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Abstract
Random copolymers of diallyldimethylammonium chloride (DADMAC) and carboxybetaine 2-(diallyl(methyl)ammonio) ace-
tate (DAMA) with different compositions (10%/90%), (50%/50%) and (70%/30%), as well as poly(DAMA) and
poly(DADMAC) homopolymers, were synthesized. Molecular characteristics of poly(DADMAC–co–DAMA) copolymers
and homopolymers were determined in water solutions in the presence of 0.1 M NaOH and a low molecular weight salt
(NaCl in various concentrations) by viscometery, dynamic and static light scattering. Dependences of several important confor-
mational parameters, such as swelling coefficient α, the Huggins constant kH, and the second virial coefficient A2, on copolymer
composition (charge asymmetry) and NaCl concentration in solution were analyzed. It was shown that growth of charge
asymmetry leads to sharp increase in copolymer size.
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Introduction

I n r e c e n t y e a r s , с a t i o n i c p o l y e l e c t r o l y t e
poly(diallyldimethylammonium chloride) (poly (DADMAC))
has attracted increasing interest of researchers due to its unique
chemical structure and a variety of current and possible appli-
cations [1–5]. The processes that allow for commercial produc-
tion of poly(DADMAC) have been developed. The materials
based on this polymer show high thermal stability and can
function even under extreme environmental conditions [6, 7].
Polycarboxybetaine poly(2-(diallyl(methyl)ammonio)acetate
(poly(DAMA)) is similar to poly(DADMAC) in chemical

structure of the main chain. DAMA monomer contains a car-
boxylic group bonded to nitrogen through a methylene group.
Carboxylic groups are ionizable in neutral and alkaline media,
which allows obtaining negative charge within a single mono-
mer unit, together with positive charge. Copolymerization of
DADMAC with DAMA provides an opportunity to combine
properties of polyelectrolyte (poly(DADAMAC)) and
polybetaine (poly(DAMA)) in one macromolecule, and to con-
trol the effect of environment on polymer properties by varying
the ratio of monomer units. It should be noted that the copoly-
mer almost completely retains useful properties of these two
homopolymers (such as solubility and thermal stability [8–10]).

It is rather difficult to provide quantitative theoretical de-
scription of properties of multiply charged macromolecular
systems; moreover, such theories give only qualitative predic-
tions for limiting cases. Therefore, it is most convenient to
study influence of composition and environmental conditions
on the properties of such macromolecules by experimental
methods used in polymer physics.

Recently, we have obtained random poly(DADMAC-co-
DAMA) copolymers containing 28% of cationic units and
72% of betaine units [11]. After dissociation, DADMAC units
acquired positive charges, while DAMA units carried both

* Aleksey Andreevich Lezov
alezov@gmail.com; a.a.lezov@spbu.ru

1 Department of Molecular Biophysics and Polymer Physics, The
Faculty of Physics, St. Petersburg State University, Universitetskaya
nab., 7/9, St. Petersburg, Russian Federation 199034

2 Department of Macromolecular Chemistry, Institute of Chemistry,
St. Petersburg State University, Universitetskaya nab., 7/9,
St. Petersburg, Russian Federation 199034

Journal of Polymer Research (2019) 26: 97
https://doi.org/10.1007/s10965-019-1755-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-019-1755-z&domain=pdf
http://orcid.org/0000-0001-7960-6889
mailto:alezov@gmail.com
mailto:a.a.lezov@spbu.ru


positive and negative charges. Molar masses and hydrody-
namic properties of the synthesized copolymers were studied
in alkaline media of different ionic strengths. It was
established that at insignificant concentrations of low molec-
ular weight salt, the copolymer exhibits properties typical of
polyelectrolyte, while at higher salt concentrations, intrinsic
viscosity of the polymer practically does not depend on salt
concentration (which is characteristic of polybetaines). Hence,
varying copolymer composition makes it possible to change
behavior of macromolecules in solution in the presence of a
low molecular weight salt. To gain the detailed insight into
this process, it is necessary to study a series of copolymers
over a wider composition range.

In the present work, samples of poly(DADMAC-co-
DAMA) copolymers of different compositions (10%/90%,
50%/50%, and 70%/30%), as well as samples of DAMA
and DADMAC homopolymers, were synthesized. Molar
masses and hydrodynamic characteristics of the synthesized
copolymers and homopolymers were studied in water, in the
presence of 0.1 M NaOH and low molecular weight salt NaCl
(at various concentrations) using dynamic (DLS) and static
(SLS) light scattering as well as viscometry.

Experimental

Materials

Polymers of DADMAC [12] and DAMA [13], as well as their
copolymers [11], were prepared according to the conventional
procedure (see Fig. 1). The monomers were polymerized in
aqueous solution (C = 4.0 M) after removal of oxygen; 4,4′-
azobis-(4-cyanovaleric acid) was used as an initiator; the po-
lymerization proceeded at 60 °C for 4 h. The product was
precipitated into propanol-2, purified by dialysis against de-
ionized water in Spectra/Por 1 membrane, concentrated in
vacuum and isolated by lyophilization.

Table 1 presents the percentage values of components in
the synthesized copolymers. The obtained samples were de-
noted by two letters (pe = polyelectrolyte; pb = polybetaine;
co = copolymer). For copolymers this letters are followed by
a number in brackets that represents the percentage of
DADMAC (x) monomer units in copolymer.

Methods

Dynamic (DLS) and static (SLS) light scattering experiments
were carried out using a BPhotoCor-Complex^ apparatus
(Photocor Instruments Inc., Moscow, Russia) equipped with a
real-time correlator (288 channels, minimal τ = 10 ns). Laser
(λ = 405 nm) was used as an excitation source; the experiments
were carried out at scattering angles (ϑ) ranging from 30° to
140° at a temperature of 25 ± 0.1 °C. Autocorrelation functions
of scattered light intensity G(2)(t) = 〈I(t0)I(t0 + t)〉/〈I(t0)〉

2 were
processed using DynaLS software. It provides distributions
I(τ) of scattered light intensities by relaxation times τ in accor-
dance with the relation: G(1)(t) = ∫ I(τ) e−t/τdτ, where G(1)(t) is
related toG(2)(t) by Siegert relationG(2)(t) = B + β|G(1)(t)|2, here
B is base line, and β is coherence factor.

The distributions I(τ) of scattered light intensities by relaxa-
tion times τ contain two main peaks (see Fig. 2b, e, h). The first
one corresponds to the diffusion of individual macromolecules;
the second peak may be attributed to the presence of some
number of high molar mass species in solutions. The nature
of this species may be related to the presence of cross-linked
polymers, appeared during storage or isolation of polymer, due
to radical oxidation. Mass fractions of the high molar mass
species, were estimated using relations from [14–17]. They do
not exceed 1–2%, this makes impossible an observation of this
fraction by NMR and viscometry. It should be noted that the
presence of the slow mode in polyelectrolyte solutions is a
famous problem, it was discussed particularly in [18, 19].

The dependence between 1/τ (where τ is the maximum
position of I(τ) distribution) and the scattering vector squared
q2 = (4πn/λ sin(ϑ/2))2 for all studied samples was a straight
line passing through the origin, this indicating diffusional
character of the observed processes [20–22]. Translational
diffusion coefficients D at fixed concentrations were calculat-
ed from the slope of this line according to the following rela-
tionship: 1/τ =Dq2. The diffusion coefficients D0 were deter-
mined by extrapolation ofD(c) dependence to infinite dilution
in accordance with equation: D(c) =D0(1 + c2A2M).

Hydrodynamic radius Rh was calculated using the Stokes –
Einstein equation [23].

Rh ¼ kT= 6πη0D0ð Þ ð1Þ

Fig. 1 Preparation of
poly(DADMAC-co-DAMA)
copolymers
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Weight-average molar masses MW of the studied samples
were determined from the static light scattering data according
to the following equation:

Hc=Rϑjϑ→0 ¼ 1=MW þ 2A2c ð2Þ

where H ¼ 4π2n20 ∂n=∂cð Þ2= λ4NA
� �

, Rϑ is the Rayleigh rela-

tionship, A2 is the second virial coefficient, ∂n∂c is the refractive
index increment, and NA is the Avogadro number [24].
Rayleigh relationship was calculated from the equation

Rϑ ¼ n0
nT

� �2 I s ϑð Þ−I0 ϑð Þ
IT ϑð Þ RT ∙Ip ϑð Þ� �

, where Is(ϑ), I0(ϑ), IT(ϑ)

are scattered light intensities of studied solution, solvent and
toluene at fixed angle, RT is toluene Rayleigh ratio, nT is tol-
uene refractive index, Ip(ϑ) is an area of the peak on I(τ)
distribution which corresponds to individual macromolecules
[14, 15, 18].

Refractive indices of the solutions and the solvents were
determined using an RM-40 automatic refractometer
(Mettler Toledo, Switzerland). The following values of re-
fractive indices were obtained: n0 = 1.3335 for aqueous
solution of 0.1 M NaOH; n0 = 1.3346 for (0.1 M NaOH
+0.1 M NaCl) solution, and n0 = 1.3433 in the case of
(0.1 M NaOH +1 M NaCl) solution.

Fig. 2 Autocorrelation functions of scattered light intensity G(1)(t) of
copolymers co(10) (a); co(50) (d); co(70) (g) at different NaCl
concentrations. Normalized distributions of hydrodynamic radii Rh

derived from the data on scattered light intensity I/Imax for co(10) (b);
co(50) (e); co(70) (h). The dependence between 1/τ and the scattering
vector squared q2 for co(10) (c); co(50) (f); co(70) (i)

Table 1 Studied copolymers notation, percentage values of
components and percentage values of charges

Sample Composition Charges

DADMAC % DAMA % (+), % (−), %

pb 0 100 50 50

co(10) 10 90 53 47

co(50) 50 50 67 33

co(70) 70 30 77 23

pe 100 0 100 0
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Viscosities of the investigated samples were measured with
the use of a Lovis 2000 M rolling-ball microviscometer
(Anton Paar, Austria) at 25 °C; the capillary inclination angle
was varied from 55° to 35° at 5° intervals. The obtained values
of dynamic viscosity of a solution η were averaged over a
series of angles and used in calculations of reduced viscosity
(ηr = (η − η0)/(η0c)), where c is the concentration of a solution.
After extrapolation of reduced viscosity to infinite dilution,
intrinsic viscosity [η] of the polymer under study was deter-
mined using the relationship ηr = [η] + ckH[η]

2 [24]; here, kH is
the dimensionless Huggins constant [25]. The kH constant,
which characterizes a polymer - solvent system, depends on
solvent quality. In θ-solvents, it is close to 0.4–0.7; in good
solvents, kH = 0.2 − 0.4 [26]. The following solvent viscosity
values η0 were obtained: η0 = 0.92 cP for aqueous solution of
0.1 M NaOH; η0 = 0.93 cP for (0.1 M NaOH +0.1 M NaCl)

solution, and η0 = 1.01 cP in the case of (0.1 M NaOH +1 M
NaCl) solution.

Density measurements were performed using a DM40 den-
sitometer (Mettler Toledo, Switzerland).

Results and discussion

Molecular properties of DADMAC-co-DAMA
copolymers

Concentration dependences of reduced viscosity and transla-
tion diffusion coefficient of copolymers are presented in
Fig. 3. For all solvents and samples, these dependences were
approximated by straight lines. The values of translation dif-
fusion coefficients D0 and intrinsic viscosities [η] of the

Fig. 3 Concentration dependences of reduced viscosity ηr of copolymers
co(10) (a); co(50) (b); co(70) (c). Concentration dependences of Hc/
Rθ|θ→ 0 for copolymer samples co(10) (d); co(50) (e), and co(70) (f).
Concentration dependences of translation diffusion coefficient D for

copolymer samples co(10) (g); co(50) (h), and co(70) (i). Solvents:
0.1 M NaOH (■); 0.1 M NaOH+ 0.1 M NaCl (●); 0.1 M NaOH+1 M
NaCl (▲)
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studied samples were determined by extrapolation of the
above dependences to infinite dilution.

The values of weight average molar mass MW and the
second virial coefficients A2 of copolymers were determined
by static light scattering in three solvents: 0.1 M NaOH,
(0.1 M NaOH +0.1 M NaCl) and (0.1 M NaOH +1 M
NaCl) (see Table 2 and Fig. 3d, e, f).

The concentration dependence of the difference between
refractive indices of solutions and solvents for all samples
was a linear relationship (Fig. 4). The value of refractive index
increment ∂n

∂c

� �
was equal to 0.18 сm3/g for all the studied

polymer solutions. Molecular characteristics of the studied
copolymers are presented in Table 2.

Degree of polymerization Z of the studied samples was
determined from the Z =MW/M0 ratio, where M0 is the molar
mass of a monomer unit. It was calculated using the following
equation: M0 =M0DADMACx +M0DAMA(1 − x) . Here M0DAMA

and M0DADMAC are the molar masses of the DAMA and
DADMAC monomer units correspondingly.

The values of equilibrium rigidity A for the investigated
copolymers were estimated from the relationship:

1

A
¼ 1

ADADMAC
xþ 1

ADAMA
1−xð Þ ð3Þ

where ADADMAC is the Kuhn segment length of the DADMAC
macromolecule, and ADAMA is the Kuhn segment length of the
DAMA macromolecule [11–13]. The values of equilibrium
rigidity A obtained from Eq. (3) were equal to 4 nm for sample
co(10), 4.7 nm for co(50), and 5.2 nm for co(70). Taking into
account the length of the projection of a monomer unit on the
direction of maximum elongation λ (that is equal to 0.28 nm
[12, 13, 27] for polymers with DADMAC backbone), we

calculated the amount of the Kuhn segments per macromole-
cule N ¼ Z∙λ

A (see Table 2).
It can be concluded that all the studied samples consist of

more than 20 Kuhn segments, and, therefore, draining effects
do not make a decisive contribution into hydrodynamic be-
havior of macromolecules [23]. Note that kH and A2 demon-
strate dependence on molar mass, although the A2 and kH
values depend very slightly on molar mass of a sample [24,
28, 29] at fixed salt concentrations.

Dependence of conformational properties on charge
asymmetry of DADMAC-co-DAMA copolymers

It was shown in [11, 13] that the decisive contribution into
conformational changes of the DAMA macromolecules and
the DADAMC-co-DAMA copolymer with 28% DADMAC
units was made by interactions between the units widely sep-
arated along the chain. This fact, as well as relatively high
degrees of polymerization of the samples under study, makes
it possible to use the Flory ratio:

η½ � ¼ Φ∞α
3 h20
� �3=2

=M ð4Þ

where Φ∞ is the Flory constant, h20
� �

is the mean square vector
connecting ends of a chain in ideal conditions, α is the mac-
romolecule swelling ratio, which is equal to the ratio of the

coil size 〈h2〉1/2 to the coil size in θ-solvent h20
� �1=2

.
F igure 5a shows the dependence of the [η ] /

[η]0.1M NaOH + 1M NaCl ratio on concentration of the used
low molecular weight salt (NaCl). The decrease in viscos-
ity with increase in ionic strength of a medium is charac-
teristic of all samples, but this effect is most pronounced in

Table 2 Molar masses and
hydrodynamic characteristics of
DADMAC-co-DAMA
copolymers studied in 0.1 M
NaOH at different NaCl
concentrations (cNaCl)

Sample cNaCl,
M/L

D × 107,
сm2/s

Rh,
nm

[η],
cm3/g

kH MW× 10−5,
g/mol

A2 × 10
3,

mol × cm3/g2
Z N

pb 0 2.4 9.9 78 0.43 1.4 1.5 732 31

0.1 2.3 10.2 89 0.22 1.3 1.7 659 28

1 2.1 10.3 95 0.26 1.3 1.6 642 27

co(10) 0 2.0 11.9 98 0.28 1.8 1.5 1029 47

0.1 2.1 11.2 91 0.25 1.5 1.0 741 34

1 1.8 12.0 91 0.54 1.6 1.8 823 38

co(50) 0 1.8 13.2 166 0.31 1.7 3.5 872 50

0.1 2.0 11.7 111 0.32 2.0 1.6 1024 58

1 2.0 10.8 88 0.61 1.8 1.4 937 54

co(70) 0 1.5 15.8 290 0.07 1.9 4.3 999 63

0.1 1.7 13.8 190 0.13 1.9 1.1 1014 64

1 1.7 12.7 120 0.41 2.0 1.0 1062 67

pe 0 2.4 9.9 127 0.08 0.7 8.9 384 28

0.1 2.7 8.7 92 0.07 0.8 7.5 422 30

1 2.9 7.5 54 0.31 0.6 2.7 325 23
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the case of copolymer with the maximum number of
DADMAC units. When ionic strength of the medium
changes by an order of magnitude (from 1M/L to 0.1 M/
L), viscosities of solutions of this copolymer do not vary
significantly. Sample co(10) exhibits noticeable swelling
only if salt concentration remains below 0.1 M/L. This
behavior agrees with the results obtained in [9].

The dependence between [η] of a sample and NaCl con-
centration may be caused by changes in hydrodynamic sizes

of the macromolecules. This assumption is confirmed by the
data of dynamic light scattering (Table 2). In addition, the
values of the second virial coefficient A2 for samples co(50)
and co(70) in the absence of NaCl significantly exceed the
corresponding values obtained in 0.1 M and 1 M NaCl
(Table 2). For sample co(10), increase in the second virial
coefficient at decreasing salt concentration is less pronounced.
This is most likely related to the fact that DAMA betaine units
(that exhibit anti-polyelectrolyte behavior) predominate in this
macromolecule. Sample pb showed typical ant i-
polyelectrolyte behavior (swelling of polymer coils) with in-
creasing ionic strength of the medium. This phenomenon re-
sults from screening opposite charges along the chain, and
hindering attraction between them. It will be recalled that this
phenomenon is characteristic of carbobetaines in neutral envi-
ronments and the media with pH approaching the alkaline
values (i.e., when carboxyl groups are deprotonated [13, 30]).

It should be noted that all samples were studied under the
conditions where polyelectrolyte effects do not manifest them-
selves explicitly (i.e., concentration dependences of reduced
viscosity demonstrate the common linear character). In this
case, conformation characteristics of the studied samples can
be described in terms of volume effects [23]. Figure 5d shows
dependences of the second virial coefficient A2 on percentage
of DADMAC units in a copolymer in 0.1 M NaOH and 0.1 M
NaOH+1 M NaCl solutions. In the case of 0.1 M NaOH so-
lution, increase in the fraction of DADMAC units in a copol-
ymer leads to a sharp increase in its A2 values. This indicates

Fig. 4 The concentration dependence of the difference Δn = (n − n0)
between refractive indices of solutions n and solvents n0 for studied
samples

Fig. 5 Dependence of [η]/[η]0.1M
NaOH+ 1M NaCl on concentration of
low molecular weight salt NaCl
(a); dependences of (α5

apр−α3
apр )

(b), kH (c), and A2 (d) on
DADMACmonomer fraction in a
copolymer

97 Page 6 of 9 J Polym Res (2019) 26: 97



an increase in thermodynamic quality of the solvent. In the
presence of 1 M NaCl, dependence between the second virial
coefficient and the fraction of DADMAC units in samples is
practically absent, which indicates screening of electrostatic
attraction in the solution.

For the majority of samples, it was found that the Huggins
constant decreases with decreasing concentration of a low
molecular weight salt (NaCl), which also indicates rise in
thermodynamic quality of solvent with decrease in the ionic
strength of the medium. An exception is the pb sample that
demonstrates the opposite behavior. The Huggins constant for
this polymer in the absence of NaCl has a maximum value of
0.43. This is due to the fact that attraction between units of the
polybetaine chain in the absence of NaCl is manifested as a
decrease in thermodynamic quality of the solvent. The exper-
imentally obtained dependences qualitatively agree with the
theoretical results for conformational properties of
polyampholytes and polyzwitterions in dilute solutions de-
scribed in [31, 32]. Figure 5c shows dependences of the
Huggins constants kH measured in 0.1 M NaOH and (0.1 M
NaOH +1 M NaCl) on contents of DADMAC units in copol-
ymer. It was established that in 0.1 M NaOH, a decrease in kH
occurred with increasing percentage of DADMAC units. The
obtained range of kH values corresponds to the kH values es-
timated for uncharged polymers in a good solvent [26], and
thermodynamic quality of the solvent increases with increase
in the fraction of DADMAC units in copolymer. In (0.1 M
NaOH +1 M NaCl) solution, the dependence of kH on
DADMAC fraction (x) was not been observed; the kH value
averaged over all studied samples was close to 0.4, which
corresponds to the kH values observed in solutions of flexible
chains in θ-solvents [26].

According to Eq. (4), the equality η½ �= η½ �0:1NaOHþ1NaCl ¼ α3

=α3
0:1NaOHþ1NaCl is true. The values of Φ∞, M are mutually re-

duced. Suggesting that in 0.1 M NaOH + 1 M NaCl all the
studied compounds (except for pb) have the lowest sizes and
electrostatic interactions are screened, we can introduce the val-
ue of apparent swelling coefficient α3

app ¼ α3=α3
0:1NaOHþ1NaCl.

Figure 5b shows dependence of the α5
app−α3

app differ-

ence on charge asymmetry in the studied macromolecules,
and the inset in this figure shows the theoretical depen-
dence obtained in [32]

∝5−∝3 ¼ 4

3

3

2π

� 	3=2 N1=2

A3 B−
ffiffiffi
π

p
l
3
2
b f þ gð Þ2
2

ffiffiffiffiffiffiffi
2c0

p þ f −gð Þ2
2c0

" #

Here f and g are the fractions of positive and negative
charges in the chain, respectively, c0 is the concentration of
low molecular weight salt (NaCl) in solution, and lb is the
Bjerrum length. When plotting theoretical dependences, cal-
culation of the equilibrium stiffness A in this relationship was
carried out according to Eq. (3).

Note that there is qualitative agreement between theoretical
and experimental data presented in Fig. 5b. In the absence of
NaCl in solution, as well as in the presence of 0.1 M NaCl, an
increase in the fraction of electrolyte units in the copolymer
ultimately leads to an increase in the (α5 − α3) value.
However, it should also be emphasized that, according to the
experimental data obtained, low charge asymmetry leads to
noticeable changes in the α5

app−α3
app value, which were not

observed in the theoretical dependence.
The effect of distribution of positively or negatively

charged monomers along the chain on properties of
polyampholytes was theoretically studied in [33]. It was found
that alternating polyampholytes demonstrate higher solubility
in comparison to random copolymers of the similar composi-
tion. In our case, every negative charge on the polymer chain
is always accompanied by a positive charge in the DAMA
monomer unit, that is, we are dealing with a partially ordered
polyampholyte. Theoretical dependence for the α5 −α3 value
was obtained in [32] for random polyampholytes, and, there-
fore, it may not correctly describe the behavior of a partially
ordered polyampholyte.

It was shown in [11] that poly(DADMAC-co-DAMA)
samples obtained by radical copolymerization of a mixture
of the corresponding monomers are random copolymers.
Consequently, DAMA and DADMAC monomers are distrib-
uted randomly along the chain. However, this system is pecu-
liar, since one unit of DAMAmonomer contains two opposite
charges. One of important properties of the resulting macro-
molecule is that each negative charge on the chain is adjacent
to a positive one. That is, no local area of the chain contains
the prevailing amount of negative charges. Copolymerization
of DAMA and DADMACmonomers at different molar ratios
results in copolymers where, depending on the x ratio, posi-
tively charged monomers predominate to varying degrees. It
was shown in [34] that block co-polyampholytes are capable
of forming intramolecular complexes between two oppositely
charged Bblocks^ of a chain due to electrostatic forces, since
in one fragment of this chain, positive charges prevail, and the
other part contains mostly negative charges. In the case stud-
ied in the present work, this situation cannot be realized, and
any change in charge asymmetry leads only to an increase in
copolymer size.

Conclusions

Copolymerization of DADMAC with carboxybetaine mono-
mer DAMA allows preparation of random copolymers
whose properties can be controlled by varying the ratio of
monomer units. Dependences of thermodynamic parameters
of the solution, such as the second virial coefficient A2 and
the Huggins constant kH, on charge asymmetry of the
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copolymer, were obtained. It was established that an increase
in charge asymmetry leads to an increase in thermodynamic
quality of solvent (in the salt-free system). With increasing
salt concentration in the solution, this dependence becomes
less pronounced. Degree of sensitivity of the copolymer to
environmental conditions can be changed by varying the
DADMAC fraction in the copolymer. Thus, it was shown
that varying composition of the copolymer may allow for
fine adjustment of response of the resulting compound to
environmental changes.

Acknowledgements The reported study was funded by Russian
Foundation for Basic Research (RFBR), according to the research project
No. 16-33-60104 mol_a_dk. Authors are grateful to the Center for
Diagnostics of Functional Materials for Medicine, Pharmacology, and
Nanoelectronics (St Petersburg State University).

References

1. Kudaibergenov S, Nuraje N, Kudaibergenov SE, Nuraje N (2018)
Intra- and Interpolyelectrolyte complexes of Polyampholytes.
Polymers 10:1146. https://doi.org/10.3390/polym10101146

2. Wandrey C, Hernández-Barajas J, Hunkeler D (1999)
Diallyldimethylammonium chloride and its polymers. Adv Polym
Sci 145:125–182

3. Laschewsky A (2012) Recent trends in the synthesis of polyelec-
trolytes. Curr Opin Colloid Interface Sci 17:56–63

4. Abdollahi M, Ziaee F, Alamdari P, Koolivand H (2013) A compre-
hensive study on the kinetics of aqueous free-radical homo- and
copolymerization of acrylamide and diallyldimethylammonium
chloride by online 1H-NMR spectroscopy. J Polym Res 20:239.
https://doi.org/10.1007/s10965-013-0239-9

5. Ali SA, Haladu SA, El-Sharif AMZ (2016) Synthesis and applica-
tion of a cyclopolymer bearing a propylphosphonic acid and a
propylcarboxylic acid pendants in the same repeating unit. J
Polym Res 23:167. https://doi.org/10.1007/s10965-016-1006-5

6. Liang SJ, Zhu SP (2013) Fabrication of polyelectrolyte/TiO2 hy-
brid membrane via a simple method and characterization of its
thermal behavior. Adv Mater Res 602-604:1484–1487. https://doi.
org/10.4028/www.scientific.net/AMR.602-604.1484

7. Francis S, Varshney L, Sabharwal S (2007) Thermal degradation
behavior of radiation synthesized polydiallyldimethylammonium
chloride. Eur Polym J 43:2525–2531. https://doi.org/10.1016/j.
eurpolymj.2007.03.009

8. Tsvetkov NV, Lezov AA, Vlasov PS, Gubarev AS, Lezova AA,
Lebedeva EV, Polushina GE, Domnina NS (2017)Macromolecules
of polycarboxybetaine poly(4-N,N-diallyl-N-methylammonio)
butanoate: synthesis and molecular characteristics. Polymer 122:
34–44. https://doi.org/10.1016/j.polymer.2017.06.030

9. Jaeger W, Bohrisch J, Laschewsky A (2010) Synthetic polymers
with quaternary nitrogen atoms—synthesis and structure of the
most used type of cationic polyelectrolytes. Prog Polym Sci 35:
511–577. https://doi.org/10.1016/j.progpolymsci.2010.01.002

10. Jin F, Hu J, Yang M, Jin X, He W, Han H (2006) Determination of
diallyldimethylammonium chloride in drinking water by reversed-
phase ion-pair chromatography–electrospray ionization mass spec-
trometry. J Chromatogr A 1101:222–225. https://doi.org/10.1016/j.
chroma.2005.10.012

11. Tsvetkov NV, Lezov AA, Vlasov PS, Lezova AA, Samokhvalova
SA, Lebedeva EV, Polushina GE (2016) Copolymers of
diallyldimethylammonium chloride and 2-(diallyl(methyl)

ammonio) acetate: effect of composition and ionic strength on con-
formational properties. Eur Polym J 84:268–278. https://doi.org/10.
1016/j.eurpolymj.2016.09.026

12. Lezov AV, Polushina GE, Lezov AA, Vlasov PS, Domnina NS
(2011) Molecular properties of the copolymers of N,N-diallyl-N,
N-dimethylammonium chloride and maleic acid. Polymer Science -
Series A 53:93–101

13. Lezov AV, Vlasov PS, Lezov AA, Domnina NS, Polushina GE
(2011) Molecular properties of poly(carboxybetaine) in solutions
with different ionic strengths and pH values. Polymer Science -
Series A 53:1012–1018

14. Wu C, Siddiq M, Woo KF (1995) Laser light-scattering character-
ization of a polymer mixture made of individual linear chains and
clusters. Macromolecules 28:4914–4919. https://doi.org/10.1021/
ma00118a019

15. Shibayama M, Karino T, Okabe S (2006) Distribution analyses of
multi-modal dynamic light scattering data. Polymer 47:6446–6456.
https://doi.org/10.1016/j.polymer.2006.06.060

16. Filippov SK, Lezov AV, Sergeeva OY, Olifirenko AS, Lesnichin
SB, Domnina NS, Komarova EA, Almgren M, Karlsson G,
Štepanek P (2008) Aggregation of dextran hydrophobically modi-
fied by sterically-hindered phenols in aqueous solutions: aggregates
vs. single molecules. Eur Polym J 44:3361–3369. https://doi.org/
10.1016/j.eurpolymj.2008.07.041

17. Litmanovich EA, Ivleva EM (2010) The problem of bimodal dis-
tributions in dynamic light scattering: theory and experiment.
Polym Sci Ser A 52:671–678. https://doi.org/10.1134/
S0965545X10060143

18. SedlákM (1996) The ionic strength dependence of the structure and
dynamics of polyelectrolyte solutions as seen by light scattering: the
slow mode dilemma. J Chem Phys 105:10123–10133. https://doi.
org/10.1063/1.472841

19. Sedlák M (1997) Dynamic light scattering from binary mixtures of
polyelectrolytes. I. Influence of mixing on the fast and slow poly-
electrolyte mode behavior. J Chem Phys 107:10799–10804. https://
doi.org/10.1063/1.474196

20. Berne BJ, Pecora R (1976) Dynamic light scattering, with applica-
tion to chemistry, biology and physics. John Wiley & Sons, New
York

21. Pike ER (1974) Photon correlation and light beating
spectroscopy1st edn. Springer US, New York

22. Mondal MH (2017) Study of autocorrelation function of polymer
and polymer–nanocomposite solutions using dynamic light scatter-
ing method. J Polym Res 24:218. https://doi.org/10.1007/s10965-
017-1368-3

23. Tsvetkov VN (1989) Rigid-chain polymers: hydrodynamic and op-
tical properties in solution. Consultants Bureau

24. Tsvetkov VN, Eskin VE (1971) Structure of macromolecules in
solution. National Lending Library for Science and technology

25. Huggins ML (1942) The viscosity of dilute solutions of long-chain
molecules. IV. Dependence on concentration. J Am Chem Soc 64:
2716–2718. https://doi.org/10.1021/ja01263a056

26. Pamies R, Hernández Cifre JG, del Carmen López Martínez M,
García de la Torre J (2008) Determination of intrinsic viscosities
of macromolecules and nanoparticles. Comparison of single-point
and dilution procedures. Colloid Polym Sci 286:1223–1231

27. Lezov AA, Vlasov PS, Polushina GE, Lezov AV (2012) Effect of
chemical structure and charge distribution on behavior of
polyzwitterions in solution. Macromol Symp 316:17–24. https://
doi.org/10.1002/masy.201250603

28. Yashiro J, Hagino R, Sato S, Norisuye T (2006) Chain stiffness and
excluded-volume effects in polyelectrolyte solutions: characteriza-
tion of sodium poly(2-acrylamido-2-methylpropanesulfonate) in
aqueous sodium chloride. Polym J 38:57–63. https://doi.org/10.
1295/polymj.38.57

97 Page 8 of 9 J Polym Res (2019) 26: 97

https://doi.org/10.3390/polym10101146
https://doi.org/10.1007/s10965-013-0239-9
https://doi.org/10.1007/s10965-016-1006-5
https://doi.org/10.4028/www.scientific.net/AMR.602-604.1484
https://doi.org/10.4028/www.scientific.net/AMR.602-604.1484
https://doi.org/10.1016/j.eurpolymj.2007.03.009
https://doi.org/10.1016/j.eurpolymj.2007.03.009
https://doi.org/10.1016/j.polymer.2017.06.030
https://doi.org/10.1016/j.progpolymsci.2010.01.002
https://doi.org/10.1016/j.chroma.2005.10.012
https://doi.org/10.1016/j.chroma.2005.10.012
https://doi.org/10.1016/j.eurpolymj.2016.09.026
https://doi.org/10.1016/j.eurpolymj.2016.09.026
https://doi.org/10.1021/ma00118a019
https://doi.org/10.1021/ma00118a019
https://doi.org/10.1016/j.polymer.2006.06.060
https://doi.org/10.1016/j.eurpolymj.2008.07.041
https://doi.org/10.1016/j.eurpolymj.2008.07.041
https://doi.org/10.1134/S0965545X10060143
https://doi.org/10.1134/S0965545X10060143
https://doi.org/10.1063/1.472841
https://doi.org/10.1063/1.472841
https://doi.org/10.1063/1.474196
https://doi.org/10.1063/1.474196
https://doi.org/10.1007/s10965-017-1368-3
https://doi.org/10.1007/s10965-017-1368-3
https://doi.org/10.1021/ja01263a056
https://doi.org/10.1002/masy.201250603
https://doi.org/10.1002/masy.201250603
https://doi.org/10.1295/polymj.38.57
https://doi.org/10.1295/polymj.38.57


29. Fisher LW, Sochor AR, Tan JS (1977) Chain characteristics of
poly(2-acrylamido-2-methylpropanesulfonate) polymers. 1. Light-
scattering and intrinsic-viscosity studies. Macromolecules 10:949–
954. https://doi.org/10.1021/ma60059a012

30. Ali SA, Aal-e-Ali (2001) Synthesis and solution properties of a
quaternary ammonium polyelectrolyte and its corresponding
polyampholyte. Polymer 42:7961–7970. https://doi.org/10.1016/
S0032-3861(01)00289-0

31. Kumar R, Fredrickson GH (2009) Theory of polyzwitterion con-
formations. J Chem Phys 131:104901

32. Higgs PG, Joanny J-F (1991) Theory of polyampholyte solutions. J
Chem Phys 94:1543–1554

33. Wittmer J, Johner A, Joanny JF (1993) Random and alternating
polyampholytes. EPL 24:263–268. https://doi.org/10.1209/0295-
5075/24/4/005

34. Patrickios CS, Hertler WR, Abbott NL, Hatton TA (1994) Diblock,
ABC triblock, and random methacrylic polyampholytes: synthesis
by group transfer polymerization and solution behavior.
Macromolecules 27:930–937. https://doi.org/10.1021/
ma00082a008

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

J Polym Res (2019) 26: 97 Page 9 of 9 97

https://doi.org/10.1021/ma60059a012
https://doi.org/10.1016/S0032-3861(01)00289-0
https://doi.org/10.1016/S0032-3861(01)00289-0
https://doi.org/10.1209/0295-5075/24/4/005
https://doi.org/10.1209/0295-5075/24/4/005
https://doi.org/10.1021/ma00082a008
https://doi.org/10.1021/ma00082a008

	Cationic...
	Abstract
	Introduction
	Experimental
	Materials
	Methods

	Results and discussion
	Molecular properties of DADMAC-co-DAMA copolymers
	Dependence of conformational properties on charge asymmetry of DADMAC-co-DAMA copolymers

	Conclusions
	References


