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Thanks to its optical anisotropy and mechanical properties, luminescent wood is a promising material for
indoor lighting applications. However, the state-of-the-art approaches make use of potentially toxic
fluorophores and of non-biodegradable polymers to increase the transparency, compromising the
otherwise excellent sustainability of wood. Moreover, these procedures require lengthy multistep
functionalisation processes and often fail to preserve the natural aesthetics of wood. We took advantage
of the intrinsically hierarchical structure of wood coupling it with an efficient fluorophore, europium
dibenzoylmethide triethylammonium (EuDsTEA), to achieve uniform illumination via a shine-through
effect. A safe, low-power near-UV LED was used to excite the europium complex, and the light emitted
was transmitted through the wood scaffold. We explored the effect of different wood cutting directions,

Received 8th November 2021, as well as of lignin decolourisation. The optical transmission was the highest for cross-section cuts and

Accepted 27th December 2021 could be further increased by decolourisation. Our approach is simple, sustainable and fully preserves
DOI: 10.1039/d1ma01045; the aesthetic appearance of natural wood. Moreover, thanks to the pH-responsiveness of EuDsTEA

photoluminescence, the resulting luminescent wood could be used as a sensor for acidic or alkaline
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Introduction

Addressing the current environmental challenges requires the
substitution of conventional fossil-based materials with more
sustainable and CO,-storing ones. This is especially important
for the building sector, which is responsible for one of the
largest shares of total CO, emissions."* Conventional buildings
require huge amounts of unsustainable materials, including
those for lighting applications. Due to the impact on the global
climate of the building sector for the growing human popula-
tion, there is an urgent need to find and apply more sustainable
solutions.>™® Wood is a state-of-the-art building material, with
excellent mechanical properties, and prone to further functio-
nalisation thanks to its multiscale porosity and ready avail-
ability of hydroxyl groups from the cellulose backbone.
Furthermore, it is an intrinsically sustainable and CO,-storing
natural resource.® Enabling wood with new functionalities,
including visual environmental responsiveness,” is an impor-
tant factor to promote its widespread use in buildings beyond
conventional structural applications.®*™* Luminescent wood
has recently caught considerable attention as an attractive

“Wood Materials Science, Institute for Building Materials, ETH Ziirich,
8093 Ziirich, Switzerland. E-mail: guido.panzarasa@ifb.baug.ethz.ch
b WoodTec group, Cellulose and Wood Materials, Empa — Swiss Federal Labora-
tories for Materials Science and Technology, 8600 Diibendorf, Switzerland
t Electronic supplementary information (ESI) available: Full experimental
details, additional results and images. See DOI: 10.1039/d1ma01045j

© 2022 The Author(s). Published by the Royal Society of Chemistry

substitute for more conventional materials for indoor and
outdoor lighting applications, such as brittle glass and non-
biodegradable plastics, thanks to the sustainability and pro-
mising anisotropic optical properties of wood.”**”” However,
state-of-the-art wood-based lighting appliances require lengthy
procedures for their preparation, including delignification and
impregnation with often non-biodegradable polymers to
improve the matrix transparency, and the use of potentially
toxic fluorophores. These approaches compromise the intrinsic
sustainability of wood”"® as well as the native woods’ valuable
aesthetic appearance, a detail of not negligible importance
since it has been demonstrated that the use of natural wood
in buildings can have positive effects on the wellbeing of
inhabitants.'® Although wood is intrinsically fluorescent due
to lignin (Fig. S1, ESIt), this emission of light is too weak to be
exploited for practical lighting applications.'® Furthermore,
natural wood is a rather opaque material. Light extinction in
wood happens both as a result of scattering from cellulose
fibres and absorption by lignin chromophores.'®***! Deligni-
fication, however, could reduce the mechanical stability of
wood, while selectively removing lignin’s chromophores
(“bleaching”) can improve the optical qualities of wood without
affecting its structural stability to the same degree.”>>* The
structural anisotropy of wood, with its nano- and micro-
channel structure in the longitudinal direction, allows light-
guiding thanks to direct transmission and scattering effects.
Here we take advantage of these intrinsic features of wood
membranes to propose a new one-step approach towards
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luminescent wood. Compared to the state-of-the-art, our
approach preserves the intrinsic sustainability and aesthetics
of wood to a greater extent, is highly efficient and environmen-
tally friendly, and more easily scalable.

Results and discussion

Spruce is one of the wood species most widely available and
used for building purposes in Europe** and, as such, we chose
it as the starting material of our investigations. Due to the
highly anisotropic structure of wood, it stands to reason that
the wood-light interaction would be drastically different
depending on the orientation of pores (cell lumina) relative to
the incoming light direction. Samples of spruce wood with
comparable thickness (~1 mm, Table S1, ESI{) were prepared
in three different cutting directions, namely: cross-section (C),
radial (R) and tangential (T), and their light transmission
profiles were measured (Fig. 1A). For all samples, the transmis-
sion is highest for light above 700 nm, while UV light is almost
completely blocked. The intensity of transmitted light, on the
other hand, is highly dependent on the cutting direction. The
transmission of the cross-section is approx. Two times
the transmission of the tangential cut, which in turn is also
almost two times that of the radial cut. The increased transmis-
sion of the cross-sections is due to the majority of the light
passing through the cell lumina (average diameter in spruce
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Fig. 1 (A) Transmission of light through different native (full lines) and
decolourised (dotted lines) cuts of wood with comparable thickness:
cross-section (blue line), radial cut (green line) and tangential cut (yellow
line). (B—E) Visualisation of the difference in transmission between a native
cross-section (B), decolourised cross-section (C), native radial cut (D) and
decolourised radial cut (E). The left side of the image is not illuminated, the
right side is illuminated from the bottom. (F) Schematic representation of
the shine-through approach.
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about 25 pm?®), while in tangential and radial cuts, light has to
pass multiple cell walls, resulting in higher absorption. In the
wood cell walls, lignin is mainly responsible for light absorp-
tion. The removal of lignin chromophores by chemical bleach-
ing (Fig. S2, based on the approach described by Li et al.,>* full
experimental details in the ESIt) increased the intensity of
transmitted light below 600 nm dramatically (Fig. 1A). These
differences are further depicted in Fig. 1B-E, which show
images of the transmission of a light source through a native
and a decolourised wood cross-section (Fig. 1B and C) and a
radial cut of native and decolourised wood (Fig. 1D and E).
Further increasing the light transmission would require a
multi-step approach, first to delignify the wood scaffold and
then to impregnate it with an index-matching polymer (such as
PMMA), leading to conventional “transparent wood”. Other-
wise, the membrane thickness could be reduced, but the
mechanical resistance would decrease as well. Decolourisation
is not only simpler (as it requires only one step), it also
improves the optical properties of wood while preserving the
mechanical properties to a good extent (Fig. S3, ESIt). The
tensile strength (tested in the tangential direction) decreased
from 2.7 N mm~? for native spruce (in agreement with typical
values for tensile strength perpendicular to the grain
direction®®) to 1.4 N mm > for decolourised spruce. Whilst
the ultimate elongation does not change significantly, the
Young’s modulus decreased from 287 N mm > to
197 N mm 2. Nevertheless, decolourised wood is still more
mechanically stable perpendicular to the fibre direction than
its fully delignified counterpart.

Building on these results, we demonstrate the convenient
fabrication of free-standing luminescent wood membranes for
indoor lighting applications, based on the shine-through
approach. A millimetre-thick wood veneer is functionalised
on one side with a fluorophore, which is excited by direct
irradiation with a near-UV source. The emitted light is guided
through the wood matrix and emerges from the opposite side,
while UV light is completely blocked (Fig. 1F).

As a fluorophore, we chose europium dibenzoylmethide
triethylammonium (EuD;TEA, Fig. 2A), which emits bright
red light when exposed to near-UV light.>’*' Europium -
diketonate complexes are well-known for their excellent photo-
physical properties, and environment friendliness.”” >%**33
Moreover, the fluorescence of EuD;TEA is pH-responsive.
Additionally, the functionalisation with EuD;TEA preserves
wood’s natural aesthetics. The importance of this latter quality
is highlighted by a parallel set of experiments (pages S12-516,
Fig. S12-S18, ESIT) with fluorescein, a common organic fluor-
ophore that shares all the previously mentioned properties with
EuD,;TEA, but causes significant discolouration of the wood
substrate. We synthesised EuD;TEA according to the protocol
given by Fontenot et al.®* and used it to functionalise wood
samples by dropping or spraying on them a fixed volume of
10 mM EuD3TEA solution in ethanol and leaving it to dry (the
resulting ATR-FTIR spectra of the samples are shown in Fig. S4,
ESI). Fig. 2B shows the appearance of a 4 x 4 cm” native
spruce cross-section functionalised with EuD;TEA illuminated

30,33
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Fig. 2 (A) Schematic representation of the EUDsTEA complex. (B) Func-
tionalised cross-section illuminated by 366 nm UV light (left) and illumi-
nated by daylight (right). (C) EuD3TEA functionalised native cross-section
(10 pL dropped on top) illuminated with UV light from the bottom (bottom)
vs not illuminated (top). (D) EuDsTEA functionalised decolourised cross-
section illuminated with a 395 nm UV light from the bottom (bottom) and
not illuminated (top). In both / and J the illuminated area is a circle with a
~3 mm diameter. (E) Quantification of the shine through intensity (based
on the main emission peak, Aem max ~ 615 nm) of EuDsTEA functionalised
native (full blue bar) and decolourised (faint blue bar) spruce
(Zex = 375 nm). (F) Wooden cube (approx. 4 x 4 x 4 cm?®) with five native
spruce cross-section faces (thickness >2.3 mm) and one EuD3TEA func-
tionalised cross-section face (membrane thickness 1.59 mm) illuminated
by a 375 nm UV LED on the inside.

from above with UV light (l.x = 366 nm, left) and visible light
(right). One of the main advantages of EuD;TEA is that it does
not alter the aesthetics of wood. By illuminating the functiona-
lised side directly with a UV light source, the red-light emission
can be detected on the opposite side. This is shown for a
functionalised native and decolourised spruce cross-section in
Fig. 2C and D respectively. The scattering of light in wood leads
to a larger area emitting light than the area that is illuminated,
ensuring a highly uniform illumination. Already from a quali-
tative comparison between these two images, it is possible to
appreciate the higher intensity of the light emission from
decolourised wood (Fig. 2D) compared to that from the native
one (Fig. 2C).

The effect is quantified in Fig. 2E by comparing the intensity of
the main emission peak (Aemmax ~615 nm) of the EuD;TEA
spectrum (the full spectrum is shown in Fig. S5, ESLt the thickness
of the samples is given in Table S2, ESIt and is approx. 1 mm). For
decolourised wood, the fluorescence intensity is increased by a
factor of about 1.4. Thanks to decolourisation, both radial and
tangential cuts show sufficient performance in the shine-through
setup (as shown in Fig. S6, ESIt). This is of special relevance for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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scalability, as cross-sections are more limited in size than radial and
tangential cuts.

To better highlight the performance of our fluorescent shine-
through wood membrane, we built a demonstrator (Fig. 2F) with
five 4 x 4 cm® native spruce membranes and the fluorescent
membrane shown in Fig. 2B arranged in the shape of a cube
around a UV LED (/e = 375 nm) pointing towards the fluorescent
face. A single LED is enough to illuminate the entire fluorescent
membrane. Full details of the demonstrator’s construction, as well
as an image of the demonstrator with a fluorescent decolourised
wood face (Fig. S7, ESIt) are available in the ESLt The shine-
through luminescence, demonstrated here on a small scale, could
be scaled up and applied to building walls and ceilings for lighting
and design applications, especially considering the easy scalability
of the functionalisation steps. By functionalising the wood mem-
branes with different fluorophores, a range of colours may be
realised. Additionally, the scattering of light in the wood reduces
the amount of UV LEDs necessary for continuous illumination.
Furthermore, by treating the individual LEDs as individual pixels, it
would be possible to use large walls of luminescent wood as
“displays”.

It is worth noting here that the fluorescence behaviour of
EuD;TEA is pH-responsive.’®*' By changing the pH of the
fluorophore’s environment, its fluorescence will either increase
or decrease. To take advantage of this behaviour, we studied the
evolution of the fluorescence response as a function of expo-
sure of the fluorescent wood to acidic and alkaline vapours.
Fig. 3 gives a comprehensive overview of the pH response of
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Fig. 3 Fluorescence of EuDsTEA-functionalised native wood cross-
sections exposed to acetic and alkaline vapours. (A) The main emission
peak of EuD3TEA (~ 615 nm) in native wood as a function of time exposed
to acetic acid (A.A.) vapour. (B) The main emission peak of EUD3TEA as a
function of time exposed to EtzN vapour. (C) The intensity of the main
emission peak plotted against the acetic acid (crosses) and EtzN (circles)
exposure time and fitted with an exponential approach (full red line for
acetic acid and dotted red line for EtzN). (D) The intensity after alternating
1 min exposure to acetic acid (cross) and EtzN (circle) vapours.
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native EuD;TEA-functionalised spruce wood. The equivalent
plots are shown for decolourised EuD;TEA-functionalised wood
in Fig S8 (ESIf). The longer the time for which EuD;TEA-
functionalised wood is exposed to acetic acid (A.A.) vapours,
the less intense the fluorescence becomes, as shown in a Fig. 3
plot of intensity against time. Fig. 3C shows the exponential
nature of the pH-response. This behaviour shows good repro-
ducibility and can be repeated for many cycles. Exposing a
sample alternatively to acetic acid and Et;N vapours for 1 min
each leads to a detectable fluorescence increase and decrease,
respectively. This cycle can be performed at least five times
without negatively affecting the performance (Fig. 3D). A. For
both native and decolourised wood, the fluorescence decreases
by approx. 90% after 20 minutes of acetic acid vapour exposure.
Longer exposure times did not lead to an additional decrease
(as can be seen by comparing the fluorescence intensity after
20 and 100 minutes in Fig. 3A). Fluorescence could then be
restored by exposing the sample to triethylamine (Et;N)
vapours. Interestingly, native and decolourised wood reacted
differently. The native wood recovered its fluorescence intensity
much faster (~90% after 20 minutes, Fig. S8B, ESIt) than the
decolourised one (only ~60% after 20 minutes, Fig. 3B). This
different behaviour might be explained by the contribution of
fluorophores from inside the bulk, which need more time to be
reached by the vapour diffusing in the bulk of wood. A plot of
the fluorescence intensity against time (Fig. 3C) shows the
exponential nature of the pH-response. This behaviour shows
good reproducibility and can be repeated for many cycles.
Exposing a sample alternatively to acetic acid and Et;N vapours
for 1 min each leads to a detectable fluorescence increase and
decrease, respectively. This cycle can be performed at least five
times without negatively affecting the performance (Fig. 3D).

As shown in Fig. S9 (ESIf), comparable results can be
obtained with inorganic acids and bases, like hydrochloric acid
HCl and ammonia NH;. Using this couple, dramatic changes in
the fluorescence intensity can be observed for even shorter
exposure times as both are considerably stronger than their
organic counterparts, acetic acid and Et;N. This pH-dependent
fluorescence could be used as an optical indicator of indoor air
quality, especially in industrial and farming settings.

The photostability of the luminescent EuD;TEA-functionalised
wood was evaluated by accelerated ageing. As shown in Fig. S10
(ESI¥), after 5 h of exposure to 1000 W m > UV light (corresponding
to about 45 h of continuous exposure to direct sunlight), the
fluorescence was reduced to 20% compared to the initial conditions.
Fig. S11 (ESIT) shows the associated changes in the ATR-FTIR
spectra.

Conclusions

We demonstrated a new environmentally friendly approach to
make luminescent wood. We took advantage of wood’s hier-
archical structure to achieve a shine-through effect and applied
it to a highly efficient fluorophore (EuD;TEA) with pH-
responsive fluorescence. Our luminescent wood retains its
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visual appeal under ambient light but glows red when illumi-
nated with UV light. The shine-through effect was achieved
using cross-sections as the most efficient light-transmitting
wood cuts. We demonstrated that, thanks to wood decolourisa-
tion, other more scalable wood cuts could be used as well.
Eventually, we proposed a possible application for our lumi-
nescent wood as an indoor air quality indicator. The scalability
of the process and the good mechanical properties of the
resulting wood membranes make our single-step approach
highly promising for large-scale fabrication of indoor lighting
appliances.
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