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a b s t r a c t

A new family of organometallic/inorganic nanohybrid Langmuir–Blodgett (LB) films consisting of rigid-
rod organomercury acetylide complex (OMA) as the p-conjugated organometallic composite and hetero-
polyacid salts MPA (MPA = K3PMo12O40, K5BW12O40, Na5IMo6O62) of the Keggin and Anderson structures
as the inorganic composite, were prepared and characterized by p�A isotherms, UV�Vis absorption spec-
tra, fluorescence spectra, scanning tunneling microscopy, atomic force microscopy imaging and low-
angle X-ray diffraction. Our experimental results indicate that steady Langmuir and LB films are formed
in pure water and heteropolyacid salt subphases. Luminescence spectra of hybrid LB films show that MPA
can quench the emission of OMA to some extent. These alkynylmercury(II) based LB films display inter-
esting electrical conductivity behavior. They all show decent electrical conductivity, and the tunneling
current amounts to ±100 nA when the voltage is set at ±3 � ±5 V.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The design, synthesis and structural characterization of new
hybrid materials, of which many applications can be predicted,
through the assembly of organic and inorganic building blocks, is
a highly visible research area [1,2]. The construction of such organ-
ic–inorganic hybrid compounds has established new areas of re-
search in the chemistry of materials that is based upon a bridge
between inorganic and organic chemistry and is useful in order
to obtain multifunctional materials which exhibit coexistence of
solid-state magnetic, electric and/or optical properties [3,4]. In this
field various strategies are being used with a common aim, i.e., to
control the molecular assembly as far as possible, as it very often
determines the solid-state properties of the material. Intermolecu-
lar interactions not only control the molecular assembly, but can
exert a direct modulating influence on the molecular contributions
to the material attributes which results in interesting cooperative
effects.
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An elegant approach to arrange molecules into well-organized
multilayered films is the Langmuir–Blodgett (LB) technique [5–
9]. It consists of a repetitive dipping of a solid substrate through
a compressed monolayer onto the substrate, leading to a material
with a precise thickness and a lamellar structure.

Polyoxometalates (POM) constitute a large class of inorganic
compounds with remarkable chemical, structural, and electronic
versatility that have applications in areas such as catalysis, medi-
cine, and materials science [10–17]. In view of the ability of these
molecular metal-oxide clusters to act as electronic acceptors and to
accommodate transition metal centers in their structures, they
have been used as inorganic components in the construction of hy-
brid organic–inorganic functional materials.

In this work, we explore the possibility of creating novel hybrid
LB films that can combine two properties, one coming from the
inorganic entities and the other from the organic part of the film.
Thus, we have selected a group 12 mercury(II) acetylide derivative,
which can introduce electronic delocalization within the LB film.
They are expected to have functional potential as a component of
luminescent film devices. With our growing interests in the design
and synthesis of luminescent functional materials of groups 10�12
metallaynes [18–24], we report here a new example of the prepa-
ration of OMA/MPA hybrid LB films (MPA = K3PMo12O40, K5BW12O40

and Na5IMo6O24, denoted as KPMo12, KBW12 and NaIMo6,
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respectively) and their structures and electrical properties are dis-
cussed in detail.

2. Results and discussion

2.1. Synthesis, characterization and crystal structure analysis

The organometallic mercury complex OMA was prepared in
good yield by the direct base-catalyzed mercuration of 2,7-diethy-
nyl-9,9-dihexylfluorene with 2 equivalents of MeHgCl at room
temperature according to the classical dehydrohalogenation proce-
C6H13 C6H13

MeHg HgMe

K3PMo12O40 or K5BW12O40

OMA

Na5IMo6O24

Fig. 1. Molecular structure of compounds used in the construction of hybrid LB
films.

Fig. 2. (a) A perspective drawing of OMA and (b) the crystal pa
dures [25,26]. OMA is readily soluble in chlorinated solvents such
as CHCl3 and CH2Cl2 to give a pale yellow solution. The long hydro-
carbon chains attached to the fluorene ring enhance the solubility
of the complex.

The OMA complex displays weak IR m(C„C) absorptions at ca.
2124 cm�1. The C„CAH stretching mode in the starting material
is absent. In the 1H NMR spectra, the proton signals arising from
the aromatic and other organic groups were observed. The sym-
metrical nature of OMA was evident from the NMR spectral
pattern.

The molecular structure of OMA is depicted in Fig. 2a and some
important bond distances and angles are given in Table 1. There are
four structurally similar but independent molecules per asymmet-
ric unit of the unit cell. The crystal structure shows a binuclear
molecule in which two MeHg(II) units are linked by a diacetylenic
cking showing the existence of mercurophilic interactions.

Table 1
Selected bond lengths (Å) and angles (�) for OMA.

Molecule 1 Molecule 2 Molecule 3 Molecule 4

Hg(1)�C(1) 2.06(1) 2.04(1) 1.99(2) 1.85(2)
Hg(1)�C(2) 2.04(2) 2.06(2) 2.08(2) 2.00(2)
C(2)�C(3) 1.22(2) 1.17(2) 1.19(2) 1.19(2)
Hg(2)�C(19) 1.95(2) 2.07(1) 2.12(1) 2.07(1)
Hg(2)�C(18) 2.03(2) 2.11(2) 2.08(2) 2.05(2)
C(17)�C(18) 1.16(2) 1.15(2) 1.17(2) 1.23(2)
C(1)�Hg(2)�C(2) 176.8(6) 175.4(9) 175.8(7) 177.2(7)
Hg(1)�C(2)�C(3) 174(1) 174(2) 172(1) 178(2)
C(19)�Hg(2)�C(18) 175.5(7) 178.4(8) 175.4(7) 177.7(6)
Hg(2)�C(18)�C(17) 178(2) 171(2) 174(2) 171(1)



Table 2
Surface pressure�area isotherm data of the LB films.

Film Cross section (nm2 molecule�1) Collapse pressure (mN m�1)

OMA/H2O 0.33 45.7
OMA/KBW12 1.00 34.1
OMA/KPMo12 1.10 51.9
OMA/NaIMo6 1.66 64.2
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9,9-dihexylfluorene-2,7-diyl moiety in a rigid-rod manner. There is
no apparent short intermolecular interactions between the fluore-
nyl rings as well as the Hg(II) centers. The mean HgAC(alkyne)
bond [Hg(1)AC(2) � 2.05(2) Å, Hg(2)AC(18) � 2.07(2) Å] is slightly
longer than the AuAC(alkyne) bond in the gold(I) counterpart [25]
but comparable to other Hg(II) acetylide compounds [24]. The flu-
orenediyl unit does not deviate significantly from planarity and the
C„C bonds in the ethynyl bridge are fairly typical at
1.15(2)�1.23(2) Å, fairly typical of metal�alkynyl r-bonding. By
virtue of the fact that [MeHg]+ is isoelectronic and isolobal with
the [(PPh3)Au]+ fragment, the MeHgAC„C entity displays similar
structural motifs and geometry in OMA with the gold(I) analog
[24,25] and the angles CAHgAC and HgACAC are close to linearity.
Interestingly, examination of the crystal packing diagram for OMA
reveals the involvement of ligand-unsupported mercurophilicity in
its structure. There is a strong tendency for the molecules to aggre-
gate together and the whole lattice structure is fully supported and
stabilized by extensive non-covalent d10–d10 Hg� � �Hg interactive
vectors (ca. 4.037�4.039 Å) that link up the individual molecules
in an organized network (Fig. 2b). While the Hg� � �Hg contacts
here indicate that each of the individual interactions is relatively
weak in nature, it is the large number of them that play a supramo-
lecular role and generate a significant driving force for the
observation of solid-state aggregation. We conceive that such mer-
curophilic forces are more than just van der Waals interactions in
the present system [24,27–29], and can be compared to those of
3.71�4.25 Å for mononuclear [Hg(C„CR)2] (R = Ph, SiMe3) [30],
3.738�4.183 Å for binuclear [MeHgC„CRC„CHgMe] (R = 9,9-
dioctylfluorenediyl and oligothienyl) [31,32] and 4.077 and
4.449 Å computed for molecular (HgH2)n clusters (n = 2, 3) [33]
and are toward the upper limit of those accepted as representing
metallophilic interactions. This structure is unique in that no
apparent weak Hg� � �g2AC„C interactions are observed which
have been shown to be an important driving force for the solid-
state aggregation process to take place in alkynyl complexes of
Cu(I), Ag(I) and Hg(II) [34–37].

2.2. Surface pressure�area isotherms

Fig. 3 shows the surface pressure�area (p�A) isotherms of OMA
on MPA and the pure water subphase solutions at 20 �C. The results
show that they can form stable monolayer Langmuir film at the
air–liquid interface even without the use of an auxiliary film-form-
ing agent. The molecular area of OMA on the MPA aqueous solu-
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Fig. 3. Surface pressure�area (p�A) isotherms of monolayer films of (1) OMA/H2O,
(2) OMA/KBW12, (3) OMA/KPMo12 and (4) OMA/NaIMo6.
tions and pure water can be estimated by extrapolating the line
part of p�A isotherm to the abscissa. The relevant data are dis-
played in Table 2. The isotherm is progressively modified by using
different MPA polyoxoacids. For OMA film spreaded on the pure
water subphase, for instance, the limiting area per molecule is
0.33 nm2, whereas that of OMA in MPA aqueous subphase is
1.00�1.66 nm2. The collapse pressure of OMA in KPMo12 and Na5I-
Mo6 aqueous solutions is 51.9�64.2 mN m�1, larger than that in
water phase (45.7 mN m�1). It was shown that the LB films of
OMA tend to be more stable as the length of alkyl chains on fluo-
rene ring decreases from C8 to C6 (collapse pressure � 45.7 versus
23.2 mN m�1 for C6- and C8-based OMA with water, respectively).
Apparently, isotherms on MPA aqueous solutions exhibited an in-
crease in the molecular area compared with the case for pure
water, suggesting that MPA molecules are not embedded inside
the OMA.

2.3. UV�Vis spectroscopy of LB films

OMA/MPA of multilayers (13 layers) as well as OMA/H2O of
13 layers LB films of high morphological stability was success-
fully deposited onto quartz substrates by the vertical method.
The transfer ratio was almost unity in both dipping and lifting
processes, indicating the formation of Y-type LB films. As shown
in Fig. 4, OMA/H2O and OMA/MPA films display strong absorp-
tion bands in the near UV region. These bands are mainly asso-
ciated with the organic 1(p–p*) transitions, possibly with some
admixture of mercury atom orbitals, and the 0–0 absorption
peak is assigned as the S0 ? S1 transition [31,38,39]. For OMA/
MPA hybrids, the LB films exhibit intense peaks similar to
OMA/H2O which might cover the absorption peaks from the
MPA [26]. Compared with OMA/H2O, the absorption peaks of
OMA/MPA LB films are slightly red shifted which are presum-
ably due to the delocalized p-conjugation caused by OMA and
MPA (see Table 3).
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Fig. 4. UV�Vis spectra of LB films of OMA (13 layers) in (1) H2O, (2) KPMo12 (3)
KBW12 (4) NaIMo6.



Table 3
Absorption data for the LB films.

LB film kmax (nm)

OMA/H2O 316*, 334*, 344, 356*, 414*

OMA/KPMo12 316*, 340*, 353, 430*

OMA/KBW12 316*, 342*, 354, 420*

OMA/NaIMo6 316*, 344, 358, 418*

* It indicates a shoulder or weak peak.
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Fig. 5. PL spectra of 13-layer LB films of (1) OMA/H2O, (2) OMA/KPMo12, (3) OMA/
KBW12 and (4) OMA/NaIMo6.
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Fig. 6. Low-angle X-ray diffraction pattern of the as-prepared films of OMA in (1)
KPMo12 (2) NaIMo6 (3) KBW12 deposited on glass.

Fig. 7. AFM topography images of the (a) OMA/KBW12 monolayer film, (b
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2.4. Photoluminescence properties of LB films

The photoluminescence (PL) spectra of the LB films (13 layers)
deposited on quartz were measured, with the excitation wave-
length at 360 nm (Fig. 5). We observe broad intraligand-based
1(p–p*) emission peaks in the visible region in the range of
410�466 nm for each of them which arise from a singlet excited
state (S1) but no triplet emission was observed under ambient con-
ditions. The luminescence is attributed to the organometallic part
and its intensity decreased after formation of the hybrid LB films.
The fluorescence emission patterns of 4 types of the films appear
similar at room temperature. Interestingly, inclusion of MPA with-
in the LB films causes notable changes in their luminescence prop-
erties compared with those observed on pure water. For hybrid LB
films of OMA/KPMo12 and OMA/KBW12, the PL intensity at
�410 nm is lower than that of the OMA/H2O system and it is found
that MPA quenches the luminescence of OMA to a certain extent
presumably by accepting the excited electrons [40]. However, for
hybrid LB films of OMA/NaIMo6, the PL intensity for the lower en-
ergy peak (>452 nm) is higher than that of the OMA/H2O system,
suggesting that MPA can facilitate aggregate emission bands and
the aggregation is more intense in the hybrid LB films which usu-
ally quenches the fluorescence.

2.5. Low-angle X-ray diffraction

Correlation of molecular organization in crystals and in ultra-
thin films is of fundamental interest in the design of molecular
materials based on thin films. Properties of molecular materials
are critically dependent on the organization of the molecular build-
ing blocks. Take OMA as an example, two strong Bragg peaks are
clearly identified in the X-ray diffractogram of 13-layer OMA/
KPMo12, OMA/KBW12 and OMA/NaIMo6 LB films (Fig. 6). The high-
est peak of hybrid LB films for OMA/KPMo12, OMA/KBW12 and
OMA/NaIMo6 at 1.09, 1.27 and 1.31 (2h) corresponds to the
{0 0 1} reflection, revealing a highly ordered stacking of different
layers. According to the Bragg diffraction formula, nk = 2dsinh, we
can calculate the monolayer average thickness d/2 for OMA/
KPMo12, OMA/KBW12 and OMA/NaIMo6 to be 4.05, 3.48 and
3.37 nm, respectively. The periodicity of the layered structure de-
duced from this experiment is ca. 8.10, 6.96 and 6.74 nm,
respectively.

2.6. Atomic force microscopy

Surface characterization of the LB films by atomic force micros-
copy (AFM) has also been performed. The image and structure of
) OMA/KPMo12 monolayer film and (c) OMA/NaIMo6 monolayer film.
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the hybrid monolayer film deposited on mica was measured
(Fig. 7). The topographic images of OMA/KBW12 (Fig. 7a) show that
the hybrid LB film consists of disperse particles with different do-
main sizes of ca. 197–400 nm. OMA/KBW12 has an average surface
roughness (Ra) of 5.5 nm and the largest roughness (Rz) is 66.8 nm.
A dimensionally split phase structure can be observed in which the
darker area is mostly filled with MPA and the higher and brighter
area is mostly filled with OMA [42]. The topographic images of
OMA/KPMo12 and OMA/NaIMo6 monolayer films are shown in
Fig. 7b and c with the Ra values of 1.0, 7.7 nm and Rz of 16.4,
40.5 nm, respectively.
Fig. 8. The I–V curve of a monolayer film on the silica wafer for (a) OMA/KBW12 (b)
OMA/KPMo12 and (c) OMA/NaIMo6.
2.7. Electrical characterization of monolayer LB films by scanning
tunneling microscopy

In our preliminary experiments, the electrical conductivity
behavior of OMA/KPMo12, OMA/KBW12 and OMA/NaIMo6 mono-
layer films on silica wafer was examined using scanning tunneling
microscopy. Saliently, they can show good electrical conductivities
and representative I–V plots are shown in Fig. 8 for the devices. The
tunneling current for the OMA/KBW12, OMA/KPMo12 and OMA/
NaIMo6 films amounts to ±100 nA when the voltage is set at ±5,
±3 and ±4 V, respectively. While pure mercury(II) diynes and
polyynes are generally very poor conductors in the intrinsic state,
our hybrid LB composites in the device can be made to be semicon-
ducting. We anticipate that the device performance would be en-
hanced when the quality of the prepared thin films can be
further improved [41].
3. Concluding remarks

The combination of mercury(II) diyne functionalized with 9,9-
dialkylated fluorene chromophore with various heteropolyacid
salts (MPA) provides an effective approach for the exploration of
new organometallic/MPA structures in LB films which would be
useful for different opto- and photo-electric applications. These
materials can form steady monolayers and multilayers at the inter-
face of air and MPA aqueous solutions without the use of an auxil-
iary film-forming agent, and the stability of LB films is shown to be
dependent of the alkyl chain length. Because of the charge transfer
between mercury acetylide donor and heteropolyacid salt acceptor
as well as the possible hydrogen-bonding network formation and
adsorption phenomenon, the films can be significantly compressed
and aggregated in the solid region and Y-type nanohybrid LB films
can be prepared. Organomercury acetylides permits a delocalized
electron transfer in the p-conjugated bond system, and can be
made electrically conductive to deposition by mixing with film
forming MPA in the LB films. For the hybrid LB films based on
OMA, weak d10� � �d10 mercurophilic interaction, strong p–p* transi-
tion between the alkyne bond of OMA and the ligand aromatic sys-
tem, and electron transfer between electron donor and acceptor
are believed to be the critical driving forces for the observable elec-
trical conducting effect of these hybrid LB films. Such an organo-
metallic/inorganic multifunctional assembly can afford new
ultrathin materials. We envision that the work can be further ex-
tended to different kinds of polyoxometalate clusters, possibly pro-
ducing new inorganic/organometallic composite materials and
these LB films may open up a fascinating study on realizing practi-
cal molecular devices with specific optoelectronic functional
properties.

4. Experimental section

4.1. General procedures

Solvents were carefully dried and distilled from appropriate
drying agents prior to use. Commercially available reagents were
used without further purification unless otherwise stated. Three
types of MPA, viz. K3PMo12O40, K5BW12O40 and Na5IMo6O24 (de-
noted as KPMo12, KBW12 and NaIMo6 respectively) were synthes-
ised according to the procedures previously reported [13].
Infrared spectra were recorded as CH2Cl2 solutions using a Per-
kin-Elmer Paragon 1000 PC or Nicolet Magna 550 Series II FTIR
spectrometer, using CaF2 cells with a 0.5 mm path length. Fast
atom bombardment (FAB) mass spectra were recorded on a Finni-
gan MAT SSQ710 system. NMR spectra were measured in CDCl3 on
a Varian Inova 400 MHz FT-NMR spectrometer and chemical shifts
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are quoted relative to tetramethylsilane for 1H and 13C nuclei and
H3PO4 for 31P nucleus. Ultraviolet�Visible (UV�Vis) spectra were
measured on a UNICAM Hekios a spectrometer. Low-angle X-ray
diffraction measurements were carried out on a Philips X’pert
Pro instrument, operating with a monochromated Cu Ka radiation
source at 40 kV and 50 mA. Photoluminescence spectra were re-
corded on a SPEX F212 fluorescence spectrometer. AFM image
and scanning tunneling microscopy of the LB films were measured
on a SPA-400 atomic force microscope.

4.2. Synthesis of OMA

The diethynyl ligand (15.3 mg, 0.04 mmol) in THF (5 mL) was
first combined with MeHgCl (20.1 mg, 0.08 mmol) in MeOH
(15 mL) and 0.2 M basic MeOH (4 mL) was subsequently added
to give a pale yellow suspension. The solvents were then decanted
and the light yellow solid of OMA (29.2 mg, 90%) was air-dried. IR
(KBr): m(C„C) 2124 cm�1. 1H NMR (CDCl3): d 7.57 (m, 2H, H1,8),
7.43 (m, 4H, H3,4,5,6), 1.92 (m, 4H, CH2(CH2)4CH3), 1.12–0.96 (m,
12H, CH2(CH2)3CH2CH3), 0.76 (t, J = 7.2 Hz, 6H, (CH2)5CH3), 0.72
(s, 6H, Me), 0.54 (m, 4H, CH2(CH2)3CH2CH3). FAB–MS: m/z 811
[M+]. Anal. Calc. for C31H38Hg2: C, 45.86; H, 4.72. Found: C,
45.55; H, 4.50.

4.3. Monolayer and LB film fabrication

The formulae of the composites for the LB films are shown in
Fig. 1. MPA can be organized as monolayers using the LB technique.
Monolayer formation and deposition were carried out on a French
LB 105 slot under room temperature condition at 20 ± 1 �C. The
surface pressure was measured by the Wilhelmy method. Triple-
distilled deionized water (pH 6) was used as the subphase. The
spreading solution of OMA (1 � 10�4 mmol dm�3) in chloroform
was spread onto the pure water subphase using a microsyringe;
when the solvent had evaporated thoroughly, compression began
with the compression rate at 10 cm2 min�1 and the curve was re-
corded. The procedure of LB film fabrication was essentially the
same as for the monolayer except that the subphase is MPA aque-
ous solution (1 � 10�6 mol L�1). All the experiments for monolayer
deposition were performed under a surface pressure of 25 mN m�1.
In the case where a stable Langmuir monolayer of OMA was
formed on the subphase, the monolayer was subsequently depos-
ited onto ITO or quartz substrates by the vertical dipping method
at a rate of 3 mm min�1, resulting in a fairly good deposition of a
typical Y-mode film. The number of layers of LB film prepared here
is equal to the number of dipping or lifting processes, on each of
which a floating Langmuir monolayer was transferred onto the
substrate with a good transfer ratio.
5. X-ray crystallography

Crystals suitable for X-ray diffraction studies were grown by
slow evaporation of each of the respective solutions in CH2Cl2/hex-
ane at room temperature. Geometric and intensity data were col-
lected at 293 K using graphite-monochromated Mo Ka radiation
(k = 0.71073 Å) on a Bruker Axs SMART 1000 CCD diffractometer.
The crystallinity, orientation matrix, and accurate unit-cell param-
eters were determined according to standard procedures. The col-
lected frames were processed with the software SAINT [43] and an
absorption correction (SADABS) [44] was applied to the collected
reflections. The structure was solved by the Direct or Patterson
methods (SHELXTL) [45] in conjunction with standard difference Fou-
rier techniques and subsequently refined by full-matrix least-
squares analyses on F2. Hydrogen atoms were generated in their
idealized positions and all non-hydrogen atoms were assigned
with anisotropic displacement parameters. Crystal data for OMA:
C31H38Hg2, Mw = 811.79, monoclinic, space group P1, a = 14.2680
(7), b = 21.739(1), c = 21.749(1) Å, a = 83.8330(1), b = 70.829(1),
c = 70.861(1)�, V = 6019.8(5) Å3, Z = 8, qcalc = 1.791 Mg m�3, l(Mo
Ka) = 10.204 mm�1, F(0 0 0) = 3072, T = 293 K. 30,264 reflections
measured, of which 20,828 were unique (Rint = 0.0554). Final
R1 = 0.0670 and wR2 = 0.1542 for 7000 observed reflections with
I > 2r(I).
Supplementary material

CCDC 726662 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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