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ABSTRACT: Fluorescent organic—inorganic composite materials
exhibiting “turn-on” response are often based on conjugated small
molecules. Conjugated polymers, however, often exhibit a “turn-off”
response in combination with metal ions. Here we present
fluorescent turn-on behavior of a branched poly(ethylene imine)-
poly(acrylic acid)-Ag" ion complex in a thin film. The material is
characterized by UV—vis, spectrofluorometry, XPS, and ICP-MS.
The turn-on response is exhibited only with all three components
present, implying that the optically active metal coordination
complex contains amine and carboxylic acid groups. This behavior is
observed in the solid state, meaning this material could be easily
integrated into devices. We demonstrate sensing of formaldehyde
vapor as well as halide containing solutions based on fluorescence
quenching. This fluorescent material is simply made using the layer-
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by-layer technique and commercially available polymers.

C oordinative assembly, taking advantage of coordination
complex formation, allows organic—inorganic functional
assemblies to be formed from combinations of polymers,
oligomers, metal ions, and metallopolymers.'~* Functionality of
these materials includes optical properties such as fluorescence.
Many fluorescent organo-metallic complexes are formed from
the combination of a conjugated small molecule and a metal
ion.>® On the other hand, fluorescence of conjugated
polyelectrolytes is often quenched (turn-off response) upon
complexation with metal ions.”~” This can be explained by self-
quenching and intermolecular energy transfer caused by the
aggregation of chromophores in aqueous solution, or
aggregation-caused quenching,'’

In certain cases when nonluminescent organic gelators
aggregate, their gelation actually enhances luminescent
emission (turn-on response).u_13 One example is organogels
assembled through metal ion coordination complexes. How-
ever, there are only a few reports describing fluorescent Ag" ion
complexes, usually with conjugated small molecules, and Ag*
ion complexation induced formation of fluorescent supra-
molecular gels."* More commonly, quenching of photo-
luminesence occurs, even though the unbound ligand may
exhibit a strong fluorescence before chelating with Ag* ion."*
Therefore, creation of this turn-on type of fluorescent probe in
combination with Ag"* ion still remains a significant challenge.
Park et al.'" presented a turn-on fluorescent supramolecular gel
triggered by coordination of silver ion with a conjugated small
molecule. The ligand itself is nonfluorescent in solution but it
then becomes highly fluorescent when self-assembled with Ag"
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ion to form supramolecular fibers. Zhang et al.'>'® reported a

turn-on fluorescent gel based on tetraphenylethylene deriva-
tives, which show very weak fluorescence in solution, but when
complexed with Ag" ion, a strong emission is exhibited.

The layer-by-layer (LbL) method for directing the complex-
ation of polyelectrolytes is a versatile tool for creating thin films
called polyelectrolyte multilayers (PEMs) composed of a range
of components, including metal ions.” This technique can be
used with charged materials as well as hydrogen bonds and
materials using other types of associations. Here we report a
branched poly(ethylene imine)/poly(acrylic acid) (BPEI/
PAA)-Ag" ion complex system deposited fabricated using the
LbL method that exhibits a spontaneous fluorescence similar to
the “turn-on” phenomena. The components in the system are
nonconjugated polyelectrolytes, which are not fluorescent in
the absence of silver ions. The complex containing film is
prepared by sequential exposure of a substrate to solutions of
BPEI and PAA until the desired number of layers is achieved.
Ag" ion is introduced into the assembly by a stable
polyelectrolyte-ion complex with either BPEI or PAA being
formed in solution which is then used for film assembly, an
approach similar to that used by Bruening et al. to introduce
palladium into PEMs.'”'® During assembly, Ag® ion is
incorporated into the multilayer through chelation with both
amine groups of BPEI and carboxylic acid groups of PAA. The
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PEM in the absence of Ag" is nonfluorescent, as are complexes
containing a single polyelectrolyte and Ag* ion. Once Ag" ions
are included in the assembly process, no matter if first
complexed with BPEI or PAA, an orange emission is generated
under UV irradiation. If silver ion is incorporated in both
solutions, fluorescence is also observed in the film. This
phenomenon is caused by the Ag" ion forming a complex with
both BPEI and PAA to form a supramolecular structure and
then the consequent splitting of HOMO and LUMO levels
with an energy difference that matches the photoluminescence
emission.

To reiterate, the phenomena is seen both when Ag" ion is
complexed first with BPEI or with PAA. If a pristine (no metal
ion) BPEI/PAA multilayer is exposed to Ag" ion solution, after
some time it will also show this response, in true “turn-on”
fashion. However, these films also become rough and scatter so
quantitative measurement of the fluorescence is difficult.
Additionly, fluorescence is not seen when other polycations
such as linear poly(ethylene imine), which contains only
secondary amines, and poly(allylamine hydrochloride), which
contains only primary amines or polydimethyldially ammonium
chloride, containing quartenary amines, are used, but is also
observed when polyamidoamine (PAMAM, G3-NH, surface) is
used as the polycation. We believe this shows that linear
polymers do not have the necessary geometry to form a
fluorescent complex, as we have previously shown that BPEI
can complex greater amounts of silver ion than linear
polyamines, and perhaps the specific chemistry of the amines
is important.

This PEM system, BPEI-metal ion/PAA, has been reported
to have the ability to incorporate various transition metal ions,
such as Cu**, Co*", Fe*", Zn**, and Ag’, through both chelation
with amine and carboxylic acid groups.” Here, PEMs were
assembled using a BPEI-Ag" ion complex and PAA (Figure
1A). Deposition begins with a stable BPEI-Ag" ion complex
with an excess of positive charges, which then complexes with
negatively charged PAA in the subsequent deposition step. The
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Figure 1. (a) Schematic representation of the multilayer assembly of
BPEI-Ag*/PAA. Ag" ions chelate with the amine groups of BPEI and
the carboxylic acid groups of PAA (b) UV—vis (black) and
fluorescence spectra of 30 bilayer BPEI-Ag*/PAA films. Red and
blue spectra are the excitation (with fixed emission wavelength of 615
nm) and emission spectrum (with fixed excitation wavelength of 450
nm), respectively. Solution concentrations of BPEI and PAA were 40
and 20 mmol/L with respect to the repeat unit. Concentration of Ag*
ion in the BPEI-Ag" ion complex solution was 3 mmol/L.
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Ag" jon is able to interact with both amine groups and
carboxylic acid groups in the multilayer film as the
polyelectrolytes assemble through metal—ligand interactions
or electrostatics. The ion containing film is nearly colorless
under visible light and emits an intense orange color under UV
irradiation. The UV—vis spectrum (black) in Figure 1B shows
the weak absorbance of the BPEI-Ag"/PAA film at 450 and 615
nm, matching the maximum fluorescence excitation (red
spectrum) at 450 nm and the emission (blue spectrum) at
615 nm.

Similar to the growth of the BPEI/PAA system,19 the BPEI-
Ag"/PAA system grows superlinearly during the first 15 bilayers
(ie, successive layers deposit more thickly than previous
ones)*? following the “in” and “out” diffusion mechanism.*" For
films of this type, one (or both) of the polyelectrolytes are able
to not only to add on to the surface of the LbL film but to
diffuse into the bulk of the film. The film then grows linearly
until ~10 um in thickness (Figure 2C). Both UV-—vis
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Figure 2. Growth of BPEI-Ag'/PAA film. UV—vis spectra (A),
fluorescence spectra (B), and thickness (C) of BPEI-Ag'/PAA film
with different bilayer number. The fluorescence spectra for films of
different bilayer numbers were obtained using an excitation wavelength
of 450 nm. Photographs of BPEI-Ag"/PAA film with different numbers
of bilayers shown under visible light (D) and UV irradiation (E). Films
are nearly colorless under visible light, while those under UV
irradiation show an orange emission color and an increase in intensity
with increasing bilayer number.

absorbance (Figure 2A) and fluorescence intensity (Figure
2B) increase with bilayer number, showing increasing
incorporation of optically active complex. The peaks in these
spectra do not shift during film growth. The relative intensity of
the two emission peaks remains similar as the film grows. This
means that the chelation mode in the film does not change
distinguishably during growth. Although an increase in
absorbance in the visible range can be detected, the film is
nearly colorless to the eye under visible light (Figure 2D). Once
these films are exposed to UV irradiation, light of an orange
color is spontaneously emitted (Figure 2E).

To date, this is the first report of such a fluorescent “turn-on”
phenomena using a PEM. Neither the BPEI-Ag" ion nor the
PAA-Ag" ion solution exhibits fluorescence, which is seen only
once the (BPEI/PAA)-Ag" multilayer is formed. The origin of
the fluorescence in this is due to chelation of Ag" ion with BPEI
and PAA, not the formation of reduced Ag nanoclusters. It has
been demonstrated that Ag clusters as part of a PEM can also
generate fluorescence due to discontinuous band struc-
tures.”>">> Photochemical reduction of the Ag" ion within the
film to form Ag nanoclusters, however, results in quenching of
the fluorescence (Figure S1). This indicates that in this case the
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source of the emission is the coordination complex, not Ag
nanoclusters. The fluorescence emission at 615 nm is quenched
via both thermal (Figure S2) and chemical reduction (Figure
S3) of Ag. Also, different than the single emission band
exhibited by Ag nanoclusters both in solution'**™>* and in
films,”* > two overlapping emission bands at 515 and 615 nm
are observed for the BPEI-Ag"/PAA film with an excitation at
450 nm. The presence of two peaks indicates multiple types of
bonding between the two polyelectrolytes and the Ag" ion.
Fluorescence is also observed in PAMAM/PAA-Ag" films,
which includes all of these same functional groups as BPEL In
the PAMAM case two emission bands are observed but are
much weaker compared with BPEI/PAA-Ag" films.

The UV—vis absorbance and fluorescence intensity may be
varied by manipulation of Ag" ion concentration in solution.
Even though the Ag" ion in either BPEI or PAA solution used
for LbL assembly is not completely incorporated into the film
(Table S1), an increase in Ag" ion concentration in the
complex solution does increase the Ag* ion content in the film.”
Solutions with different Ag” ion concentrations (1, 3, and 6
mmol/L) form complexes with BPEI that are stable as long as
several weeks. When assembled into a film with PAA, both the
UV-—vis absorbance and the intensity of fluorescence of the
films increase with the increase in Ag" ion concentration in
BPEI-Ag" complex solution, shown in Figure 3A. Moreover, the
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Figure 3. UV—vis (A) and fluorescence emission spectra (B) of 30
bilayer BPEI-Ag*/PAA films assembled with different Ag" concen-
trations in the BPEI-Ag* complex solution. Emission spectra were
obtained with a 450 nm excitation and their relative intensities increase
as the Ag" ion concentration increases from 1 to 6 mmol/L. The
concentration of BPEI and PAA were 40 and 20 mmol/L with respect
to the repeating group. The concentration of Ag” ion in the BPEI-Ag*
ion complex solution was 1, 3, and 6 mmol/L in the BPEI-Ag* ion
complex solution for LbL assembly.

ratio of emission intensity of the peak at 515 nm to the peak at
615 nm increases when the Ag' ion concentration was 6
mmol/L in solution as compared to the films made with lower
silver ion concentrations. The emission intensity at 615 nm is
unchanged for the 3 and 6 mmol/L cases, while the emission
intensity at 515 nm increases when changing from 3 to 6 mmol
of Ag" ion in the assembly solution, seen in Figure 3B. In the
UV—vis spectrum, an increase in the band at 615 nm when the
Ag" ion concentration increases to 6 mmol/L was also
observed. The changes in relative intensity of these two peaks
may be indicative of the types of metal—ligand interactions
changing, or their relative ratios changing in the films with
increasing Ag* ion content. The two emission bands at 515 and
615 nm in the fluorescence spectra are always at the same
wavelength but different intensities depending on assembly
conditions. These conditions include Ag" ion concentration,
molecular weight of polyelectrolytes, and by introducing silver
in different assembly solutions (Figure S4). Molecular weight
can influence emission intensity even when the polymer in
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question is not the one complexed with Ag" ion in assembly
solution.

In order to study the chelation mode in the film, ATR-FTIR
and XPS were chosen to investigate both the metal—ligand
interactions in the film and the amount of Ag" ion in the film.
The ATR-FTIR spectra of the BPEI-Ag*/PAA film (Figure SS)
does not show any distinguishable shifts in the peaks with
increasing Ag® ion concentration during assembly. Most
(~85%) of the carboxylate groups of PAA are deprotonated
and form either metal—ligand coordination complexes with Ag"
ion or electrostatic interactions with BPEI, while the amine
groups exist in both protonated and deprotonated states
(Figure S6). The amount of Ag" ion incorporated into the film
is influenced by such factors as the charge densities of the
polyelectrolyte complexes and the strength of the metal—ligand
coordination complexes. PAA is less able to form a stable
complex with Ag" ion at higher silver ion concentrations. The
complex starts to precipitate at an early stage, under the
condition of Ag" ion concentration of 3 mmol/L and carboxylic
acid group concentration of 20 mmol/L, at pH 4.5. However,
BPEI can form a stable complex over a greater range of silver
ion concentrations. BPEI is stable at conditions of Ag" ion
concentration of 6 mmol/L and amine group concentration of
20 mmol/L, at pH 9.5. Even when the Ag* ion concentration
(either in complex with BPEI or PAA) is fixed as 1 mmol/L,
the charge density, affinity to Ag" and complex structure will
have the distinguishable difference for the Ag* ion chelated with
BPEI and PAA. Using a PAA-Ag* ion complex (as opposed to
BPEI-Ag" ion complex) incorporates more Ag* into the film
and has a higher intensity emission than BPEI-Ag" ion complex
(Figure S4).

Formaldehyde is widely used in the manufacture of resins
and construction materials. However, it is a toxic and allergenic
chemical and accumulates widely over cities.””** While there
are numerous methods for detecting gaseous formaldehyde,
there remains a need for an inexpensive and rapid technique.
Our fluorescent film can be used as a simple method for
formaldehyde detection. Formaldehyde is known to be a weak
reducer for Ag"* ion as Tollen’s reagent. It can reduce Ag" ion to
Ag nanoparticles in the presence of water.’** Once met with
formaldehyde vapor from an aqueous formaldehyde solution,
the fluorescence of the film begins to be quenched (Figure 4B)
and the film becomes brown in color (Figure 4A), representing
the formation of nanoparticles. Silver nanoparticles are formed
gradually with increasing exposure to formaldehyde vapor,
which reduces the silver ions but does not change the film
thickness (Figure 4C). This indirectly shows that it is the
presence of Ag® ion, and not Ag nanoclusters, in the film which
generates the emission. Additionally, detection of cyanide and
halides in solution by quenching of fluorescence is also possible
(Figure S7).

In summary, the (BPEI/PAA)-Ag" LbL system shows
fluorescent “turn-on” phenomena, something rarely reported
for metal ions complexed with nonconjugated polymers. The
complex containing film was prepared via LbL assembly by
sequential dipping in solutions of BPEI and PAA complexes
with Ag®. A strong orange emission color is generated from the
film with Ag®, but not from the BPEI-Ag" and PAA-Ag" ion
complexes. The emission intensity can be tuned by Ag" ion
concentration, which Ag* ion complex is used (that is, whether
the silver ion is complexed first with the polyanion or the
polycation), and the molecular weight of polyelectrolyte. The
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Figure 4. UV—vis spectra (A), fluorescence spectra (B), and thickness
of 30 bilayer BPEI-Ag*/PAA PEM film with exposure to formaldehyde
vapor for different time. These are emission spectra for excitation at
450 nm. The concentration of BPEI and PAA were 40 mmol/L and 20
mmol/L with respect to the repeating group. The concentration of
Ag" ion in the BPEI-Ag" ion complex solution was fixed as 3 mmol/L.
The fluorescence quenches and the visible absorbance from 400 to 700
nm increases with increasing exposure to the formaldehyde vapor.
Film thickness remains constant over this process. The photograph in
(C) shows the fluorescence emission color of PEMs exposed to
formaldehyde from 0 h (left) to 24 h (right) excited by UV irradiation.
(D) The illustration shows the way formaldehyde vapor interact with
Ag" ion in the PEM and reduce them to Ag nanoparticles (NP) in the
existence of moisture.

fluorescent film can be used as formaldehyde vapor detection
via Ag* reduction.
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Methods and materials section, as well more detailed
information on the characterization of this system, including
the quenching of fluorescence in the presence of halides. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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