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ABSTRACT: Fully organic, radioluminescent crystalline colloidal
arrays (CCAs) with covalently incorporated emitters were
synthesized by using up to three organic fluorophores that were
Förster resonance energy transfer (FRET) pairs with each other.
The emitters were covalently incorporated into monodisperse
poly(styrene-co-propargyl acrylate) nanoparticles in various
combinations, resulting in blue-, green-, and red-emitting CCAs
when excited with an X-ray source. The negatively charged surfaces
of the monodisperse nanoparticles caused self-assembly into a
crystal-like structure, which resulted in a partial photonic bandgap
(i.e., rejection wavelength) within the near-visible and visible light
spectrum. When the rejection wavelength of the CCA overlapped its radioluminescence, the spontaneous emission was inhibited and
the emission intensity decreased. A poly(ethylene glycol) methacrylate-based hydrogel network was used to encapsulate the CCAs
and stabilize their crystal-like structure. Within the hydrogel, coupling the photonic bandgap with the radioluminescence of the CCA
films led to robust optical systems with tunable emissions. These fully organic, hydrogel-stabilized, radioluminescent CCAs possess
mechanochromic tunable optical characteristics with future applications as potentially less toxic X-ray bioimaging materials.

■ INTRODUCTION
X-ray bioimaging frequently requires toxic, heavy metal
contrast agents to produce an image; however, these heavy
metals possess various toxicity concerns that limit their
practical use.1−6 Fully organic, radioluminescent nanoparticles
utilizing organic scintillators offer a potential route to less toxic
X-ray imaging probes.7 Colloidal nanoparticles are favorable
for biological applications due to their high stability in aqueous
solutions and ability for modification.8,9 Pairing fully organic
colloidal nanoparticles with organic scintillators may lead to
less toxic X-ray imaging probes, as opposed to previously
designed nanoparticle probes functionalized with toxic imaging
agents.10−12

Crystalline colloidal arrays (CCAs) have long been of
interest due to their unique optical properties resulting from
the long-range ordering of the colloidal nanoparticles.13

Typically consisting of silica or polymer latex monodisperse
nanoparticles, negative surface charges result in Coulombic
repulsion forces that cause ordering into a crystalline structure
at a sufficiently high particle concentration in aqueous
media.14−16 The negatively charged surfaces of the nano-
particles induce self-assembly into the thermodynamically
favored lowest energy state, which in this work is a face-
centered-cubic (fcc) crystal structure.17 This periodic dielectric
array results in an appearance mimicking the naturally
occurring precious opal. The spatial periodicities result in
partial photonic bandgaps in which specific wavelengths of

light within the near-visible and visible spectrum are forbidden
from propagating through the material.18 The partial photonic
bandgap of the CCA can be adjusted through the near-visible
and visible spectrum by changing the interparticle spacing.13

Because of their adjustable selective light transmission, CCAs
can be used as detectors or optical rejection filters.19 In the
efforts to create advanced optical devices, fluorophores are
commonly paired with CCAs due to a CCA’s distinct ability to
modulate fluorophores emission via the partial photonic
bandgap.16,20 When a CCA’s partial photonic bandgap (i.e.,
rejection wavelength) overlaps the emission of an incorporated
fluorophore, the emission is suppressed at the rejection
wavelength. This well-known phenomenon occurs due to the
decreased density of optical modes at the bandgap.21,22

In this work, CCAs were functionalized with an organic
scintillator (anthracene) to introduce radioluminescent char-
acteristics into the optical system. Introducing an organic
scintillator into the CCA system allows for potential
applications in various X-ray bioimaging methods such as X-
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ray fluorescence computed tomography (XFCT), which
depends on the selective excitation of radioluminescent
nanoparticles.23 The incorporated scintillator can be paired
with Förster resonance energy transfer (FRET) pairing
fluorescent dyes to control the wavelength at which the
CCA emits when excited with ionizing radiation.18,24 To this
end, up to two additional organic emitters (naphthalimide and
rhodamine B) were copolymerized in addition to anthracene
so that the CCAs emission could span the full visible spectrum
via sequential energy transfers.
The crystalline ordering of the liquid CCAs is fragile; there

can be a temporary destruction of the array from applied
mechanical stress, after which self-assembly may occur once
again, or permanent disorder from the introduction of ionic
impurities.13 To combat this fragility and convert the liquid
CCAs into a more robust state, the CCAs can be encapsulated
in a poly(ethylene glycol) methacrylate (PEGMA)-based
hydrogel network. The encapsulating network stabilizes the
crystal structure without inhibiting the unique optical
characteristics.13−16 Additionally, converting the fluid optical
system into a hydrogel film is favorable for portability and
relative ease of handling. The encapsulation in a polymer
hydrogel network prevents the destruction of the crystal
structure while still allowing for the interparticle spacing to
shift by changing the volume of the hydrogel.
Prior work demonstrated the incorporation of a trans-

stilbene scintillator by physically encapsulating it within a
poly(styrene-co-propargyl acrylate) CCA;18 however, the
doping process did not yield bright radioluminescent films.
To span the visible spectrum, azide-modified FRET pairing
emitters were attached to the surface of the nanoparticles post-
hydrogel encapsulation by using a copper(I)-catalyzed azide/
alkyne cycloaddition “click” reaction, which only allowed a
limited amount of the emitters to infiltrate the hydrogel
network.18 In this work, the scintillator and additional emitters
were covalently incorporated during the synthesis of the CCA
nanoparticles. By employing a copolymerization technique at
the initial poly(styrene-co-propargyl acrylate) nanoparticle
synthesis, a larger quantity of the scintillator and additional
emitters could be incorporated within the CCA. In this way,
hydrogel-stabilized, fully organic, radioluminescent CCAs with
mechanochromic tunable emissions spanning the full visible
spectrum were synthesized for potential X-ray bioimaging
applications.

■ EXPERIMENTAL SECTION
Chemical Supplies. Deionized (DI) water was sourced from a

Nanopure Diamond System with a resistivity reading of 18.2 MΩ·cm.
Reagents and solvents were bought from commercial suppliers (e.g.,
Sigma-Aldrich or Alfa Aesar). Monomers used in the synthesis of
crystalline colloidal arrays (CCAs) were cleaned via filtering through
aluminum oxide (Al2O3). Mixed-bed ion-exchange resin (BioRad
Laboratories, AG 501-X8 resin, 20−50 mesh) beads were mixed with
monomers used in the hydrogel network for at least 1 day before
using.
Characterization Methods. Chemical Characterization. 1H

NMR spectra were recorded on a JEOL ECX-300 spectrometer.
Chemical shifts for protons are reported in parts per million downfield
from tetramethylsilane and are referenced to residual protium in the
NMR solvent (CDCl3: δ 7.26 ppm).
Optical Characterization. Reflectance spectra were collected by

using an Ocean Optics bifurcated fiber-optic bundle connected to a
fiber coupled spectrometer (Ocean Optics USB2000). To irradiate
the CCAs encapsulated in hydrogel films, an Amptek Mini-X X-ray
unit equipped with a tungsten target was used while operating at 25

kV and 158 μA. Radioluminescence spectra of the hydrogel films were
collected via a cooled CCD detector (Synapse, Horiba Jobin Yvon)
and a MicroHR monochromator (Horiba Jobin Yvon). The
radioluminescence spectra were collected from a slit width of 1 mm
over an exposure time between 45 and 90 s, and the signal was
collected with a blaze of 500 nm and with a 600 lines mm−1 grating.
The radioluminescence spectra were collected on the [111] plane of
the CCA. Horiba Jobin Yvon SynerJY was the software used to
analyze the data collected. The CCA films were dried on top of
poly(methyl methacrylate) (PMMA) for data collection because it is
optically clear and does not have a signature within the visible light
spectrum when irradiated, allowing for observation of the film without
interference.

Syntheses. Synthesis of Anthracen-9-ylmethyl Methacrylate
(Anthracene Methyl Methacrylate Derivative, AMMA). Anthracen-9-
ylmethyl methacrylate (AMMA) was synthesized by using a modified
method described elsewhere.25 9-Anthracenemethanol (4 g, 19.2
mmol) was dissolved in 30 mL of dichloromethane, and then
triethylamine was added. The obtained solution was cooled to −5 °C.
Methacryloyl chloride was added dropwise to the stirred cooled
solution and the obtained mixture was allowed to reach room
temperature and was stirred for 6 h (cf. Figure 1). The mixture was

washed with water, and the organic solution was separated and dried
with Na2SO4, filtered, and evaporated under vacuum. The product
was purified by flash column chromatography. Solvent dichloro-
methane−hexane (1:1), Rf = 0.5. The product was recrystallized from
hexane. Yield 3.9 g (73%). 1H NMR (300 MHz, CDCl3, δ, ppm):
1.92 (s, 3H), 5.51 (t, 1H), 6.06 (t, 1H), 6.22 (s, 2H), 7.50 (m, 2H, J =
7.6 Hz, J = 6.9 Hz), 7.58 (m, 2H, J = 7.6 Hz, J = 6.9 Hz), 8.03 (d, 2H,
J = 8.9 Hz), 8.38 (d, 2H, J = 8.9 Hz), 8.52 (s, 1H).

Synthesis of 2-(1,3-Dioxo-6-(piperidin-1-yl)-1H-benzo[de]-
isoquinolin-2(3H)-yl)ethyl Methacrylate (Naphthalimide Methyl
Methacrylate Derivative, NMMA). 2-(2-Hydroxyethyl)-6-(piperidin-
1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (1) was synthesized
according to a previously described method.26

2-(1,3-Dioxo-6-(piperidin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-
yl)ethyl methacrylate (NMMA) was synthesized by first dissolving
(1) (0.52 g, 1.6 mmol) and triethylamine (0.21 g, 2.1 mmol) in dry
dichloromethane. The solution was cooled to −5 °C. Methacryloyl
chloride (0.2 g, 1.92 mmol) was added dropwise to the stirred
solution. The obtained mixture was stirred at −5 °C for 30 min, then
the cooling bath was removed, and the reaction was stirred at room
temperature for an additional 3 h (cf. Figure 2). The mixture was
washed with water, and the organic layer was separated, dried with
Na2SO4, filtered, and evaporated under vacuum at 30 °C. The residue
was recrystallized from a methanol/hexane (5/1) mixture, filtered,
washed with hexane, and dried. Yield 0.37 g (59%), yellow solid, mp =
136 °C. 1H NMR (CDCl3) δ 1.74 (m, 2H), 1.86 (s, 3H), 1.89 (m,
4H, J = 5.2 Hz), 3.23 (t, 2H, J = 5.2 Hz), 4.48 (d, 2H, J = 4.8 Hz),
4.53 (d, 2H, J = 4.8 Hz), 5.5 (s, 1H), 6.05 (s, 1H), 7.17 (d, 1H, J =
7.9 Hz), 7.68 (d.d, 2H, J = 8.3 Hz, J = 7.2 Hz, J = 1.0 Hz), 8.39 (d.d,
1H, J = 8.3 Hz, J = 1.0 Hz), 8.49 (d, 1H, J = 7.9 Hz), 8.57 (d.d, 1H, J
= 7.2 Hz, J = 1.0 Hz). ESI+ Mass (m/z): calculated for C23H24N2O4
[M + H]+ 393.1736; found 393.1802.

Synthesis of N-(6-(Diethylamino)-9-(2-((2-(methacryloyloxy)-
ethoxy)carbonyl)phenyl)-3H-xanthen-3-ylidene)-N-ethylethanami-

Figure 1. Synthetic scheme to yield anthracen-9-ylmethyl meth-
acrylate (AMMA).

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c00977
Langmuir 2022, 38, 10089−10097

10090

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nium Chloride (Rhodamine B Methyl Methacrylate Derivative,
RMMA). N-(6-(Diethylamino)-9-(2-((2-(methacryloyloxy)ethoxy)-
carbonyl)phenyl)-3H-xanthen-3-ylidene)-N-ethylethanaminium
chloride (RMMA) was synthesized by using a modified method
described elsewhere.27 Rhodamine B acid chloride28,29 (0.42 g, 0.84
mmol) and 2-hydroxyethyl methacrylate (0.14 g, 1.09 mmol) were
dissolved in dry dichloromethane (8 mL). The obtained solution was
cooled to 0 °C and degassed with nitrogen. Next, triethylamine (0.13
g, 1.28 mmol) was added into the stirred solution (cf. Figure 3). The
cooling was removed, and the mixture was stirred at room
temperature for 6 h, washed with water, dried with Na2SO4, filtered,
and evaporated under reduced pressure at 35 °C. The crude residue
was purified by column chromatography on silica. The first solvent
dichloromethane/methanol (20/1) washed out impurities and the
second solvent dichloromethane/methanol (10/1) washed out a
product, Rf = 0.25. Yield 0.33 g (71%), dark-red oil. 1H NMR
(CDCl3) δ 1.32 (t, 12H, J = 7.2 Hz), 1.88 (t, 3H, J = 1.3 Hz), 3.64 (q,
8H, J = 7.2 Hz), 4.18 (m, 2H, J = 2.4 Hz), 4.30 (m, 2H, J = 2.4 Hz),
5.55 (t, 1H, J = 1.7 Hz), 6.02 (t, 1H, J = 1.4 Hz), 6.79 (d, 2H, J = 2.4
Hz), 6.91 (d.d, 2H, J = 2.4 Hz, J = 9.3 Hz), 7.05 (d, 2H, J = 9.3 Hz),
7.32 (d.d, 1H, J = 1.0 Hz, J = 7.6 Hz), 7.74 (m, 1H, J = 1.4 Hz, J = 7.6
Hz), 7.83 (m, 1H, J = 1.4 Hz J = 7.6 Hz) 8.29 (d, 1H, J = 1.0 Hz, J =
7.6 Hz).
Synthesis of S1 CCA Copolymer Nanoparticles. The S1 CCA

nanoparticles described in this paper were synthesized via emulsion
copolymerization. The emitter was added such that 0.5% w/w of the
anthracene compound (0.067 g of AMMA) was dissolved in purified
styrene monomer (14.72 mL or 13.336 g) by sonicating the mixture.
DI water (50 mL), 25% of the styrene−AMMA mixture (3.68 mL),
and 25% of the propargyl acrylate (0.32 mL) were then added to a
four-neck round-bottom flask. The remaining 75% of the previous
components were added to a dropping funnel and affixed to one of
the necks of the round-bottom flask while a mechanical stirrer,
condenser, and thermocouple were attached to the other necks.
Stirring was set to 370 rpm, and the contents of the round-bottom
flask were purged with nitrogen below the solution level for 40 min.
The purge gas was then moved above the solution line, and the

temperature was increased to 60 °C. Sodium lauryl sulfate (0.18 mL,
29 mass % in DI water) and divinylbenzene (0.1 mL) were injected
into the flask, and the temperature was allowed to stabilize. Once the
reaction vessel reached temperature, solutions of sodium hydrogen
phosphate (Na2HPO4, 0.14 g in 0.8 mL of DI water) and potassium
persulfate (K2S2O8, 0.14 g in 1.0 mL of DI water) were injected into
the round-bottom flask. The temperature was then increased to 71 °C
and allowed to stabilize for 20 min. The contents of the dropping
funnel were allowed to drip into the reaction vessel at a rate of 1 drop
every 2 s. When half of the contents of the dropping funnel had been
added, more divinylbenzene (0.24 mL) was injected into the reaction.
Once the dropping funnel was emptied, the reaction was allowed to
proceed for 2.5 h. The reaction was cooled to 37 °C, and the product
was cleaned by gravity filtration. The filtered product was then
transferred into dialysis bags (50000 MWCO), dialyzed in a heated
DI water bath, and changed frequently until opalescence was observed
(ca. 2 weeks). The opalescence indicates the self-assembly of the
particles into a CCA. After shaking for 2 days with ion-exchange resin
beads in a Nalgene bottle, the CCA was then stored at room
temperature. The hydrodynamic diameter of the particles was
measured to be 123.4 ± 13.4 nm through dynamic light scattering
(DLS, Coulter N4Plus dynamic light scatter). The zeta potential of
the CCA was −66.99 ± 1.93 mV and was measured with a ZetaPlus
zeta potential analyzer (Brookhaven Instruments Corp.).

Synthesis of S2 CCA Copolymer Nanoparticles. A similar
procedure to that of S1 was performed to synthesize the S2 CCA
with copolymerized AMMA and the naphthalimide methyl meth-
acrylate derivative (NMMA). At the point in the procedure in which
the emitter compound is dissolved in the styrene monomer, 0.3% w/
w AMMA and 0.3% w/w NMMA (0.040 g each) were dissolved into
the styrene monomer. The remaining procedure was performed the
same as previously described. The hydrodynamic size of the particles
was 123.6 ± 23.0 nm with a zeta potential of −50.50 ± 1.03 mV.

Synthesis of S3 CCA Copolymer Nanoparticles. To synthesize the
S3 particles with all three emitters, the same procedure as used in S2
was performed with the addition of the rhodamine B methyl
methacrylate derivative (RMMA), such that 0.3% w/w AMMA, 0.3%
w/w NMMA, and 0.3% w/w of RMMA (0.040 g each) were dissolved
into the styrene monomer. The hydrodynamic size of the particles was
155.1 ± 14.5 nm with a zeta potential of −70.77 ± 3.40 mV.
Preparation of Glass Cells. The glass cells were prepared

according to a previously described method.18 In brief, the surface of
Corning glass slides was modified to be hydrophobic via a treatment
using an octadecyltrichlorosilane (OTS) and toluene solution. Two
slides were separated with a spacer cut from 2 adhered pieces of
Parafilm to form a 2 cm × 1 cm × 250 μm cavity.

Encapsulation in Hydrogel Network. The CCAs were
encapsulated in a poly(ethylene glycol) methacrylate (PEGMA)-
based hydrogel network via in situ photopolymerizations. The
hydrogel matrix materials included the PEGMA monomer (MW =
360 g/mol), poly(ethylene glycol) dimethacrylate (PEGDMA) cross-
linker (MW = 550 g/mol), and 2,2-diethoxyacetophenone (DEAP)
photoinitiator in a 10:1:0.1 ratio, respectively. Typically, 300 μL of
CCA in DI water was combined with 55 μL of PEGMA, 5.5 μL of
PEGDMA, and 0.6 μL of DEAP. The matrix materials were mixed

Figure 2. Synthetic scheme to yield 1,3-dioxo-6-(piperidin-1-yl)-1H-
benzo[de]isoquinolin-2(3H)-yl)ethyl methacrylate (NMMA).

Figure 3. Synthetic scheme to yield N-(6-(diethylamino)-9-(2-((2-(methacryloyloxy)ethoxy)carbonyl)phenyl)-3H-xanthen-3-ylidene)-N-ethyl-
ethanaminium chloride (RMMA).
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with the CCA in a cuvette and shaken until opalescence was observed
for the whole mixture, usually overnight. Approximately 60 μL of the
CCA−hydrogel mixture was then injected into a glass cell. The cell
was exposed to a UV source (ELC-500 light exposure system, Electro-
Lite Corporation) for 2 min on each side to photopolymerize the
matrix surrounding the CCA. Finally, the hydrogel-encapsulated CCA
was removed from the glass cell and stored in DI water.

■ RESULTS AND DISCUSSION
Figure 4a−c presents the X-ray emission characteristics of the
three unique crystalline colloidal arrays (CCAs) synthesized in
this effort. Optical photographs of the three liquid CCAs under
X-ray irradiation are shown in Figure 4d−f. The particles all
employed a base radioluminescent dye that acted as the “pump
source” for additional dyes that were covalently incorporated
into the particles and were Förster resonance energy transfer
(FRET) pairs. Overall, the radioluminescence spectra demon-
strated by hydrogel-encapsulated CCA particles matched that
of the corresponding liquid CCA system, except for a
difference in peak heights for the third emitter combination.
The shift in relative peak height in Figure 4c suggests a
frustration of the energy transfer mechanism during hydrogel
encapsulation.
The first set of particles (S1) covalently incorporated a

derivative of the well-known organic scintillator anthracene,
specifically anthracen-9-ylmethyl methacrylate (AMMA).
Anthracene is the brightest organic scintillator and emits in
the blue region of the visible light spectrum upon irradiation.30

Following encapsulation in a hydrogel network, the S1 CCA
hydrogel film was excited with X-rays and displayed a
radioluminescence spectrum with three peaks at 409, 424,
and 449 nm, as well as a shoulder at 480 nm, and is presented
in Figure 4a. The three-pronged emission with accompanying

shoulder in this region observed via X-ray irradiation is
characteristic of anthracene, indicating that the CCA system
exhibits the typical radioluminescence of the incorporated
scintillator.30−33

The second set of particles (S2) incorporated AMMA and a
fluorescent dye, a naphthalimide methyl methacrylate deriva-
tive (NMMA), and emitted green light when excited with X-
rays. Naphthalimide is a FRET pair with anthracene, which
leads to a nonradiative energy transfer between the emitters
when both are incorporated into a CCA particle set.18 The
excited AMMA (donor) transfers energy to the NMMA
(acceptor). The resulting radioluminescence of the liquid and
hydrogel-encapsulated S2 CCA is shown in Figure 4b; the
strong, rounded peak at 511 nm is characteristic of excited
naphthalimide.34 In the emission spectra of the hydrogel-
encapsulated S2, there is no signature of an anthracene
emission, suggesting an efficient and total energy transfer from
AMMA and NMMA. Utilizing the standard equation for FRET
efficiency = +E 1 I

I I
D

D A
, where ID and IA are the integrated

intensities of the donor and the acceptor, respectively, results
in a calculated efficiency of 97.0% for AMMA to NMMA.35

The third hydrogel-encapsulated CCA series (S3) covalently
incorporated AMMA, NMMA, and another fluorescent dye, a
rhodamine B methyl methacrylate derivative (RMMA). Similar
to the previous emitter coupling, rhodamine B is a FRET pair
with naphthalimide, such that the excited NMMA (donor)
transfers energy to RMMA (acceptor). When all three emitters
are incorporated into a CCA system, there is a primarily red
light emission with excitation of the system. The radio-
luminescence of the S3 hydrogels when irradiated with X-rays
was characterized by a short hump with a local maximum at
498 nm and a large peak with a maximum at 611 nm and is

Figure 4. Radioluminescence spectra of liquid CCA systems (red) and hydrogel encapsulated CCAs (blue) with normalized peak heights and
rejection wavelengths outside emission range (λrw > 700 nm): (a) S1 particles with anthracene derivative (AMMA), (b) S2 particles with AMMA
and naphthalimide derivatives (NMMA), and (c) S3 particles with AMMA, NMMA, and rhodamine B derivatives (RMMA) with spectra
normalized to donor emitter peak height. Optical photographs of (d) S1, (e) S2, and (f) S3 under X-ray irradiation using an AmpTek Mini-X X-ray
unit with a tungsten target operating at a tube voltage and amperage of 50 kV and 79 μA, respectively.
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presented in Figure 4c. The short hump is attributed to the
emission of NMMA while the large peak is characteristic of
rhodamine B emission.36 This suggests that the energy transfer
from the NMMA to the RMMA was not as efficient as the
transfer between the first FRET pair. For the S3 hydrogels, the
calculated energy transfer efficiency from AMMA to NMMA
was found to be 96.7% and from NMMA to RMMA was
76.8%.
The CCAs exhibit a rejection wavelength at which specific

wavelengths of the visible light or near-infrared spectrum are
forbidden from propagating throughout the material due to the
long-range ordering of the particles.13,14,37 The rejection
wavelength was observed via the reflectance of the material
because only photons corresponding to the forbidden
wavelength are not transmitted. Any detected emission of
the incorporated emitters as a result of excitation from the
white light used to collect reflectance data was insignificant
compared to observed reflectance data. The rejection wave-
length can be estimated by using Bragg’s law:

= n d2 sin( )hklrw c (1)

where λrw is the rejection wavelength, nc is the refractive index
of the composite system, dhkl is the interplanar spacing of the
scattering planes, and θ is the angle of incidence.14,38 The
rejection wavelength of the CCA particles is directly
proportional to the interplanar spacing of the CCA at a set
angle of incidence. These crystals exhibit mechanochromism,
where a mechanical change in the interparticle spacing, and
corresponding interplanar spacings, results in a change in the
rejection wavelength supported by the crystal. For example,
mechanochromism can be achieved in these arrays by diluting
a liquid CCA with deionized water. The dilution will lower the
concentration of the particles, allowing the particles to undergo
an affine transformation to larger interparticle spacings.
Neglecting changes in the refractive index of the system, the
increased interparticle distance will result in a bathochromic
shift of the rejection wavelength.
Similarly with a hydrogel-encapsulated CCA, the CCA film

can be dried in air and rehydrated to effectively deswell and
reswell the film and manipulate the interparticle spacing. As

the hydrogel network shrinks as it is drying out, the CCA
particles are brought closer together, resulting in a
hypsochromic shift of the rejection wavelength. DI water
added to the partially dehydrated film will be absorbed, and the
film will expand to its original dimensions, red-shifting the
rejection wavelength back toward its initial position. Figure 5a
presents a bathochromic shift of the rejection wavelength for a
hydrogel-encapsulated CCA as it is slowly allowed to dry out.
The fully hydrated film initially has a rejection wavelength of
598 nm (peak 1), which slowly shifts to 475 nm (peak 4),
passing through intermediate wavelengths, by drying the CCA
film on a PMMA substrate over the course of 2 h in a 23 °C
40% RH room. Figures 5b and 5c present optical photographs
of an S2 film under white light and X-ray irradiation,
respectively.
For the CCA films used in this work, the refractive index

(nc) is assumed to remain constant at 1.368, the plane of
interest is the (111) plane, and the angle of incidence is
maintained at 90°.13 Approximated with Bragg’s law, Table 1

contains interparticle spacing (d111) for each reflectance peak
observed in Figure 5a. By use of these values, the lattice
parameter for an fcc structure was calculated by =a d3c 111,
and the nearest-neighbor distance was found with =a a / 2c .
By shifting the rejection wavelength from 598 to 475 nm, a ca.
123 nm total shift, the nearest-neighbor distance was decreased
by 20.6%. The change in the dimensions of the gel in going
from peak 1 to peak 4 translates to ca. 50% decrease in the
lattice cell volume.

Figure 5. (a) Shift in rejection wavelength of a hydrogel encapsulated CCA film observed as reflectance. The rejection wavelength was blue-shifted
by drying the film. Optical photographs of a hydrogel encapsulated S2 film under (b) white light and (c) X-ray irradiation using an AmpTek Mini-X
X-ray unit with a tungsten target operating at a tube voltage and amperage of 50 kV and 79 μA, respectively.

Table 1. Change in Lattice Parameters for Hydrogel
Encapsulated CCA as the Rejection Wavelength Is Blue-
Shifted (Cf. Figure 5)

peak 1 peak 2 peak 3 peak 4

nc 1.368 1.368 1.368 1.368
λ (nm) 598 549 515 475
d111 (nm) 218.6 200.7 188.2 173.6
ac (nm) 378.6 347.5 326.0 300.7
a (nm) 267.7 245.8 230.5 212.6
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According to FRET theory, the distance required for an
efficient energy transfer is generally in the range 1−10 nm.39

The estimated interparticle spacing within the CCAs presented
in Table 1 is at least 20−30 times greater than typical FRET
distances and eliminates the possibility for an interparticle
FRET exchange, instead suggesting there is only nonradiative
energy transfer at an intraparticle level. Similarly, as collected
radioluminescence spectra of the films did not significantly
vary based on volume changes of the system during swelling/
deswelling studies, it was concluded there was insignificant
radiative interparticle energy exchange.
Coupling the Rejection Wavelength with the

Emission. As the partial photonic bandgap created by the
periodicity of the crystalline colloidal array prevents wave-
lengths within the stopband from transmitting through the
crystal, a decrease in radioluminescence is expected to be

observed if the rejection wavelength is shifted to overlap with
the emission of a targeted emitter.18,20

For each set of CCA particles encapsulated in a hydrogel,
emission spectra were compared before and after shifting the
rejection wavelength to overlap the peak emission of the
dominant fluorophore within the three types of particles and is
presented in Figure 6a−c. In each case, an overall decrease in
emission of the dominant emitter was observed with varying
levels of suppression. Notably, Figure 6c indicates that when
the rejection wavelength is centered at 617 nm, only the
emission of RMMA (peak at 611 nm) in the S3 film was
affected while NMMA emission remained largely unchanged.
This suggests that, in this case, the rejection wavelength causes
only a local suppression of the radioluminescence.
The rejection wavelength of the S1 gel was shifted from 528

to 428 nm, and the total observed radioluminescence

Figure 6. Emission characteristics of hydrogel-encapsulated CCAs: (a) radioluminescence of S1 gel with rejection wavelength at 428 and 525 nm,
(b) radioluminescence of S2 gel with rejection wavelength at 517 and 551 nm, and (c) radioluminescence of S3 gel with rejection wavelength at 617
and 746 nm. The difference between the emission spectra of (d) S1, (e) S2, and (f) S3 when the rejection wavelength (1) overlapped the emission
peak and (2) was outside the emission range. In addition, (d), (e), and (f) present the reflection spectra when the rejection wavelength coincided
with the peak of emission of the dyes. Percentage change in radioluminescence of the (g) S1 hydrogel film with rejection wavelength at 428 and 525
nm, (h) S2 hydrogel film with rejection wavelength at 517 and 551 nm, and (i) S3 hydrogel film with rejection wavelength at 617 and 746 nm.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c00977
Langmuir 2022, 38, 10089−10097

10094

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00977?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


decreased by 26%. The smallest suppression observed for a
targeted emitter was a 10% decrease in the NMMA emission in
the S2 gels with a rejection wavelength shift from 551 to 517
nm. For a liquid CCA system with a single crystal, a distinct
drop in the emission is expected as previously demonstrated.7

However, studies have shown that defects present in the
crystalline array of particles affect the optical characteristics in
multiple ways, such as broadening the bandwidth or lessening
the intensity of the bandgap.40,41 Furthermore, a previous
experiment suggests that encapsulating the CCA particles in a
polymerized hydrogel network inherently introduces defects to
the system.13 The defects incorporated into the CCAs during
photopolymerization in situ with the hydrogel network result in
multiple crystals within one film, all with slightly different
interparticle spacing. This, coupled with nonuniform evapo-
ration of the hydrogel films in air as the edges dry out sooner,
results in films with nonuniform photonic bandgaps. The
presence of defects is confirmed by comparing the bandwidths
measured by the full width at half-maximum (FWHM) of the
reflectance peaks. The narrowest bandwidth for a CCA film in
this work was ca. 34 nm, observed for an S1 CCA film with a
rejection wavelength λ > 500 nm. This is more than double
that of the ca. 14 nm bandwidth observed for a monolithic
polymerized CCA previously fabricated.42 Additionally, the
variance of the rejection wavelength across the films causes the
radioluminescence suppression to occur at more than one
single wavelength, so a general reduction in the emission is
observed instead of a sharp decrease.
The difference between the two collected emission spectra

(cf. Figure 6d−f) is expected to largely center around the
reflectance observed when the rejection wavelength has been
shifted to overlap the emission. Although for each film the
reflection was within the region in which a decreased emission
occurred, the difference curves were broader than the
reflectance or were not the expected shape. It is supposed
that the broadness of the radioluminescence suppression is
caused by previously discussed defects in the crystal structure
of the CCAs within the films. The shape of the difference curve
for the S1 film (cf. Figure 6d) appears to have two separate
regions of emission suppression at 424 and 447 nm. However,
these peaks mirror two of the three peaks of AMMA emission
nearly exactly, and the shape of the difference curve for the S3
film (cf. Figure 6f) also mirrors the initial emission of RMMA.
When the percentage of emission that is blocked is considered
for each point (cf. Figure 6g−i), a singular depression is
observed for each of the films. Each observed rejection
wavelength is located within these depressions, while the
broadness of the depression corresponds to the relative
amount of defects within the crystalline structure in the
films. Because the emission suppression was so shallow and
over the widest range, the S2 film is suggested to have the most
defects within its structure. The partial bandgap had the
highest intensity in the S1 gel, with a maximum blocked
emission of ca. 27%, while the range of rejection wavelengths
was narrowest in the S3 film.

■ CONCLUSION
This work demonstrated the effect of a rejection wavelength on
the exhibited radioluminescence of a crystalline colloidal array
(CCA) encapsulated in a poly(ethylene glycol) methacrylate
(PEGMA)-based hydrogel network. The CCA films presented
were able to emit across the entire visible light spectrum by
covalently incorporating fully organic emitters into the CCA

nanoparticles. The emitters used were a scintillator and two
fluorescent dyes; the scintillator was an anthracene derivative,
and the dyes were naphthalimide and rhodamine B derivatives.
Three different combinations of the emitters were used in this
work to emit certain colors of light upon irradiation: blue light
from S1, green light from S2, and red light from S3. The
anthracene component absorbs X-rays and subsequently either
emits blue light or transfers the energy in the presence of the
naphthalimide component, which then either emits green light
or transfers energy to the rhodamine B component. The
rejection wavelength resultant from the long-range ordering of
the monodisperse poly(styrene-co-propargyl acrylate)-based
nanoparticles forming the CCA served as a tool to tailor the
radioluminescence by suppressing the propagation of photons
at specific wavelengths of light in the visible spectrum, thus
reducing the emission at those same wavelengths. The position
of the rejection wavelength was controlled via the volume of
the hydrogel, which related to the interparticle spacing of the
CCA. The presence of defects in the crystalline array affected
the range and intensity of radioluminescence suppression.
Ultimately, the emission of the CCA films was tuned by
coupling the emitters incorporated with the partial bandgap.
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