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A B S T R A C T   

A methodology for product design of organic coatings is developed to help a formulator screen, modify, or design 
a paint formulation according to the desired functionality. The computer-aided product design (CAPD) method 
aims to improve and expand the current state of computer-aided coating formulation through a combination of 
databases and models capable of estimating various physicochemical properties. Additional paint-specific 
component interactions are considered, and new properties and estimation methods are included that better 
suit modern environmental, health, and safety-related considerations in the product design of paints. This work 
aims to provide a clear description of all property models, estimation methods, tools, and software used 
throughout the systematic framework. The solvent selection methodology is tested for several commercial paint 
formulations, using the original solvent mixtures to verify the results, while providing formulation alternatives to 
guide further experimental testing. For investigated case studies, the methodology provides both viable for-
mulations and solvent selection alternatives. The suggested options can be used to retain key functionalities 
while lowering cost, substituting unwanted ingredients, or improving factors including health and safety, as 
indicated by lethal concentration, flash points, and biodegradability.   

1. Introduction 

Significant effort and time is spent in the development and man-
agement of raw materials and products in the paints and coatings in-
dustry, where products are formulated mainly through experimentation 
and experience [1,2]. An alternative to trial-and-error formulation is to 
design a coating through a combination of computer-aided tools, care-
fully selected experiments, and experience. One of the main issues is the 
complex nature of paints as a liquid formulation, as they commonly 
include a wide range of ingredients, including solvents, polymers, 

pigments, and extenders [3]. As a significant part of the final product 
can consist of organic solvents, an important aspect of formulation is to 
minimize the environmental footprint, the usage of volatile organic 
compounds (VOCs), and to move towards high solids formulations. 
Other developments to limit emissions are substitution of harmful sol-
vents, or development of water-borne, or solvent-free systems. While 
advances are being made in this area, solvent borne coatings are still 
widely used, with solvent volume fractions ranging from below 20% in 
high solids formulations, to above 70% in low solids formulations [2]. 

Classes of ingredients in coating formulations typically include: 
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1) The binder(s): Nonvolatile compounds suitable for film formation, 
they provide some of the key coating functionality, and must be 
compatible with both the solvent mixture and other binders.  

2) The solvent mixture: Solvent-borne coating formulations require a 
continuous liquid phase which allows the coating to be applied, after 
which the solvents should evaporate. Several key functionalities are 
heavily affected by the solvent mixture, including film levelling, 
flow-ability, drying time, safety, and coating sustainability.  

3) Pigments and fillers: Solid particles, which provide color or specific 
functionality to the paint, they also interact with both solvent and 
binder.  

4) Additives: Compounds often included in small concentrations, with 
the choice of additives and property constraints being highly 
dependent on the coating system. 

During paint formulation, the intended use of the product is decided, 
and a lengthy development of a new formulation or adjustment of an old 
formulation begins. An alternative method to the classic approach is 
using an integrated experiment-modeling methodology where available 
estimation methods and models are used to estimate properties of in-
gredients, the result of which is used to screen and decrease the number 
of available candidates until the limited number of remaining formu-
lation options can be tested and validated experimentally [4]. This type 
of approach includes the advantages to innovation and development 
time provided by the model-based structure, while maintaining the 
reliability from experimental verification and adjustments for a minimal 
resource cost [5]. 

During the formulation process of a coating, the formulator tries to 
reach a set of requirements for the product, both in its liquid state, 
during application, evaporation, and for the dry film. These re-
quirements depend on the customer needs, the intended substrate, and 
regulatory or environmental considerations [6]. Limiting steps for 
computer-aided product design (CAPD) and computer-aided molecular 
design (CAMD) of chemical products include the translation of user 
needs set by formulators and regulations on the products to physico-
chemical properties, as well as the availability of reliable estimation 
methods or models for these properties over a large range of molecular 
structures and interacting ingredients [7]. Since the applicability of 
computer aided design algorithms is limited by the reliability and 
availability of the used property models, this work aims to investigate 
and expand the systematic selection of ingredients for liquid organic 
coating formulations by creating a toolbox of prediction methods, da-
tabases, and property models within a clear framework. 

2. Background 

2.1. Computer-aided product design and molecular design of chemical 
products 

The basis for the proposed product design methodology is a general 
framework for computer-aided design of chemical products, which al-
lows for screening of active ingredients, solvent selection, and additives, 
with experimental verification of selected candidates [7,8]. As the re-
quirements for different types of products vary greatly, the design 
method must be based on an understanding of the product-specific in-
teractions and product requirements. 

Paints and coatings is one such distinct application of CAPD. As it 
includes a complex list of ingredients, it is important to consider not only 
the bulk properties, but also characteristics during application, evapo-
ration and for the dry film. An early application of product-design 
principles to coatings was proposed by Wu [9] with a focus on solvent 
selection using UNIFAC-based group contribution (GC) methods to 
predict solvent evaporation rate, flash point, surface tension, and vis-
cosity. Conte et al. [4] applied the general computer-aided method to 
paint formulations through four steps, defining user needs, selecting the 
active ingredients, selecting solvents, and adjusting formulation 

properties using additives. Jhamb et al. [10] expanded on this meth-
odology by including coating specific product needs, interactions and 
formulation rules. An alternative approach to paint solvent selection was 
proposed by Fardi et al. [11], and included both targets and anti-targets, 
primarily focused on solubility. Raslan et al. [12] extended the solvent 
design framework designed by Conte et al. [4] to include a systematic 
safety and health index for various formulated products, including 
paints. The health and safety index includes various indicators for the 
potential ingredients, which are judged a combined assessment 
including flammability, reactivity, explosive risk, and various other 
health hazards. Overall, attempts to extend product design to paint and 
coatings are still rare, though new approaches have been developed for 
similar products. Solvent based adhesives have recently been designed 
through a target attribute-based approach, which did not start with the 
selection of active ingredients [13]. Heuristic rules have also been in-
tegrated in recent CAPD frameworks, where mathematical models can 
be missing or inadequate for complex microstructured products [14]. 

Molecular design can be interpreted as a reverse case scenario of 
product design, where instead of screening a list of ingredients for set 
constraints, the constraints are used to generate candidates from mo-
lecular building blocks known as “groups”. These groups are defined by 
the molecular structure and the selected GC method, with key GC 
methods described in Section 2.3. After a potentially very large search 
space of viable structures is generated according to set structural limi-
tations, candidates are either accepted or rejected by appropriate esti-
mation methods, until the remaining candidates fulfill all set constraints. 

2.2. Polymer product design 

As is the case for many other chemical formulations, the usual 
method for developing new polymer products is both time consuming 
and costly [15]. CAMD is applied to polymer selection or polymer design 
in three main steps: problem formulation, repeat unit identification, and 
result analysis [16]. The overall CAMD process is similar to other design 
cases for organic compounds, but includes the requirement of free at-
tachments for the repeat structure, and property constraints are tested 
against estimation methods adapted for polymeric structures. Previous 
work [17] on polymer design have used GC methods by Van Krevelen 
[18] as well as the modified Marrero and Gani GC methods for design of 
a diverse set of polymer products [15]. 

A proposed polymer selection workflow for organic coatings by Wu 
[19] is to use databases to find polymer structures matching pre-defined 
needs, such as melting point and glass transition temperatures. If closer 
property matches are required than what is provided by the database, 
selected polymer structures are then modified with the help of structure- 
property relationships, such as GC methods. 

2.3. Group contribution methods 

While experimental results are preferable, available data for many 
chemical groups is often scarce, and experimental verification for a large 
number of potential ingredients is often not a feasible option. GC 
methods offer an opportunity for qualitatively correct property estima-
tions at a low computational cost, which is suitable for CAPD, as it al-
lows a large number of potential ingredients to be quickly evaluated. 
Due to their comparatively high predictive nature, GC methods are 
suited for finding new compounds, or for substitution of unwanted ones, 
even if the generated structures are not included in the original data set 
[20,21]. A basic requirement for GC methods is that the contributions of 
a group must be additive and independent from the rest of the chemical 
structure. These requirements provide a linear problem formulation, 
and enable extrapolation to new compounds. 

First-order UNIFAC GC methods were first developed using only the 
basic building blocks as groups, while more modern GC methods often 
include second-order groups based on conjugation theory [22], or third- 
order GC methods where second- and third-order groups represent 
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isomers and larger structural components [23]. The GC methods 
developed from the work of Constantinou and Gani are calculated ac-
cording to Eq. (1), while methods using Marrero and Gani's (MG) group 
definition follow Eq. (2). 

f (x) =
∑

i
NiCi +w

∑

j
MjDj +K (1)  

f (x) =
∑

i
NiCi +w

∑

j
MjDj + z

∑

k
OkEk +K (2)  

where f(x) is a function of property x, and a universal parameter, K, can 
be included depending on the method. Ni is the contribution of group i 
occurring Ci times, and Mj is the contribution of group j occurring Dj 
times and Ok is the contribution of group k occurring Ek times. w and z 
can be either 0 or 1 depending on whether the estimation is first-, or 
second-, or third-order. Other GC methods which use groups following 
the definitions by Marrero and Gani, and third order contributions 
detailed in Eq. (2), are referred to as MG-based GC methods, or simply 
MG GC methods. 

A common issue for GC methods is groups with missing contribu-
tions, which can occur due to limitations in the underlying data set. The 
missing contributions of these groups can be estimated through con-
nectivity indices (CI), which estimate the contribution from the chemi-
cal structure. The general property model used is [24]: 

f (x) =
∑

i
(aiAi)+ b

( vχ0)+ 2c
( vχ1)+ d (3)  

where f(x) is a function of the sought property x. Ai is the number of i 
atoms occurring in the molecular structure, vχ0 is the zeroth-order atom 
connectivity index, and vχ1 is the first-order bond connectivity index. d is 
a constant, and b and c are adjustable parameters. 

The accuracy when using CI estimations specifically to approximate 
missing group contributions is often lower than group contributions 
calculated through database regression, as a smaller set of parameters 
represents a large number of compounds. However, replacement of 
Marrero and Gani group contributions has provided satisfactory results 
[24]. GC methods which use CI to replace missing contributions are 
known as group contribution+ methods (GC+). 

3. Prediction of thermophysical properties of organic coatings – 
function, models, and classifications 

3.1. Classification of properties 

Paints and coatings are often microstructured liquid formulations 
with solid particles, pigments and extenders, dispersed in a continuous 
liquid phase [3]. To select ingredients through a computer-aided 
framework, various property models and estimation methods are used 
to screen or rank ingredient candidates, or to estimate the overall 
product properties. Properties of individual ingredients or molecules are 
known as pure component properties, while applicable property models 
must be found for bulk functional properties or performance related 
properties. Primary properties are inherent characteristics of pure 
compounds, and depend only on structural data, while secondary 
properties also depend on other properties in addition to the molecular 
structure [25]. Property models become necessary when properties such 
as vapor pressure or density are unknown, which can depend on factors 
like temperature, pressure and composition, or interactions with other 
compounds through the formulation interface [25,26]. 

3.2. Relationship between properties and coating functionality 

The functionality of a paint or coating depends on the properties of, 
or interactions between its different components. To be able to specify 
the performance of the paint, relationships between the functionality 

and properties must be made. These links can also be established be-
tween equilibrium and non-equilibrium needs. For example, adequately 
fast wetting of a substrate or pigment has a dependency on the surface 
tension. Selected formulation needs and their target properties are given 
in Table 1, and the necessary properties, their estimation methods, and 
property models are summarized in Table 1. 

3.3. Key properties, estimation methods, and models 

The choice of property methods and models is of high importance for 
product design, as the method has to be applicable to and accurate for 
the included range of ingredients, while also being as simple as possible 
for efficient screening. 

3.3.1. Viscosity 
Viscosity is a bulk functional property vital for the design of most 

liquid formulated products. Specifically for paint formulations, viscosity 
is a key property for spread-ability on surfaces during and after appli-
cation, and spray-ability depending on the application method. The 
viscosity of a resin solution, especially for high solid coatings, is highly 
dependent on the used resin, and interactions between the resin and 
solvents [1,25]. Constraints on viscosity are therefore based on experi-
ence and earlier functional literature formulations, as the solvent blend 
viscosity is directly related to the solution viscosity through experi-
mentally determined correlations such as those by Wu [9] and Wicks 
et al. [6]: 

ln(μsolution) = ln(μsolvent)+Kconc (4)  

where μ is the dynamic viscosity and Kconc is a constant for the solvent- 
polymer system. The constraints are often set on either dynamic or ki-
nematic viscosity, with the relationship between them being: 

v = μ/ρ (5)  

where v is the kinematic viscosity, and ρ is the density. For individual 
solvents, the dynamic viscosity can be calculated by the MG-based GC+

methods [27] at 298 K, and the density at 298 K can be calculated from 
the molecular weight and molar volume, Vm, also available from MG- 
based GC+ methods [28]. Linear models have been used with good 
agreement to nonlinear rigorous models for CAPD [4], but UNIFAC- 
based GC models can be used for verification if deemed necessary [29]. 

3.3.2. Molar volume 
Pure compound densities are difficult to calculate by additive 

methods, while molar volume which is inversely proportional to density 
is additive by nature. As such, use of molar volume is suitable for CAPD, 
as it can be quickly and accurately estimated by GC methods. Density 
and molar volume not only affects product and process parameters and 
wetting, but also the product cost and solvent emissions, as cost and 
regulation limits are often weight based [6,10]. 

Table 1 
Selected properties and their related functionality in coating formulations.  

Product functionality Target properties Symbol 

Spray-ability Dynamic viscosity, molar volume, 
surface tension 

μ, Vm, σ 

Spread-ability Kinematic viscosity, molar volume υ, Vm 

Wetting Surface tension, molar volume σ, Vm 

Solubility HSP, Gibbs energy of mixing δD, δP, δH, 
∆Gmix 

Drying time Evaporation rate t90 

Flammability and 
safety 

Open cup flash point Tf 

Toxicity Lethal concentration LC50 

Environmental 
impact 

Biodegradability BOD5/COD 

Product price Cost C  
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As discussed in the previous section, MG-based GC+ methods can be 
used for calculation of Vm [28]. Molar volume has the added benefit of, 
unlike liquid densities, behaving linearly with molar composition. Using 
a linear mixing model is therefore suitable for calculation of molar 
volume for solvent blends [25]. 

3.3.3. Surface tension 
Similar to viscosity and molar volume, surface tension is a crucial 

property for product design as it affects application properties like 
spray-ability and spread-ability, as well as several paint specific in-
teractions. A coating solution must be able to adequately wet both 
pigments and extender particles in the formulation and the substrate 
where the paint is applied [30]. Surface tension can be reduced by in-
clusion of surfactants, but it is generally preferred to reach a desired 
property target to minimize surfactant residues in the final dry film 
[6,25]. 

Surface tension at 298 K can be estimated for many compounds by a 
MG-based GC+ method [27]. As with viscosity, a linear mixing model by 
molar composition is used for fast and adequately reliable estimations of 
solvent mixture surface tension [4,10], while the non-linear UNIFAC 
based GC model developed by Suarez et al. [31] can be used for 
verification, 

σ = σi +

(
R∙T
Ai

)

⋅ln

(
xi,s⋅γi,s

xi,b⋅γi,b

)

(6)  

where σ and σi are the surface tensions for the mixture and pure com-
ponents, xi, s and xi, b is the molar composition at the bulk and surface 
layer, and γ represents their activity coefficients. Application of Eq. (6) 
requires knowledge of the pure component properties, estimated by the 
above-mentioned MG GC+ method, and activity coefficients and molar 
surface area from the UNIFAC-based GC method [31]. 

3.3.4. Solubility parameters 
For liquid formulated products such as paints and coatings, the 

polymers, active ingredients, or additives often need to be dissolved by 
the used solvents. Traditionally, and to a large extent also today, the 
compatibility between different solvents and binders has been handled 
through general classifications, and knowledge of which types of solvent 
works with different types of binders [6]. A thermodynamic approach 
using liquid-liquid-equilibria (LLE) for multi-solvent multi-polymer so-
lutions is not realistic for complex coating systems, nor is it practical for 
fast qualitative estimations from a computer-aided design view [32]. An 
alternative thermodynamic approach is to use solubility parameters, δ, 
which can be regarded as a more systematic approach to the “like dis-
solves like” concept often referenced for formulating solvent mixtures. 
The Hildebrand solubility parameter is defined as the square root of the 
cohesive energy density: 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅(
∆Ev

Vm

√ )

(7)  

where ∆Ev is the heat of vaporization, and Vm is the molar volume of the 
compound. The Hildebrand solubility parameter concept has been used 
for CAPD of both coatings and other formulated products [4], with the 
rule of thumb that a solubility parameter difference of less than 3 MPa1/2 

between a solvent and polymers allows for adequate miscibility [33]. 
The solubility parameter of both polymers and other organic compounds 
can be accurately estimated by GC methods [18,28], and a linear mixing 
model can be used for solvent blends by definition. 

One of the major problems when using the traditional solubility 
parameter, δ, is its inadequacy for systems with highly polar or associ-
ating solvents or polymers. Hansen [34] addressed this issue by pro-
posing a three-dimensional system for solubility, by separating the 
cohesive energy density into three types of interactive forces; the 
dispersion (δD), the polar (δP), and the hydrogen-bonding (δH) partial 

solubility parameters: 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(δ2
D + δ2

P + δ2
H)

√

(8) 

While the Hansen Solubility Parameters (HSP) are based on the 
cohesive energy density, they are used as a semi-empirical method for 
solubility, well suited for screening solvents or polymers. 

There are multiple ways to calculate or estimate the HSP [35], and 
for CAPD purposes there are several GC methods available for qualita-
tively accurate property estimations. The accuracy of GC methods for 
HSP estimation depends on the type of structure, with available methods 
for organic compounds [28], polymers [18], solvents [36] and organic 
pigments [37]. By definition, a linear mixing model can be used to es-
timate HSP values for solvent blends from mole fractions [35]. Experi-
mental determination of HSP for new resins is useful for finding the 
radius of interaction, Ro, which is the maximum “distance” between a 
HSP where solvents are expected to dissolve a resin. The distance is 
given by: 

Ra =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4(δD1 − δD2)
2
+ (δP1 − δP2)

2
+ (δH1 − δH2)

2
√

(9)  

where denomination 1 and 2 represent two different sets of solubility 
parameters. The relative energy difference, or RED, defined as: 

RED = Ra/Ro (10)  

provides a measure of the similarity between a solvent and a solute, for 
example a polymer. A RED value above 1 indicates a poor or non- 
solvent, while a value at or below 1 indicates a good or marginal sol-
vent. Reactions in the resin during film formation can affect the solu-
bility properties of the formulation, however, this change is assumed to 
be negligible for the purposes of product design. 

3.3.5. Evaporation rate 
The evaporation rate is a very important functional property for a 

paint formulation, as the paint is often applied to a large area and must 
allow time to even out paint defects, while not sagging or taking too long 
to dry. Evaporation rate is affected by temperature, vapor pressure, and 
factors affecting mass transfer including surface area and air flow. 
Relative humidity is an important factor for the evaporation rate of 
water-based systems, but it has little effect on water-insoluble solvent 
mixtures [6]. For solvent-free coatings, low viscosity polymers may 
instead act as the solvent during application, but then react to form a 
film. The evaporation rate of a paint is also affected by the binder, but 
this effect can be neglected until the dominating factor for solvent 
evaporation is mass transfer through the polymer film, when 70–90% of 
the solvent has evaporated [2,9]. 

A practical measure of the evaporation rate is the time to 90 wt% 
evaporation (t90) for solvents, which allows for rapid screening of sol-
vents and solvent mixtures [4,25]. t90 also allows for comparison of 
relative evaporation rates if needed, for example, should a solvent 
mixture evaporate to leave a hydrocarbon-rich environment, nitrocel-
lulose binders may precipitate out of solution and leave an uneven 
coating [6]. t90 is calculated from a correlation to the solvent vapor 
pressure [4,25]: 

ln(t90(s) ) = − 0.793⋅ln(Psat)+ 12.416 (11)  

3.3.6. Environmental, Health and Safety (EH&S) properties 
As many harmful chemicals are used in industrial processes and 

products, including paints, there has been an increased interest in the 
development of more environmentally friendly paints and coatings over 
the last decades. The effect of a coating, especially the used solvents, on 
both the environment and people is often significant, as a large portion 
of the formulation evaporates during product use. These reasons, as well 
as potential economic benefits, are leading the development towards 
high solid paint formulations [1]. 
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An increase of safe and environmentally friendly products also 
benefits worker productivity, and reputation, which can act as an added 
incentive during development of new products, or substitution of 
established formulations. While a wide array of safety and sustainability 
indicators could be used for CAPD [38,39], a few key properties have 
been selected including lethal concentration, flash point, and 
biodegradability. 

A key parameter for including EH&S properties in CAPD frameworks 
is the development of new estimation methods. New GC-based estima-
tion methods applicable to organic chemicals, such as solvents, have 
been developed for a large number of environment-related properties 
over the last years [21]. A few examples include a large number of 
properties determined to be indicators of the environmental impact and 
the effect on humans by the US Environmental Protection Agency [39], 
and the biodegradability of organic compounds [40]. Further de-
velopments considered for GC methods for environment-related prop-
erties are the development of new methods for additional toxicological 
or health-related properties, as well as improving the quality of 
currently available GC methods with the inclusion of new data and 
relevant groups in currently available methods [21]. 

While EH&S-related properties have only seen limited application in 
product design methodologies, the increased interest in sustainable 
formulation and development of relevant and accurate estimation 
methods has enabled the inclusion of EH&S-related properties in solvent 
selection and design problems. One of the challenges is selecting 
appropriate sustainability indicators, and defining their limiting values 
[41]. 

The main parameter used as an indicator of health concerns is the 96 
hour fathead minnow 50% lethal concentration dose (LC50), estimated 
by a Marrero Gani GC+ method [39]. For binary solvent mixtures, a 
linear mixing model based on molar composition is used. 

The flammability, as indicated by the open cup flash temperature, is 
included as a safety parameter for solvent mixtures. The flash point of a 
single solvent or solvent mixture is the temperature where it emits suf-
ficient vapor to form a combustible mixture with air. As solvents are only 
a delivery method for the resin and pigment, evaporation is expected 
from paint formulations during application. Therefore, solvent flam-
mability is an important safety consideration, and the flash temperature 
should be higher than the intended application temperature of the 
product. The open cup flash point is treated as a secondary property, in 
the sense that its calculation depends on both the molecular structure, 
and a primary property. For the open cup flash point, the Marrero and 
Gani GC+ method and normal boiling point is used for pure component 
property prediction [42]. A non-linear model is used to calculate the 
flash point of solvent mixtures. For binary solvent mixtures the saturated 
vapor pressure at the flash point is given by [43]: 

1 =
x1γ1Psat

1

Psat
1,fp

+
x2γ2Psat

2

Psat
2,fp

(12)  

where x and γ are the mole fractions and activity coefficients for 
component 1 and 2, Psat is the saturated vapor pressure at the mixture 
flash point and Pfp

sat is the vapor pressure for pure component flash 
points. The saturated vapor pressure, Psat, is calculated from the Antoine 
equation: 

logPsat = Ai −
Bi

T + Ci
(13) 

With the Antoine coefficients A, B, and C. The Antoine coefficients 
are collected from solvent databases [44], and activity coefficients at 
infinite dilution for Eq. (12) are estimated from the UNIFAC-VLE method 
[31]. An iterative approach to Eqs. (12) and (13) provides the solvent 
mixture flash point at a specified composition. 

It is important to consider the effect of chemicals released into the 
environment not only for immediate hazard, but also for long-term risks. 
A common characterization of compounds used in industry is oxidation 

parameters including the biological oxygen demand (BOD) and theo-
retical chemical oxygen demand (COD). A standard BOD measurement 
method takes five days, labelled BOD5, which is compared to COD, the 
oxygen demand under the effect of a strong oxidizing agent and under 
acidic conditions. Recently, Jhamb et al. [40] developed a GC-based 
estimation method to calculate the BOD5/COD, used for classification 
of biodegradability. 

3.3.7. Solvent phase stability 
Liquid phase stability is selected as a design criteria for solvent 

blends, as a homogenous solvent is required for non-water based paints. 
The test for liquid phase stability is based on the Gibbs energy of mixing: 

∆Gmix

R⋅T
< 0 (14) 

The tangent plane distance (TPD), which corresponds to the distance 
between the function ∆Gmix/RT and its tangent, is applied for identifi-
cation of miscibility gaps. A detailed description of how the TPD is 
calculated for binary mixtures, functions for phase stability and misci-
bility gap regions is provided by Conte et al. [4]. 

3.3.8. Cost 
While cost is not an inherent physicochemical property, it is still one 

of the most important attributes to consider in any industry, paints 
included. Cost is not included as a strict constraint, but rather used as an 
option for formulation optimization. Exact ingredient costs fluctuate due 
to market prices and ingredient quality, and solvent blend cost is by 
definition calculated by a linear mixing model by weight or mole frac-
tion, depending on the used input data. 

While there is a significant effort to minimalize the use of solvents in 
modern paint formulations due to environmental considerations and 
regulatory requirements [1], paint formulations may still use substantial 
amounts of solvents, in some cases use up to 50% by volume [32]. 
Systematic solvent selection therefore allows for a reduction of the 
overall cost of the product without necessarily changing other 
components. 

A summary of the estimation methods and models is presented in 
Table 2. 

Table 2 
Summary of physicochemical properties used for the presented methodology 
from Table 1, their estimation methods, and property models for mixture design.  

Property Symbols Estimation methods Property models 

Kinematic viscosity v M&G GC+ method [27] Linear mixing 
(xi) 

Surface tension σ M&G GC+ method [27] Linear mixing 
(xi) 

Molar volume Vm M&G GC+ method [28] Linear mixing 
(xi) 

HSP δD, δP, δH GC method [36] 
GC method [37] 
Databases [35,45] 

Linear mixing 
(xi) 

Flash point Tf M&G GC+ method [28] Correlation 
Evaporation time t90 Correlation Klein et al. [48] 
Cost C Databases [46] Linear mixing 

(wt%) 
Lethal concentration LC50 M&G GC+ method [39] Linear mixing 

(xi) 
Gibb's energy of 

mixing 
∆Gmix UNIFAC GC method [47] – 

Activity coefficients γ UNIFAC GC method [31] – 
Saturated vapor 

pressure 
Psat Calculation by Antoine 

equation 
– 

Antoine coefficients A, B, C Databases [44] – 
Biodegradability BOD5/ 

COD 
GC method [40] –  
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4. Design methodology for organic coatings 

The proposed methodology for product design of coatings focuses on 
solvent selection and it includes a series of steps, shown in Fig. 1. 
Development of a solvent mixture formulation includes selection of 
binders, finding the target miscibility region, setting the solvent mixture 
constraints, developing the solvent database, applying the linear 
mixture constraints and stability requirements, testing nonlinear con-
straints, and selection of additives and pigments. Development of a 
single solvent coating uses a molecular design methodology, where 
groups are used to generate potential solvent molecules which are tested 
against the selected property constraints. 

4.1. Framework scope 

The developed methodology is intended for formulation of solvent- 
based organic coatings, and cannot be used for water-based coating 
formulation without modification of formulation needs, property 
models, and ingredient selection. 

Some of the methods or models included in the framework are 
limited to organic compounds with known property contributions for 
their molecular groups. If these methods are not applicable to the 
selected ingredients, which may be the case for unknown structures or 
inorganic pigments, the formulator must rely on experimental data for 
information. 

4.2. Selection of binders 

Resins are selected from a list of suitable binders depending on the 
intended application. An important consideration is that chosen binders 
for this framework must have an overlapping miscibility region, where a 
solvent is predicted to solubilize all polymers through partial solubility 
parameters. If two polymers are too different or incompatible, one 
should be replaced with a more suitable candidate. Since only experi-
mental data or the molecular structure is necessary, modifications can 
be used to the polymers through molecular design using GC+ methods 

[15]. 

4.3. Problem definition and constraints for solvent design 

The choice of physicochemical properties and constraints for the 
solvent molecular design and solvent mixture design depend on the 
performance criteria of the solvent. Selected product properties and 
related attributes are listed in Table 1, and specific upper and/or lower 
constraints are set on these properties depending on available literature 
[4,10], and regulatory or customer needs. Some constraints are used for 
all design cases, as they are necessary for the main product functionality. 
These include phase stability and compatibility with binders, using 
solubility parameter interactions. It is important to note that not all key 
product functions can be directly translated to constraints on physico-
chemical properties, examples of this may be solvent odor or product 
shelf life. 

4.4. Single solvent molecular design 

Molecular design for solvent selection was implemented through the 
ProCAMD tool in ICAS 23 (Integrated Computer Aided System), an in-
ternal software package from the Technical University of Denmark 
(DTU) Department of Chemical and Biochemical Engineering [46]. 
Groups and structural limitations suitable for design of solvents are 
selected, and all structurally feasible chemicals are generated from the 
selected groups and settings. ProCAMD is used to screen the generated 
structures using Marrero and Gani third-order group contribution 
methods [23] and step-by-step rejects all solvent candidates that does 
not match the selected property constraints for pure component prop-
erties including viscosity, flash point, molar volume, and surface ten-
sion. In addition, constraints on environment and health related 
properties including flash points, LC50 and biodegradability are screened 
with the property prediction tool ProPred in ICAS 23 [46] based on 
structural information from the ProCAMD output. 

The final constraint, with tasks calculated in order of increased 
computing complexity, is on solvent HSP. The constraint on solvent HSP 

Fig. 1. Proposed framework for product design of coatings.  
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is based on interactions with the selected binders or polymers, and 
depend on the number of included binders and their solubility values, 
found through experimental measurements, databases [35,45], or esti-
mations by GC methods [18]. As literature values are unlikely to be 
available for all, or any, of the remaining generated solvent candidates, 
values can be generated by either a Marrero and Gani GC method 
available in ProCAMD and ProPred, or in this work with a solvent spe-
cific GC method [36] for higher accuracy. Solvent candidates with a RED 
above unity to all selected binders are rejected, while remaining mix-
tures are expected to lie within the miscibility region for the binders. 

4.5. Database development for solvent mixture design 

For solvent mixture design, a library of eligible solvents is collected, 
including water insoluble solvents depending on availability or regula-
tory limitations. Required input is the names and molecular structure, in 
the SMILES format, of solvent candidates. Necessary data are either 
found through databases [35,44] or generated by ProPred in the same 
manner as Section 4.4. ProPred converts SMILES into group occurrences 
for GC methods, including Marrero and Gani first- second- and third- 
order groups. The tool then generates necessary property values for 
the solvents, including viscosity, molar volume, surface tension, flash 
points, LC50, and solubility parameters. 

4.6. Solvent mixture constraints and stability requirements 

A search and optimization mixture design algorithm (MixD) included 
in the ICAS 23 software package as well as external constraints is used to 
find eligible solvent mixtures from the developed database. The solvent 
mixture design for coating formulation is implemented through a series 
of steps where the number of feasible solvent mixtures is systematically 
decreased following requirements on phase stability, linear mixing 
models, nonlinear models, and additional solvent mixture requirements. 
The first steps are automated in MixD, while added requirements are 
implemented on the output of the algorithm. 

The first step of MixD is the application of the stability test algorithm 
developed by Conte et al. [4] to all possible solvent combinations. The 
stability algorithm checks the phase stability for each binary mixture, 
based on the trend of the Gibbs energy function of mixing (ΔGmix/RT) 
and tangent plane distance (TPD), and immiscible solvent mixtures are 
rejected. The binary systems are described through UNIFAC-LLE group 
contributions, meaning the input to the algorithm is group identifiers 
and occurrences for each solvent in the database [49]. 

For each binary solvent mixture that is not rejected due to stability 
issues, linear mixing models based on the mole fractions are applied for 
constraints on viscosity, molar volume, and surface tension calculated 
by modern GC methods. Mixtures that cannot match the set constraints 
are rejected, and the output for this stage is any stable solvent mixtures 
and their property values at a composition optimized for a preselected 
property or attribute, such as cost. 

The final stage of the MixD algorithm for solvent selection is appli-
cation of nonlinear models, where models for constraints on flash point 
and evaporation time, t90, are applied and tested at the optimized 
composition. The flash point GC method [28] and solvent mixture model 
has not been implemented in the previous paint formulation CAPD 
methods [4,10]. Mixtures with calculated property values outside the 
selected nonlinear constraints are rejected. 

Additional property constraints are handled outside the MixD algo-
rithm either due to their more complex implementation, as in the case of 
HSP, or due to the more approximate nature of estimated values. Strict 
constraints on property values for LC50 or biodegradability might reject 
otherwise viable mixtures, and estimations are therefore used more as 
qualitative indicators. 

The HSP constraints are based on interactions with the selected 
binders, in the same manner as the single solvent molecular design. 
Unlike the structures generated by molecular design, there are extensive 

databases in open literature for accurate solubility parameter values of 
solvents and polymers [35,45]. The HSP for each binary mixture can 
then be calculated from a linear mixing model by mole fraction, and the 
mixture composition. Mixtures with a RED above unity to all selected 
binders are rejected, while remaining mixtures are expected to lie within 
the miscibility region for the binders. 

Constraints on environmental and health related properties such as 
biodegradability (BOD5/COD) and LC50 are estimated by group contri-
bution methods [39,40] through the ProPred software in ICAS. The LC50 
of the solvent mixture is calculated from a linear mixing model by mole 
fraction from the estimated values, while BOD5/COD is limited by the 
least biodegradable solvent in the mixture. 

The output of the solvent design is mixtures matching the set prop-
erty constraints, their composition, phase stability information, and 
estimated property values. 

4.7. Selection of pigments and additives 

Pigments are selected from a list of available options depending on 
requirements on color, pigment type, and various product-specific 
qualitative performance criteria available from suppliers. The HSP dis-
tance between pigments and polymers can be used as a guide for 
pigment selection, as flocculation and sedimentation is minimized if the 
pigment is more compatible with the polymer than the solvent mixture, 
as indicated by the difference in solubility parameters [35]. Should 
experimental data be unavailable [45], solubility parameters for organic 
pigments can be calculated through a GC method [37]. After the optimal 
solvent or solvent mixture has been identified, product performance can 
be enhanced or corrected by additives, depending on product 
requirements. 

5. Implementation and case studies 

The developed methodology is implemented and tested through 
several case studies, including a recently performed CAPD study for 
coating formulation [10] and comparisons to several commercial paint 
formulations available in literature [1,3]. Applying the CAPD frame-
work to established functional paint formulations has two primary goals, 
partly to see if the output can provide the original solvent mixture, and 
also to provide alternative formulations which may be improvements in 
terms of cost optimization, safety, or for the environmental impact. 

5.1. Case study A – solvent selection for acrylic polymers 

The first case study revisits the coating design case investigated by 
Jhamb et al. [8]. For this case study, two organic pigments, ‘Heliogen® 
Blue 6930 L BASF’ and ‘Paliotol Yellow L1820 BASF’ are considered for 
dispersion with a choice between two acrylic polymers, either Poly 
(methyl methacrylate) (PMMA) or Poly(ethyl methacrylate) (PEMA). 
Jhamb et al. used computer-aided framework to find suitable individual 
solvent or solvent mixture for dispersion. The applied property con-
straints are listed in Table 3, where any changes to requirements or user 
needs for product design will be limited to reject unwanted ingredients 
and guide final selection after an initial product analysis following 
matching user needs and property constraints. The revisit is intended to 
investigate if the result yields similar output to the original product 
design study, as a part of the verification for the modified CAPD 
framework for coating formulation. Some differences may occur due to 
the use of alternative property constraints for polymer interaction, listed 
in Section 4.6, use of alternative property methods, or databases used in 
the framework knowledge base. 

5.1.1. Methodology 
The first steps in the framework are already defined for the case 

study, as a two binders are pre-selected for two separate product design 
scenarios, and the user needs and property constraints are defined and 
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listed in Table 3. 
The molecular solvent design includes groups suited for alkanes, 

alcohols, esters, ethers, aldehydes, ketones, and chlorinated solvents. 
Compounds are generated with a minimum of 2 groups, and a maximum 
of 8. The set limitations generate a search space of 14,307 acyclic and 
5318 aromatic structurally viable compounds. Adding constraints on 
viscosity, liquid molar volume, surface tension, and flash point reduces 
the number of potential solvents to 9, according to steps shown in Fig. 2 
together with the solvent mixture design process. 

The final ‘user need’ described in Table 3 is to solubilize the poly-
mers. In contrast to the original case study, the constraint is not set to the 
total solubility parameter rule of thumb, where a polymer is soluble if 
the difference is less than 3 MPa1/2, but instead a more rigorous 
constraint on the radius of interaction and three-dimensional solubility 
parameter distance is applied. HSP values for PMMA and PEMA are 
collected from databases [35,45], shown in Table 4. 

Since the constraints on the solvents depend on the used binder, the 
remaining solvents, their estimated properties, and relative energy dif-
ferences to the two binders are shown in Table 5. Hansen solubility 
parameter estimations for solvents use the Stefanis and Panayiotou [36] 
GC method which is designed to be accurate for solvents. 

From the included EH&S-parameters, several solvents have estima-
tions for − log(LC50) above 3.5, or are estimated to not be biodegradable. 
Since some of the methods, including biodegradability, do not use 
connectivity indices, the methods cannot be applied to structures with 
missing group contribution values. Biodegradability constraints are set 
depending on the targeted classification, where the relative 5-day oxy-
gen demand is used as a guide for ingredient biodegradability according 
to [50]: 

BOD5/COD > 0.5: easily biodegradable 
BOD5/COD = 0.4–0.5: moderately biodegradable 
BOD5/COD = 0.2–0.4: slowly biodegradable 
BOD5/COD < 0.2: not biodegradable 

At a glance, the most promising candidate from Table 5 is therefore 
ethylbenzene, as it fulfills all property requirements and is expected to 
be readily biodegradable, though the estimated lethal concentration 
indicates potential health concerns. 

Solvent mixture design is initiated by creation of a solvent database. 
The structures of 35 water-insoluble solvents common in the paint in-
dustry are used to create the database, available in Appendix A, 
Table A.1. Any properties not generated from the solvent structures are 
included in the presented database. These solvents are used to investi-
gate a total of 630 binary solvent mixtures through the MixD algorithm 
for constraints on phase stability, viscosity, molar volume, and surface 
tension. Mixture properties are calculated through the solvent mixture 
property model library, described in Section 3.3. No non-linear property 
models are used at this stage for the case study. A total of 102 binary 
solvent mixtures from the database fulfill the requirements for phase 
stability, flow-ability, and wetting These 102 solvent mixtures contain 
all results presented by Jhamb et al. [10], including additional solvent 
mixtures due to the expanded solvent database before application of 
constraints to polymer interactions. 

Solvent mixtures with a RED above unity to any polymer are rejected 
as candidates for formulation, as they are not expected to dissolve the 
polymer. The polymer solubility parameters used to determine the 
interaction radius are listed in Table 4. The solvent mixtures fulfilling all 
design requirements are listed in the Supplementary material, with 
EH&S indicators and a composition optimized by cost. 89 out of the 102 
solvent mixtures fulfill the miscibility requirement for PEMA, and 22 for 
PMMA, as illustrated in Fig. 2. This again includes all mixtures found in 
the original solvent design case study, but offers significantly more op-
tions than the 39 and 5 mixtures previously designed for a PEMA and 
PMMA paint formulation respectively [10]. 

Fig. 2 is a step-by-step visualization of the molecular design (left) and 
mixture design (right) workflow. During molecular design, all feasible 
structures using the selected structural groups are generated, and then 

Table 3 
Constraints on target properties used by Jhamb et al. [10] for case study A, with 
new constraints on solubility parameters and flash points.  

User needs Target properties Target property 
constraints 

Unit 

Solubilize polymer Total solvent HSP RED < 1  
Easily flowable Dynamic viscosity 0.6 < μsol, 298K < 0.9 cP 
Adequate wetting Molar volume 100 < Vm, 298K < 130 l/ 

kmol 
Surface tension 26.5 < σ298K < 29.5 mN/ 

m 
Good stability for solvent 

mixtures 
Gibbs energy of 
mixing 

∆Gmix/RT < 0  

Tangent plane 
distance 

TPD > 0  

Safety Flash temperature TF > 298 K  

Fig. 2. Constraints set on generated structures, and number of designed structures fulfilling selected constraints for PEMA.  

Table 4 
Experimental HSP values and radius of interaction for PMMA and PEMA [35]. 
Values are in MPa1/2.  

Polymer δD δP δH Ro 

Poly(methyl methacrylate)  18.10  10.50  5.70  9.50 
Poly(ethyl methacrylate)  17.60  9.66  3.97  10.64  
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screened sequentially for each property constraint. The order each 
property is calculated in is not relevant, as the property calculations are 
independent of each other, and given by the chemical structures. 
Mixture design starts by testing phase stability and linear property re-
quirements for every possible binary solvent combination, followed by 
non-linear constraints, and finally the polymer interaction. Time 
consuming calculations are considered at later stages to reduce overall 
computational effort. 

As no additives are used for the original formulation, and only 2 
organic pigments are available as candidates, their compatibility can be 
checked against selected polymers and remaining solvent mixtures. As 
experimental data is available for the investigated pigments [10], the 
HSP values are collected from the database library instead of calculated 
through the alternative GC method [37]. A rule of thumb used to guide 
selection of ingredients for pigment-polymer-solvent systems for paint is 
to have a lower solubility parameter ‘distance’ between pigments and 
polymers, than pigment and solvents [35]. 

5.1.2. Result analysis 
The results from the earlier study are clearly reproducible, as all 

solvents found from the molecular design were included in the original 
case study. Estimation methods for safety, toxicity, and biodegradability 
were integrated into the method to help selection. The formulation op-
tions provided by the solvent mixture design includes many of the binary 
mixtures provided by the original study, with some differences due to 
the expanded database, a different polymer interaction method, and 
integrated constraints on flash temperature. Some solvent mixtures are 
presented with an optimized concentration of 0% of one of the compo-
nents, these are still included in the result as the composition can be 
varied depending on experimental product results. 

The CAMD approach to ingredient selection highlights a clear po-
tential for increased innovation, allowing the formulator to find poten-
tial solvents, which may otherwise not have been included as a potential 
ingredients. 

5.2. Case study B – formulation of an epoxy-phenolic clear coating 

Case study B investigates a one pack epoxy-phenolic clear coating 
formulation including two resins and two main solvents, with a com-
plete formulation shown in Table 6 [3]. The case is intended to design 
alternative formulations including solvent mixtures with solvents used 
in the coating industry. 

5.2.1. Methodology 
Binder selection is pre-defined to two selected resins, Epikote 1007 

and Bakelite 100 which, unlike case study A, must both be dissolved in 
the solvent mixture simultaneously. The targeted solvent mixture has a 
higher viscosity and lower surface tension than the constraints set on the 

earlier case study, so constraints are adjusted to find solvent mixtures 
matching the desired flow- and wetting-related properties of the com-
mercial formulation. The formulation constraints are listed in Table 7. 
Constraints on flash temperature are set to be above application con-
ditions for the product [6], and constraints on drying time are set with a 
minimum and maximum calculated time, to avoid long application 
times and paint defects [4]. The user needs for health risks and envi-
ronmental impact are not given strict property constraints, but are 
instead used for selection or optimization guidance. 

The solvent database development method for paint formulation 
described in case study A and Section 4.5 is applied to this and the next 
case study. The initial database, given in Appendix A, with 630 potential 
binary solvent mixtures, is reduced to 56 mixtures fulfilling the re-
quirements on phase stability, viscosity, molar volume and surface 
tension. Nonlinear constraints on t90 and Tf are fulfilled for 14 and 15 out 
of the 56 remaining solvent mixtures respectively, with 5 mixtures 
satisfying all linear and non-linear constraints. To fulfill the requirement 

Table 5 
Designed solvent molecules fulfilling the constraints, and associated properties.  

No. Name Formula ηsol, 

298K 

Vm, 

298K 

σ298K Tf δD δP δH REDPMMA REDPEMA − log 
(LC50) 

BOD5/ 
COD 

cP l/kmol mN/ 
m 

K MPa1/ 

2 
MPa1/ 

2 
MPa1/ 

2  

1 1,1,2-Trichloropropane C3H5Cl3  0.89  111.18  27.85  305.75  17.98  10.35  2.50  0.34  0.17  2.97 N/A  
2 1-Chloro-2-butanone C4H7ClO  0.817  100.57  28.38  311.85  17.27  10.04  6.13  0.19  0.22  2.36 0.14  
3 1,1-Dichloro-2- 

ethoxymethane 
C3H6Cl2O  0.603  107.78  27.73  305.72  17.56  8.43  3.76  0.32  0.12  2.64 N/A  

4 2-Chloroethyl acetate C4H7ClO2  0.822  105.30  28.65  307.85  17.02  7.25  8.61  0.51  0.50  3.54 0.01  
5 1,1-Dichloro-2- 

methoxyethane 
C3H6Cl2O  0.603  105.64  27.81  304.55  17.89  9.06  4.43  0.21  0.09  2.53 N/A  

6 1-Chloro-3-butanone C4H7ClO  0.817  98.80  28.89  305.09  17.20  9.97  5.72  0.20  0.18  3.19 0.11  
7 4-Chlorobutanal C4H7ClO  0.799  97.57  27.45  308.00  17.13  10.82  6.79  0.24  0.30  3.99 0.01  
8 1,1-Dichloro-3- 

methoxypropane 
C4H8Cl2O  0.752  122.15  28.03  316.07  17.87  8.76  4.02  0.26  0.10  2.99 N/A  

9 Ethylbenzene C8H10  0.628  122.48  27.14  304.06  17.60  3.71  4.91  0.73  0.57  3.39 0.71  

Table 6 
Formulation of an epoxy-phenolic clear interior can coating [3].  

Ingredient Formulation wt% Ingredient type 

Epikote 1007  28.8 Resin 
Bakelite 100  7.2 Resin 
1-Methoxy propan-2-ol  27.4 Solvent 
Methyl isobutyl ketone  27.4 Solvent 
Methoxy propyl acetate  9.1 Solvent 
Phosphoric acid  0.1 Catalyst  

Table 7 
User needs and constraints on target properties for an epoxy-phenolic clear 
coating.  

User needs Target properties Target property 
constraints 

Units 

Easily flowable, spray- 
ability 

Dynamic viscosity 0.8 < μsol, 298K <

1.2 
cP 

Adequate wetting Molar volume 100 < Vm, 298K <

130 
l/ 
kmol 

Surface tension 24 < σ298K < 27 mN/ 
m 

Safety and flammability Open cup flash 
temperature 

Tf > 298 K 

Drying time Evaporation rate 255 < t90 < 450 s 
Dissolution of polymers HSP, δD, δP, δH RED < 1  
Good stability for 

solvent mixtures 
Gibbs energy of mixing ∆Gmix/RT < 0  
Tangent plane distance TPD > 0  

Health risks Lethal concentration, 
LC50   

Environmental impact Biodegradability, 
BOD5/COD    
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on HSP, the solvent mixtures must be in the miscibility area for both 
polymers, with experimental polymer HSP values from similar or iden-
tical commercial polymers given in Table 8 [35,45]. 

47 out of the 56 investigated solvent mixtures are found to lie within 
the miscibility area for both polymers, which includes the 5 solvent 
mixtures fulfilling both non-linear property constraints. These are given 
in Table 9. 

Since the formulation is for a clear coating, there is no pigment 
interaction to consider in order to finalize the formulation, and the only 
additive is a pre-selected catalyst for the resin system. 

Fig. 3 visualizes the mixture design steps in a similar manner to 
Fig. 2. Here, only 5 solvent mixtures fall within the set linear and non- 
linear constraints, all of which are estimated to be compatible with 
the used binders. 

5.2.2. Result analysis 
From an initial 630 options, 5 binary solvent mixtures were selected 

as fulfilling all constraints set in Table 8. All solvents in Table 9 are 
commonly used in the paint industry, and form stable homogenous 
mixtures. Estimated toxicity parameters do not indicate any hazardous 
mixtures (− log (LC50) < 3.5) while the need to investigate potential 
biodegradability issues further for mixture 4 and 5 is shown by BOD5/ 
COD estimations. The originally used main solvent mixture, 1-methoxy 
propan-2-ol and methyl isobutyl ketone (MIBK) fulfill all requirements 
on phase stability, viscosity, molar volume, surface tension, polymer 
miscibility, and evaporation rate, but can be rejected due to its low flash 
temperature. A product designed with the solvent mixtures in Table 9 is 
therefore expected to behave similarly to the original formulation, but 
with increased safety in terms of flammability. 

5.3. Case study C – formulation of a cellulose nitrate topcoat 

The final case study investigates an increasingly complex formula-
tion compared to case study A and B. it is a red, glossy cellulose nitrate 
combination topcoat containing two binders, three main solvents, a red 
organic pigment, and a plasticizer. The complete formulation is given in 
Table 10. 

5.3.1. Methodology 
Binder selection is limited to two pre-defined resins, where both 

must be solubilized by the chosen solvent mixture. Since the viscosity is 
adjusted by addition of extra solvent in the original formulation [1], it is 
assumed that the viscosity should remain close to the original solvent 
formulation which contains approximately 38% butyl acetate, 33% 
xylene, 24% butanol, and 5% butyl glycol acetate by mole fraction. 
Applied user needs and property constraints are listed in Table 11. 

Experimental polymer HSP values from measurements on similar 
commercial polymers are provided in Table 12. 

The initial database with 630 potential binary solvent mixtures is 
reduced to 49 mixtures fulfilling the requirements on phase stability, 
viscosity, molar volume and surface tension. Nonlinear constraints on 
evaporation rate and flash temperature are fulfilled for 14 and 9 out of 
the 49 remaining solvent mixtures respectively, and 39 mixtures lie 
within the set miscibility constraints. The selection process, leaving only 
2 solvent mixtures which satisfy all set constraints, is illustrated by 
Fig. 4. Solvent mixtures and related properties are given in Table 13. 

The pigment-polymer-solvent interactions need the pigment solubi-
lity parameters, which are unavailable in literature. Calculating 

solubility parameters for Quinacridone red through the selected GC 
method [37] yields the parameters δD = 21.51 MPa1/2, δP = 15.50 MPa1/ 

2, δH = 10.15 MPa1/2. This fulfills the rule of thumb for both solvent 
mixtures for a greater similarity between pigments and binders 
compared to pigments and solvents, though it is close to the interaction 
radius for the binders (RED = 1). Potential issues with flocculation and 
sedimentation can be managed through additives, or by relaxing the set 
constraints on other solvent formulation properties. 

5.3.2. Result analysis 
Since the commercial paint contains four distinct solvents, the 

original formulation cannot be found through the applied CAPD meth-
odology, unlike case study B, as it is aimed at finding binary solvent 
mixtures. The given formulation alternatives are not expected to be 

Table 8 
HSP values and radius of interaction used for case study B [35]. Values in MPa1/ 

2.  

Polymer δD δP δH Ro 

Epikote 1007  18.6  10.6  8.1  8.8 
Beckacite phenolic resin  23.3  6.6  8.4  19.8  

Table 9 
Binary solvent mixtures satisfying the design constraints.  

a 

Mixture 
number 

Solvent 1 Solvent 2 x1 mole μsol, 

298K 

Vm, 298K σ298K 

Fraction cP l⋅kmol− 1 mN⋅m− 1  

1 2-Butanol Butyl 
acetate  

0.206  1.20  124.40  24.40  

2 2-Methyl- 
1- 
propanol 

Butyl 
acetate  

0.194  1.20  125.14  24.44  

3 1-Butanol Butyl 
acetate  

0.263  1.20  122.08  24.89  

4 Acetic 
acid ethyl 
ester 

1-Methoxy 
propan-2- 
ol  

0.468  1.20  100.94  25.68  

5 Butyl 
acetate 

1-Methoxy 
propan-2- 
ol  

0.570  1.20  120.05  26.10   

b 

Mixture 
number 

RED 
(polymer 1) 

RED 
(polymer 2) 

t90 TF − log 
(LC50) 

BOD5/ 
COD 

S K Log 
mol/l  

1  0.89  0.77  395  298.2  2.28  0.45  
2  0.90  0.77  408  299.8  2.31  0.45  
3  0.88  0.76  318  300.9  2.30  0.45  
4  0.77  0.77  377  309.4  2.62  0.07  
5  0.84  0.77  427  312.8  2.91  0.07  

Fig. 3. Constraints set on generated structures, and number of designed 
structures fulfilling selected constraints for case study B. 
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hazardous according to the toxicity parameter, though the biodegrada-
tion GC method indicates possible degradation issues with one of the 
solvent mixtures. It is important to note that xylene, one of the main 
components of the original formulation, is considered an hazardous air 
pollutant (HAP) [6], meaning alternative formulations where HAP are 
replaced should be considered an important application of a CAPD 
framework for paints and coatings. 

6. Conclusion 

A new methodology for computer-aided design of organic coating 
formulations has been developed. The methodology includes important 
functional properties for coatings, and expands on earlier product design 
studies to allow for estimation of additional health and safety-related 
indicators including aquatic lethal concentration, biodegradability, 
and open cup flash point. Coating-specific requirements and interactions 
have been included in the framework, including the HSP compatibility 
between binders, solvents, and pigments. Current GC methods have 
been used throughout the methodology, including new GC methods 
where necessary, such as specific estimation methods for the solubility 
parameters of pigments and solvents, or the biodegradability. The pre-
sented workflow offers a clear step-by-step description of the various 
property models and estimation methods applied at each stage. 

The design method was tested in three case studies to confirm that 
the extended CAPD methodology can provide paint and coating for-
mulations to solve both general product design problems, and to find 
alternative formulations for existing products. The first case study, a 
general formulation problem for acrylic polymers, showed a high degree 
of reproducibility to earlier studies, with some variance due to an 
extended knowledge base and selected property-functionality relation-
ships. Two case studies on substitution of ingredients in existing paint 
formulations provided several possible formulation alternatives with an 
expected performance similar to the original product. The provided al-
ternatives can be selected to improve factors such as product cost and 
safety, or to avoid unwanted ingredients or pollutants. 

The methodology is applicable to a wide range of solvent-based 
organic coatings, with generic methods and models allowing for inclu-
sion of new compounds based either on experimental data or molecular 
structure. Addition of new groups to the CAMD methodology, or new 
solvents to the ingredient database, can offer a wider search space than 
included in the case studies. However, this is only sought after if the 
increased space includes realistic formulation options. An important 
aspect is to provide a clear methodology for how estimation methods 
and property models can be utilized to provide functional formulated 

Table 10 
Formulation for a glossy cellulose nitrate topcoat [1].  

Raw material Solids 
(wt%) 

Density 
(g/cm3) 

Formulation 
(wt%) 

Type 

Nondrying peanut oil 
(70% in xylene)  

18  1.2  25.7 Resin 

Medium viscous cellulose 
nitrate (66% in 
butanol)  

12  1.2  18.2 Resin 

Quinacridon Red  7.6  1.6  7.6 Pigment 
Di-2-ethylhexyl- 

phthalate  
2.4  1.2  2.4 Additive 

Butyl acetate    25.0 Solvent 
Xylene    12.3 Solvent 
Butanol    3.8 Solvent 
Butyl glycol acetate    4.6 Solvent 
Calcium Octoate (5% Ca)    0.4 Additive  

Table 11 
Constraints on target properties for the glossy cellulose nitrate topcoat.  

User needs Target properties Target property 
constraints 

Units 

Easily flowable, spray- 
ability 

Dynamic viscosity 1.2 < μsol, 298K <

1.4 
cP 

Adequate wetting Molar volume 100 < Vm, 298K <

130 
l/ 
kmol 

Surface tension 24 < σ298K < 27 mN/ 
m 

Safety and flammability Open cup flash 
temperature 

Tf > 298 K 

Drying time Evaporation rate 255 < t90 < 450 s 
Dissolution of polymers HSP, δD, δP, δH RED < 1  
Good stability for 

solvent mixtures 
Gibbs energy of mixing ∆Gmix/RT < 0  
Tangent plane distance TPD > 0  

Health risks Lethal concentration, 
LC50   

Environmental impact Biodegradability, 
BOD5/COD    

Table 12 
HSP values and radius of interaction used for case study C [35]. Values in MPa1/ 

2.  

Polymer δD δP δH Ro 

Nondrying oil alkyd  18.4  9.2  4.9  10.6 
Medium viscous nitrocellulose  15.4  14.7  8.8  11.5  

Fig. 4. Constraints set on generated structures, and number of designed 
structures fulfilling selected constraints for case study C. 

Table 13 
Binary solvent mixtures satisfying the design constraints.  

a 

Mixture 
number 

Solvent 1 Solvent 2 x1 mole μsol, 

298K 

Vm, 298K σ298K 

Fraction cP l⋅kmol− 1 mN⋅m− 1  

1 2-Methyl- 
1-propanol 

Butyl 
acetate  

0.269  1.40  122.16  24.27  

2 4-Methyl- 
2- 
pentanone 

1- 
Methoxy 
propan-2- 
ol  

0.194  1.40  111.49  26.21   

b 

Mixture 
number 

RED 
(polymer 1) 

RED 
(polymer 2) 

t90 TF − log 
(LC50) 

BOD5/ 
COD 

S K Log 
mol/l  

1  0.76  0.93  406  299.1  2.18  0.45  
2  0.72  0.74  450  299.7  2.54  0.07  
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products, which could be extended to include other types of coating 
formulations including solvent-free or water-based coatings. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.porgcoat.2021.106568. 
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Appendix A. Solvent database  

Table A.1 
Solvent database for mixture design, and database values for density, cost, HSP, and Antoine constants.  

Name SMILES Density Cost δD δP δH A B C 

kg/l $/kmol MPa1/2 MPa1/2 MPa1/2 

2-Butanol CCC(O)C  0.8052  215 15.8 5.7 14.5 7.9646 1610.1 213.28 
1-Propanol, 2-methyl- OCC(C)C  0.7944  206 16 5.1 14.3 7.9321 1597.0 204.12 
1-Butanol OCCCC  0.8052  141 16 5.7 15.8 7.9936 1725.3 216.26 
2-Ethyl hexanol CCCCC(CO)CC  0.9730  277 15.9 3.3 11.8 7.3201 1590.6 169.64 
ethylene glycol monopropyl ether OCCOCCC  0.9095  484 16.1 8.7 13.5 8.0116 2011.4 241.98 
2-Propanol, 1-propoxy- CCCOCC(O)C  1.1981  540 15.8 7 9.2 7.0188 1780.2 236.32 
2-Propanol, 1-butoxy- CCOCC(O)C  0.8783  615 15.3 4.5 9.2 – – – 
Ethanol, 2-butoxy- OCCOCCCC  0.8951  362 16 5.1 12.3 7.7374 1864.5 213.79 
Ethanol, 2-(2-ethoxyethoxy)- OCCOCCOCC  1.0197  625 16.1 9.2 12.2 7.6477 1873.3 193.88 
Ethanol, 2-(2-butoxyethoxy)- OCCOCCOCCCC  0.9502  652 16 7 10.6 7.5541 1914.2 180.73 
Ethanol, 2-2-(2-butoxyethoxy)ethoxy- OCCOCCOCCOCCCC  0.9862  959 – – – – – – 
Methylbenzene Cc1ccccc1  0.8604  103 18 1.4 2 7.1441 1463.3 231.86 
Benzene, ethyl- CCc1ccccc1  0.8628  423 17.8 0.6 1.4 7.1835 1574.9 228.77 
Xylene Cc1cccc(C)c1  0.8580  123 17.6 1 3.1 7.1394 1549.7 224.49 
Hexane CCCCCC  0.6662  88 14.9 0 0 6.9342 1197.6 226.57 
Heptane CCCCCCC  0.6890  152 15.3 0 0 7.0960 1381.7 228.79 
Acetic acid ethyl ester CCOC(=O)C  0.8951  227 15.8 5.3 7.2 7.2618 1342.1 228.35 
Acetic acid, butyl ester (butyl acetate) CCCCOC(=O)C  0.8747  324 15.8 3.7 6.3 7.2981 1550.1 223.67 
Acetic acid, hexyl ester CCCCCCOC(=O)C  0.8711  567 15.8 2.9 5.9 7.5675 1871.4 226.52 
Butyrolactone O=C1OCCC1  0.8802  1235 19 16.6 7.4 7.7258 2182.0 245.71 
2-Butanone (MEK) CCC(=O)C  0.7980  150 16 9 5.1 6.1844 1259.2 221.76 
2-Pentanone, 4-methyl- (MIBK) O=C(C)CC(C)C  0.7956  367 15.3 6.1 4.1 6.9789 1338.9 210.03 
Cyclohexanone O=C1CCCCC1  0.9418  586 17.8 6.3 5.1 7.1015 1589.0 220.60 
2-Pentanone, 4-hydroxy-4-methyl- O=C(C)CC(O)(C)C  0.9311  541 15.8 8.2 10.8 8.0655 2120.5 242.54 
2-Cyclohexen-1-one, 3,5,5-trimethyl- O=C1C=C(C)CC(C)(C)C1  0.7454  969 16.6 8.2 7.4 7.4077 2062.5 240.59 
Methane, dichloro- ClCCl  1.3156  196 18.2 6.3 6.1 7.0059 1099.1 226.42 
Butanoic acid, 4-methoxy-, methyl ester COCCCC(=O)OC  0.9622  445 – – – – – – 
Propionic acid, 3-ethoxy-, ethyl ester CCOCCC(=O)OCC  0.9442  679 – – – 7.4721 1727.7 210.11 
Ethanol, 2-butoxy-, acetate CCCCOCCOC(=O)C  0.9346  884 15.3 4.5 8.8 5.1883 1637.1 22.32 
Ethanol, 2-(2-butoxyethoxy)-, acetate CCCCOCCOCCOC(=O)C  0.9718  1419 16 4.1 8.2 – – – 
Furan, tetrahydro- O1CCCC1  0.8807  724 16.8 5.7 8 7.1984 1325.3 239.99 
1-Methoxy propan-2-ol CC(COC)O  0.92  148 15.6 6.3 11.6 8.0430 1891.3 246.59 
Methyl isobutyl ketone CC(C)CC(=O)C  0.802  110 15.3 6.1 4.1 6.3129 1449.9 220.09 
Methoxy propyl acetate (PMA) CC(COC)OC(=O)C  0.969  306 15.6 5.6 9.8 6.0297 1353.8 192.63 
Acetone CC(=O)C  0.791  70 15.6 10.4 7 7.3015 1313.1 240.67  
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