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Abstract The mesogenic species 4-(4-hexylcyclohexyl)
isothiocyanatobenzene (6CHBT) was studied with density
functional theory and molecular mechanics in order to
investigate the molecular properties, interactions between
dimers and to interpret the IR spectrum. Two types of
calculations were performed for model systems containing
single and double molecules of 6CHBT. Calculations
(involving conformation analysis) for isolated species
indicated that the trans isomer, in the equatorial–equatorial
conformation, is the most energetically stable. The 6CHBT
molecule is polar, with a rather high (4.43 D) dipole
moment with negatively charged isothiocyanato (NCS)
ligand. The dimer–dimer interaction energies show that
the head-to-head configuration (where van der Waals
attraction forces play the major role) is the most energet-
ically stable. Vibrational analysis provided detailed assign-
ment of the experimental infra-red (IR) spectrum.

Keywords 4-(Trans-4-hexylcyclohexyl)
isothiocyanatobenzene . Density functional theory .
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Introduction

The study of liquid crystals (LC) began in 1888 when
F. Reinitzer observed two distinct melting points for
cholesteryl benzoate. Due to their interesting properties
[1–3], LC materials have found wide applications in
technology, such as liquid crystal displays (LCDs) and
LC thermometers, not to mention applications still under
development such as LC optical imaging and recording
devices [4, 5].

The present paper focusses on the 4-(4-hexylcyclohexyl)
isothiocyanatobenzene (6CHBT) system, which belongs to
the homologous series of 4-(4-alkylcyclohexyl) isothiocya-
natobenzenes (nCHBT). 6CHBT, similar to other nCHBT
molecules, forms a nematic LC. The sample of 6CHBT used
here was synthesised by R. Dąbrowski at the Military
University of Technology, Warsaw, Poland [6, 7]. In general,
nCHBTs are characterised by low viscosity and high
chemical stability, and appear to be an interesting component
for display applications [8, 9]. Therefore, the physicochem-
ical properties of 6CHBT have been studied experimentally
by several groups [10–13]. Moreover, its application as a
component of LC-doped magnetic materials has also been
investigated [14–17]. Recently, its physicochemical proper-
ties were characterised using differential scanning calorime-
try (DSC) and thermal polarising microscopy [18]. These
experiments revealed the very interesting and complicated
nature of the 6CHBT system. The heating history (i.e. the
starting temperature) of the sample, and the heating rate in
DSC experiments seems to influence the values of the
double melting point of 6CHBT. The characteristic double
melting peaks observed for samples precooled to 262–268 K
join to form a single melting peak for samples precooled to
temperatures above 269 K. Moreover, polarising microscopy
suggested that the melting process is rather complex.
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The main motivation for our research on 6CHBT was the
expectation by the authors of the above-mentioned work
that vibrational spectroscopy, supported by theoretical
studies, will be helpful in solving the nature of the
phenomena observed in DSC. It was suggested that
structural interactions between 6CHBT molecules should
exhibit two distinct and energetically separated modes that
would explain the bimodal melting behaviour with its
peculiar temperature dependency. Therefore, comparison of
the IR spectra of isolated 6CHBT and its dimers with the
experimental spectrum of the nematic phase should reveal
some molecular interaction modes that could elucidate
bimodal melting behaviour. To the best of our knowledge,
our work is the first to provide density functional theory
(DFT) level details on the molecular properties of this
mesogenic system.

Methods

The studied model comprised the monomer and dimer
assemblies of 1-(4-hexylcyclohexyl)-4-isothiocyanatobenzene.
The 6CHBT molecule (see Fig. 1) is built of cyclohexane
1,4-disubstituted with an n-C6H13 hydrocarbon chain and
a 4-isothiocyanatobenzene moiety. We investigated both
cis and trans isomers as well as all possible cyclohexane
conformers (axial–equatorial, equatorial–axial and equa-
torial–equatorial, and axial–axial). Additionally, for the
most stable geometry of the 6CHBT molecule, additional
conformational studies were performed, i.e. the orientation
of then-hexane, isothiocyanatobenzene and thiocyanate
groups with respect to cyclohexane was varied. Moreover,
contour plots of HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular
Orbital) orbitals and electrostatic potential maps were
obtained in GaussView 4.0.

Furthermore, the interaction of two 6CHBT molecules
was investigated based on the structural data obtained for
the analogous compound 11CHBT (Cambridge Crystallo-
graphic Data Centre CCDC 637960) [19]. Six different
molecular contacts found in the 11CHBT crystal were used
for simulation of possible 6CHBT interactions, namely: (1)
two types of dimers in the head-to-head configuration,

where the phenyl rings are in perpendicular assembly, with
different extent of the overlap; (2) two types of tail-to-tail
dimers with different extents of hydrocarbon chain overlap;
(3) the head-to-tail dimer; and (4) two parallel 6CHBT
molecules (for more details of geometric structures, see
Results).

All quantum chemical calculations were conduced in the
Gaussian 03 suite of programs [20] with the B3LYP
exchange-correlation functional [21]. Kohn-Sham orbitals
were represented by linear combinations of atomic orbitals
within the 6–31g(d) basis sets. A vibrational analysis was
performed after each geometry optimisation in order to
ensure that the minimum structural energy was reached, and
also to simulate the IR spectrum, where frequencies were
scaled by a factor of 0.9613 and zero point energy (ZPE) by
a factor of 0.9804 [22]. The energies of the investigated
dimers were corrected for base superposition errors (BSSE).

The van der Waals interactions (vdW) between dimers
were evaluated with molecular mechanics (MM) calcula-
tions, which were performed with the augmented MM3
force field [23, 24] in the Cache Pro 7.5 package. In order
to calculate the value of vdW attraction, the energy of the
dimers was scanned in the range of 10 Å to 2.5 Å in steps
of 0.3 Å, taking the long distance energy as a reference. For
each scan point, the geometries of the models were
optimised (up to 1,000 iterations), updating vdW forces
every tenth iteration. Finally, the MM energy for distance
found in the DFT calculation was used in further analysis.

Results

Isomer configurations

The substitution of cyclohexane in the 1,4 positions leads to
formation of two isomers: cis and trans. Each isomer can
adopt two conformations, namely axial–equatorial (ae) and
equatorial–axial (ea) for the cis isomer, and equatorial–
equatorial (ee) and axial–axial (aa) for the trans isomer. In
all cases, the second letter describes the position of the n-
hexane substituent whereas the first letter indicates the
location of isothiocyanatobenzene.

The results of calculations (Fig. 2) are in agreement
with experimental data indicating the ee conformer as
the most stable, followed by ae, ea, and finally aa. The
energy difference between trans conformers (ee and aa,
24.35 kJ mol−1; ZPE 26.99 kJ mol−1) is larger than for cis
conformers (ae and ea, 6.37 kJ mol−1; ZPE 6.75 kJ mol−1).
These results show that, for a pure trans isomer (ee and aa)
at 298 K, more than 99.9% of 6CHBT molecules would be
in the ee conformation. In the case of a pure cis isomer (ae
and ea) the Boltzman distribution indicates domination of
the ae conformer (91.8 %).

Fig. 1 The geometric structure of the trans isomer of 1-(4-
hexylcyclohexyl)-4-isothiocyanatobenzene (6CHBT). Atoms are num-
bered 1–21
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This result is in perfect agreement with structural studies
on the condensed mesogenic phase [19], where the trans ee
conformer is the main component. Furthermore, if one
assumes that these energy differences influence the
synthesis of 6CHBT, and that all conformers are
available in the Boltzmann distribution, the ee conformer
would form 97.201% of the total number of molecules
(2.564% ae, 0.230% ea, 0.005% aa). Indeed, this is again
in accordance with experiment results, as mainly the
trans isomer is produced during synthesis and naturally
attains the low energy ee conformation (R. Dabrowski,
personal communication).

Additional conformational studies were performed for
the most stable ee geometry of the 6CHBT molecule.
The dihedral angles between the n-hexane carbon
backbone and the cyclohexane ring (8–7–1–2), as well as
the dihedral angle between the isothiocyanatobenzenene
plane and cyclohexane (3–4–13–14), were scanned (in 15°
steps).

The scan of the (8–7–1–2) dihedral angle between n-
hexane and cyclohexane reveals three minima (see Fig. 3)
for each position in staggered conformation of 1, 8 atoms.
The two deepest, symmetrically equivalent minima are
found at −171.0° and −61.0°, where the n-hexane chain is
oriented sideways to the cyclohexane ring. These minima
are separated by a rotation barrier equal to 9.2 kJ mol−1.
The third minimum is found at 64°, where the n-hexane
chain is pointing upwards. The rotational barrier between
the deepest and the 64° minimum is 20.5 kJ mol−1

(Fig. 3).
The scan of the (3–4–13–14) dihedral angle reveals two

isoenergetic minima (see Fig. 4) at 116.6° and −63.4°, where
isothiocyanatobenzene is perpendicular to the plane of
cyclohexane, with the value of the rotation barrier equal to

11.7 kJ mol−1. Rotation of the non-crystallographic-similarity
(NCS) ligand along the C15–C16–N19–C20 dihedral angle
leads to two energetic and geometric minima equivalent to
those mentioned above with just a slightly smaller rotation
barrier of 5.44 kJ mol−1.

The obtained conformation for 6CHBT is very
similar to the experimental conformation of the hydro-
carbon chain found in the 11CHBT crystal structure.
The experimental (8–7–1–2) dihedral angle for 11CHBT
is −58°, while calculated value for 6CHBT is −61.0°.
However, for the (3–4–13–14) dihedral angle a higher
value of −93° is observed experimentally for 11CHBT,
compared to that found in ab initio calculations
(−63.4°). This seems to be due to intermolecular

Fig. 3 Energy scan along the 8–7–1–2 dihedral angle revealing three
minima. The schemes depict the type of conformer; R hydrocarbon
chain

Fig. 2 The relative energy of
different 6CHBT conformers.
Solid lines Energy differences,
dotted lines zero point energy
(ZPE) corrected energy differ-
ences. ae Axial–equatorial, ea
equatorial–axial, ee equatorial–
equatorial, aa axial–axial
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interactions in the condensed phase, as the phenyl rings
tend to adopt a mutually perpendicular arrangement.
This was additionally confirmed by intermolecular
contact studies (see dimer 2 in the section on Intermo-
lecular contacts below). When molecules in the head-to-
head configuration are pulled closer together, the
isothiocyanatobenzene ring starts to rotate along the 3–
4–13–14 dihedral angle (starting from −60° at a distance
of 10 Å) resulting in a tilted conformation with a
dihedral angle equal to −92.7° at 2.8 Å.

As in 11CHBT, the 6CHBT thiocyanato group is almost
linear (the N=C=S angle is 176° in both structures) , and
always in-plane with the aromatic ring. Also similar are the C
(from benzene ring)–N, N=C and C=S bond lengths , which
are equal to 1.38 Å, 1.20 Å and 1.59 Å in 6CHBTand 1.40 Å,

1.14 Å and 1.54 Å in 11CHBT, respectively. However, in
contrast to experimental crystallographic data for 11CHBT
[where the C(16)-N=C equals 168°], the calculated C(16)-
N=C angle in 6CHBT structure is 154°.

Searching the Cambridge Crystallographic Database for
structures containing an isothiocyanatobenzene fragment
revealed 14 compounds with a non-coordinating NCS
group. Analysis of the geometry showed that the C
(benzene)-N=C angle spans from 139.4° up to 172.5°,
with an average value of 158.3°, while the N=C=S angle is
equal to 173.7° on average. The average lengths of the C–
N, N=C and C=S bonds are 1.40 Å, 1.19 Å and 1.56 Å,
respectively, which is in very good agreement with bond
lengths calculated for 6CHBT. The closest structural
analogue of 11CHBT and 6CHBT found was 1-hexyl-4-
(4-isothiocyanatophenyl)bicyclo(2.2.2)octane (CCDC:
OGIBIP) [25], where the C(benzene)-N=C angle equals
152.2°, which is very close to that calculated for 6CHBT. It
can be concluded that the NCS ligand is usually more bent
than in 11CHBT, but such straight configurations are not
exceptional. One cannot exclude that, as suggested by
Mandal et al. [19], in the condensed phase of nCHBT LCs,
the N–C atomic bond attains a partially triple character
resulting in a straight isothiocyanate configuration.

Electronic properties of the isolated molecule

Analysis of the frontier orbital distribution shows that
both HOMO and LUMO are localised mainly at phenyl
ring and thiocyanato groups, with small a contribution
from cyclohexane atoms (Fig. 5). The energy difference
between both frontier orbitals (LUMO−HOMO) is 480.7 kJ
mol−1. The approximate electron affinity (εLUMO) and the
ionisation potential (εHOMO) are 107.5 kJ mol−1 and

Fig. 5a,b The shape of 6CHBT frontier orbitals. a HOMO (highest occupied molecular orbital), b LUMO (lowest unoccupied molecular orbital)

Fig. 4 Energy scan along the 3–4–13–14 dihedral angle revealing two
equivalent minima
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588.2 kJ mol−1, respectively. These results show that it is
very hard to ionise the 6CHBT molecule, explaining its
high chemical stability.

6CHBT exhibits a strong dipole moment (4.43 D) that is
parallel to the ring plane and points in the direction of the
hydrocarbon chain. This strong polarity of the molecule can
be depicted with the electrostatic potential mapped on the
electron density isosurface (Fig. 6). Analysis of electrostatic
potential (ESP) distribution shows that the head of the
molecule exhibits strong negative potential (indicating the
accumulation of negative charge on the electrophylic
heteroatoms), and mildly negative potential above and
below the aromatic ring plane (due to the accumulation of
π electrons). However, the edges of the aromatic ring have
a positive potential. As can be expected, the potential of the
rest of the hydrocarbon chain is roughly neutral. Such a
distribution of ESP suggests that 6CHBT molecules will be
involved in face-to-edge electrostatic interactions with their
aromatic rings as well as edge-to-NCS interactions (see
below).

Intermolecular contacts

Next, the interactions of two isolated molecules were
studied. Taking the 11CHBT crystallographic structure
[19] as a model, six different types of molecular associa-
tions were constructed and their geometries were optimised
on a DFT level (Fig. 7).

Dimer 1 Molecules 1 and 2—head-to-head configuration
where the phenyl rings are almost in perpendic-
ular position and the isothiocyanatobenzene
groups overlap;

Dimer 2 Molecules 1 and 4—head-to-head configuration
where the phenyl rings are in perpendicular
position and the thiocyanatho (NCS) groups
overlap with cyclohexane rings;

Dimer 3 Molecules 1 and 3—head-to-tail configuration
where both molecules lie almost along the long
axis and the thiocyanato group faces the end of
the hydrocarbon chain of the other molecule;

Dimer 4 Molecules 2 and 3—tail-to-tail configuration
where the end of hydrocarbon chain of one
molecule overlaps the cyclohexane ring of
another molecule;

Dimer 5 Molecules 3 and 4—tail-to-tail configuration
with overlapping hydrocarbon chains;

Dimer 6 Molecules 2 and 4—two parallel molecules,
located exactly one above the other.

Table 1 lists the contact interaction energies ΔE,
corrected for BSSE (E+BSSE). ΔE is defined as the
difference between the energy of two interacting molecules
(BSSE-corrected) and sum of the energies of two isolated
molecules. Interaction energies were negative only for
head-to-head configurations. Larger interaction energy
(−2.51 kJ mol−1) is observed for dimer 1, which involves
interactions of two isothiocyanatobenzene groups, than for
dimer 2 (−0.79 kJ mol−1), where the two thiocyanato groups
interact with cyclohexane rings. For other dimers, a small
repulsion is observed (ranging from 0.67 to 3.72 kJ mol−1).
The largest repulsive effect was found for the two 6CHBT
molecules located exactly one above the other.

It is known that DFT approximation does not describe
correctly long-range intermolecular interactions such as
vdW forces [26]. In order to estimate this part of the
intermolecular energy, molecular mechanics calculations
with the MM3 force field were conducted. Table 1
summarises all intermolecular contributions to energy
obtained from MM3, namely vdW interactions (ΔvdW),
hydrogen bond interactions (ΔH bond) and electrostatic
interactions (Δelect). For each DFT-level optimal geometry,
MM3 optimisation was performed with frozen selected
distance coordinates (distance r for each dimer is given in
Table 1 and Fig. 7). The reference energies (where no
interactions take place) were obtained for two 6CHBT
molecules separated by 10 Å (along the selected r
coordinate). This ensures that the energies obtained from
MM correspond to the dimer geometries from DFT, even if
the structures of individual 6CHBT molecules are opti-
mised within each theory. As a result, the MM energies
provide additional information to that obtained from DFT.

Fig. 6 Electrostatic potential (ESP) mapped onto electron density map. Red Negative potential, blue positive potential
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As expected, the results of the calculations show that
there are no hydrogen bonds between 6CHBT molecules.
The small values (from −1.21 to −2.18 kJ mol−1) observed
for dimers 4, 5 and 6, are connected to the overlapping of
hydrocarbon chains of both molecules and interactions of a
large number of hydrogen atoms from the C6H13 parts.

Therefore, as such, these cannot be treated as hydrogen
bond interactions.

For most 6CHBT molecules the electrostatic energies are
negligible. However, for dimers 1 and 2, small attractive
interactions (−0.96 and−1.76 kJ mol−1, respectively) are
found. It seems that this attractive interaction is due to the

Fig. 7 The density functional
theory (DFT) optimised geome-
try of all studied dimmers.
Dashed lines Selected distance
coordinate that was frozen for
molecular mechanics (MM3)
optimisation
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overlap of the highly polar thiocyanato group with the
phenyl ring.

The intermolecular interactions between two 6CHBT
molecules come mainly from vdW interactions. As
expected, the largest vdW energy is observed for dimers
with the largest molecular overlap. The biggest effect
(−14.98 kJ mol−1) is observed for dimer 6 (two parallel
6CHBTs), where the length of the molecular overlap is ca.
15 Å. The head-to-head configurations exhibit only slightly
smaller vdW attraction (−14.48 for dimer 1 and −13.05 for
dimer 2) even though the extent of the molecular overlap is
in the range of 8–9 Å. For dimers 4 and 5, where the
molecular overlaps were ca. 8 Å and 6.5 Å, respectively,
the vdW interaction energies are equal to −8.54 and
−5.82 kJ mol−1. Finally, for dimer 3, where no molecular
overlap takes place, the smallest vdW attraction is found,
namely−0.92 kJ mol−1. These results show that: (1) vdW
interaction of the dipolar isothiocyanatobenzene group is
stronger than the interaction of apolar hydrocarbon chains,
and (2) the magnitude of vdW attraction is proportional to
the extent of the molecular overlap (due to the additive
character of the vdW interaction).

One can roughly estimate the overall interaction energy
by summing ΔE B3LYP and MM intermolecular energy
�Δ(intra). Of course, such an approach is an approximation
as both methods correctly address the electrostatic interac-
tion, which results in double counting of the electrostatic
effects in case of dimers 1 and 2. Nevertheless, it shows
which contacts may be the most favourable and, as a result,
most likely to exist in the nematic phase. As can be seen
from Table 1, the most favorable interaction energies
(−17.28 and −15.23 kJ mol−1) are found for both head-to-
head configurations (dimers 1 and 2). The parallel
configuration (dimer 6) exhibits a total interaction energy
of −13.01 kJ mol−1 followed by dimers 4 and 5 (−8.20 and
−5.06 kJ mol−1). The head-to-tail interaction energy turns
out to be close to zero. These results point to the head-to-

head configuration being the most likely to exist in the
nematic phase, which is in agreement with conclusions
drawn for 11CHBT by Mandal et al. [19].

IR spectrum

In order to cross-validate the results of ab initio modelling,
the IR spectrum for the geometry of the most stable 6CHBT
conformer was calculated. As any significant difference in
the single molecule spectrum between experimental and
calculated results might indicate important intermolecular
interactions, the same analysis was performed for all
studied contacts.

The resulting spectrum matched very nicely the exper-
imental one, and allowed assignment of the main bands (see
Fig. 8). The strongest bands, in the range of 2,900–
3,000 cm−1, come from the symmetric and asymmetric
stretching modes of sp3 hydrocarbon, with the highest band
at 2,922 cm−1 coming from asymmetric C–H bond
stretching in both cyclohexane and CH2 groups of n-
hexane. The highest band in the spectrum is observed at
2,075 cm−1 and was identified as a stretching of the C=N
bond in the NCS group. In the theoretical single molecule
spectrum, this band is very high and narrow, while in the
experimental one it is very wide, suggesting various
interactions involving the NCS group that broadens the
peak (Fig. 8a).

Another strong peak at 1,505 cm−1 is associated with
deformations of the aromatic ring that alternately contracts
pairs of C13–C14, C13–C18 and C16–C15 and C16–C17
bonds, rocking the aromatic hydrogen atoms in the plane of
the aromatic ring.

The accompanying bands around 1,450 cm−1 are
associated with scissor deformations of C–H3 and C–H2

groups. The band at 934 cm−1 is associated with the
characteristic ‘ring breathing’ C=C stretching mode, which
also involves elongation of the C20=S21 bond. The peak at

Table 1 Summary of interaction energies for dimer interaction
between 4-(4-hexylcyclohexyl) isothiocyanatobenzene (6CHBT) mol-
ecules calculated with the B3LYP density functional theory (DFT) and
molecular mechanics (MM3) methods. ΔE B3LYP Energy difference

between dimer and two isolated 6CHBT molecules, ΔvdW van der
Waals interactions, Δ(H bond) hydrogen bonds interactions, Δ(elect)
electrostatic interaction, Δ(intra) intermolecular interactions (vdW+H-
bonding+electrostatic), Total sum of ΔE B3LYP and Δ(intra)

Type of contact DFT MM3 Total

r [Å] ΔE B3LYP[kJ mol−1] Δ(vdW) Δ(H bond) Δ(elect) Δ(intra)

Dimer 1 (molecules 1,2) 4.1 −2.51 −14.48 0.67 −0.96 −14.77 −17.28
Dimer 2 (molecules 1,4) 4.3 −0.79 −13.05 0.33 −1.76 −14.43 −15.23
Dimer 3 (molecules 1,3) 3.9 0.67 −0.92 0.04 0.00 −0.88 −0.21
Dimer 4 (molecules 2,3) 4.75 2.51 −8.54 −2.18 0.04 −10.71 −8.20
Dimer 5 (molecules 3,4) 4.9 1.97 −5.82 −1.21 0.00 −7.03 −5.06
Dimer 6 (molecules 2,4) 4.6 3.72 −14.98 −1.51 −0.25 −16.74 −13.01
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828 cm−1 can be assigned to out-of-plane bending of the
aromatic hydrogen atoms and, finally, the 536 cm−1 band
can be associated with either in-plane bending of the NCS
group or out-of-plane bending of the aromatic ring.

As mentioned before, the νs
NCS band in the experimental

spectrum is very wide. In order to explain this, the IR
spectra of possible contacts were obtained. The shifts in the
νs

NCS band position are listed in Table 2 along with
changes to the δNCS deformation band (which also depict
changes in NCS electronic environment).

The observed shift in the νs
NCS of dimer 1 (energetically

favorable) partially explains the width of the band in the
experimental spectrum. Dimer 1 also has the strongest shift
of δNCS. Interestingly, similar shifts are not observed for
another head-to-head configuration (dimer 2). Apparently,
this shift is associated with the mode of NCS interaction
with the aromatic ring.

The results of our calculations show that no hydrogen
bonds are created in the studied 6CHBT systems, as no
batochromic shift was observed along with the increase in
band intensity of the IR spectrum. This was to be
expected, as the potential hydrogen bond donor–acceptor
distances in the studied dimers are well above 3 Å, and no
significant hydrogen bonding interaction was found by
MM calculations.

Conclusions

The results of calculations show that 1-(trans-4-
hexylcyclohexyl)-4-isothiocyanatobenzene in ee confor-
mation is the most energetically stable of all possible
isomers of 6CHBT. This explains the selectivity of
6CHBT synthesis towards the trans product.

Detailed conformational analysis proves that the most
stable geometry of the 6CHBT molecule in the gas phase is
the one with the isothiocyanatobenzene ring plane perpen-
dicular to the cyclohexane ring plane, and with the n-
hexane chain pointing sideways to the cyclohexane ring (in
staggered alignment). Two possible rotamers for the NCS
ligand are energetically equivalent to conformers involving
rotation of the isothiocyanatobenzene ring, with the
rotational barrier for the former process being smaller than
the latter by 5.44 kJ mol−1.

Analysis of frontier orbital electronic density distribu-
tions shows that both HOMO and LUMO orbitals are
localised mainly at the phenyl ring and the thiocyanato
group, with small contributions from atoms of cyclohexane.
6CHBT is a polar molecule with the head exhibiting
negative electrostatic potential and an apolar hydrocarbon
tail. As a result, it possesses a strong dipole moment
(4.43 D) that is parallel to the ring plane and points in the
direction of the hydrocarbon chain. Moreover, the high
value of the ionisation potential (−ε HOMO) explains the
high chemical stability of 1-(trans-4-hexylcyclohexyl)-4-
isothiocyanatobenzene.

vdW interactions are the predominant attractive forces
present in the condensed phase of the studied system.

Table 2 Frequencies of non-crystallographic-similarity (NCS) band
deformation in isolated and dimer models

Type of contact νs
NCS[cm−1] δNCS [cm−1]

Isolated molecule 2,102 500
Dimer 1 2,127 and 2,119 476
Dimer 2 2,099 and 2,100 487
Dimer 3 2,109 480
Dimer 4 2,101 489 and 499
Dimer 5 2,100 and 2,002 489 and 500
Dimer 6 2,098 and 2,103 487 and 489

Fig. 8a,b Infra-red (IR) spectra of 6CHBT. a Overlay of experimental
(dotted grey line) and calculated (solid black line) spectrum, b peak
assignment of experimental spectrum based on theoretical calculations
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Hydrogen bonds are not observed and the electrostatic
interactions are relatively small. The head-to-head config-
uration is the most energetically favourable among the
studied dimers.

The theoretical IR spectrum of the isolated 6CHBT
molecule is in good agreement with the experimental
spectrum and facilitates assignment of specific IR bands.
The experimentally observed broadening of the νs

NCS band
can be explained by the shift in the IR spectrum of the most
energetically favourable head-to-head dimer (dimer 1).

Unexpectedly, our theoretical studies do not explain the
intricate melting behaviour of 6CHBT observed by Witko
et al. [18].
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