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Abstract

New multilayer films were prepared by alternating adsorption of poly(sodium 4-styrenesulfonate) (PSS) and a new complex of
[Cux(Dpq)2(Ac)>(H>0),] (ClOy),-H,O (1) (Dpq = dipyrido[3,2-d:2',3'-fl]quinoxaline, Ac = acetate) or a related complex [Cu(Dpq),
(H;0)] (ClOy4),-H,O (1a) by electrostatic layer-by-layer self-assembly technique, respectively. Compounds 1 and 1la have been
synthesized and structurally characterized by elemental analyses, IR spectroscopy, and single-crystal X-ray diffraction analyses. Single-
crystal X-ray analyses show that complexes 1 and 1a possess a dinuclear and a mononuclear structure, respectively, which are further
extended into layered frameworks by n—n stacking and hydrogen-bonding interactions. The multilayer films were characterized by
UV-vis spectroscopy, fluorescence spectroscopy, small-angle X-ray reflectivity measurements, and atomic force microscopy (AFM)
imaging. UV spectroscopy shows that the deposition process is regular and highly reproducible from layer to layer. AFM image indicates
that the film surface is uniform and smooth. The fluorescent properties of the films were studied and the results showed that the forming

condition of the films had great influence on their properties.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, self-assembled multilayer films technique
has drawn increasing attention in material science for
fundamental research and intensive applications in the
fields of composites, catalysis, biomaterials, microelectro-
nics, nonlinear optics, sensor, and so on [1-4]. The layer-
by-layer (LBL) self-assembled technique was applied to
produce multilayer films reported first by Iler in 1966 and
developed by Decher and Hong in the early 1990s [5-7].
Since then this LBL technique has been a premier approach
because of its simplicity and versatility [8]. LBL films are
predominantly assembled by the alternate deposition of
oppositely charged species onto a charged solid surface,
where electrostatic forces facilitate layer build-up [9,10]. As
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such, a broad scope of materials can be incorporated into
the multilayer films with precision including synthetic
polymers, fluorescent dyes, charged nanoparticles, and
biological macromolecules [11-14]. Most of materials
which can be assembled into multilayer films by LBL
methods are water-soluble. More recently, there also have
been several reports about some water-insoluble or poor
water-soluble polymers can be assembled into multilayer
films by LBL methods on the basis of hydrogen bond,
coordination bond, or charge-transfer interaction [15-17].
But it is still difficult to incorporate the water-insoluble or
poor water-soluble complex into the multilayer films by
LBL electrostatic interaction [18].

The fact that coordination compounds have attracted
increasing attention not only stems from their fascinating
structures but also from their potential applications as new
materials [19]. Meanwhile, copper-containing complexes
are an important class of materials in view of their growing
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significance, for example, as porous solids, sensors,
molecular magnets, optical materials, and in supramole-
cular chemistry and catalysis [20]. However, most of the
coordination compounds are water-insoluble or poor
water-soluble, which may limit their applications. Based
on above considerations, incorporating these complexes
into multilayer films by LBL self-assembly method could
be helpful in a wide range of applications.

Herein, our group purposefully designed and synthesized
a new charged poor water-soluble dinuclear copper(Il)
complex [Cux(Dpq)a(Ac)y(H>0)s] (CIO4), - HyO (1) (Dpq =
dipyrido[3,2-d:2’,3’-flquinoxaline, Ac = acetate) and a re-
lated mononuclear copper(Il) complex [Cu(Dpq),(H,0)]
(ClOy4),-H,O (1a) [21], which might be used as new
fluorescence materials, and subsequently were incorporated
into mutilayer films by LBL methods. Compounds 1 and
la have been structurally characterized by elemental
analyses, IR spectroscopy, and single-crystal X-ray diffrac-
tion analyses. The film growth was monitored by UV-vis
spectroscopy and the surface morphology of the films was
observed by atomic force microscopy (AFM). The film
structure was characterized by X-ray reflectivity (XRR)
measurements, and the fluorescent properties of these
multilayer films were also investigated by fluorescence
spectroscopy.

2. Experimental
2.1. Materials

Dpq was synthesized by the method of the literature [22].
Poly(sodium 4-styrenesulfonate) (PSS), MW 70000;
poly(allylamine hydrochloride) (PAH), MW 70000; and
poly(ethyleneimine) (PEI), MW 50000 were purchased
from Aldrich. The water used in all experiments was
deionized to a resistivity of 17-18 MQcm. All other
chemicals purchased were of reagent grade and used
without further purification.

The PSS/Cu"" complex multilayer films were deposited
onto the following solid substrates for detailed character-
ization: quartz slides for UV—vis absorption, fluorescence,
XRR, and single-crystal silicon wafers for AFM. All
solid substrates were cleaned with piranha solution
(H>0,:H,SO4 = 3:7 v/v) at 80°C for 1h, followed by
thorough rinsing with deionized water. Further purification
was carried out by immersion of the substrates in
NH4OH:H,0,:H,O (1:1:5 v/v) solution at 70°C for
30 min and then extensively washing with water and drying
with N,. The cleaned substrates were hydrophilic and
stored in deionized water prior to use [23].

2.2. Characterization

FT-IR spectra (KBr pellets) were taken on a Magna FT-
IR 560 spectrometer and 'H NMR analyses were
performed on a Varian Mercury V x 300 spectrometer
Analyzer. UV-vis absorption spectra were recorded on a

quartz slide using a UV-2550 spectrophotometer. Fluores-
cence spectra were performed on a Hitachi F-4500
fluorescence spectrophotometer at room temperature.
XRR experiments were performed with a Philips X'Pert
instrument using CuKo radiation (1 = 1.5405A). AFM
images were obtained in a commercial microscope (AJ-III
Scanning Probe Microscope, Shanghai AJ Nano-Science
Development Co. Ltd.) by tapping mode with pyramidal
tips and cantilevers made from etched silicon probes.

2.3. General synthetic procedure

2.3.1. Synthesis of complex [Cuy(Dpq)(Ac)>(H>0),]
(ClO4)2- H>0 (1)

A mixture of Cu(ClOy),-6H,O (0.027 g, 0.1 mmol) and
Dpq (0.024 g, 0.1 mmol) with SmL acetic acid and SmL
ethanol was stirred for 20 min, then transferred and sealed
in a 25mL teflon-lined stainless-steel container, which was
heated to 120 °C for 48 h and cooled to room temperature
at a rate of 5°C/h. Blue block crystals were obtained and
washed by water and ethanol, and dried in air. Yield: 85%
(based on Cu) Calcd. for C32H2()C12CUQN80142 C 406, H
2.7, N 11.8%; found: C 40.7, H 2.8, N 11.9%. IR (KBr) v:
3465 (m), 1579 (w), 1487 (s), 1431 (w), 1087 (w), 823 (s),
731 (s), 647 (m).

2.3.2. Synthesis of complex [Cu(Dpq)>(H>0)]
(ClO4)z- H>0 (1a)

A mixture of Cu(ClQy),-6H,O (0.027 g, 0.1 mmol), and
Dpq (0.024 g, 0.1 mmol) with 5mL acetic acid and SmL
acetonitrile was stirred for 2 h. The resulting solutions were
filtered and the filtrates were allowed to stand in air at
room temperature for several days, yielding green block
crystals of la. Yield: 74% (based on Cu). Calcd. for
CysH,0ClL,CuNgOyo: C 44.1, H 2.6, N 14.7%; found: C
44.1,H 2.8, N 14.6%. IR (KBr) v: 3120 (w), 1588 (m), 1480
(), 1409 (s), 1385 (s), 823 (s), 724 (s), 617 (s).

2.3.3. X-ray crystallography

Crystallographic data for 1 was collected at 293(2) K on
a Bruker Smart 1000 CCD diffractometer with MoKo
(4 =10.71073 A) by w scan mode. All the structures were
solved by direct methods using the SHELXS program of
the SHELXTL package and refined by full-matrix least-
squares methods with SHELXL [24,25]. Hydrogen atoms
of the ligand were generated theoretically onto specific
atoms and refined isotropically with fixed thermal factors.
Crystal data for 1: M = 944.61, Monoclinic, Pc, a =
8.703(2) A, b = 18.517(4) A, ¢ = 11.836(3) A, B = 108.980(4)°,
V= 1803.71(7)A*, Z=2,Dc=1.739gem >, = 1.410mm ',
F000)=956.0, R=0.0552 and wR, = 0.1260 for 3345
independent reflections with [/>20([)]. Crystal data for 1a is
listed in Table S1. Selected bond lengths and angles for 1 are
presented in Table S2. Hydrogen-bonding geometries for 1
and la are summarized in Table S3, respectively.
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2.4. Film preparation

The following solutions were used to prepare PSS/Cu'’
complex multilayer films (1-4): Aqueous PEI solution
(5mgmL™), aqueous PSS solution (2mgmL™" and contain-
ing 0.5mol L' NaCl), aqueous PAH solution (2mgmL !
and containing 0.5molL' NaCl), and DMF:H,O =
1:1(v:v) Cu'! complex solution (10 > mol L ™).

The fabrication of the multilayer films (1-4) was carried
out according to the following steps. At first, a PEI/PSS/
PAH precursor (P) film was deposited onto a cleaned
substrate (quartz, silicon) by immersing the substrate
alternately in PEI, PSS, and PAH solutions for 20 min
each, followed by rinsing with deionized water and drying
in nitrogen after each immersion. Then the substrate-
supported precursor (P) film was alternately dipped into
the PSS and the Cu" complex solutions for 20 min, rinsed
with deionized water and dried in a nitrogen stream after
each dipping, respectively. It should be noted that Cu"
complex solutions for multilayer films 1 and 3 were used
soon after Cu'' complexes were dissolved in DMF-H,0,
while solutions for multilayer films 2 and 4 were allowed to
stand at room temperature for 24 h, respectively. This

process can be repeated until the desired number of
bilayers is obtained. All adsorption procedures were
performed at room temperature. The multilayer architec-
tures thus obtained can be expressed as P/(PSS/Cu,-Dpq),,
(for films 1 and 2) and P/(PSS/Cu-Dpq), (for films 3
and 4), respectively.

3. Results and discussion
3.1. Description of crystal structure

3.1.1. [Cuz(Dpq)2(Ac)2(H0),] (ClO4);- H>0 (1)
Single-crystal X-ray analysis reveals that complex 1 is a
unique 2-D double-layered supramolecular framework in
which the asymmetric unit contains two Cu(Il) ions. Each
of the Cu(Il) ions is coordinated by two oxygen atoms
from two distinct acetate ligands with Cu-O bond
distances ranging from 1.927(7) to 1.974(6) A, two nitrogen
atoms from one Dpq ligand (average Cu-N distance
2.073A), and a coordinated H,O molecule, showing
distorted tetragonal-pyramidal coordination geometry.
The two Cu(ll) ions are bridged by two acetate ligands

Fig. 1. (a) 1-D chain-like supramolecular network of 1 formed by C-H---O bonds and (b) the double-layered supramolecular structure stacked by n—=n
stacking interactions and strong hydrogen bond chains (part of H atoms and ClO; are omitted for clarity).
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to form a dinuclear unit with Cu---Cu distance ca. 3.06 A
(see Fig. S1).

Additionally, the dinuclear units are linked by hydrogen
bonds between the hydrogen atoms [C(21)-H(21A)] from
Dpq ligands and the oxygen atoms O(4) of acetate
[C(21)-H(21A)---O(4), 3.38 A, 161°] into 1-D chain viewed
along a-axis (Fig. la). Furthermore, along the c-axis
direction, the 1-D chains are ultimately extended into a
2-D double-layered supramolecular structure through n—n
stacking interactions between aromatic groups of Dpq
ligands (face-to-face distance ca. 3.01A) and hydrogen
bond chains O(2)-O(13)-Cl(2)-O(11)-O(2) as shown in
Fig. 1b.

3.1.2. [Cu(Dpq),(H>0)] (ClO,),-H,0 (1a) [21]
Single-crystal X-ray analysis reveals that complex la
is a mononuclear structure, which is stacked into a
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double-chain supramolecular structure through 7=
stacking interactions between aromatic groups of Dpq
ligands (face-to-face distance ca. 3.46A) and strong
hydrogen bond chains O(9)-O(W)-CI(1)-O(3)-0O(9) (see
Fig. S2).

3.2. UV-vis spectra of the films

The growth process of multilayer films containing Cu"
complexes was investigated by means of UV-vis spectra.
Fig. 2 shows the UV absorbance spectra of four P/(PSS/
Cu'"' complexes), (n=0-7) multilayer films (1-4) as-
sembled with the following order: Fig. 2a and b show the
UV-vis spectra of P/(PSS/Cu,—Dpq), multilayer films 1
and 2, respectively. The UV-vis spectra of P/(PSS/
Cu-Dpq), multilayer films 3 and 4 are depicted in Fig. 2¢c
and d, respectively.
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Fig. 2. UV-vis adsorption spectra of (a) films 1, (b) films 2, (c) films 3, and (d) films 4, respectively. The lowest curve corresponds to the precursor (P) film
(n = 0). The insets show plots of the absorbance values at 225 and 260 nm as a function of the number of PSS/Cu" complexes bilayers.
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Since PEI and PAH does not absorb above 200 nm, the
absorption band at 225 nm is due to the benzene ring of PSS
molecules in the precursor (P) film with n = 0 [26]. The films
exhibit the characteristic bands of the Cu" complexes 1 and
la at 260nm, which confirms the incorporation of Cu''
complexes into multilayer films. The insets in Fig. 2 present
the plots of the absorbance values for these multilayer films
at 225 and 260 nm as a function of the number of deposition
cycles. It can be seen that the linearity of films 2 and 4 (the
insets of Fig. 2b and d) is better than that of films 1 and 3
(the insets of Fig. 2a and c), which indicates that films 2 and
4 exhibit more homogeneous multilayer growth than that of
films 1 and 3 [27]. It is possible to precisely control the
amount of fluorescence materials deposited simply by
controlling the bilayer number.

However, it is interesting to note that the absorbance
value corresponding to the deposition of the first (PSS/Cu!
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complexes) bilayer onto the precursor (P) film is larger
than that of the later bilayer, indicating that a greater
amount of the Cu'' complex penetrated the precursor (P)
film [28].

The influence of concentration of Cu complex solutions
on the multilayer assembly was investigated. Regular (or
approximately regular) growth was observed in a wide
range of the concentrations of Cu complex solutions (from
107 to 102 molL™"), which confirms that the LBL self-
assembly technique is also applicable to the fabrication of
multilayer films of poor water-soluble Cu complex. In
addition, the absorbance increased almost in proportion
with the Cu complex concentrations (from 107° to
10°molL™"). When the Cu complex concentration is
higher than 10> mol L', the absorbance increases slightly,
suggesting that the adsorption of Cu complex tends to
saturation.
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Fig. 3. Fluorescence emission spectra of (a) films 1, (b) films 2, (c) films 3, and (d) films 4, respectively. The insets show the intensity growth at 400 nm as a

function of the number of bilayers (1ex = 255 nm).
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3.3. Fluorescence properties of the films

The fluorescence properties of the two compounds (1 and
1a) and the (PSS/Cu"' complexes), (n = 1-7) multilayer films
have been investigated at room temperature. The fluores-
cence spectra of compounds 1 and 1a in the solid state
exhibit the characteristic fluorescence emission peak at ca.
352, 400 and 471 nm upon excitation at 255 nm, respectively
(see Fig. S3). The multilayer films 1 exhibit emission peaks
at ca. 352, 400 and 471 nm upon excitation at 255nm as
shown in Fig. 3a, which is consistent with those of the solid
compound. But the fluorescent intensity located at 400 nm
increased, which could be assigned to the isolated dinuclear
contribution of compound 1, while two shoulder peaks at
352 and 471 nm could be due to the contribution of the
different aggregated states of multi-dinuclear clusters
formed by hydrogen bonds and =7 interactions as
described in the crystal structure [29]. That is to say,
compound 1 existed in multilayer films 1 in two forms:
isolated dinuclear and multi-dinuclear clusters. Interestingly,
the emission peak at 400 nm remarkably increased while the
two shoulder peaks completely disappeared as shown in
Fig. 3b, which indicated that only the isolated dinuclear
units of compound 1 existed in films 2. As reported [30],
because of the long standing time in DMF-H,O solution,
the n—n interactions of multi-dinuclear clusters could be
destroyed by polar DMF-H,0 solution, which makes the
embedded Cu,—Dpq multilayers exist in an isolated di-
nuclear unit form. Consequently such an isolated dinuclear
unit in multilayers avoids the self-quenching of intra-clusters
[31] and effectively increases the rigidity of the film surfaces,
and thus makes the fluorescent intensity to significantly
increase when compared to that of films 1. That is to say, the
different forming conditions of these films may result in their
different fluorescence properties.

It can be seen from the inset of Fig. 3a that the variation
of the fluorescent intensity with the number of PSS/
Cu,—Dpq bilayers of films 1 tends to increase almost
linearly. Comparatively, as shown in inset of Fig. 3b, it is
amazing that the fluorescence emission peak of films 2 at
400 nm yields an approximately exponential relationship.

Despite the different geometries and ligand environ-
ments of the two compounds, the fluorescence properties of
films 3 and 4 (see Fig. 3c and d) are similar to that of films 1
and 2 in the peak profiles, except that the intensity is
weaker than that of films 1 and 2, respectively. The
fluorescence emission peak of films 3 and 4 at 400 nm
would be attributed to the isolated mononuclear unit as
proved above by crystal structure of 1a. These observations
indicate that these materials may be excellent candidates
for potential photoluminescence materials because of their
remarkable fluorescence properties.

3.4. XRR measurements

Small-angle XRR was used to investigate the film
structure. Fig. 4 shows the XRR curves for the multilayer
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Fig. 4. X-ray reflectivity profiles of P/(PSS/Cu,-Dpq)s (a) films 1, (b)
films 2 and P/(PSS/Cu-Dpq)s, (c) films 3, and (d) films 4, respectively.

films P/(PSS/Cu" complexes), (n = 5). The X-ray curves of
the multilayer films are considered to be a series of Kiessig
fringes, which results from X-ray interferences from the
subtrate—film and film—air interfaces, suggesting that the film
surfaces are moderately uniform and smooth. The absence of
Bragg peaks in XRR curves indicates the absence of a
lattice-like layer structure and points to entanglement
between the layers. The total thickness of the films were
calculated to be about 11.5, 10, 16.9, and 11.6 nm for films
14, respectively, from the spacing of the Kiessig fringes [32].
The thickness of the precursor PEI/PSS/PAH film was
calculated to be about 5nm (Fig. S5 shows the XRR curves
for the P film). Based on the above-mentioned date,
therefore, we infer the average thickness of one bilayer to
be about 1.3, 1.0, 2.4, and 1.3 nm, respectively. The thickness
of films 1, 3 are higher than that of films 2, 4, respectively,
which may be due to the different existence of Cu complexes
on films as described in the studies of fluorescence properties.

3.5. AFM images of the films

The AFM images of the (PSS/Cu'' complexes), (n = 5)
multilayer films (Cu" complexes as the outermost layer)
were taken to provide detailed information about the
surface morphology and the homogeneity of the deposited
films. Fig. 5a and b displayed an AFM image of the surface
of the P/(PSS/Cu,-Dpq)s multilayer films 1 and 2 on a
single-crystal silicon substrate and Fig. 5c and d showed that
of the P/(PSS/Cu-Dpq)s multilayer films 3 and 4, respectively.
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As can be seen, the surfaces of films 1 and 3 are made up
of many spherical domains and some irregular blocks.
The diameters of the spherical domains are approximately
15.8 and 14.7nm along the horizontal axis, respectively.
These domains are probably composed of complex ion pairs
formed by the association of the Cu'' complex polycations
with PSS polyelectrolyte chains via electrostatic interactions
[33], and closely packed with each other and uniformly
distributed in the whole films. The average diameters of
irregular blocks are around 56.8 and 50.4 nm, respectively,
which should be explained as an indirect reflection of
aggregated multi-unit clusters Cu" complex. The surface
rms roughness over 1 x 1 pum? is approximately 1.57 and
1.41 nm, respectively. The films 2 and 4, however, show
almost uniform and smooth surfaces with roughness of 1.01
and 1.04nm, on which the spherical domains with a mean
size of ca. 14.4 and 13.3 nm, respectively, and these domains
are more closely packed with each other than that of films 1
and 3. These differences can be attributed to the different
existence form (multi-unit clusters and isolated units) of the
complexes 1 and 1a in the four films, which was consistent
with the consequence of UV-vis, fluorescence spectra, and
XRR measurements. This also provides the convincing
evidence that the standing time of Cu" complex solutions
(used soon or left to stand at room temperature for 24 h after
the Cu" complexes were dissolved in DMF-H,0) may have
influence on film formation.

4. Conclusions

In this work, we synthesized a new dinuclear copper(II)
complex 1 and a related mononuclear copper(Il) complex
1a and fabricated the highly ordered multilayer films (1-4)
with these two complexes by LBL method, respectively.
The films have been characterized by UV-vis spectroscopy,
fluorescence spectroscopy, XRR measurements, and AFM
imaging, which reveal both regular film growth and
homogeneous surface morphology with Cu'' complex 1
and 1la, respectively. The occurrence of fluorescence
activity confirms the potential for creating photolumines-
cence multilayer films with the poor water-soluble complex.
The significance of our work reveals the relationship
between film forming conditions and film fluorescence
properties of these complexes formed by hydrogen bonds
and 7— interactions, that is, the change of film forming
conditions have great influence on their properties.
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Appendix A. Supplementary materials
Crystallographic data (excluding structure factors) for

the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as

supplementary publication no. CCDC: 604934 (1). Copies
of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: (44) 1223336-033; e-mail: deposit@ccdc.cam.ac.uk).
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supplementary data. Please visit doi:10.1016/j.jss¢.2007.07.033
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