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ABSTRACT Photonic crystals (PhCs) possess outstanding optical properties that can be exploited
for chemical sensing. We utilized a three-dimensional close-packed PhC structure made of
functionalized silica nanoparticles. They consist of alternating high and low refractive index
regions and has optical properties, such as photonic band structures, that are very sensitive to the
change of physical structures. This study use 2,4,6-trinitrotolune (TNT) to illustrate a detection
method based on the transmissive photonic band edge shift (TPBES) due to the binding of TNT
with amine anchored on particle surfaces to form Meisenheimer (amine-TNT) complexes. PhCs
are exceptionally sensitive to a small change in refractive index caused by surface modification.
As a result, it is suitable for sensing specific reactions between amine and TNT. This method
achieved a wide detection range of TNT concentrations from 1012 M to 10 M. 2,4-dinitritoluene
(DNT) and toluene were used as a control and blank, respectively. Because of gravitational
sedimentation, the TNT-functionalized particles were self-assembled in pure ethanol. They were
measured by UV-Visible transmission spectroscopy. A three-dimensional model to simulate the
detection system was built using the particles centre-to-centre distance (a) and effective dielectric
constant (&) as a function of the TNT concentrations. Two sets of simulations were performed: the
first set involved a parametric sweep of the centre-to-centre distance of TNT functionalized
crystals using € = 2.015. The second set involved a parametric sweep of the dielectric constant
with a = 263.1 nm. These perturbations yield a TPBES response that is in agreement with our
experimental results.
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Photonic crystals (PhCs) are periodic arrangements of regularly shaped materials with
different dielectric constants.! The material is engineered such that only light of a certain
wavelength can propagate through the lattice of this arrangement.? Yablonovitch and John
undertook the first detailed research on engineered PhCs.>* The periodicity of PhCs can vary from
a single-dimensional (1D) to a three-dimensional (3D) structure depending on its applications.
Fabrication of 1D and 2D PhCs are mostly prepared by conventional lithography techniques such
as photolithography, multiple spin coating, layer-by-layer deposition, and etching.>®

3D PhCs however, can be produced by cheaper techniques such as self-assembly of
nanoscopic, monodisperse spheres into a photonic crystal host simply known as colloidal self-
assembly.®1® Normally such spheres consist of dielectric materials, for example, silica, titanium
dioxide, zinc oxide, or organic polymers including poly(methyl methacrylate) and polystyrene.t!-
18 Colloidal self-assembly offers a means of low-cost production of 3D photonic crystals with a
large surface area'®?° and which exhibit a complete photonic bandgap. The combination of these
two factors enables these crystals to manipulate light in 3D space.’? Photonic bandgaps (PBGs)
forbid propagation of electromagnetic waves of certain frequency ranges. The optical properties
of PBG structures are highly sensitive to the thickness and refractive index of their constituents.
Small changes in the refractive index of PBG structures due to the capturing of external stimulit
such as a ligand-receptor interaction can be detected as shifts in the reflectance spectrum.?:

Colloidal mesoporous such as silica nanoparticles have several benefits: they offer a large
sensing surface area; they available to integrate functional groups; and they are capable of
immobilizing into an inorganic mesopores network with active molecules.?>* In addition, the
mesoporous particles in suspension can stay suspended over a long period of time, making them
ideal for surface coatings.*® Colloidal mesoporous nanoparticles have found promising
applications in the fluorogenic detection of nitroaromatic explosives such as luminescent colloidal
oligo(tetraphenyl)silole nanoparticles in THF/H>O suspensions®!, nanoscopic-capped mesoporous
hybrid materials or MCM-41 support®?, and silica mesoporous supports gated with
tetrathiafulvalene derivatives.>> Xu and Lu®* developed a M-MIPs@CDs fluorescence sensor for
detection of 2,4,6-trinitrotoluene (TNT) with sensitivity of 17 nM. Liu and Chen*® also reported
detection of TNT with sensitivity of 10! M using graphene nanosheet-supported silver

nanoparticles. The reported fluorescence sensors involved complex analytical instrumentations



and expensive materials. However, in this proposed transmissive photonic band edge shift
(TPBES) based detection of TNT offers an attractive option for a much simpler, inexpensive,
convenient and label-free alternative® with excellent sensitivity of pM.

Sensing of trace explosives such as TNT is a complex and challenging task due to the lack
of inexpensive sensors with high selectivity and sensitivity®, the lack of easily detectable signals,
and wide selection of explosive compositions.3”* Furthermore, explosive-based terrorism has
grown rapidly in recent years, causing enormous damage to public safety and environmental
pollution. These explosive-based weapons can be deployed in simple and variety of schemes. 394
Primarily used nitroaromatic explosives produced during military preparation of landmines*>#7,
TNT is also one of the key sources of dangerous water contamination,*® as well as being toxic to
aquatic creatures. Exposure to TNT may cause pancytopenia, a disorder of the blood-forming
tissues in humans and other mammals.*® Thus, developing a practical analytical method to monitor
TNT is pressing and crucial to solving these problems.

We propose a method to detect TNT by anchoring the SiO2 nanoparticles surface with
amine (—NH.) head groups from 3-aminopropyl-triethoxysilane (APTES) that act as bioreceptors
that selectively bind with TNT targets. This method is very selective and simpler than the two-step
reactions reported in our previous findings® since we have confirmed that APTES has an excellent
selectivity with TNT. The formation of the amine-TNT or Meisenheimer complexes is attributed
to the strong acceptor-donor interaction between the nitro group of TNT and amine
respectively.>2 Figure 1 shows the molecular schematic of the complex.

(a) (b)

Figure 1. Molecular schematic of the Meisenheimer complex: (a) Ball and stick three-dimensional
representation. The 3D structure represents oxygen, hydrogen, nitro, carbon and silicon atoms as
red, white, blue, gray and purple balls respectively. (b) Chemical structure representation of the
Meisenheimer (amine-TNT) complex functionalized onto the SiO> crystal.



The surface functionalization scheme is demonstrated in Figure 2. As a result of ligands
binding, the nanoparticle separation increased from state 1 to 3 (aoto a2). An increase in the TNT
concentrations further increase the effective particle separation and the contrast of the refractive

index of the functionalized system.
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Figure 2. Surface functionalization of silica particles: the separation between the close-packed

particles increases from state 1 to 3 (aoto az).

Self-assembly of the functionalized nanoparticles forms a closely-packed structure that can
be observed under scanning electron microscopy. Because of gravitational sedimentation, the
TNT-functionalized particles were self-assembled in pure ethanol. This sedimentation structure is
shown in Figure 3. The settled structure was measured by UV-Visible transmission spectroscopy.
From the measurement, three regions of high and low transmittance were observed. The high and

low transmittance edges are the respective photonic band (PB) and band gap (PBG) edges.
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Figure 3: Self-assembled structure of functionalized TNT particles under gravity force.




TPBES response measures the normalized frequency calculated as the particles centre-to-
centre distance (a) divided by the measured wavelength (4), as a function of TNT concentrations.
A wide detection range of TNT concentrations was used and successfully detected from 102 M
to 10 M together with 2,4-dinitritoluene (DNT) and toluene as control and blank, respectively.
The TPBES system is very selective towards TNT even though the chemical structure of TNT and
DNT are relatively similar as shown in Figure 4. Apart from the outstanding selectivity between
amine and TNT, the effective particle separation (@) increased with the TNT concentration and
changed the contrast of the refractive index (ner) which resulted in the PB and PBG edge shifts.
Successful detection of TNT is caused by a periodic arrangement of the functionalized crystals.
On the other hand, an incomplete reaction between DNT and amine resulted in randomization of
their self-assembly structure. This randomization effect resulted in decreasing signals of TPBES

response with no distinctive photonic bands and band gaps shown in the results section.
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Figure 4: Explosive structures of (a) TNT and (b) DNT.

A three-dimensional model to simulate the detection system was built using the particles
centre-to-centre distance (a) and effective dielectric constant (&) as a function of the TNT
concentrations. Two sets of simulations were performed: the first set involved a parametric sweep
of the centre-to-centre distance of TNT functionalized crystals using ¢ = 2.015; the second set
involved a parametric sweep of the dielectric constant with a=263.1 nm. The perturbations of the
centre-to-centre distance and dielectric constant yield a TPBES response as described by Equation
(i) in the result section. We observed that the simulation results are in agreement with our
experimental results that are further described in the results section.

This detection method reveals band edges sharper than reported in our previous findings®°
with full penetration of light through the three-dimensional self-assembly structure. A combined

effect of the high surface area-to-volume ratio of the functionalized nano particles in use and the



full penetration of the light through the assembled structure, helped to expand the dynamic range
of the detection from 1072 to 10* M. The method presented in this study offers a convenient tool
for label-free sensing, since the effect can be made specific for TNT, and can be incorporated

easily into microfluidic systems.

Results

Transmissive Photonic Band Edge Shift. The transmission spectrums for bare silica and amine-
functionalized crystals are illustrated in Figure 5 (a) (i) and (ii), respectively. They exhibit sharp
band edges which consist of three high and low regions that correspond to respective photonic
band and band gaps. A photonic band edges are the edges of the high normalized frequencies,
calculated as the particles centre-to-centre distance (a) divided by the measured wavelength (A).
The shifts in the photonic bands (PBs) and band gaps (PBGs) for bare silica and amine-
functionalized crystals are plotted in Figure 5 (b).

The shift is caused by an increased in the average centre-to-centre distance (a) from 250.2
nm to 257.7 nm, measured by scanning electron microscopy (SEM). Sampling on the transmission
of 10* M TNT as seen in Figure 5 (c) exhibits sharper edges in comparison to the reflection signal
and other TNT-detection configurations®® 3*-3, These edges provide an accurate indication of the
bands with small measurement error in the whole composition range.

From an applied standpoint, TPBES response offers a better detection system than its
counterpart for of the following reasons. Firstly, the reflection technique is limited only to the light
interaction on the crystals surface than the overall three-dimensional penetration of the assembled
structure seen by the transmitted lights.

Secondly, the arrangement of packed crystals from the gravity sedimentation method?>”-%°
used to grow the reflection films is restricted by their low mobility on the bottom substrate when
the gravity force surpasses the Brownian motion or interparticle electrostatic repulsion. Thus, the
resultant self-assembled crystals are considerably less ordered, and they exhibit poor assembly
efficiency in particularly on the surface. Cracks regularly occur upon drying due to the tensile
stress arising from the capillary-force-induced shrinkage of the pre-assembled array against a rigid

substrate®!.
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Figure 5. Transmissive Photonic Band Edge Shift: (a) Normalized transmission against
normalized frequency (a/A) of (i) SiO2 and (ii) —NH»-SiO». (b) The corresponding TPBES
response of photonic band and band gap edges before and after amine functionalization. (c) For
the sake of contrast, sampling on the normalized reflection (with signal decreased by four times)
exhibit edges less sharp in comparison to the normalized transmission (with signal increased by
four times). (d) The TPBES responses of 10* M TNT and DNT functionalized crystals.

TPBES crystals assembled in solution achieve equilibrium between stabilizing and
destabilizing factors of gravity, of the respective Brownian motion and interparticle forces. Due
to these reasons, the structure of the TPBES crystals may have higher regularity as a whole than
the structure obtained in the reflection side.

The increase of TNT concentrations from 10712 M to 10* M further increased the effective
particle separation as shown in Table 1. This is because successful detection of TNT on the amine-
functionalized crystals (—NH»>-SiO,) surfaces resulted in a periodic arrangement of the
functionalized crystals. Figure 6 (a) and (b) are the SEM images of the respective structures of —



NH,-SiO> and 10* M TNT-functionalized crystals. The centre-to-centre distance of crystals
increased from 257.7 nm of the —NH,-SiO> to 270.9 nm after 10* M TNT functionalization.

Table 1. Average center-to-center distance, (a) of functionalized crystals measured by scanning

electron microscopy for different TNT concentrations.

Concentration of | Centre-to-centre
TNT (M) distance (nm)
10712 263.1
10710 265.4
108 266.0
10® 267.2
104 270.9

An incomplete reaction between DNT and —NH,-SiO; crystals® resulted in randomization
of their self-assembly structures as shown in Figure 6 (c). Using SEM measured only on uniform
crystal areas, the centre-to-centre distance of the 10* M DNT-crystals is approximated to be 286
nm. However, this value does not represent the entire sample because of the randomization effect.

The randomization of DNT crystals resulted in decreasing signals of its TPBES response
shown in Figure 5 (d) with no distinctive photonic bands and band gaps. The approximated centre-
to-centre distance of the DNT-crystals was used in order to compare the TPBES response between
10 M TNT- and the control DNT-functionalized crystals.

Crystal structures nonetheless, remain unchanged after incubation of amine-functionalized
silica with a blank compound, toluene. TNT functionalization therefore, produced organized
structures, while the control DNT produced randomized structures and toluene have no
functionalization effect on the —NH»-SiO, crystals.

The photonic band and band gaps of both the transmission and reflection spectrums from
the studied detection range are plotted in Figure 7 (a) and (b), respectively. In these plots, control
DNT has zero band edges because of the impossibility of measuring their centre-to-centre distance
due to the randomization effect. Higher band edges are labeled as Em’ with m = 1,2,3. From the

response curves, PB and PBG edges increased with the increasing TNT concentration.
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Figure 6. Scanning electron microscopy (SEM) images of (a) amine-functionalized silica (—NHa>-
Si0») crystals, (b) 10* M TNT- and (c) 10* M DNT-functionalized on the —NH,-SiO; surfaces.

A third order polynomial fit was used to extract the «, 8, and y slope values following the
fitting equation: Energy Level =c+ a.x*+ B.x*+ y.x3 , where ¢ is the intercept,
a, 5, and y are the slopes. Table 4 shows a list of the fitting parameters in the method section.
Figure 7 shows a monotonic TPBES responses as a function of the TNT concentration. In contrast
to the TPBES response, it is evident that the reflection band edges possess larger error bars due to
its ‘dull’ edges.

Since the band edges of the TPBES response behave monotonically, its first order slope, a
for both photonic bands and band gaps can be plotted as shown in Figure 8. This is a merit function
of the TPBES detection system which proved to be more sensitive than the reflection technique

for the same detection range.
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Figure 7: Experimental results of the TPBES response (normalized transmission) and

reflection as a function of TNT concentration: (a) photonic band and (b) band gap edges.
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Figure 8. First-order slope, a of photonic band and band gap from third order polynomial fit.

The crystals centre-to-centre distance after TNT functionalization was also examined in
solution using a well-established technique known as Zetasizer Nano-ZS, a tool based on dynamic
light scattering (DLS). Results of the DLS Intensity Mean (d.nm) measurement of the TNT-
functionalized crystals at different concentrations is shown in Figure 9. DLS findings validate their

agreement with the SEM results.
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Figure 9. Dynamic light scattering (DLS) and scanning electron microscopy (SEM) results for

different TNT concentrations. Toluene blank was used as the baseline for both measurements.

Correlation between (a) and nesi. The effective refractive index, nest depends on the centre-to-
centre distance changed based on Equation (1) to (4) in the methods section. The ness of
functionalized crystals in each functionalization state were calculated and are listed in Table 2.

Although there is an increased in the centre-to-centre distance of 7.5 nm after amine
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functionalization, the ne remained the same as the bare silica. This is because amine
functionalization caused decreased in the silica volume fraction from 52.4% to 47.9% to allow the
4.5% volume fraction of amine, within 47.6% volume fraction of ethanol. Based on Equation (1)
and an analogous refractive index value for silica and amine of 1.46, resulted in an analogous ¢ as

shown in Table 2.

Table 2. The effective refractive indices nesr, and their corresponding dielectric constant, € for

bare and functionalized silica crystals

TNT concentrations (M)

Si02 | —NH:| 10* | 10% | 10® | 10°® | 10*

Neff 1.413 1413 | 1.419 | 1.421 | 1.422 | 1.424 | 1.427
e 1.997 1.997 | 2.015 | 2.021 | 2.023 | 2.026 | 2.036

Since DNT crystal structures are randomized, measuring their centre-to-centre distances
and hence, their nert was difficult. On the other hand, TNT functionalization produces ness changed
after attachment of 1012 M. In order to understand the experimental TPBES responses from 102
M and 10 M, we run a simulation by utilizing the (a) and nes of 1022 M TNT as baseline with a,
of 263.1 nm and dielectric constant of & = nes® = 1.419% ~ 2.015. COMSOL Multiphysics 5.1 (RF
module) was used to simulate the transmission spectra in the 200-800 nm range. Two sets of
simulations were performed: the first set involved a parametric sweep of the centre-to-centre
distance (a) of TNT functionalized crystals varying from 263.1 nm to 270. 9 nm, demonstrated in
Table 1, with & as 2.015, taking the 1012 M dielectric constant presented in from Table 2. The
second set involved a parametric sweep of the dielectric constant from 2.015 to 2.036, with a, as
263.1 nm. The results of the first and second simulations are displayed in Figure 10 (a) and (b),
respectively. Insets of Figure 10 (a) and (b) show shifts in both variations but larger photonic bands
shift (marked as 1, 2 and 3) are observed in sweeping centre-to-centre distance than the dielectric
constants. Thus, the TPBES response is more sensitive to the centre-to-centre distance changed
than the contrast of the dielectric constant. From the simulation results, we used the photonic band

(PB) edge data to compare with our experimental results.
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Figure 10. Simulation results of 3D electromagnetic waves in the frequency domains (ewfd)

demonstrate (a) centre-to-centre distance variations from 263.1 nm to 270. 9 nm, keeping dielectric

constant of & as 2.015, whilst (b) dielectric constant variation from 2.015 to 2.036, keeping ao as

263.1 nm. Photonic band (PB) regions are labeled as 1, 2, and 3 of transmittance peaks.

We extracted the PB information from Figure 10 (a) and (b) and plotted in Figure 11 (a)

and (b), respectively. Sweeping (a) produces a positive linear slope of a,, in contrast to negative

slope B, of varying the &.
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Figure 11. 3D simulation spectroscopy results: The parametric sweep of (a) centre-to-centre

distance, (a) with & of 2.015, and (b) dielectric constant, with a, as 263.1 nm.
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Therefore, the centre-to-centre distance and dielectric constant perturbations yield a

TPBES response in terms of the (a) and (&) sweeps as shown in Equation (1):

Ba(anen) = Bo(Go20) + i+ () 4 o+ () ®

where E,(ay, £,) is the baseline band edge of 1022 M TNT functionalized crystals, a,, = a * a,
and B, = B * B, are the slopes from the parametric sweep of centre-to-centre (a) and dielectric
(B) obtained in Figure 11 (a) and (b), respectively multiplied with their corresponding baseline
slopes of ay and S,. The shifts for different TNT concentrations in terms of the centre-to-centre
distance and dielectric changed are Aa,, = a,, — a, and Ag, =&, — &, respectively. a,, and &,
correspond to the centre-to-centre distance and dielectric constant of TNT concentrations where n
is the concentration. Respective baseline band edges, slope values of «,, and £5,, are listed in
Table 3.

Table 3. Baseline band edges, a,, and 3,, slope values for each parametric sweeps from the

simulation results.

Band edges | Ey(ag, £9) ay, Bn
=] 0.3506 1.03925 -0.31837
Er 0.3901 1.13396 | -0.44129
=) 0.4318 1.26814 | -0.52592
Ex 0.5000 1.38391 -0.49771
Es 0.6283 1.34181 -0.44532
Es 0.7149 1.35233 | -0.40502

Simulation data listed in Table 3 was used to plot the TPBES responses based on
Equation (1) and displayed in Figure 12. The resultant plot is a third-order polynomial fit of
E,(a,, &,) asdescribed in Equation (2):

2 3
it + e [(22) ()] e [(2) (2] e [2) 2]
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Discussion

We have shown that the simulation results in Figure 12 are in agreement with the experimental
results displayed in Figure 7 (a). The advantage of TPBES over the reflection-based results include
distinctive sharp edges of photonic bands and full penetration of light through the assembled
structures for the bulk properties. The measured TPBES response showed the photonic band edge
shifting towards high energy in three stages for different TNT concentrations: a) 1.2-1.6% for 10"
12t0 10719 M, b) <1% for 10'%to 10° M and c) 1.6-2% for 10 to 10* M. This behavior was
simulated by using the centre-to-centre distance (a,) between the assembled particles and effective
dielectric constant (&) as a function of the TNT concentrations. The high sensitivity of TPBES
response towards TNT functionalization at low concentration of 107! M may be attributed to the
combined effect of the high surface area-to-volume ratio of the functionalized nano particles in
use and the full penetration of the light through the assembled structure, which helped to expand
the dynamic range of the detection. This work describes a highly sensitive approach to detect TNT

explosives. The method is convenient and it can be incorporated easily into microfluidic systems.
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Conclusion

Photonic crystals (PhCs) possess outstanding optical properties that can be exploited for chemical
sensing. We reported a simple, sensitive and label-free method for sensing 2,4,6-trinitrotoluene
(TNT) utilizing a three-dimensional close-packed PhC structure made of functionalized
amorphous silica (SiO2) nano particles. It consists of alternating high and low refractive index
regions and has optical properties such as photonic band structures very sensitive to the change of
physical structures. This study offers a detection method based on the transmissive photonic band
edge shift (TPBES) due to the binding of 2,4,6-trinitrotolune (TNT) with amine anchored on
particle surfaces. Surface functionalization was performed by first anchoring amine (—NH>) head
groups from 3-aminopropyl-triethoxysilane as bioreceptors that specifically bind with a TNT
target to form Meisenheimer complexes. Due to the surface functionalization, the separation
between the close-packed particles measured by scanning electron microscopy increases from state
1 to 3. The increase of TNT concentrations from 102> M to 10* M will further increase the
effective particle separation and change the contrast of refractive index. A wide detection range of
TNT concentrations was used and successfully detected from 102 M to 10* M together with 2,4-
dinitritoluene (DNT) and toluene as control and blank, respectively. The TPBES system is very
selective towards TNT even though the chemical structure of TNT and DNT are relatively similar.
This is because functionalization of TNT further increased the effective particle separation (a) and
change the contrast of the refractive index (nerr) which resulted in the PB and PBG edge shifts.
Successful detection of TNT is caused by a periodic arrangement of the functionalized crystals.
An incomplete reaction between DNT and —NH>-SiO: crystals resulted in randomization of self-
assembly structure. This randomization effect resulted in decreasing signals of TPBES response
with no distinctive photonic bands and band gaps. This detection method reveals sharp band edges
than reported in our previous findings** with full penetration of light through the three-dimensional
self-assembly structure. Smaller measurement errors with comprehensive information such as the
changed of particles distance and dielectric constant in comparison to the reflection method are
the TPBES figure of merit. This method presents a convenient tool for sensing as the effect can be
made specific between TNT and amine head group. Future study on other relative explosives with
similar structures, such as nitrobenzene (NB), 2-nitrotoluene (2-NT), 4-nitrophenol (4-NP), or in

the real samples, will help to reveal the range of explosives this detection method can apply.
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Methods

Amine Functionalization. The SiO; crystals suspension was prepared in anhydrous ethanol via
solvent replacement method. First, water suspension was evaporated to dryness then followed by
addition of ethanol using these parameters: 4000 rpm centrifugation speed for 5 minutes, and
sonication for 10 minutes, three times. The SiO: crystals suspended in ethanol was chemically
functionalized in a solution of 18.2 MQ-cm Millipore water, ammonium water (NH4sOH) and pure
ethanol. The mixture was stirred in a flask placed on a hotplate and 5mM APTES was slowly
stirred into the flask for 6 hours at 60°C. After 6 hours of continuous stirring, the hot plate was
turned off with further stirring for 30 minutes, and left overnight. The amine-functionalized SiO-
crystals (—NH.-SiO») then went through a series of solvent replacement method until the crystals
were fully dispersed in pure ethanol giving a milky or hazy appearance. Spectrophotometric
detection of amines was made by reacting 10* M p-benzoquinone reagent with various
concentrations of amines. The —NH>-SiO> suspensions were diluted 7 times and reacted with 10
4 M p-benzoquinone. By using UV-NIR absorption spectra scanned from 190 nm to 1100 nm, it
was estimated that 1.727 x 10* reactive sites of primary amine were functionalized on the silica

crystal surfaces.

TNT Functionalization. TNT binding with the amine head group was done following the method
performed by Ho et al.®? Range of TNT and DNT concentrations: 10?2, 10°°, 108, 10 and 10 M
were examined. DNT and toluene in acetonitrile were used as control and blank, respectively.
Since acetonitrile is immiscible with water-based buffer 10mM HEPES + 150 mM NacCl, the
solvent was left to dry in a fume cupboard for 2 hours. Pure ethanol was added to the explosives
thus makeup to the total volume of 50 puL. During the drying of acetonitrile, 5.54 pL of —NH>-
SiO; crystals suspended in ethanol was mixed with 200 pL of 10 mM HEPES + 150 mM NaCl for
approximately 2 hours. 50 uL of various TNT concentrations in pure ethanol is then added to
saturated —NH»-SiO- crystals suspended in 10 mM HEPES + 150 mM NaCl and incubated for
one hour with minimal shaking using a vortex machine. TNT functionalization on —NH>-SiO>
crystals surfaces was obtained after centrifugation at 2000 rpm for 90 seconds followed by three

times washing with pure ethanol.
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Self-Assembly of Functionalized Crystals. The TNT functionalized crystals were self-assembled
in solution for the TPBES response. 500 uL of the TNT-functionalized silica crystals were self-
assembled over two weeks in a 1-cm quartz cuvette but by shaking the cuvette could rapid the self-
assembly process. For the SEM measurement of the centre-to-centre distance (a) of the
functionalized crystals; 50 pL of TNT-functionalized crystals were self-assembled on a quartz
substrate via solvent evaporation technique in ambient temperature, for 48 hours. 3 cm x 0.1 cm
quartz substrates were cleaned with acetone and IPA for 15 minutes each in an ultrasonic bath and
blow dry with nitrogen gun before use.

Spectrometric measurement. To quantify the transmissive photonic band edge shift of the three-
dimensional self-assembled crystals in solution, using Jasco V-670 and its spectra measurement
software. Spectronic GENESY'S 6 (UV-NIR Spectrophotometer) by Thermo Electron Corporation
and Thermo Scientific™ VISIONIlite™ software were used to measure the concentration of

primary amine on silica surfaces.

Scanning Electron Microscopy. Used to examine the center-to-center distance, (a) and to
distinguish the crystals structure after modification with APTES, and TNT. Films were sputtered
with gold at 55mA, for 15 seconds before measurement with a coating thickness of approximately
14 nanometers. SEM imaging analysis was done at a low accelerating voltage of 3kV using Zeiss

Scanning Electron Microscopy, with SmartSEM imaging software.

PeakFit v4.12 Automated Peak Separation Analysis Software. Used to resolve multiple peak
wavelengths.

Zetasizer Nanoscience Nano-ZS by Malvern Instruments. Used to determine the particle size
in solution after functionalization. Different concentrations of explosive functionalized crystals
were measured in dispersant of pure ethanol with a refractive index of 1.361, and viscosity of 1.2
millipascal-second at 20° Celsius. Silica with a refractive index of 1.45 and absorption of 0.001

was used as the material. The particle sizing was measured at 173° Backscatter (NIBS default).

Simulation. Used COMSOL 5.1 (RF module), under periodic boundary conditions to simulate a
three-dimensional structure of a device consisting of 250 nm silica nanoparticle embedded in

amine surrounded by TNT molecules and ethanol sitting on a quartz substrate. In our simulation,
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we used a two-dimensional approximation of our silica nanoparticle as seen by the incident
broadband light from 200 nm to 800 nm and obtain its transmission spectra. Two sets of
simulations were performed: the first set involved a parametric sweep of the centre-to-centre
distance (a) of the TNT functionalized crystals which define the thickness of the TNT layer from
263.1 nm to 270. 9 nm, with g = 2.015. The second set involved a parametric sweep of the
dielectric constant from 2.015 to 2.036, with a, as 263.1 nm.

Effective Refractive Index Calculation. The effective refractive index (ney) changed due to the

organic ligands binding on the crystal surfaces, is calculated as®-%*:

neff = \/nZSilica fSilica + nzAminefAmine + nZTNTfTNT + anthanolethanol (3)

where n, s is the effective refractive index, ng;jicq 3, Namine, Nrr aNd Ngpano; are the refractive
indices (RI) of the silica, amine, TNT, and ethanol, respectively. RI of silica and amine are 1.46;
TNT and ethanol are 1.65 and 1.36 respectively. fsiica » famine: frar, @A feihanor are the

respective volume fractions of silica, amine, TNT and ethanol.%>%” The volume fraction of the

crystal is given as % ~ 0.524. This means that the surrounding medium of ethanol has a volume

fraction, f,thanot = 1 — 0.524 = 0.476.

Thus the total volume fraction (fr¢4;) Of functionalized crystals is equivalent to 0.524 as described
in Equation (4). Amine functionalization resulted in a constant volume fraction, fymine = 0.045

for all TNT concentrations.
4n 3
0.524 = fsiica + famine + frnr = ? X (r + Lamine + LonT) (4)
where r is the radius of the silica crystals, Ly,ine and Lyyr are the amine and TNT functionalized
lengths as illustrated in Scheme 1, respectively. Amine and TNT lengths were calculated using

Equation (5) where a,, a;and a, corresponds to the respective centre-to-centre distance of bare

silica, amine and TNT-functionalized crystals.
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Lamine = 2 Lryr = 2 (5)

-

4 .

r L amine
¢ 9
: 5"0? . L vt

b .

.

Scheme 1. Schematic illustration of ligands binding on the surface of bare silica (SiO2) cry5stal
with radius, r. Lymine @nd Lpyr represent amine and TNT functionalized lengths, respectively.

Therefore, n. ¢, can be computed using Equation (1) by inserting fumine = 0.045, fethanot =

0.476, fsuicq and fryr calculated following Equation (6) and respective refractive indices.

T x ()
= d
Jsitica 8 X (r + Lymine + Lrnr)3 an
Venr = 0.524 — (fSilica + fAmine) (6)

Materials. Silica nanoparticles suspension with diameter size of 240 + 10 nm stock concentrati6on
of 30% (w/v) in water was purchased from Dongjian Biological (China); 18.2 MQ-cm Millipore
water, ammonium hydroxide solution (NHsOH) 28% NHs in H20, (>99.99% trace metals basis);
anhydrous ethanol (EtOH) (>99.9%); acetonitrile (anhydrous, 99.8%), cleaning solvent such as
acetone and isopropyl alcohol (IPA); APTES (99%); p-benzoquinone for spectrophotometric
detection of amines, >99.5% (HPLC); 10mM HEPES + 150 mM NaCl, HEPES solution (1 M,
pH 7.0-7.6) and Sodium Chloride (NaCl) were purchased from Sigma-Aldrich. 2,4,6-
Trinitrotoluene and 2,4-dinitrotoluene solutions (1000 ug/mL in acetonitrile) were obtained from
Defence Science and Technology Laboratory (DSTL); quartz substrate of 3cm x 0.1 nm purchased
from Pi-KEM - Spectrosil B Polished Windows/Quartz with a thickness of 1.25 mm and diameter
of 24.6 + 0.10 mm.
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Transmission and Reflection Slopes. Third order polynomial fit equation: Energy Level = ¢ +

ax® 4+ Bx? 4+ yx3. Where c is the intercept, @, 8, and y are the slopes. R* is the R squared. T

and R are transmission and reflection, respectively.

Table 4: Third-order polynomial fitting values for transmission (T)

of the (i) photonic band and (ii) photonic band gap.

and reflection (R) responses

Photonic Intercept y
Band edges
T R T R T R T R
E; 0.4622 0.3508 0.0344 -0.0052 0.0040 -0.0011 1.562E-4 -9.0596E-5
E1, 0.5085 0.3582 0.0366 -0.0165 0.0042 -0.0026 1.6638E-4 | -1.5653E-4
E, 0.5636 0.3900 0.0408 -0.0435 0.0047 -0.0077 1.8570E-4 -4.064E-4
EZ’ 0.6385 0.4390 0.0433 -0.0367 0.0050 -0.0066 1.9821E-4 | -3.5484E-4
E3 0.7678 0.4870 0.0430 -0.0361 0.0050 -0.0062 1.9540E-4 | -3.1773E-4
E3’ 0.8600 0.4830 0.0447 -0.0466 0.0052 -0.0062 2.0319E-4 | -2.7081E-4
(i)
Photonic Intercept B 14
Band gap

edges T R T R T R T R

E 0.5082 0.1878 0.0364 -0.1123 0.0042 -0.0179 1.6541E-4 | -8.1726E-4

El’ 0.5629 0.1911 0.0405 -0.1493 0.0047 -0.0251 1.8430E-4 -0.0012

E, 0.6403 0.2926 0.0441 -0.1261 0.0051 -0.0222 2.0243E-4 -0.0011

Ez’ 0.7679 0.2879 0.0430 -0.1501 0.0050 -0.0258 1.9558E-4 -0.0012

E3 0.8605 0.2433 0.0449 -0.1818 0.0052 -0.0292 2.0361E-4 -0.0014

Eg’ 0.8190 0.2645 0.0071 -0.1876 3.4770E-4 -0.0295 6.6416E-6 -0.0013

(i)
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