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ABSTRACT: Solubility parameter models are widely used to
select suitable solvents/nonsolvents for polymers in a variety
of processing and engineering applications. In this study, we
focus on two well-established models, namely, the Hildebrand
and Hansen solubility parameter models. Both models are
built on the basis of the notion of “like dissolves like” and
identify a liquid as a good solvent for a polymer if the
solubility parameters of the liquid and the polymer are close
to each other. Here we make a critical and quantitative
assessment of the accuracy/utility of these two models by
comparing their predictions against actual experimental data.
Using a data set of 75 polymers, we find that the Hildebrand
model displays a predictive accuracy of 60% for solvents and
76% for nonsolvents. The Hansen model leads to a similar performance; on the basis of a data set of 25 polymers for which
Hansen parameters are available, we find that it has an accuracy of 67% for solvents and 76% for nonsolvents. The availability of
the Hildebrand parameters for a large polymer data set makes it a widely applicable capability, as the Hildebrand parameter for a
new polymer may be determined using this data set and machine learning methods as we have done before; the predicted
Hildebrand parameter for a new polymer may then be used to determine suitable solvents and nonsolvents. Such predictions are
difficult to make with the Hansen model, as the data set of Hansen parameters for polymers is rather small. Nevertheless, the
Hildebrand approach must be used with caution. Our analysis shows that while the Hildebrand model has a predictive accuracy
of 70−75% for nonpolar polymers, it performs rather poorly for polar polymers (with an accuracy of 57%). Going forward,
determination of solvents and nonsolvents for polymers may benefit by developing classification models built directly on the
basis of available experimental data sets rather than utilizing the solubility parameter approach, which is limited in versatility and
accuracy.

■ INTRODUCTION

Solvent selection is critical to applications involving polymers.1

For instance, polymer recycling requires designer solvents that
degrade polymers in a controlled manner with environmentally
compatible byproducts. Drug delivery systems require chemi-
cally permeable polymers to effectively operate in biological
environments. Solvent selection is critical to avoid phase
segregation during polymer synthesis and to develop stable
formulations that meet environmental, safety, and quality
standards.1−3

The need to identify suitable (non)solvents for polymers has
led to the development of quantitative models of polymer−
solvent compatibility governed by the notion of “like dissolves
like”.4,5 In essence, a solvent with a cohesive energy density
similar to that of a polymer is expected to be a good solvent for
the polymer. The cohesive energy density of a condensed
substance is a measure of the intramolecular bond strength and
is defined as the energy necessary to isolate a unit volume of
the molecules making up the substance from each other.

Two widely used measures of solvent−polymer compati-
bility are the Hildebrand1,5−7 and Hansen4−7 solubility
parameters. The Hildebrand model utilizes a single parameter,
δ, defined as the square root of the cohesive energy density, to
determine whether a substance is a good solvent or nonsolvent
for a polymer. Solvents with δ values different from that of a
polymer by more than 2 MPa1/2 are deemed nonsolvents, and
those within ±2 MPa1/2 of the polymer δ value are considered
good solvents; the factor 2 MPa1/2 was determined on the basis
of empirical considerations. Figure 1a pictorially depicts the
Hildebrand solubility criterion.
The Hansen model utilizes three parameters, δD, δP, and δH,

to quantify solvent−polymer compatibility. These three
parameters represent the dispersion, polar, and hydrogen-
bonding components, respectively, of the Hildebrand param-
eter δ, such that, δ2 = δD

2 + δP
2 + δH

2. If visualized as a three-
dimensional plot, the axes being 2δD, δP, and δH, the polymers
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and solvents are represented by points in this space. Those
solvents within a sphere of radius R = 8 MPa1/2 centered at a
point corresponding to a polymer are deemed to be good
solvents for that polymer, and those solvents falling outside the
sphere are considered nonsolvents. Again, the factor 8 MPa1/2

was determined on the basis of empirical considerations.
Figure 1b pictorially depicts the Hansen solubility criterion.
In this study, we critically assess the performance of both the

Hildebrand and Hansen models by directly comparing their
predictions against actual experimental data (collected from
the Polymer Handbook) on solvents and nonsolvents for a
benchmark set of polymers. The model predictions were based
on the criteria described above and portrayed in Figure 1. A
challenge we had to overcome in this study is that the
Hildebrand and Hansen solubility parameters are available for
only limited numbers of polymers (although the solubility
parameters are available for numerous solvents). For those
polymers for which experimental data on solvents and
nonsolvents were available but the Hildebrand parameter was
not available, a previously developed machine learning (ML)
model8 was used first to predict the Hildebrand parameter,
followed by application of the criterion discussed above to
predict solvents and nonsolvents. The Hansen model values

were available for only 25 polymerstoo few to train a ML
model. Thus, Hansen model assessments were performed only
for these 25 polymers.
Overall, we conclude that both the Hildebrand and Hansen

parameters provide limited accuracy. For a data set of 75
polymers, we find that the Hildebrand model predicts solvents
with an accuracy of 60% and nonsolvents with an accuracy of
76%. The Hansen model is similarly evaluated using a data set
of 25 polymers for which the Hansen values are available. We
find that its predictive capability is similar to that of the
Hildebrand model, with a predictive accuracy of 67% for
solvents and 76% for nonsolvents. The quantity and diversity
of polymers for which the Hildebrand parameters are available
(and the Hansen parameters are not) makes it a suitable
candidate to predict solvents and nonsolvents for polymers.
For new polymers, this data set and ML methods can be used
to predict the Hildebrand parameter. However, the perform-
ance of the Hildebrand parameter is not uniform across the
chemical space of polymers. From this study, we find that the
Hildebrand model’s predictive capability is better for nonpolar
polymers (with an accuracy of 70−75%) than for polar
polymers (with an accuracy of 57%). To overcome these
limitations, the next steps for more accurate solvent predictions
for polymers could be to use the experimental data sets as is
with classification models rather than go through the
intermediate route with solubility parameters. This approach
may lead to a higher success in capturing complex relationships
between polymers and solvents.

■ METHODS AND DATA SETS

Experimental Data on Solvents and Nonsolvents.
Experimental data on solvents and nonsolvents for polymers
are well-documented in the Polymer Handbook by Brandup et
al.9 In some cases, solvents and nonsolvents are specified as
generic organic substances like alcohols, esters, ethers, ketones,
acids, and hydrocarbons. However, solubility models are
defined for specific organic compounds. Therefore, to apply
solubility models, generic compounds (e.g., alcohols) found in
data sources were replaced by specific common organic
solvents (e.g., methanol, ethanol, etc.) to allow for the
application of solubility models. For the example of poly-
(ethylene oxide), the generic groups tabulated in the Polymer
Handbook as (non)solvents were replaced by specific
substances as follows (highlighted in bold in Table 1):

Figure 1. Solubility criteria of (a) the Hildebrand solubility parameter
(δ), where the solvent Hildebrand values are within ±2 MPa1/2 of the
polymer Hildebrand value (δpolymer) and the nonsolvent Hildebrand
values are differ by more than 2 MPa1/2, and (b) the Hansen solubility
model, where the three axes represent the dispersion (δD), polar (δP),
and hydrogen-bonding (δH) components, and solvents and non-
solvents fall within or outside a sphere of radius R = 8 MPa1/2

centered on the polymer, respectively.

Table 1. Solvents and Nonsolvents with Generic
Compounds and Specific Organic Compounds for
Poly(ethylene oxide)

Solvents and Nonsolvents from the Literature9 (Generic Compounds in Bold)

Solvents: acetonitrile, alcohols, benzene, chloroform, cyclohexanone,
dimethylformamide, esters, water (cold)

Nonsolvents: aliphatic hydrocarbons, water (hot), ethers, dioxane
Expanded Solvents and Nonsolvents with Specific Solvents9−11 (Generic

Compounds Replaced by Specific Solvents in Bold)

Solvents: acetonitrile, methanol, ethanol, tert-butyl alcohol, methyl isobutyl
carbinol, diethylene glycol, 2-ethylhexanol, furfuryl alcohol, benzyl
alcohol, benzene, chloroform, cyclohexanone, dimethylformamide, ethyl
acetate, propyl acetate, tert-butyl acetate, hexyl acetate, isoamyl acetate,
water (cold)

Nonsolvents: hexane, heptane, pentane, water (hot), tetrahydrofuran,
diethyl ether, ethylene glycol dimethyl ether, dipropylene glycol methyl
ether, diethylene glycol monomethyl ether, dioxane
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• alcohols: methanol, ethanol, tert-butyl alcohol, methyl
isobutyl carbinol, diethylene glycol, 2-ethylhexanol,
furfuryl alcohol, benzyl alcohol

• esters: ethyl acetate, propyl acetate, tert-butyl acetate,
hexyl acetate, isoamyl acetate

• aliphatic hydrocarbons: hexane, heptane, pentane
• ethers: tetrahydrofuran, diethyl ether, ethylene glycol

dimethyl ether, dipropylene glycol methyl ether,
diethylene glycol monomethyl ether

All of the generic substances present in this study and their
associated specific organic solvents used for the purpose of the
assessment of the solubility parameters are listed in the
Supporting Information.
Hildebrand and Hansen Solubility Parameters. To

assess the solvent prediction capability of the Hildebrand
model, a benchmark polymer data set (shown in Table 2)
containing 75 polymers classified into four categories, viz., 12
amorphous nonpolar polymers, 17 amorphous polar polymers,
21 semicrystalline nonpolar polymers, and 25 semicrystalline
polar polymers was used. Since the Hildebrand solubility
parameters were not available for all of the polymers (although
the solubility parameters are available for most solvents), the
Hildebrand values for the polymers in the data set were
predicted using a previously developed Gaussian process
regression (GPR) ML model.8

To train the machine learning model, 113 polymers were
used, and all of them are plotted in Figure 2. The model
performance was assessed using a learning curve in the work by

Kim et al.8 However, the final model used for the prediction of
the solubility parameter uses all 113 data points to ensure
maximum diversity, and therefore, there is no validation set.
The root-mean-square error for the model prediction is 0.49
MPa1/2, and the model performance plot is shown in Figure 2.
Each polymer in this data set has corresponding experimentally
determined solvents and nonsolvents that are documented in
the Polymer Handbook by Brandup et al.9,12−40

The evaluation of the solvent prediction capabilities of the
Hansen model was conducted using 25 polar and nonpolar
polymers (shown in Table 3). The size of the polymer data set
was constrained by the scarcity of data for the Hansen
parameter. The Hansen parameters for polymers were
collected from the official Hansen parameter website.41,42

For comparison, the data set was also assessed using the
Hildebrand model, where the parameter values were obtained
using the ML model described above. Each polymer in this
data set has corresponding experimentally determined solvents
and nonsolvents that are documented in the Polymer Handbook
by Brandup et al.9 The Hildebrand and Hansen parameter
values for all of the solvents and nonsolvents were obtained
from the literature.9,42

Assessment Procedure. To assess the Hildebrand model,
the benchmark polymer data set and its associated
experimental solvents and nonsolvents (as described above)
were evaluated using the miscibility criterion depicted in
Figure 1a. Similar Hildebrand parameters indicate miscibility,
i.e., the difference between the Hildebrand parameters of a
miscible solvent−polymer pair should not exceed ±2 MPa1/2.
For nonsolvent−polymer pairs, the difference between the
Hildebrand parameters must be greater than ±2 MPa1/2. The
(non)solvent prediction accuracy was calculated using this
miscibility criterion for each (non)solvent−polymer pair.6,7

Likewise, the Hansen model was evaluated using the
aforementioned data set and its associated solvents and
nonsolvents. The miscibility criteria depicted in Figure 1(b)
is used to assess the model where miscible polymer−solvent
pairs are within ±8 MPa1/2 and polymer-nonsolvents are
greater than ±8 MPa1/2. Each (non)solvent−polymer pair was
evaluated using this criterion.4,41−43

For every polymer in the Hildebrand and Hansen data sets,
the (non)solvent prediction accuracy was calculated as the
percentage of (non)solvents correctly predicted by the
solubility models. Then, to estimate the performance of
these models across the polymer space, the population
statistics for each data set was determined using a well-
established statistical resampling method called bootstrapping.
The bootstrap method is a statistical technique for estimating
the mean and standard deviation of a population by averaging

Table 2. Data Set for the Assessment of the Hildebrand Solubility Model across Different Polymer Classes9,12−40

polymer class polymers

amorphous
nonpolar

atactic polypropylene, atactic polystyrene, poly(phenylene oxide), cis-polyisoprene, poly(1,3-butadiene), atactic poly(1-butene), atactic poly(cyclohexyl-
ethylene), poly(α-methylstyrene), low-mol.-wt. poly(phenylacetylene), atactic poly(cyclohexenylethylene), poly(4-acetoxystyrene), poly(1-hexene)

amorphous polar poly(vinyl chloride), poly(ether imide), polycarbonate, poly(methyl methacrylate), polyurethane, atactic poly(acrylic acid) , poly(ethyl methacrylate),
poly(vinyl methyl ether), poly(isobutyl vinyl ether), poly(tert-butyl vinyl ether), polyacetaldehyde, poly(2,6-dimethyl-1,4-phenylene oxide), poly(vinyl
acetate), poly(2-chlorobutadiene), poly(4-hydroxystyrene), poly(n-propyl methacrylate)

semicrystalline
nonpolar

isotactic polypropylene, isotactic polystyrene, poly(methylpentene), high-density polyethylene, poly(phenylene sulfide), polyallene, poly(1,2-butadiene),
high-mol.-wt. poly(phenylacetylene), polyacetylene, cyclo-poly(methylene) polyisobutene, isotactic poly(cyclohexenylethylene), poly(2-tert-butyl-1,3-
butadiene), poly(dicyclopentadiene), poly(5,7-dimethyl-1,6-octadiene), poly(1,4-diphenyl-1,3-butadiene), isotactic poly(1-butene), isotactic poly(4-
methyl-1-pentene), poly(cyclopentene), poly(acenaphthylene), poly(1,3-cyclohexadiene)

semicrystalline
polar

polyacrylonitrile, nylon-6,6, polyethylene terephthalate, poly(oxymethylene), poly(vinyl alcohol), isotactic poly(acrylic acid) , poly(1-methoxybutadiene),
poly(2-chlorobutadiene), poly(2-chloromethylbutadiene), poly(ethylene oxide), poly(ε-caprolactone), poly(ε-caprolactam), poly(vinyl methyl ketone),
poly(vinyl fluoride), poly(vinylidene chloride), poly(vinyl bromide), poly[bis(methylthio)acetylene], poly(p-chlorostyrene), poly(styrenesulfonic acid),
poly(methacrylonitrile), poly(vinyl formal), poly(vinyl trifluoroacetate), poly(2-vinylpyridine), poly(propylene oxide), polyurethane

Figure 2. Performance of the Hildebrand solubility machine learning
model developed using Gaussian process regression (GPR) for the
prediction of unknown polymer Hildebrand solubility values.
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estimates from a smaller data set. In this method, larger data
sets, representative of the population, are constructed by
randomly duplicating entries in the smaller data set. This
allows a given sample to be included in the larger data set more
than once and is commonly called sampling with replacement.
These larger data sets can then be used to calculate the
population statistics, namely, the mean and the standard
deviation. By this method, larger data sets representative of the
polymer population were constructed for both the Hildebrand
and Hansen data sets. The larger data sets comprised 1000
samples and were constructed by randomly sampling each
smaller original data set with replacement. These data sets
were used to assess the (non)solvent prediction accuracy for
each polymer, and the associated error bars arise from the
bootstrapping process. Although we did not explicitly account
for the uncertainty from the ML predictions, the RMSE of the
ML model is low (0.49 MPa1/2), and we believe that the
bootstrapping process captures the statistical uncertainty that
arises from the (non)solvent prediction variability in the data
set. Furthermore, we also believe that the prediction trends will
remain unchanged given the inherent capability of the
Hildebrand parameter to capture only the van der Waals
forces for a given system and the lack of data on the Hansen
parameter for polymers.

■ RESULTS AND DISCUSSION
Assessment of the Hildebrand Solubility Parameter

Across Different Polymer Classes. The performance of the
Hildebrand parameter for solvents and nonsolvents for the four
distinct classes of polymers is shown in Figure 3. The

Hildebrand parameter was originally developed for amorphous
nonpolar polymers, and its prediction capability is known to
falter for semicrystalline and polar polymers.7 Here we
evaluated its prediction capabilities quantitatively across four
different polymer classes: amorphous polar, amorphous
nonpolar, semicrystalline polar, and semicrystalline nonpolar.
The Hildebrand approach predicts solvents for nonpolar

polymers more accurately than for polar polymers. The solvent
predictions for amorphous nonpolar and semicrystalline
nonpolar polymers reach accuracies of 77% and 72%,
respectively. However, the performance deteriorates for polar
polymers: 59% for amorphous polar polymers and 57% for
semicrystalline polar polymers. At greater than 78%, the
parameter performance is uniformly satisfactory for nonsolvent
prediction for all polymer classes.
The performance trend of the parameters for solvents can be

explained by the nature of the interactions captured by the
Hildebrand parameter and the interactions at play for various
classes of polymers. The Hildebrand parameter essentially
captures the total cohesive interactions, which include the
dispersion forces, dipole−dipole interactions, and hydrogen-
bonding interactions for a molecule. For nonpolar polymers,
which do not have noteworthy polar or hydrogen-bonding
contributions, the total cohesive energy suffices as the primary
criterion for solubility. For polar polymers, specific interactions
like hydrogen bonding play a crucial role that the Hildebrand
parameter, as a single parameter, is unable to explicitly capture.
For instance, polycarbonate (PC) and poly(methyl methacry-
late) (PMMA) are well-known polar amorphous polymers.
Acetone is a solvent for PMMA but is a nonsolvent for PC, and
yet the three systems have similar Hildebrand parameters.
Acetone is a polar aprotic solvent and therefore does not have
hydrogen atoms that can form hydrogen bonds during
solvation. Therefore, the PMMA−acetone solubility can be
explained by a polymer-specific polar or hydrogen-bonding
interaction that is absent in the PC−acetone interaction, which
the single-parameter Hildebrand model is incapable of
predicting.1,7,44 Additionally, the solvent and nonsolvent
temperatures also play an important role in solubility by
altering the free energy of mixing, which the parameter does
not consider. For nonsolvents, the Hildebrand parameter has a
reasonable level of accuracy since the criterion is based on
exclusion.
Despite its disadvantages, the Hildebrand parameter can be

used to predict solvents for nonpolar polymers with reasonable
accuracy and to predict nonsolvents for all classes of polymers.
Additionally, the Hildebrand parameter has an expansive data
set for polymers, and we have utilized this to train an ML
model that predicts the parameter values for a new polymer or
polymers absent from the data set. This development has led
to a user-friendly ML-based screening tool to predict solvents
and nonsolvents for a queried polymer using the Hildebrand
parameter. This tool is implemented at www.polymergenome.
org.

Assessment of the Hansen Solubility Parameter and
Its Comparison to the Hildebrand Parameter. The
performance of the Hansen and Hildebrand solubility
parameters for 25 polymers and their associated solvents and
nonsolvents is shown in Figure 4. As expected, we find that the
average solvent prediction accuracy of the Hansen model
(69%) is higher than that of the Hildebrand model (60%). The
nonsolvent accuracies of the two methods are equal (76%).
The Hansen parameter was developed to overcome a major

inadequacy of the Hildebrand parameter by the inclusion of

Table 3. Data Set for the Assessment of the Hansen Solubility Model41,42

polyethylene, polypropylene, polystyrene, poly(vinyl chloride), polyacrylonitrile, poly(methyl methacrylate), poly(ethyl methacrylate), polycarbonate,
polycaprolactone, poly(vinyl acetate), nylon-6,6, poly(ethylene terephthalate), poly(vinyl butyral), poly(vinylidene fluoride), poly(phenylene oxide), polyurethane,
polysulfone, poly(ether sulfone), poly(oxymethylene), poly(vinylpyrrolidone), poly(ethylene oxide), poly(propylene oxide), poly(vinyl alcohol), ethylene vinyl
alcohol, poly(lactic acid)

Figure 3. Performance of the Hildebrand parameter for 75 polymers
across polymer classes for solvents and nonsolvents.

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.9b00656
J. Chem. Inf. Model. XXXX, XXX, XXX−XXX

D

http://www.polymergenome.org
http://www.polymergenome.org
http://dx.doi.org/10.1021/acs.jcim.9b00656


the polar and hydrogen-bonding contributions.42 However, the
difference between the accuracies of the parameters for
polymer systems, especially polar polymers, is not striking.
We find that the Hildebrand parameter is equivalent to or
outperforms the Hansen parameter in solvent predictions for
12 polar polymers, which constitute 48% of the Hansen data
set. The reasonable nonsolvent accuracy implies that the
parameters can be used interchangeably for this purpose.
The Hansen parameter’s lack of significant improvement can

be attributed to two reasons. First, the parameter is heavily
biased toward its dispersion component, which captures the
nonpolar interactions of a molecule. The dispersion
component has a multiplier of 2 attached to it, which
diminishes the contributions of the polar and hydrogen-
bonding parameters. Second, polymer solubility is a complex
process involving swelling, diffusion, and solvation processes
that are often dependent on the polymer structure and other
physical attributes like the solvation temperature and solvent
concentration.1 These parameters are not represented in the
Hansen model or the Hildebrand model, and their inclusion
could be used to develop a better solubility model.

■ OUTLOOK
The heuristic nature of the Hildebrand and Hansen models
renders them easy to use but results in significant drawbacks
and limitations. Polymer solubility is an inherently complex
process and depends on a multitude of chemical, morpho-
logical, thermodynamic, and kinetic factors. Quantifying such a
phenomenon using a limited number of manually fitted
parameters is an exceptionally challenging endeavor.45 For
instance, both the Hildebrand and Hansen solubility
parameters are completely unable to capture the specific
nature of the interaction of water with polymers.1,41 Another
major drawback is the limited availability of the model
parameter values for polymers, especially for the Hansen
model.4 Indeed, in some cases conflicting values of the Hansen
parameter have been reported for the same polymer.46

Moreover, for a newly designed polymer, it is difficult to
obtain a measurement of the Hildebrand parameter or an
estimate of the Hansen solubility parameter. Other solubility
models, like the χ parameter, have specific values/parameters
for polymer−solvent pairs at given temperatures and
concentrations, making it difficult to generalize to unexplored
chemical space.47

To overcome these drawbacks, the solvent/nonsolvent data
could be directly used to train an ML classifier and therefore
bypass the requirement of obtaining intermediary solubility
parameters. Such an approach is likely to possess significant
advantages over the Hildebrand and Hansen criteria because of
its ability to learn from a larger chemical space without the
requirement of generating empirically derived parameters.
Modern ML algorithms like deep neural networks could
capture the highly nonlinear multivariate mapping between the
characteristics of a polymer and its solubility in a given solvent.

■ CONCLUSIONS
This study critically examines and establishes a predictive
baseline for two well-established solubility models (based on
the Hansen and Hildebrand solubility parameters) that are
widely utilized to characterize polymer solubility in solvents.
This comparative study could be used to make informed
decisions when utilizing the models for solvent predictions and
could also be used as a baseline for new polymer solubility
models. Key findings from this study are summarized below:

• We find that the Hildebrand model has a better solvent
prediction accuracy for nonpolar polymers than for polar
polymers. The nonsolvent prediction accuracy is
uniformly high for all polymer classes. The higher
solvent prediction accuracy for nonpolar polymers can
be attributed to the accurate representation of van der
Waals forces by the Hildebrand parameter. The lower
solvent prediction accuracy for polar polymers occurs
because polar and hydrogen-bonding contributions are
lacking in the single-parameter Hildebrand model.

• We find that the Hildebrand and Hansen models have
similar prediction accuracies for solvents and non-
solvents for polymers. Considering that the Hansen
model was developed as an improvement of the
Hildebrand model, the insignificant difference in the
two models’ performance can be attributed to the
scarcity of available data for the Hansen model and the
complexity of polymer solubility, as neither model
captures factors like temperature, concentration, or
polymer molecular weight.

Traditional solubility parameters provide a simple and
powerful gateway to understand polymer solubility by utilizing
parameters that attempt to capture forces pertinent to
solvation. This is particularly true of the Hildebrand approach,
which may be widely used for a large portion of the polymer
chemical space (e.g., using ML methods, as has been done at
https://www.polymergenome.org). However, the limited
number of parameters such models contain are insufficient to
capture the full complexity of polymer−solvent interactions. In
the future, we aim to bypass the use of traditional solubility-
parameter-based models and utilize experimental data as is
with numerous potentially relevant features and ML algorithms
to determine a unique structure−property mapping of solvent
and polymer structures to their miscibility.
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