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Abstract: In the present work, we have analyzed the molecular interactions existing in a 4-n-pentyl-4-cyano-biphenyl (5CB) monomer and its 
dimer, in the head-tail configuration. The optimized geometrical structures of the monomer and dimer were obtained using the theoretical 
level wB97-XD/6-311G++(d,p). The intermolecular interactions were analyzed through the non-covalent interaction index (NCI) and the 
localized molecular orbital energy decomposition analysis method (LMO-EDA). Our results suggest that the antiparallel alignment of the 5CB 
liquid crystal is caused by attractive contributions arising from the intermolecular interactions between the aromatic rings. Furthermore, these 
interactions were found to cause deformations in the geometries of the monomers forming the dimer. 
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INTRODUCTION 
IQUID crystals (LCs) are considered an aggregation 
state whose properties are intermediate between a 

crystalline solid and an amorphous liquid.[1–3] In function of 
their properties, these LCs are being constantly developed, 
modified, and used industrially in displays, thermometers, 
light valves, cosmetics, lubricants, ultra-resistant fibers (liq-
uid crystal polymers), films, drugs, and medicines.[4,5] Prob-
ably the most commercially important class of LCs to date 
is 4-alkyl-4'-cyanobiphenyl (CB), because it is used to fabri-
cate displays in calculators, mobile phones, and portable 
computers.[4,6] 4-n-pentyl-4-cyano-biphenyl (5CB) is one of 
the LCs most studied because it shows a nematic phase 
between 297 and 308.3 K. This property allows it to be used 
in many applications at room temperature.[3] Thus, its prop-
erties, such as molecular structure and intermolecular in-
teractions, have been the subject of extensive 
experimental,[7–15] and theoretical investigations.[7,15–22] 
These studies include X-ray diffraction,[6,10] IR spectros-
copy,[23–25] ultrasonic and Brillouin light scattering,[26] 

molecular dynamics,[7,18] semiempirical,[27] DFT and MP2 
calculations.[17,19] In summary, experimental results reveal 
that the most preferred dimer arrangement of 5CB is in an 
overlapping head-to-tail arrangement of neighboring mol-
ecules. In this configuration, the dimer is 1.4 times longer 
than the single monomer.[10,28–30]. Also, this type of align-
ment has also been identified when 5CB thin films are 
under confinement. Under these conditions, a parallel ori-
entation of its nematic director to the surface of 
confinement is called a planar configuration, while a nor-
mal orientation of the nematic director corresponds to a 
perpendicular configuration.[31–33]. In these 5CB thin films, 
the 5CB dimers formed have a typical thickness of 5 Å and 
a length of around 25-26 Å.[10,13] Also, similar 5CB configu-
rations have been reported in hybrid systems, where 
nanosized metal species are included in the dimer.[15] 
 On the other hand, theoretical studies that employ 
atomistic potentials have been constructed to successfully 
describe many of the 5CB key structural motifs, densities, 
phases, and heats of vaporization.[7,17,34] Amovilli et al. 
reported a study of the intermolecular interactions in 5CB 
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dimers by using a two-body potential function derived 
through the fragmentation reconstruction method 
(FRM).[17,28] They analyzed the existence of intermolecular 
interactions in different 5CB configurations, such as parallel 
face-to-face and side-by-side configurations.[17] However, 
Amovilli et al. did not analyze the intermolecular interac-
tions for the configuration head-to-tail,[26] which is the 
most probable experimental geometry.[31,32] Also, it is 
important to highlight that in these theoretical studies, the 
intra and intermolecular interactions were fitted empiri-
cally to reproduce the experimental and theoretical data, 
proving the importance of the intra and intermolecular 
interactions in the prediction of the properties of the 5CB 
liquid crystal.[34] Nevertheless, an analysis of the origin of 
such interactions, at the molecular level, has not been per-
formed.[34] We consider that an analysis of the molecular 
interactions in the 5CB would allow us to clarify the link be-
tween its molecular structure and its liquid crystal 
behavior.[35–37] However, to the best of our knowledge, 
there is not information, at the molecular level, about the 
intermolecular interactions in a 5CB dimer in the head-to-
tail configuration. We consider that this kind of study is 
important because intermolecular interactions are directly 
responsible for the nematic alignment of the 5CB liquid 
crystal.[10] Therefore, in the present work, we have per-
formed a theoretical quantum study about the intermolec-
ular interactions to gain insight into the behavior of this LC. 
 

METHODOLOGY 
In order to find out the optimal geometry during the interac-
tion between two monomers of 5CB, we tested several initial 
geometries (see Figure 1S in supplementary material) and we 
perform a conformational search as implemented in Hyper-
chem.[38] The best structure (minimal energy) was subjected 
to a full geometry optimization employing the Density Func-
tional Theory. In order to accurately describe the intermolec-
ular interactions in the 5CB dimer ((5CB)2), the dispersion-
corrected density functional wB97X-D was used,[39–41] in con-
junction with the 6-311++G(d,p) basis set. The Basis Set Su-
perposition Error (BSSE) was estimated using the full 
counterpoise method.[42,43] The molecular interactions in the 
optimized 5CB)2 dimer were analyzed through the non cova-
lent interactions index (NCI) proposed by Johnson et al.[37] All 
NCI calculations were obtained with a step size of 0.2 for the 
cube and a cutoff of 5 Å for the calculation of the interac-
tions. The localized molecular orbital energy decomposition 
analysis method (LMO-EDA) was used to quantitatively eval-
uate the contributions to the total interaction energy.[44] 

Computational Resources 
We used a cluster with 32 cores Xeon 3.0 GHZ and 8 GB of 
memory for all calculations. These calculations were carried 

out through the packages Hyperchem,[38] Gaussian 09,[45] 
GAMESS,[46,47] and visualized with the Gausview,[48] 
Arguslab,[49] NCIplot,[37] and GNUplot packages.[50] 
 

RESULTS 

Intermolecular Interactions in the 
Monomer 5CB 

5CB monomer structure was subjected to a full geometry 
optimization at the DFT level; prior to the geometry optimi-
zation, a conformational search was conducted through the 
software Hypechem to find the structure of the more stable 
conformer. In Figure 1, the 5CB monomer structure is 
depicted, which was optimized at the wB97X-D/6-
311++G(d,p) level of theory. Also, the xyz coordinates of the 
5CB monomer are reported in Table 1S in the supplemen-
tary material. Bond distances and angles are similar to 
those described in the literature when using a B3LYP/6-
31G(d,p) level of theory.[22] 
 In order to identify the molecular interactions in the 
5CB monomer, the NCI index was used.[37] This index is 
based on the reduced density gradient, s, and the electron 
density, ρ, see [Eq. (1)]. 
 

 
∇
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s can be plotted against sign(λ2) in a dispersion diagram 
where sign(λ2) is the second curvature of ρ.[37] In this kind 
of plot, a spike indicates an interaction. Thus, a spike with 
a negative sign of λ2 indicates bonding interactions, which 
are characterized by a density accumulation perpendicular 
to the bond. A density depletion is characterized by a 
positive sign of λ2, indicating nonbonded interactions.[37] 
On the other hand, the Van der Waals interactions are 
identified by a negligible density overlap that gives λ2 ≈ 0. 
Thus, the analysis of the sign of λ2 enables us to distinguish 
different types of weak interactions, while the magnitude 
 

 

Figure 1. Molecular geometry of 4-n-pentyl-4-cyano-
biphenyl optimized at the wB97-XD/6-311++G(d,p) level of 
theory. The bond distances (Å) are labeled in the Figure. 
Dihedral angles 2C-6C-8C-15C= 42.5° and 9C-7C-4C-5C=-
89.4°. 
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of the electron density measures the strength of the 
interaction.[37] 
 Figure 2 shows the plot s vs sign(λ2) for the 5CB 
monomer; note the presence of three spikes. A spike in the 
negative region indicates a stabilizing interaction, while 
two spikes in the positive region suggest destabilizing 
interactions. Also, in this kind of plot, the position, strength, 
and type of an interaction can be represented through an s 
isosurface, where the signs of λ2 and electron density size 
can be related to a color code. The s isosurface for 5CB was 
plotted using electron densities; see Figure 3. Note the 
presence of two destabilizing interactions in the center of 
the aromatic rings. From this isosurface, it was not clear 
whether there were non-covalent stabilizing interactions 
on the isolated monomer.  

Intermolecular Interactions in the (5CB)2 
Dimer 

It has been reported in the literature that in a nematic 
liquid crystal, the monomers are restricted to being paral-
lel, following an orientational order.[1] However, in the case 
of 5CB, the formation of dimers in a parallel head-to-tail 
configuration has been reported as the most probable 
experimental geometry.[31,32,51] In order to explore the dif-
ferent three-dimensional arrangements of the 5CB dimer, 
a conformational search was performed with the help of 
Hyperchem software.[38] The variation of the torsional 

angles was allowed to evaluate the energetics of the result-
ing conformations and identify the most stable confor-
mations. Several initial trial structures were used, as 
reported in Figure 1S in the supplementary material. In 
Figure 1Sa, the conformation corresponds to a head-to-
head configuration with the central benzene rings in a close 
perpendicular position. Figure 1Sb shows the head-to-head 
configuration with the central benzene rings in a close 
planar alignment position. Figure 1c is the head-to-tail con-
figuration with the central benzene rings in a close perpen-
dicular position, and Figure 1d is the head-to-tail 
configuration with the central benzene rings in a close pla-
nar alignment position. In each case, 1000 conformers per 
trail structure were requested. In all cases, the more stable 
conformer corresponds to the head-to-tail configuration 
with the central benzene rings in planar alignment position 
(see Figure 1Sd), which agrees with what has been reported 
in the literature.[31,32,51] 
 Here, it is important to consider that the evaluation 
of the intermolecular interaction energy depends strongly 
on the choice of basis set and the electron correlation cor-
rection procedure. Therefore, a large basis set near satura-
tion and CCSD(T) level electron correlation correction are 
necessary for an accurate evaluation of interaction energy 
between aromatic molecules.[52] In this sense, reports in 
the literature indicate that the wB97X-D functional is suita-
ble for predicting properties related to non-covalent inter-
actions, such as molecular binding energies and 
intermolecular distances,[53–56] being able to predict exper-
imental results.[57] Also, the basis set employed,  
6-311++G(d,p), includes diffuse and polarization functions, 
which can adequately describe the long-range interactions 
as expected in the (5CB)2 dimer. Therefore, we decided to 
analyze the intermolecular interactions in the (5CB)2 dimer 
at the wB97X-D/6-311++G(d,p) level of theory. The (5CB)2 

structure optimized at this level of theory is depicted in 
Figure 4. The xyz coordinates of the 5CB dimer are reported 
in Table 2S in the supplementary material. Note that the 
5CB monomers are aligned through the benzene rings. 
Also, the distance between the ends was measured, and 
the long axis had a value of 23 Å while the short axis had a 
distance of 5.3 Å. The monomer length is equal to 16.4 Å, 
and the length of the (5CB)2 structure is 1.4 times the mon-
omer length, which compares favorably with the obtained 
experimentally through diffraction pattern measure-
ments.[30,31] Also, the last values compare favorably when 
the formation of (5CB)2 occurs in an overlapping head-to-
tail configuration under confinement conditions where the 
nematic director of the liquid crystal molecules is aligned 
with the surface boundary in either a planar or a perpen-
dicular configuration.[30,31] Also, the bond distance values in 
each monomer of (5CB)2 were measured, and they are 
similar to the bond distances obtained for the isolated 5CB 

 

 

Figure 2. Plot s vs sign(λ2) for 5CB monomer. 

 

 

Figure 3. s(ρ = 0.2) isosurfaces of 5CB plotted using electron 
densities. 
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monomer; see Figure 1. However, the dihedral angles 
exhibited by the monomers in the dimer were 2C-6C-8C-
15C = –38.7° and 9C-7C-4C-5C = –112.62° for the first one, 
while 2C-6C-8C-15C = –34.2° and 9C-7C-4C-5C = 128.9° for 
the second one. Also, in Figure 4, note that there are two 
small intermolecular interactions between the cyano group 
and a hydrogen atom located in the opposite monomer 
with bond lengths of 2.6 and 3.03 Å. The value of these 
bond lengths suggests a weak interaction that is mostly 
electrostatic.[58] Thus, even though Onsager's theory 
suggests that nematic liquid crystals can be modeled as 
rigid rods,[59] the fact that there are many single bonds with 
low-barrier torsions in the monomer and dimer indicates 
that the (5CB)2 dimer should be considered as a flexible 
rather than a rigid system. 
 On the other hand, at the wB97X-D/6-311++G(d,p) 
level of theory, the interaction energy value is  
–15.7 kcal mol–1. If one does not consider the monomer 
deformation during the interaction, then the interaction 
energy is overestimated at –14.0 kcal mol–1. 
 For (5CB)2, the plot s vs sign(λ2) in a dispersion dia-
gram is shown in Figure 5. If one compares this plot with 
the monomer plot (see Figure 2), it is possible to observe 
the presence of three new spikes in the negative zone at  
–0.004,–0.009, and –0.015 while in the positive region, new 
destabilizing interactions were detected at 0.004, 0.006 
and 0.01. In Figure 6, these stabilizing (red) and destabiliz-
ing (white) interactions are depicted through an s isosur-
face where the signs of λ2 and electron density size are 
color-coded. The stabilizing interactions at -0.015 could be 
related to a C-ring (center), –0.012 Hydrogen-Ring, –0.009 
C(ring)-H(ring), and at –0.004 to the formation of weaker 
hydrogen bonds, which involve the π-electrons of the triple 
bond of the cyano group.[60] The destabilizing interactions 
at 0.01 and 0.004 were related to double bond-ring (center) 
and double bond-C(ring) interactions. From this figure, it is 
clear, that the main attractive interactions are located 
among the aromatic rings. No Nitrogen-Hydrogen bond 
formation was identified, which is in agreement with recent 
experimental results.[61] 

 In addition to the NCI study, we analyzed the role of 
the components that contribute to the total interaction en-
ergy through the LMO-EDA method.[62] At the wB97X-D/6-
31+G(d) level of theory, the values of the interactions in the 
5CB dimer are the electrostatic (–29.63 kcal mol–1), exchange 
(–1.190 kcal mol–1), dispersion (–15.98 kcal mol–1), pola-
rization (29.65 kcal mol–1) and repulsion (0.016 kcal mol–1) 
energies. If one analyzes the value of electrostatic 
interaction, it seems plausible that the largest contribution 
to the electrostatic attraction would be due to the dipole-
dipole interaction. Thus, we evaluated the interaction energy 
(U) between these dipoles employing the following equation 
derived for an anti-parallel alignment:[63] 
 

 −
= 1 2

3
04

μ μ
U

πε r
 (2) 

 
where µ1 and µ2 are the values of the dipole moments of 
the monomers 1 and 2, respectively, in the 5CB dimer, ε0 is 
the dielectric constant in vacuum and r is the distance 
between dipoles. As an approximation, we consider the 
value of µ1 = µ2 = 6.92 D. This value corresponds to the value 
of the dipole moment for the isolated 5CB monomer 
evaluated at the wB97X-D/6-311G++(d,p) level of theory. 

 

 

Figure 4. Molecular geometry of (5CB)2 optimized at the 
wB97X-D/6-311++G(d,p) level of theory. The bond distances 
(in Å) are labeled into the Figure. 

 

 

Figure 5. Plot s vs sign(λ2) for (5CB)2 monomer. 

 

 

Figure 6. s(ρ = 0.2) isosurfaces of (5CB)2 using electron 
densities. 
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The electrostatic interaction energy between dipoles is  
–19.80 kcal mol–1. If one compares this value with the total 
electrostatic interaction value (–29.63 kcal mol–1), it is 
possible to observe that the dipole-dipole interaction is the 
major electrostatic contribution (67 % approximately) in 
the dimer. Also, considering all the contributions, the total 
interaction energy calculated was –17.13 kcal mol–1. These 
results suggest that the alignment of 5CB monomers in 
(5CB)2 is caused mainly by the presence of electrostatic, 
dispersion, and exchange interaction energies. Also, the 
combination of attractive and repulsive interactions in the 
center of the molecule contributes to the deformation of 
the monomers during their interaction. 
 

CONCLUSIONS 
In the present study, we have calculated the molecular in-
teractions in a monomer and dimer of 4-n-pentyl-4-cyano-
biphenyl liquid crystal. The evaluation of the intermolecular 
interactions employing the NCI index and the LMO-EDA 
method indicates that the arrangement of the molecules in 
the 5CB dimer is due mainly to attractive interactions lo-
cated among the aromatic rings. A combination of attrac-
tive and repulsive interactions in different sections of the 
dimer is causing deformation of the 5CB monomers. 
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Figure 1. Initial trial structures of 5CB dimer employed to find the conformer more stable. 
a) head-to-head configuration with the central benzene rings in a close perpendicular 
position. b) head-to-head configuration with the central benzene rings in a close planar 
alignment position. c) head-to-tail configuration with the central benzene rings in a close 
perpendicular position, and d) head-to-tail configuration with the central benzene rings in a 
close planar alignment position. 
 


 


 


 







Table 1S. xyz coordinates of the 5CB monomer reported in Figure 1 and optimized at the wB97X-
D/6-311++G(d,p) level of theory. 


Atom x y z 
C -1.112160 1.365664 -0.332069 
C 0.252007 -0.491512 1.198651 
C 0.252468 1.189318 -0.509721 
C -1.817853 0.624298 0.614774 
C -1.111953 -0.307606 1.374556 
C 0.957169 0.257526 0.254786 
C -3.305223 0.795273 0.781802 
C 2.417582 0.076483 0.077986 
C -4.113815 -0.129251 -0.136439 
C -5.620328 0.043780 0.031944 
C -6.443227 -0.868180 -0.875026 
C -7.947027 -0.682627 -0.693530 
C 5.177302 -0.261078 -0.246555 
C 3.260203 1.182126 -0.071480 
C 2.984158 -1.201441 0.061661 
C 4.348734 -1.375094 -0.097671 
C 4.625934 1.021527 -0.233569 
C 6.590663 -0.434089 -0.411628 
N 7.726411 -0.573272 -0.544077 
H -1.640522 2.092581 -0.941617 
H 0.773984 1.769421 -1.263883 
H -1.636527 -0.889614 2.126326 
H 0.781875 -1.202889 1.823464 
H -3.581164 0.598995 1.823493 
H -3.579263 1.835745 0.576348 
H -3.835896 -1.170488 0.066730 
H -3.833379 0.064309 -1.178828 
H -5.889113 1.089467 -0.166768 
H -5.891895 -0.146544 1.078461 
H -6.175291 -1.912473 -0.675887 
H -6.173037 -0.677029 -1.920211 
H -8.246595 -0.897417 0.336913 
H -8.244280 0.346822 -0.916180 
H -8.515785 -1.344268 -1.351574 
H 2.840992 2.181196 -0.036775 
H 2.343314 -2.070969 0.154033 
H 4.778177 -2.369474 -0.116388 
H 5.271732 1.884823 -0.339941 







Table 2S. xyz coordinates of the 5CB dimer reported in Figure 4 and optimized at the wB97X-D/6-
311++G(d,p) level of theory. 


Atom x y z 
C -3.460999 -2.591999 -0.230000 
C -1.603999 -0.820999 -1.260000 
C -2.135999 -2.667999 0.169000 
C -3.888999 -1.618999 -1.135000 
C -2.933999 -0.743999 -1.648000 
C -1.185999 -1.773999 -0.330000 
C -5.345999 -1.490999 -1.497000 
C 0.214001 -1.802999 0.153000 
C -6.209999 -1.071999 -0.301000 
C -7.658999 -0.781999 -0.680000 
C -8.502998 -0.334999 0.511000 
C -9.948998 -0.029999 0.133000 
C 2.846001 -1.778999 1.104000 
C 1.285001 -1.563999 -0.712000 
C 0.491001 -2.038999 1.504000 
C 1.789001 -2.028999 1.981000 
C 2.588001 -1.548999 -0.247000 
C 4.189001 -1.716999 1.601000 
N 5.267002 -1.649000 2.002000 
C 3.415999 1.586000 1.425000 
C 2.019000 1.952000 -0.928000 
C 2.035000 1.729000 1.454000 
C 4.124999 1.624000 0.226000 
C 3.397999 1.815000 -0.950000 
C 1.310000 1.911000 0.276000 
C 5.625999 1.464000 0.213000 
C -0.165000 2.050000 0.296000 
C 6.145999 0.407001 -0.764000 
C 7.648999 0.181001 -0.627000 
C 8.192999 -0.861999 -1.599000 
C 9.693998 -1.088999 -1.443000 
C -2.959000 2.264000 0.283000 
C -0.818000 2.877000 -0.625000 
C -0.943000 1.346001 1.220000 
C -2.324000 1.446001 1.219000 
C -2.197000 2.983000 -0.639000 
C -4.386999 2.359000 0.255000 
N -5.536999 2.434000 0.223000 







 


H -4.178999 -3.302999 0.168000 
H -1.831999 -3.441999 0.866000 
H -3.239999 0.029001 -2.347000 
H -0.894999 -0.094999 -1.642000 
H -5.455999 -0.748999 -2.295000 
H -5.715999 -2.440999 -1.899000 
H -5.776999 -0.176999 0.154000 
H -6.179999 -1.857999 0.463000 
H -8.108998 -1.672999 -1.138000 
H -7.676999 0.004001 -1.446000 
H -8.041999 0.555001 0.954000 
H -8.480998 -1.114999 1.282000 
H -9.995998 0.768001 -0.614000 
H -10.440998 -0.910999 -0.291000 
H -10.529998 0.292001 1.001000 
H 1.095001 -1.391999 -1.765000 
H -0.326999 -2.205999 2.196000 
H 1.990001 -2.197999 3.032000 
H 3.407001 -1.344999 -0.926000 
H 3.953999 1.437000 2.355000 
H 1.521000 1.714000 2.408000 
H 3.914999 1.848000 -1.904000 
H 1.485000 2.068000 -1.865000 
H 6.088999 2.430000 -0.026000 
H 5.958999 1.201000 1.221000 
H 5.913999 0.697001 -1.796000 
H 5.628999 -0.539999 -0.578000 
H 7.865999 -0.132999 0.401000 
H 8.175999 1.132000 -0.780000 
H 7.973999 -0.549999 -2.628000 
H 7.661999 -1.807999 -1.443000 
H 10.249998 -0.161999 -1.615000 
H 9.932998 -1.437999 -0.434000 
H 10.061998 -1.835999 -2.151000 
H -0.235000 3.461000 -1.328000 
H -0.463000 0.674001 1.921000 
H -2.915999 0.871001 1.920000 
H -2.690000 3.629000 -1.356000 


 





