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ABSTRACT: Metal-chelating polymers are critical components in numerous
applications. However, despite the known influence of polymer tacticity on
both bulk and solution properties, most materials used in metal-chelation
applications are atactic. Here, we investigate the relationship between
polymer tacticity and polymer−lanthanide interactions in aqueous solution.
We synthesized a series of five poly(methacrylic acid)s with systematic
variations in tacticity (20−99% m diads) and used isothermal titration
calorimetry to measure the thermodynamics of lanthanide binding to each
material (ΔH, ΔG, ΔS, Ka, and stoichiometry). We observed enthalpy−
entropy compensation across this tacticity series, finding that both |ΔH| and |ΔS| decreased with decreasing m diad content while
ΔG remained similar. Molecular dynamics simulations of the polymer−metal interactions revealed that the observed differences in
binding thermodynamics may be largely ascribed to differences in polymer flexibility. These combined experimental and
computational results demonstrate that metal binding can be influenced by altering the polymer stereochemistry, ultimately
influencing the design of more efficient metal-chelating materials.

■ INTRODUCTION
The stereochemistry of natural and synthetic macromolecules
frequently dictates their higher-order structure and func-
tion.1−4 In proteins, stereoregularity often facilitates conforma-
tional changes in response to solution conditions,5,6 metal
binding,7 or chemical modification.8 Similarly, the properties of
synthetic polymers are directly linked to tacticity.9−15 For
example, the glass-transition temperatures (Tg) of isotactic and
syndiotactic poly(methyl methacrylate)16 differ by almost 81
K, and similar differences are observed for tactic poly(acrylic
acid)17 and polystyrene.18 Tacticity effects also appear in
solution, e.g., isotactic poly(methacrylic acid) (PMAA), is a
weaker acid than syndiotactic PMAA due to increased charge
repulsions along the polymer backbone when the carboxylates
are oriented in the same direction.19 This connection between
tacticity and material properties extends to metal-chelating
polymers as well.20

Metal-chelating polymers have been investigated for myriad
applications including toxic metal contaminant removal,
radionuclide delivery for cancer treatment, and recovery of
valuable metals from waste streams.21−24 Rare-earth elements
(REEs: Y, Sc, La−Lu)25 are one such class of valuable metals
as they are critical components in many technologies such as
wind turbines (Nd and Dy) and light-emitting diode light
bulbs (Eu, Tb, and Y).26−29 As demand for REEs outpaces
supply, new and sustainable sources of REEs are needed as well
as more efficient methods of extraction and purification.
Polymers often play a central role in developing novel
approaches to REE production, and materials containing
carboxylates,30 phosphonates,31 or sulfonates32 have proven

particularly useful in REE extraction applications. Thus,
quantifying polymer structure−property relationships is critical
to guiding the development of future REE-chelating materials.
Previous work by Okamoto and co-workers demonstrated that
Tb3+ bound more strongly to an isotactic trimer model of
poly(acrylic acid) than the analogous syndiotactic trimer.33

These results indicated that Tb3+ complexation first involves
the nearest carboxylate neighbors, followed by successive
ligand complexation by the most geometrically favorable
carboxylates. However, despite the known influence of small-
molecule and polymer stereochemistry on metal binding,33−37

virtually all the materials currently employed in metal-chelation
applications are atactic.
Metal-chelating polymers often change conformation in

response to metal binding,38,39 and polymer conformation can
be influenced by several factors, including stereochemis-
try.40−43 For example, previous simulations of PMAA have
indicated that isotactic-PMAA has a larger radius of gyration
than syndiotactic PMAA, and exists in an extended-chain
conformation at high degrees of neutralization.44 Because the
polymer conformation and polymer−metal binding are linked,
we hypothesized that tacticity could be leveraged to modulate

Received: July 8, 2023
Revised: October 21, 2023
Accepted: October 30, 2023
Published: November 13, 2023

Articlepubs.acs.org/Macromolecules

© 2023 American Chemical Society
9062

https://doi.org/10.1021/acs.macromol.3c01163
Macromolecules 2023, 56, 9062−9069

D
ow

nl
oa

de
d 

vi
a 

V
IR

G
IN

IA
 P

O
LY

TE
C

H
 IN

ST
 S

TA
TE

 U
N

IV
 o

n 
M

ay
 6

, 2
02

4 
at

 1
9:

43
:0

5 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+R.+Archer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taoyi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valerie+Vaissier+Welborn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+D.+Schulz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.3c01163&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/56/22?ref=pdf
https://pubs.acs.org/toc/mamobx/56/22?ref=pdf
https://pubs.acs.org/toc/mamobx/56/22?ref=pdf
https://pubs.acs.org/toc/mamobx/56/22?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.3c01163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


metal-binding thermodynamics. Building on previous studies,
which often evaluated syndiotactic or isotactic polymers, we
synthesized a series of five polymers with systematic variations
in tacticity. This expanded series enabled us to produce a more
systematic insight into the role of polymer tacticity in REE
binding.

■ RESULTS AND DISCUSSION
To investigate the precise effect of tacticity on the ΔH and ΔS
of metal binding, we synthesized PMAA with varied amounts
of m diads and measured the REE chelation thermodynamics
by using isothermal titration calorimetry (ITC). ITC directly
measures ΔH, Ka, and the stoichiometry (N) of binding
interactions in solution, subsequently enabling calculation of
the ΔG and ΔS of the interaction according to eq 145

= =G RT K H T Sln( )a (1)

To produce PMAA with varied degrees of stereoregularity,
we systematically adjusted the polymerization conditions of
methacrylic acid (Figure 1). PMAA rich in r diads
(syndiotactic) was synthesized via a free-radical polymerization
in the presence of catechol. Catechol forms a pseudodivinyl
monomer with methacrylic acid, which promotes racemic

addition of the monomer during polymerization (Figure 1A).46

Isotactic-PMAA was synthesized by acidic hydrolysis of
commercially available isotactic-poly(methyl methacrylate)
(>99% m diad) (Figure 1B).47 We accessed gradients of
PMAA tacticities (40−72% m diad) via free-radical polymer-
ization of a PMAA−Ca2+ dimer in solvent mixtures with varied
polarities (Figure 1C).48 For each of the resulting polymers, we
determined the tacticity by integrating the nuclear magnetic
resonance (NMR) peaks corresponding to the mm, mr, and rr
triads of the methyl group in the polymer backbone and
calculated the percent m diads for each polymer according to
eq S1 (Table 1, Figures 1D and S1). The Mn of each material
was determined by aqueous size-exclusion chromatography
and ranged from 89.6 to 386.9 kDa (Figure S2 and Table S1).
We previously observed that molecular weight did not have a
significant effect on polymer−metal binding thermodynamics
in this relatively high molecular weight range and consequently
concluded that differences in metal-chelation thermodynamics
can be ascribed to the systematical variations in tacticity rather
than differences in molecular weight.49

Having synthesized a PMAA series with systematically varied
tacticity (20m−99m), we measured the REE−polymer binding
thermodynamics with a representative set of REEs (La3+, Nd3+,

Figure 1. Synthesis of (a) 20m PMAA, (b) 99m PMAA, (c) 40−72m PMAA, and (d) overlaid 1H NMR of the tactic polymer series showing the
mm, mr, and rr triads for each polymer sample. The percent meso diad for each polymer sample was calculated according to eq S1 using the relative
integrations of the peaks corresponding to the mm, mr, and rr triads.

Table 1. Synthesis and Characterization Data of the Tactic PMAA Series

entry name monomer additive solvent tacticitye (mm/mr/rr)

1 20m PMAAf PMAAa catecholb DMAcc 5/30/65
2 40m PMAAg PMAA-Caa N/A DMFd(1)/water(2) 19/42/39
3 55m PMAAg PMAA-Caa N/A DMFd(2)/water(1) 32/45/23
4 72m PMAAg PMAA-Caa N/A DMFd 55/34/11
5 99m PMAAh N/A N/A N/A 96/3/1

aPolymerization conditions: Monomer = 50 mmol, AIBN = 0.1 mmol, reaction temperature = 60 °C, reaction time = 14 h. b25 mmol.
cDimethylacetamide. dDimethylformamide. eDetermined by the integrated ratio of the backbone methyl signals in the 1H NMR spectrum
(MeOD). fFree radical polymerization as previously reported.46 gFree radical polymerization as previously reported.48 hHydrolysis of commercial
isotactic PMMA by H2SO4 in water.47

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c01163
Macromolecules 2023, 56, 9062−9069

9063

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01163/suppl_file/ma3c01163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01163/suppl_file/ma3c01163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01163/suppl_file/ma3c01163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01163/suppl_file/ma3c01163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01163/suppl_file/ma3c01163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01163?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c01163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Eu3+, Gd3+, Dy3+, Ho3+, and Lu3+). ITC experiments were
conducted by titrating solutions of each REE ion into polymer
solutions in a pH 5 HOAc−NaOAc buffer (Figure 2). Control

titrations (buffer into polymer and metal-ion into buffer) were
performed to subtract enthalpies that were not the direct result
of polymer−REE interactions. Each polymer−REE interaction
was endothermic, and we observed relatively large values for
|−TΔS|. These entropy−driven interactions are largely the
result of releasing bound water molecules surrounding the
polymer and REE ion, consistent with previous observations in
both polymer−metal and protein−metal binding thermody-
namics.7,49−55 Interestingly, we observed larger |ΔH| and
|−TΔS| values for the more isotactic PMAAs (Figures 3 and
4A,B), with only slight variations in ΔG across the series.
This trend in binding thermodynamics supports our initial

hypothesis that tacticity can modulate metal-binding inter-
actions; however, the changes in ΔH and ΔS largely
compensated for each other (Figure 4C), producing only

modest changes in the binding affinity. This enthalpy−entropy
compensation (EEC) is a well-known phenomenon, partic-
ularly in biological contexts such as protein−ligand binding,
but is less commonly observed in fully synthetic systems.56−58

The origin of this effect is the subject of considerable
discussion in the literature, and it is often thought to depend
on the specific system being described.59 We believe that the
EEC observed may be due to multiple factors. First, the lower
chain flexibility of isotactic-PMAA likely reduces the ability of
the polymer to adopt the conformations needed to
accommodate metal binding, thereby producing a larger
enthalpic penalty. However, the charge screening that occurs
upon metal binding to PMAA could potentially enable
increased conformational flexibility of the chain, resulting in
a higher ΔS, largely compensating for the increase in ΔH. This
compensation is likely tied to changes in both the polymer
conformation and the solvating water structure. Molecular
rigidity in the context of biological macromolecules has
previously been connected with EEC, and our results suggest
a similar relationship.60,61 On average, |−TΔS| for 99m PMAA
(the most isotactic material) was 71.8 ± 3.2 kJ mol−1, while
|−TΔS| for 20m PMAA (the most syndiotactic material) was
46.7 ± 2.7 kJ mol−1.
Additionally, changes in water structure are frequently

implicated in EEC. In the case of PMAA, the hydration
structure is known to change with changing tacticity,44 and
these variations may produce the observed EEC upon metal
binding. Our previous research with REE−polymer inter-
actions indicates that differences in ΔS can often be attributed
to changes in the water structure surrounding the chelating
ligand (the carboxylate).52 Specifically, we found that upon
REE binding the low-entropy (i.e., more ordered) water
molecules that are structured by both the carboxylate ligand
and REE ion are transferred to the bulk solvent, which
produced large positive changes in heat capacity (ΔCP). To
investigate whether the entropy differences observed here
could be similarly attributed to water structure, or if they arose
primarily from changes in the polymer conformation, we
conducted a series of atomistic simulations of PMAA with
varying degrees of tacticity. Full details of the computational

Figure 2. ITC thermogram of a 20m−La3+ titration (red) overlaid
with control titrations (blue and gold).

Figure 3. Thermodynamic parameters for REE−PMAA binding. We found that binding became more favorable as the percentage of m diad
decreased, with both |ΔH| and |ΔS| decreasing with decreasing m diad content.
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methods are included in the Supporting Information. For
comparison, we included fully syndiotactic PMAA in these
simulations, though this material was not synthesized and thus
could not be experimentally evaluated using ITC. Because the
polymer chains in the MD simulations are relatively small, we
elected to model them in the fully deprotonated state to avoid
the possibility that the distribution of protonated repeat units
in a partially protonated model might produce significant
changes that mask differences arising from variations in
tacticity, which is the variable we sought to evaluate (see
below).
We quantified the polymer conformational flexibility and

water structure surrounding individual polymer chains by
computing radial distribution functions (RDFs) (the full data
set is provided in the Supporting Information). We had
hypothesized that tacticity-driven variations in the number of

water molecules displaced during metal binding may account
for the observed differences in entropy, but the RDFs
comparing the distances between the oxygen atoms in the
carboxylates and water molecules (O(COO−)−O(H2O))
show that the oxygens of the carboxylate groups interact
with the same number of water molecules for each polymer in
the series and that this is the case both before and after metal
ions are introduced in the simulation (Figures S11−S12 and
Table S4). This result suggests that the differences between
PMAA samples observed experimentally are likely not due to
significant differences in displaced water molecules during
metal binding, in contrast to our previous work with metal-
chelating polyacrylamides.52 Instead, the increasing stiffness of
the polymer chains with increasing percentages of m diads
could explain the increasing entropic term (Figures 3 and 4B).
We hypothesized that in the absence of REE ions 99m

PMAA exists in a lower-entropy state in part due to its
extended-chain conformation. When metal ions begin to
chelate, charge screening along the polymer backbone may
enable 99m PMAA to access more polymer conformations,
thereby producing the large differences in ΔS that we observed
across this tacticity series. This hypothesis is partly supported
by our simulations (Figures S14 and S15 and Table S4) in that
we observe decreased ordering (i.e., a broader peak in the
RDF) of water molecules in the second solvation shell around
the carbon of the carboxylate groups with increasing m diad
content only upon introduction of the metal ions. However,
this trend is not observed on the backbone−backbone RDFs
(Figures S16 and S17 and Table S4), which suggests that the
increased flexibility is localized in the pendant carboxylate
groups while the rest of the polymer chain remains as rigid as it
was prior to the introduction of the metal ions. This hypothesis
is also reinforced by the RDF comparing the distance between
polymer carboxylates (C(COO−)−C(COO−)), which shows
much greater disorder in the first peak (around 3 Å) with
increasing m diad content upon the introduction of the ions
(Figures S18 and S19).
High amounts of m diads also affect the binding

stoichiometry, N (Table S3). The binding stoichiometry
represents the ratio of polymer carboxylates to bound metal
ions at saturation. Except for 99m PMAA, ITC experiments
revealed N values of approximately 7−10 for all metals,
meaning that at saturation, the molar ratio between polymer
carboxylates and REE ions was about 8:1 on average. These
values for N are slightly higher than those with previously
reported materials: for example, on average, N for poly(acrylic
acid)−REE binding is 5 repeating units per REE ion,53 while N
varies between 3 and 5 repeat units of poly(ethyleneimine
methylene phosphonate) per REE ion.49 It is unlikely that all
carboxylates are directly participating in metal binding but
rather that only a fraction of carboxylates are oriented such
that binding is favorable, while the other repeat units adopt
conformations that facilitate metal binding at these specific
sites. For 99m PMAA, the ratio was 15−20 carboxylate repeat
units per REE ion. We believe that this outlier is not due to
significant changes in binding stoichiometry but rather due to
differences in the solubility of the 99m PMAA compared to the
other polymers in the series.
It is well documented that iso-PMAA is insoluble at low

degrees of carboxylic acid ionization.62 Previous experiments
have indicated that iso-PMAA is a weaker acid than atactic-
PMAA, resulting from increased charge repulsion upon
deprotonation of neighboring carboxylic acid groups on the

Figure 4. (A) Plot of ΔH dependence on the fraction of m diad, (B)
TΔS dependence on the fraction of m diad, and (C) EEC plot. A
subset of metal ions (La3+, Eu3+, and Lu3+) is shown for clarity.
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same side of the chain in iso-PMAA.63 We hypothesize that the
increased binding stoichiometry observed in 99m PMAA is the
result of the decreased solubility of PMAA in the pH 5 buffer.
A polymer with decreased solubility effectively has a lower
solution concentration; thus, in the ITC experiment, a lower
metal concentration is required to achieve saturation, thereby
resulting in higher measured values of N. However, the
formation of insoluble lanthanide hydroxides above pH 6
precludes performing ITC experiments at a higher pH (i.e.,
greater carboxylic acid ionization).64 Furthermore, because the
binding affinity for the REE ion is lower for 99m PMAA,
reducing the concentration of this polymer in solution is
insufficient to obtain a sigmoidal titration curve.65 The ΔH,
ΔG, and ΔS parameters are determined independently of the
molar ratio in an ITC experiment, thus the effect of the
polymer solubility on determining these parameters is
negligible.45 Additionally, we previously investigated polymer
aggregation as a function of metal-ion concentration using
dynamic light scattering (DLS) at concentrations directly
correlated with our ITC data.49 DLS experiments indicated
that the polymer−metal complexation immediately results in
the formation of large aggregates; however, despite aggrega-
tion, the shape of the ITC curve remains sigmoidal.
The binding affinity (Ka) reflects the strength of the REE−

PMAA complexes in solution. In some metal-binding
applications, Ka must be modulated to balance efficient
chelation with the ability to release metals from the polymer.
Thus, Ka can dictate the potential utility of these materials in
metal-chelation applications. The average Ka for these REE−
PMAA interactions varied between 4.4 × 103 and 1.6 × 104. In
general, we observed higher values of Ka for 20m PMAA than
for the other polymers (Figure 5), though the differences
across the series are relatively small due to EEC. For example,
Ka for La3+ was 4.4 × 103 ± 1.2 for 99m PMAA and 1.62 × 104
± 0.08 for 20m PMAA. Higher values of Ka indicate the
formation of stronger polymer−REE complexes.
To provide further insight into these Ka trends, we calculated

Eu3+−polymer interaction energies from our MD simulations
(Table S5). More specifically, we selected the Eu3+ ions that
were closest to the polymer (within 5 Å as shown in Figure
S20) and computed individual interaction energies with the
polymer in the absence of water. From these calculations, we

see that the interaction between individual ions and the
polymer is first weakened as the percentage of m diads
increases from 0 (syndiotactic) to 55m, then strengthened
going from 55m to fully isotactic. The interaction energy
calculated from our simulations roughly correlates with the
binding affinities in Figure 5, where we observe a similar trend
for the Eu3+ ions specifically. However, water plays a decisive
role in metal binding in solution, so these calculations in the
absence of water capture only one facet of the polymer−metal
interaction.
Taken together, these experimental and computational

results suggest a multifaceted role of tacticity in polymer−
metal binding. Polymer conformation unquestionably plays a
role, as has been previously observed both experimentally and
in simulations in previous publications,20,52,54 but perturba-
tions in water structure are likely central in the changes in
thermodynamics we observed. These two factors, however, are
challenging to deconvolute, as changes in polymer conforma-
tion produce changes in water structure with both ultimately
influencing polymer−metal interactions. The complex inter-
play between these two factors is perhaps inherently
compensatory with regard to overall binding thermodynamics;
e.g., conformational changes that enhance enthalpic inter-
actions with ions and water also reduce entropy.

■ CONCLUSIONS
In conclusion, we synthesized a series of PMAA copolymers
with varied degrees of stereoregularity (99m−20m) to measure
the effect of polymer tacticity on REE chelation thermody-
namics using ITC. We found that ΔH increased as the m diad
content increased (i.e., more isotactic polymers). Furthermore,
the increase in ΔH was largely offset by an increase in ΔS,
which resulted in a near-uniform ΔG for this series of
polymers, a clear example of EEC in a nonbiological system.
Molecular dynamics simulations suggested that the polymer
stereoregularity controls the conformation of the chelating
ligands, ultimately influencing the thermodynamics of metal
binding. This work lays the foundation for a broader
consideration of polymer stereostructure as new and
increasingly effective metal-chelating materials are developed.
However, polymer stereostructure, chelating ligand conforma-
tion, and polymer desolvation effects are just a few facets of the

Figure 5. ITC binding affinities as a function of percent m diad for REE series. Higher values of Ka indicate the formation of stronger polymer−
REE complexes.
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polymer−metal interaction. Deconvoluting and ultimately
controlling these individual effects remains an ongoing
challenge.
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