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Abstract : Fluorescence spectroscopy was used to study complex formation between europium (Eu}
and poly{acrylic acid} (PAA) in aqueous solution, As the PAA-Eu complex is formed, the relative emis-
sion intensity ratio (ls1e/lse2) shows special characteristics related with Eu environmental changes. The
emission band at 592 nm is due to the 5Do—>7F 1 transition, whereas the emission band at 616 nm is due
to the 5D(;—)?Fg transition. By monitoring the relative intensity changes {Is16/f592) the local environmental
changes of complexed PAA-Eu molecules were studied. Fluorescence experiment on high and low
molecular weight PAA were performed in order to understand the molecular structure of the polymer
complex. In addition, FTIR spectral measurements of the Eu-PAA complex showed that a strong band
appeared at arcund 1540 em” corresponding to the asymmetric stretch of the carboxylate ion in the
PAA-Eu complex when the Eu-PAA complex was formed. :

Introduction

The fluorescence properties of lanthanide ions
have been studied by several groups.® For exam-
ple, it is known that the sharp line spectra of the
rare earths are associated with transitions between
configurations of the electrons within the inner 4 f
shell.’ The spectroscopic properties of europium
jons in solution were first examined by Freed and
Weissman.® The solution spectra were very similar
to those of the ions in crystals. The solution gave
sharp lines at about the same wavelengths. In
addition to the sharp and strong transitions, some
weak vibrationally coupled lines were observed

The study of the fluorescence of rare earth
metal ions has been stimulated by their possible
applications as laser materials and as fluorescent
probes to elucidate conformations and metal
binding sites of biopolymers. In particular, energy
transfer in systems containing rare earth metal

ions has been studied by several groups, ™ and
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both intermolecular'’ and intramolecular” energy
transfer processes have been identified.

The synthesis and characterization of rare earth
containing polymers have been investigated ™
Banks et al. proposed rare earth metal salts of
copolymers, and investigated their fluorescent
properties.”” They found that the fluorescence
intensity of Eu-polymer complexes was much
weaker than that of the corresponding monomeric
Eu-coordinated compound for the same Eu content.

Even though the properties and synthesis of
polymer complexes have been studied, little prog-
ress has been made in understanding the structure
and conformation of the polymer complex in
solution.™ The structure of the polymer complexes
containing metal ions has been studied by Eisen-
berg.® A morphology involving sub microscopic
region of the polymer in which lamellar domains
are interspersed with ionic aggregates was pro-
posed. However, the molecular structure of the
polymer complex has not yet been clarified. In
order to understand polymer-rare earth metal com-
plex formation in detail, fluorescence spectro-
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scopy was applied in this work. This paper exam-
ines the molecular binding structure between poly-
(acrylic acid) (PAA) and europium(lll), and the
possible chain configuration during the complex-
ation process in aqueous solution.

Experimental

Materials. Poly(acrylic acid) (PAA) (M, 5,000
and M, 450,000) were purchased from Poly-
sciences Inc. The polydispersities of PAA (5,000)
and PAA (450,000) were 2.0 and 1.8, respec-
tively. Europium chloride (EuCk 6H:O) was pur-
chased from Aldrich Chemical Co. and used with-
out further purification. The PAA-Eu complex was
prepared by first dissolving 0.109 g of europium
chloride hexahydrate in 15 mL deionized water at
26°C, this was then added to the polymer solu-
tion. The PAA (M, 450,000}-Eu complex was
separated from the aqueous solution and washed
with deionized water and methanol for FTIR meas-
urements. The PAA-Eu complex was dried in a
vacuum oven for two days.

Spectroscopic Measurements. Fluorescerce-
measurements were made on a SPEX Fluorolog
212 spectrofluorimeter. All emission spectra were
corrected. Nitrogen was bubbled through the solu-
tions to minimize oxygen quenching. FTIR meas-
urements in KBr pellet were performed in the
transmission mode on a Perkin-Elmer 1710 spec-
trometer. The sample chamber was purged with
nitrogen during the spectral collection.

Results

The emission spectra of the PAA-Eu complex in
solution are shown in Figure 1. All emission spec-
tra are obtained with excitation at 394 nm. Emis-
sion bands are found at 592, 616, 648 and 696
nm. Pure europium emission is indicated in Fig-
ure 1{a). In order to make a polymer PAA-Eu
complex, the PAA solution of M, 5,000 was
added to Eu(lll) solution, and the Eu(lll} fluores-
cence intensity at 616 nm was observed to in-
crease.” The emission spectra with complexation
are shown in Figures 1(b), (c), (d), and (e) with
each spectrum corresponding to a different ratic
of the carboxylic acid group to europium. The
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Figure 1. Spectra of 5,000 molecular weight PAA com-
plexed with Eu in sclution. Emission spectra (a), (5), {c),
(d) and {e) indicate ratios of R=[COOH]/[Eu] correspond-
ing to 0, 0.88, 10, 20, and 30, respectively. All emission
spectra were obtained with excitation at 394 nm.

molar ratio of the acrylic acid residue in PAA to
Eu ion is defined as R.

_LcooH]
R= [Eu) (1)

Figure 1(b}, {c), (d), and (e) present the results
for E=0.88, 10, 20, and 30, respectively. As the
polymer complexation increases, the relative inten-
sity ratio Js16/lse2 increases significantly.

Additional information about chain configura-
tion and molecular structure of Eu containing
polymer was obtained by studying the effect of
molecular weight on polymer complexation. The
emission spectra of high molecular weight PAA
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Figure 2. Spectra of 450,000 molecular weight PAA com-
plexed with Eu in solution. Emission spectra (a), (b), (c), (d)
and {e) indicate ratios of R=[COOH]/[Eu] corresponding to
0, 0.88, 10, 20, and 30, respectively. All emission spectra
were obtained with excitation at 394 nm.
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Figure 3. Effect of molecular weight on fluorescence

intensity. The relative emission intensity ratio lsis/lsoz is

shown as a function of R=[COOHJY/[Eul].

(M.,=450,000} complexes with europium are
shown in Figure 2. The most significant feature of
in Figure 2 is that the intensity change at 616 nm
was not as dramatic as that observed for the low
molecular weight PAA.

Figure 3 summarizes the effect of molecular
weight on fluorescence intensity. The ratio of the
emission intensity at 616 nm to that at 592 nm
(Is16/15e2) was observed as a function of the ratio of
carboxylic group to europium (R). Compared to
the high molecular weight PAA-Eu complex, the
low molecular weight PAA-Eu complex shows
greater increases in the relative intensity sie/fsoz).

The formation of PAA-Eu complexes was con-
firmed using infrared spectroscopy, as shown in
Figure 4. The FTIR spectrum for PAA in KBr pellet
is shown in Figure 4{a). Figure 4{b}, (c), and (d)
shows FTIR spectra of PAA-Eu complexes in KBr
pellet separated from aqueous solutions of differ-
ent K ratios, 0.88, 10, and 30, respectively. As the
R value is increased, the peak intensity at 1540
cm” increased, while that at 1710 cm” decreased.
The absorption band at 1710 cm’ corresponds to
the carbonyl group for the PAA polymer. As poly-
mer complexation proceeds, this absorption band
decreases and a new band at 1540 ¢cm’, cotre-
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Figure 4. FTIR spectra of high molecular weight PAA-Eu

complex with different ratio of R=[COOHJ/[Eul. The R

values in (a), (b), {c) and (d} are 0, 0.88, 10 and 30,

respectively.

sponding to carboxylate ion absorption appear-
ed.”® This indicates that the free carboxylic group
is coordinated with europium.

More evidence on the complexation was pro-
vided by pH titration. The coordinated water can
be replaced by carboxylic acid groups from PAA.
This partial or complete substitution will release
protons and water molecules. Figure 5 shows low
molecular weight PAA titration results with euro-
pium. High molecular weight PAA titration results
with europium are shown in Figure 6.

The concentration dependence of Eu was deter-
mined to find the critical concentration that could
induce Eu concentration guenching in aqueous
solution. Emission fluorescence intensity changes
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Figure 5. Titration of low molecular weight PAA with

europium solution. The pH values from the complex-

ation process were measured for different concentration

of carboxylic group (0.1, 9.2, and 0.3 N).

Korea Polym. J., Vol. 7, No. 3, 1999



On the Furopium/Poly{acrylic acid) Complexes in Aqueous Solution

—a— 0JN

12 My 43E5 —o— 02N

—_— 03 N

W

26 :

24 eo

2.2 L I L 1 I\

1 L5 2 25 3 3.5 4
jog[Eu]

Figure 6. Titration of high molecular weight PAA with

europium solution. The pH values from the complex-

afion process were measured for different concentration
of carboxylic group (0.1, 0.2, and 0.3 N).
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Figure 7. Concentration dependence of europium fluo-
rescence intensity in agueous solution.

are shown in Figure 7. As the europium concen-
tration increases, the intensity increases. The
maximum intensity is obtained at 0.2 M concen-
tration.

Discussion

Figure 1(a) shows the emission spectrum of
europium chloride hexahydrate in aqueous solu-
tion. This emission is due to the D-+F electronic
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transition. It is known that the spectra of the rare
earth come from inter configurational transitions
within the 4f shell."” The *Dy—'F; transition is the
origin of the intense band at 592 nm whereas
5Dy—"F, transition is the origin of the band at 616
nm.*® Bands at 648 and 696 nm correspond to
the *Do—'F; and *Dy—'F. transitions.

The dramatic increase in emission intensity at
616 nm in Figure 1{b}, {c}, (d) and (e) with increas-
ing molar ratio R suggests the formation of PAA-
Eu complexes. The intensity change at 616 nm
seems to originate from the increased number of
complexed PAA-Eu molecules. It is known that
the fluorescence emission intensity varies with the
nature of coordination bond and coordination
number.” Judd and Ofelt proposed a model for
the calculation of the oscillator strengths of the
lanthanide f—f transitions.”* Judd™ noted that
certain transitions, called “hypersensitive”, exhibit
a relatively strong sensitivity of the oscillator
strengths to the environment. The fluorescent
intensities of the hypersensitive transition in Eu™
were studied by Charles and Ohlmann for crystal-
line Eu{dibenzoylmethideh.zz They observed that
an increase in the number of coordinated ligands
enhances the hypersensitive transition. Therefore,
we believe that an increase in carboxylic group
concentration will increase the coordination prob-
ability” with Eu'®. As a result, the carboxylate
coordination with Eu" will enhance the hyper-
sensitive transition at 616 nm.

PAA is a weak polyelectrolyte whose charge
varies with conditions. In aqueous solution com-
plexation involves substitution of solvated water
molecules with carboxylic ligands that form metal-
oxygen bonds. Before complexation, the PAA
chain has an extended conformation due to the
dissociation of carboxylic acid groups in the
aqueous medium. The degree of chain stiffness
depends on the degree of neutralization. In gen-
eral, the experimental resulis can be interpreted
by the modified Henderson-Hasselbalch equation

pH = pK,—nlog d-a ;Ot) (2)

where « is the degree of neutralization, n is a con-
stant, and K, is the apparent ionization constant.
The values of n and K, are independent of the
degree of polymerization. Generally, the value of
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K, increases with the ionic sirength of the neutral
salt added. The value of n varies from 1 to 2,
but it approaches the lower value at high ionic
strength. At low degrees of neutralization (a<0.3),
each charged group forms an independent small
region. The estimated radius of a spherical hydra-
tion region is about 3.1A; from experimental
data™ that limit corresponds to a degree of neu-
tralization of about 0.3. During PAA-Eu complex-
ation, the carboxylic group will participate in
ligand formation with europium. As a result,
water molecules and hydrogen ion will be pro-
duced. The amount of H" ion produced by the
complexation process was measured for different
concentrations of PAA (0.1, 0.2 and 0.3 N).
According to the pH experimental results {Figure
5 and Figure 6), two different complexation
mechanisms seem to exist. Two different slopes of
straight lines are obtained for different range of
europium concentration. A slope of 0.25 is shown
at low concentration of europium, whereas a
slope of 0.5 is shown over wide ranges of
europium concentration,

Therefore, for PAA that has an extended con-
formation in aqueous solution, the following ex-
planation for the complexation may be suggested.
The hydrated octahedral structure”® of europium
chloride hexahydrate has water molecules as neu-
tral ligands in the inner shell with chloride forming
the outer shell. Coordination complexes can occur
between the carboxylic acid group and europium.
The intensity change at 616 nm seems to be close-
ly related with the coordination of the COOH
moiety. The 616 nm peak intensity increase is
believed to be due to the increase in the number
and character of the coordinating ligands with Eu.

For low molecular weight PAA, the complex-
ation behavior can be understood based on the
fluorescence and pH experiments. During the ini-
tial stage of complexation, PAA molecules com-
pete to create a relatively unstable multidentate
structure due to the limited amount of europium.
However, as the europium concentration increas-
es, not only will unreacted europium react with
the PAA, but also a transformation from an unsta-
ble conformation to a more stable siructure might
be possible. Therefore, the pendant type mono-
substituted structure or intermolecutar multi-sub-
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stituted complexation seem possible. However,
the probability of intramolecular complex forma-
tion might be low due to its relatively short chain
length and ionic environments that increase chain
stiffness.

Compared to the emission spectra of low molec-
ular weight complexation (Figure 1}, high molecu-
lar weight complexation (Figure 2} shows an in-
teresting feature. The relative intensity ratio of the
emission peak of 616 to 592 nm is decreased
compared to the low molecular weight PAA-Eu
complex. These phenomena can be explained in
two possible ways.

One possibility is that there is concentration
quenching of europium due to ionic aggregation.
For high molecular weight PAA in which intramo-
lecular coordination {cooperative binding) might
be favorable compared to intermolecular interac-
tion, bi-substituted and tri-substituted structures
can induce locally high concentration due to ionic
agaregation.” This phenomenon might lead to Eu
concentration quenching. Kaneko and Tsuchida
reported that intramolecular interaction leads to a
contraction of the polymer chain.®® For high mo-
lecular weight polymer complexation, the local
high concentration of Eu caused by aggregation
can decrease the fluorescence intensity”’

Another possible cause for the low enhance-
ment of the hypersensitive band at 616 nm com-
pared to low molecular weight PAA may be rela-
ted to the conformational difference the of PAA-
Eu complex. The °Dy—’F, transition intensity
depends on the degree of asymmetry in the envi-
ronment. It is known that the formation of a
unique asymmetric environment surrounding the
rare-earth ion should lead to marked enhance-
ment of the fluorescence.”* Hence, the intensity
change at 616 nm band might be closely related
with the change in symmetry”’ which affects all
transition intensities in the fof transition and
metal-ligand formation. It is known that europium
in aqueous solution has Dy, symmetry.” The for-
mation of pendent type complexes in low molecu-
lar weight PAA leads to an asymmetric enviton-
ment surrounding the Eu™®, Hence, the change in
symmetry around the europium from Dy, to [ duy-
ing the complexation increases the transition prob-
ability for the fluorescence that was originally for-
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bidden by the Laporte selection rule ¥

Compared to low molecular weight PAA that
makes the pendent type PAA-Eu complex, intra-
molecular multidentate complex formation will
increase the symmetry. For high molecular weight
PAA complexation, the enhancement of a sym-
metric environment surrounding the europium
ion will decrease the transition probability com-
pared to low molecular weight PAA complexation.

Summary

The complexation of PAA with europium was
studied by fluorescence and FTIR spectroscopic
measurements. The PAA-Eu complex in agueous
solution showed characteristic fluorescence spec-
tra of Eu, as well as a hypersensitive transition
due to complex formation between anionic car-
boxylic ligand and europium ions. We observed
a strong molecular weight dependence of the
SDy->'F, transition. This phenomenon was ex-
plained in terms of ligand formation and com-
plex conformation. For the low M,, PAA-Eu com-
plex, a pendent type intermolecular structure was
thought to be dominant. However, for high M,
PAA-Eu complexes, multidentate type intramolec-
ular complex formation might be possible. Evi-
dence supporting the hypothesis on polymer
complexation was provided from FTIR measure-
ments.
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