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Abstract
Golden grass is a vegetal fiber used in arts and crafts for its peculiar optical properties, namely, its shiny golden-like reflectivity. 
Since vegetal fiber structure is usually heterogeneous, complementary techniques have been used to understand the electronic prop-
erties of the external and core regions of golden grass fibers. The composition and dielectric function of the few nanometer-thick 
external surfaces has been investigated using X-ray photoelectron spectroscopy and energy loss spectroscopy (XPS-PEELS), while 
a comparison of vibrational and optical properties of the few-micron-thick external and fiber core regions was derived from Raman, 
optical, photoluminescence (PL) and photoacoustic (PAS) spectroscopies. Raman signature and valence-band distribution indicate 
that the internal and external parts of the fibers are made of some oxygen-depleted lignin-like carbonaceous material. Besides a 
plasmon peak at 21 eV, two main absorption bands at 3.7 eV and 8.2 eV have been identified as π−π* and σ−σ* electronic transi-
tions at aromatic moieties. PL excitation and emission behavior confirm heterogeneous molecular structures at the core and external 
regions. Specular reflectance spectra calculated from the complex refractive index (derived from XPS-PEELS) do not explain the 
shiny golden-like aspect of golden grass, which may arise from diffuse reflectance within a collection of heterogeneous hollow fibers.
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1  Introduction

Golden Grass (Syngonanthus nitens (Bong.) Ruhland) is a 
native plant from the central highlands of Brazil, used to 
produce highly appreciated handcraft pieces due to its shiny 

golden-like reflectivity. Beyond the metallic appearance of 
golden grass vegetal fibers, its ecosystem, chemical compo-
sition, and pharmacological properties have been investi-
gated by several groups [1–3].

Nature has several tricks to produce different colors, e.g., 
with the presence of chromophores which absorb or emit 
photons at different wavelengths or by the way matter is 
arranged, giving structural or photonic color [4]. As far as 
golden grass is concerned, no organized photonic structures 
have been identified; the stems are made of ten-micron diam-
eter fibers which rotate around the stem axis as shown by 
electron microscopy images reported in this work.

Inhomogeneous structural arrangements are usually found 
in different parts (e.g., roots, leaves or stems) of vascular 
plants, with a combination of carbon, oxygen, and hydro-
gen atoms, into cellulose-like (polysaccharide) and lignin-
like (phenolic) biopolymers which basically ensure rigidity 
and flexibility. Structural monomers of cellulose and lignin 
biopolymers correspond to a large variation of the (O/O + C) 
ratio from 0.80 in cellulose to about 0.35 in lignin, as derived 
from XPS studies [5, 6]. This change in global composition 
is reflected in the different Raman vibrational spectra [7–9] 
and in the valence band distribution of electronic states [10].
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Investigation of the relationship between chemical com-
position, structural arrangements and electronic structure 
of vegetal carbonaceous materials is a challenge in such 
divided matter made of rough fibers. In particular, being 
all-natural materials, there is a lack of specular reflec-
tion and other desirable properties for standard optical 
measurements.

In this work, specific complementary techniques have 
been used to investigate the electronic and optical proper-
ties at different locations of golden grass fibers, including 
the few nm-thick external surface (X-ray photoelectron spec-
troscopy and photoelectron energy loss spectroscopy XPS-
PEELS) and the few-micron thick external vs core regions 
(optical, Raman, photoluminescence and photoacoustic 
spectroscopies). Evidence for different molecular structures 
at the core and external regions of golden grass fibers is 
given by a detailed analysis of photoluminescence excitation 
and emission behavior.

Experimental characterizations are discussed in rela-
tion with the chemical composition, Raman signature, 
dielectric function, and valence band distribution of ref-
erence materials, namely, cellulose and lignin, which are 
basic components of vegetal fibers. Special emphasis is 
given to Raman vibrational spectroscopy and valence-
band distributions obtained in XPS which provide clear 
signatures of the golden grass structure in the external 
part of the fibers.

The chemical composition (C, O, Si, N) is obtained in the 
topmost external surface, with a few-nm typical depth defined 
by the inelastic mean free path of the photoelectrons. The 
chemical environment of C atoms is inferred from the decom-
position of the C 1 s core level peaks in a standard analysis [5].

In addition, the energy loss distribution of photoelec-
trons after excitation of inter-band transitions (IBTs) and 
plasmons along their way towards the solid surface allows 
the retrieval of the dielectric function (DF), using a Fou-
rier transform method [11]. In earlier work [12], the optical 
properties of zinc oxide (ZnO) nanorods (NRs) synthesized 
by the low-temperature aqueous chemical method have also 
been investigated by means of photoelectron energy loss 
spectroscopy (PEELS). Here, we perform this technique for 
reveal electronic properties of a sample of golden grass.

This XPS-PEELS analysis extends the characterization 
of electronic properties to high energies (several tens of eV) 
that are usually not accessible by optical techniques; besides 
a plasmon excitation peak at 21.0 eV, two main absorption 
bands at 3.8 eV and 8.2 eV have been identified as inter-band 
transitions in golden grass. Complementary information 
at low energies, derived from photoacoustic spectroscopy 
(PAS), confirms this absorption peak at 3.8 eV.

The complex refractive index, derived by combining pho-
toacoustic and XPS-PEELS spectroscopies, is finally used 

to compute the specular reflectivity at planar surfaces for 
comparison with the golden-like aspect of golden grass.

2 � Materials and Methods

Complementary techniques suitable for heterogeneous mat-
ter have been exploited to understand the building blocks of 
Golden grass and its electronic properties (dielectric func-
tion, optical and luminescence properties).

2.1 � Sample Preparation and SEM Images

Golden grass samples were obtained from local craftsmen at 
the Brazilian city of Palmas (Tocantins), a place well known 
for its handcrafts production, close to the Jalapão growth 
region. Samples were wiped with a paper tissue and the 
stems were cut transversely in order to fit inside the analysis 
chambers. No other chemical or physical treatments were 
performed.

For some measurements, the stems were cut axially in 
order to analyze the internal part of the golden grass sam-
ples. The optical image of a fiber cross-section (Fig. 1) 
shows some structural inhomogeneities with a porous struc-
ture and attenuated metallic reflectivity.

In electron microscopy images, a longitudinal view of the 
external part (Fig. 2) reveals rising tubular structures with 
an average diameter of 5 microns, covered by threads of tiny 
fibers alongside their length. A cross-section view (Fig. 2c) 
shows the vascular tissue which transports substances 
throughout the plant body from one extreme end of the plant 
to the other, through individual hollow tubular-shaped cells. 
These structures, made of specialized conducting tissues, are 
essential to the plant metabolism: xylem channels convey 
water and dissolved minerals, and phloem channels conduct 
sugars and other organic products of photosynthesis. The 
xylem structures consist of waterproof lignified cell walls 
which also provide mechanical strength. In this way, the cap-
illary effect in the xylem helps to pump the sap from roots 
to shoots and keeps the plant hydrated.

In Fig. 2a, we can observe rising tubular structures that shape 
throughout the surface of the fiber. From that longitudinal view, 
we can observe that the tubular structures within have an aver-
age diameter of 5 microns, and, in its turn, they are covered of 
threads of tiny fibers alongside its length, as shown in Fig. 2b.

In Fig. 2c, we have a cross-section view of the fiber 
revealing structural inhomogeneities with a porous struc-
ture. This is because the fiber interior is composed of several 
elementary tubular fibers with a distribution of diameters 
that increases radially to the center. Each elementary tubular 
fiber has a thin surface skin that is adjacently merged, form-
ing a cylindrical mesh.
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2.2 � Photoacoustic Spectroscopy

Photoacoustic spectroscopy (PAS) measures the electromag-
netic energy absorbed by solid matter by means of acoustic 
detection. The absorbed energy from a modulated photon 
flux causes local heating at the sample-gas interface and gen-
erates pressure (acoustic) waves in the gas. The amplitude 
of the pressure modulation is inversely proportional to the 
cell volume and modulation frequency [13]. Since the signal 
responds only to absorbed light, scattered light effects play 
no significant role in PAS measurements.

The PAS measurements were performed using a closed 
photoacoustic cell with ambient air, coupled to a micro-
phone (Brüel Kjaer 2669) illuminated by a mechanically 
modulated 900 W mercury-xenon arc lamp (Newport) used 
as light source. The acquisition was done synchronously 
through a lock-in amplifier (Ithaco 3961B) with phase 
monitoring. Photoacoustic spectra were obtained at a mod-
ulation frequency of 20 Hz, from the ultraviolet to mid-IR 
(260–2200 nm) regions, and the PAS spectra were corrected 
for the source spectrum using a carbon black signal [14]. 
The detection limit (260 nm) is due to poor optics transpar-
ency, giving noisy spectra, above 4 eV.

The dominant contribution to the PAS signal is due to 
heat generated within a typical depth close to the thermal 
diffusion length defined by δs = (2 κs / Cs ρs ω)1/2, where 
κs, Cs, and ρs are the thermal conductivity, specific heat  

capacity, and density of the material, respectively, and ω is 
the modulation angular frequency. Using previously meas-
ured values of thermal diffusivity for dry leaves [15], in the 
range 0.12–0.58 × 10–6 m2.s−1, a thermal skin depth of 40–100 
microns can be estimated for Golden grass in this experiment.

2.3 � Raman Spectroscopy

A Raman spectrum consists of bands which are caused by 
inelastic scattering of photons by the chemically bonded 
structures. Hence Raman spectroscopy is a powerful method 
for the identification of chemical compounds through their 
vibrational properties. It is well suited for detecting molecu-
lar species in structurally complex systems such as plant 
tissues wherein many molecules coexist. Among the main 
components of vegetal fibers, the Raman signature of cel-
lulose and lignin has been widely reported [7–9].

All measurements were carried out on a dispersive 
Raman spectrometer (CORA 5000  s) with a Nd/YAG 
diode solid-state laser (450 mW) centered at 1064 nm 
as excitation source. The spectra were recorded in the 
100–2300 cm−1 range (1.0 cm−1/pixel resolution), with 
spectral accumulation of 10 scans (3 s exposure each). 
The excitation energy being smaller than the optical band 
gap (Sect. 3.1), the Raman signal is thus a bulk analytical 
probe. The low excitation energy is also very useful to 
minimize the PL background.

Fig. 1   Golden grass sample: (a) 
wide view of golden stalks and 
white flowers and (b) optical 
microscopy images, namely, 
external and cross section views 
of the same stem (horizontal 
bar: 100-micron scale), com-
posed of three lobes that rotate 
as they progress along the axis 
direction
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2.4 � Photoluminescence Spectroscopy

The photoluminescence behavior of the Golden grass was 
recorded in a spectrofluorometer Fluorolog-3 from Horiba 
Jobin Yvon equipped with a 450 W Xe arc excitation lamp, 

double-grating monochromator of the excitation and emission 
position, and R928P photomultiplier as detector. All emission 
spectra were corrected by spectral response of the monochro-
mators using a silicon photodiode reference detector to moni-
tor and compensate the variation of the xenon lamp output, 
using typical correction spectra provided by the manufacturer.

Three configurations were used for PL measurements: (A) 
a raw fiber to measure the external zone, (B) a longitudinal 
section to characterize the fiber core, and (C) a transverse 
section to characterize both external and core regions. The 
PL emission spectra were obtained at three different excita-
tion wavelengths: 360 nm (3.44 eV), 375 nm (3.31 eV), and 
480 nm (2.58 eV), with submicron depth sensitivity.

2.5 � X‑ray and UV Photoelectron Spectroscopies

X-ray photoelectron spectroscopy was performed in ultra-
high vacuum (pressure < 10–6 Pa) with a Kratos Axis Ultra 
DLD instrument using a monochromatic Al Kα X-ray source 
(10 mA, 12 kV) at 1486.6 eV. The survey spectrum of exter-
nal parts of the stems was recorded with a pass energy of 
80 eV, a dwell time of 100 ms, and a resolution of 1 eV. For 
the main detectable elements present in the golden grass (C, 
O, N, Si), high-resolution spectra were obtained with a pass 
energy of 40 eV, a dwell time of 200 ms, and a resolution 
of 0.1 eV. A neutralizer was active during measurement for 
charge compensation.

In a second step, the photoelectron energy losses were 
recorded near the C1s core level peak, at lower kinetic 
energy (50 eV range). The inelastic scattering being domi-
nated by plasmon excitations, the XPS-PEELS spectra can 
be analyzed using a simple dielectric model to retrieve the 
energy loss function (ELF) and the dielectric function (DF) 
of Golden grass, averaged over physically allowed wave vec-
tor values. In this procedure, the only input is the refractive 
index in the low energy region [11, 16].

Valence band spectra were obtained with X-ray excita-
tion and with He II radiation (40.8 eV) in ultraviolet photo-
electron spectroscopy (UPS). UPS valence band spectra of 
Golden grass and a silver reference were both measured to 
determine the Fermi level position of Golden grass.

3 � Results

The optical absorption of entire fibers has been measured 
by PAS from the infrared to the near UV. The global com-
position (O/C) of the fiber external envelope and the com-
plex distribution of carbon atom environments have been 
obtained by XPS. Valence band and Raman spectroscopies 
provide valuable signatures of the structural units which 
compose Golden grass fibers. Photoelectron energy-loss 
spectra have been analyzed to derive the dielectric function 

Fig. 2   Scanning electron microscope images (a, b, c, from top to bot-
tom) show ten-micron diameter fibers with no evidence of organized 
photonic structures
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over a very broad range (0–50 eV). Finally, photolumines-
cence excitation and emission characteristics confirm het-
erogeneous molecular structures at the core and external 
regions of the fibers.

3.1 � Optical Absorption (PAS)

The photoacoustic spectrum (Fig. 3a) taken on the external 
part of Golden grass fibers shows several spectral regions. 
The absorption is dominated by a strong maximum in the 
near-UV range, with a plateau at 3.8 ± 0.3 eV. This peak is 
consistent with the absorption found in lignin compounds for 
aromatic ring conjugated bonds with C = C (π−π* transitions 
at 320 nm) [17].

An absorption gap, in the range of 2.3 ± 0.2 eV, has been 
derived from a Tauc plot, assuming a direct band gap expres-
sion (Fig. 3b) [18, 19]. This band gap value will be used in 
the analysis of XPS-PEELS data.

An infrared absorption background appears at low 
energy below 0.9 eV (above 1400 nm), along with strong 
absorption peaks, around 1930 nm (0.64 eV) and 1500 nm 
(0.83 eV), attributed to O–H vibrational overtones [20, 
21]. The narrow peak near 1930 nm is related to adsorbed 
water (combination of the H–O-H bend and O–H stretch-
ing modes). The wide absorption band beginning at 
1380 nm and centered on 1500 nm is mainly attributed to 
the first O–H stretching overtone, displaced by a variety 
of H-bonding environments: water (~1440 nm), phenolic 
groups of lignin (~1450 nm), and O–H groups of cellulose 
(~1500–1580 nm).

Weaker peaks may arise from the second C-H stretch-
ing overtone (1150–1230 nm) or some combination of aro-
matic C-H stretching and bending modes (e.g., at 1417 nm in 
lignin). Besides that, the absorption at 2100 nm is related to 
a combination of O–H or C-H deformation and O–H stretch-
ing vibration in cellulose and xylan.

A broad absorption background increases continuously 
in the NIR range above 1400 nm. This behavior could be 
related with the fact that, as the electronic states of the ben-
zene molecules are coupled, the electrons of the π bonds 
are delocalized along the aromatic ring [22]. The resulting 
high electronic mobility is compatible with a model of free 
electrons, such as the Drude model [23, 24].

Finally, absolute values of the absorption coefficient, α, 
can be obtained by matching PAS and XPS-PEELS data 
(Sect. 3.5) at the peak energy (331 nm, 3.75 eV) where 
the complex refractive index (n, k) = (1.95, 0.81), i.e., 
α = 3.1 × 105 cm−1.

Hence, the respective absorption depths, α-1 (E), amount 
to about 1 micron at the Raman excitation energy (1064 nm, 
1.17 eV) and 40 nm at the higher PL excitation energy 
(360 nm, 3.44 eV).

In summary, Golden grass is a wide band gap biopolymer 
with strong absorption in the near UV, consistent with π-π* 
transitions in aromatic ring conjugated with C = C.

3.2 � XPS Composition Analysis

The survey spectrum (Fig. 4b) taken on the external part 
of the fibers shows the predominance of carbon (main C1s 
line at 284.8 eV binding energy) and oxygen (O1s line at 
532.3 eV), along with traces of silicon (Si 2p, 102.3 eV) and 
nitrogen (N 1 s, 400.1 eV).

High-resolution XPS spectra reveal a complex distribu-
tion of carbon atom environments. Four core level peaks are 
necessary to decompose accurately the C1s line (Fig. 4a). 
The additional peak at larger binding energy (near 289 eV) 
should rather be assigned to some kinetic energy loss of C1s 
photoelectrons due to inter-band transitions, as shown by 
PAS (Fig. 3b). Table 1 gives the respective strengths of C 
1 s peaks, attributed, respectively, to sp2 C–C, sp3 C–C, C-O, 
and C = O environments. The dominant contribution (67%) 
of sp2 C–C environments reveals the aromatic structure of 
Golden grass backbone (see Sect. 4).

Two peaks are necessary to decompose the O1s core level 
peak, with respective strengths reported in Table 1. The con-
centration of C-O and C = O environments of carbon atoms 
is consistent with the very low (O/O + C) ratio, typically 
0.07. The latter value is much smaller than that of lignin and 
cellulose references [5], around 0.35 and 0.80, respectively.

In summary, the external envelope of Golden grass fibers 
is made of some oxygen-depleted aromatic carbonaceous 
material.

3.3 � Valence Band (XPS)

The distribution of valence band electronic states was meas-
ured by XPS in order to identify the chemical structure over 
a few-nanometer depth at the outer surface of Golden grass 
fibers. The density of states between 4 and 12 eV binding 
energies is due to the ionization of C 2p and O 2p atomic 
orbitals. The deeper C 2s orbitals and O 2s orbitals are 
expected, respectively, near 13–22 eV and 26–30 eV bind-
ing energy. In contrast with UPS analysis, XPS is weakly 
sensitive to C 2p states owing to the small ionization 
cross-section.

The weak VB peak for O 2s orbitals found near 26 eV 
(Fig. 5) confirms the low oxygen content of the near surface 
region. Hence, the valence band spectrum at the surface of 
Golden grass is very different from the valence band spectrum 
of cellulose which is dominated by the O 2s peak [25, 26].

The overall aspect of the VB of golden grass has strong 
similarity with that of polyethylene [27]; however this 
is inconsistent with the large sp2 C component found by 
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XPS. It should rather be compared with lignin and its 
structural monomers [10]: cinnamyl alcohol and coniferyl 
alcohol. The well-defined double peak signature at 13.5 
and 19.3 eV observed in Golden grass is absent in lignin, 
in contrast with Lignin monomers, particularly cinnamyl 
alcohol. However, the narrow peak at 13.5 eV binding 

energy, due to the ionization of C 2s molecular orbitals, is 
strongly enhanced in Golden grass.

In summary, the electronic structure of the external enve-
lope of Golden grass fibers is close to that of a building 
block of lignin (cinnamyl alcohol) with some enhancement 
of the narrow peak at 13.5 eV binding energy.

Fig. 3   (a) Normalized PAS 
absorption spectrum of Golden 
grass for optical wavelengths 
from 270 to 2100 nm. (b) 
Energy gap determination of 
golden grass, assuming a direct 
band gap
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Fig. 4   a High-resolution XPS 
spectrum of the C 1 s region: 
decomposition into four core 
level peaks. The peak at lower 
kinetic energy (4 eV below the 
main peak) is attributed to exci-
tation of inter-band transitions 
by C 1 s photoelectron; b The 
survey spectrum of the golden 
grass sample is dominated by 
carbon, with a weak presence 
of oxygen and some traces of 
silicon and nitrogen

a

b

Table 1   Element 
concentrations derived from 
XPS analysis

O(1) O(2) C(1) C(2) C(3) C(4) Si(1) Si(2) N

Partial % 4.7 2.1 67.1 18.0 5.0 1.9 0.5 0.2 0.5
Total % 6.8 92.0 0.7 0.5
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3.4 � Raman Vibrational Signature

Cellulose and lignin provide the most prominent Raman 
bands in wood and grass, with specific vibrational sig-
natures. In Golden grass, all the observed peaks between 
380 cm−1 and 1500 cm−1 are attributed to cellulose (cellu-
lose, hemicelluloses, etc.), while the stronger peaks around 
1600 cm−1 (1603, 1620, 1660 cm−1) are attributed to lignin 
[8]. The hemicellulose signature near 1000 cm–1 [9] remains 
below the detection level.

The dominant multicomponent peak observed near 
1600 cm−1 (Fig. 6) is similar to that reported in the lignin 
reference spectrum, while this peak is absent in the cellulose 
reference [9]. The strong peaks at 1603 and 1625 cm−1 are 
attributed to CC stretching modes, respectively, in aromatic 
and C = C bonding units, while the weak peak at 1660 cm−1 
results from the carbonyl group C = O in conjugated ketones 
(aryl and diaryl ketones) or aldehydes C = C–C = O [27, 28].

An interesting Raman signature is that of aldehyde moie-
ties with characteristic band at 1121 cm−1, very close to the 
1132 cm−1 band present in coniferyl aldehyde and absent in 
vanillylidenacetone [29]. The characteristic Raman signal at 
1092 cm−1 is attributed to CH and CH2 stretching and asym-
metric stretching vibration of the C–O–C glycosidic linkage [7].

At low energies, a strong background (extending below 
700 cm−1) is due to Rayleigh scattering arising from density 
fluctuations; the peaks or shoulders observed at 380 cm−1, 
437 cm−1, and 520 cm−1 are attributed to symmetric bending 
ẟ(CCC) and stretching, ring ν(CCO), and glycoside ν(COC).

3.5 � Photoelectron Energy Loss Spectroscopy 
(XPS‑PEELS)

In this work, a Fourier transform method was used to derive 
the dielectric function from the photoelectron energy-loss 
spectrum associated to one of its photoemission lines, as 
described in Reference [11]. This algorithm removes the 
core level shape, eliminates the experimental broadening 
factors, and separates the various inelastic scattering orders. 
In a simple dielectric model, the resulting energy loss func-
tion (ELF) due to plasmon excitation and inter-band transi-
tions is used to derive the dielectric function of a solid from 
its photoelectron energy-loss spectrum (Fig. 7).

In the case of Golden grass, the zero-loss peak given by a 
sum of four Lorentzian C1s peaks (δ = 0.04 eV) (Table 2) is 
convoluted by the X-ray source Lorentzian profile (mono-
chromatic, Γ = 0.03 eV) and by the spectrometer Gaussian 
function (σ = 0.57 eV) which dominates the experimental 
band width. In contrast with metals where the line shape is 
affected by the creation of electron–hole pairs near the Fermi 
energy, no additional asymmetry is required since Golden 
grass is a wide band gap material (EG = 2.3 eV).

As shown in Fig. 8, the ZLP subtraction is rather good. At 
low loss energies, the main ELF feature is a peak at 4.2 eV. 
This energy loss mechanism is attributed to some π-π* inter-
band transition. In spite of their different depth sensitivities, 
the agreement between PAS and XPS-PEELS in the visible 
region is quite good. The broader peak width in PAS analysis 
is consistent with its depth integration over several tenths 

Fig. 5   Valence Band of Golden 
grass measured by XPS
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of microns, whereas XPS-PEELS probes the fem-nm thick 
external envelope of the fibers.

The dielectric function (Fig. 9) shows a clear separation 
of π-π* inter-band transitions (3.7 eV) and σ-σ* inter-band 
transitions (8.2 eV).

Specular reflectance spectra calculated from the complex 
refractive index (derived from XPS-PEELS) show some maxi-
mum (R~0.16) in the blue and minimum in the red part of the 
spectrum (Fig. 10). The calculated values remain rather small 
and do not show any resonance in the yellow range; overall, these 

Fig. 6   Raman spectra assign-
ments of Golden grass

Fig. 7   Energy-loss spectrum 
associated to the C1s core level
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results do not explain the shiny golden-like aspect of Golden 
grass.

3.6 � Photoluminescence Analysis

PL emission spectra were obtained at three excitation wave-
lengths (360 nm, 375 nm, and 480 nm) in two exposure 
configurations: (a) external region (entire fiber), (b) fiber 
core (longitudinal section). The main difference between the 
external region (entire fiber) and the core region (longitudi-
nal section) of the fibers is obtained for the excitation at 375 
(3.31 eV) and 360 nm (3.44 eV), respectively.

The fiber core (longitudinal section) displays distinct 
emission bands with maximum at 445 nm (2.79 eV) and 
560 nm (2.21 eV) under excitation at 360 nm (3.44 eV) 
and 480 nm (2.58 eV), respectively (Fig. 11b). In con-
trast, the external region (entire fiber) excited in the UV 
(λEx = 375 nm) shows a very wideband emission cover-
ing the entire visible electromagnetic spectrum (Fig. 11a). 
However, the PL of the entire fiber under blue excitation 
(λEx = 480 nm) exhibits a spectral profile similar to that of 
the longitudinal section.

In the following, the emission peaks in Fig. 11  are 
referenced in a chromaticity diagram [30]. As a result, 
the external region (entire fiber) fiber shows reddish and 
pale-yellow photoluminescence color with CIE chroma-
ticity coordinates (x, y) of (0.531, 0.451) and (0.368, 
0.377), respectively, while the fiber core (longitudinal 
section) exhibits reddish and blue photoluminescence 
color with CIE chromaticity coordinates (x, y) of (0.521, 
0.460) and (0.183, 0.229), respectively (Fig. 11c-d). The 
dominant wavelength and color purity as compared to the 
1931 CIE Standard Source [C = (0.3101, 0.3162)] were 
577 nm and 10.4% (λEx = 375 nm) and 584.5 and 92.9% 

Table 2   Zero-loss C1s peak parameters

Components Position (eV) Sigma (eV) Gamma (eV) Amplitude

Peak 1 282.64 .52 0.06 1835
Peak 2 283.24 .52 0.06 470
Peak 3 284.30 .52 0.28 44
Peak 4 285.66 .52 0.30 13

Fig. 8   Modeled ZLP due to the composite C1s line (red), experimental spectrum (black) and difference spectrum (violet) giving the energy-loss 
distribution for C 1 s photoelectrons
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(λEx = 480 nm), for the external region, and 482 nm and 
30% (λEx = 360 nm) and 583 and 90.1% (λEx = 480 nm), for 
the core of Golden grass fibers.

In summary, we have verified that PL emission color of 
Golden grass can be tuned by the excitation source. The 
different PL excitation and emission behavior outside and 
inside the Golden grass fiber give evidence of different 
molecular structures. In addition, the internal part of the 
longitudinal section produces more intense PL emission 
than the external envelope.

4 � Discussion

The electronic properties of Golden grass derived from 
XPS-PEELS, photoluminescence and PAS spectroscopies 
can be tentatively related to composition and structural 
information given by XPS, Raman vibrational properties 
and valence band signature.

4.1 � Electronic Properties

In this study, we have found that Golden grass is a wide 
band gap biopolymer (EG = 2.3 ± 0.2 eV) with strong absorp-
tion in the near UV, consistent with π-π* transitions in 

aromatic rings conjugated with C = C. Weak IR absorption 
bands at 0.64 eV and 0.83 eV are attributed to OH vibra-
tion overtones, respectively, in adsorbed water and phenolic 
compounds.

The dielectric function derived from XPS-PEELS shows 
a clear separation of π-π* (3.7 eV) and σ-σ* (8.2 eV) inter-
band transitions. In spite of their different depth sensitivities, 
the agreement between PAS and XPS-PEELS in the visible 
region is rather good.

This study also reveals that Golden grass is a good absorber 
of ultraviolet light, for both UVA photons at 315–400 nm 
(3.1–3.94 eV) and UVB photons at 280–315 nm (3.94–4.43 eV).

The fiber core (longitudinal section) displays distinct 
emission bands with maximum at 445 nm (2.79 eV) and 
560 nm (2.21 eV) under excitation at 360 nm (3.44 eV) and 
480 nm (2.58 eV), respectively. In contrast, the external 
region (entire fiber) excited in the UV (λEx = 375 nm) shows 
a very wideband emission covering the entire visible electro-
magnetic spectrum (Fig. 11a). However, the PL of the entire 
fiber under blue excitation (λEx = 480 nm) exhibits a spectral 
profile similar to that of the longitudinal section.

4.2 � Composition and Structural Units

XPS reveals that the external envelope of the fibers is 
made of some oxygen-depleted carbonaceous material 

Fig. 9   Dielectric function of 
near-surface region derived 
from XPS-PEELS
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(O/O + C = 0.07) with dominant sp2 C–C environments 
(67%). In Raman spectra, the dominant multicomponent 
peak observed near 1600 cm−1 is similar to the lignin refer-
ence spectrum, while this peak is absent in cellulose. A large 
amount of aromatic and C = C bonding units is observed, 
along with carbonyl groups C = O in conjugated ketones 
(aryl and diaryl ketones) or aldehydes C = C–C = O.

Hence, the carbon binding is probably a mixture of 
olefinic and aromatic moieties as found in some precursors 
of Lignin: (a) the valence band electronic structure is similar 
to that found in cinnamyl alcohol (C9H10O); (b) character-
istic Raman bands of some aldehyde groups are consistent 
with coniferyl aldehyde (C10H10O3) where the carbonyl 
group C = O is conjugated to the aryl moiety. These mol-
ecules form a family of rigid and nearly planar structural 
units due to π-bond conjugation. They have been identified 
as lignin structural monomers.

It may seem surprising that structural monomers can 
be detected in Golden grass. The depolymerization of the 
Lignin component cannot be excluded under exposure to 
X-rays in XPS experiments, which could produce photoioni-
zation at some particular sites; electron removal is an oxida-
tive process which might trigger the production of aromatic 
aldehydes [31]. Further studies should confirm whether this 
is an intrinsic property of Golden grass or the result of some 
chemical evolution under X-ray exposure.

DFT studies may also be useful to confirm the origin of 
the well-defined double peak signature at 13.5 and 19 eV 
observed in the valence band of Golden grass and discrimi-
nate between different Lignin monomers.

4.3 � Dielectric Function and Reflectance Properties

Specular ref lectance spectra have been calculated 
from the complex refractive index (derived from XPS-
PEELS), giving a small reflection coefficient, weak 
spectral modulation, and no enhancement of the golden 
color (580 nm) (Fig. 10). Hence, the Fresnel coefficients 
calculated for an ideally abrupt planar interface between 
linear, homogeneous, and isotropic media are not suf-
ficient to explain the shiny golden-like aspect of Golden 
grass fibers.

However, some evidence of Golden grass inhomogene-
ity and porosity has been gathered from electron micros-
copy images (Fig. 2) and from PL excitation and emis-
sion spectroscopies (Fig. 11). A more appropriate optical 
model should rather consider diffuse reflectivity of weakly 
absorbed photons within a collection of heterogeneous 
fibers.

Let us consider a very general structural model of wood 
or paper described by hollow fibers [32]. In an optical model 
where the external fiber and hollow core diameters are much 
larger than the incident light wavelength, the partial reflec-
tance calculated for many orders of multiple reflection or 
refraction shows that, in the transparency region, the diffuse 
reflectance is increased by a large factor for odd reflection/
refraction orders.

In the context of diffuse reflection by heterogeneous 
solids, the energy dependence of the complex refractive 
index must also be considered. As shown in [32], weakly 
absorbed photons experience multiple reflection and 

Fig. 10   Complex refrac-
tive index (n, k) and specular 
reflectivity R versus wavelength. 
The arrows indicate the cor-
responding axis for each optical 
quantity
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refraction events at any of the internal interfaces. In con-
trast, at strongly absorbed wavelengths, specular reflec-
tion will dominate since multiple scattering is strongly 
suppressed.

In Golden grass, a strong enhancement of diffuse reflec-
tion is thus expected in the quasi-transparency region (red 
and yellow photons) in contrast with the strongly absorbing 
region (blue and green photons).

Fig. 11   Emission (blue and red lines) and excitation (gray and black 
lines) spectra of the external part (entire fiber) (a) and core region 
(longitudinal section) (b) of Golden grass fiber. CIE chromaticity dia-

gram [30] of the external part (entire fiber) (c) and core region (longi-
tudinal section) (d) of Golden grass fiber (e) Picture of the entire fiber 
and longitudinal section of Golden grass fiber
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5 � Conclusions

Complementary spectroscopic characterizations of Golden 
grass (Syngonanthus nitens) fibers were performed with dif-
ferent in-depth sensitivities. Golden grass is a wide band gap 
biopolymer with good absorption of both UVA and UVB 
ultraviolet photons. Its shiny golden aspect is attributed to 
diffuse reflection of weakly absorbed photons within a col-
lection of heterogeneous fibers.

Raman signature and valence-band distribution indicate 
that the internal and external parts of the fibers are made of 
some oxygen-depleted lignin-like carbonaceous material, 
close to the coniferyl aldehyde precursor of Lignin. Besides 
a plasmon excitation peak at 21 eV, two main absorption 
bands at 3.7 eV and 8.2 eV have been identified as π−π* 
and σ−σ* electronic transitions at aromatic moieties. Pho-
toluminescence excitation and emission behavior confirm 
heterogeneous molecular structures at the core and external 
regions.

In summary, a strong enhancement of diffuse reflection 
of red and yellow photons seems to be responsible for the 
yellowish metallic aspect of the of Golden grass.
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