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Quantification of photoinduced order increase in liquid crystals with naphthopyran guests
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Photoinduced order-increasing phase transitions can occur in dye-liquid crystal mixtures when the photoproduct
of the excitation of the dye molecules is more compatible with the liquid crystalline medium than the initial
dye species. A detailed investigation of the photoinduced changes of the phase behavior and optical properties
of mixtures of liquid crystals with naphthopyran guests upon exposure to light at 365 nm is presented here. In
these guest-host systems, the nematic-to-isotropic phase transition temperature is increased upon irradiation. We
show that the nematic range can be extended up to 2.9 °C by illumination in 5CB (4-n-pentyl-4′-cyanobiphenyl)
liquid crystal mixtures. The order parameter is significantly increased by illumination at all temperatures within
the nematic range and the changes are larger at higher concentrations of the guests. In particular, the illuminated
guest-host mixtures exhibit order parameters close to those of the neat liquid crystal host at the same temperature
relative to the clearing point. An improved understanding of the photophysical processes taking place at the
molecular level in these material systems can inform the design of photoresponsive materials and enhance their
potential utility in optical or photonic devices.
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I. INTRODUCTION

The ability of nonmesogenic azobenzene dyes to affect
the order and orientation of liquid crystal (LC) materials
has been exploited in numerous electro-optic and photonic
devices that can be remotely controlled by light [1–3].
Azobenzene compounds with liquid crystal phases have also
been developed and can be used by themselves or in mixtures
with nonphotosensitive LCs [4–8]. The photoinduced trans-
to-cis or cis-to-trans isomerization of the azobenzene moiety
drives these applications. In addition to a direct change
in the optical properties of the azobenzene molecules with
photoisomerization, the different shape of the trans and cis
isomers can lead to different compatibility and solubility in
ordered media like rod-shaped calamitic liquid crystals [9,10].
Trans-azobenzene has a rodlike shape, similar to that of the
rigid portion of traditional calamitic LCs and when mixed
in an ordered phase tends to align with the LC director,
having relatively little effect on the order of the system. The
cis isomer has a bent shape that is less compatible with the
LC environment and reduces the stability of the system. In
general, this is reflected in a change in the clearing point or
phase transition temperature of the azobenzene-LC mixture
upon irradiation (Fig. 1) [5,9]: If the transition temperature
between an ordered and disordered phase of an LC containing
a fraction of trans-azobenzene (composition a) is Ta , after
the material has been exposed to light and part or all of the
azobenzene is converted to the cis conformation (composition
b), the transition temperature is depressed such that Tb < Ta .
Similarly, for liquid crystalline azobenzene derivatives, the
transition temperature is lowered when trans isomers are
converted to cis isomers. If composition a is initially held
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at temperature T ′ with Tb < T ′ < Ta , exposure of the sample
to light at an appropriate wavelength converts composition a

into composition b and the system undergoes a phototropic
transition to the isotropic phase. Isothermal order-to-disorder
transitions are well documented for LC mixtures prepared
with azobenzene guests (as well as azobenzene derivatives
that are inherently liquid crystalline [5,6,8,11]) and changes in
transition temperature on the order of tens of degrees Celsius
have been reported [4,12]. Decreases in transition temperatures
with UV exposure have also been observed in stilbene-based
LCs [13]. Various concepts of photoswitchable LC devices are
based on this light-induced phase change effect [1]. Separate
classes of photoresponsive devices containing azobenzenes
utilize the change in intermolecular interactions as a way to
tune the pitch of the chiral LC phase [10,14] or to modulate
the orientation of the LC medium [15].

For some applications, access to materials that exhibit the
opposite behavior, where light can induce a change from a
disordered to an ordered phase, would be beneficial. With
reference to the scheme in Fig. 1, in this class of materials,
the thermodynamically stable system is composition b and
this is photoconverted to composition a. At temperature T ′
with Tb < T ′ < Ta , the system is initially isotropic but an
ordered nematic phase appears as b transforms into a under
illumination.

Few examples of materials exhibiting this order-increasing
phototropic behavior have been reported [16]. Kurihara et al.
have achieved a nematic-to-isotropic phase transition in 5CB
doped with a spiropyran derivative at the reduced temperature
of 1.005 (relative to the transition temperature of the stable iso-
mer) [17]. In spiropyrans, photoexcitation with UV light leads
to a ring-opening intramolecular reaction and a photoisomer
with a merocyanine form, which is more planar and compatible
with the LC medium than the initial form. Allison and Gleeson
have studied a series of thiophene and furan fulgides [18].
These compounds undergo a ring-closure reaction under UV
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FIG. 1. Illustration of phototropic order-decreasing and order-
increasing phase transitions. Two compositions, a and b, are shown,
exhibiting a nematic phase below temperatures Ta and Tb, respec-
tively. At temperature T ′ with Tb < T ′ < Ta , a phototropic phase
transition can be induced if composition a is photoconverted to b or
vice versa.

irradiation and when dispersed in the liquid crystal E7 were
shown to increase the nematic-to-isotropic phase transition
temperature by 0.1 to 1.2 °C. An order-increasing transition
has also been observed for a unique azobenzene-based system
where the pristine material exhibited a reentrant nematic phase
below a smectic-A phase. Exposure to UV light from the
reentrant phase led to the appearance of the smectic phase (due
to a change in transition temperature in the same direction as
discussed above for all azobenzenes), and thus an increase in
order [19].

More recently diaryl-2H-naphtho[1,2-b]pyrans were shown
to be efficient guests for achieving photoinduced order-
increasing transitions in LCs [20]. Naphthopyrans (or ben-
zochromenes) are photochromic dyes that are used in oph-
thalmic lenses [21,22]. The 2H-naphtho[1,2-b]pyrans have
the generic molecular structure shown on the left side of
Fig. 2 (other classes of naphthopyrans exist, depending on
the relative arrangement of the fused rings) and they are
typically colorless in this form (pyran form or closed form).
When irradiated with UV light, the molecules undergo a
ring-opening reaction and one or more colored photoisomers
are produced having a merocyanine form differing in the
conformation of the single and double bonds in the conjugated
bridge [23–25]. Two possible merocyanine forms (or open
forms) of 2H-naphtho[1,2-b]pyrans are shown on the right
side of Fig. 2. The process is generally reversible in the dark,
with relaxation times and rates of interconversion between the
various isomers that depend on the type and position of the
substituents [24,26].

Recent work has shown light-induced transitions from
the isotropic to the nematic state, from the nematic to the
smectic-A state, and from the isotropic to the chiral nematic
state with certain diaryl-2H-naphtho[1,2-b]pyran guests in LC
hosts [20]. In the study reported here, the temperature range for

FIG. 2. General structure of (left) the ground state of a diaryl-2H-
naphtho[1,2-b]pyran (closed form) and (right) two photogenerated
colored isomers (open forms).

phototropic disorder-to-order phase transitions is examined in
greater detail. The photoinduced isotropic-to-nematic phase
transition was found to shift to higher temperatures by
increasing amounts when the guest content was increased, up
to about 2.9 °C. In order to better understand the phenomenon,
we also investigated the effect of the photoisomerization of the
guests on the order of the LC system away from the transition
temperature. A significant isothermal increase in order was
observed in the nematic phase of the guest-host systems as a
result of UV illumination, partly compensating for the impurity
effect of the naphthopyrans on the LC medium.

II. EXPERIMENTAL METHODS

Two guests in the 2H-naphtho[1,2-b]pyran class, G-1 and
G-2 (Fig. 3) [27–29], were investigated. These molecules have
the same core and biphenyl pendant group and differ in the
aryl substituents at the 2 position of the pyran ring. The
structural differences in these molecules shift the position of
the absorption band of the open-form conformer. Compound
G-2 was the primary focus of the previous investigation [20].
In all of the experiments reported here, the liquid crystal host
was 4′-pentyl-4-biphenylcarbonitrile (5CB), which exhibits a
nematic-to-isotropic phase transition around 35 °C [30]. The
guests are soluble in 5CB up to approximately 5%, enabled
primarily by the presence of the alkyl-biphenyl substituent.

Solution measurements in isopropanol were conducted in
1-mm quartz cuvettes. LC cells with homogeneous alignment
were used for all other experiments. These were fabricated
from two ITO-coated glass substrates, subsequently coated
with polyimide layers that were rubbed in antiparallel direc-
tions, and sealed with optical adhesive that included 9–10-μm
spacers. The LC mixtures were vigorously stirred while in the
isotropic phase before filling the cells. The guest content, f ,
is reported throughout as percentage by weight (wt %).

Room temperature spectroscopic measurements were con-
ducted on an Agilent Cary 5000 spectrophotometer. Mea-
surements as a function of temperature or in the presence of
irradiation at 365 nm were undertaken within a custom-built
spectrometer system consisting of a white light source (halo-
gen lamp), optical fibers, lenses, and a linear charge-coupled
device (CCD) sensor (Ocean Optics USB2000 or USB2000+).
Two Glan-Laser calcite polarizers were placed before and after
the sample to control the polarization state of the probing light.
The sample temperature was controlled using a heating stage
(HCS402, Intec) and all temperature-dependent measurements
were recorded on heating at the rate of 1.0 °C/min.

The source of UV light was a Novacure 2100 lamp (Exfo)
with a 365-nm band-pass filter. The UV beam formed an angle
of ca. 20° with the white probe beam and had a diameter of
approximately 25 mm at the sample. The diameter of the white
light probe upon the sample was 7 mm. The irradiance for the
UV light incident on the front substrate of the LC cells was
9 mW/cm2 (due to reflection losses, the irradiance at the front
face of the LC mixture was slightly less).

Birefringence at room temperature was measured following
the method of Wu et al. [31], wherein the transmittance
of an LC cell with its rubbing direction, R, at 45° with
respect to the polarizer was measured with crossed and parallel
polarizers. In addition, the voltage-transmittance curve for
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FIG. 3. Molecular structure of (a,b) the two guests considered in this study and (c) the liquid crystal host, 4′-pentyl-4-biphenylcarbonitrile
(5CB).

the homogeneous-to-homeotropic transition was measured
when applying a potential difference across the cell [32].
We fitted the experimental results in the visible range to
a three-parameter Cauchy expression for the birefringence
dispersion:

�n(λ) = A1 + A2

λ2
+ A3

λ4
(1)

where �n(λ) is the birefringence at wavelength λ and Ai are
constants.

Using the Vuks approximation, the relationship between
the refractive indices of an LC and the order parameter S can
be written as [33,34]

n2
e − n2

o

〈n2〉 + 2
= N (α‖ − α⊥)

3ε0
S, (2)

where no and ne are the ordinary and extraordinary refractive
indices, respectively, 〈n2〉 = (n2

e + 2n2
o)/3, N is the number

of molecules per unit volume, ε0 is the vacuum permittivity,
and α‖ and α⊥ are the molecular polarizabilities parallel
and perpendicular, respectively, to the long axis of the LC
molecules (assuming cylindrical symmetry; their value is in-
dependent of the order). Using �n = ne − n0 and introducing
〈n〉 = ne + n0, Eq. (2) can be rewritten as

�n = 〈n2〉 + 2

〈n〉
N (α‖ − α⊥)

3ε0
S. (3)

The two forms of the average refractive index in Eq. (3),
〈n2〉 and 〈n〉, generally have a weak temperature dependence
(each has been shown to decrease linearly with temperature
with a small slope [35]) and, to a first approximation, the first
fraction in the above equation is constant over the temperature
range of our experiment (<20 °C). Similarly, the change in
number density can be neglected over this temperature range.
We can further assume that α‖ − α⊥ is approximately the same
for all samples away from guest resonances, because the guest
is present at low concentration. Equation Eq. (3) then becomes

S = K(λ0)�n(λ0), (4)

where K(λ0) is constant over the temperature range and sample
compositions for any given wavelength. Using the value
reported in the literature for 5CB at 25 °C of S = 0.55 [36]
and the birefringence value measured at λ0 = 700 nm at
the same temperature results in K(700 nm) = 0.55/0.1688 =
3.258 [37].

III. RESULTS AND DISCUSSION

A. Optical properties of G-i–5CB mixtures at room temperature

The lowest-energy electronic transition for G-1 and G-2
in 2-propanol is observed around 340 nm (Fig. 4, solute
concentration <5 × 10−4 M). For 2,2-diaryl-2H-naphtho[1,2-
b]pyrans, the position of this band and its shape depend on
the core substituents and the solvating environment [24]. In
the same solvent, 5CB exhibits an absorption maximum at
280 nm and has negligible absorption above 330 nm (Fig. 4).

The lowest-energy absorption band of G-1 and G-2 remains
approximately in the same position when either guest is mixed
with 5CB and measured in LC cells, as shown in Fig. 5.
These spectra are not corrected for reflection losses, which are
responsible for the nonzero baseline at long wavelengths. For
the cell thickness and compositions used in these experiments,
only very weak absorption due to 5CB at 365 nm is present,
confirming this is an effective excitation wavelength for the
guest molecules. All samples were in the nematic phase at
room temperature.

The birefringence of the G-i–5CB mixtures in homoge-
neous cells was measured in the visible range at room tempera-
ture (Fig. 6). The result for neat 5CB at 589 nm, �n(589 nm) =
0.178, is in acceptable agreement with literature values,
0.184 [36], 0.1786 [38], and 0.1779 [35]. This suggests that
our experimental setup should provide birefringence estimates

FIG. 4. Absorption spectra of the LC host and of the naph-
thopyran compounds G-i in dilute solutions. Solvent: isopropanol,
concentration <5 × 10−4 M.
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FIG. 5. Absorption spectra of mixtures of G-i in 5CB at three concentrations in LC cells of ∼10 μm thickness: (a) G-1; (b) G-2. The
spectrum of a cell containing only 5CB is included for comparison (solid line). The samples were probed with unpolarized light at room
temperature. The data are reported in absorbance units.

accurate enough for comparisons between samples of different
compositions or for monitoring temperature dependences. Fig-
ure 6 indicates that the birefringence decreases monotonically
with an increase in guest concentration. The changes are larger
in magnitude for the G-1 system, with values at 700 nm being
reduced from 0.169 for 5CB to 0.127 at f = 3.9%. From these
results, the order parameter for the mixed systems at room tem-
perature can be obtained from Eq. (4) (Fig. 7, open symbols). S
decreases with increasing guest content for each guest species
albeit in differing magnitudes. The decrease in order parameter
is an indication that the guests are acting as impurities in the
LC mixtures, partially disrupting the order of the LC host.

To test whether G-i molecules assume a preferential
orientation in the LC host, absorption spectra were also
measured with light polarized parallel and perpendicular to
the rubbing direction, R. We found that the absorbance of all
samples was larger for the parallel polarization case (for the

4% samples, see Fig. 8, solid lines; absorbance values as a
function of guest content for various polarization conditions
are reported in Fig. SM1 of the Supplemental Material [39]).
The dichroic ratio, D, defined as D = AP ‖R/AP⊥R (where
AP ‖R and AP⊥R are the absorbances measured when the
polarization of the light incident on the sample is parallel
and perpendicular, respectively, to R), was not constant but
also decreased with increasing guest concentration. For the
lowest-energy absorption band of G-1 in the dark, we obtained
values of D = 2.95 at 1.2% and D = 2.31 at 3.9%.

The value of the dichroic ratio can be used to determine the
order parameter for the guest molecules in the mixtures from

Sg = D − 1

D + 2
(5)

[the subscript g on S is used to differentiate this guest-based
estimate from that obtained from the birefringence through

FIG. 6. Birefringence dispersion for the G-i–5CB mixtures in cells with planar alignment at room temperature. (a) G-1; (b) G-2.
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FIG. 7. Order parameter for G-i–5CB mixtures in the dark and at
room temperature as a function of guest content, as measured in LC
cells with homogeneous alignment. Open symbols: S values obtained
from the mixture’s birefringence at 700 nm; filled symbols: Sg values
from the dichroic ratio of the guests. The estimated uncertainty in the
values of S and Sg is also shown.

Eq. (4)]. As indicated in Fig. 7 (filled symbols), the trend in Sg

with guest concentration is similar to that of S obtained from
birefringence, although S > Sg in all cases. If the angular
distribution of the guest and host molecules orientation is
similar, the angle θ between the transition dipole moment
of a guest molecule and the LC director can be estimated
from the values of S and Sg [40]. The data in Fig. 7 yield
θ = 23◦−27◦. The decrease in order observed in the mixtures
is a consequence of the unfavorable intermolecular interactions
between the host and guest molecules. Because of the change
in order with composition, the absorbance of G-i measured
with linearly polarized light exhibited a sublinear increase as
a function of guest content (Fig. SM1 [39]).

B. Phase diagrams without and with UV exposure

The primary goal of this study was the determination of
the effect of conformational changes of the guest molecules
on the stability of the ordered phase. The temperatures for
the transition from the nematic to the isotropic phase TNI ,
determined while heating the samples at a constant rate and
monitoring the transmission with R at 45° with respect to
crossed polarizers, are shown in Fig. 9. For 5CB, the measured
TNI was 35.5 °C, in good agreement with the literature [30].
All guest-host samples in absence of UV exposure exhibit a
nematic phase. In these samples, we observed that the nematic
and isotropic phases coexist over a narrow temperature range
between the ordered and disordered states. Coexisting phases
are often observed in mixtures of mesogens or of mesogenic
and nonmesogenic molecules [41] and have been described
theoretically [42]. The onset of this mixed region during
heating is usually characterized by the appearance of small
isotropic droplets within the nematic domain. With increasing
temperature, the droplets increase in size, then merge and
finally extend to the whole sample. In our experimental
configuration, we identify the onset of the TNI transition,
TNI (onset), as the temperature at which the magnitude of the
transmittance maxima under cross polarizers starts to decrease
due to scattering from the droplets. The temperature at which
the maxima of the transmission spectra are indistinguishable
from the zero baseline was identified as the end point of the
transition range, TNI (end) (one example of changes in spectral
features is shown in the Supplemental Material, Fig. SM2
[39]). TNI (onset) and TNI (end) for the mixed samples are
lower than the TNI of 5CB [43]. The decrease in transition
temperature is approximately linear with guest content and the
values are similar for G-1 and G-2. The depression of the tran-
sition temperature is a manifestation of the impurity effect. The
temperature range of the mixed phase TNI (end) − TNI (onset)
increases with guest content and is slightly larger than 2 °C at
f = 4% (the value is expected to depend on the heating rate).

FIG. 8. Absorption spectra of G-i in 5CB (ca. 4% guest concentration) measured in LC cells of ∼10 μm thickness with light linearly
polarized parallel and perpendicular to R: (a) G-1; (b) G-2. Solid lines: measurement in the dark; dashed lines: measurement during exposure
at 365 nm, 9 mW/cm2. The contribution of 5CB to the measured signal has been subtracted from all spectra and the data are reported in
absorbance units.
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FIG. 9. Nematic-to-isotropic transition temperature of G-i–5CB mixtures in planar LC cells as prepared (dark; rectangles with striations
from bottom left to top right) and during UV exposure to 365-nm light (rectangles with striation from top left to bottom right). For each sample
and conditions, the bottom of a rectangle in the graph represents TNI (onset); the top of the rectangle TNI (end). Data obtained on heating of the
samples at 1.0 °C/min: (a) G-1; (b) G-2. The error bars for TNI (onset) and TNI (end) are shown for the 4% sample on the right side of the actual
data. The uncertainty in the temperature values is the same for the other samples.

When these mixtures are illuminated with 365-nm light,
a fraction of the guest molecules are interconverted to the
open form, which has a strong absorption band in the visible
range, peaking at 500 nm for G-1 and 610 nm for G-2 (see
Fig. 8, dashed lines, for steady-state spectra at f = 4%). For
these samples, a steady-state population of the photoisomer
is obtained in 10–20 s of exposure in the temperature range
25 °C–35 °C (see Supplemental Material, Fig. SM3 [39] for
examples of isothermal photoconversion dynamics in G-1
at 25 °C and 35 °C) [44]. When the UV light is turned off,
the molecules relax back to the closed form. The relaxation
rate is temperature dependent and for G-1 the open-form
decay is complete in about 150 s at 25 °C and 30 s at
35 °C. A complete analysis and discussion of switch-on and
switch-off times for these materials systems will be reported
separately. For experiments during a heating ramp, the samples
were exposed to UV light for a few minutes at the initial
temperature, to allow steady-state conditions to be reached
before the start of the heating step. No changes in the spectra
of the cell with neat 5CB are observed. For each guest-host
sample, both TNI (onset) and TNI (end) increase under UV
exposure (Fig. 9, rectangles with stripes oriented from top
left to bottom right). This is consistent with the interpretation
that the open-form configuration of the guest molecules has
a more energetically favorable interaction with the ordered
liquid crystal environment than the closed form [20]. The
magnitude of the shift in transition temperature increases
with guest concentration. The largest change measured for
9 mW/cm2 exposure was observed for the 3.9% G-1 sample,
with �TNI = TNI−UV(onset) − TNI−dark(onset) = 2.9 ◦C. The
width of the mixed region for any of the compositions was
found to be smaller for the exposed sample than for the sample
in the dark, also suggesting better compatibility of the open-
form molecules with the liquid crystal host. The experimental
findings also show that some of the samples exhibit an overlap
between the mixed phase existence range in the dark and

with UV exposure [i.e. TNI−dark(end) > TNI−UV(onset); see
crosshatched regions in Fig. 9(b)]. This poses a limitation for
the use of these materials in practical applications, as it may
reduce the dynamic range of a device (either the initial or
photoinduced final state would have a mixed phase).

A brief comparison of these results with those of previously
investigated materials that exhibit photoinduced disorder-to-
order transitions helps put these findings in perspective. In
the pioneering work by Kurihara et al. [17], an isothermal
phase transition in a spiropyran-5CB sample was observed
at a reduced temperature of 1.005, corresponding to �TNI �
1.5 ◦C. The lower limit is smaller than the �TNI value obtained
for the 4 wt % G-i samples. The material described in Ref. [17],
however, performed better than G-i–5CB if samples with the
same guest content are compared. The largest �TNI reported
by Allison and Gleeson [18] was 1.2 °C for a thiophene fulgide
at 2 wt % in the host E7 (reduced temperature = 1.004),
comparable to our results at the same guest concentration.

C. Changes in order parameter with composition and exposure

In this final section, the effect of the presence of naph-
thopyran conformers on the order of the samples away from
the transition temperature is examined. This was accomplished
by determining the effective birefringence of the samples as a
function of temperature with and without UV illumination
using a simplified approach (the method is described in
the Supplemental Material and birefringence data for G-1-
containing samples are given in Fig. SM4 [39]) and then
converting the birefringence to order parameter values using
Eq. (4).

The results for the G-1–5CB sample with f = 2.4% in
the dark are given in Fig. 10 (solid triangles). The order
parameter progressively decreases with increasing temperature
from 0.47 at 25 °C to 0.32 at the TNI−dark(onset). This trend
of decreasing S approaching TNI is typical for the nematic
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FIG. 10. Order parameter as a function of temperature for a 2.4% G-1–5CB mixture in a ∼10-μm planar LC cell. Filled triangles: sample
in the dark (S from birefringence); open triangles: sample during exposure to 365-nm light (from birefringence). The corresponding data (from
birefringence) for neat 5CB are included for comparison (filled squares). For the G-1–5CB mixture with UV exposure, the order parameter Sg

estimated from the dichroic ratio of the guest open form is also included (crosses). All data obtained on heating of the samples at 1.0 °C/min.
(a) Absolute temperature scale; (b) temperature scale relative to TNI (onset) of each sample and illumination condition.

phase of rodlike molecules. Previous modifications of the
Landau–de Gennes theory for the nematic-isotropic phase
transition lead to the following expression for the order
parameter for T < TNI [41,45]:

S = B(T ∗ − T )β, (6)

where β = 1/4, B is a constant, and T ∗ is a critical temperature
close to but above TNI (the temperature at which S would reach
zero if Eq. (6) were valid above TNI ). S = 0 for T � TNI .
Experimentally, many LCs follow this power law over the full
nematic range with β = 0.18 − 0.23 [34]. Our results for 5CB
show the same general behavior (solid squares in Fig. 10)
and are in good agreement with the literature data [36,46].
The qualitative agreement supports the use of the simplified
method for the birefringence estimate. At every temperature
in the nematic range, S is significantly smaller for G-1–5CB
than for neat 5CB.

The order parameter has the same trend with temperature
when the G-1–5CB sample is illuminated [open triangles in
Fig. 10(a)]. Because of the photoinduced shift in transition
temperature, the order parameter curve for the UV-exposed
sample is located between that of the same sample before
illumination and neat 5CB. If the sample were to be held
at any fixed temperature below TNI−dark(onset), exposure to
UV light would always lead to an increase in the local order
of the sample. For example, at 28.0 ◦C, S = 0.42 for the
sample in the dark and S = 0.48 with exposure to UV light at
9 mW/cm2 (after steady state is reached). The corresponding
change in birefringence at 700 nm is 0.018. These order and
birefringence changes are significant and comparable to those
between samples at different G-i content in the series.

In a separate measurement, the absorption spectra in the
visible range of the f = 2.4% G-1 sample were collected
during heating at the same constant rate (1 °C/min) and
with exposure to UV light, for polarizations of the probing

light parallel and perpendicular to R. From these spectra, the
dichroic ratio for the G-1 open form and the corresponding
Sg [from Eq. (5)] were determined. Figure 10(a) shows that
the Sg values (shown as crosses in the graphs) are in very
good agreement with the birefringence-derived S values (open
triangles) for the same exposure conditions. The similarity in
magnitude of S and Sg (and not only in their trends, as was the
case for the samples in the dark; see Fig. 7) implies that the
transition dipole moment of the guest molecules in the open
form is approximately parallel to the liquid crystal director.

The same data can be graphed on a relative temperature
scale where the zero of the abscissa is TNI (onset) for each sam-
ple and exposure condition [Fig. 10(b)]. The order parameter
for the G-1-containing sample in the dark is slightly smaller
than for 5CB at the same relative temperature. However,
when the sample reaches the steady state under UV exposure,
the S trace very nearly overlaps that of the neat 5CB. This
match implies that the open-form isomers are more compatible
with the LC medium than the closed-form ones and their
presence compensates for the loss of order due to the residual
concentration of closed-form molecules (as mentioned above,
the photoconversion is not complete).

It should be mentioned that in Ref. [18], Allison and Glee-
son measured the order parameter as a function of temperature
for E7 doped with photoresponsive fulgide derivatives. They
found that all the samples exhibited the general behavior of
Eq. (6), with slightly smaller S values for the doped samples
relative to E7. However, no changes were detected when the
samples were irradiated relative to the samples in the dark.
This is different from the response of the G-1–5CB mixtures
shown in Fig. 10. This could indicate that the nature of the pho-
toinduced changes are different in the two classes of guests or
that in Ref. [18] the changes in order were too small to resolve.

Other compositions were investigated and the same general
behavior was observed in all G-i–5CB samples; specifically an
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FIG. 11. Order parameter S as a function of relative temperature
[T –TNI (onset)] for G-1–5CB mixtures with various guest content
during UV illumination: 1.2% (circles); 2.4% (upward triangles);
3.9% (downward triangles). Values of S for 5CB are included for
comparison (solid squares).

increase in order parameter was observed when the samples
were exposed to UV light in the nematic range. On a relative
temperature scale, the order parameter of all the exposed
samples is close to that of 5CB (see Fig. 11 for G-1–5CB
and SM4 [39] for 4.0% G-2–5CB). The results suggest that
a similar local environment in the photostationary state is
reached irrespective of the initial guest content, resembling
that of 5CB. The change in properties from the dark state to
the steady state becomes larger with guest concentration.

The photoinduced increase in order is common to all
G-i samples tested and we expect it to be observable in
other naphthopyran derivatives apart from G-1 and G-2. The
magnitude of the changes in transition temperature (Fig. 9)
and the values of the order parameters of the samples in the
dark (Fig. 7) or under similar exposure conditions are different
for the two guests. This observation suggests that, while the
difference in geometry between the closed and open forms is
responsible for the effect, the interaction with the liquid crystal
environment is strongly influenced by the side groups attached
to the naphthopyran core. Investigations on a larger number of
molecules could allow determining whether steric effects or
the substituent charge distribution have a dominant influence
on the local order in the dark and the photostationary state.

It was mentioned in the previous section that when the
UV light is turned off, the naphthopyran molecules relax
back to the ground-state closed form. After the UV exposure
during the heating experiments discussed above, the samples
were cooled to room temperature and their optical properties

compared with those they exhibited before UV exposure. In
the case of G-1, the initial state was completely recovered and a
subsequent UV exposure resulted in the same photostationary
state (Supplemental Material, Fig. SM6a [39]). For G-2,
however, a small change in birefringence was observed for
the sample before and after UV exposure (Fig. SM6b [39]).
The change could be due to photodegradation of the sample.
To quantify the changes, fresh samples were exposed to
UV light for extended periods of time under conditions
comparable to those used for the other experiments in this
section (Supplemental Material, Fig. SM7 [39]). It was found
that the absorbance in the open-form absorption band of G-1
changes by less than 1% over 10–15 min, the duration of the
typical heating step. For G-2, larger changes were observed,
on the order of 6%–9% over the same period. Due to the
reduced stability, G-2-containing samples were refreshed after
each heating with UV exposure experiment. Photodegradation
due to UV exposure is known to occur in other photochromic
molecules. The origin of the UV-induced photodegradation
in samples containing G-i is not known at this stage, but it
could be due to photoinduced side reactions, the presence of
impurities in the guest or host, or singlet oxygen sensitization.

IV. CONCLUSIONS

Naphthopyran-doped 5CB mixtures become more ordered
when exposed to UV light due to compatibility differences
of the closed and open form of the guest molecules with
the rod-shaped molecules of the liquid crystal host medium.
The nematic phase of the guest-host systems is extended to
higher temperatures when the samples are exposed to UV light.
At the highest concentration tested, the change in transition
temperature is between 2 °C and 3 °C for two separate guest
molecules, which is larger than previous reports for order-
increasing phototropic compounds. The increase in order with
exposure to UV light extends throughout the nematic phase
and is larger for a higher concentration of the guest molecules.
On a relative temperature scale, the order parameter trace of
samples containing a significant fraction of guest molecules
in the open form, as obtained by illumination with UV light,
almost overlaps with that of the 5CB host, partly canceling the
impurity effect. Because of the different transition temperature
and order for samples in the dark and under UV illumination,
large isothermal photoinduced changes in birefringence can
be obtained.
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