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AAOQO Assisted 1D Confined Assembly and 2D Surface Filming of
Iron(I) Triazole Nanomaterial and Spin-Crossover Properties
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Abstract: Iron(Il) triazole (SCO1) and iron(Il) 4-amino-triazole (SCO2) spin-crossover (SCO) nanomaterials were
assembled in the channel and on the surface of anodic aluminum oxide (AAQ) templates simultaneously by a
facile sequential multistep assembly method. The obtained SCO1-1D+2D and SCO2-1D+2D nanomaterials have
been characterized by SEM, FT-IR, PXRD, and Raman spectra. SEM images show that spherical SCO NPs
growing in the channel of AAO templates aggregate with time going on, and assemble as 1D nanostructure. While
those growing on the surface of AAO substrates assemble as uniform and dense 2D SCO film. It is interesting
that both SCO-1D+2D nanostructures present a special two-step spin-crossover behaviour with hysteresis loops
(SCO1-1D+2D: T, T =319 K, T, | =313 K, T, T =381 K, T, | =340 K; SCO2-1D+2D: T, T =181 K, T, | =155
K, T,1=246 K, T, | =233 K). The magnetic measuring of SCO-1D and SCO-2D indicates that the two-step SCO
behaviour results from the different assembly morphologies of SCO. The first step spin transition at lower

temperature is ascribed to the properties of 2D SCO films growing on the surface of AAO templates, while the

Wi F 92 2017-05-28, WHE ecf F T 2017-07-16.,
5 1 AR5 5 42 (No.21771089) il Hh S i B HE A Bl 55 28 9% (No. JUSRP5 17258, JUSRPS 1513) % )1,
MHAEEE RN, E-mail : zhiguogu@jiangnan.edu.cn



2312 Jd Hl fk

#o% 4R %33 %

transition in the second step at higher temperature can be attributed to the 1D SCO confined assembly growing in

the channel of AAO membranes.

Keywords: nanomaterials; anodic aluminum oxide (AAQ) templates; self-assembly; two-step spin-crossover behavior

0 Introduction

Spin-crossover (SCO) compounds are well known
as a class of bistable materials, displaying a reversible
switching between low spin (LS) state and high spin
(HS) state of d'~d’ transition metal centres in response
to the external perturbations such as pressure, temper-
ature, illumination or magnetic fields". Recently, SCO
nanomaterials have drawn the widespread attention as
their spin conversion can be modified by size, morph-
ologies and preparation method™, which offers various
possible applications in molecular switches, memory

3. However, assembl-

devices, sensors and displayers!
ing SCO nanoparticles (NPs) still shows more chall-
enges while affords new and exciting opportunities for
the development of SCO devices. Among the configur-
ations of SCO nanoparticle assembly, one-dimensional
(ID) confined assembly and two-dimensional (2D)
multi-layered films may be considered as useful
models to explore the effect of dimensionality on SCO
property . Reliable thin-film etching®, template-
assisted electrodeposition routes® and template-assisted
assembly methods!” have been established to obtain the
1D SCO nanomaterials. Meanwhile, several methods
have been used to fabricate SCO nanomaterials as
two-dimensional (2D) films, including Langmuir-
Blodgett (LB) deposition®, surface-assisted molecular
self-assembly”, spin coating!", dip/drop casting!"",
constructive methods!” and vacuum sublimation. The
research for SCO 1D and 2D nano-entities suggests
that the assembly morphologies have a strong influence
on spin conversion property. To the best of our
knowledge, there is no report on the formation of the
nanostructure combining the 1D confined assembly
and 2D film of SCO compounds. While fabricating the
nanostructures consisted of 1D and 2D assembly
morphologies simultaneously probably can impart the

SCO nanomaterials special spin-crossover properties,

which provide a platform for the application of SCO
materials into functional devices. With this perspective,
we envisaged to prepare one SCO compound with
different dimensional assembly morphologies by a
facile template assisted self-assembly method.

In order to fabricate the nanomaterial consisted
of 1D confined assembly and 2D film simultaneously,
it' s crucial to select the suitable template. Anodic
aluminium oxide (AAQ) membrane is considered as
an ideal candidate since: (1) AAO membranes form a
cylindrically close packed ordered structure, which
can give access to SCO compound growing into their
channels as 1D SCO confined assembly!™. (2) The
abundant -OH on the surface of AAO membranes can
coordinate with metallic centres™, which makes 2D
SCO film growing on AAO surface possible. The
typical iron(Il)-triazole polymers, [Fe(Htrz),(trz)](C10,)"!
(SCO1) and Fe(NHtrz)s](C10,),'"" (SCO2) (Htrz=1,2,4-
triazole, NH,trz =4-amino-1, 2, 4-triazole) undergoing
spin transition with well-defined thermal hysteresis
loops close to room temperature are selected as model
compounds in this paper to study their assembly in
the channel and on the surface of AAO templates.
Detailed scanning electron microscopy (SEM) will be
presented to characterize the formation of the novel
nanostructures. And the effect of different dimensional
assembly morphologies on their magnetic properties

will also be discussed.
1 Experimental

1.1 Chemical materials

Fe(ClO,),*6H,0, Hirz (Htrz=1,2,4-triazole), NH,trz
(4-amino-1,2,4-triazole), and ethanol were all reagent
grade and purchased from Sigma-Aldrich, and could
be used without further purification. Ultrapure milli-Q
water (18.2 M) -cm) was used in all experiments.
AAO (=99%) were purchased from LeSen nano science

and technology co., LTD, and without any purification.
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1.2 Physical measurements

Fourier transform infrared (FT-IR) spectra were
recorded by FALA2000 FT-IR spectrometer (ABB
Bomen Canada) (KBr disk). Powder X-ray diffraction
(PXRD) patterns were collected on a D8 Advance X-
ray diffractometer (Bruker AXS Germany) with Cu Ko
radiation (A=0.154 046 nm) in a 26 range from 5° to
60° at the speed of 2°+ min™ at room temperature.
The operating voltage and current are 40 kV and 40
mA, respectively. Raman spectra of these nanomaterials
were obtained from Invia Raman spectra (Reinshaw
England) with 785 nm excitation line. The laser power
intensity was adjusted by changing the percentage of
280 mW, the largest laser power intensity in 785 nm
excitation line. SEM images were operated by S4800
scanning electron microscope (SEM) (Rili Japan) at an
operating voltage of 2 kV. Magnetic measurements were
carried out by a MPMS-XL-7 super strong quantum
interference magnetometer (Quantum Design US). The
direction of the magnetic field is parallel to the
sample. The samples were testing at two temperature
stages with a heating and cooling sweep rate of 3 K-
min~'. The SCO phenomenon of each samples were
clearly displayed by HS fraction vs T curves, in which
HS fraction refers to the ratio of iron(Il) at high spin
state. Data were corrected for the diamagnetic
contribution calculated from Pascal constants.
1.3 Synthetic procedures
1.3.1 Synthesis of SCO1-1D+2D and SCO2-1D+2D

nanomaterials

AAO (@=300~400 nm) templates were immersed
into 1 mol - L™ ethanol solution of Fe(Cl0,),-6H,0 for
1 h. Then, these AAO templates were washed with
ethanol carefully to remove the redundant Fe®*. After-
wards, the templates were soaked into 3 mol -L ™
ethanol solution of Hirz for 1 h, and then also washed
with ethanol carefully to make sure that the growth
rate of 1D SCO nanostructure is much faster than that
of the 2D SCO nanoassemblies. Repeat the procedure
above for 1, 6, 12, 24 times respectively to obtain a
series of SCOI1-1D +2D nanoassembly with cycle
number of 1, 6, 12, 24 times. SCO1-1D +2D spin-

crossover nanomaterials were obtained by washing

with 4 mL ethanol for three times and dried in
vacuum at 45 “C overnight. Fabrication of SCO2-1D+
2D was similar to that of the SCOI-1D +2D except
replacing the Hirz with NHytrz.
1.3.2  Synthesis of SCO1-2D and SCO2-2D
nanomaterials

Firstly, AAO (@=30~40 nm) templates were soaked
into 1 mol-L™ ethanol solution of Fe(Cl0,),-6H,0 for
5 min, and put into ethanol for 1 min, successively.
Then they were moved into 3 mol-L™ ethanol solution
of Hurz for 5 min, followed by putting into ethanol for
1 min. After recycling for 24 times, they were washed
by ethanol for three times to remove the superfluous
nanoparticles and dried at 45 °C in vacuum for 12 h.
The synthesis of SCO2-2D was similar to that of
SCO1-2D, but NH,trz was used instead of Hirz.
1.3.3  Synthesis of SCO1-1D and SCO2-1D

nanomaterials

AAO (©=300~400 nm) was put into 1 mol-L™
ethanol solution of Fe(ClO,),-6H,0 for 1 h, followed
by washing with ethanol carefully for three times to
remove Fe** on the surface of AAO templates. Then
these templates were transferred to 3 mol - L™ ethanol
solution of Htrz for 1 h and washed with ethanol
carefully for three times, successively. After repeating
the above procedure for 24 times, SCO1-1D nanoma-
terials were prepared by washing with ethanol three
times and drying at 45 °C in vacuum for 12 h. The
fabrication of SCO2-1D was similar to that of SCO1-
1D using NH,trz instead of Htrz.

2 Results and discussion

The AAO template-assisted SCO nanostructures

are prepared via a facile sequential multistep
assembly method (Fig.1)™. Firstly, AAO templates
were soaked into the ethanol solution of Fe(ClO,),-
6H,0 at room temperature. This procedure can make
sure that the Fe?* coordinated with -OH in the channel
of the AAO templates adequately by capillarity, and
-OH on the surface of AAO templates by surface
deposition. Then, these AAO templates were immersed
into the ethanol solution of Htrz or NH,trz to

coordinate with Fe’* attached to the AAO templates.
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Fig.1 Scheme of the synthesis for SCO nanocomposite with sequential multistep assembly method

Repeating the procedure above to insure the SCO NPs
gradually deposited on the surface and filled in the
channel of AAO templates. The sequential multistep
assembly approach introduced here shows the merit
that the growth and nucleation of the 1D and 2D SCO
nanostructures based on the AAO templates can be
tuned by adjusting the assembly cycle numbers.

IR spectra of SCO1-1D +2D and SCO2-1D +2D
nanomaterials indicate that the bands observed for two
nanostructures are mainly due to vibrations of the
triazole derivative ligand, slightly perturbed by coor-
dination (Fig.S1). In particular, the vibrational modes
at ca. 1 221, 1 496 and 1 453 cm™ can be attributed
to the ring stretching of the triazole ligands. The peak
at ca. 634 cm™ is referred to the out-of-plane vibra-
tion of the triazole ligand ™. Furthermore, the Cl0,~
anion possesses characteristic vibrational frequencies
at ca. 941 and 1 120 em™ ™. The peaks of near 3 360
and 3 284 ¢cm™ refer to the stretching of -NH, on
triazole ligands. IR result implies the formation of
AAO-assisted SCO materials preliminarily.

The powder X-ray diffraction (PXRD) patterns of
the as-prepared SCO1-1D+2D and SCO2-1D+2D nano-
materials are shown in Fig.S2. The diffraction peaks
(26) of the SCO1-1D+2D nano-assemblies at ca. 10°,
18°, 25° are consistent with the standard XRD data for
the bulk [Fe(Htrz),(trz)[(C10,)!"*. While the diffraction
peaks for SCO2-1D+2D nanomaterials correspond to the
crystalline [Fe(NH,trz)](C10,), reported previously™'.

PXRD analysis indicates the existence of [Fe(Htrz),(irz)]
(C10,) and [Fe(NH,trz)s](Cl10,), in the AAO membrane.

To identify the SCO compound assembled in the
channel and on the surface of AAO templates, Raman
microscopy measurements were carried out at 785 nm.
It was obvious that the characteristic Raman signals
were preserved in the obtained AAO membranes assi-
sted nanomaterials (Fig.S3). The wavenumber values
below 400 cm™ are assigned to the metal-ligand Fe-N
vibrations, and those between 900 and 1 600 cm™ are
Typi-
cally, the drastic changes in the low wavenumber

related to the vibrations of triazole ring!™2*%,

region below 400 ¢cm™ are applied to monitor the spin
state of the iron(Il) triazole complexes. In a complete
spin conversion, the Raman modes at 106 cm™ display
intensely in the HS state and vanish in the LS state,
while the Raman signals at 286 ¢m™ corresponds to
the LS state™. Raman spectra further demonstrate the
SCO compound growing on the AAO substrates.

The obtained SCO-1D+2D nanomaterials by AAO
templates with channel size of 300 ~400 nm were
characterized by the scanning electron microscope
(SEM) measurement to study their nucleation and
growth of SCO NPs on AAO substrates. Fig.2 showed
the SEM images of SCO1 NPs on the surface and in
the internal channels of AAO templates with different
(n=1, 6, 12 and 24). At the
beginning (reacting for only 1 cycle), almost no SCO1

assembly cycle numbers

NPs are found in the substrates in Fig.2a and 2b.
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(a) and (b), (c) and (d), (e) and (f), (g) and (h) correspond to 1, 6, 12, 24 cycles, respectively

Fig.2 SEM images of SCO1-1D+2D with different cycles

With reacting for 6 cycles, SCOl NPs could be
clearly observed on the surface and in the cross-
(Fig.2c and 2d), shaped as

sphere and most of the NPs look inhomogeneous due

section of AAO templates

to the aggregation. This reveals the beginning of
growth and nucleation of the SCO1 crystals. As
expected, SCO1 NPs in the channel of AAO templates
augmente largely by the number of cycles adding (Fig.
2d and 2f). Besides, the deposition of SCO1 NPs on
the surface of AAO membranes grows more slowly
than that in the cross-section of AAO templates (Fig.
2¢ and 2e). This is attributed to the procedure of
washing with ethanol carefully. As the cycle number
increased, more and more NPs stacked in the channel
and on the surface of AAO membrane templates.
When 24 cycles have been realized, the surfaces of
AAO templates are covered with aggregated SCO1
NPs assembling as uniform and dense SCO1 films
(Fig.2g), while the AAO membrane channels are filled
with  SCO1 NPs accumulated as one-dimensional
confined nanostructure (Fig.2h). It should be menti-
oned that there are two different dimensional assembly
morphologies of SCO1 in the SCOI-1D +2D, which
intuitively confirms the successful synthesis of the
special SCO1-1D+2D nanomaterials. Furthermore, the
deposition and assembly morphology of SCO1 NPs on
the surface and in the channels of AAO templates are
able to be adjusted by controlling the reaction cycle

numbers in two precursor solutions.

In order to study the growth and nucleation of
different assembly morphologies of SCO compound
respectively, the SCO1 assemblies growing on the

(SCO1-2D) and in the
(SCO1-1D) were obtained
by choosing AAO templates with different channel
size. The SCO1-2D nanomaterials are fabricated by

surface of AAO templates
channel of AAO templates

AAO templates with narrow channel size of 30~40 nm
to ensure the SCO NPs only growing on the surface of
AAO membranes. Accordingly, the synthesis of SCO1-
1D nanomaterials is realized by the assist of AAO
templates with large channel size (300~400 nm), and
washing with ethanol carefully to make sure that no
SCO1 NPs grow on the surface of AAO membranes.
Fig.3a displays that the spherical and inhomogeneous
SCO1 NPs grow on the surface of AAO templates
assembling as 2D film with large surface areas, while
no SCO1 NPs is found on the AAO channels (Fig.3b).
In contrast, Fig.3c and 3d suggest that the homogene-
ously spherical SCO1 NPs accumulate only in the
internal channels of AAO membranes, and form the
1D confined SCO1 nanostructures.

To study the influence of iron (I)-triazole NPs
with different organic ligands by the support of AAO
membrane templates, SCO2-1D +2D, SCO2-2D and
SCO2-1D nanostructures via the similar methods were
synthesized, and SEM images were set out in Fig.4
and Fig.5. In SCO2-1D 42D, there are some little
[Fe(NHtrz);[(C10,), NPs growing in the channel of
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(a) and (b), (c) and (d), (e) and (f), (g) and (h) correspond to 1, 6, 12, 24 cycles, respectively
Fig4 SEM images of SCO2-1D+2D with different cycles

K 7 9mag X3 O SE (M,

Fig.5 SEM images of SCO2-2D (a, b), SCO2-1D (c, d)
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AAO membranes when reacting for the first cycle. As
the reacting cycles added, the size and amount of
these NPs increase gradually. Some NPs occurred to
stack at a certain extent, as shown in Fig.4c~4f. After
cycling for 24 times, the SCO2 NPs on the surface of
the membranes are lamellate-like and stacked as 2D
SCO films, and those accumulated in the channels of
templates fill most volume of the apertures, aggregating
as 1D confined nano-assembly. The surface of SCO2-
2D are arranged of [Fe(NHatrz);](Cl0,), laminar film
for the intensive surface deposition effect. Similarly,
the SCO2 NPs in SCO2-1D accumulate in the
channels and there is almost nothing on the surface of
the AAO membranes. Comparison in morphological
analysis of SCO1-1D+2D and SCO2-1D +2D implies
that the organic ligands have an influence on the
morphologies of the iron (Il) triazole nanoassemblies.
Furthermore, it also demonstrates that the confined
growth and surface filming effect of AAO templates

have a directive effect on the formation of different

assembly morphologies of [Fe (Htrz), (irz)] (C10,) and
[Fe(NH,trz)s](C10,), NPs.

To investigate the spin-crossover property of the
obtained AAO-assisted SCO

different dimensional assembly morphologies, the

nanomaterials  with

magnetic property of the SCO1-1D+2D were measured
over the temperature range from 300 to 400 K with a
heating and cooling sweep. As shown in Fig.6a, the
spin-crossover behaviour of SCO1-1D +2D shows a
two-step spin transition property which is interesting
to be observed in one triazole-based iron(Il) polymer.
The first step revealed a gradual and narrow hysteresis
loop of ca. 6 K with spin transition temperatures T,; T
=319 K in the warming process and T, | =313 K in
the cooling process. While for the second step, it
exhibits a rather steep and broad spin-crossover
behaviour, and the transition temperatures in the
heating and cooling mode appeared at T,, T =381 K
and T, | =340 K with a hysteresis loop width of ca. 41

K. Compared with the transition temperature of bulk
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Fig.6  Plots of HS fraction vs T for SCO1-1D+2D (a), SCO1-2D (b) and SCO1-1D (c) nanostructures
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powder of SCO1 (T, 12360 K and T, | =339 K, AT=
21 K)M'9 the first step transition of SCO1-1D+2D moves
to a lower temperature with a narrower hysteresis
width. While the transition temperatures in the second
step shift to a higher region and the hysteresis loop
becomes much wider. It can be deduced that this
special stepwise spin-crossover behaviour of the
SCOI1-1D +2D is probably attributed to the different
dimensional assembly morphologies of SCO nanoma-
terials on the surface and in the channels of AAO
templates. In order to further study the two-step spin
transition behaviour of SCO1-1D +2D nanomaterials,
the magnetic properties of SCO1-2D and SCO1-1D
were measured (Fig.6b and 6¢). The transition temp-
eratures of SCO1-2D are T, T =340 K in warming and
T. | =320 K in cooling with a hysteresis width of ca.
20 K, which are conformed to the first step SCO
behaviour of SCO1-1D +2D nanostructures. Corres-
pondingly, the transition temperatures of SCO1-1D at
7.7 =390 K in warming mode and T, | =350 K in

cooling mode are in accordance with the second step
SCO behaviour of SCO1-1D+2D nanostructures. How-
ever, contrasting the stepwise SCO behaviour of
SCO1-1D +2D with SCO1-2D and SCOI1-1D nano-
materials, it can be clearly inferred that the first step
transition of SCO1-1D+2D moves to a lower temper-
ature with narrower hysteresis width and the second
conversion temperatures of SCOI1-1D +2D are also
lower than those of SCO1-1D but the wide hysteresis
remains almost unchanged. We deduce that this is
probably attributed to the influence of the synergistic
effect for the combination of two different dimensional
assembly morphologies. The nanoparticles growing on
the surface of AAO are on 2D templates and grow in
a single direction, while the nanoparticles growing on
the channel of the AAO are on 1D template and grow
in two orientations. Furthermore, contrasting the 1D
SCO nano-assembly with 2D SCO nanostructures, the
transition temperature of SCO-2D is lower than that of

(1)

SCO-1D, and there are some reasons to explain :
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Fig.7  Plots of HS fraction vs T for SCO2-1D+2D (a), SCO2-2D (b) and SCO2-1D (c) nanostructures
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The defects for SCO-2D are much more than that of
SCO-1D™,(2) The difference in growth orientation
affects their assembly morphologies, and then indirectly

2 Tn a word, the

impacts their transition property
meaningful SCO1-1D +2D nano-object with two-step
SCO property resulting from the morphology effect has
been obtained by the support of AAO templates.
Magnetic property of SCO2-1D+2D nanostructures
was operated similar to that of the SCO1-1D+2D. As
it expected in Fig.7a, the two-step SCO property was
also measured in SCO2-1D+2D nanomaterials, but the
two transition temperatures were lower than that of the
SCOI1-1D+2D due to the influence of different organic
ligands. The transition temperatures of SCO2-1D+2D
areat T,, T =181 K, T,, T =246 K in the warming sweep
and T, | =155 K, T, | =233 K in the cooling sweep
with the hysteresis loop widths of 26 and 13 K,
respectively. Combined with the magnetic analysis of
SCOI1-1D +2D, it can be inferred that the first step
SCO behaviour is attributed to that of the [Fe(NH,trz)]
(Cl0y), film assembling on the surface of the AAO
porous templates, and the second step SCO property
corresponds to the [Fe(NH,trz)s](C10,), confined nano-
structure accumulating in the channel of AAO porous
templates. To verify this speculation, the SCO proper-
ties of SCO2-2D and SCO2-1D were studied as well,
as displayed in Fig.7b and 7c. The transition tempera-
tures of SCO2-2D are 7. T =190 K in the warming
branch and T, l =172 K in the cooling branch, while
those of SCO2-1D are T, T =255 K in the warming
mode and T, | =243 K in the cooling mode. Contras-
ting the spin-crossover property of SCO2-1D+2D with
SCO2-2D and SCO2-1D nanomaterials, the transition
temperatures of SCO2-1D+2D move to a lower region.
The results for magnetic analysis of the SCO2-1D+2D,
SCO2-2D and SCO2-1D nanomaterials further demon-
strate that different assembly morphologies lead to the
special stepwise SCO behaviour. What' s more, this
also indicates that the change of organic ligands

doesn’t have an effect on the appearance of two-step

SCO behaviour.
3 Conclusions

In conclusion, a facile and efficient sequential

multistep assembly method was employed to synthesize
iron (I) triazole SCO nanostructures with different
assembly morphologies, which exhibit two—step spin-
crossover property. There is no report on this spin-
crossover phenomenon. The two-step spin transition of
SCO-1D+2D corresponds to the SCO NPs assembling
on the surface and in the channels of AAO membranes,
suggesting that the difference in dimensional assembly
morphologies and arrangements of the SCO NPs has a
great effect on its SCO property. The fabrication of
AAOQ-assisted 1D +2D spin-crossover nanomaterials
provides a novel perspective for producing SCO nano-
structure and the basis for the potential application in
memory components, data storage and optoelectronic

devices.

Supporting information is available at http://www.wjhxxb.cn
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