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Carbon nanoparticles were synthesized from natural gas soot and functionalized with ferrocenyl

moieties by using 4-ferrocenylphenyldiazonium as the reactive precursor. The incorporation of the

ferrocenyl units onto the carbon nanoparticle surface was confirmed by varied spectroscopic

measurements. For instance, in FTIR measurements the characteristic vibrational bands of the

ferrocenyl and phenyl moieties could be clearly identified. XPS measurements showed that there were

approximately 31.9 ferrocenyl units per nanoparticle. UV-vis spectroscopic measurements displayed an

absorption band at ca. 465 nm which was consistent with the optical characteristics of ferrocenyl

derivatives. Furthermore, with surface functionalization by the ferrocenyl moieties, the

photoluminescence of the carbon nanoparticles was found to diminish in intensity and red-shift in

energy with the addition of NOBF4. This was accounted for by the formation of varied electron-

accepting moieties on the particle surface, such as positively charged ferrocenium, quinone-like

derivatives, and nitrosation of the aromatic rings of the graphitic cores. Interestingly, in electrochemical

studies the nanoparticle-bound ferrocenyl moieties were found to exhibit two pairs of voltammetric

waves with a difference of their formal potentials at about 78 mV, suggesting nanoparticle-mediated

intraparticle charge delocalization at mixed valence as a result of the strong core–ligand covalent bonds

and the conductive sp2 carbon matrix of the graphitic cores. Consistent behaviors were observed in

near-infrared measurements, indicating that the particles behaved analogously to a Class I/II mixed-

valence compound.
Introduction

Carbon nanoparticles represent a unique form of carbon-based

nanomaterials that, similar to their well-known cousins of

fullerenes and carbon nanotubes, exhibit interesting optical and

electronic properties that may be exploited for extensive appli-

cations in diverse areas.1,2 Typically, carbon nanoparticles are

prepared by laser ablation of a graphitic target3,4 or by electro-

chemical treatments of carbon nanotubes.5 More recently it was

demonstrated that nanosized carbon particles could also be

produced by oxidative treatments of carbon soots which were

collected from the incomplete combustion of candles or natural

gas.6–8 High-resolution transmission electron microscopic

(HRTEM) measurements showed that the as-produced nano-

particles exhibited a crystalline graphitic core with the core

surface decorated with various oxygenated functional moieties

where the quinone-like derivatives gave rise to unique
Department of Chemistry and Biochemistry, University of California, 1156
High Street, Santa Cruz, California, 95064, USA. E-mail: shaowei@ucsc.
edu

† Electronic supplementary information (ESI) available: XPS spectra of
the Fc-CNP sample and the corresponding UV-vis spectra after the
nanoparticles were oxidized by NOBF4, as well as square wave
voltammograms and NIR spectra of the FcCH2-CNP sample. See
DOI: 10.1039/c0nr00953a

1984 | Nanoscale, 2011, 3, 1984–1989
electrochemical and spectroscopic characteristics.7,8 By taking

advantage of the chemical reactivity of carbon surfaces, it is

anticipated that the material properties of carbon nanoparticles

can be further manipulated by controlled chemical functionali-

zation. This is the primary motivation of the present study.

It has been rather well-known that carbon surfaces can be

readily functionalized by (electro)chemical grafting of diazonium

derivatives, where a strong covalent C–C bond is formed between

the functional ligand and the carbon substrate.9–12 Such a unique

interfacial bonding interaction may be exploited to initiate

intraparticle electronic coupling between particle-bound func-

tional moieties, as the carbon nanoparticles exhibit a graphitic

core with an sp2 carbon network that serves as a conducting

medium. It should be noted that the recent observation of

nanoparticle-mediated electronic communication is primarily

limited to transition-metal nanoparticles functionalized with

conjugated metal–carbon covalent bonds at the metal–ligand

interface such as Ru]carbene p bonds and Ru–C^ bonds.13–17

Therefore, chemically functionalized carbon nanoparticles offer

a unique structural framework within which the impacts of the

core–ligand interfacial bonding interactions on intraparticle

charge delocalization and hence nanoparticle optical and elec-

tronic properties can be examined.

In the present study, we functionalized carbon nanoparticles

with 4-ferrocenylphenyldiazonium and determined the surface
This journal is ª The Royal Society of Chemistry 2011
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concentration by X-ray photoelectron spectroscopic (XPS)

measurements. We then examined the impacts of ferrocenyl

functionalization on the spectroscopic and electrochemical

characteristics of the nanoparticles by exploiting the ferrocenyl

moieties as the electrochemical probe and the photoluminescence

characteristics of the carbon nanoparticles as the optical yard-

stick. The results suggest that electronic communication

occurred between the nanoparticle-bound ferrocenyl moieties at

mixed valence, although the electronic coupling was somewhat

weak and consistent with the behaviors of Class I/II compounds

as defined by Robin and Day.18 This indicates that, to a limited

extent, the C(sp2)–C(sp2) interfacial bonding interactions offer

a new pathway towards the manipulation of the chemical and

physical properties of carbon nanoparticles. In contrast, with the

insertion of an sp3 carbon spacer (CH2) between the phenyl and

ferrocenyl moieties, the ferrocenyl groups were found to behave

independently, as reflected in electrochemical and spectroscopic

measurements, indicating the effective turn-off of intraparticle

charge delocalization by the saturated spacer.

Experimental section

Chemicals

Nitrosonium tetrafluoroborate (NOBF4, 95%, Acros), tetrabu-

tylammonium perchlorate (TBAP, 99%, Acros), superhydride

(LiB(C2H5)3H, 1 M in THF, Acros), sodium nitrite (NaNO2,

p.a., Acros), and fluoroboric acid (HBF4, 50 wt% in water,

Acros) were all used as received. 4-Ferrocenylaniline was

synthesized and characterized by following a literature proce-

dure.19,20 All solvents (e.g., dimethyl sulfoxide, DMSO) were

obtained from typical commercial sources and used without

further treatment. Water was supplied by a Barnstead Nanopure

water system (18.3 MU cm).

Carbon nanoparticles (CNPs)

The preparation of carbon nanoparticles has been detailed

previously.7,8 Briefly, carbon soot was collected on the inside wall

of a glass beaker by placing the beaker upside-down above the

flame of a natural gas burner. Typically 100 mg of the soot was

then refluxed in 10 mL of 5 M HNO3 for 12 h. When cooled

down to room temperature, the brownish yellow supernatant

after centrifugation was neutralized by Na2CO3, and then dia-

lyzed against Nanopure water through a dialysis membrane for

3 days, affording purified carbon nanoparticles which exhibited

an average core diameter of 4.8 � 0.6 nm with well-defined

graphitic crystalline lattices, as determined by high-resolution

transmission electron microscopic measurements.7,8

Synthesis of 4-ferrocenylphenyldiazonium

4-Ferrocenylphenyldiazonium was synthesized by following

a synthetic protocol in the literature.21 Briefly, 50 mmol of 4-

ferrocenylaniline was dissolved in 5 mL of ice-cold fluoroboric

acid, into which a 1 : 1 stoichiometric amount of sodium nitrite

was added. The solution was allowed to mix for 30 min. The

obtained diazonium tetrafluoroborate salt was then thoroughly

washed with cold fluoroboric acid, ethanol, and ether to remove

excessive impurities, and used immediately to functionalize the
This journal is ª The Royal Society of Chemistry 2011
carbon nanoparticles prepared above. The procedure is detailed

below.

Ferrocene-functionalized carbon nanoparticles (Fc-CNPs)

The 4-ferrocenylphenyldiazonium salt obtained above was added

to 5 mL of an ice-cold solution of CNPs (6 mg mL�1) in water

under vigorous stirring for 30 min. 0.5 mL of superhydride was

then added dropwise into the solution to initiate reduction of the

diazonium compound. An equal amount of dichloromethane

(DCM) was then added to the solution, and it was found that the

organic phase became brownish in color whereas the aqueous

phase colorless, signifying the formation of ferrocene-function-

alized carbon nanoparticles and the transfer of the resulting

particles into the organic phase. The water phase was separated

and discarded, and repeated extraction with water was carried

out to remove water-soluble by-products and excessive reactants

from the DCM phase. After the container sat on the bench for

a few days, black precipitates started to appear in the DCM

phase, which were collected by centrifugation and extensively

washed with DCM until the DCM phase was colorless. The

purified nanoparticles were denoted as Fc-CNPs.

Spectroscopies

UV-vis spectroscopic studies were performed with an ATI Uni-

cam UV4 spectrometer, and NIR spectra were acquired with an

Ocean Optics NIR-512 spectrometer. In both measurements

a 1 cm quartz cuvette was used. FTIR measurements were carried

out with a Perkin-Elmer FTIR spectrometer (Spectrum One)

where the samples were prepared by compressing the materials of

interest into a KBr pellet. The spectral resolution was 4 cm�1.

Photoluminescence measurements were carried out with a PTI

Fluorescence Spectrometer by using the same solutions as those

for UV-vis and NIR studies. X-Ray photoelectron spectra (XPS)

were recorded with a PHI 5400/XPS instrument equipped with an

Al Ka source operated at 350 W and at 10�9 torr. Silicon wafers

were sputtered by argon ions to remove carbon from the back-

ground and used as substrates. The spectra were charge-refer-

enced to the Au 4f7/2 peak (83.8 eV) of sputtered gold.

Electrochemistry

Voltammetric measurements were carried out with a CHI 440

electrochemical workstation. A polycrystalline gold disk elec-

trode (sealed in a glass tubing) was used as the working electrode.

A Ag/AgCl wire and a Pt coil were used as the (quasi)reference

and counter electrodes, respectively. The gold electrode was first

polished with alumina slurries of 0.05 mm and then cleansed by

sonication in 0.1 M HNO3, H2SO4 and Nanopure water

successively. Prior to data collection, the electrolyte solution was

deaerated by bubbling ultrahigh-purity N2 for at least 20 min and

blanketed with a nitrogen atmosphere during the entire experi-

mental procedure. The voltammograms were acquired both in

the dark and with the electrochemical cell exposed to a UV light

source (370 nm, 18 W).

Results and discussion

The incorporation of the ferrocenyl moieties onto the carbon

nanoparticle surface was first confirmed by FTIR measurements.
Nanoscale, 2011, 3, 1984–1989 | 1985
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Fig. 1 depicts the FTIR spectra of the carbon nanoparticles

before and after reactions with 4-ferrocenylphenyldiazonium. In

comparison with the spectral data of the as-prepared carbon

nanoparticles (blue curve), several new features emerged for Fc-

CNPs (black curve) which are consistent with the vibrational

characteristics of the ferrocenyl and phenyl moieties,22,23

including 3068 cm�1 (nC–H), 1600 cm�1 (nC]C, phenyl), 1450–

1506 cm�1 (nC]C, ferrocenyl), 1018 cm�1 (dC–H), and 820 cm�1

(pC–H). These vibrational bands can also be clearly identified

with monomeric 4-ferrocenylaniline (red curve). Note that the

vibrational stretches of N–H (�3450 cm�1) and C–N (1295 cm�1)

are very well-defined with 4-ferrocenylaniline, and disappeared in

the ferrocene-functionalized carbon nanoparticles, indicating

that the Fc-CNP samples were free of excessive aniline mono-

mers.

Furthermore, as reported previously,7 the as-prepared carbon

nanoparticles exhibited various oxygenated species on the

surface, which was manifested with the carbonyl vibrational

band (nC]O) at 1724 cm�1. Interestingly, this band became

weakened rather substantially with the Fc-CNP sample, most

probably as a consequence of superhydride reduction during the

ferrocene functionalization process (it is likely that the broad

peak around 3400 cm�1 includes contributions from both the

resulting hydroxy moieties as well as residual water).

The attachment of the ferrocenyl moieties onto the carbon

nanoparticles was also manifested in XPS measurements

(Fig. S1†). The C1s electrons can be clearly identified at 284.4 eV,

consistent with the graphitic nature (sp2 carbons) of the carbon

nanoparticles;7 whereas the two peaks at 719.9 eV and 707.3 eV

can be assigned to the Fe2p½ and Fe2p2/3 electrons of the

ferrocenyl moieties.24 Based on the integrated peak areas of the

C1s and Fe2p electrons, the elemental ratio between of Fe and C

in the Fc-CNP samples is estimated to be ca. 0.52%. By assuming

a spherical structure of the graphitic core of the carbon nano-

particles (dia. 4.8 � 0.6 nm),7 this corresponds to about 31.9

ferrocene moieties per nanoparticle, or a surface coverage of

7.32� 10�11 mol cm�2. Note that this is significantly smaller than

the saturated surface coverage of ferrocene-terminated self-

assembled monolayers on gold surfaces (3.2 � 10�10 mol cm�2).25
Fig. 1 FTIR spectra of the as-produced (CNPs, blue curve) and ferro-

cene-functionalized (Fc-CNPs, black curve) carbon nanoparticles, along

with that for the monomeric 4-ferrocenylaniline (red curve).

1986 | Nanoscale, 2011, 3, 1984–1989
The impacts of surface functionalization by the ferrocenyl

moieties on the particle opto-electronic properties were then

examined by electrochemical and spectroscopic measurements.

Fig. 2(A) shows the square wave voltammograms (blue solid

curve) of the Fc-CNP sample at a concentration of 6 mg mL�1 in

DMSO with 0.1 M TBAP as the supporting electrolyte at a gold

disk electrode in the dark. It can be seen that within the potential

range of �0.2 to +0.6 V there are two pairs of voltammetric

peaks with the peak potentials at +0.068 V and +0.355 V,

respectively. The former can be ascribed to the charge transfer

reactions of oxygenated functional moieties on the carbon

nanoparticle surface that are analogous to phenanthraquinone

derivatives, as observed previously with the as-prepared carbon

nanoparticles,7 whereas the latter is attributable to the particle-

bound ferrocenyl moieties that underwent one-electron

oxidation to ferrocenium, Fc 4 Fc+ + e. In fact, consistent

voltammetric profiles were observed with the ferrocenyl

complexes produced by the reduction of 4-ferrocenylphenyldia-

zonium with superhydride (not shown). More interestingly,

deconvolution of the experimental data shows that the broad

ferrocenyl peak actually consists of two closely spaced voltam-

metric waves (green and red dashed curves) with the formal

potentials (Eo0) at +0.318 V and +0.396 V, respectively (note that

the summation (black dashed curve) of these individual vol-

tammetric profiles, along with that from the nanoparticle surface
Fig. 2 Square wave voltammograms (SWVs) of ferrocene-functional-

ized carbon nanoparticles (Fc-CNPs) acquired (A) in the dark or (B)

under UV photoirradiation (370 nm) at a gold electrode in 0.1 M tetra-

butylammonium perchlorate (TBAP) in DMSO. Electrode surface area

2.63 mm2, particle concentration 6 mg mL�1, increment of potential 4

mV, amplitude 25 mV and frequency 15 Hz. Solid curves are the exper-

imental data and dashed lines represent the deconvolution of the vol-

tammetric features.

This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0nr00953a


Fig. 3 Near-infrared (NIR) spectra of ferrocene-functionalized carbon

nanoparticles (Fc-CNPs) with the addition of varied amounts of NOBF4

in DMSO. The starting solution of the carbon nanoparticles was 2 mL at

a concentration of 0.1 mM, and the concentration of the NOBF4 solution

was 5 mM. Totally 720 mL NOBF4 was added to the solution at an

increment of 20 mL. Inset shows the variation of the absorbances at

1454 nm and 1950 nm with the amounts of NOBF4 added.
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species (yellow dashed curve), exhibits excellent agreement with

the experimental data), and both of these two subpeaks exhibited

a peak splitting (DEp) less than 20 mV, consistent with the

reversible kinetics of ferrocene electron-transfer reactions. This

observation strongly suggests that intraparticle electronic

communication occurred between the nanoparticle-bound fer-

rocenyl moieties at mixed valence, most probably as a result of

the covalent grafting of the ferrocenyl ligands onto the graphitic

particle cores where the sp2 carbon matrix serves as a conducting

medium for intraparticle charge delocalization. Yet the some-

what small difference of the formal potentials (DEo0 ¼ 78 mV)

indicates that the electronic coupling between the ferrocenyl

metal centers is relatively weak. In fact, according to the classi-

fication by Robin and Day,18 the Fc-CNPs appeared to behave as

a Class I/II compound.

It should be noted that the ferrocenyl moieties are covalently

bridged by a spacer that consists of two phenylene units and

a nanosized particle core. Despite this long chemical separation,

intraparticle intervalence transfer between the particle-bound

ferrocenyl moieties is resolvable voltammetrically. This is in

contrast with a previous study26 where methylated binuclear

ferrocene derivatives bridged by a p-phenylene unit were found

to exhibit two clearly reversible, one-electron voltammetric peaks

with a potential spacing ranging from 70 to 120 mV, signifying

apparent electronic communication between the ferrocenyl

moieties; whereas the incorporation of a p-biphenylene spacer led

to the appearance of a single reversible oxidation peak that

corresponded to the simultaneous transfer of two electrons per

dimer, indicating diminishment of the electronic coupling

between the two ferrocenyl centers.

It should be noted that the surface coverage of the ferrocenyl

moieties on the carbon nanoparticles was far less than a full

monolayer (Fig. S1†). Thus the contribution of electrostatic

(through-space) interactions to the appearance of intervalence

transfer between the particle-bound ferrocenyl moieties at mixed

valence is anticipated to be minimal. In other words, the

observed intervalence transfer is most likely due to through-bond

interactions, akin to those observed previously with Ru nano-

particles functionalized with Ru]carbene p bonds or Ru–C^

bonds.13–17

This argument was further supported by the voltammetric

data obtained when the Fc-CNP solution was exposed to UV

(370 nm) photoirradiation, as manifested in Fig. 2(B). It can be

seen that whereas the overall voltammetric features remained

practically unchanged and two subpeaks can also be deconvo-

luted from the broad voltammetric wave at �+0.40 V, the

potential separation (DEo0) between these two subpeaks was

found to increase to about 107 mV, suggesting that intraparticle

charge delocalization might be facilitated by photoexcitation due

to the photogenerated free electrons from the biphenylene bridge

(vide infra). This is also consistent with the control experiment

where an aniline derivative was synthesized with a CH2 spacer

inserted between the ferrocenyl and the phenylene moieties, i.e.,

Fc–CH2–C6H4–NH2, and the corresponding diazonium was

used to functionalize the nanoparticles by using the same

experimental procedure detailed in the Experimental section. The

resulting nanoparticles (denoted as FcCH2-CNPs) exhibited two

pairs of voltammetric peaks in SWV measurements, and

deconvolution could not resolve any additional peak (Fig. S2†),
This journal is ª The Royal Society of Chemistry 2011
no matter whether the voltammograms were acquired in the dark

or under UV irradiation. The first peak at Eo0 ¼ +0.071 V is

almost the same as that observed with Fc-CNP (Fig. 2), which

was, again, ascribed to the charge transfer reactions of oxygen-

ated functional moieties on the carbon nanoparticle surface;

whereas the second peak at Eo0 ¼ +0.240 V was attributed to the

redox reactions of nanoparticle-bound ferrocenyl moieties. The

fact that only one pair of voltammetric peaks was observed for

the ferrocenyl moieties in FcCH2-CNP whereas two pairs for the

Fc-CNP sample strongly discounts the hypothesis that the latter

was a result of different binding sites on the CNP surface.

Instead, the discrepancy of the voltammetric behaviors between

these two nanoparticle samples strongly suggests that the intra-

particle charge delocalization might be effectively turned off by

the insertion of an sp3 carbon spacer, consistent with our earlier

studies with Ru nanoparticles.13–17

The notion that electronic coupling occurred between the

nanoparticle-bound ferrocenyl moieties at mixed valence was

also manifested in near-infrared (NIR) spectroscopic measure-

ments by using NOBF4 as the oxidizing reagent. Fig. 3 shows the

NIR absorption spectra of Fc-CNPs in DMSO with the addition

of varied amounts of freshly prepared NOBF4. It can be seen that

with the addition of NOBF4, two prominent absorption bands

started to emerge at 1454 and 1950 nm, and as depicted in the

figure inset, their peak intensities exhibited volcano-shaped

dependency on the amount of NOBF4 added, which is analogous

to the unique NIR features of biferrocene derivatives at mixed

valence. In sharp contrast, the NIR profile of the FcCH2-CNP

sample remained practically unchanged with the addition of

a comparable amount of NOBF4 (Fig. S3†).

These behaviors are consistent with the results in our previous

studies where nanoparticle-mediated intraparticle intervalence

transfer was observed with functional moieties bound onto metal

nanoparticle surfaces by conjugated metal–carbon covalent

bonds.13–17,27 For instance, previously we observed that when

ferrocenyl moieties were bound onto Ru nanoparticle surface by

a Ru]C p bond or Ru–C^ bond, two pairs of voltammetric
Nanoscale, 2011, 3, 1984–1989 | 1987
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Fig. 5 Photoluminescence spectra of the as-produced (CNPs) and

ferrocene-functionalized (Fc-CNPs) carbon nanoparticles. The solutions

were the same as those in Fig. 3 and 4.
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peaks appeared with a potential spacing of about 200 mV,

rendering the nanoparticle materials to behave as Class II

compounds. The much smaller DEo0 observed above with Fc-

CNPs suggests that the C(sp2, graphitic)–C(sp2, phenyl) interfa-

cial bonding interactions exhibit a much lower bonding order

and therefore are less efficient in facilitating intraparticle charge

delocalization. With an increase of the bonding order by

photoirradiation with UV lights, enhanced electronic commu-

nication was observed between the particle-bound ferrocenyl

moieties (Fig. 2(B)).

The optical properties of the ferrocenyl-functionalized nano-

particles (Fc-CNPs) were then examined by UV-vis and photo-

luminescence spectroscopic measurements. Fig. 4 depicts the

UV-vis absorption spectra of the carbon nanoparticles before

(blue curve) and after (red curve) ferrocenyl functionalization,

along with that for 4-ferrocenylaniline (black curve). It can be

seen that the original carbon nanoparticles exhibited a broad

peak at around 365 nm, which was ascribed to the quinone-like

functional moieties, such as 9,10-phenanthraquinone, on the

nanoparticle surface.7,8 By contrast, after ferrocene functionali-

zation, this peak essentially disappeared, suggesting the effective

removal of the quinone-like functional moieties from the nano-

particle surface by superhydride, which is consistent with results

from the FTIR measurements (Fig. 1).7,8 Furthermore, in

comparison with the absorption profile of monomeric 4-ferro-

cenylaniline, three absorption peaks can be identified with Fc-

CNPs, corresponding to the p–p* (260 nm) and d–d (294 nm and

465 nm) electronic transitions that are characteristic of the

ferrocenyl moiety.28

The corresponding photoluminescence spectra of the carbon

nanoparticles were then presented in Fig. 5. It can be seen that

the original CNPs in water (black curves) exhibit a very well-

defined excitation peak at 330 nm and an emission peak at

440 nm, as observed previously, which was accounted for by the

electronic transitions of functional species on the nanoparticle

surface.7,8 However, after ferrocenyl functionalization (red

curves), the nanoparticles became soluble in DMSO and

exhibited a substantial red-shift of the excitation peak to 376 nm

and a small shift of the emission peak to 448 nm. Remarkably,
Fig. 4 UV-vis spectra of the as-produced (CNPs) and ferrocene-func-

tionalized (Fc-CNPs) carbon nanoparticles, as well as the monomeric

4-ferrocenylaniline. The CNPs were dispersed in water whereas the Fc-

CNP and Fc-aniline samples were in DMSO.

1988 | Nanoscale, 2011, 3, 1984–1989
the resulting photoluminescence characteristics are very similar

to those observed with conjugated organic oligo biphenylene

vinylene molecules based on biphenylene motifs linked together

through double bonds.29 This observation is in agreement with

the above argument that apparent electronic coupling occurred

between the particle-bound ferrocenyl moieties because the

chemical bridge that covalently connected these ferrocenyl

groups behaved equivalently to a conjugated biphenylene unit, as

manifested in the voltammetric and NIR measurements (Fig. 2

and 3). Furthermore, as the chemical bridge serves as the pho-

toactive site, the molecular conductance may be enhanced by

photoirradiation, leading to improved intraparticle charge

delocalization, as observed experimentally (Fig. 2).

Interestingly, the Fc-CNP photoluminescence properties can

be further manipulated by the charge state of the peripheral

ferrocenyl units. From Fig. 5, it can be seen that the excitation

(lex) and emission (lem) peak positions exhibited an insignificant

variation when the amount of NOBF4 added was less than

320 mL, where less than half of the ferrocenyl sites were oxidized

to positively charged ferrocenium (Fig. 4). Further additions of

NOBF4 led to a rather drastic red-shift for both lex and lem. For

instance, when the ferrocenyl moieties were fully oxidized

(720 mL), the excitation peak (lex) shifted to 393 nm and the

emission profile became broadened significantly with the center

of the peak (lem) moved to 502 nm. Concurrently, the fluores-

cence intensity diminished with the oxidative conversion of

ferrocene into ferrocenium. These observations may again be

accounted for by the nanoparticle-mediated electronic coupling

between the peripheral ferrocenyl moieties. Specifically, the

positively charged ferrocenium sites most likely (i) served as

electron acceptors and thus quenched the fluorescence emitted

from the biphenylene chemical spacer, and (ii) helped stabilize

the photoexcited electrons by virtue of intraparticle charge

delocalization which lowered the energy of the nanoparticle

excited states and hence red-shift of the electronic transitions, as

observed experimentally.

Additional contributions to the manipulation of the nano-

particle photoluminescence probably arose from the nitrosation

of the aromatic rings of the nanoparticle graphitic cores as well as

the formation of quinone-like derivatives by the oxidation of
This journal is ª The Royal Society of Chemistry 2011
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hydroxyl species on the particle surface by NOBF4, as both have

been known to behave as efficient electron acceptors.8,30,31 In fact,

upon the addition of NOBF4, UV-vis measurements of the Fc-

CNP nanoparticle solution showed that the absorption peak at

365 nm re-emerged and the intensity increased with the amount

of NOBF4 added (Fig. S4†).
Conclusion

Ferrocenyl-functionalized carbon nanoparticles were prepared

by covalent grafting of 4-ferrocenylphenyldiazonium onto the

nanoparticle surface. FTIR measurements confirmed the

successful attachment of the ferrocenyl moieties onto the nano-

particle surface and XPS measurements showed that there were

ca. 31.9 ferrocenyl moieties per nanoparticle. Interestingly,

apparent electronic coupling between the nanoparticle-bound

ferrocenyl moieties was observed in voltammetric measurements,

where two pairs of voltammetric waves were identified with

a potential spacing of about 78 mV, signifying that the nano-

particles behaved as a Class I/II compound, as defined by Robin

and Day. Further supporting evidence was manifested in NIR

measurements where two prominent peaks started to emerge at

1454 nm and 1950 nm with the addition of NOBF4 that oxidized

the peripheral ferrocenyl moieties into ferrocenium, and the peak

intensities displayed volcano-shaped dependence on the amount

of NOBF4 added, indicating intraparticle intervalence transfer at

mixed valence. These results strongly suggest that by virtue of the

C(sp2)–C(sp2) interfacial bonding contacts, a rather delocalized

chemical bridge was established between the nanoparticle-bound

ferrocenyl units, which might be further enhanced by UV pho-

toirradiation of the nanoparticle solution, with the potential

spacing found to increase to 107 mV. Because of the nano-

particle-mediated charge delocalization, the particle photo-

luminescence characteristics were found to be further

manipulated by the charge states of the peripheral ferrocenyl

moieties. This study suggests that surface chemical functionali-

zation may be exploited as an effective mechanism in the

manipulation of nanomaterials optical and electronic properties.
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