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We  report  on  the  optical  properties  of Syngonanthus  nitens,  the golden  grass,  which  is used to produce
golden  handicraft  articles.  The  dry stems  of the  plant  were  analyzed  with  scanning  electron  microscopy,
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X-ray  photoelectron  spectroscopy,  fluorescence  microscopy;  angle  resolved  optical  reflectance  and
absorption/emission  spectroscopy.  The  extract  of  the  stems  composed  by  8  glucopyranosylflavones  was
also  optically  characterized.  Electronic  and geometric  properties  of  the  flavonoids  were studied  using
ab initio  and semi-empirical  quantum  mechanical  calculations.  The  experimental  and  theoretical  results
explain  the  characteristic  golden  color  of  S. nitens  dried  stems.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Syngonanthus nitens (Bong.) Ruhland is native to central Brazil
nd is called the golden grass due to its flower stem or scape
hich shines like spun gold, as shown in Fig. 1. Despite being erro-
eously called a grass, S. nitens is one of the more than six thousand
pecies of the Eriocaulaceae (Schmidt et al., 2007) family. The stems
re collected, dried and used as an important handicraft element,
o produce golden decorative items, acquiring economical value
nd representing a real income for rural communities in certain
razilian regions. Furthermore the decorative objects are sold and
xported worldwide as exotic handcraftsmanship.

Scientific reports on S. nitens are rare in the literature and mainly
evoted to economical/ecological sustainability aspects, and so it

s surprising that its golden color origin has not been investigated.
xactly this particular color is the driving force to produce wealth
ith this crop.

. Materials and methods: experimental
We  used commercially available decorative golden grass sam-
les for this study. The stems were cut to adequate pieces for the
ifferent characterizations. The extracts were obtained suspending

∗ Corresponding author. Tel.: +55 41 33613427.
E-mail address: wido@fisica.ufpr.br (W.H. Schreiner).

926-6690/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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the scapes in methyl alcohol or distilled water at room temperature
and ultrasonicating for 1 h.

SEM (Scanning Electron Microscopy) images of the scapes were
obtained using a VEGA3 TESCAN operating at 30 kV. The 3D, rough-
ness and waviness results were obtained using three scans (sample
normal, +5◦ and −5◦) of the same selected area employing ALICONA
MeX  software.

XPS (X-ray photoelectron spectroscopy) measurements were
done using a VG Microtech ESCA 300 system with an Al X-ray anode,
a 250 mm semi-hemispherical energy analyzer, 9 channeltron
detectors and a base vacuum of 3 × 10−10 mbar. The energy res-
olution of the system was of 0.8 eV. Quantification of the elements
on the sample surface was  done using the systems proprietary soft-
ware.

The fluorescence microscopy was done on an Olympus DX51
with detector DP72 using the following Olympus filters: U-MWU2,
U-MWB2, U-MWG2, U-N31004, U-N31005, and U-M00050.

The UV–vis reflection spectra of the stems and the absorp-
tion/transmission spectra of the extract suspension were obtained
with an Ocean Optics USB2000 spectrometer.

The fluorescence measurements were done on a Shimadzu spec-
trofluorophotometer model RF-5301 PC.

For the angle resolved reflectance measurements a home-
made goniometer was  used, employing RGB  (Red Green Blue)

laser diodes operating at 650, 532 and 405 nm,  respectively,
and the above mentioned Ocean Optics spectrometer. For these
measurements the stems were fixed on a planar substrate with
adhesive.

dx.doi.org/10.1016/j.indcrop.2013.11.030
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2013.11.030&domain=pdf
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F . The resemblance of both objects is also shown by reflectance measurements of sunlight
( ed to the spectrometer. Light reflection was collected at 45◦ for gold (yellow line) and S.
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Fig. 2. Scanning electron microscope image of the S. nitens stem surface. The surface
ig. 1. A comparison of the visual appearance of a gold coin and S. nitens handicraft
right).  The solar spectrum (blue line) was directly taken by an optical fiber attach
itens  (green line).

. Materials and methods: theoretical

Electronic and geometric properties of flavonoids were stud-
ed using ab initio quantum mechanical calculations. First, the
eometry of each flavonoid was optimized with the DFT (Den-
ity Functional Theory) method using the Becke three-parameter,
Lee–Yang–Parr functional B3LYP, 1988) which is a hybrid
unctional of exact (Hartree–Fock) exchange with local and
radient-corrected exchanges and correlation terms used in cal-
ulations of very large molecules (Stephens et al., 1994). A set of
aussian Split-based Valence wave function basis was  used (Frisch
t al., 2009). For purposes of reliability in the calculations, the
eometry was previously optimized using the basic Gaussian split-
alence (with double diffuse functions) 6-31G(d,p) basis, which
ives good ground state geometries for conjugated polymers (Hsu
t al., 2010; Lin et al., 2003). These simulations were performed
sing the GAUSSIAN 09 package (Frisch et al., 2009). DFT/B3LYP
alculations with the 6-31G(d,p) basis set running GAUSSIAN 09
ere performed.

Finally, simulation of the optical absorption spectrum of
avonoid immersed in a methanol solution and water solution
ere performed using ZINDO (Zerner’s intermediate neglect of
ifferential overlap/single) (Frisch et al., 2009) running under the
AUSSIAN 09 program. The optical absorption spectra were calcu-

ated with PCM (Polarizable Continuum Model) (Frisch et al., 2009)
sing the integral equation formalism variant SCRF (Self-Consistent
eaction Field) solvation models, for 60 excited states. The ZINDO
ransition energies were weighted by the oscillator strength values.

. Results

The first aspect studied for the characterization of S. nitens stems
as their elemental surface composition. A quantification via XPS

pectra led to C 86.6 at%, O 11.7 at% and with Si 1.7 at% as the single
mpurity. The high carbon content of at the surface is due to the
pidermis of the stems (Scatena et al., 2004), which is composed
ainly by cutin, waxes, C24 and C34 alkanes (Javelle et al., 2004).
Other elements, specifically metals, were not found (H is not

easured by XPS), showing that the golden color is not due to some
xtraneous element or elements.

Recently (Siqueira et al., 2010), while trying to reinforce nat-
ral rubber with S. nitens fibers, determined the composition of
he biological material which constitutes the golden scapes. They

ound that the stems are formed by 90% (w/w) holocellulose (67%
ellulose and 27% hemicelluloses), 6.5% (w/w) lignin, 1.2% (w/w)
shes and 0.75% (w/w) extractives. The cellulose crystallinity index
f the scales was found to be about 70.1%. Thus, the stems have high
is  characterized by a micro/nano-structure which runs along the stem axis. The SEM
magnification for this image was 2.98 kX.

cellulose content, almost as high as cotton lint (Satyanarayana et al.,
2007). Thus, also here only organic materials were found.

The scanning electron microscopy images of S. nitens stems,
shown in Fig. 2, clearly indicate rather smooth surfaces with
a ∼10 �m waviness. Within those undulations several smaller
grating-like nanostructures are seen. The overall surface smooth-
ness is responsible for the shiny aspect of the stem surface, as it is
common for polished materials.

A 3D image of a selected area of 47 × 35 �m2 of the stem surface
is shown in Fig. 3. The waviness and the roughness graphs of a
virtual line scan on this 3D image are also shown in Fig. 3. The typical
waviness periodicity is of 10 ± 1 �m and the mean roughness is
of 98 ± 3 nm,  while the roots mean square (RMS) roughness is of

128 ± 3 nm.

These data are obtained only of one image and therefore are
only an indication of the general topography of the stem surface.
Nevertheless they are sufficient to rule out visible light interference
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Fig. 3. 3D image and typical waviness (below left) and roughness (below right) of the S. nitens surface.
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Fig. 4. Cross-sectional SEM images of a S. nitens stem. The m

ffects, since the features are either far above or far below the visible
ight wavelength.

The SEM surface characterization per se is not sufficient to rule
ut an underlying structure. Thus a cross-sectional analysis was
andatory, and the resulting images are shown in Fig. 4.
The dry stems have a peculiar three-lobed arrangement with

he xylem and phloem channels far away from the epidermis. The
mplified image at the left of Fig. 4 shows a very compact structure
tarting right below the epidermis. This finding rules out structure
elated light interference and iridescence.
Additionally, we measured angle resolved light reflection (not
hown). The results show that the three RGB wavelengths reflect
early specularly, while the blue reflectance spectra show clear
ut weak fluorescence components. No grating interference or
cation was, respectively, of 258 X (left) and 3.25 kX (right).

diffraction effects could be detected. This result together with the
SEM imaging ruled out surface or near surface structuring as the
possible cause of the golden aspect of the scapes.

The stem fluorescence, detected by the reflectance measure-
ments, was  further analyzed, by observing the scapes under a
fluorescence microscope.

Fig. 5 shows a series of images of the scales illuminated under
different wavelengths with several excitation and emission fil-
ters. The stems fluorescence is stimulated by a very broad range
of wavelengths, starting under ultraviolet excitation up to larger

wavelengths.

Having found no surface structure related effects the study con-
centrated on the organic components besides cellulose and lignin
which are present at the stem surface.
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Fig. 5. Fluorescence images of a S. nitens stem obtained with different wavelength
excitation illuminations and fluorescence filters. The stem surface fluoresces at all
wavelengths, from UV (a) to red (h).

Fig. 6. Absorption spectrum of S. nitens extractives in water (in green) and fluores-
cence spectrum (in blue) of the same suspension upon excitation at 325 nm.  (For
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on multilayer reflectors on their elytra (Vigneron et al., 2005;
nterpretation of the references to color in figure legend, the reader is referred to
he web  version of the article.)

Fig. 6 shows absorption and fluorescence emission spectra
f S. nitens extracts in water. The suspension absorbs high fre-
uency light, mainly from the UV to green and fluoresces in the
reenish/red range. This broad fluorescence emission, centered at
70 nm,  is obtained when the suspension is excited at different
avelengths (between 225 nm and 375 nm). Thus, the extracts are

ble to absorb short wavelengths and emit at long wavelengths
ith large Stokes shifts.

Trying to understand these absorption characteristics of the
xtracts from a theoretical point of view, several molecules found in
he S. nitens extract, as described in detail by Pacifico et al. (2011),

ere used. These molecules were identified by those authors as
avonoids. They found 8 molecules, 5 flavones and 3 flavanones.
heir numbering and identification are as follows:
d Products 52 (2014) 597– 602

3′,4′,5,-tetrahydroxy-6-C-glucopyranosylflavone
3′,4′,5,-trihydroxy-7-methoxy-6-C-glucopyranosylflavone
5- 3′,4′,5,-trihydroxy-7-methoxy-6-C-glucopyranosylflavanone
7- 3′,4′,5,-trihydroxy-7-methoxy-8-C-glucopyranosylflavone
8- 4′,5,-dihydroxy-3′,7-dimethoxy-6-C-glucopyranosylflavone
9- 3′,4′,5,-trihydroxy-7-methoxy-8-C-glucopyranosylflavanone
10- 4′,5,7-trihydroxy-8-C-glucopyranosylflavanone
17- 3′,4′,5,7-tetrahydroxyflavone

Fig. 7 shows the optimized geometry of 2 representative species
of the 8 molecules which were found in the S. nitens stems extracts.
The figure also shows the calculated ground state HOMO (highest
occupied molecular orbital) and the excited LUMO (lowest unoccu-
pied molecular orbital) electron density, respectively at the center
and at the right of the figure for the two flavonoids. The other
remnant 6 molecules were calculated but are not shown here.

The theoretical absorption spectra of electrons transitioning
between ground and excited states obtained from those simula-
tions are shown for all 8 molecules in Fig. 8. Two groups are found.
All flavonoids have strong oscillator strengths in the UV region and
the flavones 1, 3, 7, 8 and 17 have additionally a significant oscil-
lator strength component toward the blue region of the spectrum.
Thus, the flavonoid mixture should absorb light from roughly 200
to 450 nm,  according to this theoretical simulation.

Fig. 9 shows a solar spectrum (blue), taken noon 09/14/2012 out-
side our labs, together with the transmission spectrum of S. nitens
extractives (black). In green we  show the reflectance spectrum of
the scapes for sunlight reflected at 45 degrees, obtained at the same
date and location. In yellow we  show the (blue) solar spectrum
multiplied by the (black) absorption spectrum of the extracts. The
yellow and green spectra were normalized to the same intensity.
The red shift obtained for the resulting yellow spectrum com-
pared to white light is indeed remarkable. Noteworthy is also the
superposition of the yellow (calculated) and green (experimental)
spectrum.

5. Discussion

S. nitens is native in certain areas of central Brazil and is one of
the more than six thousand species of the Eriocaulaceae (Schmidt
et al., 2007) family.

The typical golden aspect of the dried stems has to originate
from the peculiar interaction of white light with the stem surface.

When considering bulk metallic gold, the conduction electrons
are essentially free, moving relatively unimpeded through the lat-
tice. Damping effects arise due to collisions of these electrons
with lattice imperfections. The reflectivity of metals is caused by
the interaction of those free electrons with the incident electro-
magnetic field. At frequencies corresponding to visible light, the
penetration depth is minimal, and light is almost entirely reflected.
This gives metals its shiny aspect (Jackson, 1998). In addition, for
gold, there occur electron excitations from the 5d band, which is
very near to the Fermi edge. These excitations are caused by the
absorption of photons in the violet/blue range of the visible spec-
trum and the reflection of white light shows the typical red coloring
of this precious metal (Takata et al., 2004). Our XPS measurements
show that no metallic element was  found on the golden grass sur-
face.

Several species in fauna, on the other hand, are capable of pro-
ducing bright golden colors due to surface structures and patterns.

Coleoptera, for example, present golden iridescence based
Seago et al., 2009). Butterflies display iridescent colors due to
cuticles and lamellae held apart by air layers (Vigneron and
Simonis, 2012). Jeweled beetles, like the Chrysina aurigans, display
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Fig. 7. Optimized geometry of flavonoids 3 and 10 (left) (see the numbering described in the text) with their respective HOMO (middle) and LUMO (right) molecular orbital
electron density.

Fig. 8. Theoretically calculated absorption spectra for the 8 flavonoids found and
described earlier by Pacifico et al. (2011)(see numbering and identification of the
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Fig. 9. The four spectra shown are: the solar spectrum on a sunny day in southern
Brazil (blue line); the transmission spectrum of S. nitens extractives (dotted black

longer wavelength range, which also contributes to the red shift.
avonoids in the text).

ridescence through circularly polarized light reflectance from sur-
ace structures, similar to cholesteric liquid crystals (Sharma et al.,
009). Iridescence effects in flora are less frequent, but surface
hotonic structures have been identified in Leontopodium nivale
ubsp. Alpinum (Vigneron et al., 2005), in the Pollia condensata
ruit (Vignolini et al., 2012a) and in the Ophrys speculum the mir-
or orchid flower (Vignolini et al., 2012b). These surface structures
ere not found for S. nitens stems, as clearly shown by our SEM

mages.
Fortunately, for our purposes, S. nitens extracts were analyzed

ecently in great detail by Pacifico et al. (2011). Their report shows
hat the extractives (organic molecules which are present in the
tems besides cellulose and lignin) are composed mainly by a series
f flavonoid derivatives. They extracted 17 different flavonoids of
owers and stems, 6 of them being unambiguously classified as
nknown new molecules. The stem extracts could be associated to
flavonoids, 6 known and 2 new molecules. They guessed, with-
ut the support of further experiments, discussions or data, that
hose flavonoids could reasonably be considered responsible for
he scapes’ golden color.

Flavonoids in plants are well described in the literature. They
ontribute to the color of flowers and are well known to act as UV
lters in leaves. Additionally, these molecules have shown antibac-
erial and antifungal properties, defending plants from diseases.

hose peculiar qualities led to research on pharmacological bene-
ts of flavonoids for humans. On another note, flavonoid presence

n plants can also deter mammalian herbivores from eating their
line); the experimental reflectance spectrum of S. nitens (green line); and the result-
ing  curve (yellow) after multiplication of the solar spectrum by the transmission
spectrum.

leaves. By 1999 more than six thousand flavonoid species were
known (Harborne and Williams, 2000).

Our theoretical absorption calculations of these flavonoids
(Fig. 8) show that indeed these molecules are capable to absorb
UV, violet and blue. The absorption centered at 350 nm extending
up to 450 nm is most important, since a significant part of the solar
spectrum near the earth’s surface is found in this range. This result
also explains the UV absorption of flavonoids as described in the
literature (Harborne and Williams, 2000). Good agreement of the
theoretical calculations with the experimental absorption results
of S. nitens extracts is also noted.

6. Conclusion

We come to conclude that the golden color of dry S. nitens
stems is caused by the interaction of incident light with the several
flavonoids present at the surface epidermis of the dry scapes. Upon
reflection at the smooth stem surface, a substantial part, mainly in
the high frequency range of the incident light, is absorbed due to
the flavonoid presence and not reflected. Therefore, light reflection
produces a shift in the solar spectrum peak toward longer wave-
lengths. In addition, the flavonoids are shown to fluoresce in the
In this sense, the solar spectrum should be multiplied by
the flavonoid’s extract transmission curve to yield the resulting
reflectance spectrum. The latter is plotted together with the
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easured reflectance spectrum in Fig. 9, indicating a very good
greement in support to our hypothesis. These optical properties
ive S. nitens its exquisite reddish golden aspect mimicking spun
old.

Together with conduction electrons (in metals), and interfer-
nce effects due to surface structures (e.g. some butterflies and
eetles), it seems that nature has also found another peculiar way  of
roducing brilliant metallic brightness, based on a quite ingenious
ombination of surface geometry (smoothness) and light absorp-
ion, as we demonstrate here for S. nitens,  the golden grass.
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