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We describe investigations on the influence of the flexible spacer parity and length of the guest photoactive
liquid-crystalline dimers in guest-host mixtures exhibiting photoinduced transitions involving isotropic (1),
cholesteric (N*), and twist grain boundary smectic-C* (TGBC*) phases. Despite a small concentration (3 wt. %)
of the guest molecules, the transition temperatures and their photodriven shift (67°) show a strong odd-even
parity (of the dimer) dependent effect, with the even-parity systems having a larger value than their odd-parity
counterparts; 87 is larger for the N*-TGBC* transition than for the /-N* one. The photocalorimetric measure-
ments corroborate these features in addition to showing that, in comparison with the absence-of-ultraviolet (UV)
case, the transition enthalpy (AH) of the I-N* transition in the UV-on case is diminished by 33 and 12% for
the mixtures with even- and odd-parity dimers, respectively. The duration for relaxation from the isothermal
photodriven transition also exhibits general features of an odd-even influence. Molecular dynamics simulations
demonstrate the presence of significant conformational heterogeneity and associated shift in the conformational
space on photostimulation of the guest molecules. The change in the effective shape and nematic order parameter

is more pronounced in the even-parity system.
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I. INTRODUCTION

Frustrated structures arising from a competition between
two different types of ordering are ubiquitous in liquid crystals
(LCs). The competition could be in length scales as in smectic
phases, between helical structures and topological constraints
in blue phases (BPs), and between chirality of the molecules
and the demand to form layered structures in twist grain
boundary (TGB) phases [1-7]. The last two of these have
close association with the cholesteric (N*) phase, which is ac-
tually an orientationally ordered fluid but with a superimposed
helical order owing to the presence of chiral molecules; the he-
lical axis is normal to the director (orientation direction of the
molecules) [8,9]. The TGB phase, forming the topic of this pa-
per, has especially drawn interest since it adds another element
to complete the analogy between LCs and superconductors
[10,11]. The presence of the chiral molecules superimposes
a helical twist on the layered structures. However, because
of the necessity to retain their identity, the smectic forms
blocks which in turn rotate in a helical fashion, thus satisfying
chirality as well as stratification aspects [12,13]. In fact, as is
true in many other aspects, the LCs expand the scope of such
structures by having three different TGB phases, viz., TGB-A,
TGBC, and TGBC*, the last letter in each case indicating
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the nature of the smectic phase that forms the blocks: A for
smectic-A having molecules along the layer normal and C
and C* for molecules forming an angle with respect to the
layer normal [14-21]. It must be added that, in the TGB-A
and TGBC phases, the only helicity is N*-like, while in the
TGBC* phase, the smectic ordering also has a helical structure
of its own (along the layer normal) in addition to the N*-like
helix, with the two helices being in orthogonal directions. We
have been working on influences of dopants on the structure
and properties of the TGBC* phase and, for example, demon-
strated [22] that, even at dilute concentrations, the added gold
nanorods of a small aspect ratio can substantially increase
the thermal range of the TGBC* phase. Other interesting
observations have been that the wavelength-corresponding
pitch of the N*-like helix exhibits a redshift or blueshift
depending on the concentration of the nanoinclusions, the
width of this photonic bandgap (PBG) and the smectic layer
thickness also increase, and the spacing of the square grid
pattern, a hallmark of the TGBC* phase, more than doubles. It
is known that presence of certain dye molecules, especially of
the azobenzene derivative types [7,23-33], in a smectic struc-
ture and the system subjected to photoisomerization can lead
to the feature of nanophase segregation [34-36]. With this
background, using an azo-derivative-tailored actinic light, we
investigated the influence of photoisomerization on the prop-
erties of the TGBC* phase [37]. The photoisomerization of an
azobenzene molecule involves photodriving its equilibrium
low-energy E (trans) conformer to the high-energy Z (cis)
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conformer. Upon turning the illumination off, the Z conformer
would revert to the E conformer through a process known as
the thermal back relaxation (TBR). At least in a monomeric
azobenzene molecule, the E conformer has essentially a rod
shape, while the Z conformer is significantly bent. The actinic
light brought about several attractive changes to the system,
including intensity-dependent transition temperature, large
blueshift of the PBG wavelength, and significant variation
of the spacing of the square grid, all of which exhibit fast
dynamics between the equilibrium and photostationary
states. The phenomenon of nanophase segregation was also
proposed [34-36], wherein the spatial placement of the
azobenzene derivatives will depend on whether they are in
their equilibrium E or photodriven Z conformations.

At this point, it is relevant to recall that the
photoisomerization-related influences can be expected and
indeed observed to be more if one replaces the monomeric
azobenzene derivative traditionally used for such experiments
with a mesogenic dimer [38—40] that contains an azobenzene
moiety in both its arms. In an earlier work, we [41] showed
that, in dimers wherein the two mesogenic monomers are
linked by an alkylene flexible spacer, the parity and the
length of the spacer play an important role in controlling the
thermal stability of the nematic phase vis-a-vis its transition
to the isotropic phase. Prompted by these studies, in this
paper, we have experimentally investigated the influence of
azobenzene dimers on the transition temperature, dynamics
of the photodriven and TBR processes, and photocalorimetric
parameters across the isotropic liquid (/)-N* and N*-TGBC*
transformations in a guest-host LC system comprising a
nonphotoactive host. Preliminary molecular dynamics (MD)
simulations have also been carried out to illustrate the
complexity of the problem that these systems involve a
multitude of conformations, their populations, and nontrivial
changes between the equilibrium and photostationary states.
Some salient features of the experiments and the simulations
are (i) in contrast to their odd-parity counterparts, the
even-parity dimers exhibit a larger shift in the transition
temperatures of both /-N* and N*-TGBC*, with the latter an
order of magnitude larger, (ii) the dynamics of the photodriven
isothermal transformation, especially the light-off one, shows
an odd-even effect for the I-N* transition but not for that
involving the TGBC* phase. However, unlike the former
transition, the N*-TGBC* transformation has comparable
timescales (~10-50 s), (iii) MD simulations demonstrate the
presence of significant conformational heterogeneity in the
host and guest molecules due to the flexible linker region, and
photostimulation of dopants leads to a significant shift in the
conformational population. The change in the effective shape
of the dopants is the primary reason behind the shift in the
transition temperature. The variations in the characteristics
of the conformational ensemble and in the nematic order
parameter (NOP) are more pronounced for the even parity, a
feature consistent with the experimental results.

II. MATERIALS AND METHODS

A. Experimental

Ternary mixtures comprising a nonphotoactive host and a
photoactive guest, both of which are liquid crystalline, were
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FIG. 1. Molecular structures of the guest photoactive azo dimer
(Nn) and the host liquid crystal (HLC) mixtures. The phase sequence
and the transition temperatures for HLC are also provided. In the
final mixtures, referred to as Mn (n = 3-9, n being the number of
methylene units in the central linkage), the azo dimer and HLC are
present in the ratio of 3:97, by wt. %.

employed for the study. The host LC (HLC for short) material,
a binary mixture of a chiral rodlike material (TFMHPOBC)
[42] and a bent core compound (labeled 120CN) [43], con-
tained in the ratio of 9:1, exhibits /-BP-N*-TGBC* phase
sequence. The guest component is a photoactive dimeric azo
material (Nn for short) with a central flexible spacer having
methylene units whose value varies from n = 3 to 9 and ex-
hibiting the nematic mesophase [44]. While TFMHPOBC was
procured from Showa Shell Inc., 120CN as well as the azo
dimers were synthesized in our labs. The molecular structure
of the constituents along with the transition temperature for
HLC are mentioned in Fig. 1; the transition temperatures of
the photoactive dimers as a function of spacer length (n) are
shown Fig. S1 in the Supplemental Material [45]. The point
to be noted about the dimers is that the two azo groups are
symmetrically disposed about the central methyl spacer, a fea-
ture expected to enhance the photoisomerization effect. The
employed ternary mixtures consisted of 3 wt. % of Nn in HLC
and are hereafter referred to as Mn (n = 3-9). Most of the
experiments described in this paper were conducted on 8-y m-
thick samples sandwiched between two glass plates whose
inner sides were pretreated with a polymer layer (PI2555,
Merck) and rubbed unidirectionally for planar alignment of
the LC molecules. In this configuration, the helical axis in
the cholesteric phase will be normal to the substrate. The
uniformity, phase sequence, and the transition temperature
of mixtures were determined by texture observations of the
sample under a polarizing microscope (POM; Leitz DMRXP,
Weinheim, Germany). Figures 2(a) and 2(b) show the POM
photographs with planar alignment of the molecules in the N*
and TGBC* phases, respectively, for the representative mate-
rial M4. The N* and TGBC* phases are identified from the
oily streak texture and grid pattern with the simultaneous ex-
istence of Grandjean cano lines in a wedge cell, respectively.
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FIG. 2. Representative polarizing microscope (POM) photographs (for M4 sample) showing planar aligned texture in the (a) N* and (b)
twist grain boundary smectic-C* (TGBC*) phase. Whereas N* shows only Grandjean cano lines, the TGBC* phase has a superimposed square

grid pattern also.

The photoisomerization experiments were conducted by
illuminating the sample with the ultraviolet (UV) beam ob-
tained from an intensity stabilized UV source (Hamamatsu
LCS5, L8333-01, Japan) equipped with a fiber-optic guide. A
narrow bandwidth UV-pass visible cut filter (UG-11, New-
port, UK) with a peak wavelength of 365 nm was inserted in
the UV beam path. An additional infrared (IR)-block filter was
introduced between the sample and the UV source to prevent
undesirable sample heating. The intensity of the UV radiation
(lyy) falling on the sample after passing through the filter
combination was measured using a UV power meter (Hama-
matsu, C6080-03, Japan) placed in the sample position. The
phase transition was monitored by collecting thermal variation
of the laser intensity (Ijasr) transmitted through the sample
by a photodiode; the schematic of the apparatus is shown in
Fig. S2 in the Supplemental Material [45].

Photocalorimetric measurements were made using a com-
mercial differential scanning calorimeter (DSC; Model 8000,
Perkin-Elmer, USA) after making modifications to enable si-
multaneous irradiation of both the sample and the reference
cups; the schematic of the apparatus is shown in Fig. S3 in
the Supplemental Material [45]. The intensity stabilized UV
source mentioned above was used. However, instead of the
typical single output fiber-optic cable, we used a two-way split
cable that had the capability to split the incoming beam from
the source into two equal halves and feeding them into two
secondary fiber-optic cables. Each of these cable terminations
was positioned normal to the DSC sample chamber to UV ir-
radiate the sample and the reference cups. The entire chamber
was maintained in an inert atmosphere by passing nitrogen gas
and covered with glass, polytetrafluoroethylene, and Styro-
foam sheets for good thermal insulation. The actual intensity
of the UV light illuminating the sample was determined using
a UV power meter (Hamamatsu, C6080-03, Japan).

B. Computational studies

Atomistic classical MD simulations were performed using
GROMACS software (ver. 2019.5) [46]. We used the GROMOS

force field using ATB Web server [47] to model both HLC
and guest molecules (N3T, N3C, N4T, and N4C; T stands
for trans or E conformations and C stands for cis or Z
conformations). Each system consisted of 10 guest molecules
randomly inserted into 200 HLC molecules. All systems were
energy minimized using steepest descent method followed by
two-step equilibration in NVT and NPT ensembles. Due to its
sluggish dynamics, the system was further equilibrated using
a simulated annealing protocol in the NPT ensemble, where
the system was gradually heated to 600 K (to ensure rapid
mixing and rearrangement of constituent molecules within
the simulation timescale) followed by gradual cooling to the
target temperature 343 K over the duration of 50 ns. During
the production run, the temperature was maintained at 343 K
using the velocity rescale method [48] with a relaxation time
of 1 ps, and the pressure was kept constant at 1 atm using
a Parinello-Rahman barostat [49]. All simulations were per-
formed using periodic boundary conditions in all directions,
and the long-range interactions were calculated using the par-
ticle mesh Ewald summation method. The cutoff distance for
electrostatic and van der Waals interactions was set to 1.0 nm.
The hydrogen-containing bonds were constrained with LINCS,
and the integration time step was set to 1 fs. All production
runs were performed for 200 ns with the trajectory being
saved every 10 ps. Visualization of molecular structures was
performed using vMD [50].

II1. RESULTS

A. Effect of photoisomerization on the transition temperatures

The mixtures Mn exhibit the same phase sequence as exists
for HLC except for the disappearance of the BP. This may
not be surprising and can be attributed to the reduction of
the chiral influence as Nn are achiral compounds. It is to
be noted that the clearing point, the temperature at which
the material transforms from the isotropic phase, is hardly
altered in contrast to the N*-TGBC™ transition. These features
suggest subtle changes in the chiral character of the medium
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FIG. 3. Spacer length (n) dependence of the (a) I-N* and (b)
N*-twist grain boundary smectic-C* (TGBC*) transition tempera-
tures obtained without ultraviolet (UV) illumination for the mixtures
M3-M9, exhibiting a strong odd-even effect. The blue and red solid
lines serve as guides to the eye. The dashed lines represent the mean
value of the respective transition temperatures taking the average of
the values for all mixtures M3-M9. For comparison, the transition
temperatures for host liquid crystal (HLC) are shown as green solid
lines.

influencing the BP and TGBC* phases more than the N*
phase.

Figure 3 presents the transition temperatures of the /-N*
and N*-TGBC* transformations for the different Mn mix-
tures. A remarkable odd-even effect is seen in both cases
even though the material causing the alternation, the Nn com-
pounds, is present at a low dilute concentration of 3 wt. %. As
may be expected, the mixtures with even-parity Nn dopant
exhibit a higher transition temperature than the odd-parity
ones, resulting in an alternation in the value as n increases.
While the strength of alternation is comparable for the two
transitions at the lowest values of n(=3, 4), it rapidly di-
minishes with increasing n for the N*-TGBC* transition. The
difference in the behavior of the two transitions can be better
seen by calculating the mean value of the transition tempera-
ture over the entire range of n = 3-9 studied (see Fig. 3). A
final point that we would like to make in this regard is that the
alternation which is a hallmark of symmetric dimers is seen
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FIG. 4. Photoinduced shift in the transition temperature §7
[= (Thuv — Tuv), Thuv and Tyy being the transition temperature
without and with ultraviolet (UV) radiation] for the N*-twist grain
boundary smectic-C* (TGBC*) transition as a function of spacer
length (n). Inset shows the same parameter for the /-N* transition.
Clearly, mixtures with even-parity dimers have a larger 67 than the
mixtures with odd-parity dimers, the effect being stronger for the
N*-TGBC* transition.

even at a low concentration, suggesting that the contribution
of the dimers is retained to a large extent even in the ternary
mixtures. With this background, let us look at the influence of
photoisomerization.

The photoinduced shift in the transition temperature [§T =
(Thuv — Tuv), Thuv and Tyy being the transition temperatures
without and with UV radiation] for the N*-TGBC* transition
as a function of # is shown in Fig. 4. It should be reiterated
that the employed UV intensity is very low (1 mW /cm?)
in addition to the fact that there is an IR filter between the
UV source and the sample. Thus, the radiation-driven heating
may be negligibly small, and the observed photoinduced finite
8T is essentially due to the change in the conformation of
the guest azo molecules. Similar data obtained for the /-N*
transition are shown in the inset of Fig. 4. It is evident from
the figure that 67 for the N*-TGBC™* transition is higher than
that for the /-N* transition. More interestingly, there is a
pronounced odd-even effect for 67" as a function of n. For ex-
ample, for the M4 material, §T values are 14.6 and 1.7 °C for
the N*-TGBC* and I-N* transitions, respectively, while for
the M3 mixture, they are 10.1 and 1.2 °C for the N*-TGBC*
and I-N* transitions, respectively. The feature that 67" is more
for the transition involving the TGBC* phase agrees with our
previous work having a monomeric azobenzene compound
as the photoactive guest [37]. Let us now compare the §T
values for situations wherein another mesophase transition
apart from /-N is also studied. Reporting measurements on
a few chiral LCs, Joly et al. [51] found that the 87 values
were higher or not for a transition other than the /-N (here,
we do not differentiate between the achiral N or its chiral
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equivalent N* phase) dependent on the phase sequence itself.
When the phase present immediately below N was the TGB
phase [51], 6T was smaller for the /I-N than for N-TGB.
The situation was opposite when the N phase directly trans-
formed to the Sm-C* phase. In another case [35] wherein
the N phase directly transformed to the Sm-A phase, the §T
value was nearly an order of magnitude smaller for the N-
Sm-A than for the /-N. Like the finding of Joly et al. [51],
Prasad et al. [52] found that, when another phase supporting
a twisted supramolecular arrangement (twist-bend nematic
or Ntg) but not having a proper layered structure is present
immediately below the N phase, §T is relatively smaller for
the /-N transition than the second transition. Since both TGB
and Ntg could arise due to factors that compete to coexist
with the twisted architecture, a larger §7 for transitions in-
volving those phases can be associated with the underlying
frustration. It is possible that the photoinduced Z isomers have
less favor for these frustrated structures than for the simply
orientationally ordered cholesteric mesophase. A point that
should still be borne in mind is that, in the present case as
well as those in Refs. [35] and [52], the photoactive material
forms a minority component unlike the other situation cited
above [51]. It is also interesting to note that the 7 values
for the N*-TGBC* transition are more in the present system
having dimer photoactive molecules (with two azo entities per
molecule) than in the previously reported case of a monomeric
azobenzene derivative as the dopant [37]. Surprisingly, the
photoinduced effect for /-N* phase is essentially the same
for the monomeric and dimeric cases, perhaps indicating that
the presence of two azo groups has more influence on the
transition involving the frustrated phase.

Summarizing this section, a salient feature observed is that,
despite the small concentration (3 wt. %) of the dopant and
the small UV power (I mW /cm?), there is a strong spacer-
parity/length-dependent, odd-even effect in the 67" value for
the N*-TGBC™* transition for all the Mn mixtures investigated.
This feature is found to be true for the /-N* transition also,
albeit the value is nearly an order of magnitude smaller.
Additionally, just like the transition temperature (77~ and
Tv+1GBC+), the magnitude of the alternation in 87 value
decreases with increase in n with the extent of decrease being
stronger for the N*-TGBC* transition than for the /-N* one.
A notable behavior that has been observed is that, if the HLC
used here is substituted by a LC having molecules with a
strong dipole along their long molecular axes, the §T values
are much larger for the I-N* transition. Additionally, even
lower UV intensities could bring larger effects, suggesting that
the polarity of the host molecule also plays an important role
in deciding the magnitude of 67 .

B. DSC

We have performed calorimetric measurements on two rep-
resentative mixtures M5 and M6. To ensure that there are no
significant UV depletion effects, the sample had to be kept
thin. This required using a very small quantity of the sample
(200 pg) which resulted in low thermal response and perhaps
was responsible for the hardly discernable thermal signature
for the N*-TGBC* transition, notwithstanding the fact that
this transition has a second-order character. In fact, having a
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FIG. 5. Differential scanning calorimetric scans for (a) M5 and
(b) M6 mixtures (having the odd-parity N5 and even-parity N6
dimers, respectively) across the I-N* transition without (red) and
with ultraviolet (UV) illumination of Iyy = 0.8 mW/cm? (blue).
Both the peak temperature (taken to be 7;y+) and the transition
enthalpy (AH) reduce upon UV illumination, the effect being more
for the even-parity dimer case than for the odd one.

high scanning rate (10 °C/min) also did not help in obtain-
ing any signature of the transition. Hence, we discuss the
influence of photoisomerization on the /-N* transition only.
Figures 5(a) and 5(b) show the DSC scans across the I-N*
transition for M5 and M6 in the absence of and with UV ra-
diation (Iyy = 0.8 mW /cm?). Photoisomerization decreases
the peak temperature (taken to be 77y~ ), broadens the profile,
and notably the area under the peak, a measure of the associ-
ated enthalpy (AH). As we shall see below, the photo effect
is more for the mixture with the even azo dimer (M6). To
extract the peak parameters, we fitted the profiles to a Gaus-
sian expression. The best-fit parameters of 77 y-, full width at
half maximum (FWHM), AH, and the two parameters which
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TABLE I. Parameters from the calorimetric scans obtained with
and without UV for M5 and M6 mixtures.

M5 M6

Without UV~ With UV~ Without UV~ With UV

Tyne (°C) 114.02 113.4 115.7 114.8
Width (K) 1.29 1.29 1.38 1.53
AH (Jlg) 1.33 1.17 15 1
8T (°C) 0.62 0.9
SAH (Jlg) 0.16 0.5

highlight the photo effect, viz., 67 and §AH, the difference
in the values without and with UV radiation, are shown in
Table 1. The magnitude of §T as well as 7;y- agree with the
data from the laser transmission experiment and emphasize
the fact that the even dimer mixture (M6) has a larger (0.9 °C)
shift in the photoinduced transition temperature. Interestingly,
the width of the transition (FWHM) is hardly changed by
UV illumination in the case of M5 (1.29 K) but substantially
increased (by 10%) for the M6 system. A similar effect is
seen for the transition enthalpy: AH (= AH,yv — AHyy),
the photoinduced change in AH is higher for M6 (33%) than
for M5 (12%). In fact, the associated entropy change shows
similar variation with §AS values being 13 and 33% for M5
and M6, respectively. It must however be emphasized that the
change in entropy/enthalpy is brought about by the odd-even
parity change of the azo dimer, which is present at a low con-
centration of 3 wt. %. The difference in the transition entropy
(AS) between the even and odd dimers (M5 and M6) under
no UV conditions is found to be 0.45 mJ/gK for the thermal
transition. In the light of this, it is interesting to note that §AS
for M6 is higher by a value of 0.88 mJ/gK than for MS. The
photodriven value being higher than the thermal one thus sug-
gests that, at the molecular level, the conformational changes
across the transition are drastically more for the photodriven
case than for the thermal case.

C. Dynamics of the photoinduced phase transitions

As already discussed in the Introduction section, the E
isomer of the photoactive dopant, being the low-energy form,
is the equilibrium structure, and the Z isomer obtained by
photoisomerization is an unstable one. Thus, once created,
the Z form will return to the initial equilibrium state (E
form), either spontaneously through the TBR or stimulated
by shining white (or specifically blue) light. Since the pho-
toactive molecules are the minority component, the dynamics
of both the forward (photodriven) and the backward (TBR)
processes are significantly influenced by the nature of the
phases involved and the type of the host molecules. Further,
the odd-even parity of the dimer, seen to influence the 6T
values, can also be expected to have a bearing on the dynamics
of these processes. With these features in the background, we
carried out time-dependent studies by monitoring lj,se as a
function of time while the UV light was turned on and subse-
quently off with the sample held at a particular temperature.

The raw temporal profiles of s, in the N* and TGBC*
phases of the mixture M4 are shown in Fig. 6. The scans
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FIG. 6. Temporal variation of I, of the M4 mixture when
the ultraviolet (UV) illumination (Jyy = 1 mW/cm?) is turned on
for the duration indicated by the colored box and subsequently off
while the sample was held at a constant reduced temperature of (a)
Trear = 1 °C (Trea1r = Trvs — T) in N* and (b) Treaz = 5 °C (Trea2 =
Tv+tcec+ — T') in the twist grain boundary smectic-C* (TGBC*)
phase. The solid lines in the panel represent the fitting to Eq. (1).

were collected at Tieq; = 1 °C (Tieq1 = Tp.y+ — T') [Fig. 6(a)]
and ﬂedZ =5°C (ned2 = TN*—TGBC* — T) [F]g 6(b)] For the
clearing temperature (N*-I transition), the UV-on process is
faster than the relaxation process, while a trend reversal is
observed for the TGBC*-N* transition. In the case of the
photodriven N*-I transition, the I, variation is through
a single steplike change, whereas the off process seems to
comprise two time constants while the opposite is true for
the TGBC*-N* transition. To quantitatively extract the asso-
ciated response times, T,, and T, we fitted the data to a
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FIG. 7. Spacer length (n) dependence of the durations for the
ultraviolet (UV)-on (7,,) and UV-oft (z.¢) processes at a reduced
temperature of (a) and (b) Treq; = 1 °C in the N* phase and (c) and
(d) Tea2 =5 °C in the twist grain boundary smectic-C* (TGBC*)
phase.

single/double sigmoid function:

. —1
I(t)=10+11{l+exp|:(lc—t):|} . (1)

Tsig

Here, Iy is the baseline, I; is the amplitude, ¢, is the in-
stant at which the response reaches the midpoint, and T
are the characteristic response times. The spacer length (n)-
dependent 7., and ¢ data obtained from such a fitting for
the /-N* transition are presented in Figs. 7(a) and 7(b) (for the
cases where the double sigmoid was used, the T values given
are the sum of the values obtained from the two functions). As
would be obvious even from the profile shown in Fig. 6(a), the
Toff values are about an order of magnitude larger than the o,
values. More importantly, a clear odd-even effect is observed
in the 7,5 data, although an exceptionally high value is seen
for the M9 material. However, given the error in the measure-
ment (1.5 s), no definitive conclusion could be drawn about
the behavior of 7,, with the spacer length. In contrast, for
the N*-TGBC* transition [Figs. 7(c) and 7(d)], although the
values are not strictly monotonic, there is a clear increasing
(for 74,) and decreasing (for 7.¢) trend seen when the spacer
length is increased. It must also be pointed out that, for the
lowest spacer length material (M3), 7 is higher (factor of 5)
than t,,, whereas for M9, it is the opposite.

It should be recalled here that the photoinduced shift in the
transition temperature (§7') is larger for even-spacer-length
systems than for odd-spacer ones (Fig. 4). Upon UV illumi-
nation in the N* phase at a particular reduced temperature
(Tea1 = 1 °C; Tieq1 = Ty« — T), the sample is driven deep
into the isotropic phase for the odd-spacer case than the
even-spacer one. This will result in, as shown in Fig. 7(b),
Toft being higher for the odd-spacer ones. The twin-relaxation
feature seen in the TBR process for the /-N* transition seems
to be a general behavior since systems with a monomeric
azobenzene derivative as a photoactive dopant [37] also show

it. An interesting feature is that, despite being at comparable
temperatures, the 7, value observed here is faster (by a factor
of 4) than in our previous studies [37] which employed a
monomeric azobenzene derivative, pointing to the fact that the
photodriven conformational change in the azo dimers is more
strained than in the monomeric one.

1. Influence of the magnitude of Iyy on the dynamics

For all mixtures M3-M6, the raw profile of ;s Vs time
for the TGBC*-N* transition appear quite like that for M4,
as shown in Fig. 6(b). However, when the spacer length
is further increased, a subtle but clearly noticeable feature
starts appearing on turning the UV on: a small peaklike trait
precedes the steplike fall. Additionally, the details of this
overshoot are seen to be clearly dependent on the magnitude
of Iyy employed, as shown in Figs. S4(a) and S4(b) in the
Supplemental Material [45] for the M7 mixture. It must be
remarked that this overshoot is not present for M3-M6 but
appears for M7-M9, having maximum strength for M7. To
describe the profiles, we fitted the data during the UV-on
process to a double sigmoid function, and an exemplary case
of the data for Iyy = 0.8 mW/cm2 is shown in Fig. S4(c) in
the Supplemental Material [45]. As expected with increasing
Iyv, the rate for the sigmoid function describing the overshoot
rapidly diminishes to a vanishingly small number. The rate
for the main steplike fall also decreases but far more slowly.
The overall time taken as the combined rates of the two sig-
moids falls as an exponential variation with Iyy, as seen in
Fig. S4(d) in the Supplemental Material [45]. Efforts to
associate these features with spectroscopic data providing in-
formation about the population of E and Z conformers are
underway. Notwithstanding this attempt, it is clear from the
simulation studies, to be described below, that the conforma-
tions adapted by these dimers are much more complex.

D. Simulation studies

We have used classical atomistic MD simulations to es-
tablish a microscopic picture of the conformational ensemble
of the host-guest mixture and their packing efficiency that
is likely to be an important factor controlling the transition
temperatures. Figure 8(a) shows a representative snapshot
of the simulation box (with periodic boundary conditions).
The photoactive guest molecules are dispersed in the back-
ground of HLC molecules. Figure 8(b) focuses on the nearest
neighbors of a particular guest molecule (N4T). Given the
nonlinear or bent conformations of both the host and guest
molecules, a perfectly parallel stacking or alignment would
not be possible or optimal. Instead, two different strands/arms
of these molecules have locally parallel packing (orientational
ordering), as clearly visible in Fig. 8(b). Two different arms
of the molecules may exist in different orientations created
by rotation around the flexible linker region. Thus, the overall
packing efficiency would strongly depend on the conforma-
tional heterogeneity of the host and guest molecules. Clearly,
the nematic or smecticlike ordering in this system cannot be
described by simplified rigid rodlike or ellipsoidal models, as
routinely done to describe liquid crystalline systems [53].

As discussed above, to understand how the different con-
formers of the photoactive guest molecules locally perturb the
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the linker region connecting the photoactive dimers, there
(@) exists a considerable conformational heterogeneity for both

(b)

FIG. 8. (a) A representative snapshot of the simulation box. The
guest N3T (T indicates trans or E conformation) and host liquid
crystal (HLC) molecules are shown in color and in gray tint, re-
spectively. (b) Packing arrangement of the HLC molecules around
a representative N4T guest molecule (having the evident azo linkage
shown in blue).

packing and orientational ordering of the host molecules, it is
crucial to investigate the conformational space explored by the
guest molecules N3 and N4 in their respective ground states
(N3T, N4T) and photoexcited states (N3C, N4C). We expect
that, in the ground state zrans configurations (N3T, N4T),
the guest molecules would adopt a linear shape, whereas the
photoactivated cis configurations (N3C, N4C) would involve
a bent shape that is likely to disturb the local orientational
ordering of the HLC molecules. However, our MD simu-
lations indicate that, given the conformational flexibility of

the trans and cis conformations, leading to a large variation
in the possible structures. We have characterized the confor-
mational space sampled by the guest molecules using the joint
probability density (histogram) of two geometric/structural
parameters: (i) the angle between the two arms of the guest
dimer molecules and (ii) the end-to-end distance between the
outermost atoms of the last two aromatic rings (Fig. 9). The
geometric definitions of these parameters for the N3 and N4
guest molecules have been clarified in Fig. S5 in the Supple-
mental Material [45].

We observe that there are multiple metastable states in the
conformational space of the guest molecules rather than a
unique conformation. Thus, the guest molecules do not have
a specific rigid shape. Rather, due to the flexibility of the
linker region, the two arms of the dimer can have multiple
distinct orientations leading to the observed different config-
urations/shapes. A few representative configurations from the
major peaks of the probability distributions are also shown in
Fig. 9 to highlight the conformational heterogeneity.

Interestingly, even for the trans conformations of the N =
N bonds, it is possible for the molecule to exist in a bent
or U-like conformation with a low end-to-end distance, as
observed for the N4T system. The photoactivation (trans to
cis transition) leads to a large shift in the conformational
ensemble both in terms of the hinge angle and the end-to-end
distance. It seems that the end-to-end distance distribution
shifts to larger values for N4, whereas it decreases slightly for
the N3. Moreover, the overall changes in the effective shape
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FIG. 9. Joint probability density (histogram) of the angle between the two arms of the guest dimer molecules (y axis) and end-to-end
distance (x axis) for the two guest dimer molecules in their rans (E) and cis (Z) conformations. Representative molecular structures from the
most probable regions are shown as well to highlight the conformational heterogeneity of the guest molecules.
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of the guest molecules seem to be more pronounced in the
case of even-parity system (N4) than the odd-parity system
(N3), which may be connected to the experimentally observed
larger change in the transition temperature for the even-parity
systems. In addition to the bent and U-shaped conformations,
we also observe some helical or twisted structures of the guest
molecules that might play a role in the stability of the chiral
phase. It may be mentioned here that (i) dimers having a
flexible central region, for example, compounds such as the
well-known CB7CB, show an inversion in the population of
hairpin to extended shape of the conformers as a function of
temperature [54,55], and (ii) the rigid bent nature of the main
ingredient of HLC, 120CN, is known to support chirality at a
local level.

However, it would be pertinent to clarify here that, due
to the inherent slow dynamics and rugged energy landscape
associated with this system and the limitations of timescale
practically accessible to atomistic MD simulations (a few
hundreds of nanoseconds), we expect a strong nonergodicity
in the conformational sampling observed in our simulations.
Thus, we do not expect to be able to directly correlate or ex-
plain the experimentally observed phase behavior completely
within our MD simulation study. Nonetheless, these simula-
tion results clearly demonstrate the extent of heterogeneity in
the conformational ensemble in terms of both size and shape
of the host/guest molecules. We can safely conclude that the
overall nature of perturbation to orientational ordering and
packing of the surrounding host molecules will depend on this
conformational population shift of the host molecules upon
photoactivation. It is not possible to explain this phenomenon
in terms of simple rigid body structural changes of the guest
molecules.

We have also computed the NOP to characterize the
orientational ordering among the HLC molecules upon per-
turbation by the guest molecules. The NOP can be defined as
(%cos%—%), where 6 is the angle between the molecular long
axis and the director (preferred direction of the molecules).
The angular brackets indicate averaging over all molecules.
Computation of the nematic director involves diagonaliza-
tion of the following second-rank orientational order tensor
[56,57]:

N
1
Qup = o ; (3eineis — 8up)s

where e;, is the ath Cartesian coordinate of the unit vector
(e;) defining the orientation of the ith molecule. The largest
eigenvalue and corresponding eigenvector give the NOP and
the director, respectively, for a particular configuration. The
limiting values for the NOP would be 1 for an ideal nematic
phase where all the molecules are perfectly aligned with the
director of the system, whereas it would be O for an isotropic
system.

As shown in Fig. 10, the change in NOP is more pro-
nounced for the N4T-to-N4C transition than the N3T-to-N3C
transition, consistent with the experimental results. Thus,
the photoactivation of N4 (even parity spacer) leads to a
larger perturbation in the phase behavior than N3 (odd parity
spacer). This parity dependence originates from the different
degrees of shift in the conformational ensemble of the guest
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FIG. 10. Probability density (histogram) of the nematic order
parameter (NOP) values calculated over the host liquid crystal (HLC)
molecules in the presence of (a) N3C and N3T and (b) N4C and N4T
conformations of the guest molecules.

molecules upon photoactivation, as delineated in Fig. 9. How-
ever, it must be noted that the NOP invokes a rather simplistic
description of the orientational ordering of LC molecules
since it captures the orientation of a single molecular axis
(long) with respect to the director. However, as described
above, the systems under consideration here are more com-
plex, with two rigid arms connected by a flexible hinge. Thus,
a more complex order parameter would be necessary to fully
characterize the cholesteric or TGBC* phases, which is be-
yond the scope of this paper. However, our present simulation
work shows the richness of the systems in terms of photocon-
trollable conformational changes and their influence on the
possible packing of molecules.

IV. SUMMARY

We have investigated both experimentally and by simu-
lations the effect of photoisomerization on a host-guest LC
system, in which the guest photoactive dopant is an azo
dimer whose spacer could be of either even or odd par-
ity. The doped mixture retains the same phase sequence as
the HLC system, viz., I-N*-TGBC*. The photoinduced ef-
fect on the phase transition temperatures has been studied in
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detail and analyzed in terms of the conformations of both host
and guest molecules. Despite a small concentration (3 wt. %)
of the photoactive dopant, both the /-N* and N*-TGBC*
transition temperatures show a remarkable odd-even effect,
higher values for the even dimer mixtures than their odd
counterpart; the alternation reduces with increasing n. Both
the photodriven change in the transition temperatures (5§7)
and the transition enthalpy exhibit significant odd-even effect.
To be emphasized is the feature that 7" is much larger (by a
factor of 8) for the N*-TGBC* transition than for the /-N*
one. For the I-N* transition, the UV-on dynamic response
is about an order of magnitude faster than the UV-off re-
sponse, a feature that is true for all the mixtures studied. In
contrast, for the N*-TGBC* transition, the relation depends
on the length of the spacer group. Atomistic classical MD
simulations have been performed to explore the conformation
of the photoactive guest dopant in its equilibrium (£ form)
and photoactive (Z form) states. Unlike the well-known case
of a monomeric azo dopant, the guest molecules employed
here exist in multiple metastable states rather than in a unique
conformation. The photostimulation leads to a large shift in
the probability distribution of hinge angle as well as in the
end-to-end distance of the molecules. The overall changes in
the effective shape of the guest molecules seem to be more
pronounced for the even-parity system than for the odd-parity
one, perhaps resulting in a larger §T for the former, as indeed
observed experimentally. The simulations also show that the
change in NOP is more for the even-parity dimer.

We are extending the experimental studies to investigate
the influence of photostimulation and parity aspects on the
PBG features of the N* and TGB phases. Another dimension

to these studies is to have a host system which has strongly
polar entities as termini along the length of the molecules.
It may be pointed out that, in such systems, the photodriven
odd-even effect is known to be much stronger for the /-N tran-
sition. It would certainly be interesting to see whether such a
behavior is true for the N*-TGBC* transition as well. On the
simulation front, development of a suitable order parameter to
capture the N* and TGB phases would be taken up to be able
to properly characterize these phase transitions and molecular
ordering associated with these processes. A full-fledged simu-
lation work that considers the actual population of the plethora
of conformers is certainly warranted to reliably compute the
transition temperatures and the effect of dopants. The delicate
interplay between the phototunable shape of the dopant and
the required molecular packing for a particular mesophase is
the essence of the observed large influence on the thermal
characteristics of the medium. While a proper explanation of
the differential behavior between the clearing point and the
TGBC* transition is still enigmatic, it certainly opens a vista
to be explored.
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