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ABSTRACT: Knowledge of the interaction parameters for
polymers in different solvents is crucial for exploring the
viscoelastic properties and processing capabilities of polymer
solutions. Here, we apply a scaling theory of semidilute polymer
solutions to quantify the solution properties of cellulose,
poly(ethylene oxide), poly(methyl methacrylate), and poly-
(acrylonitrile-co-itaconic acid) in different ionic liquids. The
starting point of our approach is a scaling relationship between
the solution correlation length ξ = lgν/B and the number of repeat
units g in a correlation blob for polymers with a repeat unit
projection length l, chain segment fractal dimension 1/ν, and the corresponding interaction parameter B describing polymer−solvent
affinity and assuming values Bg, Bth, and 1 in different solution regimes. In the framework of this approach, we obtain crossover
concentrations to the semidilute solution regime, c*, the solution regime of overlapping thermal blobs, cth, and the concentrated
solution regime, c**. The method takes advantage of the linear relationship of the specific viscosity ηsp with the number of
correlation blobs per chain Nw/g in the unentangled Rouse regime for polymers with a weight-average degree of polymerization Nw.
The application of our approach to entangled solutions provides the chain packing number, Pe, and completes the set of parameters
{Bg, Bth, and Pe} that uniquely describes the static and dynamic solution properties for a given polymer/solvent pair. This approach
also allows us to identify a trend relating the Bg parameter to the van der Waals volume of the ionic liquid anion, analogous to the
Hofmeister series, and to obtain the temperature and solvent type dependence of the polymer excluded volume and Kuhn length.

KEYWORDS: polymers, ionic liquids, scaling, polymer solutions, solution viscosity

■ INTRODUCTION

Ionic liquids are made of asymmetric cation/anion pairs and
can remain in a liquid state over a wide temperature range. The
properties of ionic liquids can be fine-tuned by a judicial choice
of cations and anions to target polymer-specific applications
(see for review1−4). For currently known ionic liquids, there
are approximately 1012 different pair combinations (with
ternary mixtures, we have access to 1018 possible combina-
tions), which allows for broad variations in ionic liquid
properties.5 The huge number of possible combinations has
prompted research into understanding the relationship
between the chemical structures of ionic liquid components
and their properties as solvents.6−13 Furthermore, the low
volatility, nonflammability, thermal and chemical stability,
tunable solvation, and conductivity of ionic liquids have
stimulated their use as a “green solvent” replacement for
volatile organic solvents in polymerization, polymer processing
and separation, and as supporting media in electrolytic
processes.14,15

However, in order to take full advantage of the promise
offered by ionic liquids, we need an efficient and simple
method for the characterization of the properties of polymers
in such solutions. Recently, we have developed an approach
based on the scaling model of semidilute polymer solutions
that has allowed us to obtain polymer−solvent interaction

parameters and quantify their static and dynamic properties
from the analysis of concentration dependence of the solution
specific viscosity. This method has been successful in
describing the solution properties of neutral polymers,16

polyelectrolytes,17,18 and biomacromolecules.19 Building on
this success, we apply this approach to characterize solutions of
natural and synthetic polymers in ionic liquids. Specifically, we
obtain polymer−ionic liquid interaction parameters respon-
sible for the chain’s statistics at different length scales,
crossover concentrations into different solution regimes, and
a packing parameter describing chain entanglements. The
obtained interaction parameters for the solutions of polymers
in ionic liquids are compared with those for polymers in
aqueous solutions when available. We also demonstrate a
dependence of the solvent quality on the size of the anions for
poly(ethylene oxide) in ionic liquids with 1-butyl-3-methyl-
imidazolium cations, similar to the Hofmeister series.20−24 To
illustrate the universality of our approach, we represent
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solution viscosity data in terms of a ratio Nw/Ne of the weight-
average degree of polymerization, Nw, and the concentration-
dependent degree of polymerization between entanglements,
Ne.
The rest of the paper is organized as follows. We begin with

a brief overview of the scaling approach used in our analysis of
the solution properties of polymers in ionic liquids. This is
followed by an illustration of the method on the viscosity data
of cellulose in ionic liquids 1-ethyl-3-methylimidazolium
methylphosphonate ([EMIm][P(OCH3)(H)O2]), 1-butyl-3-
methylimidazolium chloride ([BMIm][Cl]), 1-allyl-3-methyl-
imidazolium formate ([AMIm][COOH]), and 1-ethyl-3-
methylimidazolium acetate ([EMIm][Ac]). Using the obtained
interaction parameters for cellulose, poly(ethylene oxide)
(PEO), poly(methyl methacrylate) (PMMA), and poly-
(acrylonitrile-co-itaconic acid) (P(AN-co-IA)) in ionic liquids,
we construct a diagram of states of polymers in ionic liquids
and obtain the temperature and solvent type dependence of
the chain Kuhn length and excluded volume.

■ METHOD
In our analysis of experimental data, we use a scaling model of
semidilute polymer solutions which assumes the existence of a
characteristic lengththe solution correlation length ξ
beyond which all interactions are screened and the chain’s
statistics is that of an ideal chain of correlation blobs with size
ξ. However, on the length scales smaller than the solution
correlation length, the polymer statistics is controlled by
specific polymer−solvent interactions. This provides the
following relationship between the solution correlation length
ξ and the number of repeat units g in it

ξ = νlg B/ (1)

where l is the repeat unit projection length, ν is the scaling
exponent, and the B-parameter encapsulates the details of the
polymer−solvent interactions. In the different solution
regimes, depending on the repeat unit concentration, the
scaling exponent ν is equal to 0.588, 0.5, and 1, and the B-
parameter takes on the values Bg, Bth, and 1. This reflects a
hierarchical organization of the polymer chain in semidilute
solutions as illustrated in Figure 1a. In particular, the parameter
Bg characterizes the chain properties on length scales larger
than the thermal blob size, Dth, and is defined as

= ν ν− −B l lb v( )g
3 2 1 2

(2)

where v is the repeat unit excluded volume, b is the Kuhn
length, and the exponent ν = 0.588. This definition of Bg
follows from the Flory expression for the chain size in a good
solvent.25 Note that the Bg-parameter quantifies the solvent
quality for the polymer backbone.
Within a thermal blob, on length scales, b < r ≤ Dth, sections

of the chain are ideal with exponent ν = 0.5 and

=B l b( / )th
0.5

(3)

The Bth-parameter characterizes chain flexibility and decreases
with an increasing number of repeat units per Kuhn length.
Finally, on length scales smaller than the Kuhn length, the

chain segments are rod-like, which corresponds to B = 1 and ν
= 1.
In a θ solvent for the polymer backbone, B assumes values of

Bth and 1, where the exponent ν is 0.5 and 1, respectively.

Taking into account the space-filling condition of the
correlation blobs such that the repeat unit concentration inside
the blobs is equal to the solution concentration

ξ=c g/ 3
(4)

and using eq 1, we obtain the correlation length ξ and the
number of repeat units g per correlation blob as functions of
the dimensionless concentration of repeat units φ = cl3

ξ φ= ν ν ν− −lB1/(3 1) /(1 3 ) (5a)

φ= ν ν− −g B3/(3 1) 1/(1 3 )
(5b)

Figure 1b shows the concentration dependence of the number
of repeat units per correlation blob in different solution
regimes. The corresponding crossover concentrations between
solution regimes are c*chain overlap concentration, cth
crossover concentration to a solution of overlapping thermal
blobs, and c**crossover concentration to the concentrated
polymer solution regime. The polymer overlap concentration
c* is determined by taking eq 5b in the limit of g = Nw

* = ν−c l B N3 3
w
1 3

(6)

where ν = 0.588 and B = Bg for a good solvent, and ν = 0.5 and
B = Bth in the case of a θ solvent. Note that here we use the
weight-average degree of polymerization Nw to determine the
B-parameter at c = c*. By equating eq 5b in the regimes
corresponding to the parameters Bg and Bth at the thermal blob
overlap concentration cth, one obtains

= ν−c l B B B( / )th
3

th
3

th g
1/(2 1)

(7)

Finally, the crossover concentration to the concentrated
solution regime occurs at

** = =c l B l b/3
th
4 2 2

(8)

for which the correlation length is equal to the Kuhn length,
ξ(c**) = b. The Kuhn length and repeat unit excluded volume
have the following explicit forms in terms of Bth and cth

=b l B/ th
2

(9a)

Figure 1. (a) Schematic representation of hierarchy of length scales in
semidilute polymer solutions in a good solvent. Correlation blobs with
size ξ contain thermal blobs with size Dth. (b) Concentration
dependence of the number of monomers g per correlation blob. c*
chain overlap concentration, cththermal blob overlap concentration,
and c**crossover concentration to the concentrated solution
regime. Insets show the chain structure on the length scales of
correlation blobs. Logarithmic scales. Adapted from ref 16. Copyright
ACS 2021.
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= **v bl c c/2
th (9b)

It is important to point out that the value of the Bth-
parameter is required for the calculations of c** (eq 8) and the
Kuhn length (eq 9a). However, in order to obtain the excluded
volume parameter (eq 9b), the values of both Bg and Bth must
be known.
Our approach to obtaining the B-parameters from the

solution viscosity as a function of polymer concentration is
based on the linear dependence of the specific viscosity on the
number of correlation blobs per chain in the Rouse
(unentangled) solution regime26,27

η = N g/sp w (10)

Therefore, according to eq 5b, we can use a normalized specific
viscosity ηsp/Nw(cl

3)1/(3ν−1) to find the plateau or minimum
value Cp corresponding to the different solution concentration
regimes and obtain the values of the B-parameters as

= ν−B Cp
1/3

(11)

With increasing solution concentration, the chains of blobs
begin to entangle. The solution specific viscosity ηsp has the
following crossover expression to the entangled semidilute
solution regime

η = + ̃
≤ **

** <

−i

k

jjjjjjj
i
k
jjjjj

y
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zzzzz

y

{
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l
m
ooo
n
ooo

N
N
N

g c c

cbl c c
1

, for

, for
sp w

w

e

2 1

2
(12)

where Ñe is the number of repeat units per entanglement
strand. The accent character “∼” is used to indicate that the
system polydispersity is included in the definition of the
number of repeat units per entanglement strand Ne. The
concentration dependence of Ñe is either calculated according

to the Kavassalis−Noolandi conjecture28−30 in a good solvent
or by using the Rubinstein−Colby expression31−33 in a
marginally good or θ solvent for the polymer backbone as
described in the Supporting Information.
In the next section, we perform the data analysis of the

concentration dependence of the solution specific viscosity
using the following procedure: first, we obtain the parameters
Bg and Bth from the plateau values of the concentration
dependence of normalized specific viscosity ηsp/Nw(cl

3)1/(3ν−1)

with the scaling exponents ν = 0.588 and 0.5, respectively.
Second, using values of the B-parameters, we calculate the
crossover concentrations cth and c** (eqs 7 and 8), along with
the Kuhn length and excluded volume (eqs 9a and 9b). Next,
we evaluate the concentration dependence of the number of
repeat units g per correlation length (eq 5b) in different
solution regimes (Figure 1). Finally, we plot the specific
viscosity as a function of the number of correlation blobs per
chain Nw/g and extract the packing number P̃ethe number of
overlapping strands of correlation blobs per confining tube
diameterand use it to calculate the concentration depend-
ence of Ñe in different ionic liquids.

■ DATA ANALYSIS

Herein, we apply our method to ionic liquid solutions of
cellulose,34−41 PEO,42,43 PMMA,42 and P(AN-co-IA).44 The
repeat unit chemical structures of these polymers are shown in
Figure 2. The cations studied are 1-allyl-3-methylimidazolium
(AMIm), 1-ethyl-3-methylimidazolium (EMIm), and 1-butyl-
3-methylimidazolium (BMIm), and the anions studied are
formate (COOH), chloride (Cl), methylphosphonate [P-
(OCH3)(H)O2], acetate (Ac), bis(trifluoromethylsulfonyl)-
imide (TFSI), hexafluorophosphate (PF6), and tetrafluorobo-
rate (BF4) (see Figure 2 for chemical structures). These

Figure 2. Summary of studied polymers and ionic liquid components.
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systems are compared to aqueous solutions of PEO43 and
cellulose derivatives.45−48

Figure 3 illustrates an application of the scaling approach to
solutions of cellulose with Nw = 741 in [EMIm][P(OCH3)-

(H)O2],
39 [BMIm][Cl],37 [AMIm][COOH],36 and [EMIm]-

[Ac]41 at 298 K. Figure 3a shows the original data for solution
specific viscosity as a function of repeat unit concentration.
Note that we only use data with concentrations less than 10%

Figure 3. Dependence of solution specific viscosity ηsp = (η − ηs)/ηs (a), ηsp/Nwφ
1.31 (b), ηsp/Nwφ

2 (c), ηsp/Nwφ
3.93 (d), and ηsp/Nwφ

6 (e) on
concentration c in moles of repeat units per liter of the solvent for the solutions of cellulose with the weight-average degree of polymerization Nw =
741 in [EMIm][P(OCH3)(H)O2] (blue inverted triangles), [BMIm][Cl] (orange hexagons), [AMIm][COOH] (pink squares), and [EMIm][Ac]
(green rhombs) at 298 K. (f) Dependence of normalized solution specific viscosity on the normalized number of blobs per chain λNw/g. The solid
lines are the best fits for eq S2. The rescaling factor λ is given by eq S4 for [AMIm][COOH] and [EMIm][Ac] solutions and by eq S5 for
[BMIm][Cl] and [EMIm][P(OCH3)(H)O2]. Dimensionless concentration φ = cl3.

Table 1. Summary of Parameters

aThe viscosity-average degree of polymerization. bResults previously obtained in ref 16. cResults previously obtained in ref 19. dThe Bth value
determined from Bg and cth. An average repeat unit for molecular weight for P(AN-co-IA) is calculated to be 56.16 g/mol given the ratio of
acrylonitrile to itaconic acid from ref 44. The values of c*, cth, and c** are obtained from eqs 6, 7, and 8, respectively. The values of gth are calculated
using eq 5b with c = cth. The values of b and v are calculated using eqs 9a and 9b, respectively.
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of the bulk density of the repeat units, eliminating the need for
corrections accounting for changes in the solvent packing
around the polymer backbone. First, we determine values of
the Bg-parameter by plotting the normalized viscosity ηsp/
Nwφ

1.31 in Figure 3b. The plateaus at lower concentrations are
used to calculate the values of the Bg-parameters as Bg = Cp

1/3−ν

(eq 11) using ν = 0.588. Here, plateaus are only observed in
solutions of [EMIm][P(OCH3)(H)O2] (Cp = 22.94) and
[BMIm][Cl] (Cp = 8.20), resulting in Bg = 0.45 and 0.59,
respectively.
Figure 3c shows the solution specific viscosity normalized by

Nwφ
1/(3ν−1) = Nwφ

2 (where ν = 0.5). This normalization
should allow us to determine the crossover concentration for
the thermal blob overlap regime, cth. To make sure that the
location of this crossover concentration is not influenced by
the crossover to the semidilute entangled solution regime, we
plot the concentration dependence of ηsp/Nwφ

3.93 in Figure 3d.
For the solutions of cellulose in [BMIm][Cl] and [EMIm]-
[P(OCH3)(H)O2], the normalized solution specific viscosity
ηsp/Nwφ

3.93 plateaus at higher concentrations, indicating that
the deviation from the plateau in Figure 3b points to the onset
of entanglements. This makes the determination of the
crossover concentration cth and parameter Bth impossible.
However, for cellulose in [AMIm][COOH] and [EMIm][Ac],
there are clear plateaus in Figure 3c (Cp = 141.95 and 126.80,
respectively) and none in Figure 3d or b, which indicates that
these are θ solvents for cellulose. This gives the Bth for cellulose
to be 0.44 in [AMIm][COOH] and 0.45 in [EMIm][Ac].
These values are close to those of cellulose derivatives in
aqueous solutions determined previously (between 0.23 and
0.30).16,19

The thermal blob overlap concentration cth is obtained from
eq 7 by using the values of Bg and Bth. For the solutions of
cellulose in [AMIm][COOH] and [EMim][Ac], we can
confirm that the thermal blobs overlap at high repeat unit
concentrations because the normalized solution specific
viscosity ηsp/Nwφ

6 (Figure 3e) plateaus in this solution regime.
Finally, Figure 3f shows the dependence of solution specific

viscosity on the number of correlation blobs per chain. Because
we cannot calculate the crossover concentration cth, we use the
Kavassalis−Noolandi conjecture28−30 (eqs S1, S2, and S5) for
the systems of cellulose in [BMIm][Cl] and [EMIm][P-
(OCH3)(H)O2] to determine P̃e and Ñe. This results in the
packing number P̃e for cellulose to be 3.6 in both [BMIm][Cl]
and [EMIm][P(OCH3)(H)O2]. With the two systems of
cellulose in [AMIm][COOH] and [EMIm][Ac], only the
value of Bth is found, which corresponds to cth < c*. Therefore,
using the Rubinstein−Colby conjecture,31−33 eqs S1, S2, and
S4, we obtain P̃e to be 6.1 for cellulose in [AMIm][COOH]
and [EMIm][Ac]. These values of P̃e all coincide with the
range of P̃e values of cellulose derivatives in aqueous
solutions.19

Table 1 summarizes the results of our viscosity data analysis
for every studied polymer/ionic liquid pair, with corresponding
viscosity plots given in the Supporting Information. It should
be noted that it is necessary to obtain Bth to calculate the
crossover concentration c** and Kuhn length b, and both Bg
and Bth are required to evaluate the degree of polymerization of
a chain segment inside a thermal blob gth, crossover
concentration cth, and excluded volume v.
Temperature plays an important role in polymer/solvent

affinity. Increasing the temperature increases the crossover
concentrations c* and c** along with parameters Bg and Bth,

which leads to a decrease in the Kuhn length as illustrated in
Figure 4 for solutions of cellulose in [BMIm][Ac] (stars) and

chitosan in 0.3 M acetic acid19,49 at temperatures T = 278 K
(blue square) and 298 K (red square). For these systems, the
excluded volume v also follows this trend, indicating that these
are lower critical point solutions.25 For the higher temperature
data, the good solvent regime was largely inaccessible. With
more data at a higher molecular weight, it should be possible to
probe this regime and estimate the location of the θ
temperature by assuming a linear dependence of v on 1/T.
For solutions of PMMA in [BMIm][TFSI] (triangles) and
PEO in [BMIm][PF6] (circles), the excluded volume is nearly
zero at both 298 and 353 K. The Kuhn length for PEO in
[BMIm][PF6] remains constant over the wide temperature
range, and for PMMA in [BMIm][TFSI] it increases with
increasing temperature. It is worth pointing out that the
observed temperature dependence of the B-parameters (Table
1) is consistent with the previous studies of cellulose in ionic
liquids.37,50

It should be noted that our analysis shows a dependence of
the chain Kuhn length on the solvent type (Figure 5a). In
particular, for polysaccharides, there is a strong solvent effect
on the Kuhn length (Table 1), which may be attributed to the
solvent-induced changes in the polymer secondary struc-
ture.51−53 For PEO systems, the Kuhn length difference in
aqueous solutions and ionic liquids is about 10−15%, which
suggests a much weaker effect of the solvent packing on the
chain rigidity.
In addition to temperature, the van der Waals radius of

different solvent components influences the solvent’s ability to
pack around the polymer chains (the solvation of the polymer
backbone) (Figure 5b). The analysis of PEO in ionic liquids
[BMIm][BF4], [BMIm][PF6], and [BMIm][TFSI] shows that
the Bg-parameter increases as the anion size decreases54 ([BF4]
> [PF6] > [TFSI]). With further investigations into a wider

Figure 4. Dependence of the Kuhn length (a) and excluded volume
(b) on temperature. Symbol notations are summarized in Table 1.
The systems of chitosan in 0.3 M acetic acid at temperatures of 298 K
(red square) and 278 K (blue square) from ref 49 are shown for
comparison. The dashed lines highlight general trends.
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variety of polymers, cations, and temperatures, a trend could
be established in the spirit of the Hofmeister series for ionic
liquids.20−24

■ CONCLUSIONS
We have applied a scaling-based approach to describe the
solution properties of polymers in ionic liquids. This has
allowed us to obtain the values of interaction parameters
describing chain statistics at different length scales, including
chain Kuhn length and excluded volume from the analysis of
the concentration dependence of the specific viscosity (see
Figure 3). By applying this approach to polymer solutions
where the crossover to the solution regime of overlapping
thermal blobs is located within the studied concentration
range, we have shown that the Kuhn length and excluded
volume are both functions of solvent type and temperature, as
summarized in Table 1 and illustrated in Figures 4 and 5.
Among the studied set of ionic liquids, we only have examples
of lower critical point solutions for which the polymer’s second
virial coefficient decreases with increasing temperature.25,55

Furthermore, the strength of the developed framework is
that it allows one to determine c** and estimate the polymer
Kuhn length in different solvents just from viscosity data
analysis without the need for scattering experiments.
Using interaction parameters summarized in Table 1, we can

construct a universal diagram of different solution regimes of
polymers in ionic liquids. This is shown in Figure 6 which
represents different solutions of polymers in ionic liquids in
terms of dimensionless excluded volume v/bl2 = cth/c** (eq
9b) and normalized concentration c/c**. Note that this
representation is only possible for the systems for which the
crossover concentration cth is located within the studied
concentration range and is below the crossover concentration

for the concentrated solution regime (cth < c**). For such
systems, the dimensionless parameter v/bl2 < 1. It is important
to point out that if it is impossible to determine the location of
cth from the analysis of the solution viscosity, the polymer is
either in a good solvent with v/bl2 > 1, or a θ solvent with cth <
c*.

To highlight the universal nature of the polymer solution
dynamics, Figure 7 presents all the viscosity data as a function
of the number of entanglements per chain in the universal form

λη ̃ = ̃ [ + ̃ ]P N N N N/ / 1 ( / )sp e
2

w e w e
2

(13)

where Ñe = P̃e
2g/λ and the rescaling factor λ is given by eqs

S3−S5, depending on the solvent quality for the polymer
backbone. There are two scaling regimes in the dependence of
normalized viscosity on the number of entangled strands per
chain: the Rouse regime with ηsp ∼ Nw/Ñe and the entangled
solution regime, ηsp ∼ (Nw/Ne)

3. Note that there is some
deviation from this predicted behavior in the dependence of ηsp
∼ (Nw/Ñe)

3.4, which can be explained by tube fluctuations.25,56

The good collapse of the data provides further validation of the
scaling-based technique.
Lastly, we hope that the simplicity of our approach will

encourage further studies of the solution properties of
polymers in ionic liquids and will help with the elucidation
of the effect of anion/cation pairs on polymer solubility.

Figure 5. (a) Dependence of the Kuhn length on the excluded
volume of solvent molecules for PEO (open triangle and filled green
circle) and cellulose (star, rhomb, and square) systems. (b)
Dependence of Bg of ionic liquid solutions of PEO with [BMIm]
cations and anions [BF4] (black), [PF6] (pink), and [TFSI] (red) at
353 K on the van der Waals volume of the anions. The line represents
the best fit of Bg = mVvdw + Bg0 with m = −4.04 nm−3 and Bg0 = 1.73.
Van der Waals volume data from ref 50.

Figure 6. Diagram of different solution regimes in terms of v/bl2 =
cth/c** and c/c**. Symbols show the location of the polymer overlap
concentration c*/c** for studied polymer/ionic liquid systems.
Symbol notations are summarized in Table 1.

Figure 7. Dependence of normalized specific viscosity ληsp/P̃e
2 on the

effective number of entanglements per chain Nw/Ñe. The solid line is
given by eq 11 with Ñe = P̃e

2g/λ, and the rescaling factor λ is calculated
according to eqs S3−S5. The dashed line corresponds to a slope of
3.4. Symbol notations are summarized in Table 1.
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