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Abstract

Natural fibers are a class of thread-like bio-based materials with merits of favorable mechanical
properties, low cost, and minimal environmental impact, etc. Endowing additional
functionalities to natural fibers would further encourage greater utilization of these renewable
materials. In this work, we present a new strategy to integrate ultrasmall (<3 nm) gold
nanoclusters (AuNC) with coconut fibers (coir), which resulted in a unique fluorescence
switchable composite material. Specifically, we demonstrate that the delignified, green-
emissive coir can act as a heterogeneous reducing and nucleating agent to form luminescent
AUNC. The immobilization of AUNC switches the intrinsic green emission of delignified coir
into enhanced orange emission of the resultant composite material. Our further investigations
suggest that the fluorescence switching is governed by the Forster resonance energy transfer
(FRET) process despite their disparity in material type, morphology, and size. Several
important parameters, such as the FRET efficiency (E), rate constant (kt), the Forster radius
(Ro) and the distance between donor-acceptor pair (Rpa) were estimated to describe the FRET
process. The distance-sensitive FRET process was also confirmed by varying the medium
between the AUNC and delignified coir, which highlighted the potential uses in stimuli-
responsive sensor applications. We expect that this strategy can be extended to rationally

design functional nature-based materials from various sources.

Keywords: Nanoclusters, Lignocellulosic biomass, Cellulose, Photoswitch, Fluorescence

resonance energy transfer, Hybrid organic-inorganic material
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1. Introduction

Natural fibers are a class of thread-like materials that are sourced from plants or animals, such
as cotton, coconut fibers (coir), bamboo, silk, etc. They are attractive for their sustainability,
low cost, low specific weight with high specific strength and stiffness, good thermal and
acoustic isolation properties, and therefore have found wide applications, including
construction, textile, decoration, storage and packaging(Silva, et al., 2020, Hasan, et al., 2021,
Berardi and lannace, 2015). Despite their many merits, materials scientists are still striving to
develop various strategies to reinforce the existing physical properties of natural fibers or
endow them with new exciting properties (Li, et al., 2022, Liu, et al., 2022, Leow, et al., 2022,
Sugiarto, et al., 2022). For example, chemical treatment, such as grafting or modifying with
desired functional groups (Thakur, et al., 2014, Zeng, et al., 2022) is a popular approach to
improve the physical properties of cellulose-based natural fibers. On the other hand, the
incorporation of functional nanomaterials (e.g., metal nanoparticles(Castellanos, et al., 2012,
Dong and Hinestroza, 2009), or metal oxides (Dolez, et al., 2017)) has been emerging as a
promising strategy to introduce bespoke features to natural fibers, such as antimicrobial, flame

retardancy, UV-protection, and fluorescence properties.

Fluorescence switching materials are a class of smart material that can change their
fluorescence color in response to remote light stimulation (Wei, et al., 2018). They have
received considerable research interests due to their versatility in a wide range of applications,
such as optoelectronics, information storage, biological sensing and imaging, and anti-
counterfeiting etc. (Huang, et al., 2019, Qi, et al., 2017, Zheng, et al., 2022). A typical
fluorescence switching material relies on organic molecules with photochromic moieties (e.qg.,
azobenzene, dithienylethenes, fulgides, and spiropyrans) (Zhang, et al., 2021, Yang, et al.,
2022), whose absorptions/emissions changes due to structure transformation induced by light.
As very few photochromic molecules are simultaneously fluorescent, fluorescence switching

3
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materials are more commonly prepared by conjugation of a fluorophore to a photochromic
molecule, which works based on the Foster resonance energy transfer (FRET) mechanism
(Dubertret, et al., 2001, Lilley and Wilson, 2000, Zhang, et al., 2021). The performance of
resultant fluorescence switching material is optimized by modulating the spectral overlapping
and the distance between the fluorophore and photochromic moiety, which usually involves

cumbersome synthesis and laborious surface engineering.

Here, we report the facile preparation of a fluorescence switchable composite material simply
constructed by fluorescent gold nanoclusters (AuNC) and renewable natural fibers. AUNC is a
special type of gold nanoparticles consisting of tens to a hundred Au atoms and with a diameter
less than 3 nm (Yu, et al., 2013, Liu, et al., 2022, Li, et al., 2022, Wang, et al., 2022, Li, et al.,
2022). Due to the influence of strong quantum confinement effect in this size regime, AUNC
exhibit unique physical and chemical properties that are distinct from their larger counterparts,
such as enhanced fluorescence (Qian, et al., 2022, McCoy, et al., 2013, Shi, et al., 2017, Kim,
et al., 2020, Liu, et al., 2021). The key design of this study was to utilize delignified natural
fibers harvested from coconut husk (or coir) as a reducing and nucleating agent for the in-situ
formation of AUNC (the obtained composite material is denoted as coir@AuNC hereafter). The
delignified coir has a cellulose-dominant backbone with abundant hydroxyl groups, which
were activated at an elevated temperature (~75°C) to facilitate the reduction of Au salts and
formation of AUNC (with the assistance of a small bio-occurring tripeptide L-glutathione).
More importantly, the delignified coir which showed intrinsic green emission was switched
into an orange-emissive composite after the in-situ formation of AuNC. The fluorescence
switching property of the coir@AuNC was attributed to fluorescence resonance energy transfer
(FRET) from the substrate (delignified coir) to AUNC despite their large disparity at first glance.
We had carefully characterized the fibrous materials before and after immobilization of AUNC

and determined the key parameters during the FRET process.
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2. Materials and methods

2.1.Materials

Sodium chlorite (NaClO2, technical grade, 80.0%), Sodium Acetate (CH3COONa, ACS
reagent, >99.0%), acetic acid (CH3COOH, glacial, ACS reagent, >99.7%), L-glutathione
reduced (~glu-cys-gly, GSH, >98.0%), gold (I1I) chloride trihydrate (HAuCls - 3H.O, ACS
reagent, >49.0% Au basis) were purchased from Sigma-Aldrich and used as received.
Deionized (DI) water with a resistivity of 18.2 MQ was used as a common solvent throughout

this study.

2.2.In-situ delignification of coconut fibers

The delignification solution was prepared by dissolving sodium chlorite (NaClO3) in acetate
buffer (0.1 M, pH 4.6) at a concentration of 1 wt%. Prior to delignification, raw coconut fibers
(coir) were washed with DI water thrice to remove surface impurities, and oven-dried at 105 °C
overnight to remove any moisture. In a typical delignification process, the oven-dried coir (2
g) was immersed in a 200 mL of delignification solution and left to stand for 16 h at 80 °C
under gentle stirring (50 rpm). The delignified fibers were then separated by filtration and

washed with DI water continuously until a neutral pH was reached.

2.3.In-situ synthesis of coir@ AUNC composites

In a typical synthesis, 100 mg of delignified coir was soaked in a 30-mL glass vial containing
10 mL ultrapure water, followed by sequentially adding aqueous solutions of GSH (3 mL, 20
mM) and HAuUCl4 (2 mL, 20 mM). After mixing thoroughly using a vortex mixer, the vial was
sealed airtight and placed inside a 75 °C oven for 24 h. For comparison, samples without adding
either GSH or HAUCI., or with coir only were also subjected to the similar heating treatment.
After 24 h, the samples were recovered, washed by DI water thrice, and freeze-dried for further

study.
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2.4.Characterizations

UV-vis spectra were measured on a Shimadzu UV-2450 spectrometer. Steady-state
photoluminescence spectra (PL) were measured on a FLAME-S-XR1-ES spectrometer
coupling with a 405 nm light source (Ocean Insights). X-ray photoelectron spectroscopy (XPS)
measurements were performed on a PHI Quantera SXM Scanning XPS Microprobe. Scanning
electron microscopy (SEM) images were recorded on a JEOL JSM6700F field emission
scanning electron microscope operating at 5 kV. Transmission electron microscopy (TEM) was
done on a FEI Titan 80-300 TEM at an accelerating voltage of 200kV. Cross-sections of ~200
nm thickness of the coir@AuNC were made by cutting a fiber embedded in epoxy resin using
an ultra-microtome (Leica Ultracut UCT) at room temperature. Thermogravimetric analysis
(TGA) was done using a TA Instruments TGA Q500 analyzer. X-ray diffraction (XRD) spectra
were recorded on a Bruker D8 ADVANCE diffractometer. Fluorescence lifetime was measured
on a MicroTime 200 microscopy platform. Photoluminescence quantum efficiency (PLQE)
was determined using a three-measurement method (de Mello, et al., 1997, Leyre, et al., 2014)
with a setup consisting of a 405 nm violet and blue alignment laser diode, a 6-in integrating
sphere, and a QE Pro high-performance spectrometer (Ocean Insights). Specifically, the
number of photons in the excitation wavelength region was measured (La) in the first
measurement. The second measurement determines the number of photons in the incident
wavelength region (Ly) and the number of photons in the emission wavelength region (Pp), with
the sample present in the integrating sphere but out of the path of the incident beam. In the last
measurement, the number of photons in the incident wavelength region (Lc) and the number of
photons in the emission wavelength region (Pc) were determined with the sample present in the
integrating sphere and directly illuminated by the incident beam. The PLQE value was then

determined using the following equation (Equation 1):
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P.—(1-A)Pp

PLQE = La—A (1)

Where A =1 - L¢/Ly is the direct absorption.

2.5. Calculation of FRET efficiency (E), rate constant (kt), the Forster radius (Ro) and

the distance between donor-acceptor pair (Rpa)

The FRET efficiency (E) is correlated with the lifetime of donor (o) and the rate constant (kr)

in the Equation (2) below (Bajar, et al., 2016, VVogel, et al., 2014):

E=1-24-fr - 1 2

1 6 6
T — Rg+R
D p kT 0tRpa

By using the values of  and ma determined in Fig. 4b and Table S2, E is determined to be
6.4%. With the known value of E, the energy transfer rate constant kr is estimated to be 2.74
x107 s~1. The Forster radius (Ro, in nm) is then calculated using Equation (3) (Bajar, et al.,

2016):

R, = 0.02108 (xquDn-‘*])% 3

where 2 is the interdipole orientation factor and assumed to be 2/3, ¢p is the fluorescence
quantum efficiency of donor in the absence of acceptor (3.3%), n is the refractive index of
medium (approximately 1 for atmosphere), and J is the overlap integral of the donor emission
and acceptor absorption spectra (which is 1.26 x 10** Mt cm~t nm* estimated from Fig. 4a).
By applying values of #2, ¢b, n, J in Equation 3, we get Ro to be 2.50 nm. With known value of

Ro, Rpa is determined to be 1.53 nm.
3. Results and discussion

Fig. 1a showed the typical two-step synthesis of the AUNC on coir composite material (denoted

as coir@AUNC hereafter for convenience of reference). In the first step, the raw coir was
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treated in a buffered solution of sodium chlorite (NaClO2, 1 wt% in 0.1 M acetate buffer, pH
4.6) at 80 °C to give the delignified coir (item 1). This delignification process thoroughly
bleached away the brown pigments in the raw coir and yield a porous structure in the delignified
coir (Fig. S1). In the second step, the delignified coir (item 1) was immersed in a mixture
solution of L-glutathione (GSH) and gold (111) salts and placed inside a 75 °C oven for 24 h to
yield the coir@AuNC composite material (item 2, more details are available in Section 2.2 and
2.3). Interestingly, the initially non-fluorescent raw coir (Fig. S2) was able to give off green
emissions under UV irradiation after the delignification treatment (Fig. 1b inset, item 1). It has
been reported that cellulose can show blue emissions upon UV irradiation due to abundant
hydroxyl groups forming hydrogen bonds to rigidify molecular conformations (Zeng, et al.,
2022). On the other hand, lignin are rich in aromatic subunits which may serve as centers of
chromophore and fluorophore (Moreno and Sipponen, 2020, Sugiarto, et al., 2022). Indeed
green-emitting lignin nanospheres have been used for photodynamic therapy applications
recently (Paul, et al., 2021). Considering lignin cannot be completely removed by chlorite
treatment, we believe that small amount of lignin remaining in the delignified coir was the
source of the observed green emission where its fluroescence was further enhanced by the

rigidification effect from the hydrogen bonds in the cellulose matrix.
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Fig. 1 (a) Schematic diagram of the formation process of emissive coir coated with AuNC. The
color code illustrates the appearance of delignified coir only and coir coated with AUNC under
daylight and UV irradiation. (b) Fluorescence spectra (Aex = 405 nm) of the delignified coir (1)
and coir coated with AUNC (2). (Inset) Digital photos of the delignified coir (1) and coir coated
with AuNC (2) under day light (top) and in the dark under UV light (bottom). (c) TGA and
DTG curves of the delignified coir (1) and coir coated with AUNC (2). (d) High resolution XPS
spectra of Au 4f for delignified coir and coir coated with AuNC, respectively. (e) XRD spectra

of the delignified coir (1) and coir coated with AUNC (2). The stars indicate the (111), (200),
(220), and (311) facets of the formed AuNC particles.
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More interestingly, the formed coir@AUNC composite material demonstrated orange
emissions under UV irradiation (Fig. 1b inset, item 2), which was distinctly different from the
green emissions of the delignified coir fibers. The fluorescence spectrum of delignified coir
fibers (1) showed a peak centered at 520 nm while that of coir@AuUNC (2) exhibited a peak at
605 nm (Lex = 405 nm) (Fig. 1b). Thermogravimetric analysis (TGA) of delignified coir fibers
(1) and coir@AuNC (2) confirmed the successful loading of AuNC, as evidenced by the
merging of two transition ranges (ca. 205-310 °C and 310-420 °C) initially observed for
delignified coir fibers and the emergence of another transition range above 450 °C on the TGA
curve of coir@AUNC (Fig. 1c and Table S1). It is worthy to mention that the decomposition of
coir was more thorough for the coir@AuNC composite, which might be attributed to the
catalytic properties of ultrasmall gold nanoparticles ((Kim, et al., 2020, Wang, et al., 2022)).
The successful loading of AuUNC was also supported by the high resolution XPS spectra of
delignified coir fibers (1) and coir@AuNC (2) (Fig. 1d). Further deconvolution of the Au4fz,
spectrum into Au(l) and Au(0) components (with binding energy of 84.3 and 83.7 eV,
respectively) translated into ~64% Au(l) of all Au atoms in the formed AuNC — a typical
physical property for ultrasmall AUNC (Yu, et al., 2014). X-ray diffraction (XRD) studies
revealed the preservation of crystalline cellulose (Nang An, et al., 2020, Tomczak, et al., 2007)
after delignification, as evidenced by two evident peaks at 26 = 22.5° and 34.7 ° on both XRD
spectra of the raw (Fig. S3) and the delignified coir (Fig. 1e, item 1). On the other hand, a set
of new peaks at 26 = 38.2°, 44.3°, 64.6° and 77.6° were observed on the XRD spectrum of
coir@AuNC, which matched the fcc stacking of gold nanoparticles (Fig. 1e, item 2). Previous
reports of powder X-ray diffraction pattern of thiolate-protected AUNC only show a broad peak
at 260 = 30—40° (Qian and Jin, 2009, Nimmala, et al., 2013, Yao, et al., 2015). We reasoned
that the deviation in this study might come from the immobolization of AUNC on the bleached

coir (in stead of free thiolate protection). The crystallinity surface cellulose microfibrils could
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induce the prefential stacking of gold atoms in the current study. It is interesting to note that in
a previous study ultrasmall gold nanoparticles (~1.7 nm) synthesized in ionic liquids also show
similar XRD patterns (Wang, et al., 2008). Last but not least, the formation of AUNC with a
diameter of 1-2 nm was also confirmed by TEM. A typical fiber of coir@AuNC composite
was microtome cut into thin (~200 nm in thickness) slices perpendicualrly and the cross section
area was observed under the TEM. The bright filed TEM iamges showed that the lacuna (hole)
of the composite was several micrometers across (Fig. 2a). A thin layer of tens of nanometers
with higher contrast (dark) as compared to the cellulose matrix indicated the formation of tiny
particles around the inner surface. High-angle annular dark field scanning TEM (HAADF-
STEM) images (Fig. 2b-d) were recorded to further examine the size of the formed AuNC as
HAADF-STEM images are more sensitive to atomic mass. The as-formed AuNC around the
inner surface of the lacuna appeared as a white layer in the low magnification HAADF-STEM
images (Fig. 2b and c). The high resolution HAADF-STEM image clearly showed that the as-

formed AuUNC are indeed very small with a diameter less than 3 nm (Fig. 2d).
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Figure 2. (a) Bright field TEM and (b-d) high-angle annular dark field scanning TEM

(HAADF-STEM) images observed for the cross section of coir@AuNC composite.

Several control experiments had been carried out to better comprehend the formation of the
orange-emitting coir@AuNC. First, hydrothermal treatment of the delignified coir alone at 75
°C for 24 h did not produce any orange-emitting species. The delignified coir remained in pale
yellow and emitted green light upon UV irradiation (Fig. 3a, left panel). The zoomed-in
scanning electron micrographs near one typical pit and the lacuna at the cross section showed
the surface of the delignified coir was clean (Fig. 3a, middle and right panels). Second,

hydrothermal treatment of the delignified coir with GSH did not change the fluorescence of the

12
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delignified coir (Fig. 3b, left panel). However, a layer of film/coating seemed to be formed on
the surface of the delignified coir, possibly due to the interaction of GSH with the cellulose
backbone of the coir (Fig. 3b, middle and right panels). On the other hand, hydrothermal
treatment of the delignified fibers with Au salts led to brown coir with no orange emissions
(Fig. 3c, left panel). The darker color of the coir indicated the formation of larger Au
nanoparticles on the surface of the resultant fibers. Because the major component of delignified
coir was cellulose that consisted of long chains of D-glucose subunits with abundant hydroxyl
groups, the delignified coir can serve as both reducing and nucleating agent to facilitate the
growth of Au nanoparticles, resembling the biomineralization phenomenon in nature
(Dickerson, et al., 2008). SEM images showed the fiber surface was decorated with various-
sized (tens to hundreds of nanometers), plate-like triangles and hexagons (Fig. 3c, middle),
while the lacuna area was mainly coated with truncated octahedrons (Fig. 3d, right). This
observation suggested that the hydroxyl groups preferentially bound to the (111) facet of the
Au twinned crystal seeds formed at the initial stage, leading to the preferential growth of (100)
facet to form large and thin platelets on the coir surface (Krauss, et al., 2018). Lastly, when
both GSH and Au salts were present, the size of Au nanoparticles were greatly reduced to form
AUNCs (less than 3 nm), as evidenced by the unique orange emission of the coir@AuNC
composite (Fig. 3d, left panel). No big particles (i.e., of tens to hundreds of nanometers) were
observed on the SEM images of the surface and cross section area of the composite fiber (Fig.
3d, middle and right panel), which is consistent with the TEM images of the cross section area
of the composite fiber (Fig. 2). It should be mentioned that AUNC was also formed in the bulk
solution away from coir (Fig. S4). However, the clear difference in their fluorescence spectra
revealed the interaction of AUNC formed on coir with the fiber. We believe this difference
roots in the dual role of GSH in the current study, which not only restricts the further growth

of AUNC but also anchors the formed AuNC on the coir backbone. Indeed, the high resolution

13



263  XPS spectrum of S2p of the coir@AuNC showed only a small portion of S (~18%) is in the
264 thiolate form available to interact with AuNC (Fig. S5). The binding of GSH to the coir
265  backbone may be achieved by C-N or C-S interactions as revealed by the high resolution XPS

266  spectrum of C1s (Fig. S6).

(a) No Au, no GSH

Day light uv
(b) No Au, with GSH

Day light uv
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With Au, no GSH

Day light uv
(d) with Au and GSH

Day light uv

267

268  Fig. 3 Digital photos of the final products prepared at different conditions under day light and
269 UV light (left), and corresponding SEM images of the fiber surface (middle) and cross-sections
270  (right). (a) Fiber only, no GSH, no Au. (b) Fiber with GSH. (c) Fiber with Au salts. (d) Fiber
271 with Au salts and GSH.
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When a pair of fluorophores are 1) in proximity, 2) arranged with appropriate orientation, and
3) the fluorescence spectrum of one fluorophore overlaps with the excitation spectrum of the
other, the fluorescence energy of the former fluorophore (as donor) will be absorbed by the
second (as acceptor) to induce or enhance its fluorescence. This phenomenon has been well
known as Forster resonance energy transfer (FRET) (Zhang, et al., 2021, Oh, et al., 2016). At
first glance, the two entities, i.e., AUNC and delignified coir, showed distinct difference in
material type, morphology, and dimension. However, as the size of formed AuNC was less
than 3 nm, the distance from the coir backbone should be small enough to allow for energy
transfer and possible fluorescence switching. As a first check, we employed the UV-vis
absorption spectrum of AuUNC in the supernatant to mimic the AuNC formed on coir and found
that the UV-vis absorption spectrum of AuNC overlapped with the fluorescence spectrum of
coir (Fig. 4a). We then proposed a FRET model in which the delignified coir served as donor
fluorophore while the deposited AUNC functioned as the acceptor to describe the fluorescence
switching of coir upon in-situ formation of AUNC. The simplified Jablonski energy diagram

was shown Fig. 4c.

The FRET efficiency (E), rate constant (kr), the Forster radius (Ro) and the distance between
donor-acceptor pair (Rpa) are important parameters used to describe the resonance energy
transfer process. We first studied the time-resolved photoluminescence decay profiles of the
delignified coir and the coir@AuNC, which were used to estimate the lifetimes of the emitting
species (Fig. 4b). The apparent lifetime of the delignified coir in the absence () and presence
of AuNC acceptor (ma) was 2.50 and 2.34 ns, respectively (Table S2). The apparent lifetime
of AUNC alone was measured to be 514.19 ns by applying a 600 nm longpass filter, which was
consistent with previously reported lifetimes of AUNCs (Li, et al., 2022, Yu, et al., 2014). We
then measured the absolute fluorescence quantum yield of delignified coir in the absence of

AUNC and calculated the values of E, kr, Ro and Rpa using the method described previously
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(Bajar, et al., 2016, Vogel, et al., 2014) (detailed calculations are available in Section 2.5). As
listed in Fig. 4d, the FRET efficiency (E) from delignified coir to AUNC was 6.4% and the rate
constant kr was 2.74 x10” s~1. Notably, the calculated Ro is 2.50 nm, which is shorter than
commonly used fluorescent protein FRET pairs (Bajar, et al., 2016). Accordingly, the distance
between AuNC and the delignified coir (Rpa) was estimated to be 1.53 nm, which agreed with
the particle size of AUNC. A shorter Ro may arise from the relatively small spectral overlap and
possibly mismatch of AuNC and delignified coir in dimension (which may affect the
orientation of the donor-acceptor pair). Nevertheless, the fluorescence energy transfer between
the AUNC and the delignified coir can still be described using the classic FRET model despite

their dissimilarity in material type, morphology, and geometric dimension.
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Fig. 4 (a) Overlap of the UV-vis spectrum of AuNC and the photoluminescence spectrum of
delignified coir. (b) Time-resolved photoluminescence decay profiles of the delignified coir
and the coir@AuNC composite. (c) Schematic illustration of FRET from the delignified coir
to AUNC in the coir@AuNC composite and its simplified Jablonski energy diagram. (d)
Summary of key values calculated to describe the energy transfer process.
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FRET is extremely sensitive to the distance of the donor-acceptor pair. Particularly, the Forster
radius (Ro) is proportional to the inverse of the 4™ power of refractive index (Ro «c n™%). The
variation of medium between the donor and acceptor may change Ro and thus greatly alter E.
For example, if the coir@ AuNC composite was soaked in a certain type of solvent (e.g., water
with a refractive index of 1.33), Ro will decreased to 31% (i.e., 1.33~%) of that in dry state,
which made the FRET more difficult to occur. Indeed, we soaked the coir@AuNC composite
in several common solvents with refractive indices greater than unity (Table S3) and observed
that the fluorescence peak all shifted from 605 nm to 520 nm (Fig. 5a). This observation further
confirmed the fluorescence energy transfer from the coir to AUNC as blocking of this process
leads to fluorescence recovery of the coir backbone (Aem = 520 nm). This ratiometric
fluorescence response of coir@AuUNC may be used as either a dryness indicator or stimuli
(solvent)-responsive sensor based on the ratio of fluorescence intensity at different peaks (Fig.

5b). Notably, this solvent-induced fluorescence change was also reversible (Fig. S7).

(a) : (b) 20+
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© I .
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@
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E ——DMSO 2 12
=] Propanol © 1.0
9 0.50 THF S 08
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S 04
S 0254
02
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500 600 700 800 900 1000
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Fig. 5 (a) Normalized photoluminescence spectra of the coir@AuNC in the presence of
different solvents. (b) Ratiometric fluorescence (as O/G where O and G represent the
fluorescence intensity at 605 nm and 520 nm, respectively) of the coir@AuNC in the presence
of different solvents.

4. Conclusion
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In summary, we present a unique fluorescence switchable composite material formed by in-
situ formation of ultrasmall Au nanoclusters on coconut fibers (coir@AuNC). Coconuts fibers
that were delignified by a chemical method were used as a reducing and nucleating agent for
the synthesis of AuNC. The hydroxyl groups of cellulose backbone of delignified coir
facilitated the reduction of Au salts and growth of AuNC. The role of the bio-occurring
tripeptide (L-glutathione) present during the Au NC synthesis was identified to restrict the size
of formed AuNC and secure them on the surface of coconut fibers. More interestingly, the
initial green emission of delignified coir was switched to orange emission of the obtained
composite material. The Forster resonance energy transfer (FRET) from the delignified coir to
AUNC has been outlined to explain the observed fluorescence switching with several critical
parameters being determined, such as FRET efficiency, Forster radius and the rate constant of
FRET. The distance-sensitive FRET process was also confirmed by varying the medium
between the formed AuNC and delignified coir, which highlighted the potential uses in stimuli-
responsive sensor applications. More importantly, this study established a new method of
endowing unique functionalities to natural fibers and provided a more facile and sustainable
alternative means to prepare fluorescence switching materials. Considering that metal NC can
be rationally designed for a wide variety of properties, this method is potentially versatile to
create functional composite natural materials for diverse uses in energy, catalysis, and

biomedical applications.
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551  Supporting figures and tables

552

553  Fig. S1. (a) Photographic image of raw coir soaked in water, and SEM images of its (b, ¢)
554  surface and (d, e) cross-section features. (f) Photographic image of delignified coir soaked in

555  water, and SEM images of its (g, h) surface and (e, j) cross-section features.
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Fig. S2. Fluorescence spectrum of the raw coir fiber prior to delignification. The dotted line is

the fluorescence spectrum of the delignified coir included for comparison purpose only.

Table S1. Thermogravimetric results of the delignified coir (Fig. 1c, item 1) and coir@AuNC

(Fig. 1c, item 2) (atmosphere: N2).

Sample Transition temperature Transition peak Weight loss Residue
range (°C) (°C) (%) (%)
Delignified 30-107 61 5
coir
205-310 274 26
310-420 357 44 24
cOir@AuUNC  25-103 58 6
195-425 343 68
450-800 566 24 2
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569  Fig. S3. XRD spectrum of the raw coir fiber without delignification.
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572  Fig. S4. UV-vis absorption spectrum (black) and fluorescence spectrum (orange, Aex =405 nm)
573  of the supernatant separated from the synthesis mixture. The dot line represents the
574  fluorescence spectrum of coir@AuUNC. The difference in both spectra suggests the in situ

575  formed AuNC strongly interact with the delignified coir and is different from that formed in
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576  the supernatant. (Inset) Digital photos of the supernatant under daylight and UV light,

577  respectively.
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580  Fig. S5. XPS high resolution S2p spectra of delignified coir and coir@AuNC.
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Fig. S6. XPS high resolution C1s spectra of (a) delignified coir and (b) coir@AuNC. (c)
Assignment of possible components in the deconvoluted spectra. The stars indicate the

components contributed by GSH.

Table S2. Lifetimes of emitting species in delignified coir and coir@AuNC by exponential

fitting of the experimental data in Fig. 3

71 [ns] (relative 12[ns] (relative Taverage x?>  Note
amplitude) amplitude) [ns]

Delignified 0.82 (62%) 3.20 (38%) 2.50 1.00

coir

Coir@AUNC 0.76 (64%) 3.05 (36%) 2.34 1.00 430 nm

longpass filter

3.29 (1%) 514.21 (99%) 51419 091 600 nm
longpass filter

Table S3. Refractive indices of selected solvents.

Solvent Refractive index (n) Remarks
Acetonitrile 1.344 Polar aprotic
Acetone 1.359 Polar aprotic
Methanol 1.326 Polar protic
Ethanol 1.361 Polar protic
DMSO 1.479 Polar aprotic
2-Propanol  1.378 Polar protic
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THF 1.407 Polar aprotic

Water 1.333 Polar protic

590

591

592  Fig. S7. Reversable emission color change of the coir@AuNC in dry state and water.
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