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nitude of kp in ternary solutions is less than or equal to
that in pure solvent, and no substantial error is incurred
by equating D,,...q and D,,. Specifically, for the 3.0 X 10°
PS used in the DLS/FRS comparison, kyp, is approximately
40 mL/g in pure oFT, and the product kpcpg was at most
0.02. These results also justify, a posteriori, the use of the
assumption D,...4 =~ D,, in our previous work.3%10

A remarkable feature of these data is that the transition
from good to apparently #-like quality occurs at very low
PVME concentrations; the onset of semidilute conditions
is expected to occur at cpyyg = 1.3%. Conversely, when
the matrix concentration is semidilute, kp, is at most a weak
function of cpynmg. In contrast, in binary PS solutions, the
decrease from good solvent to 8 solvent conformation with
increasing concentration occurs over the semidilute re-
gion.?® %0 This observation of decreasing solvent quality
is mirrored in the dependence of R, (from static light
scattering®) and R, (from D,, corrected for solution vis-
cosity) on cpyymg, both of which decrease significantly in
the same concentration range. This behavior contradicts
an assumption invoked in current theories for the ther-
modynamic properties of ternary polymer solutions® and
will be reported on in more detail in a future publication.?
This PS coil contraction with increasing cpyyg was also
inferred previously from the low cpymg behavior of D,
for both linear and star PS.>!® The conclusions from the
results presented here may be summarized as follows. 1.
Within the accuracy of the experiments, both FRS and
DLS yield equivalent values for D, confirming the iden-
tification of D measured by DLS as the translational
diffusion of the PS component. 2. The finite PS con-
centrations used for DLS measurements lead to negligible
differences between D, ,.q and D,. 3. The dependence
of kp on cpymg is quite interesting and is under further
investigation. Although these results justify a posteriori
the interpretation of our previous results, the universality
of these conclusions has not been established. In other
words, it would be desirable to perform similar measure-
ments for other ternary systems.
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Introduction

The extremely low activity coefficients of counterions
in polyelectrolyte solutions are attributed to two types of
association of counterions to polyions. One type of binding
is referred to as “diffuse” or "ion atmosphere binding”,
where the counterions are located in the area of the po-
lyelectrolyte domain due to the large electrostatic forces
and have some mobility. Another type of binding is “site
binding”, where the counterions are attracted to specific
sites of the polyions through the formation of the complex.?
Evidence for site binding has been accumulated from
studies of dialysis equilibrium,® dilatometric measure-
ments,*® UV spectroscopy,®” and potentiometric titrations
of synthetic polyelectrolytes.? The ion binding can be
characterized quantitatively by phenomena which are
directly related to the release of water molecules coordi-
nated to the cations. Since the hydration shell is com-
pressed by electrostriction, this release leads to an increase
in volume*® and characteristic decrease in refractive index.?

The fluorescence properties of lanthanide ions in
aqueous solution are known to be strongly influenced by
their immediate coordinative environment.!®!! The
fluorescence intensity of the ions is normally quite weak
in agueous solution since the coordinated water molecules
serve as efficient quenchers of the emission.!> Recently,
we have observed that the fluorescence intensities and
excitation spectra of Tb(III) are greatly enhanced upon
binding of this ion to either polyacrylate!® or to poly-
saccharides such as carboxymethylcellulose or heparin.!*

*Polytechnic University.
tSquibb Institute for Medical Research.

© 1988 American Chemical Society



Macromolecules, Vol. 21, No. 6, 1988

These results indicate that Th(III) ions were bound
strongly and asymmetrically in aqueous solution by the
polymeric systems and that some or all of the coordinated
water molecules were expelled upon binding.

The existence of a deuterium isotope effect in the
fluorescence properties of lanthanide compounds has been
known for some time and has been studied in detail by a
number of investigators.’® The OH vibration (3500 cm™)
of coordinated water molecules presents an efficient
mechanism whereby the Th(III) excited state may undergo
radiationless deactivation, but the OD vibration (2800
cm™) is far less efficient. Horrocks and Sudnick placed
these observations on a quantitative scale and developed
a method whereby the hydration state of a lanthanide
complex could be determined.!” Fluorescence lifetimes
measured in H;O and D,O are used to obtain the apparent
rate constants for radiative decay, and the difference be-
tween these two constants is used to obtain the number
of coordinated water molecules.

Determination of the hydration state of a metal ion
bound in a polymer matrix can be used to deduce its co-
ordinative environment. Consequently, we have studied
the fluorescence properties of Tb(III) bound to poly-
carboxylates, as well as to simpler monomeric carboxylate
ligands. The results of these investigations are the subject
of the present work.

Experimental Section

Materials. Poly(acrylic acid) (MW 450000) and 1:1 copolymer
of maleic anhydride and ethylene (MW 250 000) were obtained
by Polyscience Inc. and Monsant Co., respectively. Poly(meth-
acrylic acid) was prepared by a radical polymerization of meth-
acrylic acid using potassium persulfate as an initiator. The
polymer obtained was dialyzed by using cellophane tubes for 4
days and was then freeze-dried. The molecular weight of the
polymer was determined to be 470000 by viscosity measurements.
Poly(acrylic acid-co-acrylamide) was prepared by copolymerization
at 70 °C of the benzene solution of acrylic acid and acrylamide
with AIBN as an initiator under nitrogen atmosphere. The
composition of the copolymer was determined to be 2.5:1 molar
ratio of acrylamide and acrylic acid by the titration of the acrylic
acid moiety. Monomeric acids used in this study were purchased
from Aldrich and used without further purification. Terbium
chloride (TbCl;6H,0) was obtained from Research Chemicals.

Fluorescence Measurements. Th(III) fluorescence and ex-
citation spectra were obtained on a Perkin-Elmer MPF-44B in-
strument. Measurements of the fluorescence lifetime were ob-
tained on an apparatus assembled for this purpose. Tb(III)
samples were excited by the 337-nm output of a pulsed nitrogen
laser (Model LN-1000, Photochemical Research Associates). The
resulting emission was analyzed at 545 nm by a 0.1-m grating
monochromator (Model H-10, Instruments SA) and detected by
a 1P2B photomultiplier tube. The fluorescence decay curve was
captured by using a boxcar averager (Model SR265, Stanford
Research Systems), with the radiative rate constant being obtained
by means of the SR265 software. Reproducibility of the rate
constants was better than to within 5%.

The concentrations of carboxylic acid unit and Th(III) ion used
for all work were 50 and 2 mM, respectively.

Results and Discussion

Upon addition of poly(sodium acrylate) to an aqueous
solution of Th(III), it was found that the Tb(III) fluores-
cence intensity was greatly increased.'® Repeat of the same
experiment in D,0 led to an approximate order of mag-
nitude increase in emission intensity. These data are
summarized in Figures 1 and 2. Addition of simple car-
boxylic acids leads to the observation of similar effects,
although the magnitudes are not as dramatic. These ex-
periments demonstrate that the binding of both simple and
polymeric carboxylates significantly perturbs the Th(IIT)
emission properties, enabling these quantities to be used
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Figure 1. (Top) Fluorescence excitation spectra of Tb(III)
complexes in H,O solution, A, = 543 nm. (Bottom) Fluorescence
emission spectra of Th(III) complexes in H,0 solution, A, = 368
nm. (A) PAA/Tb; (B) PrA/Tb; (C) Tb alone.

in studies of complex formation.

The observed fluorescence decay constant, kg, is the
reciprocal of the measured emission lifetime. In a mixed
H,0/D,0 solvent, this quantity may be expressed as!

kobsd = kO + CX(HzO) (1)

is the portion of the rate constant consisting of all non-
radiative decay processes not involving solvent deactivation
of the excited state. X(H,0) is the mole fraction of H,0
in the H,0/D,0 solvent mixture, and C is a constant of
proportionality. Horrocks and Sudnick have plotted kg
against X(H,0) for a wide variety of Th(III) complexes
and have obtained values for C from the slopes of these
plots. The best value of C obtained by these workers was
0.24 ms™V7

The fluorescence lifetimes of Tb(III) bound to poly-
(acrylic acid) (PAA), poly(maleic acid-co-ethylene) (MAE),
poly(methacrylic acid) (PMA), and poly(acrylic acid-co-
acrylamide) (PAAm) were obtained in both H,0 and D,0
solutions. In addition, analogous data were obtained on
several simple carboxylate monomers which could be taken
as model compounds for the polymers: propionic acid
(PrA), glutaric acid (GA), 2,3-dimethylsuccinic acid (DSA),
and dimethylmalonic acid (DMA). All pertinent data and
computed results are summarized in Tables I and II.

The number of water molecules bound to Tb(III) in its
polyacrylate complex was found to be 3.5. The analogous
carboxylate monomer to PAA was propionate, and it was
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Figure 2. (Left) Fluorescence excitation spectra of Th(III) complexes in D,0 solution, A, = 543 nm. (Right) Fluorescence emission
spectra of Th(ITI) complexes in D,O solution, A,; = 368 nm. (A’) PAA/Tb; (B’) PrA/Th; (C) Tb alone.

Table I
Number of Coordinated Water Molecules and
Photophysical Parameters for Tb(IIl)-Monomeric
Carboxylate Complexes

Table IT
Number of Coordinated Water Molecules and
Photophysical Parameters for Th(I11)-Polymeric
Carboxylate Complexes

no.

no.

ligand®  solvent 7, uS  Kopeay M8'  ARgpey, ms!  of Hy0? ligand®  solvent 7, us  Rgpep Ms  Akgg, ms!  of H,0?

PrA¢ H,0 530 1.87 1.45 6.0 PAA® H,0 780 1.28 0.84 3.5
D,0 2370 0.42 D,0 2300 0.44

DMA®¢ H,0 460 2,17 1.52 6.3 PMA® H,0 760 1.32 0.93 3.9
D,0 1550 0.65 D,0 2560 0.39

DSA® H,0 550 1.83 1.39 5.8 MAE® H,0 740 1.36 0.85 3.5
D,0 2260 0.44 D,0 1980 0.51

Gaf H,0 550 1.83 1.35 5.6 PAAm/ H,0 690 1.44 0.91 3.8
D,0 2100 0.48 D,0 1900 0.53

2[COOH] = 50 mM, degree of ionization = 1, [Th] = 2 mM.
20.24 ms™ used as the constant of proportionality. ¢PrA, propionic
acid. DMA, dimethylmalonic acid. ¢DSA, 2,3-dimethylsuccinic
acid. /GA; glutaric acid.

observed that the Th/PrA complex contained 6.0 coor-
dinated waters. If it is assumed that the Tb(III) aquo
complex contains nine waters of hydration,!” then the data
of tables imply that about five or six water molecules are

4{COOH] = 50 mM, degree of ionization = 1, [Tb] = 2 mM.
50,24 ms™! used as the constant of proportionality. ¢PAA, poly-
(acrylic acid). 4PMA, poly(methacrylic acid). * MAE, poly(maleic
acid-co-ethylene). /PAAm, poly(acrylic acid-co-acrylamide).

expelled upon formation of the Th/PAA complex while
only three are expelled when the Th/PrA complex is
formed. The larger amount of water expelled by the PAA
ligand indicates that the Th(III) ion is more strongly bound
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in the polymer, and this increase in binding ability could
be attributed to the polymer cooperative effect.’®

The copolymer of maleic acid—ethylene (MAE) is also
known to exhibit excellent metal ion binding properties.?’
A Tb(III) hydration number of 3.5 was measured from the
fluorescence lifetime determinations, which is quite close
in magnitude to the value obtained for the PAA complex.
The relative magnitudes of Th(III) emission intensities in
the PAA and MAE systems were also quite similar, in-
dicating that the metal ion binding properties were com-
parable in the two polymers. These observations agree
with the results of the dilatometric investigation by Begala
and Strauss.’ They found that the volume changes upon
the binding of alkaline-earth metal ions such as Mg%* and
Ba?* to PAA and MAE were fairly close. They concluded
that the chelate formation of the metal ions with two ad-
jacent carboxyl groups is of minor importance and the
seven- or eight-membered rings would be involved in
chelation for these polyelectrolytes.

When Tb(IIl) is bound to poly(methacrylate) (PMA),
slightly less enhancement of Th(III) fluorescence intensity
(relative to the Th/PAA complex) was observed. At the
same time, the number of coordinated water molecules was
found to be 3.9. ‘These effects indicate that the Th(III)
binding property of PMA is slightly different from the
analogous binding properties of PAA or MAE., Strauss and
Leung also found that the volume changes on complexation
of alkaline-earth metal ions with PMA were smaller than
those with PAA.* When a methyl group is attached to the
polymer chain, the polymer becomes less flexible.?! This
property is evident in the high absolute values observed
for the Th(III) emission lifetimes, since the absolute values
appear to be reliable indicators for chain flexibility. This
inflexibility of the PMA chain interferes somewhat with
the formation of a multidentate metal ion binding site,
since the polymer cannot fold in such a manner to present
an equivalent site. Interaction with a Tb(III) ion becomes
more difficult, and hence PMA cannot form the strongest
Tb(III) complexes like those of PAA and MAE.

In the case of the Tb/PAAm complex, the number of
coordinated water molecules was found to be 3.8, and the
enhancement of Tb(III) fluorescence intensity was com-
parable to that found in PAA- and MAE-Tb(III) com-
plexes. These results indicate that although the carboxylic
groups are randomly distributed in the polymer chain, the
Th(III) ion binding site of the copolymer is similar to that
of the homopolymer, PAA. This is probably because at
this monomer composition (AAm/AA = 2.5), spacing be-
tween carboxylates is not large enough to prevent strong
complex formation. But the spacer, acrylamide, reduces
electric repulsion among the carboxylates and consequently
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makes the polymer chain of the copolymer more flexible
than that of the homopolymer. As a result, the copolymer
shows strong binding ability to Th(III), comparable with
that of the homopolymer of acrylic acid.

The Tb(III) binding properties of several monomeric
dicarboxylic acid ligands were also studied, and the results
are summarized in Table I. The Tb(III) complexes of
glutaric, 2,3-dimethylsuccinic, and dimethylmalonic acids
all contain approximately six waters of hydration, as did
the propionic acid complex. The fluorescence intensities
of these were all comparable, and the results of these in-
vestigations imply the formation of similar complexes in
each case. The fluorescence lifetime results indicate that
probably three waters of hydration are expelled upon
formation of the complex.

The results reported in this paper show that the number
of water molecules bound to Th(III)-monomeric carbox-
ylate complexes is significantly larger than to the polymeric
carboxylate. These values provide strong evidence that
the flexible polymers wrap around the Th(III) ion, forming
a strong and definite metal ion binding site. Thus, the
large enhancement of the fluorescence intensity of Th(III)
in the flexible polymer-Th(III) complexes in the aqueous
solution can be accounted for by (1) the decrease of co-
ordinated water molecules on Th(III) and (2) the strong
and also asymmetrical binding of carboxylate to Th(III).
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