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Supramolecular structures of terbium(in) porphyrin
double-decker complexes on a single-walled
carbon nanotube surfacef
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This work mainly reports the observation of novel supramolecular structures of Tb"M-515-
bisdodecylporphyrin (BDP, C12P) double-decker complexes on the surfaces of single-walled carbon
nanotubes (SWNTSs) performed by scanning tunneling microscopy under an ultra-high vacuum and low
temperature, atomic force microscopy, scanning electron microscopy coupled with energy dispersive
spectroscopy, and ultraviolet-visible spectroscopy. The molecules formed a well-ordered self-assembled
helix-shaped array with regular periodicity on the tube surface. Additionally, some magnetic properties
of the BDP-molecule as well as the resulting BDP-SWNT composites were investigated by
superconducting quantum interference measurements. The molecule exhibits single-molecule magnetic
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temperature which is possibly due to the coupling between porphyrin molecules and SWNTs.
DOI: 10.1035/c9ra05818d Consequently, this may enable the development of more advanced spintronic devices based on
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Introduction

Owing to their importance and high applicability, carbon
nanotubes (especially single-walled carbon nanotubes (SWNTs))
have become some of the most promising candidates in nano-
science and nanotechnology. They can be used in various
applications, such as in molecular and nanoelectronics,'”
sensing,*” and medicine®® and as catalysts.'®"* SWNTs have
unusual properties compared to other materials."”” Hybridiza-
tion of SWNTs with other molecules enables the emergence of
new functionalities** via combination of the functionalities of
the molecules and the high carrier mobility of SWNTs'**® to
afford important components for molecular-scale elec-
tronics." Another important property of SWNTs is magne-
tism, which is less studied than their electronic properties*>*
and can be important in relation to magnetic or spin-selective
electronics.

Single-molecule magnets (SMMs) are single-molecular
systems that exhibit slow magnetic relaxation below the block-
ing temperature (7T).>** Hence, such molecules can work as
memory devices for data storage.”** Since the first SMM
model* was developed (Mn;, cluster complex with T = 3 K), in
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which the design strategy was to fabricate a polymetallic
transition-metal complex having strong intramolecular
exchange coupling with large anisotropy, SMMs have become
promising candidates as effective units for applications in
molecular spintronics (technology in which the spin coupling
and molecular charge emerge in electronic devices).*® Later,
a new category of lanthanide-based SMMs with phthalocyanine
and/or porphyrin ligands was discovered,***"**%"-** exhibiting
slow magnetic relaxation due to the extremely high easy-axis
magnetic anisotropy arising from the lanthanide ions and
ligands (the electronic spin number J of a Tb ion is 6, and an
unpaired electron is delocalized over the organic part). In
particular, porphyrin/phthalocyanine-based Tb™ double-decker
complexes have attracted considerable attention,****"° as
they demonstrate higher blocking temperatures (i.e., 40, 50, and
54 K)*-*° with large hysteresis loops as well as unique spectro-
scopic and redox properties originating from the strong w-m
interaction between the two ligands.>"*

Tb™-porphyrin double-decker complexes have an important
feature: they are present in three forms, ie., protonated,
anionic, and radical forms (Schemes 1 and S1t), and the elec-
tronic and magnetic properties of these forms can be switched
as reversible interconversion between these forms is
possible.*®3*

Although the supramolecular structures of lanthanide-
tetraazolic-based double-decker complexes on flat nanocarbon
surfaces, i.e., HOPG, have been extensively studied,*>**%~* the
self-assembly of arrays on the curved carbon surfaces of SWNTs
has not been reported yet, and it remains difficult to predict and
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understand the structures. However, some attempts have been
made to reveal the chemistry needed to bridge the carbon
nanotubes and double-decker domains.**"**

Previously, our group observed the self-assembly of a Tb™-
5,15-bisdodecylporphyrin (Tb™-BDP) double-decker complex
(protonated form) on the surface of HOPG*® under ambient
conditions using STM, where BDP forms distinctive lamellar
structures separated by long (n-dodecyl) chains, which not only
stabilize the surface self-assembly, but also serve as physical
spacers between the Tb sites. Additionally, we successfully
assigned the absolute handedness chirality of SWNTs experi-
mentally, for the first time, using BDP (C12P) ligand supramo-
lecular structures and STM.*

Specifically, the objectives of this research were to investigate
the supramolecular structures of the Tb"™-porphyrin double-
decker complex-SWNT composites using various microscopic
characterization techniques, i.e., STM, atomic force microscopy
(AFM), and scanning electron microscopy coupled with energy
dispersive spectroscopy (SEM-EDS) and spectroscopic (i.e., UV-
vis). Consequently, in this study, for the first time, we success-
fully observed the supramolecular structures of Tb"™-porphyrin
double-decker complex (i.e.,, Tb"™-5,15-bisdodecylporphyrin
(Tb™-BDP)) on the surfaces of SWNTs using the common types
of scanning probe microscopy (SPM), i.e., STM and AFM. The
topographic surfaces of the BDP-SWNT composites could be
recognized using AFM, while the detailed structures of the BDP
molecules could be observed on the tube surfaces using the
atomic-resolution imaging capabilities of STM. Additionally,
the resulting composites were characterized by performing
ultraviolet-visible (UV-vis) spectroscopic measurements, which
revealed Doppler shifts of the BDP spectra after complexation
with SWNT. Moreover, some magnetic properties of the
composites were studied and they interestingly showed
butterfly-shaped hysteresis loops larger than that of the mole-
cule alone as well as the composite's magnetization increases
almost linearly with decreasing temperature. To the best of our
knowledge, this is the first report to describe in detail the
supramolecular structures of Tb™-porphyrin double-decker
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complexes on the surfaces of SWNTs using SPM imaging tech-
niques. The optimized structure of [Y(BDP),] calculated using
density functional theory (DFT) with B3LYP/3-21G (for C, H, and
N) and SDD (for Y) functional levels as well as the frontier
molecular orbitals (highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital) and their absolute
energies are provided in Fig. S2 and Table S1,T respectively.

Experimental section
Materials and reagents

All reactions were performed in anhydrous solvents under
a nitrogen atmosphere using well-dried glassware in an oven at
90 °C before use. All of the solvents, i.e., dichloromethane,
chloroform, and methanol, were dried and distilled using 4 A
molecular sieves. Column chromatography was performed
using alumina (spherical, neutral, 63-200 pm, Kishida Chem-
icals Co., Ltd.). HOPG was purchased from Alliance Biosystems,
Inc. (Spi-1 Grade 7 x 7 x 1 mm). The other chemicals and
solvents were of reagent grade and were used without further
purification. The HiPCO-SWNT samples were purchased from
Carbon Nanotechnologies Inc. (diameter 0.8-1.2 nm and length
around 100-1000 nm).

Synthesis of target molecules

The target complexes, ie., the protonated 1, anionic 2, and
radical 3 forms (Scheme 1) were synthesized as depicted in
Scheme S1.}

Synthesis of [Tb™(DBPH)(DBP)] protonated form complex 1

The protonated form 1 was synthesized using a previously re-
ported method,* where Th™'(acac),-3H,0 (0.102 g, 0.224 mmol)
and BDP (C12P) (0.102 g, 0.15 mmol) were mixed with dia-
zabicycloundecene (DBU) (230 pl) under N, in dark conditions
at 300 °C for 1.5 h using a Kugelrohr glass oven. The crude solid
was then purified through an alumina column (CH,Cl,),
producing a red-brown solid. A pure crystalline powder was

C12Has
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Scheme 1 Interconversion between protonated form 1, anionic form 2, and radical form 3 complexes of Tb"'-5,15-bisdodecylporphyrin.
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obtained by recrystallization from CH,Cl,/acetonitrile (CH;CN)
(42 mg, 37%). MS (MALDI-TOF): m/z calcd. for CggH;,1NgTh:
1448.9 [M']; found: 1448.6.

Synthesis of [Tb™(BDP),] (DBUH)" anionic form complex 2

After dissolving the protonated form 1 (36 mg, 0.025 mmol) in
CH,Cl, (10 ml), the solution was mixed with DBU (1 ml). Then,
the mixture was stirred at room temperature for 30 min in dark
conditions. After evaporating the solvent, the residue was
recrystallized with CHCl;/CH;CN. The pure anionic spices were
thereafter collected by filtration (34 mg, 95%). MS (MALDI-
TOF): m/z caled. for CggHy,0NgTh: 1447.9 [M']; found: 1447.5.

Synthesis of [Tb™(BDP),]" radical form complex 3

A solution of the anionic form 2 (46.8 mg, 0.032 mmol) and
Fc'PFs~ (5.235 mg, 0.0162 mmol) in CH,Cl, (10 ml) was stirred
under N, at room temperature for 30 min in dark conditions.
Thereafter, the solution was concentrated and recrystallized
using CHCI3;/CH3;CN. The crude solid of the radical species was
accumulated by filtration (45 mg, 96%). MS (MALDI-TOF): m/z
caled. for CggHy,oNgTh: 1447.9 [M']; found: 1447.9; elemental
analysis caled. (%) for (CggH10NgTb) (1447.9): C 72.95, H 8.35,N
7.73; found: C 72.26, H 8.35, N 7.89.

Fabrication of Th™-porphyrin double-decker complex-SWNT
composites

A solution of Tb™-porphyrin double-decker complex (around
225 pM) in dichloromethane (20 ml) was sonicated with
purified-HiPCO SWNT (15 mg) for 2 h. The resulting suspension
was then allowed to sit for 2 h for sedimentation. Thereafter, the
top 5% of the supernatant was removed and the precipitate was
filtered using a membrane filter (MILLIPORE) with a 0.1 pm
mesh, followed by rinsing with 100 ml CH,Cl, to remove the
non-adsorbed porphyrins. The composite was then dried in
a vacuum desiccator until further utilization. For the STM
measurements, the powder was re-suspended in MeOH (10 ml)
and drop-casted onto the HOPG substrate.

Results and discussion

UV-vis spectroscopic measurements of Tb™-porphyrin BDP
complexes and BDP-SWNT composites

The BDP-SWNT composites were fabricated as described in the
experimental section by sonicating the purified-HiPCO SWNT
with the porphyrin solution for a while followed by sedimen-
tation, filtration, washing and drying the resultant composites
till further characterization.

The Soret peaks of the protonated form 1 (392 nm) and
anionic form 2 (396 nm) were blue-shifted relative to that of the
BDP (C12P) ligand (404 nm); however, this peak was red-shifted
for the anionic form 2 relative to the protonated form 1
(Fig. S37). According to the literature,®®® the radical forms of
porphyrin and phthalocyanine double-decker complexes have
a characteristic broad Q-band in the near-infrared (NIR) region
together with the Soret band (UV-vis region). Therefore, an NIR
absorption band was observed at 1153 nm, in addition to the

This journal is © The Royal Society of Chemistry 2019
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blue shift of the Soret peak of the radical form 3 (387 nm)
relative to those of the BDP ligand (404 nm), protonated form 1
(392 nm), and anionic form 2 (396 nm). In the radical form 3,
the cofacial distance between the two porphyrin rings decreases
because of an increase in the bond order, due to the removal of
an electron from the antibonding orbital of the HOMO,*7*
ultimately resulting in blue-shifting of the Soret band of 3
(Fig. S37).

To confirm the interaction between the BDP molecules and
SWNT surfaces, we conducted UV-vis spectroscopic measure-
ments. Fig. 1 presents the UV-vis spectra of the pristine SWNT,
protonated form 1, anionic form 2, radical form 3, 1-SWNT, 2-
SWNT and 3-SWNT composites in CH,Cl,, together with their
Amax vValues. The porphyrin Soret peaks are obviously Doppler-
shifted (to either longer or shorter wavelengths) after
complexation with the SWNTs. Additionally, the composite
spectra include the peaks of both porphyrin and SWNT, as can
clearly be seen in Fig. 1. For the 2-SWNT composite (396 — 388
nm) the absorption of the Soret band is blue-shifted, while that
of the 1-SWNT (392 — 304 nm) and 3-SWNT (387 — 391 nm)
composites are red-shifted. These results demonstrate that the
SWNTs were successfully functionalized by the porphyrin
molecules. It is possibly that some charge-transfer may be
occurred between the SWNT and Tb"™-BDP complexes as it is
reported elsewhere.>

For future efficacious development of spintronic devices, one
significant aspect is the fabrication of thin films and self-
assembly ordered patterns of SMM materials,” especially on
nanocarbon surfaces, i.e., HOPG, graphene, and carbon nano-
tubes. SPM is one of the most effective techniques for studying
their behaviors.
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Fig. 1 UV-vis spectra of pristine SWNT, protonated form 1, anionic
form 2, radical form 3, 1-SWNT, 2-SWNT and 3-SWNT composites in
CH,Cl,, together with their 2.« values, clearly showing the Doppler
shift after complexation with the SWNTs.

RSC Adv., 2019, 9, 28135-28145 | 28137


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05818d

Open Access Article. Published on 06 September 2019. Downloaded on 10/21/2025 11:20:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Ultra-high vacuum scanning tunneling microscopy at low
temperatures

The BDP-SWNT composite samples were prepared with supra-
molecular structures on the HOPG surface using a simple drop
casting technique (i.e., drops of the dispersed composites in
MeOH (ca. 5 pl) were cast onto freshly cleaved HOPG surfaces)
and fixed onto the cell. The samples were then left to dry at
room temperature in preparation for observation. All images
were captured under an ultra-high vacuum and low temperature
(80 K). To induce a tunneling current, a bias voltage was applied
between each sample and the tip. Image calibration was per-
formed using Gwyddion software.

Fig. 2 shows representative STM images of the supramolec-
ular structure of the 3-SWNT composite on the HOPG surface
(additional STM images are provided in Fig. S4t). The STM
images clearly exhibit two different arrangements for the 3
molecules on the SWNT surface. The first arrangement (Fig. 2a-
d, S4a-c and ff) shows a regular helical supramolecular struc-
ture on the tube surface with significant debundling of the
SWNT due to interaction with the adsorbed 3. This finding
suggests that the 3 molecules formed a well-ordered helix-
shaped array with regular periodicity on the SWNT surface
stabilized by non-covalent (m-stacking) interaction within the
neighboring molecules, leading to a highly dispersed SWNT
with relatively monolayer formation of the adsorbed 3 mole-
cules on the sidewall of the nanotube. Consequently, the STM
imaging results indicate that the strong interaction between the

View Article Online

Paper

3 molecules and SWNT were expressed not only through the
debundling effect, but also through the relatively monolayer
formation, which reveals the periodicity of the neighboring
porphyrin molecules along the tube axis. Meanwhile, in the
other arrangement, the adsorbed porphyrin forms a regular
supramolecular array on the SWNT surface while interacting
(both molecules and tubes) with each other side by side (Fig. 2e-
g, S4d and et).

There is a periodic structure appears on the right-hand side
of the SWNT in Fig. 2a and d. Since we have used HOPG as
a substrate, therefore this periodic structure due to the forma-
tion of moiré patterns form on HOPG surface. There are many
reports which have discussed moiré pattern structure,”””’
which originates due to the weak van der Waals bonding
between the layers of HOPG, hence, topmost layer may be
shifted or rotated by mechanical or chemical means. As a result
of the rotation of the top layer, super-periodic structures called
as moiré patterns form on HOPG surfaces.

By using a high grade HOPG substrate, no structures have been
observed during STM measuments. As by applying bias voltage to
SWNT sample, the SWNT always jump and hence can't be easily
detected. Therefore, we have used a lower grade of HOPG substrate
where SWNT prefers to assemble near to the HOPG surface defects
i.e. boundary phases. Consequently, we could successfully observe
the structures of BDP/SWNT composites especially near to the
boundary phases on the HOPG surface. This is can be obviously
depicted in Fig. 2b, ¢ and e. Since there is no apparent height

Fig.2 Typical STM images of supramolecular structures of 3-SWNT composites on HOPG surfaces. (a) 3-SWNT composite (/y = 0.1 nA, Vampie =
0.5V). (b) 3-SWNT composite (It = 0.1 nA, Vsampie = 0.3 V). (c) 3-SWNT composite (/t = 0.1 nA, Veampie = 0.3 V). (d) 3-SWNT composite (/; = 0.05
NA, Veample = 0.2 V). (€) 3-SWNT composite (It = 0.1 nA, Viampe = 0.1 V). (f) 3-SWNT composite (/y = 0.05 nA, Veampie = 0.1 V). (g) 3-SWNT
composite (¢ = 0.05 nA, Vgample = —0.08 V) with schematic model drawn to elucidate the side by side interactions of the composites. (h)
Topographic profiles of 3-SWNT composite, where the upper part represents the observed average pitch distance (average distance of peri-
odicity of the helix), which is 2.3 & 0.1 nm (marked with the green line in g), while the lower part shows that the center-to-center distance
between two adjacent SWNTs is 1.4 nm (marked with the black lines in d and g).
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difference in the STM images around the BDP-tube composites,
the composite structures can be clearly distinguished from HOPG
step-terrace structures.

Since the used raw-HiPCO SWNT sample includes a mixture
of chiral and achiral SWNTs ie. (9,6), (9,7), (8,7), (7,7), (12,3),
(13,4), (8,8), (10,0), (11,0) with different (m,n) as well as hand-
edness chiralities, as it is clearly depicted in Fig. S1.7 Therefore,
different wrapping patterns have been observed where Tb-BDP
molecules form different helical structures on the tube
surface, which are in quite agreement with those results of non-
extracted raw-SWNTs”®*® and quite different from those results
of extracted chiral-SWNT.* This is can be obviously seen in
Fig. 2 and S4.}

The observed average pitch distance (average distance of
periodicity of the helix) is 2.3 £+ 0.1 nm, which is smaller than
that we obtained previously with a BDP ligand on an SWNT
surface® (i.e., 4 £ 0.5 nm),* possibly because stronger close-
packing arises from the presence of radical 3 molecules. Addi-
tionally, the center-to-center distance between two adjacent
SWNTs is 1.4 nm, as depicted in the topographic profile in
Fig. 2h. Accordingly, the short center-to-center distance also
suggests the formation of a short helix-shaped array, which is in
agreement with the results reported elsewhere.”®”®

AFM under ambient conditions

AFM was used as an effective tool to investigate the supramo-
lecular structure of 3 on the SWNT surface, by casting a few
drops of the dispersed composite in MeOH onto a freshly
cleaved HOPG surface. Fig. 3 displays typical AFM images
(topographic and phase) of the composite under ambient

a b
e f

Fig. 3
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conditions (additional AFM images are provided in Fig. S5). As
in the STM images, a distinctive debundling effect is clearly
observable due to the molecular adsorption on the SWNT
surface (Fig. 3a-d) with some helical array structures, as
depicted in Fig. 3a and d and represented in the schematic
model in Fig. 3h. Additionally, interacting composites (bundled
together) are observable in Fig. 3e-g, in agreement with our
STM observations (Fig. 2e-g). The average height of the 3-SWNT
composite is approximately 0.677 nm, as shown in the topo-
graphic profiles in Fig. S5d and S5h,T which is quite reasonable
compared to the reported one with pyrenyl moieties.>

Scanning electron microscopy (SEM) coupled energy
dispersive X-ray spectroscopy (EDS) measurements

We performed SEM-coupled EDS analysis to characterize the 3-
SWNT composite qualitatively and quantitatively. Fig. 4 pres-
ents the SEM-coupled EDS images together with the spatial
distribution of metal ions in the sample, in which one can
recognize obviously the presence of Tb ions as evidence that the
SWNT was successfully functionalized with the molecule.
Quantitatively, we estimated the molecular content in the
BDP-SWNT hybrid using EDS, where the weight content of Tb
was first estimated to be approximately 0.14% by weight.
Thereafter, the BDP-Tb double-decker complex content was
estimated by recalculating the value for the total molecular
weight of the BDP-Tb complex based on the atomic weight of Tb
to be about 1.28%. Although the SWNT surface was not fully
covered by BDP-Tb molecules (due to the low molecular
concentration on the tube surface), this result may suggest the
formation of a relatively uniform monolayer of the adsorbed

Helical
Structure

Ly
'y
%. _
%

(a—g) Typical AFM images (topographic and phase) of supramolecular structures of 3-SWNT composites on HOPG surfaces under ambient

conditions. (h) Schematic model representing the helical structure formed by a radical form 3 molecule on the SWNT surface, as in a and d.

This journal is © The Royal Society of Chemistry 2019
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molecules on the SWNT surface, as confirmed by the STM and
AFM results.

Magnetic measurements

To investigate the magnetic properties of all the BDP-Tb double-
decker complexes, we performed ac magnetic susceptibility
measurements for protonated form 1, anionic form 2, and
radical form 3 complexes under both 0 and 2000 Oe dc magnetic
fields, as depicted in Fig. 5a-d and S6.f Fig. Sée and ff
demonstrate that the protonated form complex 1 does not act as
an SMM, possibly due to the low molecular symmetry. This
finding agrees with our previous research,*>**** in which the
protonated forms of some Tb™-porphyrin double-decker
complexes did not exhibit SMM properties due to their low
symmetric coordination environments. In contrast, the anionic
form 2 and radical form 3 complexes exhibited clear slow
magnetic relaxation, as can be seen in Fig. 5a-d and S6a-d,f
which represent the temperature dependence of the in-phase
(x\) and out-of-phase (x};) ac magnetic susceptibilities of the
powder samples under 0 and 2000 Oe dc magnetic fields.
Complexes 2 and 3 both act as SMMs at the blocking temper-
ature of 27 K (shown by the x}, and x;; peak temperatures under
an ac field of 1000 Hz), which is slightly higher than the re-
ported temperature for Tb"-porphyrin double-decker
complexes (24 K).**** By measuring the dc magnetizations of
complexes 2 and 3 to investigate the magnetic field (H) depen-
dence of the magnetization (M) at low temperature, i.e., 1.8 K

28140 | RSC Adv., 2019, 9, 28135-28145

(a and b) The EDX spectra of the 3-SWNT composite. (c), SEM image of 3-SWNT composite. (d) The spatial distributions of Tb ions in the

within +20 kOe, butterfly-shaped hysteresis loops were
observed, as displayed in Fig. 5e and f.

After mixing with SWNT, the magnetic behaviors of both the
2-SWNT and 3-SWNT composites were examined through their
ac susceptibilities and dc magnetizations using a super-
conducting quantum interference device magnetometer.
However, the ac susceptibility measurements did not allow
accurate comparison with the powder crystalline samples of
compounds 2 and 3 due to the broadening of the peaks as well
as the low signals. Consequently, no clear ac susceptibility
peaks are observable for the blocking temperature (Fig. S7 and
S8t), possibly due to the low molecular concentration on the
tube surface, which may suppress the molecule-tube interac-
tions, and hence no obvious blocking temperature peaks are
recognizable in the ac susceptibility measurements.

On the other hand, we measured the dc magnetizations for
both the 2-SWNT and 3-SWNT composites. Fig. 6a-d depict the
temperature dependence (from 2 to 300 K) of the dc magnetic
susceptibility measurements at a constant magnetic field, i.e., 2
kOe for the 2-SWNT and 3-SWNT composites, where the molar
magnetic susceptibility-temperature product (x7) increases
almost linearly with increasing temperature within the
measurement range. However this behavior is similar to the
reported one for Tb-octa(ethyl)tetraazaporphyrin® but not
exactly same where the presence of SWNT may give some
potential to the SMM character.

To investigate the H dependence of M at low temperatures,
where distinctive opened hysteresis cycles were observed.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05818d

Open Access Article. Published on 06 September 2019. Downloaded on 10/21/2025 11:20:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a
1.0
—i— 0 Oe @ 997 Hz
R 0.8 0 Oe @ 99.9 Hz
£ 0.6 0 Oe @ 10 Hz
- —8-00e@1Hz
© o.4-x&\
= S2,
< | P L e
N 0.2 %;%ﬁw\z«;&a&mﬁ@m s eaa
0.0 T T T 1
10 20 30 40
T/K
C
1.0
=i~ 0 0e @ 997 Hz
- 0.8 [z 0 Oe @ 99.9 Hz
'6 % 00e @10 Hz
nE o \ <@ 00e@1Hz
£ u.
5 \“\:\%‘
= 0.4 .
= m»ww*“a&w S san
0.2 )
5 10 15 20 25 30 35 40
e T/K
1.0 o5+
0.5 ..
E"’ ars
S 00] e
3
m -
. <+ [Tb (C12P),]
@1.8 K
1.0 T T T 1
-20 -10 0 10 20

H / kOe

View Article Online

RSC Advances
0.20
0 Oe @ 997 Hz
0 Oe @ 99.9 Hz
v 0.15+4 0 Oe @10 Hz
g —jli- 0 Oe @1Hz
©
E 0.10- Tg~27K
= 0.054
0.00 T f i e |
10 20 30 40
d T/K
0.20 4@ 0 Oe @ 997 Hz
] 00e @ 99.9 Hz
- ] 0 Oe @10 Hz
g 0.15 -8 00e@1Hz
~™
£ 0.10] Tg~27K
(1]
=
R 0.05 &
e T |
0.00- - T 1
30 35 40
f T/K

& [Tb'(C12P),]
@1.8K

H / kOe

Fig.5 Temperature dependences of the in-phase (x}) and out-of-phase (x},) ac magnetic susceptibilities of (a and b) the anionic form 2 and (c
and d) the radical form 3 under 0 Oe dc magnetic field. Hysteresis loops of (e) the anionic form 2 and (f) the radical form 3 at 1.8 K within £20 kOe.

Fig. 6e and f display the butterfly-shaped hysteresis loops of the
2-SWNT and 3-SWNT composites at 1.8 K within +20 kOe. The
butterfly-shaped loops are notably more open for both the 2-
SWNT and 3-SWNT composites compared to those of the
molecules alone (Fig. 5e and f). These results hint at longer
relaxation times for the composites in the magnetic field region
in which the butterfly-shaped loops are open. This finding is in
agreement with other literature,* which states that the presence
of HiPCO SWNTs increases the relaxation time of the SMM-
SWNT conjugates. In contrast, other reports state that the
relaxation time decreases for Fes-based SMMs® and Mn,-based
SMMs?** after complexing with CNTs, which is possibly due to
the higher sensitivity to small structural deformations of poly-
nuclear transition-metal SMMs compared to that of mono-
center rare-earth SMMs.>

To show the contribution of magnetic adsorbates (2 and 3)
on SWNTs, we have measured the hysteresis loop of the 1-SWNT
(Fig. S97). Interestingly, smaller hysteresis loop has been

This journal is © The Royal Society of Chemistry 2019

observed for 1-SWNT compared to 2-SWNT and 3-SWNT
composites. This suggests that the presence of protonated form
1 (SMM OFF) suppresses the magnetic properties of the SWNT
as well as the resultant composite 1-SWNT. In contrast, larger
hysteresis loops have been observed for 2-SWNT and 3-SWNT
composites which possibly due to the coupling between
adsorbates anionic form 2 and radical form 3 molecules (SMMs
ON) with the paramagnetic SWNTs without neglecting the iron
residues, displaying the contribution of magnetic adsorbates (2
and 3) on SWNTs.

To explain why no clear ac susceptibility peaks are evident
for the 2-SWNT and 3-SWNT composites however an open
hysteresis behavior like clear SMM system was observed by
measuring the dc magnetizations, as well as what the SWNT
potential to the SMM character, we measured the temperature
dependence of the dc magnetic susceptibility for the purified-
HiPCO SWNT sample only at a constant magnetic field of 2
kOe. As is obvious in Fig. S10,T the presence of a large content of

RSC Adv., 2019, 9, 28135-28145 | 28141
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SWNTs (compared to the low molecular concentration)
enhances the anti-ferromagnetic coupling between the SWNT
and porphyrin molecules and subsequently suppresses the

molecule-tube interactions. Hence, there are no obvious
blocking temperature peaks in the ac susceptibility
measurements.

The magnetic properties of carbon nanotubes (CNTs) are
reported®** due to their sensitivity to the applied magnetic
field especially if the magnetic field direction is parallel to the
tube principle axis, therefore CNTs may show some response to
the applied magnetic field (paramagnetic or diamagnetic)
depending on some parameters ie. tube's diameter, chirality,
Fermi energy level, and the magnetic field direction relative to
tube principle axis. Consequently, by performing SQUID
measurements for purified-HiPCO SWNT, however no clear

28142 | RSC Adv,, 2019, 9, 28135-28145

identification has been concluded from the ac susceptibility
measurements (Fig. S11a-df) but interestingly a notable large
hysteresis loop was observed (Fig. S11gf). Additionally, SEM
coupled EDS was measured and reveals the presence of some
iron residues as shown in Fig. S12.1 Basically, we have tried to
completely purify the SWNT sample from the catalyst presence,
but it is a matter of difficulty to remove the metal catalysts
completely from the raw-SWNT sample.

The origin of SWNT magnetization (whether it is from SWNT
sensitivity to the applied field or due to the presence of iron resi-
dues) was revealed by measuring the temperature dependence of
the magnetic susceptibility of purified-HiPCO SWNT at different
applied magnetic field between 50 Oe and 4 T for temperatures
below 100 K, and up to 7 T at 300 K (Fig. S11e and ft). The figure
displays that the magnetic susceptibility x steadily decreases by

This journal is © The Royal Society of Chemistry 2019
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increasing the applied magnetic field and the temperature
increase which indicates the presence of predominant antiferro-
magnetic interactions, that's in agreement with the reported
results.®® Thereof, in addition to the presence of iron catalyst
particles, there is also possibility that SWNT shows magnetic
response to the applied magnetic field which seems to be
happened in our SWNT sample and resulted in the remarkable
opened hysteresis loop in Fig. S11g.T Moreover, since the magnetic
saturation value of the iron spin system equals 100-150 emu g~ *
within +10 kOe* which in comparison with that of our purified-
HiPCO SWNT equals 8-10 emu g ', this is also other evidence
that the SWNT magnetization origin is not only from the iron
particles but also possibly from the SWNT itself.

This is possibly explain why the composite magnetization
increases almost linearly with decreasing temperature (Fig. 6a-
d) as well as the large hysteresis loops (Fig. 6e and f), where the
SWNT with low percentage of iron residual shows the same
behavior,*® which may be possibly caused by the coupling
between porphyrin molecules with the paramagnetic SWNTs
without neglecting the iron residues.

Conclusions

We successfully observed the supramolecular structures of the
Tb™-porphyrin double-decker complex-SWNT composites on
the surfaces of SWNTs by performing STM as well as AFM. STM
revealed well-ordered, self-assembled, helix-shaped arrays with
regular periodicity on the SWNT surface stabilized with non-
covalent (m-stacking) interactions, while the AFM images
exhibited a distinctive debundling effect due to BDP-molecules
adsorption on the SWNT surface with some helical array
structures. The composites were characterized by UV-vis spec-
troscopy, which revealed Doppler shifts of the molecule spectra
after complexation with the SWNTs. Additionally, the magnetic
measurements of the Tb"-porphyrin double-decker complexes
exhibited clear slow magnetic relaxation, where the complexes
acted as SMMs at the blocking temperature of 27 K and
butterfly-shaped hysteresis loops were observed. Moreover, after
mixing with the SWNTs, some magnetic properties of the
BDP-SWNT composites were studied where the composites
interestingly show larger butterfly-shaped hysteresis loops than
the molecule alone, indicating the longer relaxation times of the
composites. Moreover, the composite magnetization increases
almost linearly with decreasing temperature which possibly due
to the coupling between BDP molecules with the paramagnetic
SWNTs without neglecting the iron residues. To the best of our
knowledge, this is the first report to describe in detail the
supramolecular structures of based Tb™ double-decker
complex on the surfaces of SWNTs using SPM imaging tech-
niques. However, supramolecular structures on SWNT surfaces
are still quite challenging to predict and understand. This study
will pave the way for the future development of spintronic
devices based on SMM-nanocarbon composites as well as open
a path towards further understanding and the building of new
supramolecular architectures on SWNT surfaces.

This journal is © The Royal Society of Chemistry 2019
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