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Experimental and molecular dynamics studies
of anthraquinone dyes in a nematic liquid-crystal
host: a rationale for observed alignment trendsf

Mark T. Sims, Laurence C. Abbott, Stephen J. Cowling, John W. Goodby and
John N. Moore*

Five anthraquinone dyes with bis(4-propylphenyl) substituents, connected via sulfide or amine linking
groups at the 1,5-positions or directly at the 2,6-positions, have been studied as guests in the nematic
liquid crystal host, E7. Polarized UV-visible absorption spectra of aligned samples were used to obtain
experimental dichroic order parameters, which exhibit values in the range 0.51-0.74. Fully atomistic MD
simulations of these guest—host systems were carried out, generally using default parameters but using
new force constants derived here for the dyes containing flexible phenyl-sulfide and phenyl-amine
linking groups. An analysis of the alignment of the dye molecules in these simulations provides
calculated molecular order parameters, which are combined with calculated order parameters for the
alignment of the transition dipole moments within the dyes, reported previously, to give calculated
dichroic order parameters. The trend in the calculated dichroic order parameters between the dyes
shows a good match with the trend in the experimental values, enabling the observed variation to be
rationalised primarily by changes in the alignment of the calculated transition dipole moments within
the dyes; the calculated molecular order parameters show a relatively small variation between the dyes.
The results indicate that this computational approach may be used generally to rationalise trends in the
alignment of guest molecules in liquid crystal hosts, suggesting that it may also be able to provide a
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Introduction

The original observation that suitable guest dye molecules can
exhibit alighment within a liquid crystalline host material®
soon led to a significant research effort that was stimulated
primarily by the potential for guest-host systems to be utilised
in display devices. In such devices, an electric field is used to
switch the liquid crystal host, and thereby the guest dye
molecules, between bulk orientations that result in either the
absorption or the transmission of incident light because the
absorption transition occurs along a specific axis within a dye
molecule. Significant progress was made subsequently in developing
various designs and modes of operation for such devices,?
which offer several advantages over the commonly used backlit
liquid crystal displays. For example, guest-host devices do not
necessarily require polarizers, coloured filters may not be
required because the dyes are coloured, and it is possible to
use reflective or light-scattering modes without the need for a
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predictive aid in the design of guest dyes.

backlight, all of which offer the prospect of displays with high
optical efficiency and extremely low power consumption.®> More
recently, interest in guest-host systems has expanded well
beyond the initial focus on display technology, and many
diverse applications have been suggested, including their use
within switchable solar windows* and switchable waveguides,’
in optical storage,’ 3D imaging” and security devices,® and as
precursors for polarizers.’

Despite the advantages and potential benefits of guest-host
systems, they have not been used widely in commercial applications
because it has proved difficult to meet the stringent design
criteria required to produce practical devices. In the context of
displays, a device is required to have an operational lifetime of
several years, and the limited photochemical and/or electro-
chemical stability of some classes of dyes has presented a
significant barrier to their use.>'° For many of the potential
applications, including displays, the dyes must be pure and
must exhibit visible transitions with high absorption coefficients,
ideally with absorption maxima that can be tuned by accessible
synthetic routes to derivatives that provide a range of intense
colours, for use either as single dyes or as mixtures that can
extend to deep black. The dyes must also be compatible with the
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host to provide sufficient dye solubility, as well as not compro-
mising key properties of the host, such as alignment, viscosity,
switching time, and phase transition temperatures. In addition to
these properties, the overriding criterion that must be fulfilled in
all such applications is that the visible transition dipole moments
(TDMs) of the dye molecules must exhibit a high degree of
alignment within the host in order to maximise the optical
anisotropy of the guest-host system; in the context of displays,
it is important to optimise the TDM alignment of the dye within
the host because it is the key property that determines the
contrast ratio obtained on switching between the absorbing
and transmitting states of a device.'® The limited availability of
guest-host systems that can meet the various design criteria
concurrently has restricted their widespread practical use to date,
and relatively poor dye TDM alignment remains one of the general
barriers that needs to be overcome if further progress is to be made.
The alignment of a guest dye within a liquid crystal host is
generally studied by placing the guest-host mixture in a cell
with coated surfaces that cause the bulk sample to align in a
defined direction, and then measuring the absorbance with the
cell oriented so that the sample is aligned parallel (4;) and then
perpendicular (A ) to the electric vector of incident polarized
light, as shown in Fig. 1. The ratio of these absorbances gives
the experimental dichroic ratio, R = A;/A, which is used to
obtain the experimental dichroic order parameter of the dye,

Sexptl = R-1_ Ay -4 (1)
R+2 A” +24,
This dichroic order parameter is used generally as the quantitative
measure of alignment for guest-host systems. In a perfectly
aligned system, Sexpn = 1 because the absorbance is zero when
the sample is aligned perpendicular to the incident polarized
light and R = oo, whereas in a fully isotropic system, Seypa = 0
because the polarized absorbance does not change when the
sample is rotated and R = 1. For a guest-host system to be
suitable for use in a simple display device, this order parameter
should preferably be at least 0.75 although even higher values
are preferable because the contrast ratio obtained on switching
a device increases with increasing order parameter.'®

The value of the dichroic order parameter is determined by
the alignment of the TDMs of the dye molecules within the host,
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Fig.1 Schematic diagram of the experimental set-up for recording
polarized absorption spectra of aligned guest—host samples.
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Fig. 2 Schematic representation of the nematic host director, n, with the
relative alignment of a host molecule given by angle 0nos: (green), and a
guest dye molecule given by angle 04y (blue). The alignment of the visible
TDM relative to the dye molecule is given by angle f (red), and relative to
the host director is given by angle ¢ (violet).

which arises from several contributory factors that include the
alignment of the host molecules, the alignment of the guest dye
molecules within the host, and the alignment of the visible
TDMs within the dye molecules, as illustrated in Fig. 2.” In a
nematic liquid crystal host, the host molecules align along a
preferred axis named the director, defined by a unit vector n,
and the order parameter of the host molecules is given by
Sp(host) = <%(3 c0s? Opost — 1)> (2)

where 6,05 is the angle between each host molecule and the
director, and the angular brackets denote an ensemble average
that includes the angles of all the molecules. Anisotropic guest
molecules also align along the host director and, assuming
uniaxial alignment of the dye molecules, the dichroic order
parameter arising from the TDMs of the dyes is given by

Sy = Sp(dye)Sy = <%(3 cos? Ogye — 1)> (%(3 cos? f — 1)) (3)

where 0qy. is the angle between each dye molecule and the host
director, with the angular brackets again denoting an ensemble
average, and where f is the angle between the TDM and the long
axis of the dye molecule, which is generally taken to be a fixed
angle."® As shown by eqn (3), the dichroic order parameter can be
expressed as the product of two contributory order parameters:'"'?
a molecular order parameter arising from the alignment of the
dye molecules within the host, S, (dye), and a TDM order
parameter arising from the alignment of the TDM within the
dye molecule, S.

From the perspective of guest-host design, a liquid crystal
host with a high value of Sy (host) is required because the
alignment of guest dye molecules given by S, (dye) depends
on the alignment of the host molecules, although the align-
ment of the guest is not necessarily limited by that of the host,
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and a guest may often have a slightly higher molecular order
parameter than its host.’® The design of a host can generally be
considered separately from that of a guest because a dye that
exhibits good alignment in one host typically exhibits good
alignment in other hosts. The design of a guest involves considering
the two inter-dependent order parameters expressed by eqn (3),
both of which must be optimised for a dye to exhibit a large dichroic
order parameter in a guest-host mixture. The molecular alignment
of the dyes within a host is determined primarily by the molecular
shape of the dyes, and highly anisotropic dye molecules with
high aspect ratios tend to give good alignments with high values
of Sy (dye).">™ The alighment of the TDM within the dye
molecule is also influenced by the molecular architecture, with
highly symmetric rod-like dye molecules often having angles, f3,
close to 0° that give values of Sy approaching 1," but this cannot
always be assumed to be the case, especially for molecules of
lower symmetry."°

Many synthetic approaches to optimising dye structures for
use in guest-host systems have been reported in the literature,
covering a variety of dye classes,"”>* and a range of dichroic
order parameters have been measured from dyes with absorption
maxima across the visible spectrum. A large number of studies
have focused on azo dyes, which can readily be synthesised with
a variety of colours and with rod-like molecular shapes that can
give experimental dichroic order parameters of Seypq > 0.7 in
nematic hosts,'>'*** but they have typically been found to lack
the stability required for the operational lifetime of a device.'%***
Anthraquinone dyes have generally been found to exhibit
significantly better stability than azo dyes, and they can also
be synthesised with a variety of colours, but the shape of the
chromophore typically results in less rod-like structures than
azo dyes, and they have typically given experimental order
parameters of <0.7.'>*° Anthraquinone dyes with sulfide sub-
stituents have been found to give higher experimental order
parameters of up to 0.8 in nematic hosts,>**>* but examples of
such well-aligned systems have tended to be restricted to yellow
dyes. Limited solubility has also been reported to be problematic
for some anthraquinone dyes in guest-host systems.>”**

The approaches to dye design reported in the literature have
generally been synthetically based, and they have provided
valuable information on a variety of compounds, but overall
success in producing dyes that meet all of the design criteria
required for practical guest-host applications has been relatively
limited to date. Consequently, a quantitative and more detailed
understanding of how the molecular structure affects the colour,
stability, molecular alignment and TDM alignment of guest dyes
is required to provide improved approaches to the rational
design of practical guest-host systems with high dichroic order
parameters.

The effects of structural variations on dye colour have been
considered extensively in the history of dye chemistry, with semi-
quantitative structure-property relationships often being used.
Modern computational chemistry can now be used effectively in
considering such properties, with one example being the use of
anthraquinone dyes as benchmark compounds for the application
of time-dependent density functional theory (TD-DFT) to calculate
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Fig. 3 Abbreviations and structures of the five dyes studied here, along
with the calculated TDM angles, f, order parameters, Sg, and aspect ratios
of their optimised all-trans geometries reported previously.*®

visible absorption wavelengths, spectra and colours,**® demon-
strating the predictive capabilities of this method. In a recent
study of a set of five highly pure anthraquinone dyes with
different substituents, shown in Fig. 3, we found that the results
of TD-DFT calculations could be used to rationalise how the
substituents control the visible band positions and hence dye
colours, with the variation between these dyes being attributable
principally to changes in the HOMO energies.'® In addition, these
calculations showed that the substituents control the orientation
of the visible TDM within the dyes, resulting in a range of values
for 8, and hence S, as given in Fig. 3. As one of the contributory
factors to the dichroic order parameter in a host, the variation in
the values of Sg, shown graphically in Fig. 4, provided part of a
structural rationale for why the dichroic order parameters of
guest 1,5-diamine anthraquinones are generally reported to be
lower than those of 1,5-disulfide anthraquinones,* and also for
the high dichroic order parameter we reported recently for a 2,6-
disubstituted anthraquinone.?” We also used the DFT optimised
gas-phase structures of the dyes in their all-trans geometries to
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Fig. 4 Calculated order parameters of the TDMs within the dye molecules,
Sg. (left) and aspect ratios of the dye molecules in their all-trans geometries
(right).*®
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calculate molecular aspect ratios (length/width ratios), as also
given in Fig. 3. Such aspect ratios are used extensively in the
literature to consider the molecular alignment of both liquid
crystalline molecules®®*™** and guest molecules'***™¢ within
anisotropic systems, and they have also been reported to correlate
with trends in experimental dichroic order parameters for some
guest dyes.'>"*?%?® We found that the aspect ratios of the five
dyes gave a trend, shown graphically in Fig. 4, that was broadly
consistent with the dichroic order parameters reported generally
for these types of dyes, suggesting that their molecular alignment
in a host correlates broadly with the rod-like nature of the
dye molecules. Our recent report on this set of five dyes was
limited to isotropic solutions, and to calculated structures
of static molecules. In this article, we report experimental
studies of this set of dyes in a nematic liquid crystal host,
along with molecular dynamics (MD) simulations in which
these flexible molecules explore a range of conformations and
orientations.

MD simulations of liquid crystal systems are becoming
increasingly established, and they extend from coarse-grained
models,*”*® through united-atom models,**>" to fully atomistic
simulations of flexible molecules in which all of the atoms in a
system are considered explicitly.*®>>>* The focus of these MD
studies has often been on cyanobiphenyl-based compounds,
due to their widespread use and the extensive experimental
studies reported on these systems, and the development of suitable
force fields has been an integral part of such work.*>>>¢
Simulations of both nematic and smectic phases have been
demonstrated to replicate experimental mesophase densities,”'>*
phase transitions and transition temperatures,*>”" as well as
behaviour at solid surfaces® and in thin films.*® Reports of
MD simulations of guest-host systems have been limited to date,
and have generally been on guest molecules other than dyes;
they have included calculations of EPR spectra from spin
probes,”*° NMR data of small organic species,®* the orientational
order of small solute molecules,®* and the orientational and
positional order of biphenyl as a guest species,* all studied in
cyanobiphenyl hosts.

We recently reported fully atomistic MD simulations of a
guest-host system comprising dye 26B30H (Fig. 3) in the
cyanobiphenyl-based nematic host, E7.*” We used the simulations
to obtain calculated molecular alignments of both guest and
host molecules, as expressed by Sy (dye) and Sy (host) in eqn (3)
and (2), respectively, arising from a dynamic range of molecular
conformations and molecular alignment angles, 0, that were
explored during the simulations. We also showed how the value
of Sy (dye) from an MD simulation could be combined with the
value of Sz from a TD-DFT calculation to provide a calculated
dichroic order parameter, Sy, that could be compared directly
with the experimental dichroic order parameter, Sexp, Obtained
from polarized UV-visible absorption spectra.’” This combined
MD and DFT computational approach is desirable from a
molecular design perspective because it enables the dichroic
ratios of guest-host mixtures to be calculated without the input
of any associated experimental data, and hence it may be able
provide a general aid to the rational design of such systems.
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Here, we present experimental polarized UV-visible absorp-
tion spectra and dichroic order parameters for all of the
anthraquinone dyes shown in Fig. 3 as guests within the
nematic host E7. We also present fully atomistic MD simulations
of all these guest-host systems, after first reporting force constant
parameterisation for some of the bond and dihedral angles in
the 1,5-disubstituted dyes that define important aspects of their
flexibility. We then combine the molecular order parameters
obtained from the MD simulations with the TDM order para-
meters obtained from the TD-DFT calculations we reported
previously'® to give calculated dichroic order parameters that
provide a direct comparison with the experimental values
reported here, enabling the observed variations between the
dyes in the guest-host systems to be rationalised. The results
from the 26B30OH system that we reported previously, in a study
that established this general approach,’” are presented here
alongside those of the other dyes in order to report further
analysis of those results and to enable direct comparisons to be
made between all five dyes.

Methods

Experimental

The preparation, purification and characterisation of the dyes
used in this study has been described previously.®* E7 (Merck)
was used as received. Guest-host samples were prepared by
heating a mixture of the dye and E7 above the clearing point
to ensure that the dyes were fully dissolved, before cooling the
mixture to room temperature and sonicating for ca. 2 min; the
dyes were used at a concentration of ca. 1.5 wt% except for
15NB30OH, which was used at ca. 0.75 wt% to ensure that the
peak absorbance was within the instrument range. Visual and
microscope inspection of the samples showed no evidence
of dye precipitation. Cells for aligned measurements were
prepared by spin-coating glass slides with a saturated solution
of nylon-6,6 in formic acid before drying in an oven at 100 °C.
The slides were rubbed in a single defined direction to achieve
homogeneous surface alignment before being glued with the
aligned faces inwards and using polyethylene terephthalate
(PET) spacers to obtain cells with a pathlength of ca. 20 pm,
which was measured accurately in each case by the interference
pattern obtained from a UV-visible absorption spectrum of the
empty cell. Inspection of the filled cells under a microscope
with crossed polarizers confirmed that homogeneous alignment
was achieved in all samples.

Polarized UV-visible absorption spectra of the samples were
recorded at 300 K against air using a UV-visible spectrophoto-
meter (Hitachi U-3010) with a Glan-laser polarizer (Newport
10GL08) fixed between the lamp and the sample, as shown in
Fig. 1. Each guest-host sample was rotated to obtain the
maximum absorbance at the visible wavelength of maximum
absorption for the parallel measurement, A;; the sample was
then rotated by 90° for the perpendicular measurement, A4 .
Polarized absorption spectra of an aligned sample of E7 alone
were recorded using the same method and were subtracted
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from the guest-host spectra, scaled according to the respective
cell path length, which were then baseline corrected to obtain
the data presented here.

Nematic-isotropic transition temperatures of the guest-host
mixtures, and of E7 alone, were obtained by microscopy, using
a polarizing transmitted light microscope (Zeiss Axioskop 40) with
a microfurnace and central processor (Mettler FP82HT and FP90);
they are reported and discussed briefly in the ESIf (Table S1).

Computational

General. Fully atomistic MD simulations were performed
using GROMACS 4.5.5,°>%% and the OPLS-AA force field®*”°
except where stated. The simulations were run using 2 fs steps
at 300 K using a velocity-rescale thermostat’* and maintained at
a pressure of 1 bar with Parinello-Rahman pressure coupling.”>
A cut-off of 9 A for van der Waals interactions was used, and
electrostatic interactions were calculated using the particle
mesh Ewald method.”*”* All bonds were constrained to their
equilibrium geometries during the simulations using the P-LINCS
algorithm,”® and periodic boundary conditions were used. The
simulation trajectories were sampled every 10 ps.

The simulations were started from pseudo-nematic starting
geometries, in accordance with methods described previously.>”>*
with 5 dye molecules and 400 host molecules of E7 in each
simulation giving effective dye concentrations of ca. 2 wt% that
were comparable to those of the experimental samples. The
simulations were run for a total of 500 ns, and analysis was
carried out at 30-500 ns. This approach provided a sufficient
number of dye molecules for analysis while maintaining a
practical computation time,?” as discussed in the ESLt

All geometry optimisations and potential energy scans were
carried out using the Gaussian 09 software package.”® The long
axes of the host molecules and the dye molecules were defined
as the minimum moment of inertia axes, and order parameters
were calculated using these axes in accordance with eqn (2) and
(3), and as described previously.*”>* The moment of inertia
axes were calculated as the eigenvectors associated with the
minimum eigenvalues of the diagonalised moment of inertia
tensors of the geometries studied.”” Molecular lengths were
defined as the lengths of the van der Waals surfaces’® parallel
to the minimum moment of inertia axes, and molecular widths
were defined as twice the maximum perpendicular distances
from the minimum moment of inertia axes to the van der
Waals surfaces. Aspect ratios were calculated as the ratios of
these two values.

Force field considerations. During an MD simulation, the
potential energy of the system is calculated as the sum of bonded
and non-bonded interactions, each of which are subdivided
further: non-bonded interactions are the sum of Lennard-Jones
and Coulombic interactions, and bonded interactions comprise
bond stretching, angle bending, and dihedral torsion components.
In the work reported here, the atomic charges of the dyes for use
in the MD simulations were determined by the HLY method”®
using structures optimised at the B3LYP/6-31g(d) level.®*%'

The bonds lengths were constrained to their equilibrium
values during the MD simulations, and consequently the force
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constants of only the angle bending and dihedral torsions
required consideration. The bending term is given by

1
Eangle - EkQ(H - 90)2 (4)

where ky is the angle bending force constant, 0 is the bond
angle, and 0, is the equilibrium bond angle. The torsional term
is given by

5
Eginedarat = _, Calcos(y —m))" (5)
n=0
where C, are the Ryckaert-Bellemans coefficients and  is the
dihedral angle. Default OPLS parameters were used where
suitable; the exceptions were the force constants for the inter-
ring torsions of the 2,6-disubstituted dyes and the E7 host
compounds, and for the angle bending and torsions associated
with the ring-phenyl substituents of the 1,5-disubstituted dyes.

Cyanobiphenyl and biphenyl torsional force constants have
been parameterised for liquid crystal mixtures and resultant
simulations shown to match experimental densities and heats
of vaporisation.®® Hence, these reported cyanobiphenyl and
biphenyl force constants were used here to describe the inter-
ring torsions of the cyanobiphenyl host compounds and the
inter-ring torsions of the 2,6-disubstituted dyes, respectively.

The force constants determined here for the 1,5-disubstituted
dyes were obtained by carrying out relaxed geometry scans at the
HF/6-31g(d) level, giving consistency with the level used in the
development of the OPLS-AA force field®® and providing an
acceptable computation time for the large number of optimisations
performed (> 2000 optimisations in total). For each dye, a series
of HF optimisations was carried out in Gaussian 09 by stepping
around a set of fixed values for the bond angle (0) or dihedral
angle () of interest, with the geometry otherwise being relaxed
at each step but with the dihedral angles within the aromatic
systems being constrained to maintain the carbon atoms in a
planar configuration: this scan provided a series of conformational
“HF energies”. The “MD energy” for each of these relaxed
geometries at the fixed angles was then calculated in GROMACS
4.5.5 with the force constant(s) relating to the bond or dihedral
angle of interest being set to zero. The force constant(s) and
equilibrium angle 6, (where appropriate) were then determined
by fitting the variables in either eqn (4) or (5) to the energy
difference between the HF and MD energies across the range of
fixed 0 or  angles used in the geometry scans; the fits were
carried out using R.*> The specific methods and results for each
dye are described in the Results and discussion section, where
the fitted parameters are assessed by comparing the HF energies
with the MD energies calculated using the fitted values.

Results and discussion
Experimental order parameters

The polarized UV-visible absorption spectra of aligned samples
of the dyes in E7 are shown in Fig. 5, which gives spectra
with the samples aligned parallel and perpendicular to the
electric vector of the incident polarized light. The wavelengths
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Fig. 5 Polarized UV-visible absorption spectra of aligned samples of the
dyes in E7. The spectra are offset for clarity.

of maximum absorption, Ana.x, dichroic ratios, and dichroic
order parameters of the dyes in E7 are listed in Table 1, along
with the Ay« values in p-xylene for comparison. The dichroic
ratio was effectively constant across the visible absorption band
of each dye, which is consistent with each band arising
generally from a single electronic transition, as we reported
previously,'® and the dichroic ratios across the full spectral
range are shown in the ESIT (Fig. S1). The /., values in Table 1
indicate that the visible absorption peak of each dye occurs at
longer wavelength in E7 than in p-xylene, whereas the profiles
of these visible bands are very similar in E7 and p-xylene,
as shown by an overlay plot of these spectra given in the ESIf
(Fig. S2).

The consistent absorption profiles obtained from the dyes in
E7 and p-xylene indicate that dye aggregation did not occur
appreciably in E7 because significant changes in UV-visible
absorption profiles typically accompany dye aggregation, and
they are widely used to characterise H- and J-aggregates.®* The
absence of dye aggregation in E7 was also supported by the
absence of any evidence of precipitation on visual or micro-
scope inspection. The shift in A,.x values between the two
solutions is consistent with that reported for many dyes on
going from non-polar isotropic solvents to cyanobiphenyl-
based liquid-crystalline solvents;*®%% in the case of an oxazine
dye, the shift has been attributed to an increase in solvent
polarizability on going to the cyanobiphenyl host.*® The magnitudes
of the red-shifts observed here are relatively small (6-21 nm) but
they result in some subtle changes in the observed colours,
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Table 1 Experimental Anax Values, dichroic ratios (R) measured at these
wavelengths,” and associated dichroic order parameters (Sexpt) Of aligned
dye-E7 mixtures, along with experimental /mnax Values in p-xylene we
reported previously'®

Dye Amax (P-Xylene)/nm Amax (E7)/nm R Sexptl
15SB3 439 460 9.32 0.73
15NB3 535 548 5.69 0.61
15NB30OH 680 693 4.10 0.51
26B3 358 367 7.26% 0.68
26B30OH 471 477 9.40 0.74

“ R measured at 390 nm for 26B3, to minimise the effect of E7
absorption.

and this effect may need to be considered generally in designing
dyes to give specific colours for a particular host.

The experimental dichroic ratios and order parameters
listed in Table 1 show that there are significant differences in
the TDM alignments of the dyes within the E7 host. The
relatively high order parameter of 0.73 for 15SB3 is consistent
with those reported for other 1,5-diphenylthio substituted
anthraquinones.’*™* The change to an amine linking group
gives a lower order parameter of 0.61 for 15NB3, which is consistent
with the lower values reported generally for 1,5-diphenylamino
substituted anthraquinones,”® and the addition of 4,8-hydroxyl
substituents results in a further decrease in the order para-
meter to 0.51 for 15NB30OH. The 2,6-disubstituted dyes exhibit
relatively high order parameters of 0.68 for 26B3 and 0.74 for
26B30OH.

The trend in the experimental order parameters matches the
trend in the calculated values of Sg shown in Fig. 4. This match
indicates that the calculated angles of the TDMs within the
molecules can be used, in part, to rationalise the experimental
trend, with small angles, f, giving high values of S; and thereby
high experimental dichroic order parameters via eqn (3)."® The
trend in the experimental order parameters also generally
matches the trend in the calculated aspect ratios of the dyes
shown in Fig. 4, suggesting that the experimental trend may
also be rationalised, in part, by the influence of the aspect
ratios on molecular alignment.

MD force field parameterisation

The force constants that required parameterisation for the MD
force field to describe the dye structures adequately were
identified as those for the C-S-C angle bending and the C-S-
C-C, C-N-C-C and H-N-C-C dihedral torsions within 15SB3,
15NB3 and 15NB30OH. In order to simplify the parameterisation
process, the model structures M1, M2 and M3 were used, as
shown in Fig. 6, where they are labelled with the angles and
dihedrals for which force constants were determined. These
structures were chosen as appropriate models to generate force
constants that may be expected to be transferrable to the respective
dye structures, and calculations gave optimised geometries in which
the dihedral angles of M2 and M3 were within 1° of those of the
respective dyes calculated at the same level of theory.

Potential energy curves for fitting the C-S-C bending force
constant were obtained by calculating a set of conformational
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Fig. 6 Model structures used to parameterise the force constants

M3
associated with the C-S-C angle (M1), the C-S-C-C dihedrals (M2), and
the C-N-C-C and H-N-C-C dihedrals (M3) required for 155B3, 15NB3
and 15NB3OH in the guest—host MD simulations. The asterisks identify
different carbon atom types that were used to distinguish y; and .

HF and MD energies of M1, as described in the Experimental
section. Due to the fact that the C-S-C-C torsional force
constants had not been parameterised at this point, four
potential energy plots were produced with the C-S-C-C dihedrals
fixed at angles of iy = 90°, 120°, 150° and 180°, enabling the effect
of varying the C-S-C angle to be considered at different dihedral
angles. Plots of these HF energies are shown in Fig. 7. Fitting
to eqn (4) then gave four sets of fitted equilibrium angle and
force constant values, from which averages of §, = 101.572° and
ko = 556.089 k] mol " rad ! were determined. The conformational
MD energies calculated using these average values gave a good
match with the HF energies for each of the fixed dihedral angles,
as shown in Fig. 7, and they were used in the MD simulations.
Preliminary calculations indicated that the dihedrals ; and
W, were not equivalent, and that torsions around each could
not be considered independently of the other for either the
sulfide compound (M2) or the amine compound (M3). Hence,
torsions about /; and y, were distinguished in the force field
by defining the carbon atoms identified with asterisks in Fig. 6
as different atom types from the unlabelled carbon atoms. The
HF and MD potential energies for the two dihedrals were
calculated by stepping v, across the range 180°-300° and i,

20F « 4t % x4
. * ¥
15 F . R - *; 'x 4
10 s o 1 F * P
5F Y, it e k) 1
of e 4 IE g ]
'-—g XHF
30 T T T T T T
Sl Y=150"| | y=180"| °MD
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0F ¥xxrxx® 4 - *xxxx*
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L L

Fig. 7 Potential energy curves for the C-S—C bond angle (0) at four
different C-S-C-C dihedral angles () for M1, showing HF energies
and MD energies calculated using the average fitted parameters of
0o = 101.572° and ky = 556.089 kJ mol™* rad ™.
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across the range 0°-180° at 5° intervals, and then replicating
these results for the equivalent structures that occur across the
ranges /; = 60°-180° and ¥/, = 180°-360° to generate full plots
of the potential energy surfaces.

The HF potential energy surface calculated for M2 is shown
in Fig. 8, and it exhibits equivalent minimum energy conformations
at y, = 180° and y, = 90°, and at ¥, = 180° and /, = 270°. The
torsional force constants C,—Cj; for the C-S-C-C dihedral, y,,
were fitted by using eqn (5) for the range 20° < i, < 160° and at
a fixed value of ¥, = 180°, which was the angle of /; that gave
the minimum energy in the optimised geometry. A subsequent
fit for the C*-C-S-C dihedral, i, was carried out for the range
90° < ¥y < 270° and with ¥, unconstrained, using the fitted
force constants for s,. The fitted force constants obtained for
M2 are listed in Table 2, and the MD potential energy surface
calculated using these force constants is shown in Fig. 8.

The HF potential energy surface calculated for M3 is shown
in Fig. 9, and it appears to exhibit equivalent minimum energy
conformations at i/; = 180° and /, = 90°, and at y; = 180° and
Y, = 270°, whereas each of these broad wells has two very
shallow local minima (e.g., at ; = 180° and ¥, ~ 70° and
110° for one of the wells), as shown by an expanded plot at
0-1.5 k] mol ™" given in the ESI} (Fig. S3). The torsional force
constants for the C-N-C-C dihedral, ,, were fitted for the
range 20° < i/, < 160° and at a fixed value of i; = 180°, and the
force constants for the H-N-C-C dihedral, yr,’, were then fitted

HF Energy
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Fig. 8 Potential energy surfaces for the two C-S—C-C dihedral angles of
M2, showing HF energies (top) and MD energies calculated using the fitted
parameters given in Table 2 (bottom). Contours are shown at intervals of
5 kJ mol ™, and the white dotted boundaries show RT at 300 K (2.48 kJ mol ™).
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Table 2 Torsional force constants determined for compounds M2 and M3
Torsional force constants/k] mol™*

Compound Dihedral Co Cy Cy Cs Cs Cs

M2 128 C-C-S-C 18.27654 0.00001 2.51901 —0.00001 —5.57075 0.00001
/A C*-C-S-C 25.61956 —0.00001 —13.22398 0.00000 —12.73441 0.00001

M3 128 C-C-N-C 18.05799 0.01619 —5.53203 0.01654 —5.84963 —0.02760
/% C-C-N-H 6.70517 —0.01274 —0.40420 0.03014 0.64107 —0.02561
/A C*-C-N-C 20.58734 0.00008 —8.84758 —0.00038 —11.67430 0.00027
I/ C*-C-N-H —13.11104 —0.05736 32.32178 0.05109 —18.77205 —0.02023

for the same geometries obtained from this scan. A subsequent
fit for the C-N-C-C* dihedral, i,, was carried out for the range
90° < Yy < 270° and with y, unconstrained, using the fitted
force constants for ,; the force constants for the H-N-C-C*
dihedral, ', were then fitted for the same geometries obtained
from this second scan. The fitted force constants obtained for
M3 are listed in Table 2, and the MD potential energy surface
calculated for torsion about the C-N-C-C (y/;) and C-N-C-C*
() dihedrals using these force constants is shown in Fig. 9; an
expanded plot showing the shallow local minima in this MD
potential energy surface is given in the ESI{ (Fig. S3).

The potential energy surfaces of M2 and M3 in Fig. 8 and 9
show that the sulfide and amine linking groups are flexible,
illustrating the importance of obtaining appropriate force constants
to use in the MD simulations, and they also show that there is a
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Fig. 9 Potential energy surfaces for the two C—N-C-C dihedral angles of
M3, showing HF energies (top) and MD energies calculated using the fitted
parameters given in Table 2 (bottom). Contours are shown at intervals of
5 kJ mol ™, and the white dotted boundaries show RT at 300 K (2.48 kJ mol ™).

20658 | Phys. Chem. Chem. Phys., 2016, 18, 20651-20663

significant difference in flexibility between the two groups. One
way to assess the relative flexibility is to consider the range of
angles defined by potential energy wells with the same energy
boundaries. The dotted lines in Fig. 8 and 9 show the energy
boundaries for RT at 300 K, and the angle ranges defined by
these wells are 36° (;) and 46° (,) for M2, and 62° () and
124° (f,) for M3 (for example, this latter angle range of 124° for
M3 results from y, values that extend from 28° to 152°). The
differences between these ranges show that the sulfide group is
significantly less flexible than the amine group, suggesting that
the relative flexibility may be an important contributory factor to
the different dichroic order parameters observed generally from
dyes with these different linking groups. The results of these
calculations contrast an earlier proposal that sulfide groups are
more flexible than amine groups, which was based on PPP-CI
calculations that gave a lower bond order for C-S than C-N
bonds in similar substituted anthraquinone dyes;*'"*” our DFT
calculations on 15SB3 and 15NB3 also give lower bond orders
for C-S than C-N bonds, but the potential energy surfaces show
that the bond order is not a good reporter on substituent group
flexibility within these compounds.

MD simulations

Our previous report on guest-host MD simulations of 26B30H
in E7 included both isotropic and pseudo-nematic starting
geometries, and it discussed the general principles of these
approaches.>” In this report, we present simulations of the
other four dyes in E7 that were carried out in accordance with
the methods we described previously, using pseudo-nematic
starting geometries and run times of 500 ns. We also include
the results of the simulation of 26B30H in E7 from a pseudo-
nematic starting geometry, which we had described only briefly
in our earlier report, in order to present additional analyses and
to enable direct comparisons with the other dyes. A verification
analysis of all of the simulations discussed here is given in the
ESIT (Fig. S4-S9).

An assessment of the force constants determined here was
carried out by comparing the population distributions for the
dihedral angles ; and i, obtained from the guest-host
simulations of 15SB3, 15NB3 and 15NB30OH, which are shown
in Fig. 10, with the potential energy surfaces of M2 and M3
shown in Fig. 8 and 9. The distribution plots in Fig. 10 show
that the two potential wells corresponding to 180° rotations
about i, were not explored equally on the time scale of the MD
simulations, as shown clearly in Fig. 10(a) and (b), but this does
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Fig. 10 Population distributions of (a) the two C-S—-C—-C dihedral angles
of the five 155B3 molecules, (b) the two C—N-C-C dihedral angles of the
five 15NB3 molecules, and (c) the two C-N-C-C dihedral angles of the five
15NB30OH molecules; all obtained from the MD simulations at 30-500 ns.

not indicate an insufficient simulation time because the two
wells correspond to equivalent conformations and there is a
relatively high barrier for interconversion between them, as
shown in Fig. 8 and 9. A comparison of the plots in Fig. 10 with
those in Fig. 8 and 9 shows that the population distributions
of the dyes in the guest-host simulations broadly match
the shapes of the potential energy wells calculated for the
respective isolated model compounds. This comparability
indicates that the lower flexibility of the sulfide than the amine
linking groups is maintained on going from the model com-
pounds to the dyes, and also that the dihedral angles i/, and ,
explored by these groups are relatively unaffected by the
presence of the host. A comparison of the population distributions
for 15NB3 and 15NB30OH showed that these two dyes explored very
similar dihedral angles during the simulations.

The long axes of the host molecules and the dye molecules
were defined as the minimum moment of inertia axes, and
plots of the molecular order parameters of the host and dye
molecules determined from these axes during the simulations
are shown in Fig. 11. The values of Sy (E7) and S (dye) obtained
by averaging over 30-500 ns are given in Fig. 11 and are listed in
Table 3, and the variation in these values between the different
guest-host mixtures is shown graphically in Fig. 12.
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Fig. 11 Molecular order parameters of the host, Sy (E7), (left) and the guest
dyes, Sy (dye), (right) calculated versus the host director and averaged over
all 400 E7 host molecules and all 5 dye molecules, respectively, for each
time interval. The insets give values obtained by averaging over 30-500 ns,
as shown by the ranges plotted in black.

The molecular order parameters simulated here for E7 in the
guest-host systems are significantly higher than the experi-
mental order parameter of ca. 0.64 for E7 alone,*””* and the
they indicate an overestimation of the molecular alignment of
the host in the simulations that is consistent with other fully
atomistic simulations, as reported and discussed previously.>”*>>*
In the work reported here, the aim was to compare the behaviour
of the different dyes in a simulated nematic environment using
default and literature force fields for the host, and not to carry out
host parameterisation.

The molecular order parameters indicate that the five dyes
have similar molecular alignments in E7, but with small differ-
ences giving Sy (dye) values of 0.836-0.896 that correspond to a
range of 0.060. The simulations show that the molecules of the
2,6-disubstituted dyes are more aligned than those of the 1,5-disub-
stituted dyes, with 26B3OH being more aligned than 26B3.
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The trend in the molecular order parameters from the simula-
tions of the dyes in E7 generally matches the trend in the
experimental dichroic order parameters (Table 1); the exception
is 15SB3, which gives the lowest molecular order parameter in the
simulations but has a high experimental dichroic order parameter.
The molecular order parameters of E7 indicate that the
host molecules have very similar molecular alignments in the
presence of the different guest dyes, but with small differences
giving Sy (E7) values of 0.868-0.880 that correspond to a range
of 0.012, which is a fifth of the range exhibited by the dyes. The
trend in the host order parameters in the simulations matches
the trend in the experimental dichroic order parameters of the
dyes if the results for 15SB3 and 26B30OH are taken to be
comparable. This result from the simulations is consistent with
experimental work that has shown guest dyes can change the
order parameter of a host; the effect has been attributed to
relative molecular sizes, with guest dye molecules that are
significantly longer than the host molecules increasing the
observed order parameter of the host, and the opposite occurring
for guests that are smaller than the host.'® The dye molecules
studied here are of comparable size to the constituent molecules of
the E7 host, and their influence on the host order parameter may
be expected to be relatively small, as indicated by the simulations.
The MD simulations can also be used to provide a dynamic
analysis of the flexible molecular structures that is not readily
obtainable from electronic structure calculations, and the
aspect ratios of the dyes obtained by averaging over 30-500 ns
are listed in Table 3. The trend in these aspect ratios is shown
graphically in Fig. 12, and it matches the trend in the aspect
ratios calculated from the DFT optimised structures of the dyes
(Fig. 4), indicating that the range of structures explored in the
host does not change the relative aspect ratios of these dyes. The
MD simulations give average aspect ratios that are ca. 5% lower
than those of the respective DFT optimised structures of the
all-trans conformations, illustrating a possible limitation of
using a single structure to assess the shapes of flexible molecules
that explore a range of conformations at ambient temperatures. The
trend in the aspect ratios also generally matches the trend in the
Sy (dye) values of the dyes, consistent with the generally accepted
correlation between aspect ratio and molecular alignment.

Molecular and TDM alignment contributions to the calculated
dichroic order parameters

The calculated dichroic order parameters of the TDMs of the
dyes in the E7 host, Sy, can be calculated as the product of
the values of Sy (dye) from the MD simulations (Table 3) and

Table 3 Molecular order parameters of the host molecules, Sy (E7), and
dye molecules, Sy (dye), and aspect ratios of the dye molecules, calculated
from the MD simulations by averaging over 30-500 ns

Dye So (E7) Sp (dye) Aspect ratio
15SB3 0.880 0.836 2.86
15NB3 0.871 0.869 2.53
15NB3OH 0.868 0.843 2.40
26B3 0.873 0.880 3.03
26B30OH 0.879 0.896 3.09
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Fig. 12 The molecular order parameters of the host molecules, Sy (E7),
and dye molecules, S, (dye), (left) and the aspect ratios of the dye
molecules (right), calculated from the MD simulations by averaging over
30-500 ns.

the values of S; from our earlier TD-DFT calculations (Fig. 3),"
in accordance with eqn (3). These calculated values of S, are
listed in Table 4, and they can be compared directly with
the experimental dichroic order parameters, Sexu, as shown
graphically in Fig. 13.

The trend in the calculated dichroic order parameters generally
matches the trend in the experimental values, as shown in Fig. 13.
The absolute values of the calculated order parameters are higher
than the experimental values, which is consistent with the
alignment of the host molecules being overestimated in the
MD simulations resulting in overestimated values of S, (dye),
as discussed above. Although the calculated dichroic order
parameters overestimate the experimental values, the ability of
the combined MD and DFT approach to provide a general
match with the experimental trend indicates that it may be able
to provide a useful approach to rationalising experimental
trends in guest-host systems generally.

In order to visualise the contributions to the calculated
dichroic order parameters of the dyes studied here, the calculated
orientations of the long molecular axes of the host and dye
molecules versus the host director, and of the TDM vectors versus

Table 4 Calculated dichroic order parameters, S,

Dye S¢
15SB3 0.829
15NB3 0.794
15NB30H 0.748
26B3 0.853
26B30H 0.894
[EExp. [HCalc.

T T T T T T
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Fig. 13 Experimental and calculated dichroic order parameters, Sexon and
Sy, respectively.
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Fig. 14 Schematic representation of the relative calculated contributions of the molecular alignment (blue) and the TDM alignment (red) of the dyes to
the overall TDM alignment versus the host director (grey), along with the molecular alignment of the host (green). The molecular alignment arrows and
cones in this pictorial representation are drawn at single angles corresponding to those that would derive from a hypothetical 5-distribution,®8 whereas
the values of Sy actually arise from a range of angles, 6, in the simulations, as shown in the ESIL.{

the long molecular axes of the dyes, are presented schematically
in Fig. 14, in the same style as shown for a general system in
Fig. 2.

The calculations suggest that the primary factor limiting the
dichroic order parameters of the guest-host systems studied
here is the molecular alignment of the dyes within the host, as
illustrated schematically by the blue arrows and cones in
Fig. 14; they indicate that the molecular alignment is similar
for all of the dyes, and similar to that of E7, which is shown in
green. The calculations also indicate that the variation in the
dichroic order parameters between the dyes can be attributed
principally to differences in the relative orientations of the
TDMs within the dyes, as shown in red in Fig. 14. Hence, these
calculated results indicate that a different host with a higher
order parameter could increase the dichroic order parameters
of the whole set of dyes, and that the orientation of the TDM
within the dye molecule is a key design feature that must be
optimised to obtain a high dichroic order parameter for a
particular dye. These general approaches to guest-host design
are already well established from reported experimental work,
but here they emerge independently from the calculations,
illustrating the potential use of this computational approach
for design applications. In particular, the ability to provide a
computational assessment of the separate contributions from
the alignment of the guest molecules in a host and the align-
ment of the TDM with a dye molecule may open a route to the
rational design of guest dyes.

Considering the dyes studied here, the calculations enable
the low experimental dichroic order parameters of 15NB3 and
15NB3OH to be rationalised mainly by their large TDM angles,
f, with an additional contribution from having a slightly lower
molecular alignment than the E7 host. Conversely, the high
experimental dichroic order parameters of 26B3 and 26B30H
can be rationalised mainly by their small § values, with an
additional contribution from a slightly higher molecular align-
ment than the host. The calculations indicate that the primary
reason for the high experimental dichroic order parameter of
15SB3 is its small TDM angle, f, rather than a high degree of

This journal is © the Owner Societies 2016

molecular alignment, which the calculations would appear to
underestimate relative to those of the other dyes.

Conclusions

The experimental dichroic order parameters obtained for a set
of structurally related anthraquinone dyes in the nematic host
E7 show significant differences in the alignments of the TDM
vectors of the dyes in the host that may be attributed to the
effects of the different substituents. Calculations on model
compounds have shown that phenyl-sulfide and —amine sub-
stituent linking groups exhibit significant flexibility, with
the amine being the more flexible, and force constants have
been determined for these groups. MD simulations of each of
the dyes in E7, under conditions comparable to those used
experimentally, have enabled calculated molecular order para-
meters to be obtained and assessed for both guest and host
molecules. The calculated molecular order parameters of the
dyes have been combined with the calculated TDM order
parameters, reported previously, to give calculated dichroic
order parameters. The trend in the calculated dichroic order
parameters generally matches that in the experimental values,
enabling the experimental trend to be rationalised principally
by variations in the TDM alignments within the dye molecules, with
variations in the molecular alighments being relatively small.

In this work, the overestimation of the calculated dichroic
order parameters is attributed principally to the overestimation
of the alignment of host molecules in the MD simulations. The
calculations presented here used default or literature inter-
molecular force constants for the host, and they have enabled
a meaningful comparison of the behaviour of different dyes
within a nematic environment, with parameterisation being
carried out only on the flexible groups within the dyes for which
appropriate default or literature values were not available.

The results have demonstrated that a combination of MD
and DFT computational methods enables the contributions
of the molecular alignment and the TDM alignment to be
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considered independently across a set of dyes, providing information
that is not readily obtainable from experimental data. Such
information is extremely useful from the perspective of molecular
design because it opens the possibility of directing synthetic
efforts towards target structures that are calculated to optimise
both of these contributions to the overall TDM alignment of
guest dyes in a host. The computational approach demonstrated
here offers this type of predictive capability, and the scope for its
application is wide because there are no inherent barriers to
using it to simulate the alignment of any guest molecule within
E7, or another similarly rigorously studied liquid crystal host,
without the need to synthesise the guest molecule in question.
The methods presented here therefore provide a step towards
computational screening of the relative alighment properties of
compounds for use in guest-host systems.
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