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A magnetite (Fe3O4) nanoparticle/chiral nematic liquid crystal (N*-LC) composite was prepared and filled into a
planar treated cell. The Fe3O4 nanoparticles had been modified by oleic acid so that they could be better dispersed
in the composite. When a magnetic field was scanned on the outer surface of the cell locally, Fe3O4 nanoparticles
moved towards the inner surface of the cell correspondingly, and the black expected information was displayed.
When the magnet was applied to the opposite outer surface, the information was erased. After polymer network
walls were prepared in the composite, the resolution of the information displayed increased. Then, through the
formation of hydrogen bonds between the nanoparticles and chiral pyridine compound (CPC) doped in the
composite, the pitch length of the N*-LC could be adjusted by altering the intensity of the applied magnetic
field. The composite doped with CPC could potentially be used as a material for a type of reflective colour paper
with magnetically controllable characteristics.

Keywords: chiral nematic liquid crystals; selective reflection; hydrogen bond; pitch

1. Introduction

Recently, much effort has been devoted to preparing

electronic paper (E-paper), especially for producing

colour display with a low power consumption.

Generally, there are two kinds of mechanisms used in

the traditional study, one of which is based on the

electrophoretic motion of microparticles inside small

capsules, and the other on the rapid manipulation of
electrowetting on a micrometre scale [1, 2]. The mate-

rials thus prepared demonstrated the characteristics of

fast response, flexibility, high contrast and are easy to

fabricate in large areas. On the other hand, liquid

crystal (LC), a traditional material used for display,

has also attracted much interest for its applications in

E-paper. For example, it can be used to prepare an

electrically addressable and electrically erasable dis-
play device, in this case, the nematic liquid crystal

(N*-LC) can be changed between a planar and focal

conic texture by applying electric fields with different

frequencies [3, 4]. Meanwhile, the thermally addressa-

ble and electrically erasable N*-LC devices, as well as

the electrically addressable and thermally erasable

ones, have also been studied [5–7]. Moreover, due to

the interaction of polymer networks and LC mole-
cules, polymer-stabilised N*-LCs have also been

devoted to applications of E-paper, which can exhibit

black and white display with grey scale potential, as

well as having flexible characteristics [8–11]. However,

the materials mentioned above can only be used for

black and white display. Due to the self-organised,

periodic helical structure of the molecules of N*-LC,

which exhibits the selective reflection characteristics

[12], the colour change achieved by changing the exter-

nal factors including electric field, temperature and

light irradiation, can also be used in reflective colour
paper [13–19]. However, the reflective colour of LC

materials with magnetically controllable characteris-

tics has seldom been reported.

Our objective was to provide a simple new way of

realising the magnetochromic effect by the combina-

tion of LC and nanoparticles with a low intensity of the

driving magnetic field. We studied the magneto-optical

properties of a magnetite (Fe3O4) nanoparticle/N*-LC
composite and demonstrated that this composite exhi-

bits magnetically addressable and magnetically erasa-

ble characteristics, especially the magnetochromic

characteristics, which have great potential in magnetic

paper (M-paper, where information can be magneti-

cally addressed and erased), especially in reflective col-

our M-paper.

An N*-LC can be formed when a nematic LC is
doped with a chiral dopant. In an N*-LC phase, the

long axis of the LC molecule rotates about a helix. The

pitch length, P, of the helix, corresponding to a 2p
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molecular rotation, is determined by the concentra-

tion of the chiral dopant, which decreases with increas-

ing fraction of chiral dopant. A single-pitch N*-LC

selectively reflects the light of wavelength between

lmax ¼ Pno and lmax ¼ Pne. Here, no and ne are the

ordinary and extraordinary refractive indexes of the

locally uniaxial structure, respectively. The bandwidth
of the selective reflection spectrum �l is given by

�l ¼ lmax–lmax ¼ (ne–no)P ¼ �nP. Here, �n ¼ ne–no

is the birefringence [12, 20]. Within this reflection region,

right (left) circularly polarised light is reflected by a right

(left)-handed helix, whereas left (right) circularly

polarised light is transmitted. Outside the reflection

band, both polarisation states are transmitted. Based on

this principle, the expected M-paper can exhibit colour
display without backlight.

2. Experimental details

2.1 Materials

In this study, a nematic LC, SLC1717 (Slichem Liquid

Crystal Material Co. Ltd, Shijiazhuang, China), chiral

dopants, S811 (Merck Co. Ltd) and a chiral pyridine
compound (CPC) (TCI Co. Ltd, Ningbo City, China),

a photopolymerisable LC monomer, C6M, a photo-

initiator, IRG 651 (TCI Co. Ltd) and the synthesised

Fe3O4 nanoparticles were used. The chiral dopants

were both left-handed. Fe3O4 nanoparticles were

synthesised using a chemical coprecipitation method

and then modified by oleic acid. C6M was laboratory-

synthesised [21]. The chemical structures of the mate-
rials used are listed in Figure 1 and the compositions

and weight ratios of the five studied samples are listed

in Table 1.

2.2 Synthesis of Fe3O4 nanoparticles

FeCl3 0.20 mol L-1 (10 ml) was slowly added to a

0.15 mol L-1 FeCl2�4H2O (10 ml) solution. The mix-
ture was heated to 65�C under a flow of nitrogen

and mechanical stirring (500 rpm) for 30 min.

Tetramethylammonium hydroxide (N(CH3)4OH)

0.50 mol L-1 (70 ml) was slowly added to the mixture.

Vigorous stirring was continued for 1 h at 65�C. The

black mixture was cooled to room temperature by

removing the heat source. Under ambient conditions,

ethanol (50 ml) was added to the mixture and a black

material was precipitated and separated via centrifu-
gation. The product, Fe3O4 nanoparticles, was then

dissolved and washed with ethanol by ultrasonic

dispersion, and centrifuged (6000 rpm, 10 min) to

remove the solvent. This procedure was repeated five

times, and the product was dried under vacuum for

about 24 h.

2.3 Modification of Fe3O4 nanoparticles

The Fe3O4 nanoparticles (1 mmol) were dissolved in

tetrahydrofuran (THF) (20 ml) and the mixture was

heated to 65�C under a flow of nitrogen and mechan-
ical stirring (500 rpm) for about 30 min. A solution of

oleic acid (0.50 ml) (TCI Co. Ltd) in THF (10 ml) was

added to the heated solution. Then the oleic acid (0.2

ml) was added repeatedly five times into the mixture,

with intervals of 5 min. The mixture was heated

to 85�C to reflux for 2 h with mechanical stirring

(1000 rpm). The black mixture was cooled to room

temperature by removing the heat source. Under
ambient conditions, ethanol (50 ml) was added to

the mixture and a black material was precipitated

and separated via centrifugation. The black product

was dissolved in hexane in the presence of oleic

acid (0.2 ml). Centrifugation (6000 rpm, 10 min)

was applied to remove any undispersed residue.

The product, oleic acid-coated Fe3O4 nanoparticles,

was then dissolved and washed with ethanol by ultra-
sonic dispersion and centrifuged (6000 rpm, 10 min)

to remove the solvent. This procedure was repeated

five times, and the product was dried under vacuum

for 24 h.

Table 1. The compositions and weight ratios of samples 1–5.

Sample

SLC1717/S811/unmodified Fe3O4/modified Fe3O4/C6M/

IRG 651/chiral pyridine compound (wt%)

1 66.3/25.7/8.0/–/–/–/–

2 66.3/25.7/–/8.0/–/–/–

3 64.6/25.1/–/8.0/2.2/0.1/–

4 65.1/20.2/–/8.0/2.2/0.1/4.4

5 61.3/23.7/–/8.0/2.2/ 0.1/4.7

Figure 1. Chemical structures of the materials used.
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2.4 Preparation of the samples

To obtain homogeneous alignment, a 2.0 wt% poly-

vinyl alcohol aqueous solution was coated on to the

inner surfaces of the substrates of cells by spin casting.
The deposited film was dried at 80�C for about 30 min,

and subsequently rubbed with a textile cloth under a

pressure of 2 g cm-2 along one direction. Polyethylene

terephthalate films, 75 mm thick, were used as spacers

of the cell. The studied samples were dissolved in

acetone, stirred for about 2 h and then the acetone

was evaporated completely under vacuum. Finally,

the prepared sample was filled into the cell by capillary
action in the temperature range of the cholesteric

phase.

2.5 Measurements

The X-ray diffraction (XRD) curve of the prepared

Fe3O4 nanoparticles was obtained by a Rigaku X-ray

diffractometer (Rigaku Goniometer PMG-A2,
CN2155D2, wavelength ¼ 0.15147 nm) with Cu Ka
radiation. The morphology of the Fe3O4 nanoparticles

was observed by a field emission scanning electron

microscope (SEM) (Supra 55). Micrographs of the

Fe3O4 nanoparticles in the N*-LC were observed by

polarising optical microscopy (POM) (Olympus

BX51). The Fe3O4 nanoparticles before and after

modification were laminated directly with potassium
bromide and analysed with an infrared (IR) spectro-

meter (Perkin Elmer Spectrum 100, Waltham, MA,

USA) between 500 and 4000 cm-1, respectively. The

spectra of selective reflection were obtained by

UV/VIS/NIR spectrophotometer (JASCO V-570).

The microstructure of the polymer network was

observed by SEM (Cambridge S250) with the samples

coated with a thin layer of carbon to eliminate any
problems of electric charge.

3. Results and discussion

Figure 2 shows the XRD curve of the Fe3O4 nanopar-
ticles, the IR spectra and the SEM images of the

unmodified and modified nanoparticles, and the

POM micrographs of samples 1 and 2. Figure 2(a)

indicates the successful preparation of nanoparticles

since the positions and relative intensities of all the

diffraction peaks matched well with the diffraction

data of the standard Fe3O4 powder [22]. Figure 2(b)

shows the IR spectra of both of the unmodified Fe3O4

nanoparticles (spectrum 1) and the modified ones

(spectrum 2). The reasons for the modification of the

Fe3O4 nanoparticles were as follows. If the size of

Fe3O4 nanoparticles is more than 7 nm, they are easy

to get blocked in the LCs [23]. The size of the Fe3O4

nanoparticles synthesised here was about 50 nm, so

the modification with organic materials was necessary

to achieve a uniform distribution in the LC. In spec-

trum 1, the absorption at 1635 cm-1 was assigned to

the C–N stretching vibration band, which results from

the reactant of N(CH3)4OH during the preparation of

the nanoparticles. This indicates the adsorption
of N(CH3)4OH on Fe3O4 [24]. In spectrum 2, the

absorption around 2922 and 2851 cm-1 indicated the

existence of -CH2- groups and that around 1055,

1450, 1527 and 1628 cm-1 indicated the existence of

-COO- groups in the coated Fe3O4 nanoparticles,

which showed that modification of the nanoparticles

had been achieved [25–28]. However, the absorption

around 3429 cm-1 indicated that there were still some
-OH groups that had not yet reacted on the surface of

the Fe3O4 nanoparticles. Compared with spectrum 1,

the ratio of peak area at 3429 cm-1 resulting from -OH

groups to that at 580 cm-1 from Fe-O groups

decreased somewhat, implying that parts of the -OH

groups are involved in the chemical reaction for the

modification. Figure 2(c) shows the typical SEM

image of representative 50-nm unmodified Fe3O4

nanoparticles, while Figure 2(d) shows that of the

modified nanoparticles. Comparing Figure 2(c) and

(d), it can be inferred that surface modification is

quite beneficial to the distribution of the nanoparti-

cles. Figure 2(e) and (f) shows the POM micrographs

of the unmodified Fe3O4 nanoparticles and the mod-

ified ones in the N*-LC (samples 1 and 2), respectively.

It can be seen clearly that the modified nanoparticles
disperse much more homogeneously than the unmo-

dified ones in the N*-LC. In Figure 2(f), under POM,

the agglomeration of the modified nanoparticles is

hard to observe. This is due to the fact that the organic

ligands could not only prevent the agglomeration of

the nanoparticles, but also improve the distribution of

the nanoparticles in the LC, which also contributed to

the formation of a stable distribution system [29].
Moreover, by comparing Figure 2(e) and (f), it can

also be seen that less agglomeration of the nanoparti-

cles is helpful for the formation of the planar texture of

N*-LC , which is quite beneficial to improve the reflec-

tive effect of the N*-LC.

Figure 3(a)–(c) illustrates the mechanism for the

preparation of the expected material. Initially, the

black modified Fe3O4 nanoparticles disperse in
the N*-LC, which exhibits a background colour if

the reflecting wavelength is within the wavelength

range of visible light as shown in Figure 3(a). If a

magnet block is placed on the surface of substrate A

of the cell, the Fe3O4 nanoparticles will move to the

inner surface of substrate A and the local region of the

cell appears black as shown in Figure 3(b). Thus,

a black pattern (information) can be addressed
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magnetically in the colour background. If the magnet

is placed on the surface of substrate B, the cell will

show colour only when observed from the side of

substrate A because the Fe3O4 nanoparticles have

moved to the inner surface of substrate B as shown

in Figure 3(c). Then the pattern is erased magnetically.
In this way, the modified Fe3O4 nanoparticle/N*-LC

composite exhibits magnetically addressable and era-

sable characteristics. Figure 3(d)–(g) shows the photo-

graphs of the cell containing sample 2 during the

magnetically addressing and erasing process,

correspondingly.

However, a problem occurred when more informa-

tion was required to be addressed in one cell. If two
character Ts were ‘written’ in the cell and the distance

between the two Ts was not far enough, some nano-

particles of the first T would move gradually to the

area where the magnet existed while the second T was

writing, which made the first T rather unclear, as

shown in Figure 3(h). In order to solve this problem,

a photopolymerisable LC monomer, C6M and photo-

initiator, IRG 651, were added and sample 3 was
prepared, as shown in Table 1. Then, a photo-mask

was put on the cell and the cell was irradiated with UV

light (1.45 mW cm-2, 365.0 nm) at 300 K for 20 min.

Due to the photo-mask the polymer network could

only form in the regions exposed by the UV light, a

patterned polymer network, which looked like a ‘wall’,

formed in the cell. Figure 3(i) shows the SEM image of

the polymer wall formed in sample 3. Owing to the
formation of the polymer wall, the nanoparticles could

only move up and down in the specified regions sur-

rounded by the polymer wall and the movement from

one region to another one was restricted, as shown

schematically in Figure 3(j). After the formation of

the polymer wall, as shown in Figure 3(k), two char-

acter Ts could be ‘written’ in the cell clearly; in other

words, the resolution in Figure 3(k) is much higher
than that in Figure 3(h). Meanwhile, it was demon-

strated that the state in Figure 3(k) was stable for over

3 months at room temperature without any external

fields, because the high viscosity of the N*-LC could

prevent the uniform diffusion of nanoparticles in the

composite during this period.

In addition, with this method, a kind of reflective

colour information can also be addressed in a reflec-
tive colour background. To do that, some CPC, whose

chemical structure is shown in Figure 1, was added

and samples 4 and 5 were prepared. Then the oleic

acid-modified Fe3O4 nanoparticles and CPC were

mixed thoroughly in appropriate proportions in a

non-protic solvent (THF), followed by slow evapora-

tion, and the CPC-modified Fe3O4 nanoparticles were

obtained [30–32]. Figure 4 shows the IR spectra of the

Figure 2. (a) X-ray diffraction curve of the prepared magnetite (Fe3O4) sample. (b1) Infrared spectra of the unmodified Fe3O4

nanoparticles and (b2) nanoparticles modified by oleic acid. (c) Scanning electron microscopy images of the unmodified Fe3O4

nanoparticles and (d) modified nanoparticles. (e) Polarising optical microscopy micrographs of sample 1, the unmodified
nanoparticles dispersed in N*-LC and (f) sample 2, the modified nanoparticles.

566 W. Hu et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



oleic acid-modified Fe3O4 nanoparticles (curve 1) as

well as the CPC-modified ones (curve 2), respectively.
In spectrum 2, the absorption around 3300 cm-1 shows

the existence of hydrogen bonds (H-bonds) between

the -OH groups on the nanoparticles and pyridine

groups of CPC. Moreover, by comparing spectra

1 and 2, it can also be observed that the H-bonds

make the absorption of the -OH groups shift some-

what to a shorter wave number, which demonstrates

the formation of H-bonds between the modified Fe3O4

nanoparticles and CPC molecules [33]. As a result, it

can be concluded that the H-bonds should also form
between some Fe3O4 nanoparticles and CPC mole-

cules in samples 4 and 5. After the cells containing

samples 4 and 5 were irradiated with UV light through

the photo-mask, polymer walls were also formed in

them, as shown schematically in Figure 5(a). A magnet

applied to one side of the cell should make the nano-

particles move to the inner surface of substrate A, as

shown schematically in Figure 5(b). Meanwhile, some

Figure 3. (a)–(c) Schematic mechanism of the composite as M-paper. (d–g) Photographs of the prepared cell containing
sample 2 with magnetically addressed and magnetically erased characteristics. (h) Photograph of the cell containing sample 2
without a polymer wall after two character Ts were addressed. (i) Scanning electron microscopy image of a polymer wall
network formed in sample 3. (j) Scheme of the role of a polymer wall as it affects the movement of nanoparticles. (k) Photograph
of the cell containing sample 3 with a polymer wall after two character Ts were addressed (colour version online).
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CPC molecules formed H-bonds with the -OH groups

on some nanoparticles and should also move to

the inner surface together with the nanoparticles.

Consequently, in the region near the surface of sub-

strate B, the density of CPC molecules should decrease
and the pitch length of the N*-LC should increase, as

shown schematically in Figure 5(b). Thus, a pitch gra-

dient can be formed in the region where the magnetic

field is applied and the reflection bandwidth in this

region becomes wider than that of other regions.

Figure 5(c) and (d) shows the intensity of magnetic

field dependence of reflection spectra of samples 4 and

5, respectively. It is not difficult to understand that an

increase in magnetic field intensities should result in a

greater pitch gradient, which should be the reason why

the reflection bandwidths of samples 4 and 5 increase
with increasing intensities of the magnetic fields, as

shown in Figure 5(c) and (d). Moreover, it can also be

seen that the reflection bandwidth can be controlled

accurately by adjusting the intensity of the applied

magnetic field. When a magnetic field of 1000 GS is

applied, the reflection bandwidths of samples 4 and 5

cover the wavelength range of 600–720 nm and 490–600

nm, respectively. The insets in Figure 5(c) show the
photographs of sample 4 before and after a magnetic

field was applied. It was found that the reflective colour

turned from orange to red upon the application of the

magnetic field. Meanwhile, it was also proved that such

a colour change does not occur in the composite with-

out CPC, which demonstrates that the above explana-

tion of the mechanism is reasonable. In addition, the

intensity of the magnetic field applied in our experiment
was not high enough to affect the planar texture of the

N*-LC [34]. Using the same method, a green character

T could also be addressed in a blue background (sample

5) when a magnet of 1000 GS was scanned locally on

the cell surface at a speed of 1 cm s-1, as shown in Figure

5(d). Moreover, the magnetochromic effect could be

maintained for about 3 months at room temperature

without any external fields, thus exhibiting the memory
effect.

4. Conclusions

In summary, the magneto-optical characteristics of a

Fe3O4 nanoparticle/N*-LC composite was studied.

The nanoparticles modified by oleic acid could be

dispersed much better in the N*-LC. The resolution

could be improved in the composite by the preparation

of a polymer wall where the composite was used as the

material for M-paper. Furthermore, the magneto-

chromic characteristics of a Fe3O4 nanoparticle/
N*-LC composite were shown and the intensity of

the driving magnetic field was quite low. After the

formation of H-bonds between nanoparticles and the

CPC, the pitch length of the N*-LC could be adjusted

by altering the intensity of the applied magnetic field

and this novel composite could be used as the material

for a type of reflective colour M-paper. Both the

character (information) and the background of this
M-paper exhibited both reflective colours by reflecting

visible light around it, backlight was unnecessary and

power consumption was low, which must attract more

attention in the near future.

Figure 4. Infrared spectra of the Fe3O4 nanoparticles
modified by oleic acid (curve 1) and then by chiral pyridine
compound (curve 2), respectively.
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Figure 5. (a) and (b) The schematic mechanism for the
expected material as a type of reflective colour M-paper
with magnetically controllable characteristics. (c) and
(d) The intensity of magnetic field dependence of reflection
spectra of samples 4 and 5, as well as the photographs of
samples 4 and 5 before and after magnetic fields of 1000 GS
were applied, respectively (colour version online).
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