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The effect of molecular shape and chemical
structure on the photo-physical properties of
liquid crystals

Jordan Hobbs, a Richard J. Mandle, ab Johan Mattsson a and
Mamatha Nagaraj *a

Fluorescence in liquid crystals (LCs) is valuable for applications such as optoelectronic devices,

photovoltaics and light emitting diodes. The molecular shape and chemical structure of LCs greatly

influence their fluorescent properties, although these relationships are not well understood. We here

provide a systematic comparative study of a selection of cyanobiphenyl-based LCs with both calamitic

and dimeric molecular shapes. The influence of both these molecular shapes and of lateral fluorination

on the observed fluorescence is determined. Our results show that cyanobiphenyl-based calamitic

nematic LCs exhibit a constant increase in the excimer-to-monomer emission ratio as the temperature

is reduced from the isotropic phase. For a cyanobiphenyl-based dimeric LC with an average bent (or

banana) molecular shape, that exbibits both nematic and twist-bend nematic phases, the excimer-to-

monomer ratio is found to be constant within both the isotropic and the nematic phases. However,

interestingly, a significant increase in the excimer-to-monomer ratio is observed in the lower

temperature twist-bend nematic phase of this material, indicating an increased presence of anti-parallel

(AP) pairing modes. When the same dimeric LC is fluorinated laterally to the cyano group, the material

shows significantly less excimer emission compared to the non-fluorinated dimeric LCs due to an

interruption in AP pairing. Furthermore, the results on cyanobiphenyl-based LCs are compared with

results for an oxadiazole-based nematic bent-core LC that does not support the same AP pairing

modes. For the oxadiazole-based LC, we observe a constant excimer-to-monomer ratio that is

significantly smaller compared with that observed for the other LCs throughout the entire temperature-

range of the nematic phase. Our results clearly demonstrate that the fluorescence of cyanobiphenyl-

based LCs, directly linked to excimer formation, is almost exclusively a result of AP pair formation.

Importantly, we also demonstrate that this pair formation, and thus the fluorescence, can be tuned both

through modification of the molecular shape and chemical structure.

1 Introduction

Fluorescent liquid crystals (LCs) are highly desirable for a wide
variety of potential applications including polarised lasers,1,2

displays,3–5 organic light emitting diodes (OLEDs),6,7 photonic
devices,8,9 ink-jet print dyes10 and 1-D semiconductors.11 Their
desirability stems from the ability to tune their photo-physical
properties via application of an external electric field, or by
tuning of the interfacial (surface) conditions. The study of the
emission properties of LCs in their neat form is essential for
their use in emission-driven device applications. However, LCs’
fluorescent properties are often investigated only in dilute

solution. Although LCs can be highly fluorescent in solution,
once they are concentrated their behaviours typically change,
either due to the molecular arrangements imposed by the
concentration-driven phase change, or simply due to intermo-
lecular interactions and related effects, such as excimer
formation.12 Even when the emission properties of LCs are
studied in their neat form, many studies are often incomplete.
Generally the study of fluorescence of neat LCs are performed
on ‘bulk’ LC samples within cuvettes to enable compatibility
with measurements performed using a ‘standard’ set-up. How-
ever, cuvette measurements are not representative of LC-based
device applications, which require that the LCs are used in
sandwich-cells or specific devices. The cuvette geometry also
requires additional care in the interpretation of the data due to
their significant optical density. Thus, it is best to avoid the use
of cuvette geometries for measurements on neat LC samples.13
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In LCs, excimer emission can strongly affect the fluores-
cence properties. An excimer is a molecular complex formed
between the ground-state and the excited-state of the same
molecular species. Excimers are unstable, and will therefore
decay either through fluorescence, also known as excimer
emission,12,14 or through a non-radiative process; both routes
act to quench the emission output of the monomer.15,16 Exci-
mer formation can both red-shift and alter the emission spectra
or even lead to a complete quenching of the fluorescence17 and
various applications have been developed, which utilise exci-
mer formation and emission.18–20 Excimer emission is gener-
ally red-shifted compared to the ground state emission, since
the excimer occupies a lower energy state compared to that of
the corresponding monomer. Excimer formation is diffusion-
activated (i.e. it requires close molecular proximity and is thus
dependent on diffusion for these encounters) and so is influ-
enced both by the temperature and viscosity of the material.21

Klock et al. postulated that the formation of fluorescent exci-
mers (in both dilute solutions of LCs in solvent, as well as in
neat LCs) is related to the antiparallel (AP) pair formation in
these materials.

Excimer formation has been previously investigated in some
calamitic LCs, such as alkyl- and alkoxy-cyanobiphenyls (nCB
and nOCB).13,22–30 It has been found that when nCB or nOCB
is dissolved in an isotropic solvent at low concentrations
(o100 mM although generally the limit is solvent-
dependent), the observed fluorescence emission is blue-
shifted and predominantly corresponds to monomer emission.
As the LC-concentration in the isotropic solvent was signifi-
cantly increased, a red-shifted emission was observed, suggest-
ing the formation of dimers or excimers.13,23,24 In fact, it is now
well-known that nCB or nOCB LCs show AP pair formation,
where individual mesogens pack top-to-tail,31–34 and such AP
pair formation has been observed in both the nematic and
isotropic phases.35,36 Klock et al. proposed three different
possible AP excimer conformations for nCB and nOCB LCs;
these conformations are termed fully-overlapped, partially-
overlapped and twisted-charge-transfer conformations.26 From
X-ray diffraction analysis of the dimer length,34 and from time-
resolved fluorescence measurements on a bridged version of
9CB (that prevents the formation of a twisted conformation26) it
was shown that the dominant excimer form in nCB and nOCBs
is the fully overlapped AP dimer. Based on investigations of
neat nematic LCs, it was suggested that the excimer formation
is assisted by the orientational order of the nematic
phase.22,24,25 Time-resolved fluorescence spectroscopy studies
have also shown that excimer formation, while possibly
enhanced by the nematic phase, is still present in the isotropic
phase.25 It has also been suggested that excimer emission could
possibly occur both from dimers formed pre- and post-
excitation.24

Calamitic LCs show a relatively limited conformational
flexibility and this restricts the excimer formation to nearest-
neighbour interactions, which typically means that a smaller
degree of local order is required for significant AP-pair
interactions. On the other hand, bent-core mesogens, and

banana-shaped molecules, can have either rigid or flexible
central cores37–40 and can thus experience a variety of inter-
molecular interactions, which might significantly affect the
excimer formation. In the past, the emission properties of
bent-core LCs have been studied mostly in dilute solutions,
where any effects due to the formation of the LC phase are not
observed.41–44 For bent-core LCs, investigated in their LC
phases, it has been found that similar to the behaviour of other
anisotropic materials, they demonstrate both absorption and
emission anisotropy,44,45 as well as excimer emission.44,46 It is
important to note, however, that often the reported results
include data acquired using a cuvette geometry, and does not
capture the complete picture.13

This paper provides a systematic comparative study of the
fluorescence properties of a selection of LCs, carefully chosen
to identify the role of molecular shape as well as structural
modifications to their photo-physical properties. All investi-
gated LCs are investigated in their neat form, within sandwich
devices, using a front-face geometry.13 The paper is divided into
three parts. The first part contains a detailed investigation of
the photo-physical properties of two cyanobiphenyl LCs: 5CB,
which exhibits a nematic phase, and 8CB, which exhibits both a
nematic and a smectic A phase, respectively. In the second part,
the results for a cyanobiphenyl-based LC dimer (containing CB
monomeric units), characterised by a mesogen with a bent
‘banana’ shape is investigated. The dimer contains the same
fluorescent moiety as the investigated corresponding calamitic
LCs (5CB/8CB) allowing the specific study on molecular shape.
The effect of fluorination on AP formation is also investigated,
for a dimeric nematic LC based on the same cyanobiphenyl
dimer. In the third part of the paper, the results from all four
cyanobiphenyl type LCs are compared with an oxadiazole-based
nematic bent-core LC that does not allow any AP pair for-
mation. Our results demonstrate how the photo-physical prop-
erties of LCs can be tuned by variation of molecular shape and
specific fluorination via manipulation of anti-parallel
interactions.

2 Materials and methods

The LCs used in this work are: 4-(4-pentylphenyl)benzonitrile
(5CB), 4-(4-pentylphenyl)benzonitrile (8CB), 4-[4-[7-[4-(4-cyano-
phenyl)phenyl]heptyl]phenyl]benzonitrile (CB7CB), 4-[4-[7-[4-(4-
cyanophenyl)phenyl]heptyl]phenyl]benzonitrile (F-CB7CB) and
4-(5-(4-((4-(dodecyloxy)benzoyl)oxy)phenyl)-1,3,4-oxadiazol-2-
yl)phenyl 4-pentylbenzoate (VBG93). The chemical structures,
phase sequence and phase transition temperatures of these
materials are provided in Fig. 1. F-CB7CB (synthesis details
given in SI) shows monotropic N and NTB phases; F-CB7CB
transitions to the N phase at 48.5 1C and to the NTB phase at
41 1C. This significant decrease in TNI compared to CB7CB is
consistent with the trend observed for fluorinated nCBs,47

where disruption of the AP packing by fluorination destabilizes
the LC phases and reduces the TNI significantly. VBG93, used in
this paper, was re-synthesised according to Görtz et al.48 5CB
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and 8CB were purchased from Sigma Aldrich and CB7CB from
Synthon, and these were used without further purification. All
LCs used here showed significant supercooling of their LC
phases, allowing for data collection far below their nominal
crystallisation temperatures. The planar and homeotropic LC
cells were purchased from AWAT, Poland. Planar alignment in
the liquid crystal cells was achieved using a SE130 polyimide
alignment layer and the substrates were rubbed and assembled
anti-parallel. The homeotropic alignment was achieved using a
SE1211 polyimide alignment layer. All LC cells had a cell gap of
10 mm and, unless mentioned, were filled in the nematic phase.
The alignment quality, and phase transitions, were determined
using polarised optical microscope (POM) and differential
scanning calorimetry (DSC). DSC experiments were performed
using a TA Instruments Q20 heat flux DSC in combination with
a liquid nitrogen cooling system.

Fluorescence spectroscopy was carried out using a fluores-
cence spectrometer (Edinburgh Instruments FLS1000) equipped
with dual monochromators. An ozone-free xenon arc lamp was
used to excite the samples using unpolarised light, which was
directed via optical fibres to a Linkam hot-stage. For a planar
sample, the excitation and subsequent emission collection were
normal to the LC director, and in a homeotropic sample they
were parallel to the director. As mentioned in the introduction,
compared to measurements in cuvettes, measurements in cells
significantly reduce spectral distortions resulting from primary
and secondary inner-filter effects.49,50 More details on the setup
used for LC materials is discussed elsewhere.13 All emission
measurements were corrected for the specific optics of the
entire setup.

The temperatures of the LCs were controlled using a Linkam
T95 temperature controller equipped with a LST120 Peltier
stage for the experiments on 5CB, 8CB and F-CB7CB, and a
Linkam THMS600 stage for CB7CB and VBG93. Emission

spectra were recorded using excitation and emission band-
widths of 1 nm except for VBG93 for which a 2 nm bandwidth
was used due to the low fluorescence emission of the material.
An excitation wavelength of 310 nm for 5CB, 8CB and CB7CB, a
wavelength of 335 nm for F-CB7CB, and 330 nm for VBG93 was
used. Emission spectra were measured on cooling using a rate
of 1 1C min�1, except for F-CB7CB for which a cooling rate of
5 1C min�1 was used due to the tendency of the sample to
crystallise under slow cooling. The spectra of an empty LC cell,
mounted on a hotplate, was subtracted from the LC spectral
data prior to the analysis, to remove any background effects.
The background spectra showed a slight temperature depen-
dence and background spectra were hence collected at all the
relevant temperatures.

Spectrometers used in fluorimetry generally measure the
photon count per wavelength. However, to fit the emission data
using a Gaussian-type peak, it is important to convert the data
from a wavelength (l) scale to a wavenumber (n) scale to account
for the inhomogeneous broadening that occurs on the energy
scale.51 In this paper, the abscissa was converted using

n ¼ 1

l
: (1)

The ordinate, in-turn, requires the use of the Jacobian
conversion,52,53 and the conversion used here is thus given by:

f ðnÞ ¼ f ðlÞdl
dn
¼ �f ðlÞl2: (2)

We note that this conversion is essential, as evenly spaced
intervals on a wavelength scale are not evenly spaced on a
wavenumber scale and the data thus requires a correction for
this fact. After the correction was applied, Gaussians were fitted
to the emission spectra. For all LCs in this paper, a fit using two
Gaussians provided the best fit, as determined by minimising
the fitting residual. The equation used to fit the data is
given by:

I ¼ Amexp
�4 lnð2Þ n � nmð Þ2

wm
2

 !

þ Aeexp
�4 lnð2Þ n � neð Þ2

we
2

 !
; (3)

where I is the intensity, An the amplitude of the peak, nn the
position of the peak, and wn is the full width half maximum
(FWHM). The subscript n corresponds to m and e for monomer
and excimer emissions, respectively. For all LCs investigated in
this work, the lower wavelength (higher wavenumber) peak
corresponds to the monomer emission, while the higher wave-
length (lower wavenumber) corresponds to the excimer emis-
sion. Fig. 2 shows such fitted curves for the 5CB liquid crystal in
its isotropic phase at two different temperatures (100 1C and
60 1C). The graphs Fig. 2(a) and (b) show the emission intensity
vs. wavenumber at the two different temperatures, illustrating
both the change in the monomer and excimer contributions as
the temperature was varied. The contributions from the mono-
mer and the excimer are shown together with the cumulative fit

Fig. 1 Molecular structure, phase sequence and phase transition tem-
peratures of the liquid crystals used in this paper. (a) For 5CB and 8CB
where n = 5, 8 respectively, (b) CB7CB, (c) F-CB7CB and (d) VBG93. Phase
transitions were determined from changes in polarised optical microscopy
texture. Iso: isotropic, N: nematic, NTB: twist-bend nematic, DC: dark
conglomerate and Cr: crystal.
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and the corresponding fitting residual, all as a function of
wavenumber.

3 Results and discussion
3.1 Anisotropic emission from 5CB and 8CB liquid crystals

Fig. 3a and b show the emission spectra of 5CB LC in both
planar and homeotropic geometries. Both datasets were
recorded on cooling at equal temperature intervals between
100 1C and 0 1C. Fig. 3c shows the plot of the integrated area
under the emission intensity peaks as a function of the tem-
perature. Here, the intensity has been normalised to 1 for T �
TNI = 0 1C. Clearly, in the isotropic phase of 5CB, both planar
and homeotropic samples show the same average emission
intensity that, as expected, decreases for increasing tempera-
ture. Generally, a decreasing temperature increases the emis-
sion intensity, due to the increase in the quantum yield of the
material arising from the decrease in competing decay path-
ways, such as molecular collisions or intra-molecular
vibrations.54 At T = TNI, the intensities of both the planar and
the homeotropic geometries show a step-change in emission
intensity. The planar sample shows a larger step increase,
whereas the homeotropic sample shows a much smaller step
decrease. As the temperature is reduced further, the intensity of

the emission increases more strongly in the planar sample
compared to the behaviour in the homeotropic sample; in the
latter, the intensity increases only very slightly. Considering the
experimental geometry, in the planar aligned sample, the LC
director is normal to the illumination and collection directions
of the excitation source and subsequent detection.

In contrast, for the homeotropic sample the LC director is
parallel to the illumination and collection directions. For a
temperature just below T = TNI, this results in an increase in the
emission intensity from the planar sample and a decrease from
the homeotropic sample. While the quantum yield might be
affected by the longitudinal molecular ordering of the nematic
phase, both homeotropic and planar aligned samples should
be affected in the same way by this effect. This suggests that the
emergence of an emission anisotropy in the nematic phase is
not due to any changes in quantum yield, and is predominately
due to the emergence of absorption anisotropy in the LC
phases. We also note that changes in orientational order must
affect the results for each alignment differently. For a planar
geometry, an increase in the orientational order parameter hP2i
would act to increase the emission intensity as the projection of
the long molecular axis normal to the incoming light source is
increased. In a homeotropic geometry the opposite is observed
where increases in hP2i reduce the projection of the long
molecular axis normal to the incoming light source and so

Fig. 2 Representative fit obtained for 5CB in its isotropic phase at (a) 60 1C and (b) 100 1C. Fitting residuals for the above fits are in (c) and (d). The lack of
sine wave shape in the fitting residual indicates that the only difference between the fit obtained and the original data is the random noise associated with
the experiment.
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reduce the emission intensity. The fact that molecules oriented
normal to the excitation source shows increased absorption,
suggests that the S0 - S1 transition moment is aligned with the
long axis of the 5CB molecule.55,56

The emission anisotropy, r, is defined as:

r ¼
I? � Ik
I? þ 2Ik

; (4)

where I> is the emission intensity from the planar aligned cell
(or absorption perpendicular to the director) and I8 is the
emission intensity of the homeotropic cell (absorption parallel
to the director). Fig. 3d shows the emission anisotropy as a
function of temperature for 5CB. In the isotropic phase, r is
close to zero (within error) while in the nematic phase, r
increases to 0.12 immediately after the isotropic to nematic
phase transition, and it increases to 0.23 by 0 1C (or T � TNI =
�35.5 1C). Across the isotropic phase, there is a slight decrease
in r as the temperature is reduced. This is likely not showing an

actual decrease in the anisotropy but is instead caused by
photo-bleaching of the 5CB LC, or photo-degradation of the
alignment layer in the cell. Photo-bleaching is not often
considered to be significant for emission measurements as
constant replenishment of the measurement volume reduces
photo-bleaching effects, but for small sample volumes, or
solid state samples, photo-bleaching can become relevant.57

In this case the samples would begin to photo-bleach imme-
diately resulting in an initially small change in the emission
intensity. Further cooling and subsequent emission measure-
ments leads to a steadily increasing photo-bleaching effect.
Samples that are in planar alignment would experience
increased photo-bleaching due to their increased absorption
factor vs. the homeotropic LCs. The normalisation strategy
used here of normalisation close to T = TNI, attempts to
mitigate this somewhat by normalising to the key region of
interest; the phase transitions. This effectively shifts
the discrepancies in emission intensity due to the

Fig. 3 The emission spectra of 5CB as function of wavelength from (a) planar and (b) homeotropic samples. The direction of the black arrows in (a) and
(b) shows the direction of decreasing temperature. (c) Plot of normalised emission intensity in both planar (black squares) and homeotropic (red circules)
alignments as function of temperature. It includes the emission intensity of both the isotropic and nematic phases. The data was normalised to T � TNI = 1
for both alignments. (d) Plot of emission anisotropy obtained from (c) as function of temperature.
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photo-bleaching effect to the high and low temperature limits
of the axis.

Fig. 4a and b show the emission spectra of the 8CB LC as a
function of wavelength, in planar and homeotropic samples.
Similar to 5CB, 8CB shows an overall increase in emission
intensity as the temperature was lowered. Fig. 4c and d show
the evolution of emission intensity and anisotropy as a function
of temperature. Both the isotropic and nematic phases of 8CB
behave similarly to their 5CB counterparts, where the dominant
parameter affecting the emission anisotropy is the director
orientation with respect to the incoming polarization direction
and the order parameter. As hP2i increases through the N
phase, the planar aligned sample sees an increase in emission
intensity and the homeotropic aligned sample shows a
decrease. However in the SmA phase, both samples show an
initial decrease in emission intensity before following the
overall increase as the temperature was reduced. Similar to
5CB, the emission anisotropy shows a step increases at TNI, due
to the new longitudinal ordering, that increases throughout the

N phase due to an increase in hP2i. At TSmN there is an increase
in emission anisotropy due to a further increase in hP2i that
occurs upon transition to the SmA phase.58,59 This follows the
same behaviour as the birefringence in 8CB, for which there is
an increase in birefringence at TSmN that is attributed to an
increase in hP2i.58 However, for the refractive indices, ne

increases while no decreases at TSm-N, while for the emission
intensity both components show a reduction in intensity. This
suggests that while the emission anisotropy is dominated by
the magnitude of hP2i, the exact change in the emission
intensity at TSm-N has other significant contributions. The
SmA phase is significantly more scattering than the N
phase60 and, in general, increased scattering has been shown
to reduce the fluorescence emission.61 Changes in the viscosity
must also be considered, which will increase going from the N
to SmA phase.62 An increasing viscosity has been shown to
increase emission in many fluorescent materials63 and thus the
step at the N to SmA phase is likely a superposition of changes
in hP2i, viscosity and scattering behaviour.

Fig. 4 Emission spectra of 8CB in (a) planar and (b) homeotropic alignment. The direction of the arrows shows the direction of decreasing temperature.
Both sets of data were recorded evenly spaced between 100 1C and 0 1C. (b) Normalised emission intensity in both planar and homeotropic alignments
for 8CB. The data was normalised to T � TNI = 1 1C for both alignments. (d) Emission anisotropy for 8CB.
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3.2 Excimer formation in 5CB and 8CB

The emission spectra for both 5CB and 8CB can be fitted using
dual Gaussians, where the lower wavelength (higher wavenum-
ber) Gaussian is related to monomer emission and the higher
wavelength (lower wavenumber) peak is related to excimer
emission. For both 5CB and 8CB, a shift in the population
from monomer emission to excimer emission is seen as the
temperature is decreased. This is shown in Fig. 5 where the area
of each peak is plotted as a function of temperature. Both
materials show a steady transfer from a combination of mono-
mer and excimer emissions to mainly excimer emission as the
temperature is decreased. In the LC phases, the gradient of the
excimer emission curve is slightly higher for 8CB compared to
5CB. This is likely due to the higher order parameter of
8CB,58,59 which may assist in the formation of AP pairs. The
data shown in Fig. 5 implies that at high enough temperatures
(T � TNI B 90 1C) 5CB and 8CB’s fluorescence emission are
overwhelmingly originating from the monomer emission. This
limiting temperature value is determined by extrapolating a
linear fit through the isotropic excimer emission data as shown
in Fig. 5a. For 5CB, this extrapolated temperature value agrees
with the results found from dielectric spectroscopy studies,
where at this temperature, the AP interactions are suggested to
cease.31 This suggests that the excimer emission in 5CB and
8CB is almost exclusively due to the formation of AP pairs.

3.3 Excimer formation in CB7CB

CB7CB is a flexible banana-shaped dimeric LC with the same
fluorescent moiety as in 5CB and 8CB. The emission spectra,
integrated area and peak position for CB7CB are shown in
Fig. 6. Again, similar to 5CB and 8CB, in CB7CB, as the
temperature is reduced, an increase in emission intensity and

a general red-shift were observed. This suggests that for CB7CB,
the formation of excimers increases as the temperature is
lowered. There is also a step change at T = TNI, as seen for
5CB and 8CB. This is not surprising since CB7CB is anisotropic
and in the planar geometry will see an increase in fluorescence
due to the preferential absorption along the long axis of the
molecules, similar to that for 5CB and 8CB. At the N to NTB

transition, a step decrease in intensity is observed. Experi-
mental results64 and MD simulations65 have shown that tran-
sitioning from the N to the NTB phase is associated with a
decrease in the nematic order parameter hP2i due to the
heliconical tilt angle and so the reduction is likely due to an
increased projection out-of-plane of the molecular cores, due to
the helical NTB structure, as well as a slight reduction in
alignment quality.

The deconvolution of the emission spectra of CB7CB into
the separate monomer and excimer peaks shows the influence
of molecular shape to these contributions. As the temperature
of the sample was reduced, for 5CB and 8CB, the emission
peaks showed a steady shift in population from excimers to
monomer. However, for CB7CB this is different. Fig. 7 shows
the area of the monomer and excimer peaks for CB7CB as a
function of temperature. In the Iso and N phases, the ratio of
excimer-to-monomer emission remains roughly constant. The
slight increase in peak area with decreasing temperature in the
N and Iso phases is likely due to the fact that in general
fluorescent materials have a higher quantum yield at lower
temperatures due to less collision-based quenching.66 How-
ever, in the NTB phase, the ratio of excimer-to-monomer emis-
sion increases considerably due to a steady decrease in the
monomer emission and an increase in excimer emission. These
results indicate that the bent nature of the CB7CB molecule
inhibits the transition from monomer to excimer emission even

Fig. 5 Area under the Gaussian peaks for monomer and excimer emission for both 5CB and 8CB LC. Data in (a) has been normalised to the monomer
intensity value at T � TNI = 1. For (b) all data has been normalised to its own intensity value at T � TNI = 1. The vertical line denoting the phase transition
from the N to SmA phase, applies only for 8CB. The increased scatter for 8CB is due to a decreased overall emission intensity making an already weak
peak harder to fit for. The decreased intensity of 8CB is an experimental effect rather than a sample effect.
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though the temperature of the samples was reduced in the
isotropic and nematic phases. It has been suggested that anti-
parallel packing, like that for the CB-based calamitics, is highly
important for the formation of the NTB phase67 where they
assist in the formation of polymeric like intermolecular chains
of molecules.67,68 It has also been suggested from infra-red
spectroscopy studies that for some flexible CB-based dimeric
LCs, the transition into the NTB phase causes an increase in the
AP pair formation,69,70 which would explain the increase in
excimer emission and decrease in monomer emission through-
out the NTB phase, seen here. However, it is possible that it is
not just the increased AP pair formation that contributes to the
increased excimer formation. CB7CB has been shown to experi-
ence a shift in conformer populations in the N phase. At higher
temperatures CB7CB shows predominately lower bend angle
extended banana conformations while at lower temperatures
the conformations are dominated by the lower bent angle hair-
pin conformation.71,72 The low bend angle (301) in the hairpin
conformation73 could be small enough that due to CB7CB’s

symmetric but split conjugated system, the CB7CB molecule
forms excimers with itself. Intra-molecular excimer formation
has been observed for a cyclodextrin dimer where biphenyl
moieties form excimers with biphenyl moieties within the same
molecule74 as well as in other non-LC flexible dimer
molecules,75 though recent all-atom molecular dynamics simu-
lations have shown that the population of hairpin molecules in
the LC phases of CB7CB may not change significantly76 which
would not allow for self excimer formation to become more
dominant for the NTB phase than for the N.

3.4 Excimer formation in F-CB7CB

F-CB7CB is a fluorinated version of CB7CB and exhibits almost
no AP pair formation. Fig. 8a shows fluorescence spectra of F-
CB7CB as a function of temperature across the Iso, N and NTB

phases. The temperature-dependence of the change in intensity
is consistent with the non-fluorinated CB7CB where there is a
step increase at TNI and a step decrease at the transitions from
N to NTB. These behaviours can be explained in the same way as

Fig. 6 (a) The emission spectra of CB7CB in the Iso, N and NTB phase. Arrows indicate decreasing temperature. (b) Integrated area of the emission
spectra of CB7CB as a function of temperature. Dashed vertical lines indicate phase changes. (c) The wavelength of the overall peak position (the
emission wavelength) for CB7CB emission showing significant red-shifting at decreased temperatures.

Fig. 7 Area of the gaussians used to fit for monomer and excimer emission for CB7CB. Data has been normalized to (a) excimer emission at T � TNI =
1 1C for both excimer and monomer emission, (b) excimer and monomer emission at T � TNI = 1 1C for excimer and monomer emission respectively.
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the observations for CB7CB where going from the Iso to the N
phase results in an increased absorption along the long axis of
the molecule, in turn leading to increased emission. In the NTB

phase, the presence of helical twist result in some molecules
becoming slightly out-of-plane with the excitation leading to
reduced emission. However, there are differences in the emis-
sion spectra obtained for CB7CB vs. F-CB7CB. The emission
wavelength of F-CB7CB is red-shifted to around 400 nm com-
pared with around 360 nm for the Iso phase of CB7CB. The
position of the peak maximum of F-CB7CB also varies only
within the wavelength range between 398–404 nm, across a
temperature range of 70 1C, which is a much smaller wave-
length spread than that observed for CB7CB (360–390 nm)
across a temperature window of 125 1C. Fluorine is strongly
electronegative and has been used to significantly alter both the
emission and absorption properties of some fluorophores.77–81

Therefore, red-shifted absorption and emission spectra are not
unexpected but they are noteworthy since this means that any
potential F-CB7CB excimer emission would be red-shifted even

further. The large red-shift of the emission spectra for CB7CB
was in Section 3.3 attributed to AP pair formation. F-CB7CB, on
the other hand, shows a relatively small degree of red-shifting
with only a wavelength shift of 6 nm over the temperature range
studied (the wavelength shift is B30 nm for CB7CB). This
observation is indicative of a lack of AP pair formation for
laterally fluorinated CB-based LCs.47,82 We use the same spectral
deconvolution approach as used for nCBs and CB7CB to inves-
tigate the details of the AP pair formation in F-CB7CB. Thus, the
F-CB7CB spectra were deconvoluted into two separate Gaussians.
Fig. 9 shows a plot of the integrated area within the monomer
and excimer emission profiles as a function of temperature.
From the deconvolution of the emission spectra, we find that
while the excimer emission is significantly reduced by fluorina-
tion, a small amount can still be observed. The ratio of excimer-
to-monomer emission follows a similar pattern to that of CB7CB,
where it varies only slightly in the Iso and N phases, but then
begins to sharply increase in the NTB phase, due the increased AP
pair formation present in this phase vs. in the N or Iso.

Fig. 8 (a) The emission spectra of F-CB7CB in the Iso, N and NTB phase. Arrows indicate decreasing temperature. (b) Integrated area of the emission
spectra of F-CB7CB as a function of temperature. (c) The wavelength of the overall peak position for CB7CB emission showing significant red-shifting at
decreased temperatures. Dashed vertical lines indicate phase transitions.

Fig. 9 Area of the gaussians used to fit for monomer and excimer emission for F-CB7CB. Data has been normalized to (a) excimer emission at T� TNI = 1
for both excimer and monomer emission, (b) excimer and monomer emission at T � TNI = 1 for excimer and monomer emission respectively.
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3.5 Excimer formation in VBG93

VBG93 is a rigid bent-core LC that does not exhibit a NTB phase;
instead VBG93 has a N phase followed by a dark conglomerate
(DC) phase.83,84 The DC phase of VBG93 is comprised of two
structural moieties of differing length-scales. On shorter
length-scales, the phase structure is that of deformed polar
smectic layers, for which the deformation appears as a wave-
like modulation.84,85 On longer length-scales, these smectic
layers continuously curve such that a sponge-like structure is
achieved analogous to that of a lyotropic L3 phase.86 Fig. 10a
shows the emission spectra of VBG93 as a function of decreas-
ing temperature through the isotropic, N and DC phases. The
overall emission intensity of VBG93 is lower than the emission
intensity for the CB-based LCs. Although this behaviour does
lead to a decreased accuracy of the data, clear trends in the data
are still observed. Fig. 10b shows the plot of overall emission
intensity as function of temperature. At TNI, a step increase in
intensity is observed consistent with the observations for nCBs
and CB7CB. However, at TDC-N a significant step decrease in the
emission is observed, where the emission becomes even lower
than that of the isotropic phase. The DC phase as 3D curvature
and so the local director becomes optically averaged due to the
large measurement volume meaning the sample effectively
appears isotropic to the incoming light source. An increase in
scattering of the phase vs. the nematic and isotropic phase
results in an emission intensity lower than that of even its
isotropic phase.

The results for the DC phase is also different from the
results for the Iso, N and NTB phases in that instead of the
emission intensity increasing with decreasing temperature, the
emission intensity actually decreases throughout the phase,
where two regimes of different intensity vs. temperature gradi-
ent are observed. The temperature at which the gradients
change (T � TNI = �110 1C) is approximately the same as the
temperature at which the periodicity of the smectic layer
spacing increases.83 This change is suggested to be due to the
phase becoming spongier in the lower temperature regime
which could increase the scattering in the and result in the
reduction of the emission intensity.

Fig. 10c shows the variation of the wavelength of the emis-
sion peak with temperature. In contrast to the behaviour of the
nCBs and CB7CB, there are only small variations in the peak
wavelength throughout the Iso and N phases. A slight red-shift
is observed in the DC phase, but this signifies a lack of any
significant shift in the emission populations, and the emission
spectra of VBG93 can be fitted using dual Gaussians accounting
for monomer and excimer emission contributions; the area
under each peak is shown in Fig. 11. It is noticeable that the
ratio of the excimer-to-monomer emission is lower for VBG93
than for the non-fluorinated LCs presented here, and that the
ratio of excimer-to-monomer emission stays B1 for the entire
investigated temperature range. This demonstrates that for
VBG93, LC self-assembly has no significant effect on the
excimer formation. The chemical structure of VBG93 is such
that almost the entire molecule is conjugated, with only breaks
across the ester linkages. Side-by-side H-aggregates have been
observed in the crystal phase of a flexible pyrene-CB-based LC
dimer46 and have been suggested to be present in a
cyanostilbene-based bent-core LC.41 It is possible that VBG93
forms H-aggregates in both the Iso and LC phases and that the
observed excimer emission is some excimer form of the ground
state H-aggregate, although this seem does unlikely due to the
fact that H-aggregates are generally non-fluorescent87,88 though
some exceptions to this have been found.89–91

3.6 AP interactions and excimer formation

Fig. 12 shows how the ratio of excimer-to-monomer emission
varies for all the materials studied. For 5CB and 8CB, the rate
of transfer from monomer-to-excimer emission is approxi-
mately exponential and is independent of the Iso and N
phases. Excimer formation in nCBs has been shown to be
related to the formation of AP pairs in both the Iso, N and
SmA phases,22,24 and it has been suggested that the N phase
can assist in excimer formation25 but the results presented in
Fig. 12 suggest that for the nCBs, AP pair formation is not
significantly affected by the presence of longitudinal N type
ordering and is instead a thermally activated process in the
Iso and N phases. For 8CB, which exhibits a SmA phase, there

Fig. 10 (a) Emission spectra of VBG93 in the Iso, N, and DC phases. Arrows indicate decreasing temperature. (b) Integrated area of VBG93’s emission
spectra. The step and change in gradient in the DC phase around T � TNI = �130 is around the same temperature at which the smectic layer
spacing increases.83 (c) The emission wavelength for VBG93 as a function of temperature. The vertical dashed lines represent the phase transition
temperatures.
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is an increase in AE/AM at TSm-N due to the layer structure
of the SmA phase, which is known to encourage AP
interactions.92

For CB7CB in the Iso and N phases, the ratio of excimer-to-
monomer emission remains constant at AE/AM B 3. Transition-
ing into the NTB phase causes an increase in the AP pair
interactions,69,70 which subsequently causes an increase in
excimer formation and thus the ratio of AE/AM begins to
increase. The helical twist in the NTB phase increases the
overlap of the CB units allowing for increased AP interactions
and thus more excimer emission. However the results here do
not suggest an absence of AP interactions in either the N or Iso
phases, just a steady increase throughout the NTB phase likely
due to the increasing CB overlap as suggested by Merkel et al.70

F-CB7CB shows a significantly lower value of AE/AM B 0.04
in the Iso and N phase compared to AE/AM B 3 for CB7CB. It is
known that fluorination of CB-based LCs adjacent to the cyano
group interrupts the AP pair formation,47,82 leading to a sig-
nificant reduction in excimer formation. From this reduction of
AE/AM it can be concluded that excimer formation in these CB-
based LCs is almost entirely related to the AP interactions. This
understanding of the structure–property relationship behind
excimer formation in CB-based LCs is useful for the design of
fluorescent LCs that exhibit thermo-chromic behaviour con-
trolled via the formation of AP excimers. This technique could
be applied to other LC molecules and phases such as the
ferroelectric nematic phase (NF)93 where parallel molecular
interactions has been suggested as a key driver of the inversion
symmetry breaking found in this phase.94–96

VBG93 consistently shows less excimer emission compared
to the non-fluorinated CB-based LCs. In the CB-based LCs, the
transition dipole moment is parallel to the long axis, and the
timescale of rotation of this dipole is therefore significantly
longer than if the dipole moment was oriented parallel to the
short axis; this situation may act to increase the excimer
formation efficiency. In VBG93, the transition dipole moment
is along the short axis of the molecule. This means that the
dipolar rotation is much faster, which increases the difficulty of
excimer formation compared to the situation in the nCBs and
in CB7CB; the flexible spacer in the CB7CB dimer allows the CB
units to effectively act individually.

4 Conclusions

Fluorescence spectroscopy of LCs provides valuable insights
into the phase behaviour of LCs. This paper provides a sys-
tematic study of the fluorescence properties of LCs and the
influence of their molecular shape and lateral fluorination on
the photo-physical properties. The emission spectra of all

Fig. 11 Area under Gaussian peak for excimer and monomer emission for VBG93. Data has been normalized to (a) excimer emission at T � TNI = 1 for
both excimer and monomer emission, (b) excimer and monomer emission at T � TNI = 1 for excimer and monomer emission respectively.

Fig. 12 The ratio of the area of excimer and monomer emission for 5CB,
8CB, CB7CB, F-CB7CB and VBG93. Dashed lines show phase transitions
and adjacent labels indicate phases for the relevant material.
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investigated LCs can be deconvoluted into two Gaussians,
originating from emission contributions from monomer and
excimers, respectively. For the calamitics, 5CB and 8CB, there
was a steady transfer from monomer emission to predomi-
nately excimer emission as the temperature was reduced. In the
isotropic phase, this monomer-to-excimer transfer is more
consistent between 5CB and 8CB; however, in the LC phases
the rate of transfer seem to increase slightly with increased
order parameter. For the CB7CB dimer, such an increase in
excimer emission is only observed upon entering the NTB phase
regime. This could be because of an increase in AP packing in
the NTB phase or since the hairpin conformation in the NTB

phase allows self-excimer formation. However, the latter seems
unlikely based on results from previous studies.69,70,76 Redu-
cing AP interactions by fluorination in F-CB7CB, resulted in a
reduction in excimer emission by B100�, demonstrating that
in CB-based LCs, AP interactions are key mechanisms for
excimer formation and emission. For VBG93, the ratio of
excimer-to-monomer emission is not affected by the LC phase
and stays B1 for the entire temperature range. It is possible
that the excimer form of VBG93 is too difficult to form regard-
less of the phase due to the orientation of the overall dipole
moment. The overall fluorescence of VBG93 shows a change in
the gradient for emission intensity around the same tempera-
ture at which a change in the smectic layer period increases.
This could be explained as an increase in disorder and out-of-
plane rotations due to the increased layer spacing across this
temperature region.
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