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We report on covalent functionalization of carbon nanotubes with tetreamanganese complexes. The process is based on 

ligand exchange with carboxylic groups on the preliminarily oxidized tubes and does not fundamentally affect the 

antiferromagnetic coupling between the manganese ions of the complex. We present detailed analysis of the oxidation 

process and demonstrate that the degree of functionalization directly relates to the density of carboxylic groups. The 

coverage of a carbon nanotube can be decreased enough to enable fabrication of electronic devices incorporating an 

individual molecule.

Introduction 

Molecular electronics and spintronics concern themselves with 

the study of transport of electron charges and spins along 

molecular systems, with expected applications as diverse as 

the construction of ultra-sensitive sensors,
1, 2

 the 

miniaturization of electronic devices 
3-5

 including spin as 

additional degree of freedom for information processing,
6
 and 

the creation of quantum bits for the construction of quantum 

computers.
7-10

 The first requisite for the assembling of a 

molecular electronics or spintronics device is the reliable 

connection of the molecule of interest to an electrode system. 

While numerous studies have described the behaviour of 

molecules deposited in the gap formed between two metallic 

electrodes by electromigration or a break junction process,
11, 12

 

the direct flow of electrons through a molecule alters its 

properties. In particular, magnetic properties change with the 

oxidation state.
13

 An alternative is offered by the use of carbon 

nanotubes. With their excellent conductivity, a diameter of 

only a few nanometres and a length that can routinely reach 

several micrometres, single-wall carbon nanotubes represent 

an ideal contacting material bridging between the molecular 

and the macroscopic scales.
14

 Additionally, the long spin-flip 

lengths and spin lifetimes permitted by the low spin-orbit 

coupling and few nuclear spins in carbon atoms is a significant 

advantage with respect to spintronics applications. Among the 

various functionalization methods
15-17

 available for carbon 

nanotubes (Van der Waals adsorption,
18, 19

 electrostatic 

interaction,
20

 direct functionalization of the carbon nanotube 

wall
21, 22

), we selected ligand exchange between our precursor 

metal complex [Mn
II

4(OAc)4L2] (H2L=2,6-bis(1-(2-

hydroxyphenyl)iminoethyl)pyridine) and carboxylate functions 

present on oxidized nanotubes so as to obtain the shortest 

possible link between the spintronics-relevant magnetic 

centres of the complex and the conducting carbon nanotube. 

Besides the presence of labile carboxylate ligands,
23

 the 

targeted complex presents the additional advantage of a 

diamagnetic ground state due to the predominantly 

antiferromagnetic coupling between the S = 5/2 Mn
II
 centres, 

thus ensuring a minimal dipole-dipole interaction between 

neighbouring complexes along the carbon nanotubes. We 

recently briefly reported on the effectiveness of the binding 

reaction.
24

 Here, we expand on these results and demonstrate 

control of the density of functionalization of the nanotube as 

well as of the magnetic properties of the attached complex, 

two prerequisites for the application of the system in a 

spintronics setting. 

 Experimental 

Materials and methods 

Bulk single-wall carbon nanotubes (90% nominal purity, 1-

2 nm diameter, mixed chirality) were purchased from Arry 

Germany GmbH and further purified by oxidative treatment 

and base wash (see below). All other starting materials were 

used as received. Complex [Mn4L2(OAc)4] (H2L = 2,6-bis(1-(2-

hydroxyphenyl)iminoethyl)pyridine) was synthetized according 

to the literature.
23

 Thermogravimetric analysis was performed 

using a using a Mettler-Toledo TGA/SDTA 851e instrument 

with a heating rate of 10 K.min
-1

. CHN analysis was performed 

by combustion in a vario EL cube (elementar). For the 

determination of manganese content, a carbon nanotube 
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sample (10-20 mg) was first mixed with lithium metaborate 

(250 mg) and heated for 30 min to ca. 1050°C in a Pt/Au 

crucible in a muffle furnace, then the resulting melt was 

dissolved in 5 % HCl (30 mL), the solution diluted to 50 mL and 

its manganese content determined by inductively coupled 

plasma optical emission spectrometry (ICP-OES). Scanning 

transmission electron microscopy (STEM) in high angle annular 

dark field mode (HAADF), and electron energy loss 

spectroscopy (EELS) were performed using a probe-corrected 

FEI Titan 80-300 microscope operated at 300 kV. An FEI Titan 

60-300 microscope equipped with a CEOS achroplanator for 

chromatic and spherical aberration correction ("PICO") was 

used for bright field and energy filtered imaging at an 

acceleration voltage of 80 kV. Energy filtered images were 

taken using an energy window of 20 eV around the Mn-L23 

core-loss excitation with the background extrapolation from 

five pre-edge measurements. Magnetic measurements were 

performed using a Quantum Design MPMS XL SQUID 

magnetometer equipped with the reciprocal sample option. 

The samples were held in a gelatine capsule mounted in a 

plastic straw. The diamagnetic contribution of the manganese 

complex was measured using the zinc analogue and subtracted 

from the data. 

 

Synthesis of isolated single-wall carbon nanotubes 

Isolated, mainly single-wall carbon nanotubes were grown on 

TEM silicon nitride grids (DuraSiN DTM-25233) by chemical 

vapour deposition.
25

 Catalyst particles were deposited on the 

substrate by drop casting a methanolic suspension of 

Fe(NO3)3•9H2O (3.6 mM), MoO2(acac)2 (acac = acetylacetonate, 

0.9 mM) and alumina nanoparticles (BET 85-115 m
2
.g

-1
, 1 g.L

-1
) 

on the substrate. Single wall nanotubes were grown at 860°C
26

 

in a methane (0.52 L.min
-1

) and dihydrogen (0.70 L.min
-1

) flow 

for 10 min. The resulting material is of statistically mixed 

chirality. 

 

Wet oxidation of bulk carbon nanotubes 

A black suspension of single-wall carbon nanotubes (1.0 g) in 

an aqueous solution of nitric acid (7 M, 150 mL) was sonicated 

at 20°C for 10 min with a high frequency power output of 60 W 

and then refluxed for 6 hours. The carbon nanotubes were 

retrieved by centrifugation at 4000 rpm for 30 min, then 

thoroughly washed by sonicating in water (150 mL, ca. 1 min, 

HF power 120 W), then shaking the suspension for 1 h and 

centrifuging out again. The washing process was repeated 

three times in total. Oxidized amorphous carbon fragments 

were then removed by a basic wash:
27

 The nanotubes were 

sonicated (30 min, 20°C, HF power 120 W) in a sodium 

hydroxide solution (0.01 M, 400 mL), then the suspension was 

shaken for 2 hours before the carbon nanotubes were 

collected by vacuum filtration on a PTFE filter (diameter 

45 mm, pore diameter 0.45 µm). The base wash process was 

repeated until the filtrate, initially dark brown, became 

completely colourless (usually three to four times in total). The 

carbon nanotubes were sonicated (30 min, 20°C, HF power 

120 W) then shaken (1 h) in an aqueous chlorhydric acid 

solution (0.01 M, 400 mL) to remove all traces of base, filtered 

out on a PTFE filter (diameter 45 mm, pore diameter 0.45 µm) 

and finally dried overnight under vacuum (0.85 g, 85 %). 

 

Functionalization of oxidized carbon nanotubes with {Mn4} 

For bulk CNT functionalization, red microcrystalline 

[Mn4L2(OAc)4] (345 mg, 0.3 mmol) was added to a black 

suspension of oxidized carbon nanotubes (130 mg) in 

acetonitrile (30 mL) obtained by sonicating for 30 min (20°C, 

HF power 120 W). After shaking the suspension for a week, the 

nanotubes were collected by vacuum filtration on a PTFE 

membrane (diameter 45 mm, pore diameter 0.45 µm), quickly 

rinsed with acetonitrile (3×50 mL), resuspended in acetonitrile 

by sonicating for 30 min (20°C, HF power 120 W), filtered out 

and suspended again in fresh acetonitrile after three days of 

shaking, finally collected by filtration after four more days of 

shaking and dried under vacuum overnight. Increasing the 

reaction or washing time did not change the composition of 

the obtained product. TEM meshes with isolated CVD-grown 

nanotubes were fixed in a sample holder and introduced in an 

acetonitrile solution of [Mn4L2(OAc)4] (10 mM in acetonitrile, 

ca. 20 mL). After a week of reaction, the sample was carefully 

removed from the solution, gently rinsed with acetonitrile and 

introduced in acetonitrile (ca. 20 mL) for a week, with a change 

to fresh solvent after three days. 

Results and discussion 

Oxidation of the carbon nanotubes 

Controlled oxidation introduces a large variety of defects on 

the extremities and sidewalls of carbon nanotubes. Carboxylic 

acid functions, in particular, have been extensively studied as 

an attractive entry point to carbon nanotube functionalization 

through electrostatic interaction (when deprotonated), amide 

bond or, more rarely, coordination to metal centres. 

Numerous oxidation methods for single-wall carbon 

nanotubes have been reported in the literature, yielding 

various ratios of carboxylic acid to other functions such as 

alcohols, lactones or anhydrides. For bulk samples designated 

for magnetometry experiments, we selected reflux in 

concentrated nitric acid, a procedure that presents the double 

advantage of eliminating the magnetic catalyst impurities 

present in the commercial nanotubes and providing a high 

concentration of carboxylic acid functions
28

. This oxidation 

method however is not suitable for the treatment of fragile 

samples such as isolated carbon nanotubes on a TEM grid; 

CNTs are removed from the substrate along with the 

catalyst.
29

 On the long term, this technique would also most 

likely not be compatible with contacted nanotubes because 

the contacts may corrode. We therefore investigated the 

simpler oxidation of samples by heating at 450°C in air for 

30 min, a process accompanied in bulk samples by a 15-25 % 

weight loss. Assuming the absence of elements other than C, 

H, N and O in the samples, CHN elemental analysis gives access 

to the compositions formulated in Table 1 indicating a 

doubling of the oxygen to carbon ratio following nitric acid 
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oxidation, while the air oxidation shows no notable effect on 

bulk samples. Raman spectroscopy and titration of the 

samples by sodium hydroxide confirm this trend. Nitric acid 

oxidation is accompanied by an increase of the D/G mode ratio 

in the Raman spectra as well as by an increase of the 

concentration of total acid functions from 0.5-1.0 mmol.g
-1

 to 

2.0-2.7 mmol.g
-1

, i.e. from 1.5-2.9 acidic functions per formula 

unit of C218H13O17  before oxidation to 5.8-7.8 per formula unit 

of C218H39N2O35 after oxidation. After oxidation in air, however, 

the concentration of acidic functions is often stable or even 

reduced to 0.2-0.8 mmol.g
-1 

(2.5-10 acidic functions per 

C959H60N4O65), and the D/G mode ratio is mostly unchanged, 

probably because the creation of new defects is compensated 

by the elimination of any small polycyclic aromatic compounds 

present at the surface of the tube as well as by some degree of 

decomposition of the nanotube at existing defect sites, both 

phenomena accounting for the weight loss observed. In the 

case of carbon nanotubes grown on a substrate however, air 

oxidation is necessary to introduce defects in the initially 

almost pristine nanotubes, and the duration of the oxidation 

can be used to control the density of the defects.
24

 

Table 1. Composition of bulk CNT samples. 

Sample Formula
a
 

Commercial, as received C218H13O17 ≡ C959H56O65 

After HNO3 oxidation C218H39N2O35 

After HNO3 oxidation and 

reaction with [Mn4L2(OAc)4] 

C218H38N2O35-{Mn4}
b
 

After air oxidation C959H60N4O65
c
 

After air oxidation and 

reaction with [Mn4L2(OAc)4] 

C959H59N4O65-{Mn4} 

a)
Based on an arbitrary number of carbon atoms. Values are ± 10 H, ± 1 N, ± 5 O; 

b)
{Mn4} = [Mn4L2(OAc)3]

+
 (H2L = 2,6-bis(1-(2-hydroxyphenyl)iminoethyl)pyridine); 

c)
 

The conditions of the oxidation reaction in air (temperature of 450°C, presence of 

alumina supported iron-based catalyst nanoparticles) are similar to those 

employed during the Haber-Bosch synthesis albeit at a much lower dinitrogen 

pressure (0.8 bar here vs. 200 bar in the industrial process). It is therefore likely 

that the small amount (ca. 0.4 % per weight) of nitrogen incorporated in the 

samples during this reaction results directly from activation of dinitrogen.
30

  

 

Functionalization of the nanotubes 

Introducing the oxidized carbon nanotubes in a solution of the 

complex [Mn4L2(OAc)4] at room temperature provides 

functionalized samples (Figure 1) following reaction 

CNT-COOH + [Mn4L2(OAc)4] -> CNT-COO-Mn4L2(OAc)3 + AcOH 

Exhaustive washing of the material obtained ensures that 

complexes or fragments thereof that might be left adsorbed 

on the surface of the carbon nanotube are completely 

eliminated, leaving only chemically bound species. Manganese 

content, determined by ICP-OES elemental analysis or 

gravimetry of the Mn2O3 residue after decomposition in air at 

700°C, ranges from 1.5 to 5 % per weight, increasing as the 

degree of oxidation of the carbon nanotube, and therefore the 

amount of carboxylic acid functions available for the reaction, 

increases. Additionally, Mn/N ratios are consistent with the 

expected ligand to metal stoichiometry, confirming the 

stability of the tetramanganese core upon functionalization. 

The obtained formulas are given in Table 1. 

Stoichiometry varies from one tetramanganese complex per 

ca. 960 carbon atoms for air-oxidized samples to one complex 

per ca. 220 carbon atoms for nitric acid-oxidized samples, 

corresponding to coverage of the surface of the nanotubes 

with the complex from 6 % up to around 25 %. Assuming a 

diameter of 1 nm for the carbon nanotubes, this corresponds 

to one tetramanganese unit per 8 to 1.8 nm. While these 

results demonstrate the possibility of controlling the degree of 

functionalization of bulk carbon nanotubes, other techniques 

have to be employed to investigate isolated carbon nanotubes. 

Fig. 1 Schematic representation of the carbon nanotube-

tetramanganese complex. 

Growing, air-oxidizing and functionalizing the carbon 

nanotubes directly on the TEM membrane allows for direct 

imaging of the obtained samples. A typical high-resolution 

TEM image of a low-density sample (Figure 2a) reveals a 

double-walled carbon nanotube with its hexagonal graphene 

lattice. Amorphous carbon is observed due to degradation of 

CNTs and decomposition of the ligands under the electron 

beam. Brighter sites (arrows) are characteristic of the presence 

of heavier atoms and thus indicate functionalization of the 

sites with tetramanganese complexes. The HAADF image of a 

CNT sample with similar low functionalization (tox= 2 min) is 

presented in the inset of Figure 2b. It reveals the heavy atom 

scattering centres more clearly due to the enhanced intensity 

with respect to the atomic number in HAADF mode (see more 

HAADF images of this sample in Figure S2).  

EELS measurements taken on a scattering centre and on a 

supposedly not functionalized part of the CNT reveal that the 

scattering is indeed caused by Mn atoms (Figure 2b). Since the 

catalyst particles used for the synthesis of the CNTs contain 

Mo and Fe, these elements could act as scattering centres as 

well. However, no significant contribution of these elements is 

present in the EELS measurements (compare Figure 2b). 
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Figure 2. a) Bright-field HR-TEM image of low-functionalization 

(tox = 3 min) carbon nanotube. Exceptionally bright spots 

(arrows) indicate the presence of manganese atoms. The 

electron beam leads to partial degradation of the CNTs during 

the measurement. b) Local EELS measurements using STEM of 

a low-functionalization sample (tox = 2 min, HAADF inset). The 

top curve, showing a manganese signal, corresponds to the 

brighter parts on the tube, while the bottom curve 

corresponds to darker parts of the tube. Shaded areas indicate 

expected peak positions of the heavy elements present in the 

catalyst c) HAADF image of a sample with high 

functionalization (tox = 30 min). d) Bright field, energy-filtered 

TEM of the sample shown in a) (different position) taken at the 

Mn L-edge. Individual Mn atoms exemplary marked by black 

circles. Agglomeration of Mn clusters is due to electron beam 

induced mobility of the Mn atoms observed during imaging. 

In Figure S1 of the supporting information we show a direct 

correspondence between HAADF and EELS data. Longer 

oxidation times preceding the functionalization, which are 

known to increase the number of defects created,
24

 also lead 

to a stronger coverage of the CNTs with Mn as shown in Figure 

2c. EDX spectra of this sample reveal no significant 

contribution of elements from the catalyst particles, either 

(compare Figure S3 of the supporting information), thus the 

scattering centres are predominantly Mn atoms. This is also in 

accordance with the results reported above for bulk samples 

that show larger Mn content with increasing oxidation.  

Higher spatial resolution of the Mn distribution (~ 1 nm) in a 

low-density functionalized sample (tox = 3 min) is obtained 

using energy-filtered imaging in bright field integrating over 

the Mn L-edge (Figure 2d). Mn atoms are found to be on well-

isolated positions, three of them exemplarily marked by the 

black circles. The distance between them can be as large as 

several tens of nanometres. Nanoelectronic transport devices 

can easily be scaled down to structure sizes below 40 nm. 

Therefore, it appears feasible to fabricate devices from 

similarly prepared CNT-tetramanganese assemblies that 

contain only few complexes or even just a single one. 

 

Magnetic characterization 

Charge transfer is sometimes observed between metallic 

complexes and the carbon nanotubes they are attached to.
31

  

Such a process has the potential to significantly alter the 

magnetic properties of the assembly, and in particular to 

modify the desired diamagnetic ground state of the molecule.  

The preservation of the magnetic properties of the 

tetramanganese cluster after attachment to nitric acid-

oxidized carbon nanotubes was investigated by SQUID 

magnetometry. The magnetic moment per tetramanganese 

fragment was calculated from the experimental data using the 

formula obtained in Table 1. A small residual contribution due 

to the carbon nanotube was measured on a non-functionalized 

sample and subtracted from the data before further analysis.  

Fig. 3 a) SQUID magnetometry data (T = 20 K) of [Mn4L2(OAc)4] 

(x), typical CNT-[Mn4L2(OAc)3] (+) (confidence interval 

represents the variations due to imprecision in the 

measurement of the manganese contents for the specific 

sample considered) and calculated, spin-only Mn
II

4 (◆). b) 

Complete temperature-dependent (4 to 282 K) magnetization 

data for CNT-[Mn4L2(OAc)3] (error bars are standard deviations 

due to SQUID measurement only) and Curie-Weiss model 

(plain line) obtained by fitting the data above 40 K. 

Comparison of the temperature-dependent magnetization 

curves of the tetramanganese complex before and after 

attachment to the carbon nanotube (Figure 3a) indicates that 

the coupling within the bound tetramanganese unit remains 

predominantly antiferromagnetic as desired. However, the 

amplitude of the coupling is altered, as can be expected 
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considering the change of one of the bridging ligands from 

acetate to nanotube-bound carboxylate. A Curie-Weiss (mean 

field approximation) fit of the data for temperatures above 

40 K (Figure 3b) give a Curie constant CCNT-

{Mn4} = 0.0031 m
3
.K.mol

-1
 in agreement with the value expected 

for four S = 5/2 Mn
II
 centres and a Weiss temperature θCNT-

{Mn4} = -13 K (corresponding to a sum of coupling values of ca. -

1.5 cm
-1

 using Hab = -2JabSaSb ). Below 40 K the simple Curie-

Weiss model is not sufficient to account for the complex 

interaction between the four Mn ions. The values obtained for 

the same Curie-Weiss fit of the free [Mn4L2(OAc)4] complex 

data are C{Mn4} = 0.0030 m
3
.K.mol

-1
 and θ{Mn4} = -23 K (coupling 

values of -2.7 cm
-1

). This indicates a weakening of the 

antiferromagnetic interactions within the complex upon 

attachment to the tube. Interestingly, Curie-Weiss fits 

conducted on the data published by Rowan et al. on the 

benzoate and trifluoroacetate analogues [Mn4L2A4] 

(A = PhCOO
-
, CF3COO

-
) give Weiss temperatures of -17 K 

and -7 K respectively, corresponding to a weakening of the 

antiferromagnetic coupling which was attributed to the 

electron withdrawing effects of the phenyl and trifluoromethyl 

groups compared to the methyl group in the acetate 

derivative. This is in good agreement with the known electron 

acceptor characteristics of carbon nanotubes.
32

 

Conclusions 

 In this communication, we demonstrate the coordination of 

well-defined, polynuclear complexes to oxidized carbon 

nanotubes by a short, direct, and rigid bond. The interaction 

with the nanotube causes a weakening of the predominantly 

antiferromagnetic coupling between the ions but does not 

fundamentally alter the magnetic properties. Density control 

of the functionalization is obtained by different means of 

oxidation and oxidation time. For short oxidation time tox ≤ 3 

min, the coverage of the tube with {Mn4} becomes so low that 

the distance between two complexes can reach several tens of 

nanometres. Therefore, field effect transistors can be 

fabricated from these CNTs with only a single molecule 

attached. The interaction between spin states of such a 

molecule with the spins of the conduction electrons of a CNT 

can then be detected in electric transport measurements. 
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