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1. W LIII XANES of WO3 and WO2.
Figure S1 shows the W LIII edge XANES of WO3 and WO2. The broad peak in the raw data,
known as a “white line,” corresponds to the dipole transition from the 2p3/2 to the 5d state.
The white line peak area is normally proportional to the empty d state and so is a good
indicator of the number of empty d states. Here the white line peak intensity is reduced
because of filling of the d orbitals. An edge shift to a lower energy is also observed in the case of the
WO2.
(a)

(b)

Figure S1 (a) W LIII XANES of WO3 (red) and WO2 (blue). The white line peak intensity
increases with higher oxidation states and the peak shifts to the higher energy side as the
oxidation state increases. (b) a schematic diagram of band structures of WO2 and WO3.[1]
[1] G. A. Niklasson and C. G. Granqvist J. Mater. Chem. 2007, 17, 127-156.

2. WO3 spectrum in the ground state.
Figure S2 shows the WO3 spectrum together with the first and second derivatives.
The first derivative exhibits one positive peak and one negative peak. The second
derivative shows two negative peaks that correspond to d-d splitting.

Assuming that

the WO3 has approximately octahedral symmetry, these two peaks can be assigned to the
t2g and eg orbitals.

Fig. S2 W LIII XANES of WO3 together with the first and second derivatives.

The difference spectrum of the XANES of the real WO3 and the virtual XANES of WO3
shifted to lower energy by an amount equal to ΔE can be approximately written as
Δμ =

ΔE.

Comparing the difference spectra before and after photo-irradiation shows similar
positive and negative peaks, as in Figure S3.

Fig. S3 W LIII XANES (μt), the difference spectrum at 0.5 ps (
derivative of the W LIII XANES (d t/dE).

t) and the first

3. The XANES calculations of WO3 orthorhombic and monoclinic structures at their
ground states.

Orthorhombic
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Monoclinic
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Figure S4 Calculated XANES for orthorhombic and monoclinic WO3 structures together
with experimental (ground state) data.
Figure S4 shows the calculated XANES for orthorhombic and monoclinic WO3 structures
together with experimental (ground state) data. The monoclinic structure is the room
temperature structure and thus we obtained the XANES of the monoclinic structure. In
contrast, the orthorhombic structure is present at high temperatures. The XANES
calculations were performed using the FPMS code[2], which is based on the real space
full potential multiple scattering theory beyond the muffin tin approximation with space
filling cells. In these calculations, the cells were truncated to avoid overlapping and
so-called “empty cells” that had charge density but no nuclei were placed in the
interstitial regions. The clusters were 6 Å in size and the value of lmax was 5. The
monoclinic structure was found to give a more intense peak in the higher energy region,
while the orthorhombic structure produced stronger peaks in the lower energy region.
We are currently refining the structures to obtain better fitting results.

[2] K. Hatada, K. Hayakawa, M. Benfatto, C. R. Natoli, J. Phys.: Condens. Matter 2010, 22,
185501; K. Hatada, K. Hayakawa, M. Benfatto, C. R. Natoli, J. Phys.: Condens. Matter 2009, 21,
104206.

4. Valence states of photoexcited WO3 species.
We attempted to calculate the valence states of the photoexcited species using the white
line peak areas and edge shifts. Figure S5 summarizes the white line area changes
following the photoexcitation process. The original white line was observed to abruptly
decrease upon photoabsorption, since the d state is filled with the excited electron from
the O valence state. The white line area does not largely change up to 200 ps and then
decreases. Figure S6 shows the relationship between the valence state and the white line
area ratio, calculated using the equation

White line area ratio =

where

(X) and

( )
( )

,

(VI) are the white line areas of the WX+ and W6+ species, respectively.

Assuming that photoabsorption causes transitions only to the d state, the valence state
estimated from white line area has a value of 5.2+.
The relationship between edge shift and valence was estimated from data for the
reference compounds W, WO2 and WO3, and is presented in Fig. S7. The edge shift was
estimated at approximately -0.4 eV. This edge shift corresponds to a change in the
valence of -0.5, such that the valence state of the excited W was estimated to be +5.5.
Based on these results, we can safely say that the valence of W was in the range of 5.3
± 0.3.

Figure S5 White line area ratio as a function of time.

Figure S6 Valence state change of W compounds as a function of white
line area ratio.

Figure S7 Valence state of reference compounds as a function of the
edge shift.

