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Selected acyclic disubstituted h4-(1E,3E)-dienyl-Fe(CO)3 iron complexes presented a non-covalent, but

reversible affinity for multi-walled carbon nanotube (MWCNT) sidewalls likely mediated by

hydrophobic and/or p–p stacking interactions. Resulting iron-complexed MWCNT-based composites

displayed methyl ester/acetate, aldehyde and/or OH functional groups on CNT sidewalls. They

displayed strong FT-IR absorption peaks due to organometallic C^O groups of the Fe(CO)3 unit

(nC^O ¼ 1966–2068 cm�1). These peaks appeared in an absorption window free of any parasitic band

that usually characterize organic/bio-organic species. Routine FT-IR spectroscopy enabled an effective

tracking of adsorption processes of iron complexes onto MWCNT sidewalls. Iron-complexed

MWCNTs may be readily dissociated using CH3CN, allowing an accurate weight quantification of

adsorptions. Both interacting components remained unmodified after composite dissociation. Sidewall

oxygenated defects at high concentration were also shown to be detrimental to iron complex

adsorption. This quantitative decoration methodology may constitute a quite unusual application in

the Quality-Control (QC)-driven standardization/improvement of the industrial production of

MWCNTs (detection of MWCNT sidewall oxygenated defects during fabrication and purification).
1. Introduction

Carbon nanotubes (CNTs) are new fullerene-related carbon-

based nanostructures, which consist of one or several graphene

sheets of sp2-hybridized carbon hexagons disposed coaxially

around an internal hollow cavity.1–4 CNTs possess a quite unique

set of mechanical, electrical, and magnetic properties making

them particularly attractive for various (bio)nanotechnology

applications. Moreover, they may be readily functionalized

when targeting CNT pentagon-containing end-caps sensitive to

oxidation and/or the outer 1D extended p-conjugated system

(CNT sidewall). For example, CNT oxidation generated

end/sidewall-localized COOH groups that were exploited for

the covalent attachment of (bio)molecular probes,5–8 polymers,9

and metallic particles.10 Other covalent modifications of CNT
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p-conjugated sidewalls include 1,3-dipolar cycloadditions of

azomethine ylides,11 electrophilic fluorinations,12,13 and electro-

philic additions of aryl diazonium salts.14

Unlike covalent modifications, non-covalent functionaliza-

tions are based on van der Waals and/or p–p stacking interac-

tions.5–8,15–21 They did not alter the carbon sp2-hybridized curved

CNT sidewall structure of corresponding CNT-containing

nanocomposites. For that purpose, CNT sidewalls were

non-covalently decorated with a range of hydrophobic and

unsaturated compounds,15–17 polymers [polyethyleneimine, poly

(aryleneethynylene)s, poly(methyl methacrylate), poly(ethylene

glycol)],18–19 surfactants (tritons, sodium dodecyl sulfate),20

pyrene-containing species (N-succinimidyl-1-pyrenebutanoate),21

peptidic amphiphiles,22 and proteins presenting hydrophobic

and/or p-unsaturated domains (bovine serum albumin, streptavi-

din, Zn–Cd metallothionein).21

To what extent such dual-component association processes

may be totally or partially reversible remains an intriguing open

question in the field. More specifically, no process has ever

been described and characterized as fully reversible and controlled

regarding association/dissociation conditions. An immediate

consequence of process reversibility would be its quantification.

In cases where both components would not have undergone

any structure modification, component recycling would be an

additional strong asset. Such improved features will certainly

impact various CNT-based applications, such as the establish-

ment of improved standards of Quality-Control (QC) for the

industrial production of CNTs and the development of recyclable

electronic (bio)sensors based on CNTs/CNT arrays.

Here, we demonstrate that selected acyclic disubstituted

h4-(1E,3E)-dienyl-Fe(CO)3 iron complexes23–25 (Scheme 1) show

a non-destructive and reversible affinity for sidewalls of MWCNTs.
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Scheme 1 Acyclic h4-(1E,3E)-dienyl and h5-pentadienyl-Fe(CO)2L iron complexes (L ¼ CO or PPh3).
The decoration process resulted in new MWCNT-based nano-

materials, iron-complexed MWCNTs [MWCNT-Fe(CO)3], which

can be dissociated using specific washing conditions. Since inter-

acting complexes are functional, resulting [MWCNT-Fe(CO)3]

composites displayed the same chemical functions, methyl ester/

acetate, aldehyde, OH, which may be useful for post-adsorption

functionalization. Additionally, strong FT-IR absorptions of

organometallic carbonyl groups of the Fe(CO)3 unit (nC^O ¼
1966–2068 cm�1)26,27 appeared in an absorption window free of

the parasitic bands commonly observed for biological and non-

biological species. This specific spectroscopic feature enabled quite

effective FT-IR traceability of complex adsorptions/desorptions

during component association/dissociation. We also disclosed

preliminary data, which indicate an opposite relationship between

adsorption effectiveness of iron complexes and increased concen-

trations of oxygenated defects present on MWCNT sidewalls.

These last results emphasized the interesting potential of this inno-

vative MWCNT functionalization methodology for the delivery

of high-quality industrially processed MWCNTs (traceability of

MWCNT defects towards Quality-Control standardization).

2. Experimental

2.1. Instrumentation

FT-IR spectroscopy. IR spectral data were collected using

a Nicolet IMPACT 410 Instrument. KBr pellets were consistently
1094 | J. Mater. Chem., 2008, 18, 1093–1099
prepared by diluting 0.2 mg of an iron-complexed MWCNT-

Fe(CO)3 composite with 200.0 mg of dry IR grade KBr (Aldrich).

Under these conditions, IR transmissions were always maintained

better than 85%. Higher concentrations of MWCNT-based

composites caused sample opacity.
High resolution (HR) transmission and scanning electron

microscopies (HR-TEM/HR-SEM) and elemental energy-

dispersive X-ray spectroscopy

HR-TEM. Microphotographs were obtained from a JEOL

JEM-2010 instrument (Oxford Instruments, accelerating voltage

200 kV, Gatan CCD camera). Carbon-free 400 mesh Au grids

(Agar Scientific Ltd., UK) have been used for sample prepara-

tion. Compositional characterizations of samples (elemental

EDAX analyses) used Inca software (Oxford Instruments).

Dry samples (1.0 mg) have been suspended in EtOH (1.0 mL)

under sonication (Cole Parmer 8891 ultrasonic bath, 5 min, 20 �C)

before deposition/solvent evaporation on a carbon-free Au grid.

HR-SEM. Microphotographs were obtained from a JEOL

JSM-7000 P apparatus (Oxford Instruments, accelerating

voltage, Gatan CCD camera). Samples (1.0 mg) were deposited

on a small carbon tape surface (1 cm2) fixed on a well-cleaned

Cu grid, followed by optional gold evaporation under vacuum,

when indicated.
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Compositional characterizations of samples, elemental

EDAX/EDS Linescan and STEM mapping/EDAX spectrometer

map analyses used an Inca software (Oxford Instruments).

X-Ray photoelectron spectroscopy (XPS). XPS analyses were

carried out using a Kratos Axis HS apparatus equipped with

an ultra-high vacuum chamber (5 � 10�10 torr) containing

samples loaded onto a double-sided carbon-based self-adhesive

tape (complete coverage). Survey spectra were acquired at

a PE (pass energy) of 80 eV and 0.5 eV incremental steps, with

a standard monochromatized Al Ka source at 75 W. Sample

measurements were performed under a low-energy electron flood

(gun operation) for charge neutralization. Resulting photoemis-

sion spectra were analyzed with a ‘‘Vision 2’’ package from

Kratos. Binding energy data were compared to those appearing

in the NIST database (http://srdata.nist.gov/xps) after spectrum

calibration vs. the C 1s peak at 285 eV.

Thermogravimetric analysis (TGA). TGA graphs were run on

a Thermofinnigan TA Q600-0348 (model SDT Q600) apparatus

with a temperature profile setting being 50–800 �C at 20 �C min�1

under N2.

Raman spectroscopy. Raman measurements were collected

using a Jobin Yvon Micro Raman instrument (Model HR800,

excitation wavelength: l ¼ 632.8 nm, laser power: 15 mW, slit

size ¼ 100 mm, hole ¼ 1000 mm). Corresponding spectra were

obtained by accumulation of two 2 s long scans (X100 objective

lens for a 1.0 mm spot size).
2.2. Synthesis

Preparation of acyclic cationic and non-cationic iron complexes

in both CO and PPh3 series. Neutral h4-(1E,3E)-dienyl- and

cationic U-shaped isolated h5-pentadienyl-Fe(CO)2L (L ¼ CO

or PPh3, a or b series, Scheme 1) iron complexes tested in this

study have been readily prepared using well-known procedures:

Fe2CO9-mediated complexations of (1E,3E)-dienes,23–25 Me3NO-

mediated C^O to PPh3 ligand exchanges,28 complex-stereodirected
Table 1 Non-covalent adsorption of selected neutral iron complexes onto M
and TGA analyses)

Entry Complex

Adsorbed complex

DCM-protocol DMF-pr
CH3CN/mg (mmol)a,c CH3CN/

1 1a 4.20 (14.7) 7.99 (28
2 3a 10.48 (20.1) 10.24 (20
3 4a 13.50 (47.0) 16.62 (58
4 5a 9.10 (31.0) 20.40 (73
5 6a 8.60 (25.0) 19.00 (67
6 7a 5.70 (22.0) 13.22 (52
7 8a 4.43 (13.0) 1.10 (4.

a Non-aqueous DCM-based adsorption protocol—use of 200.0 mg of MWC
MWCNTs. c Weight data obtained after composite dissociation: CH3CN wa
weight loss percent) for the case of the CH3CN-mediated dissociation of [MW
protocol. e Weight data determined by TGA analysis performed on [MWCN
protocol (for the weight loss percentage, the temperature range for complex
(background signal) due to the limited sensitivity of TGA measurement.
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nucleophilic additions of organolithium reagents onto adjacent

carbonyl functions,23–25 and complex-assisted Lewis acid-mediated

ionizations.23–25,29 More specifically, all the related detailed

synthetic procedures and characterization data of neutral and

cationic iron complexes tested in adsorption experiments onto

MWCNT sidewalls have been gathered in ref. 30. Corresponding

reaction yields have been also reported and were unoptimized.
2.3. Non-covalent adsorption experiments of iron complexes in

aqueous and non-aqueous media

Adsorption experiments with iron-complexed species (Scheme 1)

used MWCNTs of high-purity produced by catalytic CVD

[MER Corporation, averaged diameter/length: 35 (�10) nm/30

mm, 78–140 graphitic layers, purity z 98.0 % by TGA analysis,

less than 2.0 and 0.1% of amorphous graphitic contaminants and

iron (Fe catalyst) respectively, 50.0 or 200.0 mg depending on

adsorption protocols].

Two sets of experimental conditions were set up depending on

the neutral or cationic water-sensitive type of complexes

involved. They related to the DMF- or CH2Cl2 (DCM)-based

aqueous and non-aqueous protocols detailed below.

A typical DMF-based aqueous protocol for iron complex

adsorption. Neutral water-compatible h4-(1E,3E)-dienyl-

Fe(CO2)L (L ¼ CO and/or PPh3) iron complexes 1–10 (a and/or

b series respectively, 0.110–0.180 mmol) were tested using a

DMF-based aqueous protocol [photographs 1A–1C, ESI†, p.

2]. As disclosed later in this study (Table of adsorption data,

Table 1), this method maximized hydrophobic and/or van der

Waals interactions of iron complexes with hydrophobic

MWCNT sidewalls. Accordingly, a minimal volume of water-

compatible DMF in regard to the total reaction volume (0.25

versus 5.25 mL respectively) has been used for complex solubili-

zation before addition into water-suspended MWCNTs (50.0

mg, 5.0 mL of distilled H2O). Complex addition caused the

immediate formation of a milky precipitation/suspension of the

complex (photograph 1B, ESI†, p. 2), which vanished

progressively. One obtained two distinct phases, a yellowish
WCNTs: quantitative weight data (from CH3CN washing experiments

otocol
mg (mmol)b,c Calculated data (%)b,d TGA data (%)b,e

.0) 13.78 10.44

.0) 17.00 14.85

.0) 24.95 22.38

.0) 28.98 28.13

.0) 27.54 24.04

.0) 20.91 18.22
0) 1.86 —f

NTs. b DMF-based aqueous adsorption protocol—use of 50.0 mg of
shing (triplicate experiments for each entry). d Calculated weight data (in
CNT-Fe(CO)3] nanocomposites prepared using the DMF-based aqueous
T-Fe(CO)3] nanocomposites prepared using the DMF-based aqueous
decomposition/burning: 117–252 �C). f No observable weight decrease
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Fig. 1 FT-IR spectrum of cleaned MWCNTs decorated by iron

complex 6a and showing the presence of two intense absorption peaks

of organometallic Fe–C^O groups at 1994.0 and 2068.3 cm�1.
homogeneous aqueous phase, which contained the tested

complex in excess, and decanted iron-complexed MWCNTs,

i.e. [MWCNTs-Fe(CO)3] (photograph 1C, ESI†, p. 2). Following

adsorption completion (2 h, room temperature), the resulting

iron-complexed MWCNTs were washed several times by neutral

H2O (5 � 5.0 mL H2O, centrifugation steps operated at 7500 rpm

for 15 min, 20 �C) until a colorless aqueous phase was obtained

(elimination of iron complexes in excess). A simple TLC check-

ing/follow-up of successive washing aqueous phases (silica gel

Merck 60F254 thin chromatography plates, 1/1 v/v hexane/ethyl

acetate solvent mixture) confirmed this visual test. The cleaned

iron-complexed MWCNTs were then dried under high vacuum

(1 � 10�6 mm Hg, 2 h, 20 �C) before further manipulation

(dissociation experiments using CH3CN for adsorption quantifi-

cation, Table of adsorption data, Table 1) and/or composite

characterization.

A typical non-aqueous DCM-based protocol for iron complex

adsorption. MWCNTs (200.0 mg) were gently shaken with

neutral and/or water-sensitive cationic iron complexes 1–12

(L ¼ CO or PPh3, a and/or b series respectively, 0.110–0.180

mmol) in anhydrous DCM (5.25 mL) at room temperature

for 2 h. Following adsorption completion, iron-complexed

MWCNTs were decanted by centrifugation (7500 rpm for 15

min, 20 �C, homogeneous yellow dichloromethane phase), and

washed (5 � 5.0 mL DCM, then centrifugation: 7500 rpm for

15 min, 20 �C) until a colorless organic phase was obtained

(TLC checking for complex presence, see details above). They

were dried under vacuum (1 � 10�6 mm Hg, 2 h, 20 �C) and

stored before characterization and/or dissociation experiments

(adsorption quantification). Since they are less effective,

CH2Cl2-mediated complex adsorptions were always performed

on a four times greater quantity of MWCNTs (200.0 mg) in order

to get precise weight measurements of adsorbed/dissociated

complexes (Table of adsorption data, Table 1).
Fig. 2 A and C: HR-SEM images of MWCNTs decorated by 5a (mag-

nifications: 10 000� and 35 000�) and related EDAX analyses (B and D)

showing an iron-rich surface (C and D: Au-evaporated sample). F and G:

STEM analysis/EDAX spectrometer maps showing the distribution of

iron (Fe, red & white colors) and carbon (C, green color) elements (micro-

photographs F & G).32 Same unmapped objects were visualized in micro-

photograph E.
Results and discussion

Adsorption experiments and characterization of iron-complexed

multi-walled carbon nanotubes [MWCNTs-Fe(CO)3]

Among all the neutral complexed species tested using the aque-

ous protocol, the seven neutral iron complexes, 1a and 3a–8a

(Scheme 1),30 showed a measurable affinity toward MWCNT

sidewalls in the 4.0–73.0 mmol (1.10–20.40 mg) range (triplicate

experiments, Table of adsorption data, Table 1, entries 1–7).

Preliminary FT-IR analyses were performed on dried decorated

MWCNTs. They confirmed the presence of two strongnFe–C^O

absorptions that are characteristic of irontricarbonyl species,26–27

(KBr pellet, nFe–C^O¼ 1966–1994 and 2047–2068 cm�1, FT-IR

data/spectra: Fig. 1 and ESI†, p. 3–7). In addition, the typical iron-

complexed composite MWCNT-5awas thoroughly characterized

by HR-SEM and HR-TEM. Fig. 2A and C depict HR-SEM

microphotographs of bundles of complex-modified MWCNTs

of various diameters (130 nm–1.0 mm).31 The observed surface

roughness was likely due to complex adsorption, as confirmed

by EDAX elemental analysis [Fig. 2B and D, the presence of

iron-rich surfaces, see ESI (p. 8–10) for additional microphoto-

graphs and EDAX elemental/EDS linescan analyses].
1096 | J. Mater. Chem., 2008, 18, 1093–1099
HR-TEM microscopy combined with EDAX elemental

analyses also showed MWCNT surface-localized black iron-

rich islets arising from the destruction of 5a caused by the

high-energy electron irradiation (see corresponding HR-TEM

microphotographs and EDAX data in the ESI†, p. 11).
This journal is ª The Royal Society of Chemistry 2008



Moreover, an elemental map of a 30 mm long bundle of the

same iron-complexed composite MWCNT-5a (STEM mapping

analysis using Inca software, data acquisition time: 24.0 h,

Fig. 2F and G) confirmed the distribution homogeneities of

both iron (red & white colors) and carbon (green color) elements

on its surface.32

For the sake of comparison, the same unmapped objects were

also visualized in Fig. 2E. Additional proof of the successful

surface modification of MWCNTs by iron complexes 1a, 3a–4a,

and 7a–8a arose from XPS spectroscopy (ESI†, p. 12–16). It

showed the presence of narrow Fe 2p 3/2 peaks at 709.0 eV, char-

acteristic of iron species in a low oxidation state [Fe(0) oxidation

state of adsorbed complexes], and in interaction with C^O

ligands (comparison with binding energies registered in the

NIST database: http://srdata.nist.gov/xps).

Iron-complexed composites [MWCNT-Fe(CO)3] were stable

when suspended for 2 h in several organic/aqueous solvents

[DMF, cold CH2Cl2, CH3COCH3, MeOH, THF, hot H2O (80
�C), neutral 0.01 M PBS buffer; FT-IR/TLC monitoring of

iron complex desorption]. On the other hand, a unique

CH3CN washing (3 � 10.0 mL) of composites enabled the

complete desorption of iron complexes and their quantification

for both adsorption protocols (Table of adsorption data, Table

1, triplicate experiments, entries 1–7). The data consistency for

complex adsorption was checked as follows: weight measure-

ments obtained for composites prepared using the most effective

aqueous DMF-based protocol could be readily calculated as

weight loss percentages (Table of adsorption data, Table 1).

Resulting percentage data were compared with similar weight

loss measurements obtained by another method, i.e. thermogra-

vimetric analysis (Table of adsorption data, Table 1). All tested

composites disclosed iron complex decomposition and/or burn-

ing as a one-step weight loss arising between 117–252 �C (see

the illustrative TGA curve of composite MWCNT-5a, ESI†, p.

24). The composite MWCNT-8a (entry 7) could not afford any

measurable weight loss, most likely due to a lack of sensitivity

of the TGA method. Interestingly, weight loss data obtained

by TGA followed the same order of decoration effectiveness as

the one disclosed in CH3CN-mediated dissociation experiments.

CH3CN-based weight data were also found to be higher than

weight losses measured by TGA. This may be explained by a

putative heat-dependent chemical modification of MWCNT

sidewalls during complex decomposition/burning [transfer/

attachment of the Fe(CO)3 unit onto graphene-localized (1,3)/

(1,4)-dienes followed by decomposition].33,34

Importantly, all the retrieved CH3CN-dissociated iron

complexes remained structurally unmodified according to TLC

(co-spotting with reference compounds), FT-IR, and high-

resolution 1H/13C-NMR analyses. On the other hand, and

relating to the insoluble MWCNT component, two selected

CH3CN-dissociated MWCNT samples obtained from iron-

complexed composites, MWCNT-5a and MWCNT-6a, as well

as untreated MWCNTs as a reference, were analyzed in parallel

by HR-SEM, including EDAX elemental analysis. The iron (Fe)

element could not be detected in these samples (see illustrative

HR-SEM microphotographs and EDAX analyses relating to

the CH3CN-dissociated MWCNT sample arising from compos-

ite MWCNT-5a, ESI†, p. 17–18). Raman spectroscopy of the

same MWCNT samples exhibited the expected typical structure
This journal is ª The Royal Society of Chemistry 2008
of MWCNTs, presenting both defect- and graphite-mode D

and G bands of similar shapes at 1351.5 and 1583.1 cm�1,

respectively35,36 (ESI†, p. 25).

Moreover, two additional cycles of adsorption–dissociation for

all effective complexes were successfully repeated without any

observed erosion of complex adsorption capabilities. Thus,

sequential iron complex adsorptions and CH3CN-mediated

desorptions did not affect the graphene structure of MWCNT

sidewalls. All these combined results emphasized the full revers-

ibility of iron complex adsorptions onto MWCNTs that were

most likely mediated by non-covalent van der Waals and/or

p–p stacking interactions.

Quantitatively speaking, the following increasing order in

adsorption efficiency for effective complexes has been found

(Table of adsorption data, Table 1): 8a (4.0 mmol/1.10 mg) < 3a

(20.1 mmol/10.24 mg) � 1a (28.0 mmol/7.99 mg) < 7a (52.0 mmol/

13.22 mg) z 4a (58.0 mmol/16.62 mg) < 6a (67.0 mmol/19.00 mg)

< 5a (73.0 mmol/20.40 mg). This order did not reflect the

expected water solubilities of corresponding complexes. For

example, monoalcohol 3a was less efficiently adsorbed than the

more hydrophobic acetate 5a (entries 2 and 4). A similar trend

was also observed for the ester alcohol 4a and the more hydro-

phobic ester acetate 6a (entries 3 and 5). DCM-mediated adsorp-

tions performed on a four-fold greater quantity of MWCNTs

(200.0 mg) confirmed the effectiveness of the same complexes,

but at a lower efficiency range (13.0–47.0 mmol/4.43–13.50 mg).

In that case, a slightly modified order of efficiency was obtained:

8a z 1a < 3a z 7a < 6a < 5a < 4a, but the same triad, 4a–6a, of

more effective complexes remained unchanged for both proto-

cols (Table of adsorption data, Table 1, entries 3–5). In contrast,

cationic charge-deficient U-shaped iron complexes 11a/b–12a/

b [Fe(I) oxidation state], and consequently, equilibrated isomeric

S-shaped ones,23–25 presented no affinity for MWCNT sidewalls.

Both protocols also had in common the fact that neither neutral

PPh3-substituted nor a-substituted iron complexes 1b–6b and

9a–10a (40/60 mixture of c-endo/c-exo diasteroisomers37) were

successfully adsorbed.

A tentative adsorption model has been elaborated in order to

rationalize these results (Fig. 3a). It relied on the well-known anti

stereodirecting properties of the Fe(CO)2L organometallic unit

(L ¼ CO or PPh3).23–25 Accordingly, adsorption of effective

complexes onto MWCNT sidewalls most likely occurred via the

complex planar Ca-Ce dienyl side in an anti manner from the

Fe(CO)2L unit. Therefore, developing van der Waals and/or

p–p stacking interactions may be maximized during complex

adsorption. Additionally, a-located R0/R8 substituents must be

of minimal steric requirement in order to be positioned syn to

the organometallic unit. This spatial disposition should enable

the simultaneous minimization of both types of nonbonding

interactions indicated in Fig. 3a, intramolecular side and

R0/R8-based interactions involving the MWCNT graphene

surface. Both demands must be satisfied simultaneously for an

effective complex adsorption. Accordingly, structure minimiza-

tions of selected h4-(1E,3E)-dienyl-Fe(CO)3 iron complexes

were calculated with the energy minimization program for

global-energy minima GLOBAL-MMX (GMMX) during

random conformational searching (PCMODEL V8.0 software,

Serena Software, Bloomington, USA). Its Allinger MM2-

derived MMX force field enabled the handling of such
J. Mater. Chem., 2008, 18, 1093–1099 | 1097



Fig. 3 (a) Model of nonbonding interactions that developed during

complex adsorption onto the MWCNT sidewall (illustrated for L ¼
CO or PPh3 and R0/R8 ¼ H, OH, or any other indicated substituent—

see text), and (b–d) global-energy GMMX-minimized structures of iron

complex 5a (front, side and top views, respectively, CbCg-CdCe dihedral

angle ¼ 7�)
h4-(1E,3E)-dienyl-Fe(CO)3 iron complexes. Conformational

space searching included all rotatable bonds of a given structure

using default bond rotation increment settings and stop criteria

defined by the software. GMMX-minimized structures of all

effective irontricarbonyl complexes, 1a, 3a–8a, and selected

ineffective ones, c-endo/c-exo-9a and 10a, were obtained

(Figs. 3b–d, and ESI†, p. 19–22). This allowed some interesting

observations to be drawn:

First, polar R0/R8 substituents, which included aldehyde/ester

C]O, primary CH2OH/secondary CHOH, and CH2OAc

groups, were always spatially located syn to the Fe(CO)3 organ-

ometallic unit, most likely because of favorable polar interac-

tions with organometallic C^O groups. This is particularly

clear for both a-phenyl/methyl substituted diastereoisomeric

iron-complexed alcohols c-endo/c-exo-9a and 10a (ESI†, p.

21–22), although they were found to be ineffective. In that

case, GMMX-minimized structures emphasized detrimental

nonbonding interactions between a-located phenyl/methyl

groups and the MWCNT graphene surface, resulting in non-

adsorption. Second, calculated values for all complex dihedral

angles, CbCg-CdCe, varied in a small 0–7� range (ESI†, p. 22).

Thus, a minimal distortion from the planarity of the complex

dienyl-face did not preclude effective p–p interactions with the

MWCNT sidewall graphene surface. Similar structural trends

also appeared for GMMX-minimized structures of two illustra-

tive, but ineffective PPh3-substituted iron complexes 5b and 6b

(minimized structures not shown). The stronger hydrophobicity

of PPh3- versus Fe(CO)3-substituted iron complexes likely

explained this discrepancy in adsorption behavior. Indeed, these

complexes were insoluble in the DMF-containing aqueous

medium (TLC checking). On the other hand, and for PPh3-

substituted iron complexes, non-aqueous DCM-based condi-

tions caused the solvent itself to successfully compete with the

MWCNT surface. It resulted in complex nonadsorption (compe-

tition between complex bulk dissolution and complex adsorption

onto the MWCNT surface, respectively).
1098 | J. Mater. Chem., 2008, 18, 1093–1099
On further investigation, effective iron complexes, 1a, and

3a–8a, were examined for their ability to sense sidewall-localized

oxygenated defects (C]O, C–OH, and COOH) in end-opened

oxidized MWCNTs. Known mild acidic and oxidizing condi-

tions (1 : 1 mixture of HNO3–H2SO4, 70 �C, 2 h) have been

employed for this purpose.38,39 Compositional values in carbon

(C, C 1s) and O (oxygen, O 1s) were determined by XPS for

both untreated and oxidized MER Corporation MWCNTs (C:

93.4 and 68.9 %, O: 6.0 and 27.2 % for untreated and treated

MWCNTs respectively, ESI†, p. 23). As a result, none of the

effective iron complexes were successfully adsorbed using either

the DMF- or DCM-based protocol. These data emphasized

a clear opposite relationship between the efficiency of iron

complex adsorptions and the structural integrity of the MWCNT

graphene sidewall (defect presence). Interestingly, MWCNTs

used in this study presented a low but measurable 6.0 % O 1s

compositional value.40 Thus, correlating weight data patterns

of successful iron complexes to increasing concentrations of

oxygenated defects in the 6.0–27.2 % range for the O 1s compo-

sitional values may be readily performed. Such a correlation

graph may form an unusual basis towards a wet-chemistry based

tracking of the quality level of industrially processed CNTs

(Quality-Control standardization).
4. Conclusion

In summary, we have demonstrated that neutral irontricarbonyl

complexes, 1a, and 3a–8a, enabled the reversible and quantified

decoration of MWCNTs toward novel iron-complexed func-

tional MWCNT-based nanocomposites. A rationalizing model

of nonbonding interactions that developed during iron complex

adsorption onto MWCNT sidewalls has been proposed leading

to a better understanding of adsorption phenomena. GMMX-

minimized structures of all successfully adsorbed iron complexes,

as well as selected unsuccessfully adsorbed ones, well supported

the validity of the proposed model. Additionally, this methodol-

ogy has been tested on oxidized MWCNTs, which presented

oxygenated surface defects. Obtained results emphasized the

fact that fabrication and/or purification protocols of MWCNTs

that generated such sidewall defects may strongly influence the

efficiency of non-covalent adsorptions of h4-dienyl-iron

complexes onto MWCNT sidewalls. Various applications of this

novel methodology of MWCNT functionalization, which may be

readily tracked by FT-IR spectroscopy, are in progress in our

laboratory, such as the FT-IR imaging of chemically-modified

single/multi-walled CNTs in diverse cell cultures for toxicity

studies.
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