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assessment of principal molecular axes and computational methods
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ABSTRACT

Three 1,4-disubstituted anthraquinone dyes with bis(4-n-butylphenyl) substituents connected via
amine or amide linking groups have been studied as guest molecules dissolved in the nematic
host E7. UV-visible absorption spectroscopy has shown each of the dyes to exhibit multiple
absorption bands in the visible region, and dichroic order parameters obtained from polarised
spectra of aligned guest-host samples were shown to differ significantly between the bands for
each dye, and between the dyes. Time-dependent density functional theory calculations indi-
cated that each dye exhibits several transitions, giving transition dipole moment vectors with a
range of orientations, and fully atomistic molecular dynamics simulations of the guest-host
mixtures showed differences in the calculated molecular alignments of the dyes. Combining
the results from these two sets of calculations enabled a comparison of molecular alignment
models based on the moments of inertia and the surface tensors of the dyes. The match between
calculated and experimental values was improved significantly when using the surface tensor
rather than the moment of inertia model, indicating that the shapes of the molecular surfaces of
these dyes are crucial to their alignment. A novel method of calculating polarised UV-visible
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absorption spectra of dyes in liquid crystal hosts is also presented.
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1. Introduction

Dyes dissolved in liquid crystal hosts have long been
the subject of research due to their potential for use in
practical applications, arising from the ease with which
their optical properties may be switched by the appli-
cation of an electric field [1]. In general, display tech-
nology has been the most widely proposed application
for these systems because the incorporation of a suita-
ble dye or mixture of dyes within a host in a liquid
crystal cell provides a device that may be switched from
a transmitting state to an absorbing state. Many varia-
tions on this basic concept have been proposed, for
example, dual-layer devices [2] or devices
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incorporating quarter-wave plates [3] that do not
require polarisers, phase-change devices that utilise
cholesteric host molecules [4] and scattering devices
utilising smectic A hosts [5]. Such guest-host systems
have also been proposed for other wide-ranging appli-
cations, such as smart windows [6], solar cell precur-
sors [7], security devices [8], diffraction gratings [9]
and polarisers [10].

The majority of these devices and applications are
based on mixtures containing rod-like dye molecules
that have transition dipole moment (TDM) vectors,
which are the orientations within the molecular frame
along which visible light absorption occurs, aligned with
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the principal axes along which the dyes align in a liquid
crystal host. Dyes of this general type dissolved in a
homogeneously aligned calamitic host exhibit maximum
absorbance when the electric vector of incident polarised
light is parallel with the host director (Aj)), and minimum
absorbance when the electric vector of incident polarised
light is perpendicular to the host director (A,). The
dichroic ratio, R = A)/A,, is greater than 1 for structures
of this type, and they are termed positive dichroics [11].
Such systems generally lend themselves to devices giving
negative contrast, where the device absorbs in the ‘off
state and is switched to a transmitting ‘on’ state by the
application of an electric field [11]. For guest-host sys-
tems using just one dye, switching occurs between
coloured and transmitting states, but for multi-compo-
nent guests comprising dyes that have absorption bands
at different wavelengths across the visible spectrum,
guest-host systems may be produced that switch between
black and transmitting states [12].

Dye molecules that have TDM vectors orthogonal to
their principal molecular axes are termed negative
dichroics and exhibit values of R < 1 in a calamitic
host. These compounds have also been proposed for
use in devices based on guest-host mixtures [13], in
which the maximum absorbance occurs when the elec-
tric vector of incident polarised light is orientated
perpendicular to the director. Such dyes readily enable
devices that exhibit positive contrast [14], and suitable
mixtures of negative dichroic dyes also enable switch-
ing between black and transmitting states [15].

The alignment of dye TDMs within both positive
dichroic and negative dichroic guest-host systems may
be quantified with the dichroic order parameter, S,
defined in Equation (1) [11], which takes values
between 0 and 1 for positive dichroics, and values
between 0 and —0.5 for negative dichroics. The dichroic
order parameter is related directly to the absorbances,
Ajand A, according to Equations (2) and (3), respec-
tively [16], where ¢ is the absorption coefficient of the
visible absorption band of the dye, ¢ is the concentra-
tion of the dye and [ is the path length of the cell.
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The dichroic order parameter arises from the distribu-
tion of angles, ¢, made between the host director and
the TDMs of the dyes, and may be expressed as a
product of two contributing order parameters, given

by Equation (4) [17], assuming uniaxial molecular
alignment. In this expression, Sy is a molecular order
parameter that is defined by the angle 0 between the
principal molecular axis of a dye molecule and the host
director, where angular brackets denote an ensemble
average. Sg is a TDM order parameter that is defined by
the angle, B, between the TDM associated with an
electronic transition and the principal molecular axis
of the dye molecule.

Sp = <§ (3cos’0 — 1)> G (3cos’B — 1)> = SoSg
4)

For systems comprising either purely positive dichroic
dyes, or purely negative dichroic dyes, a dichroic order
parameter with a large magnitude (ideally approaching 1
or —0.5, respectively) is crucial to device performance
because it is this property that largely defines the contrast
ratio between the absorbing and transmitting states.
However, by incorporating a mixture of positive and
negative dichroic dyes into a host system, or by using
dyes which have multiple absorption bands in the visible
region that have associated TDM vectors with different
orientations, colour-switching devices may be constructed
in which the application of a field causes a change in the
colour of the cell [18]. In these devices, contrast ratios are
not necessarily as dependent on the order parameters of
the dyes as they are in conventional guest-host
devices [18].

Although negative dichroic dyes have been the subject
of much less research than positive dichroic dyes, there
have been a range of reports of dyes exhibiting negative
dichroism, including azo compounds [14,19], anthraqui-
nones [20-25] and tetrazines [26]. More recently than
much of the initial research into negative dichroic dyes, a
device mode has been suggested with wide viewing angles
and a high contrast ratio using a black mixture of negative
dichroic dyes, operating in both reflective and transmissive
modes and without a polariser [27]. Negative dichroic dyes
have also been studied in the context of solar concentra-
tors, for example, for use within smart windows where a
colour-switching device utilising highly fluorescent nega-
tive dichroic dyes potentially provides improved properties
over those containing non-fluorescent dyes [28].

Many properties must be optimised for dye molecules
to be of practical use in guest-host systems, such as the
dichroic order parameter, colour, absorption coefficient,
solubility and stability, and therefore the design of dye
molecules for these applications is an extremely challen-
ging problem. In particular, the relationship between the
molecular structure and the dichroic order parameter is
not always intuitive. A general approach to understanding



this complex relationship has been provided by our recent
development of computational methods to aid in dye
design [29-32]. We have shown that a novel combination
of molecular dynamics (MD) simulations and time-depen-
dent density functional theory (TD-DFT) calculations,
based on the application of Equation (4), can provide a
rationale for observed trends in order parameters from
calculations of Sp and Sp that are combined to give values
of Sy that are directly comparable with experimental values
of S. These methods have resulted in the successful pre-
diction of order parameter trends for 1,5- and 2,6-disub-
stituted anthraquinones dyes and have demonstrated that
the choice of principal molecular axis, which affects calcu-
lations of both Sy and Sg, may have a significant influence
on the calculated dichroic order parameter [32]. For the
structures we have studied to date, we have found that an
improved match with experimental trends was obtained
by using the surface tensor z-axes, which are defined by the
shape of the molecular surface [33], as the principal mole-
cular axes rather than the more conventionally used mini-
mum moment of inertia (MOI) axes.

In general, confidence in computational methods is
gained from their successful application to a wide
range of systems. The computational methods
described above successfully replicated the experimen-
tal order parameter trends for the dyes tested, but the
molecular structures we studied were relatively closely
related; all were positive dichroic dyes that exhibited
experimental order parameters of S > 0.5 in a nematic
host, and all exhibited only single transitions in the
visible region. Negative dichroic dyes typically have
much less rod-like shapes than positive dichroic dyes,
giving molecular shapes for which the principal mole-
cular axes may not be intuitive, and they may be
expected to provide a more rigorous test of the applic-
ability of the computational methods. The literature
indicates that the general trend within anthraquinone
dyes is for 1,4-diamino anthraquinones to exhibit posi-
tive dichroism, and for 1,4-diamido anthraquinones to
exhibit negative dichroism [23], suggesting that they
might provide suitable structures to test the ability of
our approaches to calculate order parameters of nega-
tive dichroic dyes. Moreover, 1,4-diamino anthraqui-
nones are known to exhibit multiple absorption bands
in the visible region of the spectrum [34,35], providing
an additional test for the applicability of the computa-
tional methods.

Hence, in this work, we extend the application of the
computational methods we have recently developed to a
set of more diverse anthraquinone structures in order to
assess the scope of these methods. We present studies of
three dyes: a 1,4-diamino anthraquinone, 1, a 1-amino-4-
amido-anthraquinone, 2, and a 1,4-diamido
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anthraquinone, 3, all of which are shown in Figure 1.
These compounds each have n-butylphenyl substituents
linked to the 1,4- positions of the anthraquinone by
amine or amide linkages, providing a consistent set of
structures to analyse. Compounds that are closely related
to 1 have been reported to exhibit positive dichroic order
parameters [34-37], whereas compounds that are closely
related to 2 and 3 have been reported to exhibit negative
dichroic order parameters [23].

We first present UV-visible absorption spectra of the
dyes in isotropic solution and in the cyanobiphenyl-based
nematic host E7, from which experimental absorption
maxima, dichroic ratios and dichroic order parameters
are determined for multiple absorption bands for each of
the dyes. We then present the results of TD-DFT calcula-
tions on the dyes and fully atomistic MD simulations of the
dyes in E7, from which calculated dichroic order para-
meters are determined for comparison with the experi-
mental values. Previously developed methods are also
extended to the calculation of polarised UV-visible absorp-
tion spectra of the dyes.

2. Experimental
2.1. Synthesis

Reactions were performed in oven-dried Ace pressure
tubes (15 ml volume, back seal type) under an atmosphere
of air for Chan-Lam couplings or dried nitrogen gas for
amide synthesis. 1,4-Diaminoanthraquinone was obtained
from Fluorochem and used without further purification
(>95% purity), 4-butylphenylboronic acid was obtained
from Sigma Aldrich (>98% purity). Copper (II) acetate
was dried before use by heating under vacuum at =~ 250 °
C. 4-Butylbenzoylchloide was synthesised via a standard
in-house acyl chloride preparation using oxalyl chloride
and dimethylformamide, as we have described pre-
viously [38].

C4Hg

Figure 1. Structures and numbering of the dyes studied in this
work.
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Scheme 1. The synthetic pathway to dyes 1 and 2.
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Scheme 2. The synthetic pathway to dye 3.

Solvents were dried by percolation through activated
alumina prior to use. Reactions were monitored by thin
layer chromatography (TLC) with DCM as the eluent.
Silica-coated aluminium TLC plates used were purchased
from Merck (Kieselgel 60F-254) and visualised using either
visible light, UV light (254 and 365 nm), or by oxidation
with aqueous potassium permanganate solution.

Synthesis of 1 (Scheme 1): A pressure tube was charged
with 1,4-diaminoanthraquinone (735 mg, 3.09 mmol), 4-
butylphenylboronic acid (550 mg, 3.09 mmol), copper (II)
acetate (100 mg), pyridine (474 mg, 6 mmol) and DCM
(60 ml). The vessel was sealed to prevent solvent evapora-
tion; the flask was periodically opened to allow the internal
atmosphere to be replaced by air. The reaction was mon-
itored by TLC and deemed complete after 7 days. The two

N, 0.5 h

O
2

0O

0 HNk©
LD e
0 nBU

o} HNYQ

O
3

major components of the mixture, 1-amino-4-((4-butyl-
phenyl)amino)anthraquinone and dye 1, were separated
by flash chromatography with 3:2 hexanes/DCM as the
eluent and were individually recrystallised from toluene. 1:
TLC: Rf 0.68 (DCM); 'H NMR (400 MHz, CDCls): 0.93
(6H, t, ] = 7.3 Hz, -CH,~CHj3), 1.31-1.41 (4H, m, -CH,-
CH,-CH3;), 1.56-1.65 (4H, m, -CH,-CH,-CH,-), 2.58
(4H, t, ] = 7.3 Hz, Ar-CH,-CH,-), 7.16-7.18 (8H, m,
ArH-C,Hy), 7.45 (2H, s, ArH), 7.74 (2H, dd, ] = 3.3 Hz,
J=59Hz, ArH), 8.37 (2H, dd, J= 3.3 Hz, ] = 5.9 Hz, ArH),
12.26 (2H, broad S, Ar-NH-Ar'). 1-Amino-4-((4-butyl-
phenyl)amino)anthraquinone: TLC: Rf 0.175 (DCM);'H
NMR (400 MHz, CDCl;): 0.94 (3H, t, ] = 7.4 Hz, -CH,-
CH;), 1.32-1.43 (2H, m, -CH,-CH,-CH3;), 1.55-1.65
(2H, m, -CH,-CH,-CH,-), 2.61 (2H, t, ] = 7.4 Hz, Ar-



CH,-CH,-), 6.89 (1H, d, ] = 9.5 Hz, ArH), 7.13-7.20 (4H,
m, ArH), 7.46 (1H, d, ] = 9.5 Hz, ArH), 7.70-7.76 (2H, m,
ArH), 8.31-8.39 (2H, m, ArH), 12.11 (1H, broad S, Ar-
NH-Ar").

Synthesis of 2 (Scheme 1): 4-Butylbenzoyl chloride
was added in one portion to a stirred solution of 1-
amino-4-((4-butylphenyl)amino)anthraquinone
(50 mg, 135 pmol) in DCM (1 ml) and pyridine
(I ml). The reaction was monitored by TLC and
complete after 0.5 h, with complete consumption of
the starting material (blue, Rfpcy = 0.175) and for-
mation of a new material (red, Rf = 0.33) noted. The
reaction mass was concentrated in vacuo and puri-
fied by flash chromatography with DCM as the elu-
ent. The chromatographed material was recrystallised
from neat isopropanol. TLC: Rf 0.33 (DCM); 'H
NMR (400 MHz, CDCl;): 0.93 (6H, t, ] = 7.3 Hz, -
CH,-CH;), 1.31-1.41 (4H, m, -CH,-CH,-CHs),
1.56-1.65 (4H, m, -CH,~CH,-CH,-), 2.58 (4H, t,
J = 7.3 Hz, Ar-CH,-CH,-), 7.16-7.18 (8H, m,
ArH-C,Hy), 7.45 (2H, s, ArH), 7.74 (2H, dd,
J = 33 Hz, J] = 59 Hz, ArH), 8.37 (2H, dd,
J = 3.3 Hz, ] = 59 Hz, ArH), 12.26 (2H, broad S,
Ar-NH-Ar").

Synthesis of 3 (Scheme 2): The experimental procedure
was as employed in the synthesis of 2. Quantities used: 4-
butylbenzoyl chloride (3 mmol), 1,4-diaminoanthraqui-
none (238 mg, 1 mmol), DCM (2 ml), pyridine (2 ml).
The reaction mass was purified by flash chromatography
with DCM as the eluent, affording the title compound as a
red microcrystalline solid following recrystallisation from
acetonitrile. Data was consistent with literature values [20].
TLC: Rf 0.30 (DCM); melting point: 231-232 °C; '"H NMR
(400 MHz, CDCl,): 0.95 (6H, t, ] = 7.3 Hz, -CH,-CHs),
1.33-1.45 (4H, m, -CH,~CH,-CH3), 1.61-1.71 (4H, m, -
CH,-CH,-CH,-), 2.71 (4H, t, ] = 7.3 Hz, Ar-CH,-
CH,-), 7.37 (4H, d, ] = 8.5 Hz, ArH-C,H,), 7.79-7.85
(2H, m, ArH), 8.07 (4H, d, ] = 8.5 Hz, ArH-C,Hy), 8.32-
8.37 (2H, m, ArH), 943 (2H, s, ArH), 13.50 (2H, broad S,
Ar-NHC(O)-Ar).

2.2, Spectroscopy

The nematic host mixture E7 (Merck) and dichloro-
methane (299.9%, Fisher) were used as received. Dye-
E7 mixtures were prepared at concentrations of ca.
1-2 wt%, heated above the clearing point, and subse-
quently sonicated for ca. 2 min while cooling to room
temperature to ensure full dissolution of the dyes. Planar-
aligned cells (Instec) with a path length of 20 pm were
filled by capillary action while heated above the clearing
point of the mixtures. Visual inspection of the cells under
a microscope with crossed polarisers confirmed

LIQUID CRYSTALS e 2033

homogeneous alignment of the mixtures and no evidence
of precipitation or crystallisation of the dyes was
observed.

UV-visible absorption spectra of the dyes in dichlor-
omethane were recorded at room temperature (ca. 20 °
C) and against a solvent background, using matched
quartz cells (1 cm) and a Hitachi U-3010 spectrophot-
ometer. Polarised UV-visible absorption spectra of
aligned guest-host mixtures were recorded using a
Agilent Cary 8454 spectrophotometer with a rotatable
Glan-laser polariser (Newport 10GLO08) between the
sample and the detector. The samples were held at
300 K in a temperature-controlled holder custom-
built at the University of York. Polarised absorption
spectra of an aligned sample of E7 alone were recorded
using the same method and were subtracted from the
guest-host spectra to obtain the spectra presented.

2.3. Computational studies

DFT calculations were performed using the Gaussian 09
package [39]. Structure optimisations and TD-DFT calcu-
lations were carried out at the PBE0/6-311G(d,p) level
[40,41], which has been shown generally to be successful
for the prediction of visible absorption spectra of organic
dyes [42]. Fully atomistic MD simulations were carried out
using GROMACS 5.1.2 [43-49], and the General Amber
Force Field (GAFF) [50], with adjustments reported for
the simulation of liquid crystal phases [51]. Atomic
charges were determined using the RESP method for the
optimised structures [52]. Simulations were run with per-
iodic boundary conditions using 2-fs steps and all bond
lengths were constrained at their equilibrium geometries
using the LINCS algorithm [53]. The simulations were run
at 300 K using a Nosé-Hoover thermostat [54,55], and
maintained at a pressure of 1 bar using Parrinello-
Rahman pressure coupling [56,57]. Electrostatic interac-
tions were calculated using the Particle Mesh Ewald
method with a cut-off of 1.2 nm [58], and the same cut-
off was used for van der Waals interactions. Simulations
were run from pseudo-nematic starting geometries with
five dye molecules in 400 host molecules, as described
previously [29], and trajectory frames were recorded
every 25 ps. Order parameters of the host molecules were
defined as twice the negative of the middle eigenvalue of
the Q-tensor [51], and plots of order parameter against
time are shown as 20-point averages for clarity. Standard
errors of the order parameters determined from the MD
simulations were calculated using the method described by
Chodera [59], and gave standard errors between 0.004 and
0.045, dependent on the data set and the particular order
parameter calculated; these order parameters are given
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consistently to three decimal places, and the standard
errors are listed in full in the supplementary information.

Solvent-excluded molecular surfaces for the calcula-
tion of molecular surface tensors were determined
using the MSMS algorithm [60], with a rolling-ball
radius of 2 A, representative of the radius of a CH,,
group [61], and using a triangulation density of 5 A ~
consistent with previous studies [62,63]. The surface
tensors and principal axes were defined using the
method described previously, in which we define the
surface tensor z-axis as the eigenvector associated with
the eigenvalue with the smallest magnitude in the diag-
onalised Cartesian surface tensor [32]. The surface
tensor y-axis was defined as the eigenvector associated
with the eigenvalue with the largest magnitude, and the
surface tensor x-axis was defined as orthogonal to the y
and z axes.

3. Results and discussion
3.1. Experimental results

Dyes 1, 2 and 3 dissolved in dichloromethane gave blue,
violet and orange solutions, respectively, as shown by the
photograph in Figure 2. UV-visible absorption spectra of
these solutions are shown in Figure 3, and the absorption
maxima and associated absorption coefficients are listed in
Table 1. Each of the dyes exhibits a band at long wavelength
in the 490-650 nm range, and a band at shorter wavelength
in the 330-410 nm range. The long-wavelength visible
absorption bands of such substituted anthraquinone dyes
are typically attributable to amine/amide-to-quinone intra-
molecular charge-transfer transitions, and the shift of this
band to shorter wavelength on going from 1 to 3 is con-
sistent with the decrease in the electron-donating character
on going from amine to amide substituents. Calculated
UV-visible spectra of the dyes are also shown for compar-
ison and are discussed in Section 3.2.

Figure 2. (Colour online) Photograph of solutions of the dyes
at ca. 1 x 10™* mol dm™ in dichloromethane.
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Figure 3. Experimental UV-visible absorption spectra of solu-
tions of the dyes at ca. 1 x 107 mol dm™ in dichloromethane
plotted as absorption coefficient. Calculated spectra are also
shown and were obtained by summing Gaussian peaks of
50 nm full-width at half-maximum at each calculated transition
with an intensity equal to the respective calculated oscillator
strength, f (shown as lines) .

Table 1. Experimental visible absorption maxima, A.. and
absorption coefficients, €may Of the dyes.

Short wavelength

Long wavelength

Anax  Emax (100dm> mol™  Anax  Emax (10* dm® mol™
Dye (nm) cm™) (nm) am”
1 408 0.90 644 2.07
2 374 1.20 567 0.95
3 334 2.09 496 0.77

Planar-aligned cells were filled with mixtures of each
dye in the nematic host mixture E7, and photographs of
these cells illuminated with polarised white light oriented
parallel and perpendicular to the alignment direction of the



cells are shown in Figure 4, giving a significant colour
change for each of the samples when the polarisation
orientation is changed. Polarised UV-visible absorption
spectra of these samples, recorded at 300 K, are shown in
Figure 5 with the electric vector of the polarised light
oriented parallel, A, and perpendicular, A,, to the align-
ment direction of the cells. Plots of the dichroic ratio, R,
against wavelength are shown beneath each spectrum. The
average dichroic ratios of the long- and short-wavelength
bands were determined over the full-width at half-maxi-
mum (FWHM) of the bands, except for the short-wave-
lengths bands of 2 and 3 where the absorbance of the host
gave a short-wavelength limit of 360 nm. These regions are
shaded on each spectrum in Figure 5, and the average
dichroic ratios and the experimental dichroic order para-
meters, S, determined according to Equation (1) are
given in Table 2.

For each dye, the experimental dichroic order para-
meters of the long- and short-wavelength bands differ
significantly, indicating that the underlying transitions are
polarised in different orientations within the molecular
frame of each of the dyes, consistent with the variation in
observed colours with incident light polarisation shown in
Figure 4. There are also significant differences between the
dyes: the long-wavelength bands of dyes 1 and 2 have
positive order parameters, whereas the long-wavelength
band of 3 has a negative order parameter; and the short-
wavelength band of 1 has a negative order parameter
whereas the short-wavelength bands of 2 and 3 exhibit
positive order parameters.

The experimental dichroic order parameters given
in Table 2 are consistent with most reports of order
parameters of closely related compounds in nematic
hosts. Compounds similar to 1 with various alkyl
chain lengths have been reported to have order

=]

Figure 4. (Colour online) Photographs of planar-aligned cells
containing the dye-E7 mixtures, backlit with polarised white
light. The images are shown as composites of the respective
images, split to show the colours when lit with the light polarised
parallel and perpendicular to the alignment orientation. Image
processing was identical for each image.

LIQUID CRYSTALS e 2035

3 T T

1

2 | — A

< A
1_ -

0 L
3 T L

8 | 4

6 ]

m4_ —

L
2_ -
oF ]
1 1 1

3 T T 2

2 — A

__-A.L

8 F J

6- -

m4\- -

2 B

0'. 1 1 1 7

3

— A

__-AJ_

x,up J

400 600 800
A/ nm

Figure 5. Experimental polarised UV-visible absorption spectra of
the dyes at ca. 1-2 wt% in E7 in planar-aligned cells at 300 K.
Beneath each plot is the dichroic ratio plotted against wavelength,
and regions shaded in grey are those over which average dichroic
ratio values were determined for the band.

Table 2. Experimental visible absorption maxima, Anay, dichroic
ratios, R, and dichroic order parameters, S.,, determined from
the spectra shown in Figure 5.

Short wavelength

Long wavelength

Dye Amax (NnM) R Sexp Amax (nM) R 5exp

1 420 0.72 —0.103 654 3.29 0.432
2 373 1.61 0.170 582 3.34 0.439
3 - 4.47 0.537 506 0.39 —0.255
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parameters in the range 0.2-0.5 for the long-wave-
length band in nematic hosts [34,36,37], and dye 1
itself has been reported to exhibit order parameters of
0.5 and -0.13 for the long- and short-wavelength
bands, respectively, in a cyclohexyl-cyanophenyl host
[35]. The long-wavelength band of the Cg analogue of 3
is reported to have an order parameter of —0.33 in a
nematic host [23]. The long-wavelength band of a
compound with the same core structure as 2 is
reported to have an order parameter of —0.05 [23],
which is somewhat different from that determined for
2 in this work but may be attributable to the difference
in overall molecular structure as well as the different
host mixture used.

3.2. Electronic structure calculations

DFT-optimised structures of the dyes are shown in
Figure 6, and each exhibits a planar anthraquinone
core with the NH substituents also lying in the same

plane, stabilised by hydrogen-bonding with the anthra-
quinone carbonyl groups. The phenyl groups of the
phenylamine substituents in 1 and 2 lie at an angle to
the plane of the anthraquinone core, consistent with
the configurations adopted by 1,5-phenylamino anthra-
quinone dyes [30], whereas the phenyl groups of the
phenylamide substituents in 2 and 3 are close to co-
planar with the anthraquinone core. The calculated
UV-visible absorption spectra of these structures are
shown in Figure 3, showing a generally close match
between experimental and calculated spectra, and the
calculated wavelengths and oscillator strengths are
listed in Table 3. Axes are also overlaid on the struc-
tures shown in Figure 6, corresponding to the calcu-
lated TDM vectors (red), the minimum MOI axes
(blue) and the surface tensor z-axes (green). For each
dye, the calculated TDM vectors show significant var-
iation in orientations between the different calculated
transitions. Qualitatively, this is consistent with the
experimental dichroic ratios and order parameters in

Figure 6. (Colour online) Structures of the dyes optimised at the PBE0/6-311G(d,p) level with minimum MOI axes (blue), surface
tensor z-axes (green) and transition dipole moment vectors (red) with lengths proportional to the respective calculated oscillator

strengths overlaid.



Table 3. Calculated transition wavelengths, A, oscillator
strengths, f, angles between the TDM vectors and the mini-
mum MOI axes (Buo) and the surface tensor z-axes (Bsurface)
and their associated order parameters, Sg.

Dye A (nm) f BMOI (0) SB (MOI) Bsurface (o) SB (Surface) a (o)

1 576  0.2707 90 —-0.500 0 1.000 1
423 0.0834 2 0.998 90 —-0.500 1
382 0.1288 4 0.993 90 -0.500 14
367 0.0671 3 0.996 90 -0.500 12

2 559  0.1909 69 -0.307 51 0.094 3
402 0.0234 45 0.250 64 -0.212 9
372 0.1522 17 0.872 36 0.482 14
368 0.1742 17 0.872 6 0.984 79
349 0.0521 31 0.602 49 0.146 Il
339 0.0224 16 0.886 3 0.996 29

3 493 0.1635 90 -0.500 90 -0.500 3
368 0.0393 0 1.000 0 1.000 -
356 0.0901 0 1.000 0 1.000 -
346 0.1733 0 1.000 0 1.000 -
336 0.0162 0 1.000 0 1.000 -
333 0.1503 0 1.000 0 1.000 -

The angles, a, between the projections of the TDM vectors onto the xy
plane of the surface tensor axes and the surface tensor x axes are also
given. Only transitions with A > 330 nm and f > 0.01 are listed.

Figure 5 and Table 2, which show significant differ-
ences between the long- and short-wavelength bands
for each of the dyes.

The reason for the different orientations of the TDM
vectors within the dyes lies in the nature of the electron-
density shifts associated with the different transitions.
Figure 7 shows the calculated electron density shifts asso-
ciated with the two lowest energy calculated transitions of
1, illustrating the difference in electron-density shifts
between the two transitions. The lowest energy transition
of 1 is calculated to give a significant electron-density
shift that arises from a HOMO involving the amine
nitrogen atoms and carbon atoms in the adjacent anthra-
quinone ring, and a LUMO located on the central anthra-
quinone moiety, such that the transition is polarised
along the anthraquinone long axis. By contrast, the

Figure 7. (Colour online) Calculated electron-density shifts
overlaid on the optimised structure of 1 for the lowest energy
excitation (left) and the second lowest energy excitation (right).
Density shifts are from the regions shown in purple to the
regions shown in yellow using cut-offs of +0.0025 e Bohr>.
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second lowest energy transition of 1 is calculated to give
a significant electron-density shift that arises from a
HOMO - 1 orbital that is located mainly on the amine
nitrogen atoms and the phenyl substituents, and the same
LUMO, such that the transition is polarised perpendicu-
lar to the anthraquinone long axis. Hence, the polarisa-
tions of these two transitions of 1 are orthogonal to each
other and give rise to the orthogonal TDM vectors shown
in Figure 6. A similar account can be given to explain the
orientations of all the TDMs of the dyes and how they
relate to the different molecular structures.

The orientations of the minimum MOI axes and the
surface tensor z-axes of the dyes, both relative to the orien-
tations of the anthraquinone moieties and relative to each
other, illustrate the complexity of the molecular axis defini-
tions for dye structures that are not rod-like. In the case of
the 1,5-disubstituted anthraquinone dyes we have studied
previously, the minimum MOI axes and surface tensor
z-axes were found to exhibit only slight differences in
orientation [32], but for the structures studied here, dye 1
exhibits surface tensor z-axes and minimum MOI axes that
are orthogonal, whereas 2 has these axes offset by 19°, and 3
has these axes coincident. The angles, 8, between both
definitions of the principal molecular axes and the calcu-
lated TDM vectors are listed in Table 3, along with their
contributions, Sg, to the dichroic order parameters. It is
notable that the values of Sy exhibit significant variation
between the two different axis definitions for 1 and 2, for
which the MOI and surface tensor axes are not coincident;
these differences highlight the importance of the choice of
principal axis when quantifying molecular alignment, and
confirm the suitability of these structures to provide a
rigorous test of the applicability of these definitions. The
relative orientations of the TDM axes to the surface tensor x
and y-axes are given by the angles, &, which are also listed in
Table 3 and are defined as the angle between the x-axis and
the projection of the TDM on to the xy plane. For large
values of f3, the values of « are all <15°, showing that the
TDMs tend to lie in or close to the zx plane, which approxi-
mately describes the plane of the anthraquinone core.

3.3. MD simulations

Fully atomistic MD simulations of each dye in E7 were run
for 750 ns, and the molecular order parameters, Sg, of the
minimum MOI axes of the host molecules of E7 during the
simulations are shown in Figure 8. The minimum MOI
axes were used here to define the principal molecular axes
because we have shown previously that they provide a very
close match with the surface tensor z-axes of the E7 com-
ponent molecules whilst avoiding the significant computa-
tional expense of the surface tensor analysis for the full
simulations [32]. The average values of Sg over the last 500
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Figure 8. Molecular order parameters, Sg (MOI), of the minimum MOI axes of the E7 molecules in each of the guest-host MD
simulations. The insets give average values that were determined between 250 and 750 ns.

ns of the simulations are also given as insets in Figure 8,
demonstrating that the order parameters of the host mole-
cules in these three guest-host mixtures are very similar,
with values in the range of 0.77-0.80. These values are
higher than the experimental value of ca. 0.64 for E7
alone [29,64], but they provide a significant improvement
on that of ca.0.88 we obtained when using the OPLS
(Optimised Potential for Liquid Simulations) force field
in earlier studies [29]. This improvement may be primarily
attributed to the weaker Lennard—Jones interactions of the
aromatic carbon atoms in the adapted GAFF force field
used here [51].

The molecular order parameters, Sg (MOI), of the mini-
mum MOI axes of the dye molecules in the guest-host
simulations, determined against the host director and cal-
culated according to the first term of Equation (4), are
shown in the left plots in Figure 9. The average values
over the last 500 ns of the simulations, given in Table 4,
suggest that all three dye molecules exhibit lower molecular
order parameters than the host molecules, which is con-
sistent with the less rod-like shapes of the dye molecules. In
our previous work, we observed that the trend in the
calculated order parameters of the host molecules in
guest-host mixtures matched that of the guest molecules,
and that is the case again for these simulations [31],
demonstrating that the addition of guest molecules has an
influence on the calculated alignment of the overall
mixture.

The molecular order parameters obtained from the sur-
face tensor x, y and z axes are also shown in Figure 9, and
the average values over the last 500 ns of the simulations are
listed in Table 4. A comparison of these values with the
average order parameters of the minimum MOI axes

Table 4. Molecular order parameters determined from the
minimum MOI axes and from the principal, secondary and
tertiary surface tensor axes (5, Sy and S, respectively) of
the dyes relative to the host director, calculated from the MD
simulations by averaging between 250 and 750 ns.

MOI Surface
Dye Se S22 (Se) Sxx Sy S = Sy
1 0.350 0.527 —-0.169 —0.358 0.189
2 0.630 0.739 -0.310 -0.429 0.119
3 0.730 0.774 —0.347 —-0.427 0.080

The biaxial order parameters (S, — S,,) are also listed.

demonstrates that the surface tensor z-axes of each of the
dyes exhibit higher order parameters than the respective
minimum MOI axes. This result is consistent with our
earlier studies, which showed that the surface tensor
z-axes are a better definition of the principal molecular
axes of guest dye molecules.

In our previous study of dyes for which the minimum
MOI and surface tensor z-axes were shown to have very
similar orientations [32], only relatively subtle differences
in the order parameters of the different axes were calcu-
lated, but in the systems studied here the average order
parameters from the two definitions differ by up to almost
0.2. The difference between the two calculated order para-
meters of each of the dyes is consistent with the orienta-
tions of the minimum MOI and surface tensor z-axes
shown in Figure 6: dye 1, which has the largest difference
in the orientations of these two axes has the largest differ-
ence in order parameters, whereas dye 3, which has coin-
cident MOI and surface z-axes for its optimised geometry,
has the smallest difference in order parameters. The higher
order parameters of the surface tensor z-axes than the
minimum MOI axes again show the surface tensor z-axes
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Figure 9. (Colour online) Molecular order parameters, Sg, of the minimum MOI axes (black; left plots) and the principal, secondary
and tertiary surface tensor axes (light green, medium green and dark green, respectively; right plots) of the dye molecules in each of
the guest—host MD simulations. The average values given in Table 4 were determined between 250 and 750 ns.

to be a better definition of the principal molecular axes of
these guest molecules.

3.4. Calculated dichroic order parameters

Calculated dichroic order parameters of the dyes, Sy, were
obtained via Equation (4) using both the minimum MOI
axes and the surface tensor z-axes, and the values are listed
in Table 5. The calculation of these order parameters is
straightforward for the long-wavelength bands, which are
calculated to arise from single transitions, enabling the
direct use of Equation (4). However, the short-wavelength
bands were calculated to arise from a number of different
transitions, in some cases with different values of 3, as listed
in Table 3. The calculated dichroic ratios of these bands
were determined by summing the absorbance contribu-
tions from the total number of transitions, m, contributing
to each band, according to Equation (5), which is derived
from Equations (2) and (3), and where S¢,i is the calculated
order parameter of each transition determined using
Equation (4). This approach assumes that the absorption
coefficient of each transition, i, is proportional to the cal-
culated oscillator strength, f, and that all the transitions
provide a wavelength-independent contribution to the
band. The results obtained from this method are consistent
with the experimental dichroic ratios, which are essentially

Table 5. Calculated dichroic order parameters of the long- and
short-wavelength bands of the dyes using the minimum MOI
axes and the surface tensor z-axes as definitions of the princi-
pal molecular axes according to Equation (4).

Short wavelength

Long wavelength

Dye Sg (MOI) S¢ (surface) S¢ (MOI) S (surface)
1 0.348 —0.264 -0.175 0.527
2 0.507 0.487 —-0.193 0.069
3 0.730 0.774 —0.365 —0.387

wavelength independent across the bands; an alternative,
wavelength-dependent, approach is discussed in Section
3.5. The overall calculated dichroic order parameter of
each band, Sy, was then determined from this dichroic
ratio according to Equation (1).

(5)

These calculated dichroic order parameters are listed in
Table 5, and those for the short-wavelength bands were
obtained using the transitions listed at <450 nm in Table 3.
The results show that the choice of axis definition has a
significant influence on the calculated values, and that the
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values obtained using the minimum MOI axes predict the
incorrect sign of the experimental order parameters for
three of the six bands measured, whereas the values from
the surface tensor z-axes predict the correct sign for every
band measured. This trend provides further evidence that
the surface tensor z-axes provide a better description of the
principal molecular axes than the minimum MOI axes for
guest dye molecules in anisotropic hosts.

The method used to calculate the dichroic order para-
meters listed in Table 5 is consistent with that we reported
previously, in which the systems are considered to be uni-
axial and hence Equation (4) may be used to calculate S
[32]. This assumption is appropriate for rod-like molecules
for which f is small, but for less rod-like molecules, such as
those studied here, it is important to consider the influence
of biaxiality on the calculated dichroic order parameters.
Equation (6) is a modified version of Equation (4) [65,66]
that includes the biaxial order parameter (S, - S,,), which
is calculated as the difference in molecular order para-
meters arising from the secondary and tertiary molecular
axes. The order parameters of the secondary and tertiary
surface tensor axes of the dyes during the MD simulations
are shown in Figure 9 (right plots), and both the average
values and the average differences (S..— S,,) are given in
Table 4. The non-zero values of the biaxial order para-
meters demonstrate that the molecular alignment of the

EHExp. EMOI
1.0

Table 6. Calculated dichroic order parameters of the
dyes using surface tensor axes as the principal mole-
cular axes, and using Equation (6) to include the
influence of biaxiality.

Dye S¢ (short-wavelength)

S¢ (long-wavelength)

1 -0.178 0.527
2 0.500 0.105
3 0.774 —-0.347

dyes within the MD simulations is not uniaxial, consistent
with their relatively flat, non-rod-like molecular shapes,
and it indicates that the influence of biaxiality on the
dichroic order parameters may be significant.

Sp = <% (3cos’0 — 1)> G (3cos’B — 1))

+ ! (Sex — Syy) (sin2/5 cos 2a) (6)

2

Hence, the dichroic order parameters were recalcu-
lated using Equation (5) and the surface tensor axes but
using Equation (6) to calculate values of S¢i that
include the influence of biaxiality; these calculated
order parameters are listed in Table 6 and are shown
graphically in Figure 10 alongside those calculated
assuming uniaxiality. The most notable differences
between the two sets of values arise for the bands
which are calculated to have large values of f3, such as

M surface (uniaxial) @ surface (biaxial)
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Figure 10. (Colour online) Plot of the experimental dichroic order parameters (grey), and the values calculated using the minimum
MOI axes (blue), using the surface tensor z-axes and assuming uniaxial alignment (dark green), and using all the surface tensor axes

to include the effect of biaxiality (light green).



the short-wavelength band of 1 and the long-wave-
length bands of 2 and 3; in each of these cases, includ-
ing the biaxiality term makes the calculated order
parameter more positive and results in a better match
with the experimental value.

Overall, the results shown in Figure 10 demonstrate
that the computational methods developed and applied
here are capable of correctly predicting the sign of the
dichroic order parameters for both of the visible bands
for each of the dyes studied. This result is particularly
significant in view of the fact that these alignment
trends are not necessarily intuitive from the structures
alone. The most significant differences between the
calculated and experimental values are found for dye
2, which has an asymmetric structure that is the most
complex of the dyes, and it has the most variation in
the TDM orientations for the transitions contributing
to the visible bands. However, the calculations still
predict that both the long- and short-wavelength
bands exhibit positive dichroic order parameters, con-
sistent with the experimental values.

The importance of the choice of principal molecular
axis for these systems is highlighted in Figure 11, which
shows visualisations of the inertia and surface tensors
of the dyes in their preferred orientations relative to the
director, n, based on the two models. The differing
molecular orientations correspond with the respective
minimum MOI and surface tensor z-axis orientations
shown in Figure 6. The resulting TDM orientations
versus the director that give the mismatch with the
signs of the experimental dichroic order parameters
when using the minimum MOI axes highlight the
need for principal molecular axes to be carefully
defined. The improved match from using the surface
tensor z-axes suggests that the molecular shape is the
major factor in determining the alignment of these
guest molecules, and the differences in the shapes of
the inertia tensor and surface tensor ellipsoids in
Figure 11 show the significance that the choice of
molecular frame can have; these molecules provide a
clear illustration of the effect of choosing incorrect axis
definitions in the theoretical treatment of liquid crystal
systems.

3.5. Calculation of polarised UV-visible absorption
spectra

A more sophisticated application of the calculation
methods than comparing dichroic order parameters
alone may be obtained by generating calculated
polarised UV-visible absorption spectra to provide a
comparison with the experimental spectra shown in
Figure 5. Such a comparison enables a concurrent

LIQUID CRYSTALS e 2041

=

MOI Surface

/‘ \ long-A
short-A
1

long-A =

short-A

&

long-A
5 _—long-A ? —
short-A
3 long-A long-A
short-A short-A
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X

assessment of the results of combining MD and TD-
DFT results to calculate the alignment of the different
TDMs, as well as of TD-DFT for calculating the transi-
tion energies of the dyes. Calculated polarised UV-
visible absorption spectra were generated by assuming
that the absorption coefficient of each calculated tran-
sition, i, was proportional to the calculated oscillator
strength, f;, and that each transition had a Gaussian
band-shape. Values of Ajand A, at each wavelength
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were determined according to Equations (7) and (8),
based on Equations (2) and (3), where # is the total
number of calculated transitions contributing to the
spectrum, A; is the calculated wavelength of transition
i, and AA; is the FWHM of the Gaussian band.

5 "L 42 (%) ;
A= fe (zs¢ + 1) (7)
i=1

A= iﬁeﬂlnz <%)2 (1 _ Sip) )

i=1

The calculated spectra were generated using all the
transitions listed in Table 3 and values of Sy’ deter-
mined from Equation (6) using the surface tensor axes.
The calculated polarised spectra are shown in Figure 12
and generally show a good match with the experimen-
tal spectra, in terms of both band positions and relative
intensities. As noted above, the most significant differ-
ences occur for the relative intensities calculated for
dye 2. Additionally, there is a significant difference
between experimental and calculated band shapes of
the long-wavelength transition of for dye 1, which may

be attributed to the vibronic structure in the

—A

experimental spectrum that was not considered in the
calculations performed here, although such an
approach is possible with more advanced methods
[67]. However, the match between the experimental
and calculated spectra is good across the three dyes,
demonstrating that this combination of computational
approaches enables the general form of the wavelength-
dependent polarised absorption spectra of guest-host
mixtures in devices to be predicted.

The polarised spectra in Figure 12 could also be
used to calculate wavelength-dependent dichroic ratios
and order parameters. The dichroic order parameters
calculated with this approach for the long-wavelength
bands are the same as those obtained using Equation
(5) because they arise from single transitions, whereas
those for the short-wavelength bands may differ
slightly because they arise from multiple transitions at
different wavelengths, which, in the case of 1 and 2,
have slightly different TDM orientations. Calculations
using this approach may also be influenced by the
FWHM value chosen, and by the effect of vibronic
structure. Hence, for the dyes studied here, we consider
that Equation (5) is more appropriate to calculate
values of S, for the long- and short-wavelength

S N
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Figure 12. Normalised experimental and calculated polarised UV-visible absorption spectra of the dyes in E7. Calculated spectra
were determined using AA = 80 nm for each Gaussian band and using calculated dichroic order parameters from the surface tensor

axes.



bands, as listed in Tables 5 and 6. However, the wave-
length-dependent approach via Equations (7) and (8)
provides a useful ability to obtain calculated polarised
spectra, as illustrated in Figure 12.

4. Conclusions

The experimental polarised UV-visible absorption
spectra of three phenyl-amine/amide substituted
anthraquinone dyes dissolved in the nematic host E7
were shown to be relatively complex. Each dye was
shown to exhibit long- and short-wavelength visible
bands, with the dichroic order parameters differing
significantly between the bands and between the dyes.
This complex set of experimental data has enabled a
rigorous assessment of our previously developed meth-
ods for predicting the dichroic order parameters of
dyes in liquid crystal hosts.

The results of TD-DFT calculations on optimised
structures of the dyes reflected the complexity observed
experimentally, with several transitions of different
energy and different TDM orientations within the
molecular frame calculated to contribute to the absorp-
tion spectrum of each dye. The importance of the
choice of principal molecular axis was demonstrated
by these calculations, with the orientations of the sur-
face tensor z-axes and minimum MOI axes varying
between coincident and orthogonal between the three
dyes.

The influence of the principal molecular axis defini-
tion was also reflected in the results of the fully ato-
mistic guest-host MD simulations, in which the
minimum MOI axes were calculated to give signifi-
cantly lower molecular order parameters than the sur-
face tensor z-axes. Further, the calculated dichroic
order parameters obtained by using the minimum
MOT axes incorrectly predicted the signs of the order
parameters for three of the six absorption bands ana-
lysed, whereas the signs of the order parameters were
correctly predicted for all six bands when the surface
tensor z-axes were used. These results provide convin-
cing evidence to support our previous results, which
indicated that the surface tensor z-axes provide a better
description of the principal molecular axes of dye
molecules in nematic hosts than the minimum MOI
axes.

For five of the six bands, the match between the
calculated and experimental dichroic order parameters
was unchanged or improved when the uniaxial model
was extended to include biaxial alignment of the dyes
within the host. In general terms, this result supports
the importance that we have demonstrated previously
of removing assumptions in the theoretical treatment
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of dye alignment in guest-host mixtures. It is likely
that the match between experimental and calculated
values could be improved further if molecular flexibil-
ity was included in the calculation of TDM orientations
within the dyes, as we have shown in other studies [32],
but this additional analysis comes at a significant com-
putational cost. The good matches demonstrated here
without the influence of flexibility show that very use-
ful results may be achieved for a relatively accessible
computational expense, and with much-reduced user
input when compared with that required when flex-
ibility is included in the TDM calculations.

Further extensions to the computational methods
enabled calculated polarised UV-visible absorption spec-
tra to be generated. Thus, a method is presented that
provides an approach to predicting wavelength- and
polarisation-dependent optical properties of guest-host
devices, without the input of any experimental data.

Overall, the methods we have demonstrated and
developed here may be able to provide valuable tools
for the design and optimisation of dyes and guest-host
mixtures for liquid crystal device applications.
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