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l photochromism in
a cetyltrimethylammonium isopolytungstate†

Aaron V. Colusso, Andrew M. McDonagh, Angus Gentle and Michael B. Cortie *

The photochromic properties of a hybrid compound comprised of the surfactant cation

cetyltrimethylammonium [(C16H33)N(CH3)3]
+ (CTA+) and the isopolytungstate anion [H2W12O40]

6� is

investigated. The compound, which has the nominal formula (CTA)7[H2W12O40]Cl$2H2O, changes from

white to blue when exposed to UV radiation. The sample returns to the bleached state if stored in the

dark-ambient. Application of XPS indicates that the coloring species are WV and WIV. The CTA+

component is found by XPS and FTIR to undergo progressive and irreversible oxidation during this cycle.

Examination of FTIR suggests that the changes occur at multiple sites across the amphiphile. Surprisingly,

the photochromic cycle is correlated with changes in the X-ray diffraction pattern, indicating partially

reversible changes in the ordering of the Keggin ions and their spacing. In particular, application of the

UV radiation causes the progressive accumulation of strain in the [001] direction. This is due to

permanent oxidative changes in the CTA+ accumulating from cycle to cycle, resulting in an increase in

interlamellar-distance due to less interdigitation of the chains. This provides a controllable

photomechanical response.
Introduction

Photochromism presents a passive, energetically favorable
process that can be used in many current and emerging smart
technologies, including memory-based materials,1 gas-sensing
devices,2–4 solar-energy storage5 and smart-windows.6 Diverse
materials have been employed to serve in photochromic
devices, for example, tungsten oxides such asWO3�d (0 < d < 0.3)
are strongly photochromic, with UV irradiation causing
a change from white (the normal or ‘oxidized’ state, d z 0) to
blue (the ‘reduced’ state, d > 0).7–11 The carrier concentration of
the reduced form, WO3�d, is much higher than the oxidized
form because every oxygen vacancy is associated with two free
electrons. Indeed, if sufficiently reduced, the oxide becomes
metallic in nature.12 In general, exposure of the blue material to
air will result in its slow reversion to the white bleached state.
These photochromic properties are also found in complexes
between WOx and various organic materials, including the
surfactant-polyoxometalate (POM) frameworks.13–20 Here we
address the photochromic properties of a surfactant-POM
compound synthesized from the metatungstate anion,
sity of Technology Sydney, PO Box 123,
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[H2W12O40]
6�, and the quaternary-ammonium surfactant

cetyltrimethyl-ammonium (CTA+) cation. For convenience, we
have designated this compound as ‘CTA-W12’.21 Compounds of
this type may be produced by an efficient and simple synthetic
method:22–24 they self-assemble in aqueous solution via elec-
trostatic and hydrophobic–hydrophilic interactions between the
organic cationic surfactants and the inorganic anionic POMs.
The outcome is a highly predictable hierarchical nano-
structure.25–27 The POMs themselves are a class of inorganic
macromolecules that are usually comprised of group V and VI
transition metals and oxygen.24 The metal–oxygen octahedra in
POMs form cyclic-geometries that optimize the transition
metal's mixed-valance characteristics,28–30 resulting in favorable
photo-redox properties31 and hence potential use in photo-
chromic devices.

The coloration mechanism of surfactant-polyoxometalate
materials is oen said to involve the creation of a charge-
transfer complex via proton-transfer from hydroxyl,19 amine,
carboxylic17 or other suitable proton-transfer groups within the
organic species, to the activated bridging-oxygen (Ob) neigh-
boring the photo-reduced WV site (which stabilizes the colored
state).14,17,32,33 This deprotonation-mediated mechanism allows
for a reversible back-reaction where the POM-attached proton
simply transfers back to the organic during bleaching by
atmospheric O2.34 However, possibly due to disorder within the
hydrophobic–hydrophilic interfaces or oxidative side-reactions
involving the organic matrix,20,33 these systems regularly suffer
from decreased switchability upon each iteration of the photo-
chromic cycle and hence cannot be classied as completely
This journal is © The Royal Society of Chemistry 2018
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reversible.15,18,35 There is an incomplete understanding of the
redox mechanisms associated with the organic-POM photo-
chromic processes,36–38 especially for compounds based on
quaternary ammonium surfactants. Complete and/or acceler-
ated reversal of surfactant-POM and other POM-based photo-
chromic materials is possible via heating,39,40 or prolonged
exposure to increased O2 partial pressures, however such
methods usually result in decreased change in optical proper-
ties upon future coloration (i.e. loss of photochromic
performance).

Here we examine the photochromic properties of CTA-W12,
in particular the mechanism of coloring, the rate and degree of
bleaching (back-reaction of the photochromic process towards
the colorless state), the change in structure that occurs during
the photochromic cycle, and the cyclic photochromic perfor-
mance of surfactant-POM compounds. The objective of this
paper is (i) to determine the reasons for the incomplete
reversibility, and hence decreased switchability, of surfactant-
POM photochromic materials, using CTA-W12 as a prototype,
and (ii) to explain the unexpected photomechanical response of
this particular compound. Synchrotron powder X-ray diffraction
(P-XRD) was used to track the structural changes instigated by
UV-exposure and associated coloration in situ. Reectance UV-
vis spectroscopy was employed to measure the change in
diffuse reectance, DR, upon coloration and track this change
across successive photochromic cycles. Chemical changes to
CTA-W12 over coloration cycles were investigated with X-ray
photo-electron spectroscopy (XPS), Fourier-transform infra-red
spectroscopy (FTIR), and gas chromatography mass spectrom-
etry (GC-MS).
Experimental section
Syntheses

CTA-W12 was prepared and characterized as described
elsewhere.21
Fig. 1 A schematic depiction of the structure of CTA-W12 showing
planes of hexagonally-packed Keggin ions with intercalated and
interdigitated cetyltrimethylammonium chains (see Colusso et al.21 for
further discussion.).
Analytical techniques

Transmission electron microscope (TEM) images were collected
on a JEM-2200FS Field Emission Microscope. A suspension of
CTA-W12 in methanol was drop cast onto a lacey-carbon grid
and allowed to dry in air for 24 h.

X-ray diffraction (XRD) experiments were carried out at the
Australian Synchrotron on the powder diffraction beam-line,
with samples in a rotating 0.5 mm diameter silica capillary. A
wavelength of 0.82481 Å was used, determined by rening
against a mixed standard of LaB6 and Al2O3. FTIR spectra were
collected using a Nicolet 6700 ATR Spectrometer. Raman spec-
troscopy was conducted on the Renishaw InVia Confocal
Raman Microscope using a 633 nm laser.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Thermo Scientic ESCALAB250Xi utilizing
monochromated Al Ka (1486.68 keV) radiation at 120 W. The
spectrometer was calibrated using Au 4f7, Ag 3d5 and Cu 2p3
lines at 83.96, 368.21 and 932.62 eV respectively, and a C 1s
This journal is © The Royal Society of Chemistry 2018
binding-energy reference (284.8 eV for adventitious
hydrocarbon).

Gas chromatography-mass spectrometry (GC-MS) was con-
ducted using a Thermo Scientic GCMS, employing a TSQ-
8120504 stationary phase and scanning for masses between
25 and 300 amu with a 0.2014 s scan time. The column was
heated to 50 �C for 5 minutes, followed by a heating rate of
5 �C min�1 to 250 �C, followed by a heating rate of 10 �C min�1

to 280 �C and nally held at 280 �C for 10 minutes. The MS
transfer line temperature was held at 280 �C and the ion source
at 290 �C.
Photo-coloration and bleaching

UV exposure experiments utilized a DYNAMAX BlueWave 50
light source with a peak intensity at 315 nm of 3.5 W cm�2. The
effect of photochromic cycling was determined in a custom-
apparatus in which an immobile powder sample was periodi-
cally irradiated while also being measured using an optical
spectrometer. The UV radiation in the cycling experiment was
applied for 2 hours, and then bleaching was allowed to occur for
48 to 72 hours before the next cycle was initiated.
Results and discussion

The structure of CTA-W12, which consists of surfactant-POM
complexes that are packed into layers, has been discussed
elsewhere.21 A schematic depiction is shown here in Fig. 1 for
convenience. TEM images (Fig. S1†) showed a lamellar structure
with an interplanar distance of 24.5 Å. An interplanar distance
of 24.5 Å was also measured using low-angle powder XRD.21 The
length of one CTA+ surfactant ion is reported to be 24 Å,41 and
the metatungstate anion has a diameter of 10 Å,42 indicating
that a signicant degree of interdigitation of the CTA+

tailgroups occurs within the structure. In a related POM struc-
ture,38 (CTA)5(CH3CN)4[HxSiMo12O40], the CTA

+ tail groups were
interdigitated by an average of 13.3 carbons per chain with
some CTA+ cations completely interdigitated (16 carbons) and
others only by 9 carbons. In the present work, the CTA-W12

exceeds the 1 : 4 POM : surfactant ratio required for completely
ordered lamellar surfactant-polyoxometalate materials37,38 and
RSC Adv., 2018, 8, 18776–18783 | 18777
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therefore a different degree of interdigitation is expected. The
colored and bleached forms of CTA-W12 (aer one cycle) are
shown Fig. 2a, and the corresponding UV-vis-NIR diffuse
reectance spectra are provided in Fig. 2b. In the bleached
form, the material exhibited signicantly more reectance
between 450 and 1650 nm, as expected from its lighter color.
The absorption edge, located at 380 nm, is a consequence of
oxygen-to-metal (O / M) ligand-to-metal-charge transfer
(LMCT) from the highest occupied molecular orbital (HOMO),
which is mainly comprised of O 2p orbitals, to the lowest
unoccupied molecular orbital (LUMO), mainly comprised of W
5d orbitals.14,34 Upon exposure to UV light, a large decrease in
scattered light was observed in the range 500 to 1650 nm. A blue
color developed, due to the formation of two absorbance bands
at 780 and 1400 nm which are assigned to reduction of the
tungsten center (WVI 4 WV) by the O / M LMCT and pop-
ulation of the conducting W 5d orbital. The band at 783 nm,
with a shoulder at 633 nm, is assigned to intervalence charge
transfer (IVCT) mechanisms between reduced and oxidized
tungsten sites (WV–Ob–W

VI 4 WVI–Ob–W
V), across WO6 octa-

hedra. The broad band at 1400 nm is assignable to d–d transi-
tions within the partially populated W 5d orbital. Raman
spectroscopy, Fig. S2,† revealed the presence of luminescent
defects in the bleached material 72 hours aer UV irradiation.
Fig. 2 Photochromic properties of CTA-W12. (a) Blue color developed
when 315 nm UV source was directed onto the side of a sample of dry
powder. (b) UV-vis diffuse reflectance spectra of CTA-W12 as-prepared
and after 1 hour of UV exposure. The diffuse reflectance scale has been
calibrated with a white TiO2 sample and converted to approximate
RGB colors via the CIE L-a*-b* color scale.

18778 | RSC Adv., 2018, 8, 18776–18783
Considering the lack of luminescent groups in CTA+ (or its likely
photo-redox products), this emission is very likely due to
a combination of structural defects and oxygen vacancies, as
reported in the literature for WO3�d.43 Fig. 3a shows the changes
in absorbance at 783 nm as the result of the application of
Fig. 3 Photochromic behavior of CTA-W12. (a) Plot of diffuse reflec-
tance at 783 nm vs. photochromic cycles. (b) Diffuse reflectance at
783 nm vs. time for the 1st coloring cycle of a bulk powder sample
showing fit of eqn (1). (c) Transmittance at 783 nm vs. time for 1st

bleaching cycle of a thin coating of CTA W12 on a glass slide, showing
fit of eqn (1) (the vertical scales are in arbitrary units due to the non-
standard set-up of the multi-cycle experiments).

This journal is © The Royal Society of Chemistry 2018
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eighteen photochromic cycles. The difference between bleached
and colored states initially decreases with the number of
irradiation/recovery cycles indicating that irreversible processes
are occurring, and then, aer 4 cycles, seems to become
constant. The bleached state, which is initially colorless,
becomes progressively browner over a number of cycles. The
changes with time during coloring or bleaching were modelled
using an empirical relationship of the form:

y ¼ a + be�cx (1)

Here the parameter c gives the rate of change in s�1 while
a and b account for the scaling of the vertical axis. A charac-
teristic time constant, the halfway complete time for the process
can be obtained from

t1=2 ¼ ln ð2Þ
c

(2)

The value of c for coloring was of the order of 5 � 3 � 10�4

s�1, which corresponds to a t1/2 of about 1400 seconds, Fig. 3b.
A typical bleaching experiment is shown in Fig. 3c and the
value for c in this case is about 6� 1 � 10�4 s�1, corresponding
to a t1/2 of about 1500 seconds. The similarity of the two values
is a coincidence since the former is, inter alia, determined by
the ux and wavelength of the UV lamp used and hence
a function of experimental setup whilst the latter value
depends upon the oxygen content of the ambient environ-
ment. The long t1/2 has been attributed to the slow diffusion of
O2 across the hydrophobic and hydrophilic layers.19,44,45 Long
diffusion-mediated bleaching times have been observed in
other organic-POM photochromic devices.34,36

XPS spectra showing binding energies for the W 4f energy
level are shown in Fig. 4. Prior to exposure, the material exhibits
strong signals assigned to WVI 4f7/2 and WVI 4f5/2 (37.3 and
39.5 eV, respectively) with much smaller signals assigned to WV

4f7/2, W
V 4f5/2 and the WV p3/2 satellite at 35.5, 37.7 and 42.6 eV,

respectively.
The appearance of WV species in the un-irradiated specimen

is attributed to photo-reduction of tungsten centers by the
incident X-ray radiation, a process previously observed.26,27,29,32

Aer exposing the material to UV light for 3 hours, a signicant
decrease in the intensity of the WVI 4f7/2 and WVI 4f5/2 is
observed together with an increase in the intensity of the WV f7/2
Fig. 4 XPS spectra of CTA-W12 showing binding energies for W 4f
energy levels in (a) un-irradiated and (b) UV-irradiated (3 h) material.

This journal is © The Royal Society of Chemistry 2018
and WV 4f5/2 signals. Peaks at 34.1 and 36.2 eV, assigned to WIV

4f7/2 and WIV 4f5/2 states, respectively, are also apparent in the
irradiated sample.34,46–49 Thus, in the material examined here,
the coloration upon irradiation with UV light is due to photo-
reduced WV and WIV centers as expected.16,30,49

Two carbon environments are apparent within the C 1s
spectrum of pristine CTA-W12, Fig. 5a. These correspond to
carbon atoms within the methyl-groups that are attached to the
cationic-nitrogen head-groups of CTA+ (C–N), and to carbon
atoms within the alkyl-chains (C–C) at 286.1 and 284.8 eV,
respectively.50,51 Upon irradiation, two new bands appear in the
C 1s spectrum, Fig. 5b, centered at 288.98 and 287.58 eV. We
assign the new peaks to carbon atoms in C]O and C–O
groups,52 respectively. Thus, upon irradiation, some degree of
oxidation of the carbon atoms in the CTA+ group occurs. Two
bands in the O 1s spectrum of pristine CTA-W12, Fig. 5c, are
assigned to oxygen atoms located within the Keggin cage (O–W,
531.9 eV) and adsorbed moisture (O–H, 530.5 eV). A new band
emerged in the spectrum of irradiated material, Fig. 5d, at
533.4 eV. The additional peak is assigned to oxygen bonded to
carbon.53 This is consistent with the C 1s spectrum that shows
formation of C]O and C–O groups. The intensity of the band
assigned to O–H groups increased upon irradiation, which is
consistent with the proton-transfer mechanism of photochro-
mism.14 A band with binding-energy of 402.2 eV is observed in
the N 1s spectrum of pristine CTA-W12 along with a side band at
403.0 eV, Fig. 5e. We assign the N 1s peaks to quaternary alkyl-
ammonium (NR4

+) groups of the CTA+ cation bound to the POM
Fig. 5 XPS spectra of CTA-W12 showing binding energies for C 1s
energy levels in (a) un-irradiated and (b) UV-irradiated (3 h) material, O
1s energy levels in (c) un-irradiated and (d) UV irradiated, and N 1s
energy levels in (e) un-irradiated and (f) UV-irradiated.

RSC Adv., 2018, 8, 18776–18783 | 18779
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and to the small chloride content of the compound, respec-
tively. An additional band is apparent in the spectrum of the
irradiated material at 400.1 eV, Fig. 5f, which is assigned to
nitrogen bonded to hydrogen.

In situ low-angle synchrotron powder XRD patterns were
collected during UV irradiation of CTA-W12, Fig. 6. As
mentioned earlier, the peak in the diffraction pattern at d ¼
24.51 Å is assigned to interlamellar spacing of the sheets of
pseudo-hexagonally-packed Keggin ions. The peak at d ¼ 9.80 Å
is assigned to diffraction between Keggin ions within each
plane.21

Previous work has shown that two Keggin ions in a unit cell
with a ¼ 12.40 � 0.10 Å, b ¼ 16.45 � 0.10 Å, c ¼ 24.90 � 0.20 Å,
a ¼ 90�, b ¼ 101.5 � 0.5� and g ¼ 90� will produce a diffraction
pattern similar to that observed.21 The peaks at 24.5 Å and 9.80
Å correspond to (001) and (110) respectively if indexed on the
above unit cell. The intensity of both of these peaks decreased
rapidly upon exposure to UV light (Fig. 6, inset). Aer 220
minutes of UV exposure, the lamellar and pseudo-hexagonal
peaks had decreased in intensity by 76% and 43%, respec-
tively (the effect of irradiation conditions on the area under of
the (001) peak is shown in the ESI, Fig. S3.†). These measure-
ments indicate increasing disorder within the material upon
exposure to UV light. Although the intensity of this XRD peak is
initially restored aer the UV lamp is turned on, we expect that,
in the dark state, this increase would eventually be over-
whelmed by damage induced by the X-rays alone. Fig. 7a shows
the intensity of the (001) peak when the UV source is turned on
and then off at 25minute intervals. For comparison, the data for
Fig. 6 In situ low-angle synchrotron P-XRD patterns of CTA-W12

continually irradiated by UV light. The 2q values are scaled for
comparison with Cu Ka data. The lamellar (001) and pseudo-hexag-
onal (110) POM peaks appear at d ¼ 24.51 Å and d ¼ 9.80 Å, respec-
tively. Inset. Interlamellar (001) and pseudo-hexagonal (110) peak
height as a function of exposure time.

18780 | RSC Adv., 2018, 8, 18776–18783
continuous X-rays plus UV, and X-rays only, are also shown. It is
evident that there was also a slow decrease of peak intensities
during the continuous exposure to X-rays alone. The individual
segments of the UV-on/UV-off sequences can be superimposed
on each other by (i) correcting for the gradual baseline decrease
in intensity due to X-rays alone and (ii) translating each pair of
treatments (along the time and intensity scales) so that they
start at a common time and share a common intensity at the
changeover from UV-on to UV-off, Fig. 7b. This maneuver
permits the overall rate to be examined even if the times and
intensities of individual segments are different. The aggregated
data for decline of intensity of the (001) peak while the UV lamp
was on can also be tted with eqn (1). In this case, a 95%
condence interval (CI) for t0.5 of about 600 to 1500 seconds is
Fig. 7 Changes on application of UV-irradiation during continuous X-
ray diffraction measurement. (a) Change in intensity over entire range
of experiment. (b) Intensity change for each pair of UV-on/UV-off
measurements. Data for each pair of measurements have been
baselined against the X-ray only trend line, then translated to
a common start time and mid-sequence intensity to provide the
overlay. The curve fits based on eqn (1) are superimposed.

This journal is © The Royal Society of Chemistry 2018
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indicated. This is of the same order as the t0.5 value of �1400
seconds obtained earlier from the change in optical properties.
Next we note that, when the lamp is turned off, there is a process
of dynamic recovery in the intensity. Evidently, the Keggin ions
(which are responsible for this diffraction peak) are pushed out
of their ordered positions when the lamp is switched on but
return over the time scale of several minutes when the lamp is
off. In this case a 95% condence interval (CI) for t0.5 of 600 to
4000 seconds is indicated by tting eqn (1). This brackets the
t0.5 value reported earlier for bleaching. Based on the available
evidence, we suggest that the processes that decrease and then
restore the XRD peak intensity are respectively directly propor-
tional to the degrees of coloring and bleaching. The further
implication is that the coloring process is associated with
displacement and disordering of the Keggin ions while some
degree of re-ordering of the Keggin ions occurs during
bleaching.

An examination of the interlamellar spacing during cycling,
Fig. 8, is also informative. The disordering associated with the
coloring process is also associated with an expansion in the
interlamellar gallery, while the re-ordering that occurs during
bleaching is associated with a contraction. The effect of the
small temperature changes that occur during the UV-on/UV-off
sequence can also be seen in this data: the coefficient of thermal
expansion in the [001] direction of CTA-W12 between RT and
70 �C is high (about 3.56 � 10�4 K�1, with a 95% condence
interval of 2.81 � 10�4 to 4.39 � 10�4 K�1) (ESI, Fig. S4†).
Analysis of the reversible lattice expansion and contraction that
occurred when the UV lamp was turned on and off respectively
indicated that application of the lamp caused a DT of about
+6 �C. The temperature evidently stabilized in the silica capil-
laries within two or three minutes, and further changes in
lattice parameter must have occurred isothermally.

Overall, the effect of the UV irradiation is to cause a rapid
transient increase in interlamellar spacing when the UV lamp
was rst turned on due to heating, followed by a slower but
monotonic increase in interlamellar spacing and concurrent
decrease in crystalline order of the sheets of Keggin ions. When
Fig. 8 Interlamellar spacing of CTA-W12 as a function of time irradi-
ated with X-rays only, X-rays plus UV, and intermittent UV.

This journal is © The Royal Society of Chemistry 2018
the UV lamp is turned off there is an immediate decrease in
interlamellar spacing due to thermal contraction, followed by
a slower decrease due to the re-ordering of the Keggin ions.

FTIR and Raman spectroscopy was used to investigate the
chemical changes accompanying photochromic cycling. FTIR
spectra are presented in Fig. 9a. Upon irradiation with UV light,
bands assigned to –CH2– and –CH3 groups diminished while
new bands assigned to oxygen-containing species (C]O, C–OH)
appeared (Fig. S5†). Aer one irradiation cycle, a broad band
emerged at 1685–1734 cm�1 assigned to C]O species.54 This
band increased in intensity aer each irradiation cycle, Fig. 9b.
The exposure-induced chemical changes are permanent and
increased in proportion with exposure time. Fig. 9b displays the
ratio of the area of the n(C]O) band to that of the n(O–Wb–O)
band (889 cm�1), the latter band being unaffected by UV (ESI,
Fig. S5 and S6†). The FTIR data support the ndings of the XPS
experiments and indicate that redox reactions occur between
the POM and the interdigitated CTA+ alkyl-chain species at
multiple sites. Similar behavior has been reported in other
POM-organic photochromic materials55,56 where carbonyl and
hydroxyl formation was observed.

Pure CTA-Br was also irradiated for one hour followed by 23
hours in the dark for a total of eight cycles. Aer eight exposure
cycles, a small peak at 1736 cm�1 attributable to n(C]O) was
observed, which is slightly blue-shied relative to CTA-W12 due
to the absence of the POM, Fig. S7a.† The growth of the n(C]O)
band was an order of magnitude slower in the experiment using
CTA-Br, showing that an interaction between the POM and CTA
greatly accelerates the oxidation of the organic phase.

A sample of CTA-W12 was irradiated for 48 hours and then
washed with chloroform and the extracted material was
analyzed by GC-MS, Fig. S8.†Hexadecylamine and 1-hexdecanol
were detected, with hexadecylamine the major product and 1-
hexadecanol present in trace amounts. The presence of these
compounds indicates that photo-redox processes between CTA+

and [H2W12O40]
6� occur in the vicinity of the head-group of

CTA+ and the C–N bonds therein. Cleavage of C–N bonds
between the methyl-groups of the head-group and nitrogen
atoms results in the formation of hexadecylamine. The detec-
tion of photo-redox products containing N–H bonds is consis-
tent with the photochromic mechanism of quaternary-
Fig. 9 (a) FTIR spectra of CTA-W12 and after 0, 2, 4, 6 and 8 photo-
chromic cycles (1 cycle ¼ 1 h UV exposure followed by 23 h in dark
ambient). (b) Plot of n(C]O) : n(W–Ob–W) peak area ratio versus
number of photochromic cycles.
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ammonium–POM hybrid compounds as proposed by T.
Yamase57 and T. Zhang.15 Methylamine was not detected,
however, this is unsurprising considering its volatility (bp z 5
�C). Cleavage of the C–N bond between the nitrogen and C16

alkyl-chain followed by reaction with oxygen or water may form
1-hexadecanol. No soluble products were detected by GC-MS in
the un-irradiated CTA-W12, Fig. S8(d).† Themass of the material
decreased by about 9% upon UV irradiation, which is consistent
with the formation of volatile products.

The absence of oxygenated products suggests that the photo-
redox processes that form these groups do not mutually form
a product that is soluble in CHCl3. This is likely due to the
carbonyl-containing CTA+ photo-redox products remaining
cationic. Indeed, oxygenating photo-redox reactions between
POMs and organic components, such the Mars-van Krevelen
mechanism58,59 or formation of organic-radicals and their
subsequent reaction with O2 or H2O,60 would not lead to reacted
CTA+ becoming non-cationic. It is evident therefore, that
a number of photo-redox interactions occur between the POM
and CTA+ in CTA-W12 during photochromism.

The abstraction of alkyl groups from the head group of CTA+,
and/or the oxidation of –CH2 groups to C]O or C–OH is
consistent with the amorphization and increasing lattice
parameter of CTA-W12 with increasing irradiation time. The
formation of C]O and C–OH groups or removal of methyl
groups from the head group or scission of the head group would
disrupt the CTA+ interdigitation within the interlamellar space,
thereby causing disruptions to the ordered packing of the
Keggin ions and the observed changes in the XRD patterns.

Considering the chemical changes to CTA+, the photo-
chromic process in CTA-W12 may be described as proceeding via
an irreversible photo-redox reaction between [H2W12O40]

6� and
CTA+, rather than by the reversible proton-transfer mediated
mechanism described for many other photochromic alkyl-
ammonium POM materials.14,61,62 This irreversible behavior
has been reported for analogous systems: [N(C4H9)]4[W10O32] in
acetonitrile produced 1-butane, butyraldehyde and tributyl-
amine,57 while [(CH3)2N(C18H37)2]3[PW12O40] in air produced 1-
octadecylene.63 Thus, the coloration of CTA-W12 should
continue until no oxidizable organic species remain. There is,
however, the possibility that the production of secondary and
tertiary amines (facilitating a reversible protonation–deproto-
nation mechanism, known from other systems) would extend
the lifetime of CTA-W12 as a photochromic material.

If the observed carbonyl species are due to a Mars-van
Krevelen-type mechanism whereby cluster oxygen of the POM
is consumed,58,59 and the O2 diffusion rate is slow, then WV sites
deep within the material will remain for extended periods of
time. In our work, the concentration of stable WV species is
constant aer a small number of photochromic cycles, Fig. 3.

In general, many surfactant-POM and similar photochromic
materials suffer from decreases in DR upon successive colora-
tion cycles.15,18,35,64 We have shown that one cause of this is
unavoidable and irreversible oxidative side reactions to organic
species whilst bleaching can be very slow due to slow O2 diffu-
sion dynamics.
18782 | RSC Adv., 2018, 8, 18776–18783
Conclusions

The photochromic properties of a surfactant-POM compound
constructed from the isopolyanion [H2W12O40]

6� and the
surfactant cetyltrimethylammonium cation were investigated.
CTA-W12 turned blue and darkened upon exposure to UV radi-
ation, and returned to the bleached state aer an hour of
exposure to normal ambient conditions. XPS analyses indicated
that coloring was due the formation of WV and WIV species, and
that the CTA+ within CTA-W12 underwent oxidation when the
compound was colored. This oxidation was permanent,
occurred at multiple CTA+ sites, and progressively increased
with each successive coloration cycle, as conrmed by FTIR.
Persisting WV sites in the material aer prolonged bleaching
times were identied with UV-vis and Raman spectroscopy and
were ascribed to the formation of a more stable-charge transfer
complex.

In situ synchrotron XRD showed that prolonged exposure of
CTA-W12 to UV caused the interlamellar distance to increase
and the compound to be amorphized due to alteration of the
structure-supporting CTA+ backbone by progressive oxidation,
creating disorder in the interlamellar space and in the pseudo-
hexagonal order of the POMs. Partial recovery of the inter-
lamellar distance occurred when the UV illumination was
removed. The associated photomechanical strain was strongest
in the [001] direction.
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