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Abstract: Practical applications of guest–host liquid crystal

systems are critically dependent on the alignment of the

guest species within the liquid crystal host. UV/Vis absorp-

tion spectroscopy shows that the 1,5-dihydroxy-2,6-bis-(4-

propylphenyl)-9,10-anthraquinone dye aligns within the E7

nematic host, giving an experimental dichroic ratio of 9.40

and dye order parameter of 0.74. This alignment was mod-

elled by using a combination of density functional theory

(DFT) and molecular dynamics (MD) computational ap-

proaches that do not require the input of experimental data.

Time-dependent DFT calculations show that the electronic

transition dipole moment is highly aligned with the long

molecular axis of the dye. Fully atomistic MD simulations

show that the long axis of the dye is less highly aligned

within the E7 host, indicating that this contribution limits

the overall dye alignment and, thereby, the potential practi-

cal applications of this particular system. Importantly, this

study demonstrates an experimental and combined DFT and

MD computational approach that may be applied generally

to guest–host systems, providing a potential route to their

rational design.

Introduction

The potential for using dyes in liquid crystal devices arose

from the first reported observation of dye alignment in a nem-

atic host,[1] and numerous modes of guest–host device opera-

tion have been suggested subsequently.[2, 3] These devices are

based on the principle that the guest chromophore aligns with

the liquid crystal host, enabling the application of an electric

field to switch the orientation of the liquid crystal matrix be-

tween that of an absorbing (coloured) state and a transmitting

(colourless) state, as shown schematically in Figure 1, because

the absorption transition is aligned along a specific axis within

the dye. Such guest–host devices do not necessarily require

polarizers or colour filters because the absorption properties

are defined by the guest dye molecules and their alignment;

hence, they may provide more robust devices with higher opti-

cal efficiencies and lower power consumption than some more

conventional liquid crystal displays (LCDs), including the poten-

tial for colour displays operating in ambient light-scattering

mode without the need for back-lighting.[3,4]

For a guest–host system to be suitable for a display applica-

tion, it must fulfil a number of criteria. Of primary importance

for the visual properties of a device are the colour and absorp-

tion coefficient of the dye, the solubility of the dye in the host,

and the contrast ratio between the absorbing and transmitting

states, which is determined by the alignment of the dye within

the guest–host mixture. In addition, for a device to be useful

practically, the system must be thermally, photochemically and

electrochemically stable to provide a suitable operational life-

time that may be several years for typical display applications.

Therefore, the choice of both the dye and the liquid crystal

Figure 1. Schematic diagram of a guest–host device in the absorbing/col-
oured state without an applied electric field (left) and in the transmitting/
colourless state when an electric field is applied (right), with incident white
light. The dye molecules are shown in orange and molecules of a nematic
host are shown in grey.
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host, as well as their mutual compatibility, are crucial in design-

ing a successful device.

Azo dyes were initially suggested for use in guest–host dis-

plays because of their elongated, rod-like molecular shape

aiding alignment with a liquid crystal host that typically com-

prises rod-like molecules.[5] A range of colours is also readily

achievable with the well-established synthetic chemistry of azo

dyes, but their limited photochemical and electrochemical sta-

bility can give an inherent barrier to their use in practical dis-

play devices.[6] Anthraquinone dyes have been suggested as al-

ternative guests because they are typically more stable than

azo dyes, but their molecular shapes are usually less rod-like

and, consequently, their alignment within the host tends to be

poorer than that of azo dyes.[7] Good alignment in liquid crystal

hosts has been obtained for some anthraquinone dyes, but it

has proved challenging to obtain a range of colours with high

absorption coefficients.[8, 9] Many other classes of dyes have

also been synthesised for possible use in guest–host systems

including tetrazines,[10] naphthalenes,[11] perylenes[12] and acene-

quinones,[13] illustrating the wide range of compounds that

offer potential for these applications, and research into new

dyes for display devices is ongoing.[14]

The choice of host for these applications is also important,

and many different mixtures with dyes have been tested, in-

cluding nematic,[14,15] chiral nematic[16,17] and smectic[18,19] sys-

tems. Of these hosts, nematic systems are the simplest and the

most widely studied. Chiral nematic systems potentially offer

improved optical efficiency, and smectic A hosts can provide

the additional advantage of bistability,[20] offering the prospect

of devices with lower power consumption than other guest–

host devices.

Although the main focus has been on their applications in

display devices, dyes in liquid crystal hosts have also been pro-

posed as the basis for materials giving diverse applications, in-

cluding optical storage devices,[21] “smart” windows,[22] switcha-

ble waveguides,[23] high-contrast polarizers[24] and polarized

electroluminescent light sources.[25] Due to the number of cri-

teria that guest–host systems must fulfil for their successful

use in practical display and other devices, an approach based

on the rational design of both guest and host molecules is de-

sirable. For most guest–host applications of liquid crystals, the

effectiveness of the system is crucially dependent on the ab-

sorption of aligned guest molecules within the device, such

that a knowledge and understanding of the properties that

define this behaviour are key requirements to underpin an ap-

proach towards their rational design.

An understanding of the electronic absorption transitions

giving rise to the colours of dyes can now be aided greatly by

time-dependent density functional theory (TD-DFT) calcula-

tions, typically on molecules isolated in the gas phase or in

a solvent field. These calculations can give good matches be-

tween experimental and calculated data, and they provide in-

formation on the orbital nature, energies and strengths of the

transitions. Examples of such studies include those on azo[26,27]

and anthraquinone[28,29] classes, with reports often focusing on

these systems in the context of textile fibre dyeing and related

industrial applications.

Molecular dynamics (MD) simulations have been widely

used to study liquid crystals, providing insight into their be-

haviour and giving successful comparisons with various experi-

mental properties, including alignment, transition tempera-

tures and rotational viscosities. MD approaches have included

coarse-grain methods, in which the molecules are treated as

single geometric volumes,[30] united-atom approaches, in

which groups of atoms are combined,[31,32] and fully atomistic

simulations, in which all of the atoms are treated explicitly.[33] A

recent report described the use of MD simulations to explore

the alignment of small rigid solute guests in a nematic host,[34]

although guest–host simulations appear to have received rela-

tively little attention to date.

Here, we present a new general approach to modelling the

optical and alignment properties of dyes in liquid crystal hosts

that is based on a combined computational method using DFT

calculations and fully atomistic MD simulations, allied with ex-

perimental data on the system being modelled. We report

studies on a recently synthesised 2,6-disubstituted anthraqui-

none dye (26B3OH),[35] shown in Figure 2, which is of particular

interest as a liquid crystal guest dye because of its relatively

rod-like molecular shape. The host used in these studies, both

experimental and computational, was the nematic mixture E7,

as given in Figure 2, which has been the subject of many ex-

perimental and computational studies.

Figure 2. Structures of the anthraquinone dye (26B3OH) and the compo-
nents of the E7 nematic mixture, along with their abbreviations and the E7
composition by wt%.
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Results and Discussion

Experimental spectra of an aligned guest–host system

The experimental UV/Vis absorption spectra of an aligned

sample of 26B3OH in E7 obtained by using linearly polarized

light are shown in Figure 3. The sample gave a polarized ab-

sorption band at approximately 480 nm, and exhibited an

orange/red colour consistent with this band position.

The alignment of the dye molecules can be quantified by

using the experimental dichroic ratio of the dye, R, defined as

the ratio of the absorbances of the dye in the aligned sample

orientated parallel (AII) and perpendicular (A? ) to the incident

polarized light (Figure 3 schematic). These values may be used

in Equation (1)[6, 36] to obtain the experimental order parameter

of the dye Sexptl, for which a value of 1 indicates that the dye

molecules are fully aligned, and a sample in which the dye

molecules exhibit no alignment gives a value of 0.

Sexptl ¼
R¢ 1
Rþ 2

¼
Ajj ¢ A?

Ajj þ 2A?
ð1Þ

The aligned sample of 26B3OH in E7 gave a dichroic ratio of

R=9.40, measured across the range of the visible absorption

band, from which an experimental order parameter of Sexptl=

0.74 was obtained. These values are relatively high for an an-

thraquinone dye, consistent with the relatively rod-like shape

of the 2,6-disubstituted structure of 26B3OH.

Contributions to the experimental alignment and order pa-

rameter

In a nematic phase, the molecules align along a preferred axis

termed the director and defined by a unit vector n. The align-

ment can be quantified by the order parameter Sq, given by

Equation (2), in which q is the angle between the director and

the long axis of an individual molecule, P2 is the second Legen-

dre polynomial, and the brackets < . .> denote an ensemble

average over a number of molecules and/or time.

Sq ¼ P2 cos qð Þh i ¼
1
2

3 cos2 q¢ 1ð Þ

� �

ð2Þ

Guest molecules that align with a liquid crystal host adopt

the same director n. In the case of a guest dye, the experimen-

tal measurement of the alignment obtained from a UV/Vis di-

chroic ratio gives the order parameter of the associated elec-

tronic transition dipole moment (TDM) of the dye, rather than

that of the long axis of the dye. A schematic representation of

this TDM orientation is shown in Figure 4, in which f is the

angle between the director and the electronic TDM; this align-

ment results in the order parameter of the dye Sf, given by

Equation (3), which equates here to the experimental order pa-

rameter Sexptl, given by Equation (1).

S� ¼ P2 cos�ð Þh i ¼
1
2

3 cos2 �¢ 1ð Þ

� �

ð3Þ

As shown in Figure 4, the alignment of the TDM of a uniaxial

dye molecule can be considered to arise from two contribu-

tions: the alignment of the long axis of the dye molecule with

the director, defined by angle q, and the alignment of the

TDM with the long axis of the dye molecule, defined by angle

b. These contributions give rise to associated order parameters

Sq and Sb, respectively, as defined in Equation (4), the product

of which equates to Sf and, hence, to the experimental value

Sexptl.
[6,36]

S� ¼ SqSb ¼
1
2

3 cos2 q¢ 1ð Þ

� �

1
2

3 cos2 b¢ 1ð Þ

� �

ð4Þ

Figure 3. Experimental UV/Vis absorption spectra of an aligned guest–host
sample of 26B3OH at approximately 1.5 wt% in E7 at 300 K with the sample
alignment set parallel (II) and perpendicular (?) to the polarizer, as shown
in the schematic diagram above (a=aligned guest–host sample; b=polariz-
er ; c=white light source).

Figure 4. Schematic representation of the relative orientations of the direc-
tor n for a nematic liquid crystal system, the long axis of a guest dye mole-
cule (blue), and the TDM of the dye (red), with angles defined.
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The ability to consider the contributions to the experimental

order parameter in terms of a component from the molecular

alignment of the guest within the host and a separate compo-

nent from the alignment of the transition dipole moment

within the dye is very useful. From the perspective of materials

design, it provides a simplification of the problem into two fea-

tures, and computationally it enables the two contributions to

be calculated independently of each other. For this model to

be used, the long molecular axis of the dye must be defined

quantitatively, and in the work reported here it is taken to be

the axis of minimum moment of inertia, as has been suggested

and used in previous studies.[33,37, 38]

Transition dipole moment alignment within the dye

The experimental UV/Vis absorption spectrum of an isotropic

sample of 26B3OH in p-xylene solution is shown in Figure 5.

The absorption maximum of the visible band occurs at lmax=

471 nm, resulting in the orange/red colour of the dye. The ab-

sorption coefficient at this wavelength was found to be emax=

2.04Õ104 dm3mol¢1cm¢1, and integration across this absorp-

tion band gives an experimental oscillator strength of fexptl=

(k/n)se(ñ)dñ�0.28,[39] by using values of the constant k=4.32Õ

10¢9 cmmoldm¢3 and the refractive index n=1.50.

DFT calculations were used to provide a computational com-

parison with the experimental data. The DFT optimised struc-

ture of 26B3OH in the gas phase exhibits a planar anthraqui-

none core, with the hydroxyl groups lying in the same plane

and the phenyl substituents rotated by 418 out of this plane,

as shown in Figure 6. TD-DFT calculations on this optimised

structure gave a single allowed electronic absorption transition

in the visible region at 492 nm, with a high oscillator strength

of 0.57 consistent with a strongly allowed transition, and with

other allowed transitions occurring in the UV region at

<380 nm. A simulated UV/Vis absorption spectrum based on

these calculated transitions is shown in Figure 5, along with

the experimental data. The calculated orbital contributions in-

dicate that the allowed visible transition is a simple HOMO–

LUMO transition, and the calculated changes in electron densi-

ty shown in Figure 6 indicate that it involves charge transfer

from hydroxyl and phenyl donor substituents to acceptor qui-

none carbonyl groups, which is consistent with the nature of

similar transitions reported for related anthraquinones.[29]

The TD-DFT calculations also provide the orientation of the

TDM for each transition. Figure 7 shows the optimised struc-

ture of the dye overlaid with the orientation of the calculated

TDM for the allowed visible transition (shown in red), along

with the orientation of the long molecular axis (shown in

blue), calculated here as the minimum moment of inertia axis.

These two vectors both lie essentially in the anthraquinone

plane, and they make an angle of b=1.78, from which the defi-

nition in Equation (4) gives an order parameter of Sb=0.999

arising from their relative alignment. These values indicate that

the TDM for the visible transition of this dye, which gives rise

to its colour, is highly aligned with the long molecular axis of

the dye. Hence, it is appropriate to consider the alignment of

the TDM of the dye within the host to be uniaxial in this con-

text.

Molecular alignment within a guest–host system

An understanding of the alignment of dye molecules within

a host requires the guest–host system to be considered as

Figure 5. Experimental UV/Vis absorption spectrum of 26B3OH at
2.0Õ10¢4 moldm¢3 in p-xylene (top), and simulated UV/Vis absorption spec-
trum of 26B3OH with vertical lines showing the wavelengths and oscillator
strengths of the transitions calculated at the B3LYP/6-31G(d) level for the
isolated molecule (bottom).

Figure 6. Optimised structure of 26B3OH calculated at the B3LYP/6-31G(d)
level, with calculated changes in electron density on excitation from the
ground state to the first excited singlet state shown perpendicular to (top)
and along (bottom) the anthraquinone plane; blue and white regions repre-
sent a decrease and increase in electron density, respectively.

Figure 7. Optimised structure of 26B3OH calculated at the B3LYP/6-31G(d)
level, with arrows showing the calculated orientations of the TDM for its visi-
ble absorption transition (wide red line) and the long molecular axis (narrow
blue line) calculated here as the minimum moment of inertia axis.
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a whole. Here, we have used fully atomistic MD simulations to

model the molecular alignment in this system.

Prior to simulating the guest–host mixture, we carried out

fully atomistic MD simulations on 256 molecules of the host E7

mixture alone, in accordance with the methods used in a fully

atomistic study of E7 detailed in the literature.[33] Two separate

simulations of E7 alone were run, each for 200 ns: one simula-

tion used an isotropic starting geometry, in which the mole-

cules were randomly oriented; and the other used a pseudo-

nematic starting geometry, in which the molecules were

aligned.[33] The order parameter Sq of the E7 mixture was calcu-

lated as the largest eigenvalue of the ordering tensor, Qab, and

the director n as the associated eigenvector,[33,40] as given by

Equation (5), in which N is the number of molecules, d is the

Kronecker delta, j represents the molecule number in the simu-

lation, a and b represent the Cartesian x, y and z axes, and

a represents the component of the long molecular axis vector.

The long molecular axis was defined as the axis of minimum

moment of inertia, which was calculated for each component

molecule of E7. These calculations were carried out for the

whole ensemble of molecules at each time interval in each

simulation data set.

Qab ¼
1
N

X

N

j¼1

3ajaajb ¢ dab

2
ð5Þ

Our simulations of E7 alone essentially replicate those in the

report[33] that first demonstrated the approach we have adopt-

ed here; the Supporting Information gives plots of the order

parameters (Figure S1) and densities (Figure S2) versus time,

and the dihedral angle distribution functions (Figure S3) ob-

tained. The simulation from an isotropic starting geometry

evolved to a nematic phase by approximately 75 ns, and aver-

aging over 75–200 ns (the end of the run) gave an order pa-

rameter of Sq=0.885; the pseudo-nematic starting geometry

enabled averaging over a longer range of 30–200 ns and gave

a similar value of Sq=0.877. These values are comparable to

those of 0.81 and 0.83, respectively, reported from

the final stages of slightly shorter runs carried out by

using the same two approaches with a different MD

package.[33]

Although the order parameter of E7 simulated

here is significantly higher than the experimental

values of S=0.64 estimated here and S=0.65 report-

ed in the literature[33] (see the Supporting Informa-

tion), the overestimation is consistent with other fully

atomistic MD studies of cyanobiphenyl mixtures.[33,41]

A key reason for the overestimation is probably the

use of a force field in which the non-bonded interac-

tions, and particularly the van der Waals interactions

modelled by Lennard-Jones potentials, are not opti-

mised for this type of system, as discussed in the lit-

erature;[32,33,41] the development of force fields that

are tuned specifically for liquid crystal systems is

a very important area of research,[32,34] but we have

used the default Lennard-Jones parameters of the

OPLS force field here because our aim was to carry out a com-

putational study that did not require parameterisation based

on experimental data from the system under study. Another

contribution to the overestimation may arise from using the

minimum moment of inertia axes to calculate the order param-

eter; and redefining the internal director n of the ensemble at

every time interval rather than using an external reference

frame inherently maximises the order parameter calculated for

the system. An additional simulation carried out with 3872

rather than 256 molecules of E7 showed that increasing the

size of the system did not significantly affect the calculated

order parameter, as described in the Supporting Information

(Figure S4).

A guest–host simulation was run by using the same general

conditions as those used for the E7 mixture alone, and from an

isotropic starting point. The simulation consisted of 400 mole-

cules of E7 with five dye molecules randomly distributed

amongst them; this composition was chosen as a balance be-

tween generating sufficient data for meaningful analysis, pro-

viding a dye concentration of 2.06 wt%, which is comparable

to that of 1.5 wt% for the aligned experimental sample, and

giving a reasonable computational time. The simulation was

run for 500 ns, which we found was necessary to ensure that

each of the five dye molecules exhibited comparable angle dis-

tributions against the host director and explored a full range

of orientations around the director, as described in the Sup-

porting Information (Figure S5 and S6). This simulation time is

significantly longer than those reported for many liquid crystal

MD studies, and it was required because of the small number

of dye molecules in the simulation. During the simulations,

small-scale motion about the equilibrium geometries was ob-

served for both host and guest molecules, and no aggregation

of the dye molecules was apparent. Figure 8 shows a snapshot

of the final geometry of the simulation, at 500 ns.

An analysis of the alignment of the molecules during the

guest–host simulation is shown by the order parameter plots

in Figure 9. The guest–host system evolved to a nematic phase

in approximately 120 ns, which is longer than the time of ap-

Figure 8. The final geometry of the MD simulation of the guest–host system run from an
isotropic starting geometry, showing both dye and E7 molecules (left) and dye molecules
only (right) ; the 26B3OH dye molecules are shown in orange, and the component mole-
cules of E7 are shown in four different shades of blue. The boundaries of the simulation
box are shown in green.
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proximately 75 ns for the E7 host alone (described above).

Averaging over 120–500 ns (the end of the run) gave an order

parameter of Sq=0.881 for the E7 molecules in the guest–host

system, matching that of Sq=0.885 obtained for the host

alone (Figure S1 in the Supporting Information), and an order

parameter of Sq=0.921 for the dye molecules versus the host

director.

An additional guest–host simulation was run from a pseudo-

nematic starting geometry, similar to that for the E7 host alone

(described above). This simulation enabled averaging from an

earlier time of 30 ns, and it gave order parameters for the E7

molecules (Sq=0.879) and dye molecules (Sq=0.896) that were

comparable to those from the isotropic starting point (Fig-

ure S7 in the Supporting Information).

The order parameters from the simulations indicate that the

dye molecules are more aligned than the host molecules in

the guest–host system. They are also consistent with the

higher experimental order parameter we observe for the dye

in the guest–host system than that reported experimentally for

the E7 host alone, both here and in the literature.[33] The effect

of a guest dye having a higher order parameter than its host

has been observed experimentally for a range of systems, and

it generally arises for dyes that have slightly longer molecular

structures than those of their hosts, as discussed in the litera-

ture.[6] Hence, the higher simulated and experimental order pa-

rameters obtained here for the 26B3OH dye than the E7 host

may be attributable to its relatively long and rigid rod-like

structure in comparison with the slightly shorter and more

flexible host molecules (Figure 2).

The effect of adding the 26B3OH dye to the E7 host was

also studied experimentally by measuring the nematic-isotrop-

ic transition temperature (TNI), which gave values of 59.4 8C for

the host and 61.7 8C for the guest–host system. This observed

increase in TNI is attributable to the effect of adding a dye that

exhibits liquid crystalline behaviour in its pure form and has

a TNI value of>390 8C,[35] which is much higher than that of E7.

In general, the order parameter of a nematic system increases

as the temperature is decreased at <TNI, which is often ex-

pressed in terms of the reduced temperature, T/TNI, at which

an observation is made. In the system studied here, the in-

crease of 2.3 8C in TNI on adding the dye effectively lowers the

reduced temperature of an observation made at 300 K from

0.902 to 0.896, which is a very small change that is unlikely to

have a significant effect on the order parameter.

Combining DFT and MD results

The separate calculations of the components of the order pa-

rameter of the dye, Sb=0.999 from the TD-DFT calculation and

Sq=0.921 from the MD simulation, combine using Equation (4)

to give an overall value of Sf=0.920 for the dye in this guest–

host system. The fact that this calculated value is higher than

the experimental value of Sexptl=0.74 is probably attributable,

principally, to the MD simulations giving a host environment

that is too highly ordered, as indicated by the high Sq order

parameters calculated for E7, as discussed above. The value of

Sb obtained here from calculations on a static isolated mole-

cule may also contribute to a high calculated value of Sf be-

cause conformational changes may modify this value on going

to a dynamic sample in the condensed phase. However, the

calculated transition is mainly localised on the relatively rigid

anthraquinone core of this symmetric dye, and such an effect

is probably small for this particular system.

The calculated contributions of the components to the

alignment of the 26B3OH dye within the E7 host are shown

schematically in Figure 10. The calculated values indicate that

the experimental dichroic ratio and associated order parameter

of this particular dye in the E7 host are limited not by the

alignment of the transition dipole with the long molecular axis

of the dye (Sb) but principally by the alignment of the dye

within the host (Sq). This interpretation illustrates the value of

expressing the overall order parameter of the dye as two sepa-

Figure 9. Order parameters of the E7 host molecules calculated by using
Equation (5) (top), and of the 26B3OH dye molecules calculated by using
Equation (2) versus the host director (bottom), averaged over all respective
molecules for each time interval. The insets give order parameter values ob-
tained by averaging over 120–500 ns, as shown by the ranges plotted in
black.

Figure 10. Schematic representation of the host E7 director and the calculat-
ed order parameters for the alignment of the 26B3OH dye and the TDM of
its visible absorption transition. (In this pictorial representation: the cone is
drawn at an angle of q=13.38, corresponding to that which would derive
from applying Equation (2) to a hypothetical d-distribution,[42] whereas the
value of Sq actually arises from a range of q angles in the simulation, as
shown in Figure S5 in the Supporting Information; the TDM is drawn at an
angle of b=1.78 to the long axis of the dye.)
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rate components, and it provides a better understanding of

the alignment of the guest–host system than given by the di-

chroic ratio measurement alone.

In a broader context, this study illustrates a general ap-

proach that uses a combination of DFT calculations, giving

spectroscopic information, and MD simulations, providing dy-

namic information on molecular geometries, to develop an un-

derstanding of these contributions to the overall performance

of a guest–host liquid crystal system, alongside experimental

data. The computational approach described here was used

without the input of experimental data, apart from default or

literature values for the MD parameters, and, hence, it may

offer the potential to assist in the rational design of new dyes

and guest–host systems. Moreover, the MD simulations pro-

vide much more information than the second-rank order pa-

rameter <P2> , on which we have focused here, including full

orientational distribution functions for the dye molecules and

correlation functions for dye and E7 molecules, which may

assist in the fundamental understanding of such guest–host

systems.

Conclusion

A guest anthraquinone dye has been shown experimentally to

align within a nematic liquid crystal host. DFT calculations have

given the alignment of the transition dipole moment within

the dye, and fully atomistic MD simulations have modelled the

alignment of the dye within the host. Importantly, the combi-

nation of DFT calculations and MD simulations presented here,

along with experimental data on the same sample system,

demonstrate a general approach to studying and understand-

ing the alignment of guest molecules in liquid crystal hosts.

This approach enables data from UV/Vis spectroscopic meas-

urements on aligned samples to be compared directly with

order parameters obtained from computational studies, and

the DFT calculations also provide information on the nature of

the transitions giving rise to the colour of the dye. This general

approach may be applied readily to a range of different guest

molecules and hosts.

In the specific example presented here, the modelled order

parameters were higher than the experimental values, which

may be attributable principally to limitations of the force field

used in the MD simulations of the host. However, the ability to

provide a quantitative prediction of guest alignment in a liquid

crystal host without the input of experimental data offers the

potential to compare different systems computationally, and,

thereby, to provide a step towards an efficient method of ra-

tional design that may be relevant in developing new guest–

host systems for display devices and other applications.

Experimental Section

Synthesis and experimental methods

The synthesis, purification and characterisation of 1,5-dihydroxy-
2,6-bis-(4-propylphenyl)-9,10-anthraquinone (26B3OH) has been re-
ported previously;[35] E7 (Merck) and p-xylene (>99%; Sigma-Al-

drich) were used as received. UV/Vis absorption spectra were re-
corded using a Hitachi U-3010 spectrophotometer. Solution sam-
ples were prepared by dissolving 26B3OH in p-xylene; spectra
versus solvent were recorded at room temperature (ca. 298 K)
using matched quartz cuvettes with a path length of 1 mm. Guest-
host samples were prepared by heating a mixture of E7 and
26B3OH (ca. 1.5 wt%) above the clearing point to ensure full disso-
lution of the dye, and sonicating the mixture for about 2 min after
cooling to room temperature; visual and microscope inspections
of the mixture showed no evidence of precipitation. Cells for
aligned samples were constructed by spin-coating glass micro-
scope slides with a saturated solution of nylon-6,6 in formic acid,
drying them in an oven at 100 8C, and then rubbing the nylon in
a defined direction to provide alignment surfaces; two slides were
used to make a cell with a path length of approximately 20 mm,
and observation with a microscope and crossed polarizers con-
firmed the alignment of the guest–host samples. Polarized UV/Vis
absorption spectra of aligned samples were recorded at 300 K
versus air, using a Glan-laser polarizer (Newport 10GL08) between
the lamp and the sample to polarize the beam. Initially, the sample
cell was rotated to maximise the absorbance at the peak wave-
length of the visible band and the parallel measurement was re-
corded; the cell was then rotated by 908 and the perpendicular
measurement was recorded. The spectrum of an aligned sample of
E7 alone was also recorded versus air at each of these orientations,
and subtractions of these reference spectra were used to obtain
the data presented. The N–I transition temperatures of E7 alone
and of the guest–host system were obtained by microscopy, by
using a Zeiss Axioskop 40 polarizing transmitted light microscope
with a Mettler FP82HT microfurnace and FP90 central processor.

Computational methods

DFT calculations were performed by using the Gaussian 09 soft-
ware package.[43] The structural optimisation was carried out on an
isolated 26B3OH molecule in an all-trans configuration by using
the B3LYP functional[44,45] with the 6-31G(d) basis set. This opti-
mised geometry was then used for the subsequent time-depen-
dent DFT (TD-DFT) calculation, which was carried out at the same
level of theory. A simulated UV/Vis absorption spectrum was gener-
ated by summing Gaussian bands (50 nm FWHM) with the peaks
at the calculated transition wavelengths and with the respective
oscillator strengths.

Fully atomistic MD simulations were carried out using the GRO-
MACS 4.5.5 package.[46–49] The simulations used the OPLS AA force
field[50,51] apart from the inter-ring torsions in 26B3OH and in mole-
cules of the E7 mixture, for which reported biphenyl and cyanobi-
phenyl torsional force constants were used,[52] and the atomic
charges within 26B3OH, for which HLY charges[53] calculated from
the optimised DFT structure were used. Simulations were run by
using 2 fs time-steps, periodic boundary conditions, and at 300 K
and 1 bar maintained by using a velocity-rescale thermostat[54] and
Parrinello–Rahman pressure coupling.[55] A van der Waals cut-off
radius of 9 æ was used, and electrostatic interactions were calculat-
ed by using the Particle Mesh Ewald method with a cut-off of
9 æ.[56, 57] All bond lengths were constrained throughout the simula-
tion by using the P-LINCS algorithm.[58] Simulations of the E7 mix-
ture were carried out with the component molecules in the relative
wt% ratios given in Figure 2 (and with the numbers given in
Table S1 in the Supporting Information); the sizes of the simula-
tions are described in the main text, and further details of the MD
simulation methods are given in the Supporting Information.
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Minimum moment of inertia axes were defined as the eigenvectors
associated with the minimum eigenvalues of the diagonalised
moment of inertia tensors[59] calculated for structures obtained
from both DFT and MD methods.

Acknowledgements

We acknowledge EPSRC DTA studentship support (EP/J500598/

1) for MTS, and EPSRC Platform Grant, EP/D055261/1 and grant

EP/J007714/1 for support on the development of liquid crys-

tals for displays. Additionally, we thank The Technology Part-

nership (UK) and Halation (China) for support on the develop-

ment of the synthesis of dyes, and Professor E. P. Raynes for

helpful discussions. Data from this article are available by re-

quest from the University of York Data Catalogue http://

dx.doi.org/10.15124/72d38707-9c5f-4169-8dee-a1887c3412d2.

Keywords: density functional calculations · dyes/pigments ·

liquid crystals · molecular dynamics · UV/Vis spectroscopy

[1] G. H. Heilmeier, L. A. Zanoni, Appl. Phys. Lett. 1968, 13, 91–92.
[2] D. L. White, G. N. Taylor, J. Appl. Phys. 1974, 45, 4718–4723.
[3] T. Uchida, M. Wada, Mol. Cryst. Liq. Cryst. 1981, 63, 19–43.
[4] D. Raj, Mater. Chem. Phys. 1996, 43, 204–211.
[5] H. Seki, C. Shishido, S. Yasui, T. Uchida, Jpn. J. Appl. Phys. Part 1 1982,

21, 191–192.
[6] B. Bahadur, in Liquid Crystals : Applications and Uses, Vol. 3 (Ed. : B. Baha-

dur), World Scientific Publishing, Singapore 1992, Chapter 11, pp. 65–
208.

[7] M. G. Pellatt, I. H. C. Roe, J. Constant, Mol. Cryst. Liq. Cryst. 1980, 59,
299–316.

[8] F. C. Saunders, K. J. Harrison, E. P. Raynes, D. J. Thompson, IEEE Trans.

Electron Devices 1983, 30, 499–503.
[9] H. Iwanaga, K. Naito, Y. Nakai, Mol. Cryst. Liq. Cryst. Sci. Technol. Sect. A

2001, 364, 211–218.
[10] G. Pelzl, H. Zaschke, D. Demus, Displays 1985, 6, 141–147.
[11] E. Wolarz, H. Moryson, D. Bauman, Displays 1992, 13, 171–178.
[12] D. Bauman, E. Mykowska, E. Wolarz, Mol. Cryst. Liq. Cryst. Sci. Technol.

Sect. A 1998, 321, 333–347.
[13] Z. H. Chen, T. M. Swager, Org. Lett. 2007, 9, 997–1000.
[14] H. Iwanaga, F. Aiga, Liq. Cryst. 2011, 38, 135–148.
[15] X. Zhang, H. Gorohmaru, M. Kadowaki, T. Kobayashi, T. Ishi-i, T. Thie-

mann, S. Mataka, J. Mater. Chem. 2004, 14, 1901–1904.
[16] H. Iwanaga, K. Taira, Y. Nakai, Mol. Cryst. Liq. Cryst. 2005, 443, 105–116.
[17] R. Yamaguchi, K. Moriyama, S. Sato, Mol. Cryst. Liq. Cryst. 2008, 488,

210–218.
[18] D. E. Shoosmith, A. Remnant, S. P. Perkins, H. J. Coles, Ferroelectrics

2000, 243, 75–85.
[19] S. Khosla, K. K. Raina, H. J. Coles, Curr. Appl. Phys. 2003, 3, 135–140.
[20] D. J. Gardiner, H. J. Coles, J. Phys. D 2006, 39, 4948–4955.
[21] M. R. Lutfor, G. Hegde, S. Kumar, C. Tschierske, V. G. Chigrinov, Opt.

Mater. 2009, 32, 176–183.
[22] M. G. Debije, Adv. Funct. Mater. 2010, 20, 1498–1502.
[23] A. M. Kendhale, A. P. H. J. Schenning, M. G. Debije, J. Mater. Chem. A

2013, 1, 229–232.
[24] E. Peeters, J. Lub, J. A. M. Steenbakkers, D. J. Broer, Adv. Mater. 2006, 18,

2412–2417.
[25] A. E. A. Contoret, S. R. Farrar, P. O. Jackson, S. M. Khan, L. May, M. O’Neill,

J. E. Nicholls, S. M. Kelly, G. J. Richards, Adv. Mater. 2000, 12, 971–974.
[26] L. C. Abbott, S. N. Batchelor, J. Oakes, J. R. Lindsay Smith, J. N. Moore, J.

Phys. Chem. A 2004, 108, 10208–10218.
[27] L. C. Abbott, S. N. Batchelor, J. N. Moore, J. Phys. Chem. A 2013, 117,

1853–1871.

[28] D. Jacquemin, E. Br¦mond, A. Planchat, I. Ciofini, C. Adamo, J. Chem.

Theory Comput. 2011, 7, 1882–1892.
[29] D. Jacquemin, E. Br¦mond, I. Ciofini, C. Adamo, J. Phys. Chem. Lett.

2012, 3, 468–471.
[30] M. R. Wilson, Chem. Soc. Rev. 2007, 36, 1881–1888.
[31] M. F. Palermo, A. Pizzirusso, L. Muccioli, C. Zannoni, J. Chem. Phys. 2013,

138, 204901.
[32] G. Tiberio, L. Muccioli, R. Berardi, C. Zannoni, ChemPhysChem 2009, 10,

125–136.
[33] J. Pel�ez, M. Wilson, Phys. Chem. Chem. Phys. 2007, 9, 2968–2975.
[34] A. Pizzirusso, M. B. Di Cicco, G. Tiberio, L. Muccioli, R. Berardi, C. Zanno-

ni, J. Phys. Chem. B 2012, 116, 3760–3771.
[35] S. J. Cowling, C. Ellis, J. W. Goodby, Liq. Cryst. 2011, 38, 1683–1698.
[36] B. Bahadur, in Handbook of Liquid Crystals, Vol. 2 A (Eds. : D. Demus, J. W.

Goodby, G. W. Gray, H. W. Spiess, V. Vill), Wiley-VCH, Weinheim, 1998,
pp. 257–302.

[37] M. R. Wilson, J. Mol. Liq. 1996, 68, 23–31.
[38] J. W. Goodby, I. M. Saez, S. J. Cowling, J. S. Gasowska, R. A. MacDonald,

S. Sia, P. Watson, K. J. Toyne, M. Hird, R. A. Lewis, S.-E. Lee, V. Vaschenko,
Liq. Cryst. 2009, 36, 567–605.

[39] S. E. Braslavsky, Pure Appl. Chem. 2007, 79, 293–465.
[40] C. Zannoni, in The Molecular Physics of Liquid Crystals (Eds. : G. R. Luck-

hurst, G. W. Gray), Academic Press, London, 1979, Chapter 3, pp. 51–83.
[41] R. Zhang, Z.-H. Peng, Y.-G. Liu, Z.-G. Zheng, L. Xuan, Chin. Phys. B 2009,

18, 4380–4385.
[42] A. F. Runge, S. S. Saavedra, S. B. Mendes, J. Phys. Chem. B 2006, 110,

6721–6731.
[43] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Na-
katsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G.
Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Ha-
segawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
J. J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Ra-
ghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N.
Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakr-
zewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Dan-
iels, ©. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox,
Gaussian 09, Revision B.01, Gaussian Inc. , Wallingford, CT, 2009.

[44] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[45] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.
[46] H. J. C. Berendsen, D. van der Spoel, R. van Drunen, Comput. Phys.

Commun. 1995, 91, 43–56.
[47] E. Lindahl, B. Hess, D. van der Spoel, J. Mol. Model. 2001, 7, 306–317.
[48] D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, H. J. C. Be-

rendsen, J. Comput. Chem. 2005, 26, 1701–1718.
[49] B. Hess, C. Kutzner, D. van der Spoel, E. Lindahl, J. Chem. Theory Comput.

2008, 4, 435–447.
[50] W. L. Jorgensen, D. S. Maxwell, J. Tirado-Rives, J. Am. Chem. Soc. 1996,

118, 11225–11236.
[51] G. A. Kaminski, R. A. Friesner, J. Tirado-Rives, W. L. Jorgensen, J. Phys.

Chem. B 2001, 105, 6474–6487.
[52] D. L. Cheung, S. J. Clark, M. R. Wilson, Phys. Rev. E 2002, 65, 051709.
[53] H. Hu, Z. Lu, W. Yang, J. Chem. Theory Comput. 2007, 3, 1004–1013.
[54] G. Bussi, D. Donadio, M. Parrinello, J. Chem. Phys. 2007, 126, 014101.
[55] M. Parrinello, A. Rahman, J. Appl. Phys. 1981, 52, 7182–7190.
[56] T. Darden, D. York, L. Pedersen, J. Chem. Phys. 1993, 98, 10089–10092.
[57] U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, L. G. Pedersen,

J. Chem. Phys. 1995, 103, 8577–8593.
[58] B. Hess, J. Chem. Theory Comput. 2008, 4, 116–122.
[59] P. F. Bernath, Spectra of Atoms and Molecules, 2nd ed. , Oxford University

Press Inc. , New York, 2005.

Received: December 6, 2014

Published online on June 1, 2015

Chem. Eur. J. 2015, 21, 10123 – 10130 www.chemeurj.org Ó 2015 The Authors. Published by Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim10130

Full Paper

http://dx.doi.org/10.1063/1.1652529
http://dx.doi.org/10.1063/1.1652529
http://dx.doi.org/10.1063/1.1652529
http://dx.doi.org/10.1063/1.1663124
http://dx.doi.org/10.1063/1.1663124
http://dx.doi.org/10.1063/1.1663124
http://dx.doi.org/10.1080/00268948108071985
http://dx.doi.org/10.1080/00268948108071985
http://dx.doi.org/10.1080/00268948108071985
http://dx.doi.org/10.1016/0254-0584(95)01639-C
http://dx.doi.org/10.1016/0254-0584(95)01639-C
http://dx.doi.org/10.1016/0254-0584(95)01639-C
http://dx.doi.org/10.1080/10587250108024989
http://dx.doi.org/10.1080/10587250108024989
http://dx.doi.org/10.1080/10587250108024989
http://dx.doi.org/10.1080/10587250108024989
http://dx.doi.org/10.1016/0141-9382(85)90081-2
http://dx.doi.org/10.1016/0141-9382(85)90081-2
http://dx.doi.org/10.1016/0141-9382(85)90081-2
http://dx.doi.org/10.1016/0141-9382(92)90027-O
http://dx.doi.org/10.1016/0141-9382(92)90027-O
http://dx.doi.org/10.1016/0141-9382(92)90027-O
http://dx.doi.org/10.1080/10587259808025100
http://dx.doi.org/10.1080/10587259808025100
http://dx.doi.org/10.1080/10587259808025100
http://dx.doi.org/10.1080/10587259808025100
http://dx.doi.org/10.1021/ol062999m
http://dx.doi.org/10.1021/ol062999m
http://dx.doi.org/10.1021/ol062999m
http://dx.doi.org/10.1080/02678292.2010.531149
http://dx.doi.org/10.1080/02678292.2010.531149
http://dx.doi.org/10.1080/02678292.2010.531149
http://dx.doi.org/10.1039/b402645d
http://dx.doi.org/10.1039/b402645d
http://dx.doi.org/10.1039/b402645d
http://dx.doi.org/10.1080/15421400500247326
http://dx.doi.org/10.1080/15421400500247326
http://dx.doi.org/10.1080/15421400500247326
http://dx.doi.org/10.1080/00150190008008009
http://dx.doi.org/10.1080/00150190008008009
http://dx.doi.org/10.1080/00150190008008009
http://dx.doi.org/10.1080/00150190008008009
http://dx.doi.org/10.1016/S1567-1739(02)00191-8
http://dx.doi.org/10.1016/S1567-1739(02)00191-8
http://dx.doi.org/10.1016/S1567-1739(02)00191-8
http://dx.doi.org/10.1088/0022-3727/39/23/008
http://dx.doi.org/10.1088/0022-3727/39/23/008
http://dx.doi.org/10.1088/0022-3727/39/23/008
http://dx.doi.org/10.1039/C2TA00400C
http://dx.doi.org/10.1039/C2TA00400C
http://dx.doi.org/10.1039/C2TA00400C
http://dx.doi.org/10.1039/C2TA00400C
http://dx.doi.org/10.1021/jp309536h
http://dx.doi.org/10.1021/jp309536h
http://dx.doi.org/10.1021/jp309536h
http://dx.doi.org/10.1021/jp309536h
http://dx.doi.org/10.1021/ct200259k
http://dx.doi.org/10.1021/ct200259k
http://dx.doi.org/10.1021/ct200259k
http://dx.doi.org/10.1021/ct200259k
http://dx.doi.org/10.1021/jz201552x
http://dx.doi.org/10.1021/jz201552x
http://dx.doi.org/10.1021/jz201552x
http://dx.doi.org/10.1021/jz201552x
http://dx.doi.org/10.1039/b612799c
http://dx.doi.org/10.1039/b612799c
http://dx.doi.org/10.1039/b612799c
http://dx.doi.org/10.1063/1.4804270
http://dx.doi.org/10.1063/1.4804270
http://dx.doi.org/10.1002/cphc.200800231
http://dx.doi.org/10.1002/cphc.200800231
http://dx.doi.org/10.1002/cphc.200800231
http://dx.doi.org/10.1002/cphc.200800231
http://dx.doi.org/10.1080/02678292.2011.620181
http://dx.doi.org/10.1080/02678292.2011.620181
http://dx.doi.org/10.1080/02678292.2011.620181
http://dx.doi.org/10.1080/02678290903146060
http://dx.doi.org/10.1080/02678290903146060
http://dx.doi.org/10.1080/02678290903146060
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1016/0010-4655(95)00042-E
http://dx.doi.org/10.1016/0010-4655(95)00042-E
http://dx.doi.org/10.1016/0010-4655(95)00042-E
http://dx.doi.org/10.1016/0010-4655(95)00042-E
http://dx.doi.org/10.1002/jcc.20291
http://dx.doi.org/10.1002/jcc.20291
http://dx.doi.org/10.1002/jcc.20291
http://dx.doi.org/10.1021/ja9621760
http://dx.doi.org/10.1021/ja9621760
http://dx.doi.org/10.1021/ja9621760
http://dx.doi.org/10.1021/ja9621760
http://dx.doi.org/10.1021/ct600295n
http://dx.doi.org/10.1021/ct600295n
http://dx.doi.org/10.1021/ct600295n
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1063/1.328693
http://dx.doi.org/10.1063/1.470117
http://dx.doi.org/10.1063/1.470117
http://dx.doi.org/10.1063/1.470117
http://dx.doi.org/10.1021/ct700200b
http://dx.doi.org/10.1021/ct700200b
http://dx.doi.org/10.1021/ct700200b
http://www.chemeurj.org

