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Embedding nanoparticles with different functionalities into soft substrates is a convenient tool to realize
technologically significant multifunctional materials. This study focuses on incorporating bimetallic
plasmonic nanoparticles into soft crystals made of cetyltrimethylammonium bromide—iodide. We observed
the emergence of a novel symmetry-lowered cetrimonium crystal polymorph that enables the realization
of strong interparticle plasmonic coupling in these composite materials. The observed crystal polymorph
exhibits a triclinic structure with significantly reduced unit cell volume compared to standard CTAB. Solid-
state nuclear magnetic resonance studies revealed an enhanced cetrimonium chain rigidity and

a commensurate decrease in the mobility of the methyl groups. This is attributed to iodide incorporation.
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Accepted 28th February 2024 To study the influence of these interactions on solution phase dynamical properties, we employed light
scattering measurements using gold nanospheres as markers, where we observed aggregation of these

DOI: 10.1035/d4na00008k particles. We then develop a two step synthetic scheme that successfully enables high levels (533 particles
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1. Introduction

Modern technology increasingly relies upon materials that
simultaneously exhibit properties generally associated with
hard and soft materials."” Examples range from liquid crystals®
to flexible electronics.** A desirable approach towards realizing
materials for such applications is to combine nanoparticles
with a “hard” functionality with a material such as an organic or
an inorganic crystal. For example, the inorganic nanocrystal
component can be variously optimized by controlling its size®”
or shape.*® Further, more recent approaches have also led to
inorganic building blocks, where diverse inorganic compo-
nents, such as semiconductor/semiconductor,'™'" semi-
conductor/metal,” semiconductor/piezoelectric,”® etc., are
realized within the same architecture. The inclusion of nano-
particles (NPs) into crystals has been discussed previously in the
literature. For example, Liu et al. successfully functionalized
calcite crystals with metallic and magnetic functionalities by
incorporating Au and Fe;0, nanocrystals into calcite.™ Liu and
coworkers have shown that carbon dots embedded in NaCl
crystals result in a longer photoluminescence lifetime.”® In
addition to single crystals, researchers have also explored
a polymer and liquid crystal (LC) matrix to incorporate the NPs;
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per um?) of incorporation of bimetallic plasmonic particles into the emergent crystal polymorph.

Heilmann et al. have shown that the embedding of Ag NPs into
a polymer matrix results in the blue shifting of transmission
minima of the plasmon resonance absorption of the silver
particles with increasing packing density of Ag NPs.'® Pendery
et al. illustrated that in the case of hybrid liquid crystal-NPs, the
properties of both LC and NPs could be exploited where the self-
assembly of NPs can be achieved with a liquid crystal matrix,
and in addition, anisotropy is generated in the LSPR (localized
surface plasmon resonance) of metal NPs because of the
polarization-dependent optical properties of the liquid crystal.’”

In this work, we look to extend these advances to develop soft
crystals doped with plasmonic nanoparticles. We achieve
a high-density packing of Au-Ag bimetallic nanoparticles (533
particles per pum?) into a novel cetrimonium halide polymorph
prepared using cetyltrimethylammonium bromide (CTAB) as
the starting material. CTAB is a commonly used surfactant in
colloidal synthesis, particularly in the preparation of metal
NPs.'®2° It has also been explored as a shape-control agent in
syntheses involving semiconductors.** More recent studies have
emphasized the usage of CTAB mesophases as well as gels for
NP synthesis.®»** The extension of the utility of CTAB as
a convenient substrate for the preparation of nanoparticle-in-
crystal architectures is thus a significant advance. We employ
potassium iodide as an additive that leads to the emergence of
iodide-rich CTAB crystals (CTAB-I). By crystallographic studies,
we show that these crystals have a lower symmetry and a smaller
unit cell volume compared to standard CTAB and CTAI Using
solid-state nuclear magnetic resonance (SSNMR), we found the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stiffening of the alkyl chain due to the addition of KI. We further
demonstrate the remarkable proclivity of these crystals to act as
hosts for nanoparticles. In particular, we developed a two-step
protocol, where NPs are formed in the first step and in the
second step CTAB-I sheets are grown that enables the embed-
ding of plasmonic nanoparticles into these crystals in situ. The
addition of KI otherwise is known to aggregate the
nanoparticles/CTAB colloidal dispersions, which is confirmed
by DLS (Dynamic Light Scattering) studies. We show from
optical and TEM images (¢ = 30 minutes) that the particles
formed via this method do not show aggregation and thus
further confirm that CTAB-I sheets are formed only after 5
hours. The resultant materials exhibit strong interparticle
plasmonic coupling that is manifested in the optical reflectivity
of these materials. Our method thus provides a novel route to
prepare mesoscopic soft crystals with strongly coupled plas-
monic modes.

2. Experimental details
2.1 Materials

Cetyltrimethylammonium bromide (CTAB) from Sigma-Aldrich
(=99% pure), potassium iodide (KI) from Sigma-Aldrich (ACS
reagent, =99.0% pure), silver nitrate (AgNO;) from Sigma-
Aldrich (ACS reagent, =99.0% pure), sodium borohydride
powder (NaBH,) from Sigma-Aldrich (=98.0% pure), tetra-
chloroauric(m) acid (HAuCl,) from Sigma-Aldrich (ACS, 99.99%
pure, metal basis), L-ascorbic acid from Sigma-Aldrich (99%),
and sodium hydrogen carbonate (NaHCOj;) from SDFCL (AR,
ACS grade) were used as received. All the aqueous solutions
have been prepared in 18.2 MQ Milli-Q water at 25 °C to avoid
any metal contamination.

2.2 Synthetic procedures

2.2.1. Preparation of the CTAB-I polymorph. Aqueous
solutions of 0.01 M CTAB (5 mL) were mixed thoroughly with 40
1L (8%), 80 uL (16%), 120 L (24%), 160 uL (32%), and 200 pL
(40%) of 0.1 M KI. They were left undisturbed till we observe the
crystal formation, which typically takes 5-6 hours. For PXRD
and SS-NMR studies, the clear supernatant was discarded and
the crystals were allowed to dry at 40 °C for 12 hours.

2.2.2. Synthesis of gold (Au) nanospheres (GNSs). The
following seed mediated procedure was used to synthesize the
Au nanospheres and is reported elsewhere.***

5 mL aqueous solution of 0.5 mM HAuCl, was added to 5 mL
of 0.1 M CTAB solution (aqueous). After vigorous stirring,
0.6 mL of 0.01 M NaBH, (aq. soln) was added to the reaction
mixture. The brownish colour of the final solution indicates the
formation of gold nanocrystals. These nanocrystals were used
as seeds for the synthesis of Au nanospheres.

A 500 mL growth solution comprising 5 mM HAuCl, and
0.1 M CTAB in 500 mL water was prepared. 3 mL of 0.079 M
ascorbic acid was added till the solution became colorless due
to partial reduction of Au®** to Au”, and then 0.8 mL of Au seed
was added swiftly to the growth solution. This growth solution
was shaken well and kept overnight.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The obtained Au nanospheres were separated from the
growth solution by centrifugation (7392 RCF for 10 minutes)
and washed with water twice to remove excess surfactant and
ions to collect the precipitate. The obtained product was
dispersed in water to achieve the required optical density of 0.1
shown in Fig. S1a.} The prepared GNSs were spherical with an
average size of 22 nm, Fig. S1b and c.f The HRTEM analysis in
Fig. S1dt shows the surface states with a lattice planar distance
of 0.235 nm corresponding to the plane (111) of Au.

2.2.3. Synthesis of embedded bimetallic Au-Ag NPs in
CTAB-I. Aqueous solution of 0.01 M CTAB (5 mL) was mixed
with 0.1 M NaHCO; (0.5 mL) at room temperature (25 °C) fol-
lowed by 120 pL of 0.1 M KI and 5 mL of 1 mM AgNO;. The
mixture was stirred continuously for 2 minutes followed by the
addition of 4 mL of clean GNSs and 50 pL of 10 mM HAuCl, (aq.
soln). Finally, 2 mL of 0.1 M freshly prepared ice-cold, aqueous
solution of NaBH, was added to the reaction mixture to produce
a yellowish-brown solution of Au-Ag bimetallic NPs.

This reaction mixture was left undisturbed for 5 hours at room
temperature without stirring. After 5 hours, the solution was
centrifuged for 5 minutes at 4100 RCF. The supernatant was
discarded, and the precipitate containing CTAB-I sheets
embedded with Au-Ag NPs was collected and cleaned twice with
water by centrifugation and was used for further measurements.

2.3 Physical methods

The powder XRD data are collected using a PANalytical
diffractometer with Cu-Ka radiation having a wavelength of
1.542 A. UV-visible spectroscopy was performed using an Ocean
Optics spectrometer on a quartz cuvette with a 1 cm path length
from LARK. TEM/HRTEM/STEM images were collected using
a Thermo Scientific (FEI) Themis TITAN TEM operating at 300
kv. TEM images were acquired using a 4K x 4K CMOS camera.
Samples were prepared by drop casting 50 pL of suspended
aqueous solution onto continuous carbon 300 mesh Cu grids
from Ted Pella, Inc. DLS studies were performed using a Zeta
Phase Analysis Light Scattering (Zeta PALS) spectrometer from
Brookhaven instruments using a red laser (660 nm). SEM
images were recorded using a Zeiss Ultra55 with an EsB
detector. AFM measurements were carried out in tapping mode
using a PARK AFM NX20. Transmittance and reflectance
measurements were carried out in a 150 mm integrating sphere
installed in a LAMBDA 1050+ PerkinElmer spectrometer.
Differential thermal analysis (DTA) was performed on a MET-
TLER-TOLEDO. The analysis was conducted in a nitrogen
atmosphere (100 mL min~ ") between 18 and 350 °C. A sample of
7 mg was put in a Pt cell and heated at a constant rate of 2 °
C min~ . All the solid-state NMR experiments were performed
on a 400 MHz JEOL NMR spectrometer using a 10 kHz sample
spinning at the magic angle to the magnetic field. The samples
were packed in a 4 mm rotor in powder form. An excitation
pulse of length 3.75 us was used on the "H channel, followed by
a cross-polarization (CP) block of length 1.1 ms for 'H to **C
polarization transfer. TPPM (two pulse phase modulated)
decoupling was used during acquisition. 512 scans were used
for signal averaging with a recycle delay of 5 s.

Nanoscale Adv, 2024, 6, 2602-2610 | 2603
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3. Results and discussion

3.1 Structural and thermal analysis of CTAB-I structures

Unlike thiols, CTAB is a non-binding surfactant.”® CTAB in
water exists in multiple phases, such as a micellar phase,
a hexagonal liquid crystalline phase, a cubic phase, and
a lamellar phase, depending on its concentration.”** Generally,
the micellar phase of CTAB is used as a surfactant in NP
synthesis.** The addition of salt to micelles is found to disrupt
the structure of the micelles. Zhang et al. have shown that KBr
addition to CTAB leads to micellar shape change from spherical
to rod micelles and to worm-like at high salt concentrations.*?

Cookey and co-workers have shown that the critical micelle
concentration (CMC) of aqueous CTAB lowered with increased
NaBr salt concentration.* In this paper, we extend the electro-
lytic control over CTAB assemblies by demonstrating the KI-
induced growth of a cetrimonium halide crystal polymorph
that forms two-dimensional sheets (a polymorph of CTAB). For
brevity, we refer to this polymorph as CTAB-I.

Motivated by past reports that have studied the effects of
electrolytes upon CTAB micelles,* we first examine the impact of
KI concentration on CTAB dispersions. For analysis, 8%, 16%,
24%, 32%, and 40% (Vii/Vcras) CTAB-I mixtures were prepared
where 8% solution contains 40 uL of 0.1 M KI in 5 mL 0.01 M
CTAB. The details have been described in the previous section. We
found that 8 and 16% addition of KI to CTAB causes turbidity in
the solution. However, the solution reverts to its transparent
micellar form upon reheating to 40 °C (Fig. S2at). These changes
are entirely consistent with past reports and have been attributed
to a change of the micellar structure from spherical to worm-like
upon electrolyte addition.** In contrast, =24% KI addition leads
to an irreversible change and stable, clear solutions could not be
recovered by annealing at 40 °C (Fig. S2b¥). Although stable to
heat, the turbidity does disappear over time along with the
appearance of crystals at the flask bottom. We isolate the crys-
talline deposit of CTAB-I from the solution by decanting the
supernatant liquid. Examination of the deposit with a 40x optical
microscope reveals the formation of sheets. We again note that
these sheets form only at high concentrations of KI (=24%)
(Fig. S31). In contrast, the continuous films of CTAB are observed
even upon drying CTAB-I solutions with <24% KI on a substrate.
Further analysis of these sheets by SEM (Scanning Electron
Microscopy), as shown in Fig. 1a, reveals rhombus-shaped crystals
with a typical area of 792 + 209 pm?. The EDS (Energy-Dispersive
X-ray Spectroscopy) spectrum in Fig. S41 revealed the relative
composition ratio of iodine to bromine to be 5 : 3, thus indicating
iodide ion incorporation into the CTAB structure. Fig. 1b shows
the elemental mapping of the sheets, where we observe the
uniform distribution of iodine and bromine species in the sheets.

We analyzed the crystallographic properties of these sheets
using powder X-ray diffraction (PXRD). Fig. 1c shows the PXRD
pattern of the as-obtained 40% (Vii/Vcras) CTAB-I mixture with
standard CTAB (#1122962) and CTAI (#679105). The as-formed
CTAB-I mixture matches with neither CTAB nor CTAL

Further profile refinement analysis of the obtained CTAB-I
with CTAB and CTAI confirms the mismatch of the three peaks

2604 | Nanoscale Adv., 2024, 6, 2602-2610
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Fig. 1 (a) SEM image of CTAB-I (40% Kl added CTAB). (b) Elemental
mapping of the selected region of (a) showing the distribution of iodine
and bromine in CTAB—I sheets (scale bar 25 pm). (c) Comparison of the
PXRD pattern of the as-obtained CTAB-I| with standard CTAB and
CTAI. (d) Solid-state >C NMR spectra of CTAB and CTAB-I.

at 26 positions of 6.5°, 9.9°, and 13.36° with known cetrimo-
nium halide crystal polymorphs. From the observed patterns,
we further note the absence of independent crystallization of KI
(Fig. S5at). We therefore attribute the observed pattern to
a hitherto unreported polymorph of cetrimonium (CTA) based
compounds. In the literature, polymorphs of CTAB and CTAI
have been extensively studied. Detailed comparisons of our
observations with values reported in the literature at room
temperature (283-303 K) for CTAB and CTAI are shown in
Tables S1 and S2,} respectively. As evident in these tables,
cetrimonium salts exhibit different crystalline morphologies
depending on the number and the nature of counter ions (Br~
and I") surrounding the cation head.**** In addition, there is an
overall tendency for lower symmetry crystals being observed for
iodide variants.*”*® Thus, most polymorphs of CTAI crystallize
in the triclinic crystal system, while all CTAB polymorphs crys-
tallize in the higher-symmetry monoclinic crystal system.*
However, we note that a single exception to the above observa-
tion has been reported in the literature.*® Besides symmetry
lowering, CTAI exhibits significantly smaller unit cell volumes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compared to CTAB. In particular, the CTAI unit cell volume is
42% of the CTAB unit cell volume. Based on the above obser-
vations, we take CTAB as our reference point of comparison. We
find that the presence of potassium iodide leads the conven-
tionally known monoclinic structure (CTAB) to crystallize in
a triclinic structure with unit cell parameters a = 14.732 A, b =
9.909 A, c = 6.297 A, « = 91.633°, 8 = 102.74°, v = 106.785°, and
V = 792.95 A%, The emergent crystal polymorph observed by us
has a significantly smaller unit cell volume, compared to stan-
dard reported CTAB, whose volume is V = 2126.76 A% 62.7%
reduction in the unit cell volume is noted, and when compared
to CTAI whose V = 1124.6 A%, 29.5% reduction is noted. This
significantly reduced cell volume primarily arises from
a remarkably reduced c-axis elongation, ie., from 52.07 A
(CTAB) to 6.29 A (CTAB-I). We entirely attribute the very
different chemical properties of CTAB-I, as described later in
this manuscript, to this emergent crystal polymorph. Though
the indexing was done for the 40% CTAB-I mixture, the powder
patterns for other CTAB-I mixtures (8% to 32%) matched the
40%, as shown in Fig. S5b.t The DTA (Differential Thermal
Analysis) curves of pure CTAB and as-prepared CTAB-I are
shown in Fig. S6.f The DTA curve of pure CTAB (red) has two
endothermic peaks at 105 and 254 °C. The DTA curve (blue) for
CTAB-I exhibits three strong endothermic peaks at 104, 120,
and 238 °C respectively. The peaks for CTAB at 105 °C are
attributed to the desorption process of moisture adsorbed on
the surface of CTAB.* In analogy, we attribute the 104-120 °C
features in CTAB-I to the same desorption process. We note
that the crystal melting point for pure CTAB is observed at 254 ©
C while CTAB-I shows a similar feature at 238 °C. We note that
this is lower to the melting features of pure CTAB and CTAL*
Thus, the DTA analysis further corroborates our hypothesis on
newly formed polymorph of CTAB-I. Its melting point being 16 °©
C less than that of pure CTAB (10 °C less than that of pure
CTAI)** further confirms its instability relative to pure CTAB or
CTAL To understand the molecular nature of interactions that
lead to this emergent cetrimonium polymorph, we probe the
crystals using *C SSNMR.

Fig. 1d shows the '*C solid-state NMR spectra for CTAB and
CTAB-I samples. The peak around 16.6 ppm corresponding to
the carbon at the end (Cy6) remains the same before and after
adding KI. The peaks in the 20.0 to 37.0 ppm range belong to
C,—Cy5 sites (highlighted in the orange box) in Fig. 1d show
a clear increment in the line width after KI addition. The same
behaviour is shown by the peak from C; at 66.5 ppm, which
significantly broadens out in the case of the CTAB-I sample.
Note that the peak intensity is significantly lower for the C; case
than C;¢ because of the difference in the number of protons
located in their proximity. The most striking difference is
observed in the methyl carbon peaks in the range 52.0 to
56.0 ppm, where the peak intensity is significantly higher for the
CTAB-I case than the CTAB case. The increased line widths of
C; and C,-C;; peaks are ascribed to the reduced mobility of the
carbon chain in the case of CTAB-1. The mobility of the termi-
nating site C;s remains unchanged, as reflected in its peak
features. The change in methyl carbon intensity is also a mani-
festation of the reduced mobility of these groups that changes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the rotating frame relaxation rates of *>C (Tym,). The change in
the Ty, affects the cross-polarization from '"H to *C, which
gives no signal in the case of CTAB but works for CTAB-I.
Overall, the NMR data suggest that the CTAB-I system shows
reduced mobility in methyl as well as the other carbons of the
alkyl chain. This reduced mobility is consistent with significant
molecular ordering changes and is likely the origin of the
emergent polymorph. We thus infer that the interactions of
iodide with CTAB are directly responsible for the dynamic and
crystallographic properties of the CTAB-I system.

From the above, we note that the CTAB-I crystal presents
a significantly crowded environment for the C,-C;5 carbons.
This is consistent with c-axis contraction. A similar effect is seen
in the case of the methyl groups that show reduced mobility
relative to a pure CTAB crystal. At the same time the mobility of
the terminal C,¢ carbon relative to CTAB is unchanged. Overall,
these changes lead us to hypothesize unusual folding of the
cetyl chain that allows the C;¢ carbon to be present in a less
crowded environment compared to the other carbon atoms,
possibly towards the crystal surface. This change in chain
conformation is indeed consistent with the reduced unit cell
volume of the CTAB-I crystal as well as with its lower melting
point.

3.2 Effect of iodide on CTAB capped Au NSs

The dynamics of the initial solution phase processes that occur
in CTAB-I were studied using dynamic light scattering (DLS)
techniques. As noted previously, CTAB-I dispersions are
unstable and aggregate rapidly over time, which makes the
precise determination of their light-scattering properties
extremely challenging. Zhang and coworkers have studied the
effect of KBr on the micellar properties of CTAB using light
scattering®* and fluorescent probes.*>*> We, therefore, employ
gold nanospheres (GNSs) as markers. As the GNSs are capped
with CTAB, the hydrodynamic radius of micellar CTAB will be
equivalent to the size/volume of GNSs, and thus any change in
the light scattering properties of GNSs can be attributed to
micellar properties as well, thus enabling us to track the KI
induced dynamics of CTAB dispersions. Initial DLS measure-
ments show the average size of GNSs as 38 nm. Upon system-
atically increasing KI content, GNS sizes increased to 344 nm.
Fig. 2a plots the volume of GNSs as a function of solution KI
content. We find an exponential increase in GNS volume with
increasing KI with an exponential prefactor of 44 nm?® and an
exponential constant of 0.58. The exponential nature of this
curve is consistent with the strong influence of KI on CTAB
solutions. For these experiments, cleaned GNSs with an optical
density of 0.1 were dispersed in DI water and used for
measurements. To further confirm GNS aggregate formation
due to the addition of KI, optical spectra of GNSs were recorded
after the addition of KI. The evolution of Au LSPR at 530 nm was
observed. In Fig. 2b, the narrow peak at 530 nm is broadened
while giving rise to a tail of ~600 nm due to GNS aggregation.*
The SEM image of GNSs, before and after the addition of KI,
clearly shows that well-separated particles of GNSs (Fig. S7at)
aggregate (Fig. S7bt) after KI is added. Gold nanoparticles thus

Nanoscale Adv, 2024, 6, 2602-2610 | 2605
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Fig. 2 (a) DLS study of GNSs with varying amounts of K. (b) Extinction

spectra of GNSs with increasing concentration of Kl.

serve as extremely useful markers to indicate the properties of
CTAB dispersions and enable us to infer the KI-induced aggre-
gation of CTAB micelles.

Thus, the DLS study emphasizes that the initial effects of KI
addition are limited to the aggregation/destabilization of the
particles dispersed in the CTAB solution. Our work stems from
observing a crystalline CTAB assembly that emerges only after
treating CTAB solutions with KI over longer times and not
instantaneously. This motivates our two-step model of synthe-
sizing the embedded NPs. In our approach, the first step is
mixing the CTAB-KI solutions with the metal precursors and
reducing it to form nanoparticles and then in the second step
this solution is incubated for more than 5 hours at room
temperature to form the CTAB-I assembly with simultaneously
embedding the nanoparticles. Here we emphasize that the
addition of KI to already prepared NPs i.e. CTAB capped GNSs
results in aggregation only and neither the sheets of CTAB-I are
formed nor the embedding of GNSs is observed. Thus, the two-
step approach outlined in detail in Section 3.3 and discussed in
3.4 avoids aggregation and successfully enables nanoparticle
embedding into CTAB-I crystals.

3.3 In situ embedding of bimetallic Au-Ag into CTAB-I
polymorphs

As an extension of the method with not just limiting to mono-
metallic embedding of NPs, we developed a single synthetic
protocol where the bimetallic Au-Ag nanoparticles are

2606 | Nanoscale Adv, 2024, 6, 2602-2610
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embedded into CTAB-I sheets. Bimetallic Au-Ag nanoparticles
have significant advantages in terms of their resonance tuning
range compared to individual Au and Ag NPs.** Their localized
surface plasmon resonances (LSPRs) can be tuned across a wide
range of wavelengths just by regulating composition even when
parameters such as size, shape, composition, and the medium
dielectric are held constant.” In addition, the available plas-
monic states for strong coupling is extended for bimetallic Au-
Ag through a wide visible region of the spectrum than indi-
vidual Ag or Au whose LSPR is restricted to 400 nm and 530 nm
respectively.”® With this extra flexibility in mind, we pick
bimetallic Au-Ag particles for embedding.

Our method relies on two distinct steps: the nucleation of
bimetallic Au-Ag particles and their subsequent embedding
leading to the close packing of particles into the CTAB-I sheet
architectures. Here we note that the first step is a fast process
and is sensitive to parameters like pH, temperature, time of
addition of each reagent, and mixing rates. The second slow
step involves CTAB-I crystal growth and simultaneous Au-Ag
particle embedding. Based on the discussion above, we picked
conditions where in a typical synthesis, a 5 mL aqueous solution
of 10 mM CTAB was first stabilized at pH ~ 8 by adding a 0.5 mL
0.1 M NaHCOj; buffer solution. In addition, the temperature was
maintained at ~25 °C. This limits the possibility of the emer-
gence of other CTAB micellar structures or polymorphs that are
more prevalent at higher temperatures.**** To this CTAB solu-
tion, 120 pL of 0.1 M KI and 5 mL of 1 mM AgNO; are added and
the reaction mixture is left to stand to turn turbid due to the
formation of silver halide colloids;** once the solution turns
turbid 4 mL gold nanospheres (GNSs) of 0.1 OD, which act as
a template for the Ag to deposit, is added. The optical and
structural characterization of the GNSs used is shown in
Fig. S1.7 After the addition of GNSs, 50 pL of 10 mM aqueous
HAuCl, is added. This colloidal mixture of metal precursors is
reduced by ice-cold NaBH, to form metallic Au-Ag NPs. This
step leads to the nucleation of spherical Au-Ag NPs. After the
reduction event, the reaction mixture containing Au-Ag NPs
slowly embeds in the in situ-grown CTAB-I sheets. In a typical
synthesis, we observe an initial formation of nanoparticles
upon sodium borohydride addition. Upon aging, haze develops
due to light scattering by CTAB-I sheets. The embedding of
plasmonic NPs can be clearly seen in low-resolution TEM
(Transmission Electron Microscopy) shown in Fig. 3a; as
evident from this figure, the embedding of particles does not
fundamentally alter the morphology of the sheets. Particle-
embedded sheets are rectangular, with a width of 4.5 £ 0.8
pm and a length of 12.5 £ 3.2 pm. Fig. 3b shows the HAADF
(high annular aperture-dark field) image with the elemental
composition maps of the samples, where the sheet shows the
distribution of bromine and iodine, and the embedded parti-
cles are bimetallic containing both silver and gold. A typical
sheet has ~553 NPs per pm?, making these materials inter-
esting for studying inter-plasmonic interactions. Particles
embedded in the sheets are spherical with an average size of 15
+ 3.2 nm (Fig. 3c). Since it is the in situ embedding of nano-
particles, we do observe a small population of particles that are
loosely bound on the crystal surface. We note that these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural characterization of the composite. (a) TEM image of a CTAB—-| sheet embedded with particles; inset shows the particles inside
the sheet (scale bar 100 nm). (b) HAADF-STEM image of the particle-embedded CTAB-I sheet with the elemental mapping distribution of
bromine, iodine (sheet), gold, and silver (embedded particles). (c) Histogram plot of the size distribution of particles that are embedded inside the
sheet. (d) 3D AFM image of the CTAB-I sheet embedded with particles. (e) Thickness profile analysis of the sheet. (f) Optical reflectivity and

transmissivity of CTAB—I sheets with particles.

comprise only 1.5% of the total particles that are embedded. We
attribute this population to crystal fragmentation during
solution-based synthesis and processing. The detailed proper-
ties of these particles are discussed later in the paper.

AFM (Atomic Force Microscopy) measurements were used to
estimate sheet thickness and surface roughness. Fig. 3d shows
the 3D image of the typical sheet embedded with particles, and
Fig. 3e shows the height profile of the same. The calculated
thickness from the topographical image is found to be 190 +
7 nm. In addition, we find that the sheets exhibit an extremely
smooth surface topography with an RMS roughness of 3.7 nm.
We emphasize that this observed RMS roughness is signifi-
cantly lower than the mean nanoparticle size of 15 nm. This is
consistent with the absence of particles on the crystal surface
and thus serve to confirm successful particle embedding.
Furthermore, we are unable to observe large scale structural
distortion caused by particle embedding. This observation
further supports successful embedding of particles into the
sheet structure and eliminates the possibility of the presence of
a large unbound population of particles on the sheet surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.4 Structure and morphology of bimetallic nanoparticles
formed

To understand the mechanisms involved in the formation of
this unique architecture and to prove that there is in situ
embedding of nanoparticles, we further analyze the property
changes of NPs during the embedding as a function of time.
Fig. 4 shows the structural and optical characterization of
cleaned NPs isolated from the reaction mixture after the first
step (¢ = 30 min). We note that this is prior to sheet formation
and only the bimetallic Au-Ag can be found at this stage. Fig. 4a
shows the low-resolution TEM image of Au-Ag NPs at ¢ =
30 min. We observed two distinct populations of particles in the
particle size distribution histogram profile in the inset of
Fig. 4a. The smaller ones (average size 37 nm) are core-shell
spherical particles marked in yellow in Fig. 4b, and the other set
is bigger (average size 58 nm) non-spherical composite Au-Ag.
Fig. 4c shows the selected area electron diffraction (SAED)
pattern of the particles, which agrees well with the patterns
typically observed in the case of Au and Ag. Polycrystalline
particles are seen to be present within the ensemble. Significant

Nanoscale Adv., 2024, 6, 2602-2610 | 2607
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(a) Low-resolution TEM image of Au—Ag NPs isolated at t = 30 min and histogram profile of particle size distribution (inset). (b) TEM image

of two different sizes of particles and HRTEM of a single particle with lattice spacing marked (inset). (c) SAED pattern of Au—Ag NPs. (d) HAADF of
Au-Ag nanostructures. (e) and (f) Elemental mapping of Au and Ag, respectively. (g) Comparison of the PXRD pattern of Au—Ag NPs with that of
standard Ag. (h) Extinction spectra of Au—Ag NPs at different intervals of time over the course of embedding into CTAB-I sheets.

reflections corresponding to gold and silver have been marked.
We also observe forbidden reflections at 0.36 nm that are typi-
cally seen in the case of twinned nanoparticles.*”* These
aspects are also seen in the high-resolution TEM (HRTEM)
image in the inset of Fig. 4b. The spherical particles were core—
shell structures with Au at the core and Ag as the shell, evident
from the HAADF image and in the elemental mapping in
Fig. 4d-f. In addition, the PXRD pattern of NPs isolated at ¢t =
30 min matches the standard Ag pattern, as shown in Fig. 4g.
Sheet formation is observed optically within 5 hour of the
reduction in typical reactions. Subsequently, particle-embedded
sheets may be isolated within 5 hours of the reduction. Particles
in the reaction medium undergo a digestive ripening process
before incorporation into sheets. In particular, we observe that
the average size of the NPs decreases from 50 nm for the free
NPs to 15 nm for the incorporated NPs. Digestive ripening of the
particles is generally observed in the presence of thiolate
ligands. We hypothesize that in our reaction this was driven by
the properties of the reaction mixture, particularly its pH. To
verify this hypothesis, we study the temporal behavior of NPs

2608 | Nanoscale Adv, 2024, 6, 2602-2610

isolated at 30 minutes over time. We indeed find that these
particles are stable and do not undergo ripening outside of the
reaction medium.

3.5 Optical properties of the NP embedded CTAB-I
composite

Fig. 4h shows the evolution of extinction spectra of the sample
at t = 0 (just after the reduction), ¢ = 30 min, and ¢ = 5 hours.
The single LSPR at 430 nm further confirms the presence of Au-
Ag att = 0. The LSPR of Ag is red-shifted with respect to pure Ag
SPR because of the bimetallic character of these particles.*® The
optical spectra of the NPs at ¢ = 30 min further corroborate the
presence of Au-Ag core-shell structures. The broad extinction
resonance of the NP-crystal composite is observed at ¢t = 5
hours. Significantly, this is considerably broader than the
resonance observed in the case of the initially formed NPs at ¢t =
30 min. This is surprising given the size distribution narrowing
process that the NPs undergo over the ¢t = 5 hour period.
Overall, this is consistent with the emergent optical properties

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the NP-CTAB-I crystal composite system and is tentatively
ascribed to strong inter-NP coupling that is realized. We further
confirm the optical properties of the sheet-embedded particles
by performing reflectivity measurements on an integrating
sphere. Fig. 3f shows the reflectivity spectra of the sample. As
evident, the sample presents a broad reflectivity profile that
spans the entire visible spectrum. As noted earlier, our systems
have a large packing density of ~553 NPs per um?; this leads to
a correspondingly small interparticle separation of 43 £+ 26 nm.
This regime is particularly relevant for allowing the realization
of enhanced plasmon-plasmon coupling.*** Thus, our experi-
mental results are consistent with reflectivity from a composite
dielectric-coupled plasmonic system.>

4. Conclusion

This work realizes the in situ embedding of small plasmonic Au-
Ag NPs into a novel cetrimonium crystal polymorph, thereby
extending the utility of these reagents further. This work thus
extends the utility of CTAB based polymorphs directly in
synthesis and not as a surfactant. XRD studies revealed the
formation of a new emergent crystal CTAB-I. Molecular inter-
actions responsible for the formation of this polymorph are
studied using solid state NMR methods. We find significantly
reduced alkyl chain mobility in CTAB-I systems compared to
CTAB. We study the dynamical properties of CTAB-KI disper-
sions from which this polymorph was isolated. Based on our
observations we designed a synthetic protocol to enable in situ
embedding of binary metallic NPs into the CTAB-I crystals. We
were able to attain a high packing density of 533 particles per
pm? area of embedded NPs in a CTAB-I sheet. This enables the
realization of a NP-crystal composite with resonance scanning
from 300-600 nm. This work provides a new design strategy for
combining hard (metal NPs) and soft (organic) materials.
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