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We report the HgCl2-mediated interfacial self-assembly of coordination polymer nanocombs

composed of (zinc, palladium) tetrapyridylporphyrin and 4,40-bipyridyl ligands. Scanning electron

microscopic images revealed that lengths and widths of the core stems of the nanocombs were

about 10 and 1 mm, respectively. Needle-like branches grew out perpendicularly from both sides

of the core stems, with branch lengths of about 1–10 mm and diameters of about 0.1–15 mm. Both

the X-ray photoelectron spectroscopic and energy dispersive X-ray spectroscopic measurements

confirmed that the as-prepared nanocombs were composed of Hg, Cl, C and N elements.

When the 4,40-bipyridyl ligand was replaced by its derivatives, 2,20-bipyridyl or 4,40-

trimethylenedipyridine, coordination polymer nanocombs could not be obtained. The results

revealed that formation of such nanocombs was closely dependent on the structure of the

bipyridyl, the mixed molar ratios of porphyrin and 4,40-bipyridyl, as well as the interfacial

reaction time.

Introduction

Molecular self-assembly of one-dimensional (1D) nanostruc-

tures has recently received great interest because the specific

structures of crystals determine their unique physical and

chemical properties.1,2 Inorganic nanotubes, nanowires and

nanocomb materials, consisting of pure carbon, metal oxides

and boron nitride, have been the focus of many research

efforts for their potential applications in electronics and

photonics.3–5 Similarly, many advances have been reported

in the realm of organic–inorganic hybrids, in particular, in

coordination polymers with backbones constructed from me-

tal ions and organic ligands.6,7 For instance, with a choice of

ligand structure and morphology, zur Loye and co-workers

recently reported a design of coordination architecture of

neutral tetranuclear nanotubes [Hg4Cl8(bbimms)4] (bbimms:

1,3-bis(benzimidazol-1-ylmethyl)-2,4,6-trimethylbenzene).8

Fujita and co-workers constructed several coordination nano-

tubes with the sizes ranging from 2 to 3.5 nm by the reaction of

penta- or hexapyridine ligands with ethylenediamine-protected

PdII ions.9 Moreover, Shelnutt and co-workers exploited the

ionic self-assembly of oppositely-charged porphyrin tectons to

synthesize porphyrin nanotubes in aqueous solution and

porphyrin nanofiber bundles in an aqueous–organic two phase

system, and the re-precipitation method to synthesize porphyr-

in nanosheets.10

Coordination polymers contain two central components:

connectors and linkers. Transition metal ions are often used as

versatile connectors, with coordination numbers ranging from

2 to 7, dependent on the oxidation states of the metal ions.6

Multidentate ligands are often used as linkers, which can

afford a wide variety of linking sites, tuned binding strength

and directionality. Thus, by using different connectors and

linkers, one can design and prepare large numbers of 1D, 2D

and 3D coordination polymers with various structural frame-

works.

4,40-Bipyridyl (BPy), tris(4-pyridyl)-1,3,5-triazine (TPyTa)

and 5,10,15,20-tetrapyridylporphyrin (TPyP) are typical bi-

dentate, tridentate and tetradentate ligands. By using these

ligands to coordinate with metal ions or metal-complex ions,

large numbers of supramolecular building blocks have been

constructed.6,10–16 Bpy, the most frequently used neutral brid-

ging ligand, is usually co-assembled with other ligands though

it is possible to use it alone to form coordination polymers.10

Fujita and co-workers designed and synthesized many TPyTa-

based coordination polymers, which can be used as a host (or

a cage) to encapsulate some solvent molecules, even ferrocene

and its derivatives, or as a cage for cavity-directed synthesis.12

When TPyP or its derivatives are used as linkers the products

are usually termed multiporphyrin arrays. In this research

area, Drain, Rogers, Alessio and some other research groups

have published large numbers of multiporphyrin arrays with

unique structural or optical properties in the past several

years.13–16

In recent studies, we have demonstrated controlled growth

of regular cubic nanocrystals and nanowires of multiporphyr-

in arrays, the shapes of which were dominated by the geome-

tries of the metal ions.17 We further found that hybrid

nanotubes could be built from Hg2+-mediated coordination

oligomers with TPyTa and TPyP.18 A significant difference of

our work from that reported in the literature is that our

molecular self-assembly was performed at the water–chloro-

form interface.17–19 Our purpose was to reveal the intrinsic
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relationship between the morphologies of nanocrystals or

microcrystals produced at the interfaces and the structural

features of the metal ions and multidentate ligands (coordina-

tion numbers and coordination geometries). The two immis-

cible solutions provided a defect-free junction, where the

produced nanocrystals are highly mobile and can rapidly

achieve an equilibrium assembly.20 In the present work, we

describe the assembly and characterization of a novel coordi-

nation architecture of nanocombs by an interfacial reaction of

HgCl2 in aqueous solution with the mixtures of two ligands of

BPy and MTPyP (Fig. 1) in chloroform. Shape control of the

produced nanocrystals could be achieved by selecting suitable

ligands and changing the molar ratios of the two ligands in the

organic phase. We further found that, if the Bpy was replaced

by its derivatives, 2,20-bipyridyl (2-BPy) or 4,40-trimethylene-

dipyridine (TMPy) (Fig. 1), comb-like crystals could not be

obtained.

Experimental

Materials

4,40-Bipyridyl, 2,20-bipyridyl (2-Bpy), 4,40-trimethylenedipyr-

idine (TMPy), 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphyrin

(TPyP) and zinc 5,10,15,20-tetra(4-pyridyl)-21H,23H-por-

phyrin (ZnTPyP) were purchased from Aldrich Chemical

Co.; palladium 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphyr-

in (PdTPyP) from Frontier Scientific Porphyrin Products;

HgCl2 from Shanghai Chemical Reagent Co.; and chloroform

from Fisher Chemicals Co. All chemicals were used as received

without further purification. Double distilled water (firstly

deionized) was used to prepare aqueous solutions.

Growth of coordination polymer nanocombs at the

water–chloroform interface

Interfacial self-assembly of the nanocombs was performed as

follows: 20 ml 10 mM HgCl2 aqueous solutions were slowly

added onto the surfaces of 30 ml chloroform solutions con-

taining (Zn, Pd)TPyP and BPy mixtures in various molar

ratios. The reaction systems were left undisturbed at room

temperature for 5 min to 3 h. As control experiments, inter-

facial self-assembly of HgCl2 with pure (Zn, Pd)TPyP, BPy,

and TMPy was also performed.

Transfer of coordination polymer nanocombs onto solid surfaces

Layers of nanocombs or other nanomaterials grown at the

interface were transferred to the freshly prepared mica, quartz,

and Si substrate surfaces by using a dipper from KSV Instru-

ment Co. (Finland). One layer referred to one transfer of the

nanocrystals from the interfaces. The dipping rate was kept at

1 mm min�1. The as-prepared substrates were dried in air at

room temperature.

Characterization of coordination polymer nanocombs

Scanning electron microscopy (SEM) and energy dispersive

X-ray spectroscopy (EDS) measurements were performed on a

Shimadzu SSX-550 electron microscope. The samples were

deposited on either mica or Si(100) substrate surfaces.

Transmission electron microscopy (TEM) and electron

diffraction (ED) were measured using a Jeol JEM-2010 elec-

tron microscope. The samples were transferred to the copper

grids covered with Formvar.

X-Ray photoelectron spectroscopy (XPS) was carried out

using a PHI-5600ci system with a monochromatic Al-Ka
X-ray source (Perkin Elmer). Layers of coordination polymer

nanocombs were deposited on the hydrophilic quartz substrate

surface, which was prepared by immersing the cleaned quartz

substrates in a 4% NaOH solution for 24 h.

UV-Vis absorption spectra for the layers of coordination

polymer nanocombs, deposited on the hydrophilic quartz

substrate surface by the method above, were measured using

a Shimadzu UV-2550 UV-Vis spectrophotometer.

X-Ray diffraction (XRD) data for the nanocombs and other

nanomaterial films on the Si(100) substrate surface were

obtained with a Rigaku D/max-gb diffractometer in transition

mode and Cu-Ka radiation. The scan range of 2y was 10–671

with a step interval of 0.021.

Results and discussion

HgTPyP–HgBPy coordination polymer nanocombs

Fig. 2 shows the SEM images of the HgTPyP–HgBPy materi-

als synthesized at the molar ratios of TPyP : BPy from 2 : 1 to

1 : 8. These images revealed that regular comb-like nanocrys-

tals could be formed when the molar ratios of TPyP : BPy were

in the range 1 : 2 to 1 : 8. Lengths and widths for the core stems

of the nanocombs were about 10 and 1 mm, respectively (Fig.

2c, d and e). Needle-like branches grew out perpendicularly

from both sides of the core stems, with branch lengths of

about 1–10 mm and diameters of about 0.1–1 mm, respectively.

No significant change was recorded for the shapes of the

nanocombs when the molar ratios of TPyP : BPy changed

from 1 : 2 to 1 : 8, except for a slight increase in the core stem

length. To date, and to the best of our knowledge, there have

been some reports on the formation of nanocomb materials of

inorganic compounds, such as ZnO, ZnS and AlN,21 but few

reports were found for other materials. Moreover, to obtain

those inorganic comb-like materials, high temperature or low

pressures were usually necessary. In the present work, the

nanocombs could be obtained under very moderate conditions

(normal atmosphere, room temperature), and no specific in-

strument was required.

Fig. 1 Molecular structures of porphyrins and bipyridyl ligands.
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EDS measurements on the nanocombs revealed that they

are composed of C, N, Cl, and Hg elements (Fig. 2f). The Si

peak was from the Si(100) substrate. It is known that HgCl2
can react with either TPyP or BPy to form HgTPyP or

HgBPy(L) (L: another ligand) coordination polymers,6,7,13

thus we called the formed comb-like materials HgTPyP–

HgBPy nanocombs.

The XPS spectra of the nanocombs exhibited several peaks

in the binding energy between 100 and 600 eV (figures not

shown), corresponding to the elements Hg, Cl, C, and N. The

binding energies for each peak and identified elements were as

follows:22 Cl2p (198.2 eV), C1s (284.7 eV), Hg4d5
2
(360.2 eV),

and N1s (401.1 eV), which were in agreement with those from

the EDS measurements and with the composition of

HgTPyP–HgBPy nanocombs. As a control experiment, we

also measured the XPS spectra of TPyP and BPy powders,

which revealed that the N1s binding energies were 399.1 and

399.6 eV for the compounds TPyP and Bpy, respectively. (The

XPS spectra of N1s in the nanocombs, TPyP and Bpy are

shown in Fig. S1w).
When the molar ratios of TPyP : BPy were about 2 : 1 and

1 : 1, the nanomaterials formed consisted of both comb-like

materials and nanowires (Fig. 2a and b, images of nanowires

were not so clear as those of nanocombs). Interestingly, more

nanowires formed when the molar fraction of BPy was lower

(Fig. 2a). As the molar fraction of BPy increased in the

reactants, nanowires became less prevalent while (irregular)

comb-like materials became more so, indicating that the

structures of the nanomaterials are closely dependent on the

mixing ratios of the ligands. To reveal the relationships

between such structural features and each ligand, we further

carried out interfacial reactions of HgCl2 with either pure

TPyP or BPy as control experiments.

Fig. 3 compares the SEM images and electron diffraction

patterns of the HgTPyP–HgBPy nanocombs with those of

HgTPyP and HgBPy coordination polymers. Completely dif-

ferent SEM morphologies of these nanomaterials were ob-

served. The HgTPyP formed nanowires with diameters of up

to about 200 nm and lengths over 10 mm (Fig. 3b),17 while the

HgBPy formed irregular nanorods with widths about 1–2 mm
and lengths in the range 2 to 20 mm (Fig. 3c). These features

indicated that the nanowires in Fig. 2a and b were composed

of HgTPyP coordination polymer, while the comb-like nano-

materials were HgTPyP–HgBPy hybrids, which grew into

more regular nanocombs when the molar fractions of BPy in

the reactants were increased. Hence, we concluded that the

coordination polymer nanocombs could be assembled at the

interface by changing molar fractions of TPyP and BPy.

Electron diffraction patterns of both HgTPyP–HgBPy

nanocombs and HgBPy nanorods showed regular patterns while

those of the HgTPyP nanowires showed only some irregular

dots (Fig. 3, inserted images. The TEM photos of the nano-

combs and nanorods are shown in Fig. S2w), which indicated

that the nanocombs and nanorods were single-crystalline but

that the HgTPyP nanowires were microcrystals or of non-

crystalline structure. Small dark spots in Fig. S2c may be some

HgBPy particles segregated from the nanorods.w These ED

patterns revealed that the crystallographic parameters of the

nanocombs were about 3.9 and 6.0 Å (Fig. 3a), which were in

agreement with those of the HgBPy nanorods (Fig. 3c).

In order to get more structural information on the nano-

combs, we also measured the X-ray diffraction spectra of the

HgTPyP–HgBPy nanocombs, HgBPy nanorods, and HgTPyP

nanowires on the Si(100) substrate surfaces. No obvious Bragg

peaks were recorded for the HgTPyP nanowires, which may be

due to its non-crystalline nature and in agreement with their

Fig. 2 SEM images of the HgTPyP–HgBPy coordination polymer

nanocombs assembled at the molar ratios of TPyP : BPy: (a) 2 : 1, (b)

1 : 1, (c) 1 : 2, (d) 1 : 4 and (e) 1 : 8. (f) An EDS spectrum of

the nanocombs.

Fig. 3 SEM images of (a) HgTPyP–HgBPy nanocombs, (b) HgTPyP

nanowires and (c) HgBPy nanorods. Inserted images are ED patterns

corresponding to each nanomaterial.
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ED pattern. On the other hand, very similar XRD spectra

were recorded for the HgTPyP–HgBPy nanocombs and

HgBPy nanorods, both of them showed a group of strong

and sharp peaks (Fig. 4). These diffraction peaks appeared at

the 2y values of 14.61, 29.41, and 44.71, corresponding to the

lattice spacing d = 6.05 Å according to Bragg’s equation

(2dsiny = l/n). This d spacing was in very good agreement

with one crystallographic parameter (6.0 Å) from the ED

spectra. Hence, we suggest that the structural nature of the

nanocombs might be similar to that of the HgBPy nanorods.

The Soret band shift of porphyrin rings has often been used

to reveal the electronic coupling of the porphyrins based on

the exciton theory.23 That is, when two porphyrin rings are

closely packed in the films or form aggregates, the Soret band

is usually red- or blue-shifted compared with that in the

monomer state; the stronger the electronic coupling the larger

the red-/blue-shift.

Fig. 5 shows absorption spectra for the films of HgTPyP

and HgTPyP–HgBPy nanocombs, together with that of TPyP

in dilute chloroform solution. We have pointed out that the

TPyP Soret band appears at 417 nm for its monomer form,

and red-shifted to 442 nm for its J-aggregates.16 Here, this

Soret band appeared at 437 and 427 nm for the HgTPyP and

HgTPyP–HgBPy nanocombs; thus, compared with the Soret

absorption in the monomer state, the extent of red-shift

increases in the following order: HgTPyP–HgBPy nanocombs

(10 nm), HgTPyP (20 nm) and TPyP aggregates (25 nm). As it

is well known that the red-shift for the Soret band is due to the

p–p* interaction between porphyrin rings,24 we can conclude

that porphyrin–porphyrin interaction in the present nano-

combs is weaker than that in the TPyP J-aggregates and

HgTPyP nanowires. This weakened interaction is due to the

co-assembled BPy ligand.

Interfacial reaction time effect on the nanocombs

Although the HgTPyP–HgBPy nanocombs could form within

several minutes after the interfacial reaction had started, both

the shapes and sizes of the nanocombs slightly changed when

the interfacial reaction time was over 1 h. Fig. 6 shows several

SEM images of the nanocombs at reaction times from 5 min to

3 h, which reveal that the lengths of the core stems did not

largely increase with the reaction time while those of the

branches became longer and longer. The needle-like branches

were no longer perpendicular to the core stems but formed

curved wires, especially at the two sides of the core stems.

Moreover, the sharp tips of the branches split into many fine-

curved wires, and some tips looked like a broom (Fig. 6b,

inserted image).

Ligand structure effect on the nanocombs

It has been shown that the frameworks of coordination

polymers are largely dependent on the geometries of metal

ions and ligand structures.6,7 For example, when a tridentate

ligand TPyTa was co-assembled with TPyP, the nanocrystals

produced were hybrid nanotubes.18 To reveal the importance

of BPy on the formation of nanocombs, we used its deriva-

tives, 2-Bpy and TMPy (Fig. 1) as co-assembling ligands with

TPyP as control experiments.

Fig. 7a and b show the SEM images of HgTPyP–Hg(2-BPy)

and HgTPyP–HgTMPy nanomaterials, both of which were

composed of some nanowires but no nanocombs; that is,

comb-like materials could not be formed when 2-Bpy or

Fig. 4 XRD spectra of (a) HgTPyP–HgBPy nanocombs and (b)

HgBPy nanorods.

Fig. 5 Absorption spectra for the films of the HgTPyP–Hg2-BPy

nanocombs (—), the HgTPyP nanowires (--) and dilute TPyP chloro-

form solution (� � �).

Fig. 6 SEM images of the HgTPyP–HgBPy nanocombs prepared at

various interfacial reaction times: (a) 5 min, (b) 1 h and (c) 3 h.

Inserted image in (b): tip of the branches after 1 h interfacial reaction.
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TMPy were used to co-assemble with TPyP. This may be

ascribed to the following reasons. (1) Although 2-BPy contains

two pyridyl groups, they are not in an opposite position like

4,40-bipyridyl and usually form five-coordinate complexes

with transition metal ions,25 which leads to a difficulty in

forming bridging binding, thus, coordination polymer hybrids

could not be assembled. (2) For the TMPy ligand, there is a

(CH2)3 spacer between the two pyridyl ligands, resulting in the

loss of the rigid and linear structural features.26 The results

indicated that the rigid BPy ligand, with linear and opposite

binding sites, was necessary for the formation of hybrid

nanocombs.

For the porphyrin ligands, when the metal-free porphyrin

(TPyP) was replaced by its metalated derivatives of ZnTPyP or

PdTPyP, again the coordination polymer nanocombs could be

assembled at the interface (Fig. 7c and d), though the branches

of Hg(Zn)TPyP–HgBPy nanocombs seem to be easily broken

from the core stems. The results indicated that central metal

ions of metalloporphyrins had little influence on the formation

of the Hg(M)TPyP–HgBPy nanocombs.

Conclusions

We have demonstrated HgCl2 mediated self-assembly of co-

ordination polymer nanocombs composed of (metallo)por-

phyrins and 4,40-bipyridyl at the water–chloroform interface.

These nanocombs could be formed within several minutes.

Formation of the coordination polymer nanocombs closely

depended on the molecular structures of the bipyridyl ligands,

the mixed molar ratios of porphyrins and bipyridyls in the

reactants, as well as the interfacial reaction time. The central

metal ions of tetrapyridylporphyrins had little influence on the

nanocombs assembled.
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