8O2CCH3]−
was carried out.

2. Results and Discussion

2.1. Experimental Protonation

First, the protonation process of [2,6-B10H8O2CCH3]− was conducted experimentally.
As described previously [63], systems of the general form [B10H9L]− have a lesser possibil-
ity of forming a protonated complex than the [B10H10]2− anion. A possible reason for this
is that the introduction of a positively charged group reduces the ability of the cluster cage
to donate its electron density. Anion [B10H10]2− can be easily transferred into [B10H11]− in
the presence of trifluoroacetic acid CF3COOH. For the preparation of a protonated complex
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of the general form [B10H9OR1R2*Hfac]0, however, trifluoromethanesulfonic acid CF3SO3H
was used. In the present work, trifluoroacetic acid CF3COOH was also used as a proton
donor, but the protonation process did not take place. As in the case of oxonium derivatives
[B10H9OR1R2]−, the protonation of the derivative [2,6-B10H8O2CCH3]− was carried out in
the presence of CF3SO3H at room temperature (Scheme 1). Dichloromethane CH2Cl2 was
used as a solvent. The application of another solvent was impossible due to the interaction
of [2,6-B10H8O2CCH3*Hfac]0 with the molecules of the solvents. [2,6-B10H8O2CCH3*Hfac]0

was formed immediately after the addition of the acid. The distinctive feature of this
process is that the protonation of the cluster anion requires an excess of CF3SO3H acid.
For an investigation of these phenomena, the experiment with sequential addition of
CF3SO3H acid to a dichloromethane solution of the initial [2,6-B10H8O2CCH3]− derivative
was conducted. The process was monitored by 11B-NMR spectroscopy (Figure S1). Detailed
information about the NMR spectra of the initial and target substances and the correlation
of all signals are given below in the NMR spectra analysis section. When one equivalent
of acid was added to the system, the overall structure of the spectrum characteristic of
the original derivative was preserved, but one of the signals was broadened. This signal
corresponds to boron atoms in apical positions. The given pattern indicates the possibility
of the formation of intermolecular contacts between the carboxonium derivative and the
trifluoromethanesulfonic acid molecule. When one more acid equivalent is added to the
system, a more significant change in the spectrum was observed, which may indicate the
formation of molecular complexes between the [2,6-B10H8O2CCH3]− derivative and the
acid molecule. The formation of the target substance was also observed, as indicated by the
presence of a broadened signal in the region of 20 ppm. However, the yield of the target
product did not exceed approximately 10 percent. A more accurate estimation of the target
product yield could not be made due to the overlapping signals of the target product and the
cluster-acid complex. At ratios [2,6-B10H8O2CCH3]−:CF3SO3H equal to 1:3 and 1:4, an increase
in the yield of the target product was observed. In the case of the 1:4 ratio, the yield of the target
product reached approximately 40 percent. Finally, in the presence of 5 equivalents of CF3SO3H,
complete protonation of [2,6-B10H8O2CCH3]− with formation of [2,6-B10H8O2CCH3*Hfac]0

occurred. Further addition of the acid excess did not change the form of the spectrum, indicating
the completeness of the protonation process. It is noteworthy that [2,6-B10H8O2CCH3*Hfac]0 is
stable only as a solvent at room temperature and without air.

Scheme 1. Protonation of carboxonium derivative [2,6-B10H8O2CCH3]− anion.

2.2. Fukui Function

In the next step, the potential position in the boron cluster for the coordination of an
additional proton atom was investigated. The protonation process of [2,6-B10H8O2CCH3]−
can be considered to be an electrophilic attack on the boron cluster. The Fukui functions
approach is the best tool for investigation of the most likely position in the molecule
for an electrophilic or nucleophilic attack [64–66]. Previously, it has been shown, with
the help of Fukui functions, that electrophilic attack on closo-borate anions is performed
predominantly in the apical position [67,68]. In the present investigation, Fukui functions
were used with different approaches employed for their calculation (Table S2). As in
the case of [BnHn]2− systems [68], the Hirshfeld approach is the best for calculating the
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electrophilic attack positions. In the present case, electrophilic attack on closo-borate
anions was performed predominantly in the apical position (the optimized structures of
[2,6-B10H8O2CCH3]− and [2,6-B10H8O2CCH3*Hfac]0 are shown in Figure 1). Thus, the
data from the Fukui functions analysis indicated that the Hfac was localized near apical
positions (Table S3).

Figure 1. Optimized structures of [2,6-B10H8O2CCH3]− and [2,6-B10H8O2CCH3*Hfac]0.

2.3. Protonation Mechanism

The mechanism of [2,6-B10H8O2CCH3]− protonation was investigated. Initially, com-
plex [2,6-B10H8O2CCH3

*CF3SO3H]− (Comp) formed endoergonically (by 23 kJ·mol−1, in
terms of Gibbs free energies). The main driving force behind the formation of this complex
is the dihydrogen bond between the proton atom from CF3SO3H and the equatorial hydro-
gen atom from the boron polyhedron. The contact length of Heq–H was equal to 1.60 Å. The
presence of the dihydrogen bond was proved with the help of QTAIM analysis of the Comp
structure (Figure 2). In addition, the C–F· · ·H–B contact was detected. According to the
main topological descriptors of electron density C–F· · ·H–B, contact can be characterized
as being very weak.

Figure 2. Molecular graph showing the results of the topological analysis of the electron density
distribution in the model structure of the [2,6-B10H8O2CCH3

*CF3SO3H]− (Comp).

In the next step, the proton migrated to a boron polyhedral through the formation
of the transition state (TS). The preferred location for the proton attack was the face of
the polyhedron opposite the substituted position. The proton from CF3SO3H acid in TS
connected mainly with the boron atom in the apical position, which was demonstrated
with the help of QTAIM analysis (Figure 3). In the case of TS, the contact length between
the apical boron atom and the proton atom from CF3SO3H was equal to 1.48 Å. The overall
energy barrier of proton migration was 69 kJ·mol−1.
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Figure 3. Molecular graph showing the results of the topological analysis of the electron density
distribution in the model structure of TS. Atomic designations are given in Figure 2.

Finally, [B10H8O2CCH3*Hfac]0 formed. The overall process of boron cluster protona-
tion is endoergonical (by 18.5 kJ·mol−1, in terms of Gibbs free energies) (Figure 4). Thus,
due to ΔG > 0 overall, a reaction did not occur in the presence of 1 equivalent of CF3SO3H.
This finding correlates well with experimental data and the main reason it occurred is the
weak stabilization of CF3SO3

− in the dichloromethane solution. Additional proton donors
are required to stabilize this anion. The use of an excess of trifluoromethanesulfonic acid
can provide this. The CF3SO3

− can be stabilized by hydrogen bonds between oxygen atoms
of this anion and hydrogen atoms of CF3SO3H. For example, complex between CF3SO3

−
anion and CF3SO3H was observed (Figure S8). This complex possesses strong hydrogen
bonds and the formation of a given system is an exergonic process. It is worth noting that
the addition of the acid excess also significantly changed the properties of the medium,
which in turn can change the solvation energy of the model system under consideration.
This aspect may also contribute to the fact that the protonation process becomes exergonic
when an excess of the acid is supplied.

Figure 4. Energy profile of protonation of [2,6-B10H8O2CCH3]−. TfOH–CF3SO3H, TfO−–CF3SO3
−.

The deciphering of other abbreviations is given in the main text.
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2.4. NMR Spectra Analysis
11B NMR spectra were used for the confirmation suggestion based on the Fukui index

results and to establish the structure of the resulting complex. It is useful to consider
the spectra of the [2,6-B10H8O2CCH3]− anion. Due to the high symmetry of the given
system, the two boron atoms in the substituted positions and the two apical atoms are
pairwise equivalent. Atoms in equatorial positions are split into two groups of signals
(Figure 5). Thus, as described previously, the 11B NMR spectra of the initial anion were
characterized by four signals, as follows: a signal at 0.0 ppm with integral intensities I = 2,
corresponding to the boron atoms from equivalent substituted positions. This signal did
not split in the absence of broadband decoupling; a signal at −7.1 with integral intensities
I = 2, corresponding to boron atoms from equivalent apical positions; and signals from
equatorial positions appeared at −17.6 (I = 2) and −30.0 (I = 4). This interpretation of
the spectrum is based on previously obtained spectral data for several closo-decaborate
derivatives with B-O exo-polyhedral bonds. This approach does not, however, enable a
complete correlation of signals and leaves some room for speculation.

Figure 5. 11B-1H NMR spectra of [B10H8O2CCH3]− (bottom) and [B10H8O2CCH3*Hfac]0 (top). The
numbers are the positions of the boron atoms in the cluster polyhedral.

The theoretical calculation of chemical shielding enabled the full correlation of the
signals in the 11B NMR spectra with the boron positions in a cluster cage. Several com-
putational levels for calculating NMR shifts were tested: wB97X-D3, B3LYP, and B97
DFT-functionals with 6–31++G(d,p), IGLO-III, and EPR-III basis sets (Table S5). To evaluate
the difference between the theoretical and experimental data, the values of the root-mean-
square deviation (RMSD) were used. The wB97X-D3 level of theory provided the worst
results, with all basis sets. The values of RMSD were quite large (the range of RMSD values
lay in the range 46–47) and applying this method did not enable the deciphering of the
11B spectra of given compounds. Improved results were obtained with the application of
the hybrid functionals B3LYP and B97. In the case of the B97 functional, the best values of
RMSD were obtained (Table S5). The RMSD value for the B97/IGLO-III level of theory was
equal to 3.7. Thus, applying the results of the theoretical calculation, the assumption about
the chemical shifts of atoms in the substituted and apical positions proved to be correct. In
addition, the signal at −17.6 ppm corresponded to boron atoms from the equatorial belt in
the B3 and B9 positions. The signal from −30.0 ppm corresponded to atoms in the B4, B5,
B7, and B8 positions.
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The 1H NMR spectra of [2,6-B10H8O2CCH3]− were considered. For a simple view of
the spectrum and the correct correlation of signals, it is best to use 1H-11B NMR spectra
(Figure S2). Some of the signals appeared, however, as broadened lines, making it difficult
to identify them. Signals from the methyl substituent appeared at 2.18 ppm, and signals
from apical positions at 3.16 ppm were well represented. Signals from equatorial positions
appeared at 1.79, 0.39 and 0.12 ppm.

The addition of a proton reduced the symmetry of the resulting system and the spectra
of [2,6-B10H8O2CCH3*Hfac]0 were more complicated than those of [2,6-B10H8O2CCH3]−.
Boron atoms were split into separate signals. Thus, it was impossible to elucidate the
structure of [2,6-B10H8O2CCH3*Hfac]0 by only applying the 1D 11B spectra. To decipher
these spectra, the 11B-11B COSY spectra and theoretical calculations were used (Figure S5).
This type of spectrum indicates that, contrary to the case of the [B10H11]− anion, the proton
in this anion does not migrate along one of the equatorial belts but is localized on one of the
edges. Based on the calculated data, the most stable isomer Iso1 was found. In this isomer,
the proton was localized on the edge opposite the substituted position. The structure of this
isomer is described in more detail below. Similar to the initial anion [2,6-B10H8O2CCH3]−,
the B97 functional worked well for the prediction of NMR spectra. The RMSD value for the
B97/IGLO-III level of theory was equal to 3.5 (Table S5).

As in the case of [B10H11]−, the anion [2,6-B10H8O2CCH3*Hfac]0 has two non-equivalent
apical positions. The first of them is bonded with additional proton atoms Hfac and the
second one is not. Signal from the boron atom of the apical position B10, which was not
bonded with Hfac, shifted into a low field and appeared at 19.4 ppm. Similar observations
were made in the case of the apical position B10 of the [B10H11]− anion. In addition,
the existence of this shift was proved by theoretical calculation. According to theoretical
calculation, the signal of the apical position B10 appeared at 13.4 ppm. The chemical shift
from the apical position B1, which bonded with Hfac, shifted in the high field and appeared
at −26.9 ppm. The boron atoms in the substituted positions were also not equivalent in the
case of a protonated cluster. The signal at 0.2 ppm correlated with the B10 position of the
boron cluster in the 11B-11B COSY NMR spectra, thus it corresponded to the B6-substituted
position, which is opposite to the apical position with Hfac. Another substituted position
was found at −1.6 ppm. At −15.4 ppm, the signal from the B4,5 positions appeared. Signals
from the B3 and B7 positions were relatively close, appearing at −19.0 and −20.1 ppm,
respectively. Signals from the B9 and B8 positions had the greatest negative chemical shift
value at −26.1 and −27.8 ppm, respectively.

In the 1H NMR spectra of [2,6-B10H8O2CCH3*Hfac]0, the signal of the methyl group
was observed at 2.45 ppm (Figure S3). Signals from the exo-polyhedral cluster were in
the range 5.16–0.33 ppm. It is noteworthy that the signal at 5.16 ppm corresponded to a
hydrogen atom connected with a boron atom in the B10 position. This assumption is based
on the result of 1H NMR spectra modeling. According to the results of the calculations,
the proton in the downfield region belonged to the given atom. The signal from Hfac

,
according to theoretical calculations, was in the downfield region at 0.00 ppm. In the
experimental spectra, the most upfield signal was at 0.33 ppm. In the 13C NMR spectra
of [2,6-B10H8O2CCH3*Hfac]0, the signal of the carbonyl group carbon atom was observed
at 194.0 ppm and the signal of the methyl group carbon atom was observed at 20.10 ppm
(Figure S4). In the IR-spectra, the B-H bands were shifted from 2490 cm−1 in the initial
[2,6-B10H8O2CCH3]− to 2540 cm−1 in [2,6-B10H8O2CCH3*Hfac]0 (Figure S6).

2.5. Structure Elucidation

The structure of [2,6-B10H8O2CCH3*Hfac]0 was examined using DFT calculation. Sev-
eral possible isomers were calculated (Figures 6 and S7, Table S4). Calculations were
performed in the gas phase and considering the solvation effect. In both cases, the isomers
differed significantly in terms of energy. The Iso1 and Iso2 isomers were the most thermody-
namically stable (Figure 6). In these isomers, an extra proton, in addition to the equatorial
boron atoms, was localized on the apical boron atom. The Iso1 in which the proton was
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localized on the edge opposite the substituted position had the highest negative Gibbs
energy among all isomers. The energetic barrier for the migration of the proton atom from
Iso1 to Iso2 was equal to 30 kJ·mol−1in the gas phase and 25 kJ·mol−1 in dichloromethane
solution. Isomers with the localized proton only on equatorial boron atoms were the least
thermodynamically stable and had the smallest negative Gibbs energy values. The energy
barrier between Iso1 and Iso3 was 50 kJ·mol−1 for both the gas and dichloromethane phase.
This energy barrier was less than that of the anion [B10H11]−. Thus, Iso1 was the most
stable isomer among the other possible structures of [2,6-B10H8O2CCH3*Hfac]0.

 

Figure 6. Optimized structures of the main isomers of [2,6-B10H8O2CCH3*Hfac]0. The atomic desig-
nations are given in Figure 1. ΔGgp—relative Gibbs energy of isomer in gas phase. ΔGdcm—relative
Gibbs energy of isomer in dichlormethane solution.

The geometric parameters of this isomer were discussed in detail (Table S1). The
bond length between Hfac and the apical boron atom was 1.28 Å, whereas the analogous
parameter for the bond between Hfac and the equatorial boron atom was 1.42 Å. The bond
length between equatorial boron atoms and the apical boron atom that bonded with the
proton increased compared to the same parameter in the original cluster. This parame-
ter increased from 1.72 to 1.84 Å. The phenomena of B-Hfac contacts were investigated
using Wiberg bond order indices and QTAIM analysis (Figure 7). Applying the QTAIM
method, a molecular graph of the electron density distribution in [2,6-B10H8O2CCH3*Hfac]0

was obtained. The molecular graph indicated that Hfac has interactions with apical and
equatorial boron atoms. The Bap–Hfac interaction was characterized by a greater value of
the Wiberg bond order index compared to that of Beq–Hfac. The Bap–Hfac interaction was
also characterized by greater values of ρ(r), total energy at the bond critical point, and the
delocalization index. These data indicate that Hfac is predominantly bonded with the boron
atom in the apical position. An analogous investigation was carried out for the case of
the [B10H11]− anion. For this anion, Hfac only bonded with the boron atom in the apical
position. This contact was characterized by a longer Bap-Hfac bond and smaller values of
the main bond descriptors. Thus, in the case of [2,6-B10H8O2CCH3*Hfac]0 Bap–Hfac has
greater covalent interaction than the [B10H11]− anion.
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Figure 7. Molecular graph showing the results of the topological analysis of the electron density distri-
bution in the model structures of [B10H11]− and [2,6-B10H8O2CCH3*Hfac]0. The atomic designations
are given in Figure 2.

The values of the main bond descriptors indicated that the Bap–Hfac interactions
were significantly weaker than those of the covalent interactions between boron atoms
and exo-polyhedral hydrogen atoms. It is noteworthy that the values of the main bond
descriptors of B-H and B-O bonds were greater in the case of [2,6-B10H8O2CCH3*Hfac]0

than in [2,6-B10H8O2CCH3]−. This indicates that the strength of these contacts increases.
A possible reason for these phenomena may be the reduction in the total charge in the
system compared to that of the initial anion [2,6-B10H8O2CCH3]−. The atomic charges on
the boron atoms are reduced and the electron repulsion in the exo-polyhedral bonds is
also reduced.

3. Materials and Methods

3.1. Computational Details

The full geometry optimization of all model structures was carried out at the ωB97X-
D3/6–31++G(d,p) level of theory [69,70] with the help of the ORCA 4.2.1 program package
(Mülheim an der Ruhr, Germany) [71] (the atom-pairwise dispersion correction with
the zero-damping scheme was utilized [70]). The convergence tolerances for the ge-
ometry optimization procedure were as follows: energy change = 5.0 × 10−6 Eh, max-
imal gradient = 3.0 × 10−4 Eh/Bohr, RMS gradient = 1.0 × 10−4 Eh/Bohr, maximal
displacement = 4.0 × 10−3 Bohr, and RMS displacement = 2.0 × 10−3 Bohr. Spin-restricted
approximation for the model structures with closed electron shells was used. Symmetry
operations were not applied during the geometry optimization procedure for any of the
model structures. The Hessian matrices were calculated numerically for all optimized
model structures in order to prove the location of correct minima on the potential energy
surfaces (no imaginary frequencies for all reactants, intermediates, and final products;
only one imaginary frequency for transition states). The connectivity of each reaction
step was also confirmed using the intrinsic reaction coordinate (IRC) calculation from
the transition states [72–74]. Solvent effects were considered using the Solvation Model
based on Density (SMD) [75]. The natural bond orbital (NBO) method was emplyed,
using the NBO7 program package (Madison, WI, USA) [76]. Topological analysis of the
electron density distribution, using the Quantum Theory of Atoms in Molecules (QTAIM)
formalism developed by Bader [12], was employed with the Multiwfn program, version 3.7
(Beijing, China) [77]. The Cartesian atomic coordinates for all optimized equilibrium model
structures are presented in the Supplementary Materials. Visualization of the optimized
structures was carried out with the help of ChemCraft program version 1.7 (Ivanovo, Rus-
sia) [78]. In the case of the molecular graph showing the results of the topological analysis
of the electron density distribution visualization, the Multiwfn program (version 3.7) was
employed [77].
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3.2. IR Spectra

The IR spectra of the prepared compounds were recorded on an Infralyum FT 02
Fourier transform spectrometer (Lumex Instruments Research and Production Company,
Fraserview Place, Vancouver, BC, Canada) in the region of 300–4000 cm–1 and with a
resolution of 1 cm–1. Samples were prepared as dichloromethane CH2Cl2 solution.

3.3. NMR Spectra

The NMR (1H, 11B, 13C) spectra of the solutions of the studied compounds in CD3CN
were recorded on a Bruker Avance II 300 spectrometer (Ettlingen, Germany) operating at
300.3, 96.32, and 75.49 MHz, respectively, using an internal deuterium lock. Tetramethylsi-
lane and boron trifluoride etherate were used as external references.

3.4. Protonation of ((C6H5)4P)[2,6-B10H8O2CCH3]

CF3SO3OH (0.018 mL, 1.5 mmol) was added to a solution of ((C6H5)4P)[2,6-B10H8O2CCH3]
(20 mg, 0.3 mmol) in deuterated dichloromethane CD2Cl2 (0.5 mL), in a dry argon atmo-
sphere. The resulting mixture was kept at room temperature for 10 min. IR-spectra
(dichloromethane solution): V(BH) 2590 cm−1, 2555 cm−1. 11B-{1H} NMR (CD2Cl2, ppm):
19.2 (s, B10, I = 1), 1.4 (d, B6, I = 1), −0.2 (d, B2, I = 1), −15.2 (d, B4, I = 1), −15.7 (d, B3,
I = 1), −19.1 (d, B5, I = 1), −20.1 (d, B9, I = 1), −24.4 (d, B7, I = 1), −26.1 (d, B1, I = 1), −27.8
(d, B8, I = 1). 1H NMR (CD2Cl2, ppm): 11.75 (CF3SO3H), 7.97 (m, Ph4P+, I = 4), 7.80 (m,
Ph4P+, I = 8), 7.66 (m, Ph4P+, I = 8), 5.17 (s, B(10)H, I = 1), 2.68 (s, B(3)H, I = 1), 2.50 (s, CH3,
I = 3), 2.03 (s, B(9)H, I = 1), 1.60 (s, B(4)H, I = 1), 1.32 (s, B(5)H, I = 1), 0.93 (s, B(7)H, I = 1),
0.62 (s, B(8)H, I = 1), 0.36 (s, Hfac, I = 1). 13C NMR (CD2Cl2, ppm): 194.7 (O2CCH3), 140.6
(Ph4P+), 139.8 (Ph4P+), 135.8 (Ph4P+), 122.7 (Ph4P+), 118.1 (CF3SO3H), 20.1 (O2CCH3).

4. Conclusions

The process of protonation of the carboxonium derivative [2,6-B10H8O2CCH3]− was
investigated. In the case of the carboxonium derivatives of closo-decaborate anions, tri-
fluoromethanesulfonic acid CF3SO3H was used as a proton donor. By considering the
reaction mechanisms, the reason for the excess of CF3SO3H was established. The excess
acid was required to stabilize the anion CF3SO3

−, which in turn caused the total proto-
nation process to become exergonic. In contrast to the anion [B10H11]−, in the case of
[2,6-B10H8O2CCH3*Hfac]0, the proton did not migrate along the equatorial belt and was lo-
calized on a facet opposite the B atoms bonded with the exo-polyhedral substituent. Based
on theoretical modeling data, it was shown that the proton was predominantly bound to
the apical boron atom. In addition, the 11B-1H NMR spectra of the final compound were
quite complicated and difficult to decipher. Using theoretical modeling data, all signals
were correlated with the positions of the boron atoms in the cluster. Theoretical calculations
at the B97/IGLO-III level of theory corresponded perfectly with the experimental 11B-1H
NMR spectra data. [2,6-B10H8O2CCH3*Hfac]0 can be considered to be a promising synthon
for the preparation of trisubstituted derivatives of closo-borate anion.
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Abstract: The vibration spectroscopy (Raman and infrared) of widely concerned molecules in sulfur
corrosion phenomenon (Dibenzyl Disulfide, Dibenzyl Sulphide, and Bibenzyl) is detailedly analyzed
based on density functional theory and experimental measurement. The dominant conformations of
these molecules are determined according to Boltzmann distribution in relative Gibbs free energy.
Additionally, noncovalent interaction analysis is conducted to indicate intramolecular interaction.
Vibration normal mode is assigned based on potential energy distribution, which comprehensively
reveals the molecular vibrational behaviors. Conformations weighted spectra are obtained and
compared with experimentally measured spectra. We found that experimental spectra are in good
agreement with the theoretical spectra in B3LYP-D3(BJ)/6-311G** level with a frequency correction
factor. Furthermore, the divergence among these molecules is discussed. The vibrational behavior of
the methylene group in the molecule shows a trend with the presence of the sulfur atom.

Keywords: Raman spectroscopy; infrared spectroscopy; corrosive sulfur; density functional theory;
vibration assignment

1. Introduction

Nowadays, the sulfur corrosion problem of power equipment has received widespread
concern [1–5]. The failures caused by corrosive sulfur greatly affect the safety and stability
of the power system and result in substantial economic losses. Dibenzyl Disulfide (DBDS)
is regarded as the most important corrosive sulfur. The corrosion mechanism was proposed
by Mitsubishi Electric Corporation as shown in Figure 1 [6]. The intermediate product
Dibenzyl Sulphide (DBS) is also corrosive, and the final product of this reaction is Bibenzyl
(BiBz) and cuprous sulfide. The DBDS, DBS, and BiBz are considered as indicators in
power equipment sulfur corrosion phenomenon. The study on their physical and chemical
properties will contribute to the development of advanced corrosive resistant materials
and the realization of corrosive state monitoring.

Figure 1. The corrosion mechanism of DBDS in power equipment.
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Numerous efforts have been made to study properties of the DBDS, DBS, and BiBz, in-
cluding chemical reactivity [7,8], synergistic effect [9,10], detection methods [6,11], etc. [12,13].
In this paper, the vibrational spectra and molecular vibrational behaviors are analyzed
detailedly. The vibrational spectroscopy includes infrared and Raman spectroscopy, which
is based on periodic changes of dipolmoments (IR) or polarizabilities (Raman) caused by
molecular vibrations behaviors. IR and Raman spectra are both widely used methods for
composition analysis and trace detection [14–16].

In addition to experimentally measured vibrational spectra, density functional theory
(DFT) provides a solid foundation of theoretically calculated spectra. Considering the
presence of a large number of fundamentals and overtones bands, it is difficult to interpret
experimental spectra of large molecule [17]. However, the conformational distribution and
theoretical spectrum of molecules can be obtained based on DFT. Then, a potential energy
distribution (PED) based analysis can be performed to achieve vibration assignment, which
gives a clear and crispy concept about the structural–vibrational properties of the molecule.
A lot of studies have recently appeared in the literature concerning the calculation of
spectroscopic properties by DFT methods [17–22].

2. Experimental Section

A commercially available Fourier transform infrared spectroscopy (FTIR, Nicolet iS50
FT-IR) was utilized for experimental test. The DBDS (CAS:150-60-7, 98%, Aladdin, China),
DBS (CAS:538-74-9, 99%, Aladdin, China), and BiBz (CAS:103-29-7, 99%, Aladdin, China)
samples were mixed with KBr (CAS:7758-02-3, 99.5%, Aladdin, China) and ground in a
agate mortar for 1 min. Then, the mixed sample was pressurized by a tablet press at 20 MPa
for 2 min for transmission testing. The IR spectra were measured between 400 cm−1 to
4000 cm−1 at a 4 cm−1 resolution. The spectra were an average of 32 scans.

A confocal Raman spectrometer mentioned in our previous paper [23] was used to
detect experimental spectra of the DBDS, DBS, and BiBz. There are three kinds of gratings
(600 lines/mm, 1200 lines/mm, and 1800 lines/mm) built in the spectrometer. The grating
with minor grooves number is designed for wide spectral range detection, although the
spectral resolution will decrease. In order to compare with theoretical spectra in full spectral
range, 600 lines/mm grating was adopted. The other test parameters of the measurement
are listed below: the slit width was 50 um, the integration time was 1 s, and the integration
number was 20 times. The Raman platform was calibrated with monocrystalline silicon
before each test. The Raman shift of the first-order silicon peak was adjusted to 520.7 cm−1.
The result of Raman spectrum comes from the average of three measurements.

The Raman/IR spectra of DBDS, DBS, and BiBz were plotted in Section 4 after normal-
ization and de-baseline operations.

3. Molecular Structure and Intramolecular Interaction

3.1. Conformation Determination

Flexible molecules always have multiple conformations, such as DBDS, DBS, and BiBz
studied in this paper. The proportion of different conformations was calculated according
to Boltzmann distribution in relative Gibbs free energy. The molecular conformation search
program Molclus [24] is used for conformation determination in this paper.

Firstly, a batch of initial conformations of DBDS, DBS, and BiBz were generated by
rotating chemical bond via Molclus. The chemical bond within the benzene ring was
ignored; only C-C bonds, C-S bonds, and S-S bonds between benzene rings are considered.
All the considered bonds rotate every 120°. The DBDS with five rotation bonds generates a
total of 35 initial conformations. Similarly, DBS generates 34 initial conformations. BiBz
generates 33 initial conformations.

All initial conformations generated above were pre-optimized geometrically by Gaus-
sian [25] in a semi-empirical method PM7 [26]. The optimized conformations with the
energy difference within 0.25 kcal/mol and the geometric difference within 0.1 Å will
be classified as the same conformation. The conformations with relatively lower energy
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were applied further geometric optimization and frequency analysis in B3LYP-D3(BJ)/6-
311G** [27–31] level. For an authentic conformation distribution, a double hybrid functional
revDSD-PBEP86-D3(BJ) [32] in conjunction with may-cc-PVTZ [33] was introduced to re-
calculate the single point energy. The single point can be added with thermal correction to
find the precise Gibbs free energy. The thermal correction is obtained in frequency analysis
based on rigid-rotor harmonic oscillator (RRHO) model [34] under 298.15K and 1 atm. The
results are shown in Table 1.

Table 1. Energy and conformation proportion of DBDS, DBS, and BiBz.

Molecule Conformation
Single Point
Energy (a.u.)

Thermal
Correction (a.u.)

Gibbs Free
Energy (a.u.)

Proportion

BiBz 1 −541.04114860 0.198497 −540.8426516 55.17%
2 −541.03965980 0.197204 −540.8424558 44.83%

DBS
1 −938.9390301 0.196498 −938.7425321 91.45%
2 −938.9372458 0.197657 −938.7395888 4.50%
3 −938.9338298 0.194142 −938.7396878 4.05%

DBDS

1 −1336.847129 0.195781 −1336.651348 53.12%
2 −1336.847175 0.195965 −1336.65121 45.89%
3 −1336.844026 0.197072 −1336.646954 0.51%
4 −1336.843633 0.196717 −1336.646916 0.49%

Conformations in Table 1 with a proportion less than 5% were ignored. The geometric
structures and surface electrostatic potential of several dominant conformations were
visualized via VMD [35], as shown in Figure 2. The electrostatic potential involved was
evaluated by Multiwfn, based on the highly effective algorithm proposed in ref. [36].

Figure 2. The geometric structure and surface electrostatic potential of the dominant conformation.

It can be found from the surface electrostatic potential distribution that the negative
charge region mainly occurs around the sulfur atom and the benzene ring planar center.
It is difficult to explain the geometric structure only by the surface electrostatic potential
distribution due to the existence of various intramolecular interaction. Further NCI analysis
is thus needed.

3.2. Noncovalent Interaction Analysis of the Dominant Conformation

To reveal the nature of these dominant conformations with low free energy, the nonco-
valent interaction (NCI) [37] method was applied for weak molecular interactions analysis.
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The NCI method uses Reduced Density Gradient (RDG) to distinguish regions with
noncovalent interactions in the system. The expression of RDG is as follows, where ρ is the
electron density.

RDG =
1

2 · 3√3π2
· |∇ρ|

ρ4/3 (1)

The noncovalent interactions areas can be determined by RDG value. However, the
strength and type of interaction are determined by ρ and sign(λ2), respectively. The
sign(λ2) is the second largest eigenvalue of the electron density Hessian matrix. Over-
lapping the color map of sign(λ2) · ρ, as shown in Figure 3, on the RDG value isosurface,
means the areas, intensity, and type of the noncovalent interactions can be visualized at the
same time.

Figure 3. NCI analysis of dominant conformation. (a) RDG isosurface map and scatter plot of BiBz-1,
(b) Bibz-2, (c) DBS, (d) DBDS-1, and (e) DBDS-2. (f) color map and chemical explanation.
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The isosurface map and scatter plot of five dominant conformations were visualized
via Multiwfn [38,39] and VMD [35]. As described in Figure 3f, the red area in the isosurface
map and the scatter plot indicates the repulsion between molecules, such as steric effect. The
green area indicates the van der Waals interaction, while the blue area indicates hydrogen
bonds and halogen bonds that have a significant attraction.

There are two common features in the five dominant conformations. Firstly, significant
steric effect is observed in the two benzene rings. This steric effect is shown as a red spindle-
shaped area in the benzene ring on the RDG isosurface map, and as a red spike on the right
side in the scatter plot. Secondly, there is no notable attraction in these conformations.

For BiBz-1, the van der Waals interaction is formed between the two benzene rings.
The molecular structure of BiBz-2 is stretched, the two benzene rings are far apart, and
no significant van der Waals effect is observed. This was shown as two spikes near
the zero point on the scatter plot. The spikes can be positive or negative as the sign of
sign(λ2) · ρ is relatively unstable as the electron density in the van der Waals area is small.
The BiBz-1 formed by two benzene rings attracting each other is more stable and has a
lower single point energy due to intermolecular forces. However, as BiBz-2 has a lower
thermal correction, the Gibbs free energy and proportion of these two conformations are
not remarkably different.

For DBS, in addition to the zone between benzene rings, the van der Waals effect also
occurs between the sulfur atom and the hydrogen atom on the benzene ring. However, this
kind of H-S interaction is distinguished from hydrogen bonds (shown in blue). The RDG
isosurface between the two benzene rings in DBDS is much more complicated, but in
conclusion, it is still van der Waals interaction. These broken isosurfaces were shown as
many fine spikes near the zero point on the scatter plot in Figure 3d,e.

4. Vibration Analysis and Vibrational Spectra

4.1. PED Based Vibrational Assignment

Each characteristic group in molecules has its own unique vibration behavior. How-
ever, these groups will be coupled with the molecular systems, which change frequency
and intensity. Non-linear molecules have 3n−6 normal vibration modes, where n is the
number of atoms in the molecule. The normal modes are the coupling of multiple groups
vibration. It is difficult to directly identify which groups and vibration types contribute to
the normal mode.

PED (potential energy distribution) analysis is an effective method that decomposes
the normal vibration mode into group characteristic vibrations. The contribution proportion
of the group vibration can be obtained, and the vibrational features of normal mode can be
revealed. In this paper, PED based vibrational assignment of DBDS, DBS, and BiBz was
performed via VEDA4 program [40].

The non-linear molecule DBDS consists of 30 atoms, it has a total of 84 normal modes.
Therefore, 84 linearly independent internal coordinates are introduced to describe molecu-
lar vibration. The internal coordinates and related atoms of the DBDS-1 conformation are
shown in Table 2. Atom numbers are listed in Figure 4. Additionally, the internal coordi-
nates and related information of other four conformations can be found in Supplementary
Material. The vibration type in VEDA4 program are divided into stretching (ν), bending
(δ), and torsion (τ/γ), which correspond to specific internal coordinates. The stretching
vibration involves two atoms. Bending vibration involves three atoms and torsion vibration
involves four atoms. Among them, torsion can be further divided into two types: τ and γ.
In many cases, the two definitions can describe the same atoms movement, but not always.
τ ABCD means the dihedral angle between the ABC and BCD planes. γ ABCD means the
angle between the AD vector and the BCD plane (reffed from VEDA4 user document).
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Table 2. Internal coordinates and related atoms in DBDS-1.

Stretching Related Atoms Bending Related Atoms Torsion Related Atoms

ν1 C(1)-H(7) δ30 C(22)-C(25)-C(27) τ58 H(7)-C(1)-C(2)-C(3)
ν2 C(2)-H(8) δ31 C(3)-C(12)-S(15) τ59 H(8)-C(2)-C(1)-C(6)
ν3 C(4)-H(9) δ32 H(7)-C(1)-C(2) τ60 H(9)-C(4)-C(5)-C(6)
ν4 C(5)-H(10) δ33 H(8)-C(2)-C(1) τ61 H(10)-C(5)-C(6)-C(1)
ν5 C(6)-H(11) δ34 H(9)-C(4)-C(5) τ62 H(11)-C(6)-C(1)-C(2)
ν6 C(12)-H(13) δ35 H(10)-C(5)-C(6) τ63 H(13)-C(12)-S(15)-S(16)
ν7 C(12)-H(14) δ36 H(11)-C(6)-C(1) τ64 H(14)-C(12)-S(15)-S(16)
ν8 C(17)-H(18) δ37 H(13)-C(12)-S(15) τ65 H(18)-C(17)-S(16)-S(15)
ν9 C(17)-H(19) δ38 H(14)-C(12)-H(13) τ66 H(19)-C(17)-S(16)-S(15)

ν10 C(21)-H(24) δ39 H(18)-C(17)-S(16) τ67 H(24)-C(21)-C(23)-C(27)
ν11 C(22)-H(26) δ40 H(19)-C(17)-H(18) τ68 H(26)-C(22)-C(25)-C(27)
ν12 C(23)-H(28) δ41 H(24)-C(21)-C(23) τ69 H(28)-C(23)-C(27)-C(25)
ν13 C(25)-H(29) δ42 H(26)-C(22)-C(25) τ70 H(29)-C(25)-C(27)-C(23)
ν14 C(27)-H(30) δ43 H(28)-C(23)-C(27) τ71 H(30)-C(27)-C(25)-C(22)
ν15 C(2)-C(1) δ44 H(29)-C(25)-C(27) τ72 C(2)-C(1)-C(6)-C(5)
ν16 C(22)-C(25) δ45 H(30)-C(27)-C(25) τ73 C(22)-C(25)-C(27)-C(23)
ν17 C(1)-C(6) δ46 C(2)-C(1)-C(6) τ74 C(1)-C(6)-C(5)-C(4)
ν18 C(5)-C(6) δ47 C(1)-C(6)-C(5) τ75 C(6)-C(5)-C(4)-C(3)
ν19 C(27)-C(23) δ48 C(6)-C(5)-C(4) τ76 C(4)-C(3)-C(12)-C(15)
ν20 C(4)-C(3) δ49 C(4)-C(3)-C(12) τ77 C(5)-C(4)-C3)-C(12)
ν21 C(5)-C(4) δ50 C(5)-C(4)-C(3) τ78 C(20)-C(21)-C(23)-C(27)
ν22 C(20)-C(21) δ51 C(20)-C(21)-C(23) τ79 C(25)-C(27)-C(23)-C(21)
ν23 C(21)-C(23) δ52 C(21)-C(23)-C(27) τ80 C(3)-C(12)-S(15)-S(16)
ν24 C(25)-C(27) δ53 C(25)-C(27)-C(23) τ81 C(12)-S(15)-S(16)-C(17)
ν25 C(3)-C(12) δ54 C(17)-C(20)-C(22) τ82 S(16)-C(17)-C(20)-C(21)
ν26 C(17)-C(20) δ55 C(12)-S(15)-S(16) τ83 S(15)-S(16)-C(17)-C(20)
ν27 S(15)-C(12) δ56 S(16)-C(17)-C(20) γ84 C(17)-C(21)-C(22)-C(20)
ν28 S(16)-C(17) δ57 S(15)-S(16)-C(17)
ν29 S(15)-S(16)

Figure 4. The atomic number of DBDS in VEDA4.

The internal coordinates of DBDS-1 conformation consist of 29 kinds of stretching,
28 kinds of bending, and 27 kinds of torsion. The contribution of different internal coordi-
nates to the normal vibration mode is shown in Tables 3 and 4. Similarly, the detailed table
of other conformations is provided in Supplementary Material. It should be noted that the
internal coordinates contribution less than 10% are ignored. The normal modes of DBDS-1
are divided into low frequency (<400 cm−1), middle frequency (400∼2800 cm−1), and high
frequency (>2800 cm−1). The scaled frequency was corrected by a factor of 0.9640 [41].
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Table 3. Assignment of high frequency normal mode of DBDS-1.

Normal Mode Scaled Frequency (cm−1) Vibration Assignment (>10%)

#1 3077.87 %14ν(1) + %11ν(3) + %25ν(4) + %34ν(5)
#2 3077.32 %40ν(10) + %20ν(12) + %16ν(14)
#3 3071.02 %38ν(10) + %31ν(13) + %24ν(14)
#4 3068.73 %27ν(1) + %41ν(3) + %15ν(4)
#5 3061.73 %23ν(1) + %22ν(2) + %24ν(3) + %23ν(5)
#6 3061.38 %23ν(11) + %22ν(12) + %25ν(13) + %21ν(14)
#7 3053.17 %22ν(2) + %20ν(3) + %42ν(4) + %16ν(5)
#8 3051.51 %36ν(11) + %40ν(12) + %14ν(14)
#9 3046.70 %33ν(1) + %47ν(2) + %12ν(5)
#10 3045.33 %33ν(11) + %14ν(12) + %30ν(13) + %21ν(14)
#11 3024.71 %88ν(8) + %11ν(9)
#12 3007.35 %77ν(6) + %23ν(7)
#13 2946.40 %22ν(6) + %77ν(7)
#14 2942.76 %11ν(8) + %88ν(9)

Table 4. Assignment of middle frequency normal mode of DBDS-1.

Normal Mode Scaled Frequency (cm−1) Vibration Assignment (>10%)

#15 1590.90 %30ν(16) + %10ν(19)
#16 1588.63 %30ν(15) + %11ν(18)
#17 1571.78 %28ν(19) + %21ν(22)
#18 1569.58 %27ν(18) + %23ν(20)
#19 1476.26 %16δ(41) + %15δ(42) + %16δ(43) + %18δ(44)
#20 1474.92 %19δ(32) + %15δ(33) + %15δ(34) + %16δ(35)
#21 1437.59 %11δ(40) + %20δ(45)
#22 1434.55 %10ν(21) + %10δ(35) + %24δ(36)
#23 1420.17 %53δ(40) + %12τ(66)
#24 1415.30 %60δ(38) + %12τ(63) + %16τ(64)
#25 1313.79 %27δ(41) + %24δ(42) + %11δ(44) + %10δ(45)
#26 1311.88 %11δ(32) + %25δ(33) + %26δ(34) + %10δ(35) + %10δ(36)
#27 1296.69 %20ν(16) + %22ν(22) + %17ν(23) + %16ν(24)
#28 1295.12 %18ν(15) + %17ν(17) + %24ν(20) + %16ν(21)
#29 1225.70 %12δ(39) + %18δ(40) + %12τ(65) + %16τ(66)
#30 1220.57 %20δ(38) + %11τ(63) + %14τ(64)
#31 1190.12 %22ν(25) + %14ν(26)
#32 1188.81 %12ν(25) + %22ν(26)
#33 1162.78 %15δ(41) + %16δ(42) + %14δ(43) + %11δ(44)
#34 1160.99 %13δ(32) + %16δ(33) + %15δ(34) + %13δ(35)
#35 1141.18 %18δ(32) + %19δ(35) + %38δ(36)
#36 1140.39 %19δ(43) + %19δ(44) + %37δ(45)
#37 1126.57 %33δ(39) + %10τ(65) + %34τ(66)
#38 1123.89 %35δ(37) + %10τ(63) + %31τ(64)
#39 1062.59 %13ν(16) + %15ν(23) + %10δ(39) + %10δ(42) + %13δ(45)
#40 1060.74 %13ν(15) + %15ν(21) + %12δ(36) + %11δ(37)
#41 1015.83 %19ν(19) + %24ν(24) + %13δ(30) + %11δ(43) + %10δ(44)
#42 1014.97 %24ν(17) + %21ν(18) + %11δ(35) + %15δ(46)
#43 985.97 %10ν(19) + %11ν(24) + %26δ(30) + %13δ(52) + %18δ(53)
#44 985.52 %11ν(17) + %10ν(18) + %25δ(46) + %19δ(47) + %13δ(48)
#45 967.00 %22τ(58) + %15τ(61) + %26τ(62) + %16τ(72)
#46 964.61 %20τ(69) + %18τ(70) + %30τ(71) + %10τ(73)
#47 948.26 %17τ(58) + %16τ(59) + %15τ(60) + %26τ(61)
#48 943.31 %19τ(67) + %17τ(68) + %23τ(69) + %26τ(70)
#49 897.82 %21τ(67) + %19τ(68) + %24τ(71)
#50 894.49 %20τ(59) + %23τ(60) + %24τ(62)
#51 864.65 %14δ(39) + %11τ(63) + %20τ(65)
#52 862.53 %17δ(37) + %20τ(63) + %11τ(65)
#53 826.45 %22τ(58) + %22τ(59) + %23τ(60) + %20τ(61)
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Table 4. Cont.

Normal Mode Scaled Frequency (cm−1) Vibration Assignment (>10%)

#54 823.51 %21τ(67) + %24τ(68) + %21τ(69) + %21τ(70)
#55 797.93 %19ν(26) + %10δ(52) + %30δ(53)
#56 794.54 %18ν(25) + %30δ(47)
#57 750.92 %17τ(58) + %15τ(61) + %14τ(62) + %21τ(75)
#58 745.18 %14τ(69) + %13τ(70) + %11τ(71) + %20τ(78) + %13γ(84)
#59 687.46 %10τ(59) + %10τ(60) + %15τ(62) + %10τ(72) + %19τ(75)
#60 685.91 %10τ(68) + %14τ(71) + %25τ(78)
#61 634.47 %50ν(27)
#62 628.24 %41ν(28)
#63 614.53 %23δ(46) + %33δ(48) + %19δ(50)
#64 613.15 %13ν(28) + %20δ(30) + %27δ(52)
#65 558.03 %20δ(51) + %14δ(56)
#66 551.85 %16δ(31) + %19δ(50)
#67 468.56 %11ν(27) + %17ν(29) + %22τ(74)
#68 462.98 %30ν(29) + %14γ(84)
#69 454.94 %51ν(29)

Modes #1∼#14 are high frequency normal modes. All of them are contributed by
stretching vibration, and there is a large frequency gap between #14 and #15. They have
completely different characteristics in the frequency band. This is because the force constant
of the stretching vibration is larger. The stretching vibration energy is greater than bending
and torsion vibration energy. Therefore, the characteristic frequencies corresponding to
the stretching vibration are all located in the high frequency region. Generally, almost all
molecules have abundant vibration peaks corresponding to stretching vibrations in the
high frequency region. The main feature of the low frequency zone is that no stretching
contribution is assigned, while the middle frequency area is composed of various vibration
contributions. The spectrum characteristics in the low frequency region is ignored in
the following analysis. As the measurement range of FTIR only covers 400–4000 cm−1,
and the range of Raman spectroscopy in the low frequency zone is seriously affected by
Rayleigh scattering.

The normal modes always appear in pairs. This is because DBDS is a quasi-symmetric
molecule. Although the DBDS-1 conformation does not have molecular symmetry, its
molecular composition is still symmetrical. For example, the vibration mode of one benzene
ring must have the corresponding vibration mode of another benzene ring.

4.1.1. Methylene(-CH2) Group

In the high frequency zone, the asymmetric stretching vibration of the two -CH2
groups corresponds to the #11 and #12 normal modes. The two mode peaks appear at
3007 cm−1 and 3025 cm−1 respectively, due to the vibration coupling (the calculated Raman
and IR spectra are shown in Figures S4 and S5, respectively). The infrared activity of #12
mode is weak, almost invisible, in the IR spectrum. The symmetric stretching vibration
of the two -CH2 groups corresponds to the #13 and #14 normal modes. These two modes
appear as the same peak at 2946 cm−1. The frequency of -CH2 symmetrical vibration is
often smaller than that of asymmetrical vibration [21].

In the middle frequency zone, the scissoring vibration of -CH2 appears at 1416 cm−1,
corresponding to mode #23 and #24. When wagging vibration of -CH2 appears at 1223 cm−1,
corresponding to mode #29 and #30. High Raman activity and infrared activity are simulta-
neously exhibited in wagging vibration. The twisting vibration of -CH2 corresponds to
#37 and #38 at 1126 cm−1. The rocking vibration of -CH2 corresponds to #51 and #52 at
863 cm−1. The activity of these four modes is relatively weak.

For the -CH2 group, the order of normal vibration frequency from large to small is:
asymmetric stretch, symmetric stretch, scissoring, wagging, twisting, and rocking.
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4.1.2. Phenyl(-C5H6) Group

In the high frequency zone, the #1 and #2 normal modes correspond to the in-phase
stretching vibration of the C-H bond on the benzene ring. For both #1 and #2 modes, the
five C-H bonds on the benzene ring will vibrate in the synchronous phase. Two modes
appear as the same peak at 3077 cm−1. This characteristic peak is the strongest peak in
the Raman spectrum, but not in the infrared spectrum. The eight #3∼#10 normal modes
correspond to the asynchronous phase vibration of the C-H bonds on the benzene ring, and
the Raman activity and infrared activity of these eight modes are quite different. Modes #3
and #4 appear at 3069 cm−1 in the IR spectrum. Modes #5 and #6 appear at 3062 cm−1 in
both the IR and Raman spectrum. Modes #7 and #8 appear as a peak at 3051 cm−1 in the
Raman spectrum.

In the middle frequency zone, the stretching vibration of the carbon skeleton of
the benzene ring corresponds to modes #15∼#18, #27, and #28. The frequency of these
stretching vibration modes is much smaller than the C-H bond stretching vibration. This
shows that the vibration force constant of the carbon skeleton is much smaller than the force
constant of the C-H bond. The bending vibration of the hydrogen atoms on the benzene
ring corresponds to #19∼#22, #25, #26, #33∼#36, #39, and #40. Modes #31 and #32 have
very strong coupling characteristics. All atoms except disulfide bonds are involved, and
both apparent carbon skeleton stretching and hydrogen atoms bending occurred.

The #41 mode (frequency < 1016 cm−1) began to exhibit bending of the benzene ring
carbon skeleton The bending and stretching vibrations of the carbon skeleton of the benzene
ring simultaneously appear in the #41 and #42 modes. The #43, #44, #55, #56, and #63∼#66
modes correspond to bending vibration of benzene ring carbon skeleton. High Raman
activity is exhibited in these two modes, appearing as peak at 986 cm−1, which is also
the characteristic peak used for Raman spectroscopy based DBDS detection in our study
in progress.

From the #45 mode (frequency < 967 cm−1), the out-of-plane bending of hydrogen
atoms on benzene ring occurs. Modes #45∼#50, #53 and #54, and #57∼#60 correspond
to this type of vibration. Modes #67∼#69 correspond to the deformation vibration of the
benzene ring couple with the stretching vibration of disulfide bond. The other out-of-plane
vibration of the benzene ring appeared in the low frequency zone.

The #61 and #62 modes are composed of multiple vibrations, mainly including the
in-plane bending, out-of-plane bending of the benzene ring, and the stretching vibration of
C-S bond.

4.2. Weighted Vibrational Spectra

Different conformations have their own vibrational spectra. The weighed spectrum
was calculated by different weighted conformations spectra according to their proportion.
Frequency calculation is carried out in the optimal conformations; there is no imaginary
frequency observed in the result. A frequency correction factor (0.9640) for B3LYP/6-
311G** [41] was applied to the vibration spectra of DBDS, DBS, and BiBz due to the
overestimated frequency of anharmonic effect.

Take the Raman spectra of DBDS as an example to illustrate the role of weighted
spectrum. Figure 5 shows the Raman spectra of two DBDS conformations in the high
frequency zone. The most significant difference between the two conformations is that
DBDS-1 has a characteristic peak at 3025 cm−1, but DBDS-2 has a characteristic peak
at 2970 cm−1.

Based on the vibration assignment in Section 4.1, the peak at 3025 cm−1 is assigned to
asymmetrical stretching vibration of two -CH2 groups in DBDS-1. The peak at 2970 cm−1 is
assigned to symmetric stretching of -CH2 group in DBDS-2. The Raman spectra of different
conformations are different, but they are all superimposed in the weighted curve, as shown
in Figure 5’s blue line. The vibration spectroscopy is revealed much better when based on
conformation weighted curve.
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Figure 5. Theoretically calculated conformations Raman spectra and weighted curve of DBDS.

It should be noted that the Raman spectrum obtained by theoretical calculation is a
spectrum of Raman activity (unit in Å4/amu). In order to compare with the experimental
spectrum, the Raman activity is converted into the Raman intensity, depending on the
frequency of incident light and ambient temperature [42]:

Ii =
C(vo − vi)

4Si
viBi

(2)

Bi = 1 − exp(− hcvi
kT

) (3)

where Si, Ii, and vi are the Raman activity, Raman intensity, and vibration frequency of
ith vibration mode respectively. v0 is the frequency of incident light. T is the ambient
temperature, h is Planck’s constant, c is the speed of light, k is Boltzmann’s constant, and
C is an arbitrary constant. The conversion process above was conducted via Multiwfn
code [38]. The laser source wavelength used in our experimental platform is 532 nm, and
room temperature was set as 298.15 K.

4.3. Comparison of Theoretical and Experimental Spectra

The experimentally measured and theoretically calculated spectra of DBDS, DBS, and
BiBz are provided in Supplementary Material. It can be found from the Figures S4–S9 that
the experimental Raman spectrum is in good agreement with the theoretical spectrum.
Generally, the B3LYP hybrid functional combining with 6-311G** basis set overestimates
the vibrational frequency in the high vibrational frequency zone but underestimates the
frequency in the low frequency zone. This phenomenon is consistent with previous stud-
ies [43]. Dual scaling factor in the high frequency zone and low frequency zone is optional
for agreement improvement.

In order to quantitatively describe the consistency between the theoretical spectrum
and the experimental spectrum, a linear fitting operation is performed to each characteristic
peak of DBDS. The abscissa of peak data is the experimental frequency, and the ordinate
is the theoretical frequency. The peak data fitting line close to y = x indicates a better
agreement between the experimental value and the theoretical value. As shown in Figure
6, the fitting lines of Raman spectrum and infrared spectrum both show good linearity. The
goodness of fit reaches 0.99979 and 0.99981, respectively. A good agreement is revealed at
B3LYP-D3(BJ)/6-311G** level as the slope of the fitted line is close to 1.
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Figure 6. Linear fitting between theoretical and experimental Raman shift.

The mode identification is shown in Tables 5 and 6. Most experimental Raman peaks
can be identified to corresponding normal modes within a reasonable deviation. There are
also some normal vibration modes which are not measured in the experimental spectrum
due to the weak Raman activity or infrared activity.

Table 5. Comparison of experimental and theoretical Raman spectrum.

Experimental Raman Peak (cm−1) Corresponding Calculated Peak (cm−1) Mode Identification Deviation (cm−1)

467 456 #69 11
481 467 #67 + #68 14

504 - Overtone of low frequency
vibration -

567 552 #65 + #66 15
616 615 #63 + #64 1
659 630 #61 + #62 (DBDS-1) 29
701 666 #61 + #62 (DBDS-2) 35
772 760 #57 (DBDS-2) 12
811 796 #55 + #56 15
860 824 #53 + #54 36
920 864 #51 + #52 56

1002 985 #43 + #44 17
1033 1015 #41 + #42 18
1074 1062 #39 + #40 12

- 1125 #37 + #38 -
1143 1140 #35 + #36 3
1162 1162 #33 + #34 0
1202 1189 #31 + #32 13
1234 1225 #29 + #30 9
1295 1296 #27 + #28 −1
1324 1312 #25 + #26 12
1338 - Double frequency band of 659 -
1411 1416 #23 + #24 −5
1452 1432 #21 + #22 20
1463 1475 #19 + #20 −12

1495 - Combination of 1002 and 481
under Fermi resonance -

1526 - Combination of 1002 and 481
under Fermi resonance -

1584 1571 #17 + #18 13
1600 1590 #15 + #16 10
2908 2946 #13 + #14(DBDS-1) −38
2964 2972 #13 (DBDS-2) −8
3002 3008 #12 −6
3028 3025 #11 (DBDS-1) 3
3042 3053 #7 + #8 −11
3049 3062 #5 + #6 −13
3068 3077 #1 + #2 −9
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Table 6. Comparison of experimental and theoretical IR spectrum.

Experimental IR Peak (cm−1) Corresponding Calculated Peak (cm−1) Mode Identification Deviation (cm−1)

467 467 #67 + #68 0

505 - Overtone of low frequency
vibration -

563 555 #65 + #66 8

569 - Overtone of low frequency
vibration -

617 615 #63 + #64 2
658 633 #61 + #62 25
695 687 #59 + #60 8
757 751 #57 + #58 (DBDS-1) 6
766 758 #57 (DBDS-2) 8
803 796 #55 + #56 7
816 826 #53 + #54 −10
864 864 #51 + #52 0
912 895 #49 + #50 17
971 947 #47 + #48 24

1001 986 #43 + #44 15
1028 1015 #41 + #42 13
1068 1062 #39 + #40 6
1112 1126 #37 + #38 −14
1139 1162 #33 + #34 −23
1181 1190 #31 + #32 −9
1198 - Combination of 695 and 563 -
1223 1223 #29 + #30 0
1291 1296 #27 + #28 −5
1336 1313 #25 + #26 23
1409 1416 #23 + #24 −7
1452 1436 #21 + #22 16
1494 1475 #19 + #20 19
1582 1570 #17 + #18 12
1599 1588 #15 + #16 11
2909 2946 #13 + #14 (DBDS-1) −37
2964 2972 #13 (DBDS-2) −8
3006 3007 #12 −1
3026 3025 #11 (DBDS-1) 1
3043 3047 #9 + #10 −4
3052 3062 #5 + #6 −10
3068 3070 #3 + #4 −2
3083 3077 #1 + #2 6

Different conformations contribute to different experimental peaks. For example, in
the both Raman and infrared experimental spectra, the peak at 2964 cm−1 is only generated
by the #13 normal mode of DBDS-2, while the #13 normal mode of DBDS-1 contribute to
the peak at 2908 cm−1 together with the #14 mode. The characteristic peaks generated by a
single conformation are marked with parentheses in Tables 5 and 6.

In addition to the fundamental frequency band in the vibrational spectroscopy, there
are many anharmonic phenomenon such as overtone, combination band, Fermi resonance,
etc. Which contribute to several characteristic peaks in experiment spectrum that are not
observed in the theoretical spectrum. For example, two peaks are observed in experimental
Raman spectrum at 1495 cm−1 and 1526 cm−1. While the adjacent peaks at 1463 cm−1

and 1584 cm−1 correspond to the #19, #20, #17, and #18 mode, respectively. There is no
corresponding theoretical normal mode for these two peaks (1495 and 1526) assignment.
They are actually a combination band of peaks at 1002 cm−1 and 481 cm−1. The peak at
1002 cm−1 (#43 + #44) corresponds to in-plane bending vibration of benzene ring carbon
skeleton, while the peak at 481 cm−1 (#67 + #68) is corresponding to the out-of-plane
deformation vibration of the benzene ring. This kind of highly correlated vibration is prone
to coupling and generating combined frequency band. Fermi resonance most often occurs
between fundamental and overtone (combination) excitations, if they are nearly coincident
in energy. The two peaks (1495 and 1526) are thus split under Fermi resonance with the
action of strong fundamental frequency band (1600 cm−1).
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4.4. Comparison of DBDS, DBS, and BiBz

DBDS, DBS, and Bibz have remarkable similarities in molecular structure. The only
difference is the number of sulfur atoms between the two benzyl groups. The electronega-
tivity of sulfur atoms is stronger than that of carbon atoms and hydrogen atoms. The sulfur
atom will cause the redistribution of electron as discussed in Section 3.1, which changes the
molecular vibration frequency. The spectra comparison of DBDS, DBS, and BiBz is shown
in Figure 7. In order to reveal the similarity and difference of the vibrational behaviors of
the three molecules, the six vibrational behaviors of the methylene groups is analyzed.

Figure 7. Experimental measured Raman (a) and IR (b) spectra of DBDS, DBS, and BiBz.

The frequency distributions of these six vibrations are generally consistent. The order
from largest to smallest is asymmetric stretching, symmetric stretching, scissoring, wagging,
twisting, and rocking, according to the frequency magnitude.

The characteristic vibration frequency of six different vibration behaviors in the DBDS,
DBS, and BiBz is shown in Table 7. The trend is plotted in Figure 8 and the frequency is
averaged by two dual vibrations. It can be found that, for the stretching vibration located
in the high frequency region, when the sulfur atom in the middle of the benzyl group is
lost, the stretching vibration frequency tends to decrease, while the four bending vibration
frequencies in the middle frequency region tend to increase.

The most interesting aspect of these graphs is the low rocking vibration value of
BiBz-2, which shows a different trend from several other conformations. This is because
the frequency difference between the two dual vibration is very large. BiBz-2 is the
only molecule with C2h symmetry among the five dominant conformations. The rocking
vibration at 748 cm−1 and 964 cm−1 are synchronous rocking and asynchronous rocking,
respectively. The synchronous rocking at 748 cm−1 keeps symmetry during the vibration
based on the center plane of two benzene rings. The polariseability change rate of this
vibration is zero, thus the Raman activity is zero. Exhibiting extremely low frequency.

Table 7. The characteristic vibration frequency of methylene groups in different molecular.

Conformation
Stretching Vibration (cm−1) Bending Vibration (cm−1)

Asymmetric (νs) Symmetric (νas) Scissoring (δ) Wagging (ω) Twisting (τ) Rocking (ρ)

DBDS-1 3007/3025 2943/2946 1415/1420 1221/1226 1124/1127 863/865
DBDS-2 3007/3041 2947/2971 1417/1431 1220/1227 1112/1122 878/894

DBS 2990/2991 2944 1412/1416 1223/1237 1130/1155 878/918
BiBz-1 2956/2968 2919/2924 1438/1443 1279/1324 1126/1170 921/977
BiBz-2 2950/2972 2920/2929 1436/1452 1251/1316 1122/1248 748/964
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Figure 8. Tendency of different vibration behavior frequencies in the dominant conformations of
DBDS, DBS, and BiBz. (a) Asymmetric Stretching; (b) Symmetric Stretching; (c) Scissoring; (d)
Wagging; (e) Twisting; (f) Rocking.

5. Conclusions

In this paper, the vibration spectroscopy (Raman and infrared) and molecular vibra-
tional behaviors of widely concerned molecules in sulfur corrosion phenomenon (Dibenzyl
Disulfide, Dibenzyl Sulphide, and Bibenzyl) is detailedly analyzed. First, the proportion
of different conformations are calculated according to Boltzmann distribution in relative
Gibbs free energy via Molclus program. In order to obtain an accurate Gibbs free energy,
the single-point energy is calculated in revDSD-PBEP86-D3(BJ)/may-cc-PVTZ and ther-
modynamic correction is calculated in the B3LYP-D3(BJ)/6-311G** level, respectively. Five
dominant conformations of these three molecules were obtained, and their intramolecular
interactions were detailedly discussed by NCI analysis.

PED based vibrational assignment of DBDS, DBS, and BiBz was performed via VEDA4
program, the normal vibration modes are assigned. Conformations weighted spectra is
compared with experimentally measured spectra. It can be found that experimental spectra
are in good agreement with the theoretical spectra in the B3LYP-D3(BJ)/6-311G** level with
a frequency correction factor (0.9640). The characteristic peak in experimental spectra is
also identified to corresponding modes within a reasonable deviation. The overtone due
to the anharmonic effect is also pointed out. The divergence among these molecules is
discussed. It can be found that, for the stretching vibration of methylene group located
in the high frequency region, when the sulfur atom in the middle of the benzyl group
lost, the stretching vibration frequency tends to decrease, while the four bending vibration
frequencies in the middle frequency region tend to increase.

In summary, the results presented in this paper provide a theoretical and experimental
guidance for understanding the vibrational spectra and molecular vibrational behaviors
of these molecules. We also believe that this article will lay a solid foundation for the
development of advanced corrosive resistant materials and realization of the corrosive
state monitoring.
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Abstract: In this work, the phosphorescence mechanism of (E)-3-(((4-nitrophenyl)imino)methyl)-2H-
thiochroman-4-olate-BF2 compound (S-BF2) is investigated theoretically. The phosphorescence of
S-BF2 has been reassigned to the second triplet state (T2) by the density matrix renormalization group
(DMRG) method combined with the multi-configurational pair density functional theory (MCPDFT)
to approach the limit of theoretical accuracy. The calculated radiative and non-radiative rate constants
support the breakdown of Kasha’s rule further. Our conclusion contradicts previous reports that
phosphorescence comes from the first triplet state (T1). Based on the revised phosphorescence
mechanism, we have purposefully designed some novel compounds in theory to enhance the
phosphorescence efficiency from T2 by replacing substitute groups in S-BF2. Overall, both S-BF2
and newly designed high-efficiency molecules exhibit anti-Kasha T2 phosphorescence instead of the
conventional T1 emission. This work provides a useful guidance for future design of high-efficiency
green-emitting phosphors.

Keywords: radiative rate constants; non-radiative rate constants; DMRG; MCPDFT; anti-Kasha’s rule

1. Introduction

Phosphorescence emitters are widely used in organic light-emitting diodes (OLEDs)
as photoelectric devices in visualizing, imaging, sensing, and so on due to their 100%
internal quantum efficiency (IQE) in theory by fully utilizing triplet excitons of 75% [1–4].
Traditionally, the most efficient phosphorescence materials are inorganic or organometallic
compounds containing heavy atoms like iridium (Ir), platinum (Pt), and gold (Au) [5–8]
which may facilitate intersystem crossing (ISC) between the higher-lying singlet and triplet
excited states (Sm and Tn; m, n = 1, 2, . . .) due to strong spin-orbit coupling (SOC) ef-
fects induced by heavy atoms [9]. Unfortunately, these kinds of materials are usually
expensive, poisonous, or environmentally unfriendly, and therefore pure organic phos-
phors may be potential alternatives to substitute organometallic luminophores. Since
organic phosphorescence materials are relatively cheap, biocompatible, easy processing,
and versatile, they have received extensive attention [10,11]. However, the development
of efficient and metal-free room-temperature phosphorescent (RTP) materials is rather
challenging [10,12–17] because phosphorescent molecules are highly sensitive to tempera-
ture and oxygen molecules in the atmosphere. For example, their triplet excited states are
extremely unstable at ambient environment and the non-radiative decay and T-T quench
may easily take place through thermal collision process and triplet-triplet energy trans-
fer, respectively. Moreover, without the help of heavy atoms, their tiny SOC constants
lead to extremely weak ISC from Sm to Tn. Consequently, metal-free RTP materials are
rarely applicable.

In recent years, luminescent organoboron compounds have become the focus of inves-
tigations because of their promising luminescent properties [2,18–22]. In 2017, Yu et al. [23]
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synthesized the (E)-3-(((4-nitrophenyl)imino)methyl)-2H-thiochroman-4-olate-BF2 com-
pound (S-BF2; see Figure 1b) based on the parent molecule (E)-2-(((4-nitrophenyl)imino)-
methyl)-naphthalen-1-olate-BF2 (C-BF2; Figure 1a), and explored the photoluminescence
(PL) mechanism experimentally and theoretically. Although their theoretical proof by
time-dependent density functional theory (TDDFT) seems rough, their study opened the
door for a new class of laser materials to utilize previously untapped triplet phosphors.
In 2018, Paul et al. [24] attributed the luminescence of S-BF2 to the T1 state by means of
CASSCF(4,4)/NEVPT2 calculations because the widely used TDDFT method, according to
them, “cannot”describe multi-reference character in the S1 and T1 states. Soon afterwards,
Lv et al. [25] also revealed the phosphorescence mechanism of S-BF2 from the T1 state
by TDDFT.

All of the above authors assigned the phosphorescence of S-BF2 to the T1 state,
but unfortunately, there were some insufficiencies in their studies. In the two TDDFT
studies [23,25], for example,

• The vertical emission energy of T1 was in poor agreement with the experimental one.
• To improve the agreement of T1, Lv et al. tried to use the adiabatic energy rather than

the vertical emission one, but only an unusual exchange-correlation (XC) functional
could obtain a reasonable result [25].

• Due to Kasha’s rule [26], the probability of T2 (as well as higher triplet states) was not
considered at all.

Paul et al. contradicted the applicability of TDDFT in S-BF2 [24], but some of their
views violates the standard model of quantum chemistry. Before thoroughly exploring the
phosphorescence mechanism in S-BF2, here we comment on the work due to Paul et al. [24]
and explain the contradiction between CASSCF(4,4)/NEVPT2 and TDDFT.

• Paul et al. claimed that TDDFT fails to get multi-reference S1 and T1 [24], which is
conditional. In principle, a successful TDDFT calculation requires that (1) the reference
state (usually S0) by density functional theory (DFT) is single-reference characterized,
and (2) the interested excited states may be accessed by one or more single-excitations
from S0. Therefore, an excited state with some multi-reference character may be well
calculated by TDDFT only if it is single-excitation dominated from a single-reference
S0 (for example, see the third reason on page 4518 of Reference [27]), and of course it
is also important to choose suitable XC functionals for some systems like transition
metal compounds and charge-transfer (CT) excitations.

• CASSCF and NEVPT2 have a different theoretical basis from TDDFT, and both
single-reference and multi-reference states may be described in a unified framework.
A crucial question in nearly all the multi-configurational methods is whether ade-
quate static correlations can be captured by the active space, and otherwise multi-
configurational calculations merely reproduce single-configurational results or even
worse. The NEVPT2 emission wavelength of T1 → S0 by Paul et al. is 564 nm [24],
at first glance being in good agreement with the experimental phosphorescence peak
at 575 nm [23], but it is not clear whether all the important π and π∗ orbitals have
been included in their quite small active space of (4e,4o).

Due to the above doubts, the phosphorescence mechanism of S-BF2 remains unclear,
and it is necessary to explore the emissive mechanism by more accurate approaches.

This paper is structured as follows. In Section 2, we introduce the theoretical methods
performed in this study, i.e., TDDFT and high-precision DMRG-SCF/MCPDFT, and provide
the fundamental definitions of radiative and non-radiative rate constants. In Section 3, the
theoretical results and discussions are grouped into three aspects: (1) the reliability of the
cheap TDDFT method is verified with the help of theoretical limit emission energies of S-BF2
by DMRG-SCF/MCPDFT, (2) the PL pathway of S-BF2 is analyzed based on the radiative
and non-radiative rates by TDDFT and a revised phosphorescent mechanism is suggested,
and (3) a series of new molecules with higher-performance phosphorescence efficiency
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have been designed theoretically according to the new mechanism. Some conclusions are
drawn in Section 4.
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Figure 1. Structures of (a) C-BF2, (b) S-BF2, and (c) the model system.

2. Computational Methods

2.1. TDDFT

Geometry optimizations of all the systems (C-BF2, S-BF2 and designed molecules)
at the ground and excited states were performed by means of DFT and TDDFT [28],
respectively. Vibrational frequencies were also calculated after optimization to ensure that
these structures are stable points. To find a suitable XC functional, a series of XC functionals
have been examined combined with the basis set 6-311G(d,p) [29,30], including BLYP [31,
32], B3LYP [33,34], PBE0 [35,36], CAM-B3LYP [37], ωB97XD [38], recently developed
SCAN0 [39–41], and so on (see the Supplementary Materials). The experimental spectra
of S-BF2 were measured in dichloromethane (CH2Cl2), so the solvent environment was
implicitly simulated by the polarizable continuum model (PCM) [42]. The above DFT
and TDDFT calculations were performed using the GAUSSIAN 16 [43] program package,
whereas the calculations involving the SCAN0 functional were performed with an in-house
BDF program package [44–46] (see the Supplementary Materials for the details of SCAN0).
The TDDFT/6-311G(d,p) results by different XC functionals may be found in Table S1, and
the simulated absorption spectra of S-BF2 have been plotted in Figure S1.

2.2. ONIOM(DMRG-SCF/MCPDFT:TDDFT)

To verify the CASSCF(4,4)/NEVPT2 results of Paul et al. [24], we performed the
two-layer ONIOM (QMhigh:QMlow) combination approach of Morokuma [47,48] as demon-
strated in Figure 1b,c, where the geometry of S-BF2 is optimized at the TDDFT(PBE0)/
6-311G(d,p) level in CH2Cl2 solvent for Tn (n = 1 and 2; see Section S6 in the Supplementary
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Materials). The ONIOM total energy or vertical emission energy of the real system (i.e.,
S-BF2) in CH2Cl2 solvent is calculated by

ECH2Cl2
real (QMHigh : QMLow) ≈ Egas

model(QMHigh)− Egas
model(QMLow) + ECH2Cl2

real (QMLow) (1)

where the low level quantum mechanical method (QMLow) is TDDFT/6-311G(d,p); two
common XC functionals B3LYP and PBE0 are used in this work. In the model system part
of calculation by a high level quantum mechanical method (QMHigh), the minimal full
valence active space consists of 54 electrons in 43 orbitals by neglecting all the core orbitals,
deep-lying 2s or 3s valence orbitals of N, O, F, and S, and high-lying H 1s orbitals, i.e.,
(54e,43o), which is far beyond the capability of CASSCF, and therefore the density matrix
renormalization group (DMRG) method is performed instead through self-consistent
field orbital optimization iteratively (DMRG-SCF; also loosely called DMRG-CASSCF)
with up to 1000 renormalized states (M = 1000). The basis set is def2-TZVPP(-f) [49] by
eliminating all the f -functions from the original one, and the Cholesky decomposition
(CD) of the two-electron integrals [50] is used to speed up the calculations with controlled
accuracy. Since neither DMRG-NEVPT2 nor DMRG-CASPT2 is feasible for this large
active space to capture dynamic correlations, the DMRG based multi-configurational pair-
density functional theory (MCPDFT) [51] is carried out subsequently with three different
on-top density functionals ftBLYP, ftPBE, and ftrevPBE [52]. It has been found in the
literatures that MCPDFT with a suitable active space could perfectly reproduce the CASPT2
results of organic compounds [52,53], d-block transition metal molecules [54,55], and even
actinide-containing systems [56]. The OPENMOLCAS [57,58] program package is used for
DMRG-SCF(54e,43o)/MCPDFT calculations by driving the BLOCK program [59,60] as the
DMRG solver.

2.3. Radiative and Non-Radiative Rates

In order to figure out the radiative and non-radiative photochemical decay processes,
the minimal energy crossing points (MECPs) [61] were optimized using the sobMECP
procedure [61,62], and the radiative, internal conversion (IC), and ISC rate constants
were calculated by the MOMAP program package [63]. A molecule in excited electronic
state loses its energy through different relaxation processes, which may be grouped into
radiative and non-radiative ones. The radiative process is defined as the emission of
photons in a transition between different electronic states, including (spin-conserving)
fluorescence and (spin-nonconserving) phosphorescence emissions. On the contrary, there
are no emitted photons in the non-radiation process, including (spin-conserving) IC and
(spin-nonconserving) ISC [10,64].

The radiative rate (in s−1) is estimated via [10]

Kr =
3
2

f (ΔE)2 (2)

where the oscillator strength f (in atomic unit; a.u.) is defined by

f =
2
3

μ2
t ΔE (3)

In Equations (2) and (3), μt is the transition dipole moment in a.u., ΔE is the emission
energy in cm−1 (Equation (2)) or a.u. (Equation (3)).

The non-radiative rate is given by the fermi Golden Rule.

Knr = 2π
1
h̄ ∑

f
|H1

i f |2δ(Ei − Ef ) (4)

where H1
i f is the matrix element of the first-order Hamiltonian, being spin-orbit coupling

(SOC) matrix element for the ISC rate and non-adiabatic coupling matrix element for the
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IC rate, the δ function provides the energy conservation for the non-radiative transition,
and i, f represents the initial and final states, respectively.

The SOC constant is an important parameter to calculate Kisc and Kr in phospho-
rescent transitions. In this study, the SOC effects were calculated perturbatively by the
TDDFT(PBE0) + SOC method implemented in the BDF program package, where the one-
center molecular mean-field approximation was applied to the two-electron SO integrals.

3. Results and Discussion

3.1. Absorption and Emission Energies of S-BF2

In order to verify the previous viewpoint that the phosphorescence of S-BF2 at 575 nm
comes from T1 [23–25], the emission energies and wavelengths of T1 and T2 are calculated
by the DMRG-SCF/MCPDFT based ONIOM combination approach, and the results are
summarized in Table 1. It can be seen that the experimental phosphorescence wavelength
of S-BF2 at 575 nm [23] may be assigned to the T2 state instead of T1, which is contrary to
all the early results [23–25]. This opposing assignment may be attribute to some charge-
transfer character [24] and near-degeneracy correlation [65] in the excited states, which may
be well described by DMRG/MCPDFT with an adequately large active space [53,66,67].

Table 1. Emission energies (in eV) and emission wavelengths (in parentheses; nm) of T1 and T2 of
S-BF2 by ONIOM (QMHigh:QMLow).

System QMHigh
(a) QMLow

(b) T1 T2

Model A 1.75 (708) 2.40 (516)
B 1.74 (714) 2.38 (520)
C 1.77 (702) 2.42 (512)

Real (S-BF2) A a 1.87 (664) 2.07 (598)
A b 1.93 (643) 2.16 (574)
B a 1.85 (669) 2.06 (603)
B b 1.92 (647) 2.14 (579)
C a 1.88 (659) 2.10 (592)
C b 1.94 (638) 2.18 (569)

Expt. (c) 2.16 (575)
(a) DMRG-SCF(54e,43o)/MCPDFT with ftBLYP (A), ftPBE (B), or ftrevPBE (C). (b) TDDFT with B3LYP (a) or PBE0 (b). (c) Reference [23].

As for the applicability of DFT/TDDFT to S-BF2, two issues need to be paid attention.
It is well known that the accuracy of DFT/TDDFT calculations is generally affected by
the amount of multi-reference character in S0 and CT character in excited states [68]. The
S0 state of S-BF2 has single-reference character at its equilibrium geometry [24]. At the
Tn geometries, however, DMRG-SCF(54e,43o) predicts some multi-reference character in
S0 of the model system. In addition, the analysis of spatial extent in CT excitations [69]
implemented in the MULTIWFN program [70] shows that T1 and T2 are basically local
excitations (see Section S3 in the Supplementary Materials). Consequently, DFT/TDDFT
may be still applicable for S-BF2 if double-excitations are negligible, but some hybrid XC
functionals are preferred to describe both the slight multi-reference character in S0 and the
modest CT character in the excited states of S-BF2.

Table S1 in the Supplementary Materials collects the emission energies and the cor-
responding phosphorescence wavelengths of T1 and T2 at their respective geometries,
either in gas phase or in CH2Cl2 solution. On the whole, the energy of T1 state by most
of the functionals is too low whereas some common functionals support phosphores-
cence from the T2 state instead of T1. Among these functionals, PBE0 exhibits better
performance than the others in emission spectra by comparing the wavelengths with the
DMRG-SCF(54e,43o)/MCPDFT ones. Therefore, the PBE0 functional will be used in the
following study.

At the TDDFT(PBE0) level of theory, the absorption and phosphorescence spectra of
S-BF2 are calculated at the S0 and Tn (n = 1 and 2) geometries, respectively, as collected in
Table 2. In the absorption spectrum, there are two theoretical peaks at 435 (S0 → S1) and

195



Int. J. Mol. Sci. 2022, 23, 876

375 nm (S0 → S2), which are merely 5 nm blue-shifted compared with the experimental
ones at 440 and 380 nm [23] and are better than the CASSCF(4,4)/NEVPT2 results of
410 and 340 nm [24]. Since the oscillator strength ( f ) of 0.632 in the transition S0 → S2
is much larger than that of 0.269 in S0 → S1, S-BF2 is much easier to be excited to S2
than to S1. In the phosphorescence spectrum, the experimental peak at 575 nm [23] has
been reassigned to the theoretical T2 → S0 transition at 559 nm in this study, which has
much stronger transition dipole moment (and f as well) than that of T1 → S0. To confirm
the phosphorescence coming from the higher-lying T2 state instead of T1, radiative and
non-radiative rates need to be investigated further in the next subsection.

Table 2. Excitation energy (in eV), wavelength (in nm), and oscillator strength of S-BF2 in CH2Cl2 solution.

State E λ f Configuration (a) (%)

Absorption Spectrum
S1 2.85 435 0.269 H→L (93)

Expt. (b) 2.82 440
S2 3.30 375 0.632 H-1→L (97)

Expt. (b) 3.26 380
Phosphorescence Spectrum

T1 1.64 758 1.31 × 10−7 H→L (84), H-1→L (11)
T2 2.22 559 1.63 × 10−5 H-1→L (53), H→L (38)

Expt. (b) 2.16 575
(a) H for HOMO and L for LUMO. (b) Reference [23].

3.2. Radiative and Non-radiative Processes of S-BF2

To deepen the understanding of the PL mechanism in S-BF2, some radiative and
non-radiative rate constants are calculated as given in Table 3, including the ISC rate (Kisc),
the IC rate (Kic), and the radiative rate (Kr). In the transition S1 → S0, Kic of 5.05 × 109 s−1

is much faster than Kr of 7.37 × 107 s−1, and therefore the fluorescence probability is
relatively weak. In addition, an instantaneous IC process from S2 to S1 may increase the
population on S1 further as found in the previous studies [23,24]. On the other hand, Kisc
of 2.24 × 109 s−1 in S1 → T2 is comparable to Kic in S1 → S0 and is far beyond Kisc of
1.10 × 107 s−1 in S1 → T1. The Kisc rate of S1 → T1 is 2.26 × 109 s−1 in Reference [24], being
about 200 times larger than our 1.10 × 107 s−1 because of the underestimated energy gap
between S1 and T1 by CASSCF/NEVPT2. In our study, the corresponding ISC efficiency
(Φisc) is 47.0% in S1 → T2, being about 120 times larger than that of 0.4% in S1 → T1 (see
Table S12 in the Supplementary Materials), which explains the considerable population on
the T2 state. Obviously Kr = 3.25 × 103 s−1 surpasses Kisc = 1.33 × 101 s−1 in T2 → S0. For
comparison, Kr = 1.20 × 101 s−1 in T1 → S0 is two orders of magnitude smaller than that in
T2 → S0, not to mention the agreement of emission wavelength with the experimental one.

Table 3. Radiative and non-radiative rate constants (in s−1) of S-BF2.

Rate S2 → S1 S1 → S0 S1 → T1 T1 → S0 S1 → T2 T2 → S0

Kic 2.80 × 1013 5.05 × 109

Kisc 1.10 × 107 5.12 × 104 2.24 × 109 1.33 × 101

Kr 7.37 × 107 1.20 × 101 3.25 × 103

According to the Marcus theory, the rate of the internal conversion process T2 → T1
is estimated to be about 1010 s−1, seeming to hinder the T2 → S0 radiation processes
with the rate of 3.25 × 103 s−1. However, it is worth noting that the Kisc(S1 → T2) rate
of 2.24 × 109 s−1 is so large that the population loss on T2 due to Kic(T2 → T1) can be
compensated instantaneously. As a consequence, the phosphorescence of the transition
T2 → S0 may be observed although its radiative rate is much smaller than Kic(T2 → T1).
On the other side, the non-radiative rate in T1 is much faster than the paltry radiative one
with a seriously underestimated emission energy. Compared with T1 → S0, T2 → S0 has a
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much larger phosphorescence radiative rate with the better agreement of emission wave-
length, and is more suitable for the assignment of the experimental phosphorescence [23].
Consequently, it can be inferred that the phosphorescence process is more likely to come
from the T2 state according to the above theoretical results, distinctly breaking Kasha’s rule
(i.e., fluorescence/phosphorescence usually comes from the lowest excited state [26]).

Although the ISC process is often negligible in the non-radiative transition between
the states with different spin multiplicities, it frequently occurs in phosphorescence and
may be heavily promoted by remarkable SOC and narrow energy gap [9]. In order to
quantitatively unravel the strong non-radiative decay process in S1 → T2, the minimum
energy crossing points (MECPs) [61] are optimized and the SOC constants at MECPs
(ξMECP) are calculated. The energy profile of non-radiative decay pathway has been plotted
in Figure 2. After S-BF2 being excited to the S2 state in the Franck-Condon region of S0, it
relaxes rapidly to the minimum of S2 at 2.94 eV, vertically lying only 0.09 eV above S1, and
then converts to S1 by conquering a small barrier at MECP1. From the S1 state at 2.51 eV,
there are two non-radiative channels to triplet states (T1 via MECP2 with a larger barrier
of 0.58 eV and T2 via MECP3 with a smaller barrier of 0.02 eV), and the corresponding
SOC constants at MECPs between S1 and Tn are 1.09 and 9.18 cm−1, respectively. So the
quite large Kisc rate in S1 → T2 may be attributed to both the low energy barrier and the
significant SOC constant at MECP3. For comparison, we have noticed that in C-BF2 the
SOC constants between S1 and Tn are tiny (see Table S8 in the Supplementary Materials),
so the ISC process and the subsequent phosphorescence emission are hard to occur. Along
with the emission of T2 → S0, there is also a fierce competitive processes, i.e., the internal
conversion from T2 to T1 through MECP4.

Figure 2. Energies of S-BF2 at the ground and exited states as well as the minimum energy crossing
points (MECPs). ξMECP represents the SOC constant at MECP.

In summary, our quantitative results of S-BF2 suggest a revised phosphorescence
mechanism S0 → S2 → S1 → T2 → S0 as demonstrated in Figure 3. At first, S-BF2
in S0 is excited to S1 and S2 but in the latter state there is an IC process to S1. Then
an efficient ISC process takes place through the channel S1 → T2, and finally anti-Kasha
phosphorescence occurs directly in the emission T2 → S0. The anti-Kasha phenomenon was
found experimentally only in very scarce organic compounds [64,71], e.g., the fluorescence
of azulene derivatives [72] and the phosphorescence of N966 [73], ClBDBT [74], and
CzCbDBT [75], whereas S-BF2 is a new case according to the above analysis.
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Figure 3. Revised phosphorescence mechanism of S-BF2. Kic, Kisc and Kr refer to internal conversion
rate, intersystem crossing rate, and radiative rate, respectively.

3.3. Newly Designed S-BF2 Derivatives and Their Photoluminescence Properties

The second purpose in this study is to improve S-BF2 theoretically for better phos-
phorescent performance. The nitrophenyl group in S-BF2 has little effect on the electronic
configurations and excitation energies of the S-BF2 frame, and therefore we try to replace
the nitrophenyl group with other substituent groups to increase (decrease) the luminous
efficiency from T2 (T1). Since the phenyl, fluorene, carbazole, dibenzofuran, and diben-
zothiophene groups are often used as phosphor in experimental synthesis [12,14], they
are adopted in this study, leading to S-BF2*, S-BF2_C, S-BF2_N, S-BF2_O, and S-BF2_S,
respectively (cf. Figure 4). Again, all these molecules are calculated at the TDDFT(PBE0)/6-
311G(d,p) level in CH2Cl2 solution.

Figure 4. Designed molecules based on S-BF2. The pink part shows the substituents.

The properties of absorption spectra of the designed molecules are listed in Table S11
in the Supplementary Materials. On the whole, these molecules are directly excited to
S1 because of its larger oscillator strengths, so the IC process from from S2 to S1 may be
ignored. Compared with S-BF2, the Kisc(S1 → T2) rates of the new compounds increase
dramatically but except S-BF2_S due to larger SOC constants and smaller energy differences,
whereas the Kisc(S1 → T1) ones decrease by one to three orders of magnitude (see Table S10
in the Supplementary Materials), so the population on T1 become irrelevant. At the T2
states, the emission energies of the new compounds are about 0.1 eV larger than that of
S-BF2, resulting in one to three orders of magnitude reductions in Kisc(T2 → S0); the only
exception is S-BF2* where Kisc(T2 → S0) is five times the S-BF2 one because of larger
reorganization energy and stronger SOC constant (see Table S10). At the T1 states, in
contrast, the Kisc(T1 → S0) rates rise considerably with the increases of reorganization
energy and reductions of emission energy. On the whole, the Kisc rates in T2 → S0 are
one to seven orders of magnitude weaker than those in T1 → S0 so the phosphorescence
emission from the latter transition may be difficult to detect. This result may be confirmed
further by the radiative rates given in Table 4: the Kr(T1 → S0) rates of the new molecules
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are reduced by several times compared with the S-BF2 one due to the reductions of oscillator
strengths, so the parasitic light from T1 → S0 can be inhibited effectively. On the contrary,
the Kr rates in T2 → S0 become three to twenty-seven times the S-BF2 one; the only
exception is S-BF2* since its oscillator strength of T2 is nearly unchanged relative to the
S-BF2 one. According to the energy gap law [76], the non-radiative rate of T2 → T1 may
be significantly reduced as the energy gap increases. Compared with the Kisc(S1 → T2)
rates with the order of magnitude between nine and ten (see Table S10), the decay of
population on T2 caused by the much smaller Kic(T2 → T1) rates can be compensated faster
(cf. Table S9), and therefore the T2 → S0 emissions in the new molecules are expected to
be detected experimentally. In the phosphorescence spectra summarized in Table 4, the
phosphorescence wavelengths from T2 of the new molecules are only 1–7 nm red-shifted
relative to the one of S-BF2, being still in the range of green light wave band as in S-BF2.

Table 4. Emission energies, wavelengths, oscillator strengths, radiative rates, and electron configura-
tions of the new molecules in CH2Cl2 solution.

Molecule State E (eV) λ (nm) f Kr (s−1) Configuration (a) (%)

S-BF2* T1 1.44 864 1.65 × 10−7 1.20 × 101 H→L (95)
T2 2.36 526 2.00 × 10−5 4.40 × 103 H-1→L (78), H→L(15)

S-BF2_C T1 1.18 1050 6.74 × 10−8 3.42 × 100 H→L (94)
T2 2.34 530 4.05 × 10−4 8.76 × 104 H-1→L (89)

S-BF2_N T1 1.21 1025 6.82 × 10−8 3.66 × 100 H→L (92)
T2 2.35 527 5.47 × 10−5 1.19 × 104 H-2→L (89)

S-BF2_O T1 1.33 931 7.10 × 10−8 4.57 × 100 H→L (92)
T2 2.33 533 1.25 × 10−4 2.68 × 104 H-1→L (90)

S-BF2_S T1 1.35 917 7.44 × 10−8 4.71 × 100 H→L (92)
T2 2.33 533 8.31 × 10−5 1.77 × 104 H-2→L (89)

(a) H for HOMO and L for LUMO.

As expected, the PL efficiency of S-BF2 may be significantly improved by replacing the
nitrophenyl group with fluorene, carbazole, dibenzofuran, or dibenzothiophene but with a
simpler PL process S0 → S1 → T2 → S0, where the energy dissipation between S2 and S1
has been avoided. Experimental syntheses of these new molecules (especially S-BF2_C and
S-BF2_N) are highly desirable to verify the phosphorescence mechanism with enhanced PL
efficiency.

4. Conclusions

In the present paper the PL mechanism of S-BF2 have been systematically and thor-
oughly investigated. By fully considering the static correlations through DMRG-SCF, dy-
namic correlations through MCPDFT, and substituents and environments through ONIOM,
the previous phosphorescent transition T1 → S0 has been reassigned to T2 → S0, and the
cheaper TDDFT calculations with suitable functionals may also be confirmed. The com-
puted radiative and non-radiative rate constants as well as MECPs suggest a different PL
pathway, namely S0 → S2 → S1 → T2 → S0, and support the breakdown of Kasha’s rule.
Based on the new phosphorescence mechanism, we have purposefully designed some
novel compounds to enhance the phosphorescence efficiency from the T2 state and reduce
the stray light from the T1 state by changing the substitutes, which provide a valuable
guidance for the design of high-efficiency green-emitting phosphors.
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