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The photosensitive polyoxometalate (POM)
[PW;;04,RhCH,CO,H]> was firstly introduced into the
liquid crystal material through the encapsulation of
dimethyldioctadecylammonium (DODA"). The theoretical
calculation was performed to simulate the distribution of
DODA" around the POM anion. The surface photovoltage
spectroscopy (SPS) result indicated that the hybrid exhibits
the photovoltaic effect upon optical illumination and displays
the character of a p-type material, which paves a new way for
their potential application in the optoelectronics.

In the past few decades, polyoxometalates (POMs) have been
attracting extensive interest in the field of supramolecular
chemistry! because of their promising application as building
blocks for constructing multifunctional organic-inorganic hybrid
materials owing to their wealthy topologies® and versatility®.
Liquid crystals are a class of fascinating fluid matter with an
orderly orientation via self-assembly of molecular or other
entities.* POM-based liquid crystal materials have been widely
studied because of their potential to obtain novel functional
materials owing to the synergistic properties of POM clusters and
the organized structure of liquid crystals,® and great progress has
been achieved in both the synthesis methodology and correlation
revelation between the function and component structure for
POM-based liquid crystal compounds.®

Recently, the photovoltaic effect has aroused increasing
attention due to the increasingly prevalent photovoltaic power
system.” The photovoltaic effect of liquid crystals involves the
process that the nematic or smectic liquid crystals sandwiched
between two plates of conductive glasses produce electromotive
force upon light stimulation. Such phenomenon is extremely
attractive not only in the biological liquid crystals, such as the
process of detecting light signal by the visual pigment molecules
in the human retina, but also in the application of high-density
data storage.® In this field, much attention has been paid to
investigate the porphyrin-based liquid crystals.® Nevertheless, no
research has been reported about the photovoltaic effect of POM-
based liquid crystals, although the excellent photoelectrical
properties of POMs are mostly likely to induce the photovoltaic
effect of liquid crystal materials. Hence, the design and
construction of photoelectrical functionalized liquid crystal
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conversion upon light illumination.’® In this communication, two
new surfactant-encapsulated POM organic-inorganic hybrids
[DODA]5[PW1;059RhCH,CO,H] 28H,0 (1), and
{[CH3(CH2)5]4N}5[PW11039RhCHzCOzH] '6H20 (2) were
obtained through the ion metathesis reaction and characterized
through FTIR spectra, TG analysis and 'H NMR spectra (Figs.
S1-S6, ESIt). The obtained compound 2 is soluble in most of the
organic solvent including dichloromethane, trichloroethylene,
ethanol, methanol, N,N-dimethylformamide, dimethyl sulfoxide
and acetone but insoluble in water, while compound 1 is only
soluble in dichloromethane and trichloroethylene. 1 presented a
novel kind of thermotropic liquid crystal material which could
induce photovoltage and photocurrent upon light stimulation
because of the excellent photoelectric properties of
[(CH3)4N]s[PW1;03,RhCH,CO,H]. Here, the photosensitive
POM [PW,,03,RhCH,CO,H]*> was firstly introduced into liquid
crystalline  materials.  Unfortunately, the mesomorphism
phenomenon of 2 was not observed under our experimental
condition. Nevertheless, it is worth noting that 2 presented a
viscous state at room temperature and could be regarded as a
novel kind of POM-based ion liquid because its phase transition
temperature was below 100 °C. This work provides a new
exciting opportunity for the photoelectrical functionalization of
liquid crystal materials.

The thermal properties of 1 were investigated by differential
scanning calorimetry (DSC), polarized optical microscopy and
variable temperature X-ray diffraction (VT-XRD). The phase
transition temperature, enthalpies and assignments of the phase
transition are summarized in Table S1 (ESIT). As can be seen
from the DSC curve in Fig. 1a, the compound 1 experienced three
phase transitions below 50°C during the second heating process,
in which the former two peaks were assigned to the transitions
between different phases of the solid state because of the change
of the layer spacing (Fig. S7, ESI) and the third peak at 36 °C
could be ascribed to the transition between solid 3 and the liquid
crystal phase. The result implied that 1 could exhibit the liquid
crystal phase at room temperature. The transition from the liquid
crystal phase to the isotropic phase was not clearly observed
during the heating process. However, the peak corresponding to
the transition from the isotropic phase to the liquid crystal phase
could be obviously observed at 143 °C during the first cooling
process. The polarized optical microscopy image of 1 at 71 °C
(Fig. 1b) revealed the appearance of a birefringent fluid with a

material built from specific POMs should be a promising research
field.

In our previous report, we investigated the photosensitivity of
50 [(CH3)4N]s[PW103,RhCH,CO,H] that can perform photoelectric

fan-shaped texture, indicating the formation of a smectic A (SmA)
os phase. The VT-XRD result supports the assignment of the
mesophase. As shown in Fig. 1c, the three equidistant peaks at
small angles at 30 °C confirmed the formation of a layer structure
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in the solid state with the layer distance of 4.41nm calculated
from the Bragg equation. As the temperature increases to 65 °C,
the equidistant diffractions in the small-angle region could still be
clearly observed with the layer distance becoming 3.72 nm.
Besides, a diffuse peak appeared centering at 20 = 20° in the
wide-angle region, indicating the formation of the lamellar
structure, which confirmed the identification of SmA phase by
the texture. Actually, Considering the diameter of
[PW,;,035RhCH,CO,H]" is about 0.9nm and the normal length of
10 DODA" is 2.25nm, the theoretical thickness of a single
compound 1 should be 5.4nm. In consequence, the distance of the
two neighboring layer (d=3.72 nm) from XRD measurement at 65
°C is (Lpopa’ + Lrom) <d < (2Lpopa™ + Lpowm). Therefore, the
alkyl chains are partially interdigitated or tilted in the smectic
phase. A possible packing structure of compound 1 is shown in
Fig. 1d. TEM image (Fig. 1e) shows that 1 is assembled into an
irregular spherical shape with the diameter of about 800 nm by
sheet piling from a mixed solvent (volume of chloroform /
ethanol = 1:2) and they could maintain stable even when free of
solvent. The local magnified image (Fig. 1f) confirmed the
lamellar structure of 1 and the layer spacing was estimated to be

o

1!

o

2

S

(a)

/Nw'g_,
first cooling

0 30 60 90 120 150 180
Temperature / °C

endo

exo

(c)

' 75°C
65°C
M

5 10 15 20 25 30
Diffraction angle (2 Theta)

Intensity

(e)

Fig. 1 a) DSC curve of 1; b) Polarized optical microscopy image
25 for 1 at 71°C during the cooling process; ¢) VT-XRD patterns of

1; d) Schematic drawing of packing model for 1: olive, Rh;

orange, P; cyan, W; light grey, C; dark grey, H; red, O; yellow, N;

e) TEM image of 1 from a mixed solvent (chloroform/ethanol =

1:2) and f) magnified image of the local region in (e) indicated by
30 an arrow.

To further understand the arrangement structure of the surfactant
around the POM anion, the electrostatic potential map of
[PWnOgthCHZCOZH]S' was simulated through the theoretical
calculation to present the distribution of its negative charge.

3 According to previous reports, a hybrid meta exchange-
correlation functional named MO06 is recommended by Truhlar
and co-workers for calculation applications involving

organometallic and inorganometallic chemistry.?? All species
here were calculated with M06 hybrid functional. The structure

20 was optimized at the presence of within the nonequilibrium
polarizable continuum model (PCM)® approach simulating the
solvent effect (chloroform). Taking into account the relativistic
effect for transition-metal ion, the effective core potential (ECP)**
double-{(DZ) basis set of LanL2DZ is applied to the W and Rh

ss atoms and the 6-31G* basis set is used for the nonmetal atoms.
Fig. 2 displays the simulated electrostatic potential map of
[PW1,03,RhCH,CO,H]* according to its optimized structure (Fig.
S8, ESIT). The red region on the electrostatic potential map is
relative negative, which means the negative charge is mainly

so distributed in the bridge-oxygen atoms. Besides, more negative
charge is distributed in the bridge-oxygen atoms around the
transition metal Rh. In consequence, we speculated that more
DODA" cations were arranged around the Rh atom rather than W
atoms, just as shown in Fig. 1d.

55
Fig. 2 The electrostatic potential map of [PW,;04,RhCH,CO,H]*
shown from the different directions.

The thermal properties of 2 were studied by DSC measurement
(Fig. S9, ESIf), showing that it can process the phase
e transformation from the solid state to the isotropic phase at 73 °C.
For this reason, compound 2 can be assigned as a novel kind of
ionic liquid. ™
The surface photovoltage spectroscopy (SPS) was carried out to
detect the photovoltaic effect of 1. The surface photovoltage
es represents the change of the surface potential barrier of the
measured materials upon light illumination.’ It is known that
excitation of POMs usually promotes the electron transition from
the highest occupied molecular orbitals (HOMOs) to the lowest
unoccupied molecular orbitals (LUMOs), which is analogous to
70 the electron transition process from the valence band (VB) to the
conduction band (CB) in the semiconductor.t’ The charge
transfer process could be investigated through SPS spectra. Fig.
3a was the UV-vis absorption spectra of 1 in chloroform solution.
It is obvious that 1 exhibits two absorption bands in the range of
75 300-600 nm, which can be assigned to the O—M charge
transition band. Referred to the absorption spectra, the SPS
response of 1 displayed the similar transition band from 300 nm
to 600 nm except a steep drop below 327 nm due to the self-
absorption of ITO electrodes, demonstrating that the electron
g0 transition in 1 contributed to the SPS response. Furthermore, the
electric-field-induced surface photovoltaic spectroscopy (EFISPS)
of 1 was performed to show the changes of its SPS response in
different external electric fields. As can be seen from Fig. 3b, the

2 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 5



Page 3 of 5

RSC Advances

SPS response of 1 increased when a positive external voltage was
applied. Alternatively, a negative external electric field resulted
in the weaker SPS responses, and even in the reverse direction.
These results implied that compound 1 takes the character of a p-
type material because the direction of the built-in field for the p-
type material coincides with that of a positive external electric
field, which could enhance the separation of the photogenerated
electron-hole pairs and accordingly increase the SPS response.*®
Further, the EFISPS of [(CH53)4N]s[PW;;03,RhCH,CO,H] was
investigated for comparison (Fig. 3c). It can be concluded that
[(CH3)4N]s[PW,03,RhCH,CO,H] exhibited similar photovoltaic
effect with compound 1 upon illumination and displayed the
character of a p-type material under effect of external electric
fields. This result indicated that the photovoltaic effect of 1 was
originated from the POM anion, which was consistent with the
analysis of UV-vis spectra. The photoelectrical conversion of 1
was further detected by the photocurrent-time curve (Fig. 2d),
which was recorded through illuminating the sample under the
simulated AM1.5 solar illumination. A homemade simple device
with the sandwich structure of FTO-sample-FTO was constructed
for the photocurrent measurement. The result demonstrated that 1
could produce the photocurrent under simulated sunlight. Further,
there was almost no decrease for the photocurrent after the
measurement for 600 s. This phenomenon implied that the as-
s prepared POM-based liquid crystal material could perform

photoelectric conversion under solar light.
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Fig. 3 a) SPS response (dark line) of 1 at the bias of 0 V and
UV-vis absorption spectra (cyan line) for 1; EFISPS responses
2 for: b) 1; ¢) {PW,;Rh} and d) the photocurrent-time curve of the
device containing FTO-1-FTO during light switching on/off.

In conclusion, the photosensitive POM [PW;;03RhCH,CO,H]*
was firstly employed as the building block to construct two
organic-inorganic hybrids (1 and 2). 1 shows the characteristic

35 thermotropic liquid crystal behavior. Moreover, its photovoltaic
properties was explored for the first time. The property combined
with the liquid crystalline phase and photosensitivity of the
polyoxoanion makes this hybrid material of great potential in
areas ranging from biology, photoelectric memory storage, switch

a0 to solar cells. 2 presents a novel kind of POM-based ionic liquid.
This work provides a new strategy for constructing photoelectric
functional liquid crystal materials. Further study will focus on
exploring the possible application in photovoltaic cells of these
hybrids.
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The photosensitive POM [PW11039RhCH2C02H]5' was firstly introduced into the

liquid crystal nanomaterial and simulated by theoretical calculations. It exhibits the

photovoltaic effect with the character of a p-type material.



