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Ionization of short weak polyelectrolytes: when size matters
Caterina Dolce · Guillaume Mériguet

Abstract The ionization of short weak polyelectrolytes in
dilute solutions is investigated by 1 H Nuclear Magnetic Resonance (NMR). The increase of the pH of the medium causes
both the ionization of the polyacids and, due to the intramolecular repulsions, the swelling of the chains. As a result,
a noticeable effect of the pH change on the NMR chemical
shift δ , and on the self-diffusion coefficient D is observed.
The ionization of the polyelectrolyte occurs at higher pH as
the length of the chain increases. The variation of the selfdiffusion coefficient with pH exhibits the opposite dependence on the length of the chain. However, no detectable
effect of the length of the polyelectrolyte chain on the evolution of the chemical shift with pH is observed. These apparent contradictions are examined to clarify the impact of
the chain length on the polyelectrolyte properties, and the
counterion role in the ionization process.

1 Introduction
According to the nature of their ionic group and their behavior with pH , polyelectrolytes fall into two distinct categories: strong and weak polyelectrolytes. For strong polyelectrolytes, the distribution of charge is not sensitive to pH,
whereas for weak polyelectrolytes the amount of charged
sites varies as a function of pH. For weak polyelectrolytes,
the charging process and the associated structural and dynamics outcomes have to be known and controlled in order to take advantage of the polyelectrolyte in its potential
applications. For example, the modification of the state of
charge of a polyelectrolyte makes it possible to tune its hydrophobicity, which is useful for the decolorization of dye
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solutions [1]. Another example is the power conversion efficiency in polymer solar cells, which is governed by the
protonated state of the conjugated polyelectrolytes [2].
Among weak polyelectrolytes, polyacrylic acid (PAA)
has a specific interest since it is widely used in household
and industry products as a scale inhibitor or thickening
agent [3, 4]. In addition, PAA can be seen as a model for
natural organic polyacids which are at play in various environmental processes, such as the facilitated transport of
heavy metals or radionuclide ions [5]. Furthermore, though
a noticeable number of studies have been devoted to polyelectrolytes, especially PAA, the vast majority have so far
focused on long chain polyelectrolytes since they are compatible with scaling approaches or infinitely long chain descriptions [6, 7]. However, some applications use short chain
polyelectrolytes [8, 9], for which the validity of the theoretical developments and scaling laws needs to be examined,
especially for systems where the length of the chain is in the
order of few persistence lengths.
The present work focuses on the ionization process of
the sodium polyacrylate (PAANa) of different molecular
weights. Beyond the evaluation of the ionization ratio α,
the present work relies on two NMR observables to assess
the consequences of the ionization and to investigate the infuence of the polyelectrolyte chain length. A recent study [10]
claims that the conformational transition with the pH does
not occur for short chain polyacrylate (Mn < 16.5 kDa). The
present study aims at shedding some light on this debated
transition starting from simple carboxylic acids up to short
chain polyelectrolytes (N ∼ 100). We therefore intend to assess the influence of the molecular weight on the diffusion
and evaluate the consequences of a pH change on the protonation, the self-diffusion, and the local environment via the
NMR chemical shift.
To address these issues, we take advantage of the diffusion NMR technique [11–13]. NMR is a versatile technique to study the conformation and structure of polymer

2

chains[14, 15]. NMR diffusion can quantify the mobility of
polyelectrolytes [16] and evaluate the association of ions or
molecules [17–19]. On the molecular scale, NMR gives insight to the variation of the spin environment, when the protonation state changes through the chemical shift [20]. On
a larger length scale (10-100 µm), the self-diffusion of the
polyelectrolytes can be investigated using the Pulsed Field
Gradient NMR (PFG-NMR) method. In contrast to fluorescence correlation spectroscopy (FCS), that measures the diffusion coefficients thanks to fluorescent moieties in the diffusing species [6, 21], NMR does not need the grafting of
additional external species that might alter the dynamics [22].
Furthermore, diffusion NMR is not affected by the limitations of the dynamic light scattering (DLS), from which diffusion coefficients can also be determined. DLS measures
concentration fluctuations and hence collective (mutual) diffusion coefficients [23]. DLS is not suited for small molecule
while diffusion NMR is a method of choice. Therefore, NMR
is a powerful tool to determine the absolute value of the diffusion coefficient and to assess the effects of the medium [11,
13].
This paper is organised as follows. First, the samples and
the methods used are presented in the experimental section.
Secondly, the ionization of the polyectrolytes is determined
with acid-base titration and the effect is shortly discussed together with the literature data. Thirdly, the effect of this ionization on the two NMR observables, the chemical shift and
the self-diffusion coefficient, are investigated to understand
the effects on the polyelectrolyte chain and the influence on
the length of the polyelectrolyte.
2 Experimental section
2.1 Materials and methods
Four PAANa, [-CH2 -CH(COONa)-]n , of different molecular
weights (M = 2.1, 5.1, 8 and 15 kDa) were purchased from
Sigma-Aldrich. The water content of the different products
was accounted for during the preparation of the studied samples. NMR spectra and conductivity monitoring during dialysis show that the concentration of impurities is less than
2 %. Propionic acid (Alfa Aesar, 99%), glutaric acid (Alfa
Aesar, 99%) and 1,3,5-pentanetricarboxylic acid (TCI, > 98%)
were used for comparison. Unless otherwise stated, all experiments were performed at 298 K. The details of PAANa
are reported in the Table 1. M is the approximate weight
averaged molecular weight in Dalton given by the provider.
Mw , the weight-average molecular weight, and Mn , the numberaverage molecular weight, were obtained from size exclusion chromatography (SEC) with an Ultimate 3000 RSLC
system in aqueous solution of sodium nitrate (0.1 mol L−1 )
to minimize ionic effects. Shodex OH-pak 30 cm columns
were used (802.5HQ, 804HQ, 806HQ and 807HQ) in series.
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M
2.1
5.1
8
15

Mw
2.7
5.8
8
13.7

Mn
1.8
3.5
4.5
7.1

Nw
22
54
85
160

Rh
1.2
1.7
2.2
2.6

`max
6
14
21
40

c?
217
147
87
84

Table 1 Structural features of PAANa with different molecular mass in
kg mol−1 , M (label value from the provider). Mw is the weight-average
molecular weight, Mn is the number-average molecular weight, Nw is
the weight averaged degree of polymerization, Rh in nm is the hydrodynamic radius obtained from NMR measurements at pH ∼ 8, `max in
nm is the max end-to-end distance is obtained from monomers’ number and length, and c? in kg m−3 is the overlap concentration obtained
from Equation 1.

Since Multi-Angle Light Scattering (MALS) was coupled
with the SEC separation, no calibration standard sample was
used. This characterization was performed by the Institute
Charles Sadron (Strasbourg - France). Nw is the weight averaged degree of polymerization obtained from molecular
mass of polymer and of the monomer (Mm ), Nw = Mw /Mm [24,
25]. Rh is the hydrodynamic radius obtained from NMR
measurements at pH ∼ 8, using Stokes-Einstein equation
Rh = kB T /(6πηD) as also calculated by [26]. Where kB is
the Boltzmann constant, T is the temperature (T = 298 K)
and η is the viscosity of the solvent at 298 K (10 % D2 O
and 90 % H2 O, 930 µPa s) [27]. The maximum end-toend distance `max is calculated from monomers’ number Nw
and length a, `max = Nw · a. The value of a was obtained
from SAXS experiments (a = 0.252 nm) [24, 25]. c? is the
value of overlap or crossover concentration, specific of each
mass, above which the entanglement occurs. Indeed, polyelectrolyte chains begin to overlap when the distance between them is in the order of their size. The geometrical
definition of the overlap concentration depends on the conformation of the chain [28]. The radius of gyration is often
used for coiled conformations, whereas the contour length
is used for rod-like chains. In the present study, c? , is estimated with the hydrodynamic radius Rh , which is an indirect
measure of the conformation:

c? =

Mn
NA (2Rh )3

(1)

where NA is the Avogadro constant.
The PAANa solutions were prepared at weight fraction
of ∼ 1% in MilliQ water. The range of concentrations studied lies below the estimated c? , as confirmed by the linear dependence of the self-diffusion on concentration (Figure S1 – Electronic Supplementary Material). Indeed when
c > c? , the expected concentration dependence would be a
power law [29]. In this regime, the effect of inter-chain interactions is weak compared to the intra-chain interactions,
and thus changes in diffusion can then mainly be ascribed to
changes in conformation of the chain.
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The pH was varied with NaOH (Chem-Lab) and HCl
(Chem-Lab) solutions at 1.000 ± 0.002 mol L−1 . For NMR
measurements, 500 µL of each solution and 100 µL of D2 O
(CEA-ORIS, isotopic content ≥ 99.8%) were transferred in
a conventional 5 mm NMR tube.

2.2 Titration
Titration were performed with the titrator DT1200 from Dispersion Technology. Measurements were carried out at room
temperature with 50 titrant doses, adjusted from 30 to 300 µL.
Samples were prepared at ∼ 1 wt% and diluted 10 times
using MilliQ water, the final molarity of the polyelectrolyte
units was around 0.01 mol L−1 . The initial pH of this system is ∼ 9. The titrant was HCl (0.1000 ± 0.0002 mol L−1 ,
Carl-Roth). The proportion of ionized sites, or deprotonation degree α, of the polyelectrolyte is calculated from the
difference of the amounts of protons bound to the polyelectrolyte and those remaining in solution as measured by pH.

2.3 Nuclear Magnetic Resonance
NMR measurements were carried out on a Bruker Avance
DRX 500 NMR spectrometer operating at 499.76 MHz for
1 H, with a maximal magnetic gradient field achievable of
57 × 10−2 T m−1 . Data were recorded in 90% H2 O – 10%
D2 O mixture (residual HOD, peak at 4.7 ppm) for locking purpose. The sample temperature was controlled by a
Bruker BCU and set to 298.0 K. 13 C experiments were also
performed using the broadband channel of the BBO probe.
In an aqueous solution, the strong water signal would
cover the polyelectrolyte signal and create a strong baseline distortion in the NMR spectra [30]. To avoid this effect
which limits the capacity to measure the diffusion coefficient in aqueous solutions, a low power presaturation pulse
of water signal was used during the recycle delay. To obtain the diffusion coefficient, the pulsed field gradient (PFG)
stimulated echo sequence BPP-LED (ledbpgppr2s Bruker
sequence) with a water presaturation was used [31, 32].
The pulse gradient were sine-shaped and their duration δ
was 5 ms. The diffusion delay ∆ was 0.200 s and the field
gradient amplitude g was varied with 16 increments, from
2 % to 80 % of the maximum field gradient amplitude. To
obtain each spectrum, sixteen measurements were averaged
and for each sample four spectra were acquired.
The resultant signal intensity I(b), depends on the diffusion sensitivity factor b and on the diffusion coefficient D.
The diffusion sensitivity factor is equal to b = γ 2 g2 δ 2 (∆ −
δ /3 − τ/2), where γ is the gyromagnetic ratio of the nucleus and τ (400 µs) is a delay for the gradient recovery.
The value of the gradient was calibrated with the value of
the self-diffusion coefficient of HOD in D2 O [33, 34].
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Furthermore, when using NMR experiments on polymer
solutions, particular expedients have to be considered to analyze the signal. Polymer systems are generally characterized
by a range of molecular weights [35] that give rise to a distribution of molecular sizes and then a distribution of selfdiffusion coefficients. Therefore, due to the diffusion coefficient dispersity, at high b values the signal deviates from a
simple single exponential and a mono-exponential fit leads
to a significant underestimation of the average diffusion coefficient hDi. To fit the data satisfactorily, it is then necessary
to take into account this departure [16, 19, 36–39], using for
example the following second order expansion:
I(b)
=
I(b = 0)

Z ∞

P(D) exp(−bD)dD
(2)



1
' exp −bhDi + b2 hD2 i − hDi2 + · · · (3)
2
where the first cumulant hDi is the average diffusion coefficient, and the second hD2 i − hDi2 , gives access to the width
of the distribution. Besides, the observed diffusion coefficient distribution might differ from the real diffusion coefficient distribution because of the relaxation effects during
the application of the pulse sequence. A detailed analysis of
this effect on the average diffusion coefficient would lie out
of the scope for this paper, but this effect was quantified and
was found to be of the order of the experimental uncertainty.
The analysis of the decay was then fitted by equation 3 with
the first and second cumulants as free parameters, but only
the average diffusion coefficient hDi will be discussed further in the present work. The diffusion coefficients reported
in the following, are an average of the diffusion coefficients
of the CH and CH2 peaks. A repeatability error of the 2% is
associated to the diffusion coefficient.
0

3 Results and Discussion
3.1 Titration
The protonation of polyelectrolytes has been widely studied [40] and will not be described in detail here. Only the
main features of interest will be discussed as a reference for
comparison with the properties measured by NMR. To assess the charge properties of the polyelectrolyte with pH,
acid-base titrations of PAANa were carried out. In Figure 1,
four PAANa with different lengths are shown together with
the three carboxylic acids. All curves show a sigmoidal increase of the fraction of deprotonated sites α, with pH, in
agreement with literature data [6, 41].
For a simple carboxylic acid (N = 1), the degree of ionization α can be described by the Henderson-Hasselbalch
equation [42, 43]:
α
pH = pK + log
(4)
1−α
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3.2 Nuclear Magnetic Resonance

1

In this section, 1 H NMR (500 MHz) was used to access information on the local environment via the chemical shift δ
and on the self-diffusion via the measurement of the diffusion coefficient D.

0.8

α

0.6

0.4
1
2
3
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3.2.1 Analysis of 1 H spectra
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Fig. 1 Fraction of deprotonated sites α as a function of pH. Titration
for different molecules: propionic acid (N = 1, +), glutaric acid (N =
2, ), 1,3,5-pentanetricarboxylic acid (N = 3, ∗), 2.1 kDa (N = 22, N),
5.1 kDa (N = 54, ×), 8 kDa (N = 85, ), 15 kDa (N = 160, •). The
dashed line marks α = 0.5.

For polycarboxylic acids (N > 1), the slope of α vs pH
decreases. For polyelectrolytes, the protonation is strongly
influenced by the state of charge of nearby sites. As a result, even if a sigmoidal shape of the titration curve is obtained, the slope deviates from the Henderson-Hasselbalch
behavior (equation 4). Several models can be used to describe this deviation: a smeared out charge model [40], a
Poisson-Boltzmann description [41], a "neighbour effect”
model [44], or Monte-Carlo simulations either with implicit
or explicit counterions [45–47]. One even simpler approach
is to consider the pH value for which half of the sites are
ionized (α = 0.5, horizontal line in Figure 1), the midpoint
of the ionization process, as an estimate of an effective pK,
noted pα hereafter. The effect of the chain length is clearly
noticeable in Figure 1. The observed pα increases with the
length of the polyelectrolyte. This effect could be related
to the difficulty to ionize high molecular weight polyelectrolytes, because of the increase of the electrostatic potential
with Mw [6, 45]. These values are slightly lower than values
of pα found by Laguecir et al.[6], certainly due to the difference in concentration and salinity between the samples.
Ullner et al. [46, 47] have studied the phenomenon using
Monte-Carlo simulations and a scaling approach, they have
suggested the following law for the deviation from the noncharged pK:

1

2

pα − pKa ∼ α 3 (ln N) 3

(5)

The deviations of pα values from the pKa of the propionic acid (N = 1), and equation 5 are reported in Figure
S2 (Electronic Supplementary Material). A rather fair agreement between the data and Ullner relation is observed.

The 1 H NMR spectrum of PAANa 15 kDa is shown in Figure 2. Two families of peaks, corresponding to the two different types of hydrogens in the PAANa chain, has been
identified. This assignment was confirmed by DEPT-135 and
13 C-1 H HSQC experiments where the number of hydrogen
atoms attached to each carbon is determined unambiguously
(data not shown). In Figure 2, the peak centered around 2.02 ppm
at pH = 8.8 is associated to methine groups (CH) and the
peak centered at 1.42 ppm is associated to methylene groups
(CH2 ). The splitting observed is due to the various configurations of the carboxylate groups with respect to the chain,
i.e. the tacticity.

pH = 2.8
pH = 8.8

2.5

2.0

1.5

1.0

δ (ppm)

Fig. 2 1 H NMR (500 MHz) spectra of PAANa 15 kDa at pH = 8.8
(solid line) and pH = 2.8 (dashed line).

The effects of pH on the 1 H NMR spectrum are reported
in Figure 2. As seen in Figure 2, the chemical shift changes
with the pH: δ decreases when the pH increases, because of
the dependence on the protonation state of adjacent acidic
or basic sites [40].
In basic medium, the shielding of the magnetic field is
higher because the protons are richer in electrons and a lower
δ value is observed. This behavior has already been identified for protons located in the α position of small carboxylic
acids [48]. The opposite trend is observed for 13 C, for which
the chemical shift is seen to increase with the pH (Figure S3
– Electronic Supplementary Material), with a largest variation for the carboxyl carbon. This is in agreement with the
previous results for small carboxylic acids [49] or longer
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PAA chains [50]. The polarization of the C–H bond could
be the cause of the two opposite evolutions of the chemical
shifts of 13 C and 1 H [51, 52], but an effect of conformational
change cannot be disregarded at this stage [53, 54].
To check the effect of the electrostatic interaction, the
influence of added salt on the chemical shift has been examined. The moderate addition of salt (up to 1 mol L−1 ) has
no noticeable effect on the chemical shift of the polyacrylate
(Figure S4 left – Electronic Supplementary Material). However, up to 0.1 mol L−1 of added salt, a noticeable effect on
the conformation is observed with a change of the diffusion
coefficient (Figure S4 right – Electronic Supplementary Material). The effect of conformation on the chemical shift in
the present case can then be considered as weak compared
to the effect of bond polarization.
2.4
1
2
3

δ (ppm)

2.3

22
54
85
160

2.2

2.1

2.0
0

2

4

6

8

10

12

14

pH

Fig. 3 Chemical shift δ (ppm) versus pH value for α-protons:
propionic acid (N = 1, +), glutaric acid (N = 2, ), 1,3,5pentanetricarboxylic acid (N = 3, ∗), 2.1 kDa (N = 22, N), 5.1 kDa
(N = 54, ×), 8 kDa (N = 85, ), 15 kDa (N = 160, •).

To study the influence of the chain length, the spectra of
polyelectrolytes of different molecular mass were acquired
(2.1, 5.1, 8 and 15 kDa) together with the small carboxylic
acids. For all molecules, the chemical shift decreases with
increasing pH. In Figure 3, the chemical shifts δ of the protons in α position with respects to the carboxylate group
(CH in PAA chain) as a function of pH are reported. Surprisingly, while small differences can be seen for the small
carboxylic acids, the global variation of δ appears to be independent from the molecular mass for the PAA chains. All
the data are well fitted with a unique sigmoidal curve (dotted
curve in the Figure 3):

δ (pH) = δacid +

δbasic − δacid


pδ − pH
1 + exp
k

(6)

with a resulting midpoint pδ = 5.6 ± 0.1 and
k = 0.81 ± 0.05. The decrease of this curve is slower

than for the small carboxylic acids which follow closely the
Henderson-Hasselbalch equation (k = 1/ ln 10 = 0.44). This
departure from the Henderson-Hasselbalch equation suggests
the existence of a charge regulation process during the deprotonation, as observed for the degree of ionization α.
If the chemical shift δ and the ionization degree α both
exhibit a sigmoidal variation with pH, α shows a molecular
mass dependence, not seen for δ . To explain this difference,
we have to consider the physical origin of α and δ . The
titration measures the macroscopic amount of protons exchanged in the solution, this number is directly related to the
chain length and does not measure the counterion condensation. The NMR chemical shift δ , is a microscopic measure
of how the magnetic field is shielded for the nucleus. As discussed before, it is correlated to the C–H bond polarization
due to the local electric field. It depends indirectly on the
number of sites deprotonated and on the amount of sodium
ions condensed. As shown before, a significant fraction of
the deprotonated sites is compensated by the sodium counterions.
To assess the extent of this phenomenon, the Manning
parameter ξ can be computed. The distance between neighbouring monomers is a = 0.252 nm [24, 25], . The Bjerrum
length, `B = e2 /4πε0 εr kB T = 0.71 nm at 298 K, is the distance at which the electrostatic interaction between two elementary charges is equal to the thermal energy kB T . The
Manning parameter ξ , that compares the two lengths [55],
is defined as ξ = `B /a = 2.84. Since ξ > 1, Coulomb interaction dominates over the thermal energy and the condensation of counterions occurs. The value of ξ ' 3 shows that
the length of three repeating units is close to the Bjerrum
length, and suggests then that 2/3 of the sites are compensated by the condensation of sodium counterions when the
chain is completely deprotonated. This estimation is consistent with previous conductivity measurements [5] and 23 Na
diffusion NMR experiments (Fig. S5 - Electronic Supplementary Material).
The counterion condensation decreases the electrostatic
field and consequently the value of the transition midpoint
observed for the chemical shift δ is lower than that for α,
where the sodium condensation is not taken into account.
Moreover, the length of the polyelectrolyte does not cause
any noticeable changes, since the chemical shift is sensitive
only to the local environment. The values of midpoints for
δ (pδ ) and α (pα ) are closer for the shortest chain or even
equal for the small carboxylic acid within the experimental uncertainty for which no significant condensation occurs.
Conversely, the longer the chain, the higher is the deviation
between the two midpoint values. The NMR chemical shifts
should then be used with caution to determine the degree
of deprotonation and the pKa for large molecules where ion
condensation occurs.
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Fig. 4 Diffusion coefficient of PAANa (•) and small carboxylic acids
(◦) at pH = 6 as a function of molecular weight obtained by diffusion
NMR. Data obtained by fluorescence correlation spectroscopy (×, [6])
and from the Polymer Handbook (, [3]) for a concentration of added
salt of 10 mM of NaCl. Inset: effect of pH on the evolution of the
diffusion coefficient with molecular weight.

3.2.2 Diffusion
So far, NMR has given information on the local environment, but NMR is also a powerful technique to study the diffusion of the polyelectrolytes on larger scale. To understand
the variation of the self-diffusion with the molecular mass,
the diffusion coefficients of PAANa as a function of the
molecular weight at pH= 6, are reported in Figure 4 together
with the values for the small carboxylic acids. The values for
longer chains from the literature are also reported for comparison [3, 6] with a concentration of added salt of 10 mM
of NaCl. All the data for the polymeric chains are well fitted
with the expression D(M) ∝ M −ν with ν = 0.56, except the
points corresponding to the small carboxylic acids that depart from this law certainly due to their too small size. The
value of ν found is in agreement with the literature values
determined by light scattering in a good solvent [7, 56]. To
understand the physical meaning of the value of ν found, it
is compared with theoretical values for different conformations:
– 0.3 is the ν value for a hard ellipsoid [57],
– 0.6 is the value for a random coil chain,
– 1.0 is the value for a rod-like particle [38].
The same analysis was carried out at pH = 2 and pH = 8
(see figure 4 - inset). At pH = 2, the exponent ν is equal to
0.49 ± 0.05 showing that the conformation is more compact
at low pH. At pH = 8, the value of ν = 0.67 ± 0.05 found
shows that the chain cannot be seen as a rigid rod and adopts
a more flexible conformation. This last result is consistent
with viscosimetric determination at low salt concentration
[58].

1.1
22
54
85
160

1

D/Dlow pH

10

0.9
0.8
0.7
0.6
2

4

6

8

10

12
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Fig. 5 Top: Diffusion coefficient and hydrodynamic radius versus pH
for different molecular mass of PAANa: 2.1 kDa (N = 22, N), 5.1 kDa
(N = 54, ×), 8 kDa (N = 85, ) and 15 kDa (N = 160, •). The data
of the PAANa 50 kDa (obtained by FCS) come from the literature [6]
(N = 700, ). Bottom: same data normalized by the diffusion coefficient at pH ∼ 2.

The evolution of the diffusion coefficients of PAANa
2.1, 5.1, 8 and 15 kDa as a function of pH are reported in
Figure 5 together with data of PAANa 50 kDa (obtained
by FCS) from the literature [6]. The diffusion coefficients
decrease with a sigmoidal behavior since at high pH, the
PAANa is fully charged and the electrostatic interaction is
strong enough to stretch the polyelectrolyte chain. The observed increase of the hydrodynamic radius is also consistent with the evolution of the radius of gyration with the increase of the ionization degree α observed by Monte Carlo
simulations [6, 45]. Carnal et al. [45] have simulated using the Monte-Carlo simulation an isolated weak polyelectrolyte of 100 monomers at several pH values. At a high pH,
they found that an extended structure is achieved to minimize the long-range electrostatic energy.
Moreover, as seen in Figure 5 (bottom), the relative variation of the diffusion coefficient with the pH is size-dependent.
This variation increases with the molecular weight, from
26 % for the 2.1 kDa to 34 % for 15 kDa PAANa. This trend
is also observed in the data of Swift et al. [10] where the
decrease of D, between acidic and basic conditions, varies
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two midpoints as it was already observed in the work of
Pristinski et al. [21], for a 72 kDa poly(methacrylic acid)
PMAA. In the present case, this departure is found to in6.0
crease with the molecular weight of the chain. The conformational change with the pH can be discussed in the light of
5.5
the persistence length, which measure of how far a polymer
chain persists in a given direction. In the case of polyelec5.0
trolytes, the persistence length P can be divided into a sum
of two contributions: an intrinsic persistence length, due to
pD
4.5
pα
the rigidity of the chain backbone and an electrostatic persispδ
tence length arising from the repulsion between neighbour4.0
ing ionic sites [60]. The persistence length of long chain
0
20
40
60
80
100
120
140
160
PAANa (Mw > 15 kDa) was determined by X-ray scatterN
ing measurements by Muroga et al. [25]. P values ranging
Fig. 6 Inflection points of the previous measurements as a function of
from 0.8 to 1.5 nm were found for α varying from 0.1 to
pH, versus the degree of polymerization. pD is related to the diffusion
0.85, and for salinity up to 0.1 mol L−1 . Molecular dynamcoefficient in Figure 5 (); pα to α in Figure 1 (◦); pδ is the midpoint
ics simulations [60] of a single and isolated PAA chain of 50
for the chemical shift in Figure 3 (N).
monomers gave values of P from 0.4 nm (α=0) to 1.3 nm
(α=1) [60]. For the studied polymeric chains, both the hyfrom 50 to 75% while the mass varies from 17 kDa to 55 kDa. drodynamic radii Rh and the max end-to-end distances `max
are of the order of few persistence lengths. As a result, they
However, contrary to the results of Swift et al. [10], the
change of diffusion coefficient is even observed for low molec- tend to behave as long chain polyelectrolytes but still exhibit
slight deviations from this behaviour as the evolutions of the
ular weight PAANa (down to Mw = 2.1 kDa). Actually, the
transition midpoints with the length show. The small carsmall carboxylic acids also display a transition between acid
boxylic acids are significantly below the persistence length
and basic forms (Figure S6 – Electronic Supplementary Maand does not follow the same scaling laws (Figure 4 for exterial) consistently with the results of Dunn et al. [59]. For
ample).
low molecular weight species, this change of diffusion could
be ascribed to a change of solvation between the neutral
and the charged species as suggested by Dunn et al. [59].
4 Conclusions
For longer chains, this solvation phenomenon also occurs,
but the main origin of the swelling is the electrostatic inThe conformation and the self-diffusion of low molecular
teractions as discussed before. The mass dependence of this
mass polyelectrolytes in a dilute regime at different pH, conswelling is consistent with the increase of the electrostatic
centrations, and salt concentrations have been investigated
potential with Mw already discussed for the ionization of the
using NMR. The small chains investigated in the present
chain (§3.1). The size threshold (Mn < 16.5 kDa) suggested
study appear to follow the same scaling law for the difby Swift et al. [10] does not seem justified since the confusion coefficient as longer chains studied in the literature
formational transition is seen whatever the size of the polyand differ from simple carboxylic acids. The diffusion coacrylate. However, the present study indeed proves that the
efficient decreases with the molecular weight with a powerextent of the transition in terms of expansion of the hydrolaw dependence D(M) ∝ M −ν . The data compare well with
dynamic radius is larger for longer chains.
the literature values at pH ' 6. At higher pH, the higher
transition midpoint

6.5

To have a comprehensive view of the the ionization process for the different molecular weight, the data in Figure 5
are fitted with a sigmoidal curve and the midpoints obtained,
pD , are compared with the previous midpoints versus the
molecular weight (Figure 6). The comparison of the different midpoints (pD , pα and pδ ) points out the complex interplay between the different parameters under study. The
constant value of the pδ proves the local character of δ , that
is independent to the molecular weight. For small carboxylic
acids, the same value of midpoints p is observed whatever
the method. For longer chain polyelectrolytes, a departure
is expected. The difference between pα and pδ was already
discussed in §3.2.1. pD is found to be lower than the other

slope indicates that the conformation adopted tends towards
a flexible rod when the polyelectrolyte is fully charged. Conversely, the chain is more compact at low pH values.
The charging process of the chain, governed by pH of the
solution, has a noticeable effect on the chemical shift δ and
the diffusion coefficient D. While simple carboxylic acids
are well described by the Henderson-Hasselbalch equation,
the latter equation fails unambiguously for the evolution of
the same quantities measured for the polyelectrolytes. Furthermore, as the length of the chain increases, the deprotonation degree α, the chemical shift δ and the diffusion coefficient D give rise to significant differences not observed
for the simple carboxylic acids. Whereas the chemical shift
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δ has a variation with pH independent of the chain length, α
and D display opposite molecular weight dependences. The
different molecular weight dependence between δ and α, is
related to the different role of the condensation of counterions for the two quantities. The diffusion coefficient shows
the swelling of the chain with the ionization. Furthermore,
the change of diffusion with the ionization is found to be dependent on the length of the chain. For longer chains, the onset of the diffusion coefficient modification appears at lower
pH and the relative decrease of the diffusion coefficient is
larger. The present study shows that even short polyelectrolytes singularly differ from simple carboxylic acids and
tend to behave like long chain polyelectrolytes. Finally, their
ionization process and its effect on diffusion cannot be easily
derived by a single parameter study, since several phenomena are at play.
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