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Azobenzene/Triptycene-Based Cholesteric Liquid Crystal Dopants

Brandon Balamut+, Kai Hanke+, and Ivan Aprahamian*

Abstract: The noncovalent interactions in cholesteric
liquid crystals (CLCs) can be modulated using switch-
able chiral dopants resulting in the phototuning of the
reflected structural color. The nature of the interactions
between the CLC and dopant, and how the latter can
effectively transfer chiral information to the former is still
somewhat of a black box. To gain insights into the nature
of these interactions, we conducted structure–property
analysis of five photoswitchable chiral dopants comprised
of triptycene as the chiral core and azobenzene as the
switchable unit. Our findings show that this combination
results in high (e.g., 127 µm−1) helical twisting power (β )
values (i.e., extent of chiral information transfer between
dopant and host), with dispersion interactions and/or
electron deficient aromatic units playing a crucial role in
determining the value. The large change in β values upon
E/Z photoswitching enabled us to devise multicolor, high
contrast LC films that reflect across the UV to infrared
light range.

Achieving precise and reversible control over self-assembled
architectures is an essential prerequisite for creating new
adaptive smart materials.[1–7] To this end the supramolec-
ular interactions holding the assembly together need to
be externally modulated. In the case of liquid crystals
(LCs), for example, such manipulation can be achieved using
switchable dopants,[8] resulting in the modulation of their
(photo)physical properties.[9–11] The reason why this strategy
works is because LCs are molecular amplifiers that propagate
the slightest perturbation in their self-assembly from the meso
to the macro scale.[12,13] This approach is at the core of the
plethora of applications that LCs are used in, varying from
display technologies,[14] sensors,[15] to tunable diffraction
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gratings,[16] and photopatterning,[17,18] among others.[19,20]

In this respect, cholesteric liquid crystals (CLCs), formed
by introducing chiral dopants into an achiral nematic LC
host, thus imparting a helical twist in the otherwise linear
aligned nematic mesogens, are of particular interest because
of their unique optical properties, i.e., structural color. The
periodic, helically-ordered structural phase of CLCs gives
rise to selective reflection of light at specific wavelengths,
determined by the refractive index (n) and the pitch (P) of
the helical phase (λ = nP).[21] Aside from modifying the
chiral dopant by using chemical[22–24] or electrical stimuli,[25,26]

light, with its noninvasive and spatiotemporal resolution, has
been used to this end, through the incorporation of chiral
photoresponsive molecules into the LC.[27,28] While several
molecular photoswitches,[29,30] (i.e., diarylethenes,[31] over-
crowded alkenes,[32,33] and hydrazones[34–38]) have been used
in controlling the properties of CLCs,[39,40] azobenzene[41–44]

has the lion’s share as it results in large helical twisting power
values (β: ability to induce twisting in an achiral nematic LC),
and large changes in β (�β)[11,13]). The latter is attributed to
the large geometrical change azobenzene undergoes upon
isomerization.

As for the chiral unit, in most cases, binaphthyl moieties
have been used to achieve efficient chirality information
transfer.[13,45] Recently,[37] to expand the structural landscape
of chiral moieties that result in high β values and to allow for
structure property analyses that can yield insights as to why
such units afford such values in the first place, we introduced
triptycene[46–50] as a chiral motif for photoswitchable LC
dopants. Our choice of this scaffold was based on its bent
propeller-shape, extended π -surface, and high miscibility
in nematic LC hosts,[51–53] which we thought would be
a promising candidate for such use. To elaborate on the
versatility of this moiety as a chiral scaffold, here, we report
on the structure-property analysis of five new enantiomeric
pairs of azobenzene-triptycene dopants (Figure 1) and detail
the factors (e.g., electronic effects, van der Waals interactions,
etc.) that influence their β and �β values. The insights,
gained from these studies and the comparison with the
results obtained from hydrazone-based triptycene dopants,
have helped us formulate new hypotheses on how to design
efficient switchable chiral LC dopants (vide supra). Finally,
we used the ability of the dopants to manipulate the reflected
wavelengths in LC films from the UV to the near infrared
(NIR) range (i.e., 420–1100 nm) to design new light and heat
responsive multicolor LC canvases.

The chiral photochromic switches (1–5)[54] that we
designed consist of a central triptycene scaffold connected
via azo linkages to two substituted phenyl benzoate units
(Figure 1a). The incorporation of the latter group was meant
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Figure 1. a) The structures of the previously studied triptycene-based
hydrazones (right), the newly developed azobenzene-based chiral
dopants (left), and their use in drawing multi-color figures in LC films
(for details see Supporting Information); “The Starry Night” by Vincent
van Gogh (1889); copyright permission from The Museum of Modern
Art/Licensed by SCALA/Art Resource, NY).[37] b) A comparison of the
helical twisting power (β), the quantum yield (�), and the thermal
half-life (τ 1/2) of the different families of dopants. c) The structure of the
LC mesogen 5CB.

to extend the length of the chiral dopant to amplify the
geometrical change upon photoisomerization and allow for
a direct comparison with the previously studied triptycene-
hydrazone counterparts.[37] To tease out electronic and
dispersion effects on the β and �β values, we also substituted
this unit with OC10H21, OCH3, CH3, F, and CN groups. The
synthesis, enantiomeric separation, and characterization of
these dopants are described in the Supporting Information
(Scheme S1 and Figures S1–35). The absolute configura-
tion of the enantiomers was assigned by comparing their
circular dichroism (CD) spectra with that of chiral dopant
(R,R)–1, which we synthesized using enantiopure 2,6-R,R-
diaminotriptycene (Figures S36–S42). The photophysical and
photoisomerization properties of 1−5 were studied using
UV–vis and 1H NMR spectroscopies (Figures S21−S35 and
S43–S62, and Tables S1 and S2).

The absorption spectrum of the EE isomer of 1 displays
the characteristic dual absorption band of azobenzene, with
the more prominent one (λmax = 354 nm, ε = 53700 M−1

cm−1) stemming from the π−π∗ transition and the weaker
one (λmax = 439 nm, ε = 2550 M−1 cm−1) from the n−π∗

Table 1: β values (µm−1) of the (S,S)54 triptycene-based azobenzene
dopants before and after light irradiation of the LC host 5CB.

βpristine βZZ
a) βEE

b)

1 127 < 10 71
2 82 < 10 66
3 89 < 10 75
4 94 < 10 80
5 107 < 10 91

a) The β values of the ZZ isomers at PSS375 could not be measured as
the helical pitch was too long to form disinclination lines using the
Cano–method and so were estimated to be less than 10 µm−1. b) The β

values were measured at PSS546.

transition. Irradiation of a pristine sample of 1 in toluene with
375 nm light affords a photostationary state (PSS) of 96%
Z, which is accompanied with a decrease in the π−π∗ band
intensity and a slight increase and shift of the n−π∗ one
(λmax = 446 nm, ε = 4310 M−1 cm−1). The isomerization
process can be reversed by irradiation with 546 nm light,
yielding a PSS546 comprising of 91% of the E state. The
quantum yields (�) for the EE→ZZ isomerization of 1
(Figures S43–S46) and the reverse process were measured
to be 11.6 ± 1.3% and 24.3 ± 0.9%, respectively, while the
thermal isomerization half-life (τ 1/2) was calculated to be
34.5 ± 0.8 h (Table S3). Compounds 2–5 (in both enantiomeric
forms), exhibit similar photophysical properties, indicating
that the functional groups at the terminal ends that are not
in conjugation with the azo core, do not result in appreciable
electronic effects (Table S2). The fatigue resistance of 1–5
was also studied, and minimal changes in absorption intensity
were observed after 10 consecutive switching cycles (Figures
S21–S35).

To study the effect of the triptycene-based dopants on the
LC properties of achiral nematic hosts, 1–5 were doped into
the LC host 5CB (Figure 1b,c) yielding cholesteric phases.
The dopants showed excellent solubility in the nematic
host and induced opposite handedness when doped with
the enantiomeric pair (R, R) or (S, S). The β values were
measured using the Grandjean–Cano wedge method[55,56]

(Figures S63–72 and Table S5) before and after irradiation
with 375 and 546 nm light (Table 1). For example, the EE
isomer of (S, S)–1 in 5CB shows significant dopant-host
interactions as evidenced by the large pristine β value of
127 µm−1 (Figure S63). Irradiation, with 375 nm light to
obtain the ZZ rich state, increases the helical pitch and
disrupts the CLC ensemble, making it difficult to accurately
assess the β and �β values. Assuming an upper limit of
10 µm−1 for the β value, the �β value will be 61 µm−1

for 1, which is substantial and key to achieving the wide-
range reflection color tuning from the LC surface (vide infra).
Back-isomerization through irradiation of the n–π* band with
546 nm light restores the CLC phase yielding a β value of 71
µm−1, which is determined by the PSS546 isomer ratio of 91:9
(i.e., it is not the same value as when pristine (99:1); Table
S1). Heating the CLC mixture at 200 °C for 60 s completely
re-equilibrates the switch reverting the β value to 127 µm−1.

A general trend with these dopants is that the EE isomers
have larger β values than their ZZ counterparts (Table 1).
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This outcome results from the bent shape of the latter, which
decreases the intermolecular interactions with the host LC.
Exchanging the long decyloxy chain in 1 with a methoxy (2)
or methyl (3) groups decreases the β value for the pristine EE
isomer by 45 and 38 µm−1, respectively. We hypothesize that
the shortening of the aliphatic functional group decreases the
dispersion interactions between the dopant and 5CB, i.e., it is
not caused by solubility differences. A similar effect was also
observed in the triptycene–hydrazone switches highlighting
the importance of dispersion interactions in such dopants.
On the other hand, upon back isomerization with 546 nm
light, the difference between the PSS and pristine β values
is much larger in 1 than 2–5. We attribute this effect to the
long alkyl chain in 1, which causes a larger disorder in the LC
in the cis form, even when present in small amounts at PSS546

(i.e., 9%). The β values of 2, 3, and 4 are similar, indicating
that electronic effects are not playing a significant role in
determining the values. This outcome is different from what
we obtained with the triptycene-based hydrazone systems,[37]

where significant differences in the β values were observed by
incorporating electron-donating and withdrawing functional
groups at the terminal ends of the chiral dopants. This
variation stems from the fact that electron withdrawing
groups resulted in the destabilization of the CLC in both
the Z and E forms (i.e., lowered the β value), something
not observed here, nor in the previously studied isosorbide-
based hydrazone dopants.[36] Finally, dopant 5, which has a
CN group, and hence, a structural similarity with 5CB, has the
second largest β value of 107 µm−1, a trend observed in the
hydrazone-based system as well.[37] Finally, the hydrazone-
based dopant results in much larger β values than the
azobenzene dopants using solely photoisomerization (e.g.,
107 versus 71 µm−1, respectively), but the azobenzene dopants
achieve much higher β values through thermal equilibration.
This comparison highlights how even the smallest structural
changes in such dopants can result in different properties and
behavior especially across varying families of dopants. The
results also show that the high β value induction capability of
triptycene is a general trend that is independent of the nature
of the photoswitch, something which is not necessarily given
in this research area.

To take advantage of the large β value of 1, we made
light and heat responsive reflective films by loading doped
(3 mol%) 5CB into planar aligned glass cells (5 and 10 µm cell
thickness). The transmittance data (Figure 2) show excellent
control over the reflection color from the visible to the
NIR region, measured as a function of irradiation time
with 375 followed by 546 nm light, allowing us to access
surfaces that reflect the primary RGB colors (Figures 2a and
S73–S87). The reason we initially used 515 nm light in the
reflectance measurements is because it resulted in much faster
isomerization to the EE state, allowing for more uniform
transmittance bands and consistent structural color across the
adaptive film. Next, 546 nm light was used to obtain a higher
PSS value (91:9 versus 79:21) (Figure S21), yielding a further
hypsochromic shift (Figure 2c) and hence better modulation
of the reflected color.

Interestingly, the τ 1/2 of the dopant is four times higher in
the LC film than in toluene (i.e., 137 versus 35 h, respectively,

Figure 2. a) Modulation of the structural color of 5CB doped with(S, S)–1
(3.0 mol%) in a LC 3–5 cell after irradiation with 375 followed by 515 and
then 546 nm light. b) Irradiation-time dependent (375 nm) modulation
of the bathochromic shift in reflectance wavelength of 5CB doped with
(S,S)-1 (3.0 mol%) starting with the pristine EE isomer and reaching
PSS375. c) Irradiation-time dependent (with 515 and then 546 nm)
hypsochromic shift in reflectance modulation starting from PSS375 to
reach the end point.

see Tables S3 and S4), most likely because of the confinement
of the photoswitch in the LC matrix. Literature reports are
mixed[45,57] when it comes to the effect of the LC environment
on the τ 1/2 of azo switches and why sometimes the value
increases while in others it decreases. To take advantage of the
visible structural color reflection and relatively fast thermal
isomerization of the switch, we used a combination of light
irradiation and heat (200 °C) to draw, erase, and redraw
various numbers in the same LC film using appropriate
photomasks (Figure S88). This demonstration showcases an
added benefit of these azo-based dopants as the short τ 1/2

allows for fast reversion of the systems to their equilibrated
state, something not easily achievable with the bistable
hydrazones, resulting in a full reset of the system, and a
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Figure 3. Photomicrograph of our lab mascot Moby generated by the
consecutive irradiation of 5CB doped with (S, S)–1 (3.0 mol%) in a LC
3–5 cell with 394 nm light through two different grayscale masks for 10 s
each.

higher isomer ratio than can be obtained at the PSS. The
LC canvases can be reused even after months of preparation,
show excellent fatigue resistance even after more than 20
write/erase cycles, and can be fully erased after heating to
200 °C for 60 s, showcasing their robustness. Finally, by
sequentially applying more than one greyscale photomask
and irradiating with 394 nm light in 5–10 s increments, we
were able to phototune the E/Z isomer ratio at different parts
of the film resulting in multi-colored images (Figures 3 and
S88–S91) including our lab mascot, Moby, and Van Gogh’s
Starry Night (Scheme S1a and Figure S91). We decided to
use 394 instead of 375 nm light in these experiments as
the latter resulted in fast isomerization in the films and the
entire visible spectrum was transversed in less than 7 s of
irradiation (Figure S81). Irradiation with 394 nm light on
the other hand resulted in slower isomerization, and hence,
better control over the structural color modulation (Figure
S82). This “painting” method is far more straightforward than
the digital light processing technique we used earlier on to
imprint multicolor images on LC canvases.[37] Considering
the short τ 1/2 of the azo switches, the imprinted figures
last for 24 h before undergoing a hypsochromic shift that
erases the detailed features of the painting, which is a
disadvantage relative to the hydrazone-based systems, which
showcase stable color reflection for days. Nonetheless, these
dopants afford a fast write/erase cycle allowing its use in
applications where information/color modulation is needed
for short periods of time (e.g., rewriteable displays and smart
surfaces as well as anti-counterfeiting, information storage,
and security printing).[10,11]

In summary, we demonstrated the versatility of triptycene
as a chiral scaffold by incorporating it in a series of
azobenzene-based dopants. All the azo switches exhibit good
bidirectionality, large � values, and tunable τ 1/2 values from
hours to days. When incorporated into the LC host 5CB,
the large β and �β values as well as the robustness of 1–5
allowed for repeated write/erase cycles of multicolored LC
canvases. While there are other chiral dopants that give β

values exceeding 300 µm−1, and �β values comparable to
the ones reported herein,[41,58–62] the results obtained from
the triptycene dopants are sufficiently large enough to enable
the targeted applications with the added benefit of excellent
photoswitching properties. Based on our structure/property
analysis, in conjunction with data from the hydrazone-
based dopants, the importance of dispersion interactions and
structural similarity with the host LC in designing chiral

dopants with large β values is becoming evident. Overall, the
works showcases the promise of triptycene as a new chiral
scaffold in the photoswitchable LC and adaptive materials
toolbox.
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