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ABSTRACT: Observations on strong photochromic effect of crystalline TiO, quantum dots (mean size = 4 nm) are pre-
sented. The synthesized quantum dots consist of irregularly shaped anatase TiO, nanoparticles (NPs) and are dispersed in
butanol (8 % by mass). Obtained NPs exhibit a dramatic photo-response to UV light, enabling effective transmittance mod-
ulation of in a broad wavelength range extending from visible to near-infrared region, and even the thermal black body
radiation regime beyond 10 um. The exceptional photo-response is attributed to hole-scavenging by butanol, TiO, self-
reduction, injection of electrons to the conduction band, and consequent localized surface plasmon resonances in NPs.
Observed optical effect is reversible and the initial high transmittance state can be restored simply by exposing the NPs to
air. Applied NP synthesis route is economic and can be easily scaled for applications such as smart window technologies.

L. INTRODUCTION

Energy management and efficiency are among the key ele-
ments of modern building technologies and impact other
fields that prioritize optimized consumption such as auto-
motive industry and transportation. Development of

change. Many of the existing photochromic applications
are based on tungsten oxide (WOs) or nickel oxides.[
However, W is a dense material which adds to the weight
and indirect costs of the final product. It is also a scarce
material and, for instance, the European Union considers

highly insulating and adaptive smart windows for applica-
tions in both the commercial and residential sector could
save about 4.5% of the annual energy consumption.l Con-
trol over the transmittance of window materials in the vis-
ible (VIS) and near-infrared (NIR) part of the spectrum
(and even the thermal black body radiation at 10 um) will
have a positive impact on the living comfort (e.g. less glare
and thermal discomfort) and energy-efficiency in commer-
cial and residential environments as well as in automotive
applications.

Various transition metal oxides, such as MoOs, WOs, TiO»,
V,0s, NiO/Ni,O3, Nb,Os, etc., exhibit a photo-response to
either sunlight or UV radiation, i.e. a change in transmit-
tance/absorbance manifests itself in apparent color
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W a critical metal with a high supply risk.Bl1 The low abun-
dancy of W and its potentially adverse impact on the envi-
ronment and human health drive research for other pho-
tochromic materials. While more abundant than W, Ni is
also associated with environmental and health risks.
Therefore, Ti is attracting increased attention as an abun-
dant, lightweight, non-toxic and environmentally benign
alternative.

The general consensus is that pristine (undoped) TiO; ex-
hibits little photochromicity. However, it has been shown
that TiO, can be used to enhance the photochromic re-
sponse of, for instance, WO3 in which it acts as a hole scav-
enger and electron donor.®*%1 Similarly, V> doped anatase
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TiO; exhibits photochromic effect. In this case photo-gen-
erated electrons reduce V> to V** leading to a decrease in
light transmission that is visible as a color change from
beige yellow to brownish-violet.?l In a photochromic sys-
tem consisting of Ag nanoparticles on thin TiO, film, the
light absorption can be controlled by oxidizing and photo-
catalytically reducing the plasmonic Ag particles.[ A solid-
state photochromic device has also been demonstrated
where TiO; acts as a mediator in vectorial electron transfer
between the molecular sensitizer and electron acceptor.[8l
Finally, it has been shown that nanoscale TiO, particles
and TiO; gels exhibit partial photo-response to UV irradi-
ation, i.e. altered transmittance in visible and near infra-
red range is observed due to limited and non-uniform
modulation in absorption.B® To the best of our
knowledge, the photo-response achieved in TiO2 based
materials does not cover the relevant wavelength range to
extent that is required in applications.

In order to improve on the existing Ti-based photochromic
materials, it is imperative to understand the underlying
physical phenomena. It is now well understood that pho-
tochromicity in transition metal oxides is governed by the
redox process arising due to optically excited electron—hole
pairs.b2 In the VIS regime, the light absorption can be
attributed to the localization of injected electrons at Ti*
cations which creates polaronic lattice distortions. How-
ever, if the density of free charge carriers is sufficiently
high, another absorption mechanism activates on na-
noscale particles. That is, the onset plasmonic resonance
leading to absorption in the infra-red (IR) spectral re-
gion.[?!

In this study, we report the fabrication of a versatile and
affordable photochromic nanomaterial through a readily
scalable process. Photochromicity is achieved via struc-
tural and electronic phenomena in pristine TiO, nanopar-
ticles (TiO, NPs) that - unlike bulk TiO; - make excellent
photochromic coatings. In particular, we demonstrate that
TiO, NPs in butanol exhibit a photochromic response that
is superior to that of the alternative materials.*®! Namely,
the transmittance of produced TiO2 NPs varies from 100%
to 0 % over a broad wavelength range that extends to the
thermal black body radiation regime at 10 ym. The sim-
plicity of the active material, the optical properties of the
nanoparticles and the affordability and scalability of pre-
sented synthesis technique make our approach well suited
for superior solutions for light transmittance control in
building, automotive and eyewear applications.

2. RESULTS AND DISCUSSION

A photochromic material is expected to exhibit changes in
its optical properties in reaction to light. Studied NP dis-
persions were initially highly transparent and appeared
clear to the eye. Measured transmittance was around 95%
at 600 nm. Transmittance decreased dramatically during
UV exposure. As evident in Figure 1A, the spectral re-
sponse is smooth without distinct local features, showing
almost continuous absorption from the wavelength ranges
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of visible and near-infrared to mid- and long-infrared. The
uniformity of absorption is important as any peaks and val-
leys in the absorption spectrum ultimately affect not only
the efficiency but also the visual appearance of the material
that is critical in applications. In our case, TiO, NPs were
rendered visually black upon exposure to UV light.

In general, we attribute the observed optical effect to a
photochemical reaction where the UV radiation excited
electron-hole pairs and the holes are subsequently scav-
enged by butanol. 1 Photoexcited electrons populate the
conduction band, as well as reduce some Ti*" to Ti** in an-
atase lattice. The entire photochemical reaction mecha-
nism can be expressed by:

TiO, + hv > e g +hy

(1)

g +TIY o Ti%

(@)

hi, + OHCH,R — H* + RC HOH
3)

Free electrons are responsible for absorption in IR spectral
region due to plasmonic resonancel® and different Ti%*
species form defect states at different energies in the band
gap of anatase.'™] Formation of Ti®* is compensated by ox-
ygen vacancies in accordance with equation:

Ti,0, — 22— 2Ti (1l )5y, + 305 +V*

° @

Oxygen vacancy species also form intragap states and are
responsible for visible light absorption of black TiO,.l¢l Re-
cently, visible light absorption was observed in hydrogen-
ated TiO, that was attributed to the formation of disor-
dered layer on the surface of nanoparticles causing valence
band tailing.I”] It is suggested that electronic transitions
from localized states of both tailed valence band and oxy-
gen vacancies to conduction band, and from tailed valence
band to oxygen vacancies, are responsible for the visible
light absorption in TiO,.[®l Our system includes a protic
solventwhich could lead to TiO; hydrogenation during UV
irradiation.

The rate at which the optical properties change upon ex-
ternal stimulus, and the reversibility of induced effects are
among the key factors in the functionality of photochromic
materials. As evident in Figure 1A, our NPs exhibit a fairly
fast response to UV irradiation. It takes approximately 15
minutes to reach optical transmittance of 52%. After 120
min of UV irradiation, the transmittance at 600 nm is less
than 0.5%. The delay in the spectral change in the first 5
minutes of UV irradiation can be explained by the presence
of adsorbed oxygen species on the NPs surface. Electron
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paramagnetic resonance (EPR) results exhibited a signal
related to Ti**-O? centres before UV irradiation. The signal
disappeared during UV irradiation. Optical transmittance
curves are relatively flat and featureless. The visual appear-
ance of the dispersions is black with a slight bluish tint.

Figure 1B also suggests that the photochromic effect is fully
reversible. The initial high transmissivity can be restored
by injecting air into the dispersion as shown in Figure 1C
Hence, the dispersion can be successfully cycled between
transmitting and absorbing states, indicating that the ma-
terial is suitable for applications where fast switching is not

as critical as uniform spectral response and affordability of
the material. It is also worth pointing out that the suspen-
sions were stable and did not sediment during long-term
cycling.

Interestingly, the speed of recovery varies along the entire
absorption spectrum (Fig 1B). The transmittance in the IR-
part of the spectrum recovers significantly faster than in
the visible part of the spectrum. This important observa-
tion
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Figure 1. Optical response of TiO, NPs to A.) UV irradiation and B.) air oxidation. It can be observed that light is more and
more obscured, if the TiO; dispersion is irradiated with UV light. However, the transmittance of the colloid is recovered, if the
dispersion is exposed to air. C.) Cycling behavior of the TiO, NPs dispersion with UV light (2h per cycle) and Air injection (20
ml per cycle). D.) Change in the absorbance of 200 um layer of TiO, NP colloid. E.) FT-IR measurements of the NP colloid
during UV irradiation. It can be observed that during UV irradiation the absorbance values increase up to 12000 nm. F.) Change
in the indirect optical band-gap value of the TiO, NPs as a function of UV irradiation time.

suggests that at least two different mechanisms determine
the transmissivity of the TiO, NP colloid. As discussed ear-
lier, itis reasonable to attribute light absorption in the VIS
regime to polaronic lattice distortions in TiO,. Surface
plasmons, on the other hand, are known to readily absorb
light in IR range as well as exhibit high sensitivity to ad-
sorbing molecules.t® In contrast to surface plasmons, the
electrons trapped at polaronic lattice distortions are likely
to be far less sensitive to adsorbed species. However, the
onset of surface plasmon resonances requires sufficiently
high density of free charge carriers®® and this requirement
is not satisfied on TiO, NPs intrinsically. Before addressing
this question, we shall first explore the optical response of
NPs in more detail.
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To study the response of the NPs in a wider spectral region
and using higher UV dosages, a sealed cuvette with a 200
um PTFE separator was used to measure the response of
the NPs to up to 2500 nm wavelengths. Thin samples were
prepared from the dispersions to counteract the absorp-
tion maxima of the solvent in the NIR range and to make
it possible to irradiate the material with higher doses of UV
per volume. The cuvettes were filled with the TiO; disper-
sion in nitrogen atmosphere in a glove box (O, concentra-
tion >0.5 ppm) and sealed with epoxy resin. The cuvette
was irradiated with the same UV diode as in previous ex-
periments with the power density of UV-A radiation set to
30 W/m? which coincides with the UV-A intensity of sun-
light on Earth.
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As can be seen in Figure 1D the absorbance increases dur-
ing UV irradiation. The spectra are smooth and have no
distinct extrema besides the absorbance bands of the sol-
vent butanol in the NIR region. The increase in absorbance
during UV irradiation is more prominent in the NIR region
than in the visible range. The optical response in a thin dis-
persion layer was also relatively fast, absorbance at 600 nm
increased from 0.05 to 0.46 in 15 minutes. The absorbance
of the layers becomes saturated after three hours of irradi-
ation at 0.65 absorbance units.

To further characterize the optical properties of NPs in the
IR range, ATR FT-IR spectrometer was used to measure the

e SORE FF ; et

spectral response. A drop of the dispersion was first placed
on the ATR crystal. A PTFE separator was then placed
around the crystal as a support a 1 mm thick piece of soda-
lime glass. The dispersion was irradiated through the glass
with the UV diode. Due to the nature of the ATR setup it
was impossible to quantitatively compare the FT-IR spec-
tra to the UV-VIS-NIR spectra. However, the FT-IR spectra
still yields valuable information about the trends and be-
havior of the NPs in the IR region.

The results of the more detailed study of IR absorption dur-
ing UV irradiation (Figure IE) show that the increase in ab-
sorption extends to 12000 nm.

Figure 2. A.) TEM image of the TiO2 NPs shows the presence of elongated crystalline particles. B.) Electron diffraction pattern
obtained from the TiO, NP-s. The diffraction pattern indicates that anatase the particles are crystalline-1]

The transmittance of TiO, NP dispersions can thus be
modulated by photo doping and air oxidation to transmit
or block VIS light, solar NIR light and even the black body
radiation from objects at room temperature. A smooth and
steadily increasing background is also present. It stems
from the increase in absorbance of the NPs as a function of
UV exposure. The strong IR absorbance bands observed in
Figure E are attributed to the solvent butanol.

To gain more insight on the physical origins of the ob-
served absorption phenomena, we also conducted a more
detailed analysis of UV-VIS spectra. We found that UV ir-
radiation influences the indirect band gap®! of the anatase
TiO, NPs. In particular, when Tauc-plots were used to de-
termine the optical band gaps of dispersions, we observed
(Figure 1F) that the indirect band gap increases during UV
exposure. This effect can be explained by Burstein-Moss
shiftl?l; as the electronic states near the conduction band
bottom become increasingly populated, both the absorp-
tion edge and the apparent band gap are increased.
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The structure and structural stability of the particles are
important for the applicability of a photochromic material.
The transmission electron microscope (TEM) image in Fig-
ure 2A shows oblong crystalline TiO, NPs of 5-10 nm length
and 2-5 nm width. The results coincide well with dynamic
light scattering (DLS, Figure SI) and X-ray diffraction
(XRD, Figure S2) results. DLS measurements show that the
average diameter of the particles by volume is 4.3 nm with
no apparent. In the TEM images we also observe lattice
fringes, suggesting that the material is crystalline. X-ray
diffraction patterns show very broad peaks (Figure S2). The
low intensity of the maxima can be attributed to the small
particle size and low concentration of particles in the sus-
pension (8% by mass). The severe peak broadening is a re-
sult of the nanometer-range size of crystallites and parti-
cles. Nevertheless, the phase is clearly identifiable as ana-
tase (TiO,, PDF # 04-007-0701, ICDD database), and
Rietveld refinement allowed us to determine the unit cell
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dimensions and average crystallite sizes (Table 1). The re-
sults indicate no significant variation in lattice structure
when the material is cycled between the transparent and
absorbing states under UV radiation, ruling out the occur-
rence of photocorrosion. The samples were stable during
measurements and we observed no X-ray (A = 154056 A)
induced changes in the transmittance of the sample. The
crystalline nature of the particles is also confirmed by
fringes in the electron diffraction pattern (Figure 2B).
Rietveld analysis (Table 1) also suggests that the particles
are stable and UV irradiation causes no changes in the lat-
tice parameters.

With the optical and structural properties of the NPs ade-
quately addressed, we can return to their electronic prop-
erties.

Absorption in VIS regime:

As we proposed earlier, light absorption in the visible re-
gion by TiO; is likely due to the localization of injected
electrons at Ti%* cations, which creates polaronic lattice
distortions by elongating Ti-O bonds. This structural dis-
tortion is necessary to achieve localization at a single ion,
and clearly demonstrates the polaronic nature of the Ti**
species.l

In Figure 3A we present EPR spectra before and after irra-
diation with UV. Before irradiation absorption at g-values
2.026, 2.0096 and 2.0036 was observed. These values cor-
respond to Ti*-O?% species in anatase.?”d During UV irradi-
ation the signal corresponding to Ti4+-O2- species disap-
pears and is replaced by strong signal with g = 1.957 which
corresponds to Ti%* species, which suggests

Table 1. Refined crystallographic parameters of the clear and UV-irradiated black suspension as obtained by X-
ray diffraction. Estimated standard deviations as reported by the Rietveld refinement software are given in

parentheses.
Clear suspension Black suspension

Phase 100% TiO, Anatase | 100% TiO, Anatase
composi-
tion
Unit cell | a=3.7978 (0.0019) | a=3.7959 (0.0019)
dimen- ¢ =9.4905 (0.0055) | c=9.4929 (0.0051)
sions [A]
Average 5.1(0.1) 5.0(0.1)
crystallite
size [nm]

that exposure to light does indeed, create polaronic lattice
distortions on NPs. The low intensity bands at both sides
of the main signal correspond to overlapping Ti47 (1=5/2)
and Ti49 (I1=7/2) hyperfine splitting with hyperfine cou-
pling constant of 47 MHz. It is important to note that no
Ti%* is visible in the EPR spectrum before UV irradiation.
This result was also confirmed by X-ray photoelectron
spectroscopy (XPS, Fig. S3) where Ti core levels showed no
evidence of Ti* prior to UV irradiation.

The number of photoelectrons was obtained via Redox ti-
tration with Fe®* complexes (Figure S4). The same method
has been previously used by Schimpf et al.?to success-
fully determine the amount photogenerated electrons in
ZnO nanoparticles. In our case, a diluted sample (0.5%
mass % of TiO,) of the dispersion was irradiated with UV
radiation to a point where the absorbance value of the dis-
persion did not increase, and then titrated with Fe(acac)s.
The endpoint of the titration was determined using a pho-
tospectrometer (Cary 5000) by recording sequential ab-
sorbance spectra of the dispersion as the Fe** complex was
added.
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In our study, the redox titration (Figure S4) yields a num-
ber of 0,015 electrons generated per every titanium atom.
This gives us an electron density of 5x10?° cm=®. The num-
ber of electrons trapped at Ti** sites can be estimated from
the EPR spectra. We find this to be as low as 2,5x1018 cm-
3, Hence, only a small portion (approximately 0.5%) of
available charge carriers are, in fact, trapped as Ti*, leaving
the majority of electrons as free charge carriers.

The strong visible light absorption of UV irradiated nano-
crystals let us to assume that there are additional absorp-
tion levels in TiO, band gap originating from lattice de-
fects. Electronegativity can be preserved due to oxygen va-
cancies compensating Ti**, as well as hydrogenation due to
protic medium.

Absorption in IR regime:

The earlier observation that the IR part of the absorption
spectrum is highly sensitive to air (Figure 1B) is instrumen-
tal in understanding the provided clues to the respective
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roles of the free and localized charge carriers in light ab-
sorption processes. Absorption in the visible part of the
spectrum was found to be less reactive towards air expo-
sure, but there was a strong concomitant decrease in ab-
sorption in the IR part of the spectrum. We argue that both
observations can be attributed to the reactivity of trapped
and free electrons towards oxygen in the air. The trapped
electrons are already bound to Ti** and are therefore less
reactive. As a result, absorption in VIS-range shows less
sensitivity to air. In contrast, the above-mentioned delo-
calized (free) electrons are likely to be highly reactive to-
wards oxygen. Exposure to air led to a rapid decrease in IR
absorbance, suggesting that these free electrons play an
important role in the absorption in that particular spectral
region. Similar optical effects — reversible switching of plas-
monic absorption by light irradiation and redox reactions,
has also been observed in ZnO nanoparticles.?!

Localized surface plasmon resonance (LSPR) provides a
plausible explanation for the observed absorption in the IR
region and the influence of air exposure. In general, LSRP
is a collective electronic excitation induced by electromag-
netic radiation on metallic nanoparticles, but it can also
occur on oxide nanoparticles if there is a significant local
density of free charge carriers. In our case, the presence of
excess electrons has been demonstrated with redox titra-
tion, and it is conceivable that their interaction with light
results in LSPRs that play a role in the absorbance of IR
light.

To confirm and quantify the contribution of LSPR to the

absorption an analogous methodology was used as utilized
by Luther et al.®®l Mie scattering theory can be employed

to calculate the absorption cross section o of a single par-
ticle and Beer-Lambert law allows us to calculate the ab-
sorbance of the suspension caused by LSPR,

Ap=Nd (5)

where N is the concentration of spheres and | is the path
length of the beam in the sample.

In order to use Mie scattering theory, the electrical permit-
tivity € of the particles must be estimated. As a standard
solution, we use Drude model, which relates the concen-
tration of free electrons Ne, losses y and high frequency

permittivity 2 through equation:

2
a)P

8(60) :8'2—_
W +lyw (6)

=N e*/(g,m
where @p m is plasma frequency, € and

m
€ are the charge and mass of the free electrons, respec-

tively, and o

& =

is the free space permittivity. In this study

we fix and let the concentration of free charges

Ne and the loss factor 7 to be free fitting parameters.
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Figure 3. A.) EPR spectra before UV irradiation (blue) and after UV irradiation (red). B.) Comparison of experimental absorb-
ance values with absorbance calculated using Mie theory, C.) and the subsequent charge densities extracted from the data.

There are some limitations to the Mie scattering theory.
For instance, it only allows us to calculate the absorp-
tion/scattering cross section for a spherical particle, while
our TiO, NPs are neither spherical nor uniform in size.
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However, it is evident via direct Mie calculations that in
the case of very small particles (in our case <10 nm, see Fig-
ure 2A), the width of the modelled LSPR do not depend on
the particle size. Here, we used an average diameter of 4
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nm and took into account that the concentration of the
spheres N in Beer-Lambert law is only an effective value
and does not influence the shape of the absorbance spec-
trum.

To compare the results from model calculations to the ex-
perimental results, first the absorbance caused by the plas-
monic resonances must be extracted. As the absorption
cross section of dielectric spheres is small in comparison to
the plasmonic particles, the absorbance caused by LSPR is
extracted by subtracting the absorbance at the time t=0
min (see Figure 3B). As a simplification, it is assumed that
the LSPR is the only source of the increase in the absorb-
ance in the IR range.

The experimentally measured absorbance caused by the
UV radiation over time is shown in Figure 3B in colored
lines. By fitting the model to the experimental data, it is
possible to explain the absorbance in the NIR part (solid
bold lines). The model breaks down in the visible spectral
region, where absorption is linked to the localization of in-
jected electrons on Ti* cations that creates polaronic lat-
tice distortion. The dependence of the free charge density
Ne on the irradiation time is extracted from the model and
shown in Figure 3C. The estimated number of free elec-
trons is well within the range required for surface plas-
monic resonances to occur and therefore strongly supports
our earlier hypothesis of surface plasmons being responsi-
ble for IR absorption. As can be seen in Figure 3C, the max-
imum free charge carrier density extracted from the theo-
retical model coincides well with the value found experi-
mentally by redox titration (5 x 102 cm).

3. CONCLUSIONS

In this work, we have demonstrated a cost-effective way of
preparing TiO, NP dispersions that have superior photo-
chromic functionality. We have demonstrated that the
transmittance of the NPs can be strongly modulated in
wide optical range from 400 nm to 12000 nm (i.e. from vis-
ible spectrum to MIR) and identified two distinct physical
mechanisms that explain the observed phenomena. We
found that the exposure to light generates polaronic lattice
distortions in NPs and they determine the transmittance in
the visible region of the spectrum. The second absorption
mechanism originates from the photo reduction of TiO,
during UV irradiation and causes photochromism in the IR
part of the spectrum. The photo reduction of TiO, leads to
the formation of Ti%®, but only a small fraction of the photo-
generated electrons is trapped as Ti®* (approximately
0.5%). The majority of photo-generated electrons remains
free charge carriers. The availability of free charge carriers
in the proximity of TiO, NPs under UV irradiation results
in the onset of localized surface plasmon resonances,
which readily absorb light in the IR regime.

The observed even absorption of our photo-reduced TiO,
NPsin a wide range make them eminently suitable for pho-
tochromic applications, where modulation of the mate-
rial's transmittance uniformly over the entire VIS and IR
region and cycling between transmitting and absorbing
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states it are desired. Our findings open up new avenues for
energy efficiency and lighting/thermal control in building
and automotive applications.

4. METHODS

4.1. Synthesis of Titania Nanoparticles. NPs were syn-
thesized using a method described by Scolan and
Sanchez?1 with slightly modified parameters. Commer-
cially available reagents titanium(IV) butoxide (Sigma-Al-
drich, reagent grade), dodecyl benzene sulfonic acid
(DBSA) (Sigma-Aldrich, reagent plus), acetyl acetone
(acac) (Sigma-Aldrich, reagent plus), butanol (Sigma-Al-
drich) and deionized water were used as precursors. The
solvent (butanol) was dried using CaH, and distilled before
use. The molar ratio between DBSA and titanium(IV)
butoxide was set to 0.2, that between acac and tita-
nium(lV) butoxide was set to 3, and that between water
and titanium(lV) butoxide was set to 10. The reaction was
carried out overnight at reflux conditions. The nanoparti-
cles were purified twice with methanol using centrifuga-
tion at 2000 g for 1 hr. The synthesis was optimized to ob-
tain highly crystalline nanoparticles (roughly 3-10 nm in di-
ameter). NP yield of developed synthesis protocol ex-
ceeded 85 % after washing procedures.

4.2. Optical Characterization. Optical transmission
measurements were conducted on a Cary 5000
(UV/Vis/NIR) spectrometer (Agilent Technologies). Ex-
periments were conducted in a 10 mm optical path length
quartz cuvette, 2 mL of 8% (by mass) TiO, NP suspension
was placed inside the spectrometer measurement cham-
ber. The cuvette was equipped with magnetic stirrer bar
and UV diode (P8D136, Seoul Semiconductors, 365 nm).
The UV diode was operated at 300 mA. The cuvette was
sealed by airtight cap. For subsequent air injection, a small
tube (d ~0.8 mm) leading to the bottom was inserted at the
corner of the cuvette. Air was pumped into the cuvette us-
ing a syringe pump at 1 mL/min. The dispersions were
purged with 20 mL of nitrogen before the start of experi-
ment to remove residual oxygen from the cuvette.

Measurements were also conducted on thin NP dispersion
layers. The samples were irradiated using the UV diode
with 30 W/m? light intensity. The cell consisted of two
glass plates separated by a 200 um PTFE separator. The cell
volume was minimized to allow for larger irradiation dos-
ages and to minimize the interference from the NIR ab-
sorbance bands of the solvent. Also, the dispersion concen-
tration was increased to 20 % by mass.

The FT-IR measurements were conducted on Bruker Ver-
tex V 70 equipped with an ATR accessory. The NP disper-
sion (sample) was placed onto the ATR crystal (diamond
crystal), a 200 um PTFE separator was placed around the
crystal and a glass plate was pushed onto the NP dispersion
so that an airtight compartment was formed on the ATR
crystal. The sample was irradiated through the glass plate
using the same UV diode that was utilized in the UV-Vis
measurements.
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4.3. Electron paramagnetic resonance (EPR). Electron
paramagnetic resonance measurements were performed
using a Bruker X-band E500 CW (con-tinuous wave)
ELEXSYS spectrometer at room tempera-ture (297 K). The
microwave frequency during the measurements was 9.8
GHz. The Bruker quantative EPR toolbox in Bruker Xepr
program was used for quantita-tive analysis. The TiO2 NP
suspension was injected to a quartz tube suitable for liquid
EPR measurements. The sample was irradiated using the
same UV diode that was also in use in the UV-Vis mesure-
ments.

4.4. X-ray diffraction (XRD). The crystalline phase of the
synthesized particles prior and after UV irradiation was de-
termined by XRD on a Bruker D8 diffractometer (Bruker,
Karlsruhe, Germany) CuKa radiation. The suspension was
injected into a glass capillary (480 pm inner diameter,
Hilgenberg special glass No. 10, Hilgenberg, Germany),
which was then sealed by dipping both ends in molten par-
affin. Data was measured from 20 — 100 °26 with a step size
of 0.0122 °26 and a counting time of 8 seconds per step, re-
sulting in total acquisition time of nearly 15 hours. A sec-
ond capillary was filled and sealed, and subsequently ex-
posed to UV radiation (254 nm, 5 x 8 W) for 10 hours prior
to XRD data collection. The data sets were evaluated by
Rietveld refinement using the software Profex (version
3.8)8 with the Rietveld kernel BGMN (version 4.2.22).[

4.5. X-ray photoelectron spectroscopy (XPS). XPS was
used for investigating the chemical state and elemental
composition of titania NP films. The films were prepared
from the same dispersions by spin-coating them on Si (100)
monocrystal substrates. XPS measurements were con-
ducted using a surface station equipped with an electron
energy analyser (SCIENTA SES 100) and a non-monochro-
matic twin anode X-ray tube (Thermo XR3E2), with char-
acteristic energy of 1253.6 eV (Mg Kal,2 FWHM 0.68 eV).
All XPS measurements were conducted in Ultra-High Vac-
uum (UHV) with a base-pressure better than 8 x 10-® mbar.

SUPPORTING INFORMATION

Dynamic light scattering (DLS), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and photoabsorbance spec-
tra on nanoparticles.
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Strong modulation of photoabsorption from visible to thermal black body radiation is demonstrated in TiO»
nanoparticle suspensions in alcohol. Anatase particles synthesized by an economically feasible and scalable method

exhibit dramatic and reversible optical response to UV light. Remarkable photochromic performance is attributed to
distinct physical mechanisms.
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Figure S1. DLS data on TiO; nanoparticles.
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Figure S2. XRD diffractograms on TiO; nanoparticles before (left) and after (right) UV irradiation.
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Figure S4. Absorbance spectra obtained during the titration for determining the number of generated pho-
toelectrons.



