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ABSTRACT: Förster resonance energy transfer (FRET) is important, not only
in the fields of biology and biophysics but also in optoelectronics and light
guiding systems. Different matrixes are being investigated that facilitate FRET,
including zeolites and metal−organic frameworks. In this work, a matrix for
FRET generation is proposed: nanoporous liquid crystal networks. These liquid
crystal networks can be easily processed and can align dichroic fluorescent dyes.
A base treatment can create nanopores in the network, which are then able to
absorb a second fluorescent dye in an aqueous phase while still retaining good
alignment. Using lifetime measurements, we provide proof that even in this
nonoptimized system, around 70% of the energy was transferred via the FRET
mechanism from one dye to the other. Liquid crystal networks have many
advantages over current matrixes as they are easy to fabricate as well as flexible
and could be modified to selectively and reversely absorb dyes, allowing many applications.

KEYWORDS: FRET (Förster resonance energy transfer), liquid crystal, smectic, luminescence, light control

■ INTRODUCTION

Nature has developed intricate light harvesting and energy
transport systems, distributing the collected energy to specified
locations for performing a variety of functions, including
photosynthesis.1 In such systems, light is collected by
absorption by one organic molecule, and the energy is
transported to a distant reaction center for further process-
ing.1−4 Energy transfer in photosynthetic systems is dependent
on the spatial and energetic landscapes that dictate the relative
coupling strength between constituent chromophores.1

One way to transfer energy between different fluorescent
dyes is via using Förster resonance energy transfer (FRET).5

FRET is an important physical phenomenon whose
applications have expanded tremendously in the past 30
years, especially in the biological and biophysical fields.6−8

Additional applications include optoelectronics,6,9 microfluidic
sensors,10 reducing Stokes shift losses in luminescent solar
concentrators,11,12 and slowing the effects of photodegradation
in dyes.13

There are a few criteria that must be satisfied for FRET to
occur efficiently between two molecules: (1) the fluorescence
emission spectrum of the donor and absorption spectrum of
the acceptor need to overlap,9 (2) the donor and the acceptor
need to be in close proximity to one another, typically 1−10
nm,9,14,15 (3) the transition dipoles of the donor and acceptor
need to be approximately parallel,6,9 and (4) the fluorescence
lifetime of the donor must be sufficiently long to allow FRET
to occur.6

It would be desirable to generate FRET by bringing donor
and acceptor molecules into close contact without relying on
high concentrations to minimize the distance between the
molecules,15,16 but not only from a cost perspective: in
biological sensing applications, for example, one prefers to
deploy the minimum dose of foreign species in the living
system.7,10 High concentrations of dyes in light control systems
may also result in strong reabsorption of emitted light, leading
to reduced efficiency.11 Furthermore, the solubility of the dyes
in the host medium is often limited, so higher concentrations
are often not even possible.17 Current techniques to minimize
the distance between the luminophores without relying on
high doping concentrations are by physically linking the
interacting molecules18 or incorporating them in highly aligned
structures19 such as metal−organic frameworks (MOF),20,21

zeolites,22,23 or other materials.24,25

In this work, we propose a new way of bringing two dyes at
low concentrations into close proximity in a controlled manner
for efficient FRET generation by using a self-assembling, all-
organic flexible network with aligned fluorescent molecules in
liquid crystal (LC) host films containing reversible channel
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structures. By opening the channels using a base treatment, we
created nanopores in the LC film which allow absorption of a
second fluorescent dye, bringing the two dyes in close
contactone in the LC network and one in the channel.
Liquid crystal networks (LCNs) have shown to be able to
selectively absorb26 and align organic dyes,27,28 and even
facilitate FRET,12,29,30 but never has the selective absorption
been combined with the alignment of a second fluorescent dye
for the purpose of FRET generation.

■ EXPERIMENTAL SECTION
Monomer 1 (1,4-phenylene bis(4-(6-(acryloyloxy)hexyloxy) ben-
zoate) and monomer 2 (4-(6-acryloyloxylhexyloxy)benzoic acid)
were supplied by Synthon Chemicals. The photoinitiator (1-
hydroxycyclohexylphenyl ketone) was obtained from Ciba Specialty
Chemicals, and the thermal inhibitor (p-methoxyphenol) was from
Sigma-Aldrich. These chemical structures are shown in Figure 1. Dye

1 (DFSB-K160, a coumarin derivative from RiskReactor), Dye 2
(Rhodamine B, ≥95% (HPLC), obtained from Sigma-Aldrich), and
Dye 3 (fluorescein, 95%, obtained from Sigma-Aldrich) were used as
received. Dye 2 is water-soluble and exists in a protonated acidic or an
unprotonated zwitterionic salt form at pH 2 and 8, respectively.31−33

An LC mixture was made based on the literature34,35 with
monomers 1 and 2 in a 50/50 w/w ratio. Additionally, 0.2 wt % of
Dye 1, 0.5 wt % of the photoinitiator, and 0.2 wt % of the thermal
inhibitor were added.11,35

Glass plates of 3 × 3 cm2 were cleaned, and a layer of planar
polyimide (OPTMER AL 1051, JSR Corporation, Tokyo, Japan) was
spin-coated (Karl Suss RC8, 40 s at 5000 rpm) onto the cleaned glass
plates. After spin-coating, the glass plates were baked for 1.5 h at 180
°C and rubbed over a velvet cloth to induce planar alignment. Cells
were fabricated by gluing two rubbed plates together with glue
containing 20 μm glass spacer beads in an antiparallel fashion with a
small offset at the edges.
Cells were filled with the LC mixture in the isotropic phase at 120

°C by capillary action. After filling, the cells were cooled to 107 °C
and then slowly cooled to 95 °C (smectic phase A)36 at 1 °C/min
(see Figure S1). The LC mixture was photopolymerized at 95 °C by
using a high intensity UV-lamp (Omnicure EXFO, series 2000) at 2−
4 mW/cm2 for 10 min. After photopolymerization, the cell was
opened and a free-standing film was obtained.
The films were immersed in a 0.1 M potassium hydroxide (KOH)

solution for 1 h to open the hydrogen bonds and create a porous
structure.37 Thereafter, two different dye concentrations c1 and c2
(0.0014 and 0.0010 wt % of Dye 2 in water, respectively) were
allowed to infiltrate into the nanopores for 24 h.
A schematic overview of the process is shown in Figure 2.

Differential scanning calorimetry (DSC) was performed under a
nitrogen atmosphere by using a TA Instruments Q1000 DSC
equipped with an RCS90 cooling accessory. Polarized optical
microscopy (POM) studies were conducted on a Leica DM2700
microscope equipped with a Leica MC170 HD camera or on a Leica
DM 6000 M microscope with a Leica DFC420 C camera. The
absorption spectra were measured by using a PerkinElmer Lambda
750 UV/vis/NIR spectrophotometer equipped with a 150 mm
integrating sphere. Infrared (IR) spectra of the films were measured

by using a Varian 670-IR FT-IR spectrometer equipped with a golden
gate (an ATR accessory). 2D wide-angle X-ray diffraction (WAXD)
was performed with a SAXSLAB Ganesha diffractometer using Cu Kα
radiation (λ = 0.154 nm). The beam center and 2θ range were
calibrated via the diffraction pattern of silver behenate.

The fluorescence lifetime and photoluminescence (PI) spectra
were obtained with an Edinburgh Instruments LifeSpec-ps spec-
trophotometer with a Peltier cooled Hamamatsu microchannel plate
photomultiplier for detection and coupled to a 400 nm pulsed laser
(PicoQuant LDH-C 400, 2.5 MHz; PicoQuant PDL 800-B driver) for
the excitation of the analyte with power kept below 1 mW by using a
diaphragm. The fluence of a single pulse was 10−8 J/cm2. Confocal
microscopy was performed on a Leica DMi8 microscope equipped
with a Leica HC PL APO CS2 (20×/0.75 DRY) objective, three
lasers (405, 488, and 638 nm), a Leica hybrid detector (HyD), and a
normal photomultiplier (PMT) detector.

The fluorescence quantum yield of Dye 1 was determined with Dye
3 (fluorescein) as reference by using a FLS900 fluorescence
spectrometer from Edinburgh Instruments.

A transmission electron microscope (TEM) was used to obtain the
layer spacing of the LCN, calculated with fast Fourier transform
(FFT). The LCN was embedded in EMS Epofix embedding resin and
was cross-cut by using a Reichert-Jung Ultracut-E ultramicrotome set
to 70 nm thickness and 3 mm/s cutting speed. Slices were picked up
with an EMS perfect loop and placed on a continuous carbon TEM
grid, 200 mesh copper support. TEM imaging was performed under 4
μm defocus on a Tecnai 20, type Sphera, operating at 200 kV and
equipped with an LaB6 filament. The images were acquired with an
electron dose of 4 e− Å−2 per image on a 2k × 2k Gatan CCD camera.

■ RESULTS AND DISCUSSION
The fluorescent dyes chosen as the donor and acceptor should
have a good overlap of the emission spectrum of the donor
(Dye 1) and the absorption spectrum of the acceptor (Dye 2)
for FRET to occur. The donor chosen was a coumarin-based
dye (Dye 1) with a fluorescence quantum yield of >90% (see
Figure S2 and Table S1) with good solubility and alignment in
the LC host.30 The acceptor needed to be water-soluble with
good spectral overlap with Dye 1: as a model system, we
selected Rhodamine B (Dye 2, fluorescence quantum yield
(FQY) in water ∼20%).38 Coumarin/Rhodamine dye pairs
have been used previously in FRET pair studies.39 The
absorption and emission of the two dyes are shown in Figure 3,
from which it was calculated that Dye 2 can absorb ∼46% of
the emission spectra of Dye 1.

Figure 1. Chemical structures of monomer 1 (top), monomer 2
(bottom left), the thermal inhibitor (bottom center), and the
photoinitiator (bottom right).

Figure 2. Schematic overview of the porous film fabrication process:
(top left) the initial smectic aligned LC film containing aligned Dye 1;
(top right) polymerization by exposure to UV light. By exposing the
films to a KOH alkaline treatment, the hydrogen bonds are broken
(bottom right). Dye 2 is introduced in solution and competes out the
K+ in the channels of the LC film, bringing the two dyes in close
proximity to each other (bottom left).

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.0c00622
ACS Appl. Nano Mater. 2020, 3, 3904−3909

3905

http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00622/suppl_file/an0c00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00622/suppl_file/an0c00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c00622/suppl_file/an0c00622_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c00622?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c00622?ref=pdf


The fabricated films were flexible and could easily be bent by
hand without damaging the structures, as shown in Figure 4.

To confirm the formation and opening of the LCN nanopore
structure, the hydrogen bonds formed between the carboxylic
acid moieties of the monoacrylates were monitored with
Fourier transform infrared (FTIR). In Figure 5, one follows the
three sample preparation steps: immediately after polymer-
ization, after KOH treatment, and after infiltration of Dye 2.
The formation of the hydrogen bonds is monitored by the
1678 cm−1 peak, associated with the CO stretch vibration in
cyclic carboxylic acid dimers.35 After the alkaline treatment
with 0.1 M KOH for 1 h, the FTIR spectrum showed the
breaking of the hydrogen bonds and the formation of
carboxylic anions (COO− formation at 1539 and 1384
cm−1). The formation of carboxylic anions is accompanied
by the activation of the LCN and, therefore, the formation of
the anionic nanopores. After the infiltration of Dye 2, the
absorbance peaks at 1678 cm−1 increased again, indicating that
some hydrogen bonds re-formed, while the peaks at 1538 and
1383 cm−1 decreased, indicating that the number of carboxylic
anion groups decreased.
WAXD measurements were performed on the films after

polymerization, after base treatment, and after infiltration with
Dye 2 and show that the films are in the smectic C phase (see
Figure S3). POM confirms the ordering of LC in the film

retains smectic C order throughout the nanopore opening
procedure as reported earlier36 (see Figure 6).

Alignment of dyes in the LCN can be described by using the
order parameter, S, where S is defined as40

=
−
+

S
A A

A A2
par per

par per (1)

where Apar and Aper are the peak absorbance when the film is
exposed to light polarized parallel and perpendicular to the LC
alignment direction, respectively. The order parameter for Dye
1 was determined to be S = 0.3 and showed only minor
fluctuations (±0.03) during the entire process, indicating
alignment within the LCN. After infiltration it was found that
the disc-like Dye 2 did not align with the LCN nanopores (S =
0.05), but as this dye does not show alignment in LCN
matrixes, either,27 this result was expected. Ideally, one would
desire a dye that would align in a controlled way in the
nanopores, and future work will involve identifying such dyes.
TEM was used to study the layer spacing of the samples.

The red arrow in Figure 7a shows the alignment of the layers
of the LCN after infiltration with Dye 2. For a hydrogen-
bonded network with the same monomer composition,
literature reports a layer spacing of 3.8 nm for the polymerized
LCN and a layer spacing of around 3.4 nm after alkaline
treatment.35 Fast Fourier transform (FFT) of the TEM image

Figure 3. Normalized absorption (solid black line) and emission
(dotted black line) spectra of Dye 1 and normalized absorbance (solid
red line) and emission (dotted red line) spectra of Dye 2 in the LCN.

Figure 4. Photograph of a piece of a typical LCN film showing its
flexibility.

Figure 5. FTIR spectra of sample immediately after polymerization
(black line), after KOH treatment (violet line), and after infiltration of
Dye 2 (red line). Vertical blue lines denote the positions of H-bonds
(1678 cm−1) and carboxylate anions (1539 and 1384 cm−1).

Figure 6. POM photographs of the LCN at 500× magnification: (a)
after polymerization, (b) after base treatment, and (c) after infiltration
with Dye 2. The single arrow shows the alignment direction of the
substrate, and the crossed arrows represent the axes of the crossed
polarizers.
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(Figure 7b) resulted in an intermediate value 3.65 ± 0.02 nm,
which is expected, as after infiltration of Dye 2 the LCN has re-
formed some hydrogen bonds, resulting in a layer spacing
intermediate to the hydrogen-bonded and fully opened
networks.
The weight fraction of Dye 2 (w2) adsorbed in the network

was investigated by measuring the absorption of the Dye 2
solutions before and after soaking the samples and calculated
by

=
−

w
V c c M

M
( )

2
i a w

f (2)

where ci and ca are the concentrations of Dye 2 in the initial
solution [mol L−1] and after soaking, respectively, V is the
volume of the Dye solution [L], Mw is the molecular weight of
Dye 2 [g mol−1], and Mf is the weight of the film [g]. The Dye
2 concentration in the solution before and after absorption was
calculated from their absorption peaks and the Lambert−Beer
law. From these calculations it was estimated that film c1
contained 0.30 wt % Dye 2 and film c2 contained 0.26 wt % of
Dye 2, which are in the same range as the 0.20 wt % of Dye 1
present in the film.
Fluorescent confocal microscopy was used to estimate the

distribution of Dye 2 through the depth of an infiltrated
freestanding film. With two lasers, Dye 1 and Dye 2 could be
separately excited and the resulting fluorescence measured over
a 0.6 × 0.6 mm2 area. By comparing the dye penetration of
Dye 1 and Dye 2, we can evaluate the diffusion of the Dye 2
into the network, as Dye 1 is assumed to be evenly spread
through the network. The spectrum of a freestanding film with
0.73 wt % Dye 2 is shown in Figure S4: the distribution of the
measured fluorescence is relatively constant throughout the
film depth and follows the fluorescence of Dye 1 quite closely,
suggesting an equal distribution of Dye 2 throughout the
freestanding film depth.
The photoluminescence emission spectra of the films c1 and

c2 excited at 400 nm both show the characteristic emission
peaks of Dye 1 at 495 nm and of Dye 2 at 588 nm (see Figure
8). This indicates that there is energy transfer from Dye 1 to
Dye 2, as Dye 2 itself has almost no absorption at 400 nm (see
Figure 3).
To distinguish whether the energy transfer from Dye 1 to

Dye 2 is primarily due to FRET or simple reabsorption and
reemission events, fluorescence lifetimes were measured. In
Figure 9, the lifetime spectra of a film with only Dye 1 and two
films containing both Dye 1 and Dye 2 (c1 and c2) show that
the films containing Dye 2 have a faster decay in the lifetime.
The decay of the fluorescence can be described by a
biexponential function, and a nonlinear least-squares analysis

taking into account the finite instrument response yields the
following excited state lifetimes for Dye 1: for c1, 0.61 ns
(70%) and 1.85 ns (30%); for c2, 1.01 ns (49%) and 2.16 ns
(51%). From this, an average lifetime was calculated to be 0.98
ns for c1 and 1.60 ns for c2, while the lifetime for a system
containing only Dye 1 was 3.04 ns. The energy transfer
efficiency (E) was calculated via eq 3:41

τ
τ

= −E 1 DA

D (3)

where τDA is the lifetime of the donor in the presence of the
acceptor and τD is the lifetime of the donor in the absence of
the acceptor. From this, efficiencies for energy transfer via
nontrivial mechanisms of 0.7 for film c1 and 0.5 for film c2
were calculated, which are comparable to other non-liquid-
crystal-based systems.42,43 These results indicate significantly
more FRET transfer in the LCN with nanopores than when
the dyes are randomly mixed in an LCN film (see the
Supporting Information and Figure S5).

Figure 7. (a) TEM picture of the cross-cut of the LCN with the red
arrow showing the alignment direction of the nanopores and (b) FFT
of the TEM image showing the layer spacing of 3.65 nm.

Figure 8. Fluorescence emission spectra of films c1 and c2, each
excited at 400 nm, normalized to unit intensity for the first peak.

Figure 9. Normalized single photon counting measurement of the
fluorescence decay for a film a film containing only Dye 1 (black line)
and for film c1 (blue line) and film c2 (red line). Excitation with a
light pulse of 400 nm wavelengths and ∼100 ps temporal width.
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While we have demonstrated FRET between the LC-
embedded Dye 1 and the channel infiltrated Dye 2, the
performance of this dye coordination system could be
significantly improved. First, Dye 2 is a rather poor performing
dye; replacing it with one with higher FQY could have
considerable impact on emissions. It should also be possible to
compete out the infiltrated dye with other dyes which have
higher affinity for the nanopores or by changing pH to displace
the occupying dye,26,44 again increasing the system versatility.
Modification of the nanopore size, layer spacing,26,45 order-
ing46 and binding nature of the nanopore interior could allow
alignment of dyes within the channels, improving the degree of
control over the light emission directions.47 Better control of
directionality of light emission opens up potential applications
in solar energy,11 daylighting,48 and horticulture.49

■ CONCLUSIONS
A flexible organic host matrix for enhanced light control was
investigated. An aligned liquid crystal polymer network
containing a fluorescent dye was created. After opening the
nanopores in the network, a second fluorescent dye was
infiltrated. During these procedures the alignment and
ordering of the network remained constant. This network
was able to transfer almost 70% of the energy of the donor dye
in the liquid crystal to the acceptor dye in the channels via
FRET. Liquid crystal networks potentially provide many new
opportunities for sensing and light guiding purposes.
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Existing and Future Applications. Chem. Soc. Rev. 2011, 40 (2), 1081.
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