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ABSTRACT: Silver nanoparticles (NPs) have been synthe-
sized inside mesoporous silica films with chiral nematic
structure. Circular dichroism measurements of the silver
NP-loaded silica films show NP-based optical activity in the
vicinity of the surface plasmon resonance. These materials,
with an optical response associated with the chiral assembly
of metal NPs, may be useful for developing new sensors.

Metal nanoparticles (NPs) represent an important class of
building blocks for constructing new functional materials

such as catalysts and sensors.1 By capping NPs with a selection of
ligands, the optical and other properties of the structures can be
modified.2 On the other hand, controlling the supramolecular
organization of the NPs can introduce additional functionality.3

An important and interesting property of some metal NPs is
chirality. Despite a considerable amount of work in this area, the
origin of the observed optical activity (usually by circular
dichroism, CD) in the surface plasmon resonance (SPR) of
metal NPs is still debated.4 Whetten, whose pioneering work
gave the first example of chiral ligand-protected Au NPs,5

proposed three possible mechanisms (chiral core, chiral surface,
and chiral organization) that have been extensively studied to
explain the origin of chirality.6,7 The vast majority of NPs that
show optical activity have been prepared with small chiral
capping molecules.

To study the chirality of NPs, several researchers have turned
to biological scaffolds. Shemer et al. used DNA to template the
synthesis of Ag NPs.6h The intrinsic chiral core of the NPs has
been discussed as the probable origin of the chirality, but the
authors also proposed the possible contribution of the helical
structure of DNA. In another paper, Thomas used peptide
nanotubes as a scaffold to synthesize Au NPs and observed a
signal by CD.6i In that case the chiral organization of Au NPs was
regarded as the source of the observed CD signal, but the authors
clearly mentioned that they cannot rule out the possibility of
individual chiral NPs. Prasad and co-workers very recently
showed a plasmonic enhancement of the optical activity of chiral
poly(fluorene-alt-benzothiadiazole) doped with Au NPs and
proposed a combination of enhancement mechanisms domi-
nated by helical ordering of AuNPs.8 These reports indicate that,
regardless of the chirality of the individual NPs, the chiral
assembly of metal NPs might be another important aspect of
the chiral response of NPs. Chirality transfer from chiral host

materials such as polymers or liquid crystals to achiral organic
dopants (e.g., a dye) is well known.9 If NPs are used in place of a
dye, the same type of chirality transfer may also occur.

Chiral assemblies of NPs or chiral nanostructures have been
extensively studied and visualized by techniques such as electron
microscopy and atomic force microscopy.10 As one example,
Rosi assembled Au NPs into double helices with the help of a
peptide template.10c These studies raise an intriguing question:
can all of these chiral assemblies of metal NPs give related chiral
optical activities that are measurable by CD? Recent theoretical
calculations indicate that NPs organized into a helical structure
should show large CD signals in the visible spectrum due to
Coulombic interactions between NPs in the assembly.11

By using nanocrystalline cellulose (NCC) as template, we
recently reported the first mesoporous silica films with chiral
nematic ordering.12 The helical pitch in the mesoporous silica is
easily tuned by changing the ratio of the silica precursor relative
to NCC, thus varying the wavelength of reflected light from the
UV to the near IR. In this report, we used the chiral mesoporous
silica films as hosts to organize Ag NPs. Observed CD signals for
the Ag NPs synthesized in situ derive from supramolecular
organization of the NPs rather than from chirality of the
individual NPs that might be transferred from the chiral NCC
template.

Colorless mesoporous silica films with reflection peaks above
1000 nm were used so that the reflection does not overlap with
the SPR peak of Ag NPs (390-420 nm).13 Two chiral silica
samples (Si1 and Si2) were prepared, with reflection peaks
around 1050 and 1450 nm, respectively (Figure 1a). Chiral
nematic ordering of the films can be clearly seen from scanning
electron microscopy (SEM) images (Figure 1c,d and Figure S1,
S2). The Brunauer-Emmett-Teller surface areas of Si1 and Si2
are 769 and 470 m2/g, respectively.

CD measurements of small pieces of Si1 and Si2 show small
signals between 300 and 800 nm that are artifacts owing to
birefringence (Figure 1b).14When the pores are filled with water,
a change in refractive index alters the intensity of the birefrin-
gence, but the overall shapes of the spectra hardly change.

To prepare Ag NPs within the mesoporous silica, the films
were first soaked in AgNO3 solutions for 30 min, removed from
the solution, and rinsed with de-ionized water and acetone to
remove surface-bound Agþ. After drying in air, the films were
soaked in freshly prepared 200 mM NaBH4 solution to reduce
the Agþ to Ag0 and form Ag NPs in the pores. Based on the silica
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samples (Si1 and Si2) and the different AgNO3 concentrations
being used ((a) 10 mM and (b) 100 mM), four different samples
were prepared, namely Ag1-a, Ag1-b, Ag2-a, and Ag2-b. Com-
pared to the colorless and transparent pure silica films Si1 and
Si2, films loaded with Ag NPs have transparent light yellow
(Ag1-a, Ag2-a) or dark yellow (Ag1-b, Ag2-b) colors.

The UV-vis absorption spectra of films loaded with Ag NPs
show a peak near 400 nm assigned to the SPR (Figure 2a). The
SPR absorption peaks are slightly shifted when the pores are
filled with water (Figure 2b). CD spectra of the samples contain-
ing Ag NPs are shown in Figure 2c-f. Compared with the CD
spectra of the pure silica samples (Figure 1b), where only small

artifact signals are observed, CD spectra of the NP-loaded
samples show much stronger signals. Samples were rotated
perpendicular to the light beam to eliminate the possibility that
the CD signals arose only from linear dichroism (Figure S3).14

Although films of similar sizes were used for all measurements,
quantitative comparison of the CD signal intensities between the
different samples is not possible since the brittleness of the films
did not allow films of the exact same size to be used.

Compared to the UV-vis spectra, the CD spectra of wet and
dry Ag NP samples differ dramatically. For Ag1-a and Ag2-a,
which were prepared using a 10 mM (low concentration)
AgNO3 solution, the intensities of the signals in the CD spectrum
are greatly reduced when the pores are filled with water
(Figure 2c,e). In contrast, when the pores of Ag1-b and Ag2-b
(prepared with 100 mM AgNO3 solution) are filled with water,
the intensities and the overall shapes of the CD spectra change
(Figure 2d,f).

The SPR of metal NPs is sensitive to the size and ordering of
the NPs (e.g., space betweenNPs or NP assemblies), as well as to
the dielectric properties of the surrounding media, which is the
basis for usingmetal NPs for biosensors.15 The similar SPR peaks
(Figure 2a) for the different Ag NP samples we examined
indicate that the sizes of the Ag NPs are all similar, perhaps
restricted by the pore size in thematerials. Samples prepared with
a higher concentration of Agþ have more Ag NPs within the
pores, thus reducing the distance between the NPs. This is the
main difference between Ag1-a and Ag1-b as well as between
Ag2-a and Ag2-b. As the dielectric property of the medium
surrounding the NPs changes upon filling with water, the SPR of
the NPs will change (Figure 2b).15a Consequently, changes are
observed in the SPR band in the absorbance-based CD spectra.
The large changes observed in the CD spectra upon filling the
pores with water mean that the optical activity is more sensitive
than the positions of the SPR absorbance peaks to changes in the
environment, thus opening up a unique approach for biosensing-
related applications.

During templation of the mesoporous silica with NCC,
chirality may possibly be transferred to the silica at three different
length scales: (i) from the molecular level, since the NCC is
composed of chiral D-glucose units, (ii) from the screw-shaped
morphology of individual nanocrystals,16 and (iii) from the long-
range chiral nematic ordering of the NCC. The chiral nematic
structure of the silica films has been proven,12 but we do not
know whether the other levels of chirality are transferred to the
silica (and possibly affect the chirality of the individual NPs).
Thus, we sought experimental support that the chiral signal
observed by CD originates from long-range organization of the
NPs in the chiral nematic host rather than from the chirality of
the individual NPs or NP assembies within single pores.

Ag1-b and Ag2-b, which differ in the pitch of the chiral
nematic template, show completely different responses by CD
upon filling the samples with water (Figure 2d,f). As Si-1 and Si-2
are both templated from NCC and have chiral nematic ordering,
the individual pore structures should be very similar. Indeed,
both have similar N2 adsorption/desorption isotherms and BJH
pore size distributions (Figure S4). Thus, the main differences
between Si-1 and Si-2 are the helical pitch and silica wall
thickness. Furthermore, Ag1-b and Ag2-b were prepared using
the same concentration of AgNO3. Therefore, the different CD
response of the two Ag NP samples must stem from the overall
different helical pitch and wall thickness rather than differences
between individual NPs or theNP assemblies within single pores.

Figure 1. (a) UV-vis transmission spectra of Si1 (blue) and Si2 (red).
(b) CD spectra of Si1 (blue), Si1 soaked with water (green), Si2 (red),
and Si2 soaked with water (gray). (c,d) SEM images of Si1 at different
magnifications.

Figure 2. (a) UV-vis spectra of Ag NP samples: Ag1-a (green), Ag1-b
(gray), Ag2-a (red), Ag2-b (blue). (b) UV-vis spectra of Ag2-b before
(blue) and after (red) soaking with water. (c-f) CD spectra of Ag NPs
loaded silica film before (blue) and after (red) soaking with water: (c)
Ag1-a, (d) Ag1-b, (e) Ag2-a, (f) Ag2-b.
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The fact that the helical pitch of the silica films affects the CD
signal of the Ag NPs gives evidence that the observed optical
activity is due to a long-range chiral nematic organization.

To further prove that the optical activity is due to the
organization of the Ag NPs within the chiral nematic host, we
prepared a new mesoporous silica using NCC as template, but
without chiral nematic ordering. In our previous study, we found
that slightly changing the pH can nullify the chiral nematic
ordering of NCC/silica composite films as well as calcined
mesoporous silica films.12 Thus, sample Si3 was prepared using
NCC as a template at pH 2. SEM images of as-prepared Si3 silica
films did not reveal any ordering (Figure 3a,b and Figure S5).
UV-vis and CD spectra also did not show any signal originating
from chirality in the sample (Figure S6). However, the N2 gas
adsorption/desorption isotherms and BJH pore size distribu-
tions for Si3 are quite similar to those of Si1 and Si2 (Figure S7),
confirming that the pores are formed around individual NCC
crystallites. Si3 was loaded with Ag NPs using the same proce-
dure as described above (100 mM AgNO3). Silica films loaded
with AgNPs (namelyAg3) without chiral nematic ordering show
similar positions of the SPR peak in the UV-vis spectrum to the
chiral nematic samples, suggesting that the Ag NPs have similar
sizes as in Ag1 and Ag2 (Figure 3c). CD measurement of Ag3
showed no related CD signals. Moreover, the films did not show
any change in optical activity upon filling with water (Figure 3d).
These results also support the conclusion that the CD signals
observed for Ag1 and Ag2 originate from the long-range chiral
nematic order in those samples.

Sample Ag1-b was also characterized by transmission electron
microscopy (TEM) (Figure S8). Nanosized Ag particles can be
clearly observed, along with the somewhat twisted one-dimen-
sional silica pores. As we had to grind the film and use the powder
dispersed in ethanol for the TEM sample, it is more difficult to
see any evidence for chiral nematic ordering and the process
inevitably causes the release of some NPs from the pores. Also,
since the chiral nematic organization has a pitch of over 1000 nm
in these samples, we did not expect to be able to visualize the
chiral nematic structure by TEM.

The NPs were further isolated by capping them with hex-
anethiol and dissolving the silica with NaOH(aq). TEMmeasure-
ments show Ag NPs with sizes around 3-5 nm, which matches
closely the pore diameter of the silica host (Figure S9). UV-vis

spectra show a slope at 300-800 nm without an obvious SPR
peak (Figure S10). Comparing the UV-vis spectrum of the free
Ag NPs in solution to those loaded in silica films, the strong SPR
peaks of Ag NP-loaded silica films may indicate an assembling
behavior that gives rise to strong electronic interactions between
the NPs. It is also likely that the NPs are etched by the thiols and
change size accordingly.17 CD measurement of NP solutions did
not show a signal, meaning there is no optical activity associated
with the released NPs (Figure S10b).

In conclusion, we have demonstrated that Ag NPs can be
formed inside chiral nematic mesoporous silica films. CD
measurement of these silica films loaded with Ag NPs showed
optical activities in the vicinity of the SPR of the Ag NPs. Based
on the comparison of CD spectra of Ag1-b and Ag2-b, as well as
the result of Ag3, we believe the optical activities solely originate
from the long-range organization of the Ag NPs in the chiral
nematic silica host. We believe this is a clear example of a truly
chiral assembly of metal nanoparticles with related optical
activity where the optical activity definitively originates from
the chiral organization rather than from a property of the
individual NPs. It is likely that other chiral assemblies of NPs,
such as those assembled on biological structures, will also exhibit
optical activity. Considering the importance of using SPR of
metal NPs for biosensing applications, using the response based
on the chiral organization of metal NPs embedded in a chiral
mesoporous host will certainly open up new directions for
related applications.
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