Downloaded by NATL TAIWAN NORMAL UNIV on September 10, 2015 | http://pubs.acs.org
Publication Date (Web): August 25, 2015 | doi: 10.1021/acs.jpcc.5b04532

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Photomagnetic Carbon Nanotubes at Ambient Conditions
Wei Shen Lin,'% Yueh-Hua Han,.;- Ting-Yu Chang,.;- Chong Mou Wang,*’.}' Cheng-Hsun-Tony Chang,i

and Jyh-Shen Tsay**

"Department of Chemistry and “Department of Physics, National Taiwan Normal University, Taipei 116, Taiwan

© Supporting Information

ABSTRACT: Bis(2,2-bipyridine)-S-amino-1,10-phenanthro-
line ruthenium(II) (Ru(bpy),(phen-NH,)**), an MLCT
complex, has a long-lived triplet state in water (4. 473 nm;
Aem: 620 nm; 7 = 615 ns; @ = 1 relative to that of Ru(bpy),**)
and a structure analogous to Ru(bpy),;**. When Ru-
(bpy),(phen-NH,)** was subjected to diazotization in the
presence of carbon nanotubes (CNTs), it formed nanodots on
the CNTs, rendering the resulting tubes (Ru@CNT) capable
of transducing photo stimuli (473 nm) into electricity and
magnetism at ambient conditions. The increased functionality
was highly reproducible, as evidenced by conductive-mode
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AFM, vibrating sample magnetometry (VSM), and AC susceptibility analysis. The local magnetism probing of the Ru@CNT
with magnetic-mode AFM techniques (MFM) indicated that the magnetism originated from the unpaired electrons formed on
the photoexcited nanodots. The resulting phase shift behaved as a function of the luminous power and the voltage (V7,) of the
electrical bias applied to the Ru@CNT. The V;, dependence deviated from the expected quadratic correlation, confirming that
the formation of the photoinduced charge separation state at the nanodots is responsible for the photomagnetism. The Ru@
CNT tubes showed mobility toward external magnets (65 G) when floating on water and under 473 nm illumination. The Ru@
CNT thus appears to be a multifunctional material that might be useful in spintronics.

1. INTRODUCTION

The optical control of physical properties and the development
of new materials with increased functionality are subjects of
intensive research in the area of materials science.”” Carbon
nanotubes (CNTs) represent such a multifunctional material,
featuring high chemical stability, excellent mechanical strength,3
and diverse electronic properties that depend on their helicity
and size* and can be manipulated by an external electro-
magnetic field> In contrast to their electronic characteristics,
intrinsic CNTs are diamagnetic at room temperature.é
Although this conclusion remains the subject of some debate,’
examples of applications of intrinsic CNTs in magnetism-
related applications at ambient conditions are rare.”” CNTs can
be magnetized by the presence of ferromagnetic nanocrystals, '’
by the creation of a ferromagnetic surface,'’ or through
chemical modification.'” Various magnetic CNTs have been
prepared as of this writing, and the products have the potential
for use in many fields."” Despite this, preparing photomagnetic
CNTs continues to remain a challenge.

Photomagnetism dates back to 1967, when silicon-doped
yttrium iron garnet was reported to develogp magnetocrystalline
anisotropy on exposure to IR irradiation."” Since that report, a
handful of spin-crossover compounds have been character-
ized,'® but most show short lifetimes for the photoinduced spin
states at ambient temperature. In 2002, Shimamoto et al.
observed that the electronic state of NayesCoy,0[Fe(CN)gl-
3.7H,0 could be converted from Fe''(S = 0)-CN-Co™(S = 0)
to Fe(S = 1/2)-CN-Co'(S = 3/2) under laser-pulse
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irradiation at room temperature.'” Liu et al. supported the
observation, showing that the reversible valence tautomeric
conversion in Nag34Co; 3,Fe(CN)45:6H,0 could be induced by
a single-shot laser pulse (duration of 8 ns) above 200 K in a
thermal hysteresis loop due to a cooperative interaction among
the local photoexcited sites."® By monitoring the photoexcited
heptanuclear complex [Mo"(CN),(CNCuL)¢]*" (L: tris(2-
aminoethyl)amine) at low temperature, Herrera et al. reported
on the formation of a high-spin molecule with ferromagnetic
interaction between the spin carriers.'” In 2005, Kimel
employed circularly polarized femtosecond laser pulses to
control the spin dynamics in DyFeO; at low temperature,
offering grospects for applications of ultrafast lasers in magnetic
devices.”” According to the progress of photomagnetic
materials, Létard suggested a guideline for the rational design
of materials with long-lived photomagnetic lifetimes at room
temperature.”’ In 2008, Cobo et al. isolated {Fe"(pyrazine)-
[Pt(CN),]} and reported that the crystals exhibited a thermal
spin transition at around room temperature, which was
accompanied by a 14 K wide hysteresis loop. Within the
thermal hysteresis region a complete bidirectional photo-
conversion between the high-spin and low-spin phases occurred
when the sample was irradiated with a short single laser pulse
(4 ns, 532 nm).”> Bozdag et al. also observed reversible
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photoinduced magnetic phenomena for a V—Cr prussian blue
analogue. When illuminated with UV light (350 nm) at low
temperatures (10 K), the magnet exhibited a change in
magnetization due to structural distortion, and the photo-
excited magnetic state completely recovered back to the ground
state via thermal relaxation or partiallzf recovered when
illuminated with green light (514 nm).”’ Inspired by the
room-temperature photoinduced electron transfer occurring in
prussian blue analogues, researchers agree that the use of light
can have future applications in the elaboration of molecular
memories and switching devices.”* From theoretical aspects,
charge-transfer complexes are potential candidates for use in
photomagnetic applications at ambient conditions, because
many metal complexes possess a relatively long lifetime that is
associated with a metal-to-ligand charge transfer (*MLCT)
excited state, and the ability to act as an electron acceptor or
donor.”® The findings reported herein show that when CNTs
are surface-bonded with bis(2,2-bipyridine)-S-amino-1,10-phe-
nanthroline ruthenium(1I) (Ru(bpy),(phen-NH,)**),*® a long-
lived *MLCT molecule, the resulting tubes exhibit magnetism
when exposed to visible light at room temperature. This
photomagnetism is highly reproducible, revealing the potential
for use in spintronics research.”’

2. EXPERIMENTAL SECTION

2.1. Chemicals. Bis(2,2-bipyridine) ruthenium(II) dichlor-
ide (Ru(bpy),-2Cl), S-amino-1,10-phenanthroline (phen-
NH,), sodium nitrite (NaNO,), sodium ascorbate, and
ammonium hexafluorophosphate (NH,PF,) were purchased
from Sigma-Aldrich. Multiwalled carbon nanotube (purity >
99%; length, 5—15 pm) was supplied by Golden Innovation
Business Corp. Ltd., Taiwan. All chemicals were used as
received without further purification. Ru(bpy),(phen-NH,)-
2PF¢ was sgrnthesized according to a procedure described in the
literature.”® Typically, 1.1 mmol of phen-NH, was dissolved
with 1.0 mmol Ru(bpy),-2Cl in 100 mL of a hot ethanol—water
mixture (v/v 1:1). The product was then subjected to anion
exchange with NH,PF, (5§ mmol in 10 mL of H,0). The crystal
structure and the transient emission spectra of the final product
are provided in Figures S1 and S2 (Supporting Information),
respectively. The Ru(bpy),(phen-NH,)**-modified carbon
tubes (Ru@CNT) were prepared by reacting Ru(bpy),(phen-
NH,)-2PF, with multiwalled CNTs in HCI solutions via the
processes schematically illustrated in Scheme 1.

Typically, Ru(bpy),(phen-NH,)-2PF; (0.1 mmol) and
CNTs (50 mg) were allowed to react in S0 mL of HCI (1
M) in the presence of NaNO, and sodium ascorbate (0.1 mmol
each) at 80 °C under a N, atmosphere for 4 h. TEM analysis
(Figure S3) showed that the Ru(bpy),(phen-NH,)*"-derived
radicals formed small seeds on the tubes at the early stage of the
reaction, gradually transformed into beads with an average size
of 100 nm after 1 h, and grew to be ~500 nm after 4 h. The
representative UV—vis absorption spectra of the Ru@CNT'’s are
provided in Figure S4.

2.2. Apparatus. A potentiostat (PAR 283, EG&G) was
used to record cyclic voltammograms (CVs). Unless otherwise
specified, all experiments were carried out under nitrogen in a
one-compartment cell equipped with a Pt working electrode (1
mm in diameter), a Pt counter electrode, and an SCE reference
electrode. UV—vis absorption spectra were recorded with an
HP 8453 UV—visible spectrometer, and emission spectra were
measured with an Aminco-Bowman luminescence spectropho-
tometer (series 2). The transient emission spectra of Ru-

Scheme 1. Schematic Ilustration for the Preparation of the
Ru@CNT
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(bpy),(phen-NH,)** were recorded with a luminescence
spectrometer (FLS 920-t, Edinburgh Instruments Ltd., UK.).
Samples (ca. 0.3 g L™') were all degassed prior to the laser
experiments. Luminescence decay kinetics were deconvoluted
from the instrumental response function to give single
exponential decays. Raman spectra were recorded using Dilor
800 XY spectrometer under ambient conditions. For laser
excitation, we used 514.5 nm (241 eV) line from Ar".
Transmission electron microscopic analysis (TEM) was carried
out with a JEOL JEM-2200FS transmission electron micro-
scope operating at 100 kV. Scanning electron microscopic
(SEM) analyses were performed on a JEOL 6510 scanning
electron microscope operating at 10 kV. An atomic force
microscope (AFM, Nanoscope III E, Digital Instrument Corp.)
with a 10 ym scanner was employed for morphology analysis.
The AFM was also used in conjunction with a home-built
preamplifier (sensitivity, 1 nA/V; operational range, 1 pA ~ 10
nA) for current—voltage (I-V curves) and conductive-mode
AFM measurements. The conductivity of the bare CNTs and
the Ru@CNTs was determined by placing them between two
ITO electrodes separated by a 1 yum wide dielectric groove (1
um deep) fabricated by photo etching on ITO conductive glass
(0.2 X 0.2 cm? 20 Q/square, Delta Technologies, Figure S5).
One side of the ITO served as the source and the other as the
drain. An ohmic contact was made by applying silver paint
(Alfa). Phase images were also recorded with the AFM by
interleaving the topographic scan with the lift-mode scan. The
magnetized tip scanned the sample as a free-standing cantilever
at a constant lift height above the topographic height of the
sample at each point. Magnetization versus magnetic field (M—
H) curves were measured using a vibrating sample magneto-
meter (Lake Shore 7400 series) at a head drive frequency of 82
Hz. The alternative-current (AC) magnetic susceptibility (yac)
was examined using a susceptibility analyzer (XacQuan,
MagQu) in a driving frequency range between SO and 25 kHz.

3. RESULTS AND DISCUSSION

Ru(bpy),(phen-NH,)*" is a metal-to-ligand charge-transfer
complex. Its triplet excited state persists for 615 ns in terms
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of the lifetime () in water, and the quantum yield (®) is 1
relative to that of Ru(bpy),** (Table S1). Ru(bpy),(phen-
NH,)?* can also be converted into a radical after diazotization
in acidic NaNO, solutions.”® Figure 1 shows that when
Ru(bpy),(phen-NH,)*" reacts with CNTs in an acidic NaNO,
solution, submicrodots (denoted as Ru(II)-phen*, ~500 nm in
diameter) are produced on the CNTs.

Figure 1. AFM images of a CNT before (A) and after (B) modified
with Ru(bpy),(phen-NH,)*" in an acidic NaNO, solution.

The formation of the nanodots leads to a sharp contrast in
Ru (relative to the background Si) between the areas that
contain attached nanodots and areas where they are absent, as
revealed by energy dispersive X-ray analysis (Figure 2, curves
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Figure 2. Distributions of Ru across the surface of the Ru@CNT
deposited with (i) and without the nanodots (ii).

(i) and (ii)), and this perturbs the Raman spectra of the host
(Figure 3), in which the D band (1340 cm™) is clearly
enhanced at the expense of the G band (1576 cm™) and the
second-order harmonic G’ band (2694 cm™), similar to the
reports of CNTs that are produced during their functionaliza-
tion with aromatic diazonium salts.”” These results indicate that
the hybridization of some of the carbon atoms on the surface of
the host have changed from sp” to sp® due to the coupling of
the Ru(bpy),(phen)*** radical® Since the radical can also
undergo a self-coupling reaction by anchoring itself to the two
bipyridines on the other radicals,”" multilayer deposition can
occur, thus, leading to the formation of the nanodots. The
Ru(bpy),(phen-NH,)*" derivatives can also form nanodots on
graphite (highly oriented pyrolyzed graphite, Figure S6). The
resulting nanoparticles are uniformly deposited on the
substrate, which supports the mechanism proposed in Scheme
1.

The CNTs with adsorbed Ru(1I)-phen®" (Ru@CNT) absorb
weakly at 285, 433, and 456 nm (Figure S4), and no
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Figure 3. Raman spectra of CNTs before and after modification with
Ru(bpy),(phen-NH,)*".

photoresponses were observed when excited at these wave-
lengths, which is in contrast to Ru(bpy),(phen-NH,)*" and its
diazonium derivatives, Ru(bpy),(phen-N,)** and Ru-
(bpy),(phen)**. The lack of a photoresponse could result
from a limited absorptivity for the excitation light, the
quenching of emission by surface impurities/defects on the
host, and an improper orientation toward the host surface.*”
However, based on energy-gap theory” and literature reports
on CNTs** and complexes of ruthenium and other late
transition metals,”> we conclude that it more likely is due to
nonradiation relaxation, because the CNT host can be regarded
as an extension of the phenanthroline moiety. The increased
distance between the electron donor and acceptor lowers the
triplet state, but it also increases the probability of vibrational
matching between the luminescent state and S,. The expected
luminescence may therefore be deactivated radiationlessly.*®
The radiationless decay supports the conclusion that the
Ru(bpy),(phen-NH,)**-derived radical had been covalently
attached to the CNT host and, therefore, suggests that the
nanodots are able to intercommunicate with their host via
photoinduced electron transfer.””

As shown in Figure 4, when the Ru@CNT is positioned
between two conductive ITO electrodes (Figure SS), significant
amounts of electric current flow are observed to flow between
the electrodes if the tube is illuminated at 473 nm. The onset
potentials are approximately +0.5 V, which can be attributed to
the energy needed for the photoinduced charges to migrate
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Figure 4. Current—voltage curves recorded with a single CNT and
Ru@CNT in the dark and under illumination (473 nm, 27 mW).
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across the Ru(II)-phen*" |CNT junction. In this experiment, the
electrical signals were monitored with a conductive-mode AFM
tip in conjunction with one of the ITO electrodes, and a bias
voltage (V, against the grounded tip) was applied through the
other. In contrast, the bare CNT lacks such a characteristic
within +2 V in the dark or under illumination. The difference
indicates that the Ru(Il)-phen®* dots are an effective photo-
sensitizer, and the CNT host, an intrinsic semiconductor with a
bandgap wider than 2 eV (E, > 2 eV). Based on the 00
transition energy (E,_,) and the CV curves of Ru(bpy),(phen-
NH,)*" (Figure S7) and assuming that the Ru(II)-phen** and
its precursor share similar energetics:

Ru(II)-phen2+ + hv - Ru(II)-phenH* Ey_o =227 eV

(1)
Ru(1I)-phen’* + e~ — Ru(1I)-phen’*
E° =127 V vs SCE 2)
Ru(1I)-phen’* + e~ — Ru(1I)-phen™
E,® = —1.25 V vs SCE 3)
Ru(Il)-phen* + ¢~ — Ru(II)-phen
E,° = —1.43 V vs SCE )
Ru(Il)-phen + e~ — Ru(II)-phen”
E,° = —1.70 V vs SCE (s)

we estimate the formal potentials of the Ru(II)-phen®**/3* and
Ru(II)-phen®**/* states to be —1.0 and 1.0 V versus SCE,
respectively. Considering the onset potentials shown in Figure
4, we propose that they reside 0.5 eV below the conduction
band edge and above the valence band edge of the host, as
illustrated in Scheme 2. The photoresponses are highly

Scheme 2. Schematic Illustration for the Energetics of the
Ru@CNT under Photoexcitation

O CBent

0.5eV !
b Ru(ID)-phen®**3* (-1.0 V vs. SCE)
E,>2eV
§72 1 hy@AT3 nm%

Iv;i. Ru(I)-phen?**/* (1.02 V vs. SCE)

@ SeV

Benr

reproducible and behave as a function of the luminous power
(Figure SA). Although the minimum power for the 473 nm
optical stimulus to be sensed by a single Ru@CNT at V;, = 1.0
V is around 11 mW (Figure SB), the photosensitivity
represents the first demonstration of a CNT-based transistor”"
in optical rectification.

Besides the functionality in optical rectification, the photo-
excited Ru@CNT also exhibits magnetism at ambient
conditions; representative results are shown in Figure 6. In
the dark, the magnetic susceptibility (y,c) of the Ru@CNT
increases slightly with a decrease in frequency; however, it is
greatly enhanced when the analyte is exposed to 473 nm light
(27 mW). Traces of ferromagnetic contaminants in the tube,

such as iron, are likely to be the contributors to the dark
magnetism. Some ruthenium debris produced as the result of
decomposition of Ru(bpy),(phen-NH,)*" during diazotization
might also contribute, since nanosized nonmagnetic materials
can also exhibit magnetic ordering.‘?’g_43 Nevertheless,
powdered Fe, Fe;O, and Ru, as well as the bare CNTs,
exhibited no appreciable photoresponses under similar
conditions. The optimal resonance frequency for the
illuminated Ru@CNT occurs near 2000 Hz,** where the
corresponding spin sensitivity is ~29.0 emu/g or about 15X the
susceptibility in the dark. The ratio remained at ~S, with the
frequency being decreased to 100 Hz, highlighting that the
Ru@CNT is a photomagnet. VSM experiments confirm the
photomagnetism (Figure 7A). The Ru@CNT tubes show weak
magnetism in the dark; however, the strength is enhanced when
the tubes are exposed to 473 nm illumination, leading to a
linear correlation between the net magnetization (AM) and the
applied field (Figure 7B). We also attempted to determine the
hysteresis for the tube using more sensitive techniques such as
SQUID for comparison. Due to the limitations of the
instrumental setup for simultaneous illumination, this was not
possible. Despite this, the photoilluminated Ru@CNTs
exhibited measurable mobility toward external magnets (65
G) while the tubes were floating on water (video provided in
Supporting Information). The average velocity was estimated to
be 024 mm/min. In contrast, the bare CNTs remained
unmoved under similar conditions, indicating that the Ru@
CNTs are a photomagnetic material, and the Ru(II)-phen®*
nanodots are responsible for the photomagnetism.

A local magnetism probing of the Ru@CNT with the
magnetic field-mode AFM (MFM) indicates that the photo-
magnetic functionality arises from the photoexcited nanodots.
As shown in Figure 8, when the nanodot designated with a
circle is illuminated at 473 nm (27 mW; curve (i)), it strongly
disturbs the oscillation of the MFM tip atop it. The
perturbation effect is highly reproducible, but diminishes if
the excitation is switched to 532 nm (curve (ii)) or if the tip is
moved to an area free of Ru(II)-phen®, such as being 0.3 ym
away from the nanodot (curve (iii)). Here, L and D denote on
and off light; A¢ represents the shift in the cantilever’s phase of
oscillation relative to the piezo drive caused by the analyte,
recorded at a constant lift height (h), 8 nm above the sample.

For the phase-shift measurements, we first determined the
optimum lift height for the magnetized tip. By varying h from 2
to S0 nm and subtracting the background signals (ITO) from
those resulting from the nanodots on the Ru@CNT such as
that shown in the inset in Figure 9, we observed that the net
phase shift (5(A¢p) = Ao — Adhiro) reached the maximum
value when & — 8 nm. Accordingly, we set the lift height to a
constant 8 nm for all the MFM measurements in this work.

The phase shift observed under 473 nm illumination
increases linearly with the luminous power when the tube is
biased at a constant voltage (V}, = 3 V, Figure S8) or with the
voltage if the luminosity is fixed (27 mW, Figure 10). The
voltage dependence, however, diminishes when the light source
is removed or replaced by a 532 nm laser, consistent with the
excitation spectra of Ru(bpy),(phen-NH,)** (Figure S2). We
also attempted to measure the phase shift at low temperature
for comparison. Due to the limitations of the AFM stage for
cooling, the attempt was not successful.

In theory, the phase shift of a magnetized tip depends on the
gradient of the local magnetostatic force, 0F™'/0h, and the
electric field between the tip and the analyte:*’

DOI: 10.1021/acs jpcc.5b04532
J. Phys. Chem. C 2015, 119, 20673—20680


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b04532/suppl_file/jp5b04532_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b04532/suppl_file/jp5b04532_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b04532/suppl_file/jp5b04532_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b04532

Downloaded by NATL TAIWAN NORMAL UNIV on September 10, 2015 | http://pubs.acs.org
Publication Date (Web): August 25, 2015 | doi: 10.1021/acs.jpcc.5b04532

The Journal of Physical Chemistry C

< 41(A) Power/ mW

Iphotu - Idark/ nA
n ihd ¢
\3\@

o

LDLDLDLDLDLDLDLDLDLD
Light switching

-
N
-
o
n
=]
N
=
n
®

32
Power (473 nm)/ mW
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Figure 6. Magnetic susceptibility (y,c) of the Ru@CNT recorded
under illumination (473 nm) and in the dark.

A¢ ~ —(Q/k)(0F™/oh) + k,,(OF"/oh) ©)

OF%/oh = —(V}/2)(d*C/oh*) )

Here, Q stands for the proportionality constant; k, the spring
constant of the cantilever; ki, the distance between the tip and
the analyte, equivalent to the lift height; k_, a function of the
effective magnetic moments of the analyte and tip; F¥, electric
force; and, C, the tip-to-sample capacitance. The results
presented in Figure 10 indicate that the magnetic moment
(or k,,) of the nanodot # 0 when the 473 nm light is on. The
data, however, deviates from the V,> dependence predicted by
eq 7. The discrepancy could result from a nonconstant C,
decreasing with V}, due to capacity saturation caused by the
increased number of photoinduced charges as a result of the
increased bias, or from a Vj-dependent k,. We plotted the
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Figure 8. Variations in the phase shift of a magnetized AFM tip 8 nm
above the designated nonodot (circled) under illumination at 473 nm
(i) and 532 nm (ii), and above the area of 300 nm away from the dot
under 473 nm (iii); V;, = 0 V.
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Figure 9. Correlation between the net phase shift of the magnetized
tip caused by the designated nanodot (inset) and h.

phase shift against the photocurrent flowing through the Ru@
CNT for clues. As shown in Figure 11, the phase shift basically
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(AM) vs the applied magnetic field.
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Figure 10. Dependence of the phase shift on the voltage of the
electrical bias applied to the Ru@CNT under a constant luminous flux
of 473 nm (27 mW, curve (i)), 532 nm (12 mW, curve (ii)), and in
the dark (curve (iii)).
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Figure 11. Correlation between the phase shift shown in Figure 10
and the photocurrent (I) flow through the Ru@CNT. Inset shows the
relationship between the first derivative of A¢p (dA¢/dI) and I.

increases with the photocurrent, but the increment in terms of
the first derivative of A¢ with respect to the current (I) is more
significant in the region where charge migration has not
virtually started (Vi, < 0.5 V, inset). This suggests that the
photomagnetism of the Ru@CNT is originating from the
unpaired electrons locally confined to the Ru(II)-phen®*
nanodots, as illustrated in Scheme 2. The linear relationship
observed in the region V}, > 1 V is thus considered to arise from
the suppression of the spin annihilation resulting from charge
recombination and spin flip due to the virtual migration of
charges from the dots to the CNT host. Because of this, the
magnetism increases steadily in strength with an increase in the
voltage of the applied bias or the current. The k,, of the dot is
thus indicated to be Vj-dependent. We also expected that the
electrons after being injected into the host could render the
entire: CNT magnetic. However, we did not observe any
photomagnetic signal from the surface of the CNT host even
when the applied bias was raised to 3 V. We tentatively
attribute this to a limited spin transport length of the electrons
while migrating in the CNT host due to charge delocalization.*®
It should also be noted that before and after diazotization,
Ru(bpy),(phen-NH,)*" has no appreciable photoeffects on the
MFM tip either in powder form or as a thin film when CNTs
are excluded. We attribute the lack of photoresponse to the
thermal relaxation due to the disordered distribution of
magnetic domains and rapid spin flip, which, in turn, supports
the fact that the CNT host is an effective spin-transport
medium,” that is, it can either promote spin—orbit coupling for

the adsorbed sensitizer through the energy states located near
the energy gap,””*® or enhance the spin of the adsorbates via
the Kondo effect.”” The contrast also highlights that the
modification strategy adopted in this work can be applied to
regulate the adsorbate so as to be deposited on the CNT host
in a symmetrical manner, which is essential for the preparation
of magnetic materials. We also attempted to measure the ESR
signals for Ru(bpy),(phen-NH,)** and its diazotization
derivative at low temperature for comparison. However, due
to the limitations of the instrumental setup for simultaneous
illumination and cooling, this was not possible.

4. CONCLUSIONS

In this work, we demonstrate that Ru(bpy),(phen-NH,)** is a
useful MLCT complex that can be modified on CNTs in acidic
NaNO, solutions. After the diazotization reaction, the derived
radicals form nanodots on the tubes. Similar to their precursor,
the nanodots are endowed with the ability to act as
photosensitizers and electron acceptors and donors. Because
of these properties, the resulting CNTs are capable of
transducing optical stimuli (473 nm) into electricity and
exhibiting magnetism at ambient conditions. Experiments based
on magneticmode and conductive-mode AFM techniques
indicate that the observed room-temperature magnetism is
originating from the unpaired electrons created on the excited
nanodots. Ru(bpy),(phen-NH,)** does not show a photo-
magnetic signal either in powder form or as a thin film, which
supports that CNTs are an effective spin-transport medium.
The photoresponses of the Ru(bpy),(phen-NH,)**-modified
CNTs are highly reproducible, showing that the synthesis
strategy proposed in this work is a simple and useful
methodology for preparing photomagnetic CNTs, and the
modified CNTs are a multifunctional material that has the
potential for use in photoelectronics and spintronics research.
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