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Amino carbon nanohorns (CNH–NH2) are covalently and non-covalently functionalized with

tetrabenzoic acid porphyrin (H2P(CO2H)4) forming dispersible nanohybrids in aqueous solution;

the nanohybrids are characterized by spectroscopy and electron microscopy. Photoinduced

electron-transfer processes of the nanohybrids of carbon nanohorns in aqueous solution are

revealed with time-resolved absorption and fluorescence measurements. From the observed

fluorescence quenching of the H2P(CO2H)4 moieties by CNH–NH2, charge separation via the

excited singlet state of the H2P moieties, generating radical cations localized in the H2P moieties

and electrons trapped in CNH, is suggested. In the presence of methylviologen dication (MV2+)

and a hole-shifting reagent, electron pooling is observed by the light-illumination of the

H2P(CO2H)4 moieties in CNH–NH2 nanohybrids, suggesting that the electron generated by the

charge-separation migrates to MV2+ in aqueous solution.

Introduction

Carbon-based nanostructured materials have been extensively

investigated for their high potential in nanotechnological

applications.1 Among the various carbon nanomaterials, carbon

nanohorns (CNHs) have emerged as an intriguing material.2

In CNHs, horn-like carbons, which are single-graphene tubules

with highly-strained conical-ends, are assembled to form

dahlia-like spherical aggregates having diameters ranging

between 50–100 nm.2 One of the merits of CNHs different

from other carbonaceous materials is a high carbon purity due

to the absence of any metal nanoparticles, because of their

synthetic procedure from highly purified graphite using laser

ablation methods.2 Thus, CNHs have attracted a great deal of

attention; thus, various potential applications to gas storage,

catalyst supports, drug carrier systems, and optoelectronic

devices have been widely reported.2

Tagmatarchis et al. have succeeded in dispersing pristine

CNHs with covalent and non-covalent attachments of various

addends either onto the graphite-like side-walls or at the

conical-shaped tips, which slightly perturbs the p-electronic
network of CNHs.3 Such treatments gave homogeneous

CNH-solutions used for various fabrications opening up to

the potential for wide applications.3

To mimic natural photosynthesis, nanohybrids consisting of

carbon-based materials and porphyrin/phthalocyanine pigments

are particularly promising.4,5 Porphyrins and phthalocyanines

act as light-harvesting antennae in a wide visible region.6,7 The

porphyrins and phthalocyanines form donor–acceptor

nanohybrids with carbon nanomaterials; thus, porphyrins/

phthalocyanines act as photosynthetic reaction centers after

light absorption.4–7 Recently, it has also been reported that the

direct light excitation of the nanocarbon materials induces

charge-separation;8,9 the generated electrons on the nanocarbons

transfer to the electrodes and holes transfer to the hole-transfer

reagents in the solution, constructing photovoltaic cells.8

Recently, it has been reported that light-illumination of the

chemically attached chromospheres to CNHs induces the charge

separation via the excited states of the chromospheres.10 We

also previously reported that the chemically modified CNHs

are dispersible in organic solvents when the attached chromo-

phores are soluble in organic solvents.11 However, only a few

studies have been reported for water soluble chemically

modified CNHs,12 although it is possible to evolve hydrogen

gas under photo-illumination in the presence of an appropriate

catalyst in aqueous solution, if the photoinduced charge-

separated states persist for appropriately long times.13,14

In our previous study, we prepared CNHs with amino-

groups (CNH–NH2), by treatment with sodium amide in

liquid ammonia.15 The bonded amino groups covering the

graphene surface are expected to make CNH–NH2 hydrophilic,
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soluble in water, and supply chances of further functionalizations

as a building block of nanohybrids with various chromospheres.

In the present report, we functionalize CNH–NH2 with

free-base porphyrin with tetracarboxylic acids (H2P(CO2H)4)

to produce nanohybrids to investigate the light induced

charge-separation processes.

Results and discussion

To obtain nanohybrids of CNH–NH2 having a high light-

harvesting ability, H2P(CO2H)4 was added to CNH–NH2

in aqueous solution (Scheme 1), in which covalently and

non-covalently attached nanohybrids are formed. Covalently

bonded nanohybrids (CNH–NH–C(QO)–H2P(CO2H)3) were

shown to have amide bonds characterized by an IR band at

1665 cm�1 (ESI, Fig. S1w). The presence of non-covalently

attached nanohybrids (CNH–NH2;H2P(CO2H)4), in which

both p-stacking and ionic bonding are effective, was also

proven by the excess free carboxylic IR bands.

High-resolution transmission electron microscopy (HR-TEM)

and dynamic light scattering (DLS) measurements have been

used to probe the morphological characteristics and particle

size distribution of the CNH–NH2 and H2P(CO2H)4-modified

CNH–NH2 nanohybrids. Typical HR-TEM images of the

H2P(CO2H)4-modified CNH–NH2 nanohybrids are shown in

Fig. 1(A) and (B). The carbon skeletons of nanohybrids look

to be almost the same as untreated CNH–NH2, indicating

that the treatments of H2P(CO2H)4 do not much affect the

structures of CNH–NH2; i.e., the dahlia-like structures and the

tips of the horns were kept without destruction, suggesting

that H2P(CO2H)4 molecules react and adsorb at the top of the

horns and surfaces of CNH–NH2. In addition, the average

diameters of the CNH–NH2 and H2P(CO2H)4-modified

CNH–NH2 are estimated by DLS to be around 280 and

295 nm (Fig. 1(C) and (D)). The average diameter was found

to be higher for H2P(CO2H)4-modified CNH–NH2, indicating

that the nanohybrids tend to aggregate after treatments of

H2P(CO2H)4.

The functionalization of the H2P(CO2H)4-modified

CNH–NH2 nanohorns was confirmed by thermogravimetric

analysis (TGA). The TGA curves in Fig. 2 show that CNH

(curve ii) and CNH–NH2 (curve iii) demonstrate excellent

thermal stability up to about 600 1C; at further high temperatures,

they exhibit monotonous and continuous weight loss of about

30% up to 1000 1C. Fig. 2 curve iv for H2P(CO2H)4-modified

CNH–NH2 shows weight loss of about 10% at 450 1C due to

decomposition of H2P(CO2H)4 as compared with curve i for

an H2P(CO2H)4 molecule, showing rapid decrease at 430 1C

of about 20%. Such differences support that considerable

amounts of H2P(CO2H)4 molecules are covalently and

non-covalently attached to the CNH–NH2 with considerable

bonding energies. Thus, TGA results show that H2P(CO2H)4-

modified CNH–NH2 nanohybrids, which are stable up to

450 1C, have been formed.

A steady-state absorption spectrum of the mixture of the

covalent and non-covalent nanohybrids in aqueous solution is

shown in Fig. 3(A) (spectrum iii) with the spectra of the

Scheme 1 Nanohybrids of CNH–NH2 with H2P(CO2H)4 in alkali

aqueous solution, which contains a mixture of covalent nanohybrid

(CNH–NH–C(QO)–H2P(CO2H)n (n = 3)) and non-covalent nano-

hybrid (CNH–NH2;H2P(CO2H)4).

Fig. 1 HR-TEM images of CNH–NH2 nanohybrids obtained by

treatment with H2P(CO2H)4 (A and B (magnified scale)). Dynamic

light scattering (DLS) measurement (C) CNH–NH2 and (D)

H2P(CO2H)4 treated CNH–NH2 nanohybrids.

Fig. 2 Thermogravimetric analyses obtained by treatment under N2

atmosphere with 10 1C min�1. (i) H2P(CO2H)4, (ii) pristine CNH,

(iii) CNH–NH2, and (iv) H2P(CO2H)4 nanohybrids with CNH–NH2.
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components (spectrum i for H2P(CO2H)4 and spectrum ii

for CNH–NH2). A sharp absorption at 420 nm due to the

Soret-band of the H2P moiety (spectrum i) overlaps with

featureless bands in the UV-visible and near-IR regions of

CNH–NH2 (spectrum ii).15 However, slight red-shifts with

band-broadenings were observed for the Soret-band and

Q-band (520–620 nm) of the H2P moiety in nanohybrids,

suggesting a p–p weak interaction of the H2P moieties with

p-electron networks on the surface of CNHs for nanohybrids.

With the light-excitation of the H2P moieties in these

nanohybrids, the steady-state fluorescence band appeared at

650 nm with a shoulder at 700 nm as shown in Fig. 3(B).

Compared with H2P(CO2H)4 (spectrum i), the fluorescence

peak position of H2P(CO2H)4-modified CNH–NH2 nano-

hybrids shifts to a longer wavelength region by ca. 10 nm

keeping the bandwidth (spectrum ii), suggesting the presence

of weakly interacting excited H2P (1H2P*) moieties with

CNH–NH2 in a mixture solution.

When the steady-state fluorescence intensities are measured

with the same absorption intensity (ESI, Fig. S2w) of the H2P

moiety at 420 nm, about 70% of H2P-fluorescence intensity

was quenched by CNH–NH2 as shown in Fig. 3(B), which

affords evidence of the formation of the nanohybrids between

H2P(CO2H)4 and CNH–NH2. This H2P-fluorescence-intensity

quenching is usually caused by the photophysical events in the

excited singlet state of the H2P moiety in the vicinity of

CNH–NH2 such as by a charge-separation process.

The fluorescence–time-profiles of the H2P moiety in the

nanohybrid solution, measured by the excitation with a

picosecond pulsed laser light at 400 nm, and the monitored

fluorescence in the 620–720 nm region by streak-scope are

shown in Fig. 4. The shortening of the fluorescence lifetime of

the H2P moiety in the CNH–NH2 nanohybrid was observed.

From the curve-fitting with bi-exponential function, the

fluorescence lifetimes of the H2P moiety were evaluated to

be 1440 ps (65%) and 5200 ps (35%), which are shorter than

the lifetime of unbound H2P(CO2H)4 (7500 ps (100%)). These

observations indicate an efficient deactivation process of
1H2P* moiety by CNH–NH2 in the nanohybrids, in agreement

with the steady-state fluorescence-intensity quenching.

The rate constant (kq
F) and the quantum yield (fq

F) of

fluorescence quenching were evaluated from the shorter

fluorescence-lifetime component by the difference from that

of unbound reference porphyrin.16 The kq
F value was obtained

to be 5.7� 108 s�1 and the fq
F value was 0.81 (fq

F� fraction=

0.53), suggesting a moderately efficient quenching process of
1H2P*. On the other hand, a longer fluorescence-lifetime

component gave the kq
F value to be 5.9 � 107 s�1. A faster

quenching process corresponds to the closer contacting

structures of H2P(CO2H)4 with CNH–NH2, since the closer

contacting structures are expected both from the covalent

bonding with p–p interaction (see lower structure in

Scheme 1) and from non-covalent p–p stacking.

Electrochemical data also give information about the

thermodynamics of the free-energy changes for the electron-

transfer processes. In order to confirm broad peak positions in

the cyclic voltammogram of the nanohybrids, differential

pulsed voltammetry measurements were performed (ESI,

Fig. S3w). A peak at 0.67 V vs. Ag/AgCl was observed for a

solution of H2P(CO2H)4 nanohybrids with CNH–NH2, which

was attributed to the first oxidation potential of the H2P

moiety,6 whereas two broad peaks in the negative potential

region (�0.28 and �0.51 V vs. Ag/AgCl) may be attributed to

the reduction potentials of CNH–NH2
9,10 as comparing with

H2P(CO2H)4 monomer (0.76 V vs. Ag/AgCl) and CNH–NH2

Fig. 3 (A) Steady-state absorption spectra of (i) H2P(CO2H)4
(0.01 mM) and (ii) CNH–NH2; (iii) H2P(CO2H)4 nanohybrids with

CNH–NH2 in aqueous solution and (B) fluorescence spectra of

(i) H2P(CO2H)4 (0.004 mM) and (ii) nanohybrids; the absorbance is

normalized at lex = 420 nm.

Fig. 4 Fluorescence decays of (i) H2P(CO2H)4 (0.01 mM) and (ii)

H2P(CO2H)4 nanohybrids with CNH–NH2 in the 620–720 nm region

in aqueous solution; lex = 400 nm.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 2261–2266 | 2263

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
2 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 2
7 

A
ug

us
t 2

00
9 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
9N

J0
03

38
J

View Article Online

http://dx.doi.org/10.1039/b9nj00338j


(�0.30 and 0.51 V vs. Ag/AgCl). The difference between the

first oxidation potential and the first reduction potential gave

the energy of charge-separated states to be in the region

of 1.0–1.2 eV, from which the free energy changes of

charge-separation via 1H2P* (2.0 eV)6 were evaluated to be

�0.8 – �1.0 eV, suggesting that charge-separation processes

are sufficiently exothermic via the 1H2P* moiety in the

H2P(CO2H)4 nanohybrids with CNH–NH2.

To confirm the charge-separation in the H2P(CO2H)4
nanohybrids with CNH–NH2, the steady-state absorption

spectra were measured during the light irradiation of the

nanohybrids in the presence of excess methyl viologen dication

(MV2+) as shown in Fig. 5. Only when 1-benzyl-1,4-dihydro-

nicotinamide (BNAH) was added as a sacrificial hole shifter,17

accumulation of methyl viologen radical cation (MV�+) was

confirmed by the characteristic band at 620 nm as a result of

the electron pooling. From the observed absorbance at

620 nm, the maximal concentration of MV�+ was found to

be 0.39 mM, from which the conversion was evaluated to be

77% vs. the feed MV2+ (0.5 mM). With an increase in the

BNAH concentration, amounts of MV�+ increased indicating

that back electron transfer from electron rich MV�+ to H2P
�+

was suppressed by hole shift from H2P
�+ to BNAH. After the

hole shift, BNAH changes to BNAH�+, which spontaneously

dissociates to 1-benzyl nicotinamide cation (BNA+).

As control experiments in the absence of BNAH, no

absorption of MV�+ was accumulated even after the laser-light

irradiation of the H2P(CO2H)4 nanohybrids with CNH–NH2.

Only a small amount of MV�+ accumulation (absorbance =

0.1 at 620 nm) was observed with the laser-light irradiation of

H2P(CO2H)4 without CNH–NH2, suggesting that direct

photoinduced electron transfer from 1H2P* (or 3H2P*) to

MV2+ does not contribute to the accumulation of MV�+

without CNH–NH2 (see ESI, Fig. S4w).
In order to reveal the transfer and migration mechanisms

of electron and hole, the transient absorption spectra were

observed upon excitation of the H2P moiety of the

H2P(CO2H)4 nanohybrids with CNH–NH2 with 532 nm laser

light as shown in Fig. 6, in which the transient absorption

spectrum of unbound H2P(CO2H)4 is also shown for comparison.

The 450 nm band observed upon excitation of the unbound

H2P(CO2H)4 can be attributed to 3H2P* (ESI, Fig. S5w). In the

H2P(CO2H)4 nanohybrids with CNH–NH2, a clear band was

observed at 500 nm with almost the same band shape to the

unbound 3H2P*; thus, the 500 nm band can be attributed to

the 3H2P* bound to CNH–NH2. Such a 50 nm shift suggests a

considerably strong p–p interaction.

The decay rate of the 500 nm band was accelerated

compared with the unbound 3H2P* moiety (see ESI, Fig. S6w),
indicating that quenching of 3H2P* takes place on the surface

of CNH–NH2 (kdecay = 2.0 � 106 s�1), suggesting that some

photochemical events take place between two bound species.

Newly observed transient absorption bands in the 640–720 nm

region with a maximum at 680 nm can be attributed to the

H2P
�+ moiety.6

The absorption bands in the 750–1300 nm region can be

thought to be due to trapped electrons in the CNH–NH2 as

counterparts of the H2P
�+ moiety, since similar broad

absorption bands were observed for the trapped electrons in

CNH in our previous papers;11,12 that is, such broad bands in the

near-IR region are also due to trapped electrons, taking the

complicated p-electron structures of CNH into consideration.

The time profile at 680 nm is shown in the inset of Fig. 6; the

decay at 680 nm was curve-fitted by a bi-exponential function,

giving the first-order rate constants to be 1.0 � 107 and

7.0 � 105 s�1. These rate constants can be attributed to the

intra-nanohybrid charge-recombination (kCR); larger kCR
values are due to CNH��–NH–C(QO)–H2P

�+(CO2H)n
(n r 3) and CNH��–NH2;H2P

�+(CO2H)4, generated via
1H2P*. Indeed, the decay at 1200 nm giving kCR = 1.0 �
107 s�1 corresponds to the faster decay at 680 nm, supporting

the charge recombination process. On the other hand, smaller

kCR values may be attributed to the charge-recombination of

the radical ion pairs generated via a 3H2P* moiety.

On addition of MV2+ to H2P(CO2H)4 nanohybrids with

CNH–NH2, the transient spectra showed a new peak in the

Fig. 5 Steady-state absorption spectral changes observed after

repeated 532 nm laser light irradiation of (i) the H2P(CO2H)4
nanohybrids with CNH–NH2; (ii) in the presence of MV2+

(0.5 mM) without BNAH and (iii–vi) with BNAH: concentration of

BNAH = (iii) 0.5, (iv) 1.0, (v) 1.5, and (vi) 2.0 mM in deaerated H2O

(0.5 cm cell length).

Fig. 6 Nanosecond transient absorption spectra of nanohybrids

between CNH–NH2 and H2P(CO2H)4 (K, J) and H2P(CO2H)4
(&) observed by 532 nm laser light irradiation in aqueous solution;

spectra at 100 ns (K) and 1000 ns (J, &). Inset: absorption–time

profiles at 680 nm of nanohybrids.

2264 | New J. Chem., 2009, 33, 2261–2266 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009
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580–680 nm region with a maximum at 620 nm due to MV�+

with concomitant decrease of the near-IR bands (ESI,

Fig. S7;w the 1200 nm absorption intensity decreased from

0.12 to 0.04 immediately after laser light pulse), suggesting

that electron migration occurs from the CNH��-moiety to

MV2+.18 This observation also confirms that the decreased

broad transient absorption bands in the whole near-IR region

are due to CNH��.11,12 When both BNAH and MV2+ were

added to nanohybrid solutions, the transient absorption band

of MV�+ persists without decay until a few hundred micro-

seconds, indicating that back electron transfer from electron

rich MV�+ to positive species (predominantly the H2P
�+

moiety) was almost completely suppressed by hole shift from

H2P
�+ to BNAH, which is a well-known irreversible hole

trap.17

These observations for H2P(CO2H)4 nanohybrids with

CNH–NH2 can be explained by the processes summarized

in Scheme 2, in which charge-separation initially takes place

via the 1H2P*–
3H2P* moiety, generating the radical ion pairs

such as CNH��–NH–C(QO)–H2P
�+(CO2H)n (n r 3) and

CNH��–NH2;H2P
�+(CO2H)4 in alkaline aqueous solution.

Thus, the shorter fluorescence lifetime is attributed to the

charge-separation within nanohybrids via 1H2P*. The kq
F

and fq
F are corresponding to those of the charge-separation;

that is, kSCS = 5.7 � 108 s�1 and fS
CS = 0.81, suggesting a

moderately efficient charge-separation process via 1H2P*; the

kCR value is 1.0 � 107 s�1. In the case of 3H2P*, k
T
CS = 2.0 �

106 s�1 and the corresponding kCR = 7.0 � 105 s�1. On

addition of MV2+ and BNAH, the electrons on CNH mediate

to MV2+, accumulating MV�+. These processes are all

exothermic to proceed efficiently (Scheme 2).

Conclusions

In summary, we have shown a good example of a photo-

induced charge-separation process of water-soluble CNH–NH2

connected covalently and non-covalently with carboxylated

porphyrins. By the direct excitation of the porphyrin

moiety in the nanohybrids (CNH–NH2;H2P(CO2H)4 and

CNH–NH–C(QO)–H2P(CO2H)n (n r 3)), generation of a

charge-separated state, H2P
�+ and CNH��, via the excited

singlet and triplet states of the H2P moiety was confirmed. Since

H2P
�+ and CNH�� persist in longer time than 100–500 ns, they

have enough time to mediate an electron on CNH to MV2+

and concomitantly to shift a hole of H2P to BNAH. Thus,

accumulation of MV�+ as an electron pool was observed by the

light irradiation of a mixture of H2P(CO2H)4 nanohybrids with

CNH–NH2 in the presence of a sacrificial hole shifter. Usually,

the accumulatedMV�+ can be further used as an electron source

transferring to electrodes for a photovoltaic cell and to catalyses

for H2-evolution in aqueous solution. Such studies aiming

applications to biosensing have been recently reported.19

Experimental section

Chemicals

Commercially available 4,40,400,40 0 0-(porphine-5,10,15,20-tetrayl)-

tetrakis(benzoic acid), which is abbreviated as H2P(CO2H)4,

was purchased from Aldrich Chemicals (Milwaukee, WI) and

was used as received.

Sample preparation

CNHs used in the present study were produced by CO2 laser

ablation of graphite in the absence of any metal catalyst under

an Ar atmosphere at room temperature; the purity of CNHs

was as high as 90%.2 CNH–NH2 was prepared by the reaction

of CNHs with sodium amide in liquid ammonia according to

the previously reported method.15 In order to obtain nano-

hybrids, H2P(CO2H)4 was added to the CNH–NH2 aqueous

solution, and the mixture was heated to give homogeneous

nanohybrid aqueous solution (see ESI, Scheme S1w). Covalent
amide bonds were proven by the IR characteristic band

(ESI, Fig. S1w).

Instrumentation

High-resolution transmission electron microscopy (HR-TEM)

measurements were carried out using a 002B Topcon operated

at an accelerating voltage of 120 kV for imaging. The particle

size and distribution were measured in aqueous suspension,

using light scattering equipment (Zetasizer nano ZS). The

thermogravimetric analysis was performed using a Perkin

Elmer TGA 7 instrument in an inert atmosphere of nitrogen

and helium. In a typical experiment 10 mg of the material was

placed in the sample pan and the temperature was equilibrated

at 150 1C. Subsequently, the temperature was increased to

1000 1C at a rate of 10 1C min�1 and the weight changes were

recorded as a function of temperature.

Steady-state absorption spectra in the visible and near-IR

regions were measured on a JASCO V570 DS spectrometer.

Steady-state fluorescence spectra were measured on a

Shimadzu RF-5300PC spectrofluorophotometer. The picosecond

time-resolved fluorescence spectra and the time profiles were

measured using an argon-ion pumped Ti:sapphire laser

(Tsunami) and a streak scope (Hamamatsu Photonics). The

details of the experimental setup are described elsewhere.20

Nanosecond transient absorption spectra in the visible and

near-IR region were measured by means of laser-flash photo-

lysis; pulsed light from a Nd:YAG laser (ca. 3 mJ per pulse)

was used as an exciting source and Si- and Ge-avalanche

photodiode modules were used for detecting the monitoring

light from a pulsed Xe-lamp as described in our previous

reports.20

Scheme 2 Schematic representation for electron-transfer/electron-

mediation/hole-shift processes of nanohybrids containing both

CNH–NH–C(QO)–H2P(CO2H)n (n r 3) and CNH–NH2;H2P-

(CO2H)4 in aqueous solution; only the excited singlet state route is

shown and carboxylic acids are omitted for simplicity.
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The cyclic voltammetry and differential pulse voltammetry

measurements were performed on a BAS CV-50 W electro-

chemical analyzer in deaerated aqueous solution containing

0.1 M KCl as a supporting electrolyte at a scan rate of

100 mV s�1. The measured potentials were recorded with

respect to an Ag/AgCl electrode (saturated with KCl).
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