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Abstract: The substitution of conventional solvents, in line with regulation changes, requires the use of
appropriate methodologies able to generate candidate molecules. Starting from the widely used trial
and error approach, we developed two improved, time- and cost-saving methodologies, involving the
prediction of molecule properties and reverse design. Reverse design is an innovative methodology to
design biosolvents through a virtual laboratory: stages of generation of molecular structures and prop-
erties prediction are integrated into a computer-aided molecular design tool providing solutions that
meet targeted specifications. These two substitution methodologies were applied in a case study aim-
ing at replacing acetone and methyl ethyl ketone for the solubilization of epoxy resin prepolymers. The
generation of performing biosolvents was carried out from furfural as a bio-based platform molecule,
thanks to the prediction of different relevant properties (physico-chemical, safety, and environmental
characteristics). The reverse design succeeded in ranking these solvent candidates according to their
capacity to match the required specifi cations.
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Introduction conventional solvents include aliphatics, aromatics, halo-
genated hydrocarbons, terpenes, alcohols, esters, ketones,
olvents play a major role in the chemical industry. and glycol ethers. They account for about 20% of the vola-
S They are essential for many applications, includ- tile organic compound (VOC) emissions and are, there-
ing cleaning, pesticide delivery, coatings, and syn- fore, a major environmental concern, due to their contri-
thetic chemistry." The market for conventional solvents bution to the accumulation of tropospheric ozone through
totals 18 million tonnes per year worldwide, and 4 mil- photochemical reactions in the atmosphere. They therefore
lion tonnes per year in Europe. The most commonly used play an indirect role in the greenhouse effect. Moreover,

solvents to date have been of petrochemical origin. These conventional solvents are often highly flammable and



toxic, and their manufacture is also dependent on fossil
resources. This context has tended to modify the array of
solvents used in industry, and regulations have evolved
with advances in our understanding of the potential
effects of solvents on the environment and human health.
Solvent use is governed by several European directives:
directive 1999/13/CE limits VOC emissions from indus-
trial equipment; directive 2004/42/CE concerns the VOC
content of solvents used to dilute architectural paints
and varnishes and car refinishing paints; and directives
64/548/CEE and 1999/45/CE govern the use of dangerous
chemicals. In addition, petrochemical solvents have been
subject to REACH regulations since 2007. This regulatory
context resulted, for example, in the banning of dichlo-
romethane in paint strippers in 2012 (REACH 276/2010
regulation). Thus, many studies are currently focusing on
the replacement of hazardous solvents with more envi-
ronment-friendly alternatives, according to the ecodesign
approach.” In recent years, solvent-free processes, ionic
liquids, eutectic solvents, fluorous solvents, supercritical
fluids, and water as a reaction medium have emerged as
interesting alternatives.>* For other applications, how-
ever, such as industrial cleaning, these alternatives are not
applicable and the replacement of conventional solvents
remains difficult. Biomass-derived chemicals offer promis-
ing opportunities in the search for eco-friendly, ‘sustaina-
ble’, or ‘green’ solvents.” The market for bio-based solvents
in Europe is currently 60 000 tonnes, but is expected to
expand over the next few years, in a context of changes to
the regulations in force. Biosolvents are not universal sol-
vents like most of the chlorinated or hydrocarbon solvents
for which substitutions are required. They are therefore
often suitable only for specific applications. For instance,
fatty-acid methyl esters have proved effective solvents for
cleaning purposes. Dimethyl carbonate is used as a toluene
substitute in the pharmaceutical industry. Methyl THF
is an interesting solvent for organic synthesis. This lower
level of versatility means that a larger number of biosol-
vents are required to cover the principal applications.

New tools and methodologies are being developed in
the face of the need for alternative solvents. Selecting new
solvents is a laborious, time-consuming task, as the new
solvents must have technical performances at least as good
as those of the conventional solvents they replace, together
with better health, safety, and environmental profiles.
Three different types of methodology can be applied in the
substitution approach. We will introduce these methodol-
ogies here, comparing their efficiency through an example
of substitution. In the case study presented, the aim is to
replace acetone or methyl ethyl ketone, both of which have

high vapor pressures, for the solubilization of epoxy resin
prepolymers: DGEBA (bisphenol A diglycidyl ether) and
TGPA (triglycidyl p-aminophenol ether). These polymers
are widely used in industry as starting monomers for the
production of epoxy resins and polycarbonates, polymers
widespread in several industrial sectors, including the
petrochemical industry, packaging, restoration, adhesives,
panels, and composites.

Substitution of conventional
solvents

Criteria for the selection of new
alternatives

The goal of substitution approaches is to move progres-
sively to the use of safer products and processes, in accord-
ance with legislation, public concern, and customer needs.
However, clear criteria must be defined for the identifica-
tion of a safer alternative with a similar technical charac-
teristics profile and production price. Thus, for the design
of eco-friendly solvents, the following criteria must be
considered:’

- Technical specifications: linked to the desired per-
formance for the targeted application and the required
safety properties.

- Environmental and health properties: to meet par-
ticular requirements in terms of regulations, standards,
and ecolabel specifications.

- Ecocompatibility of the process for biosolvent produc-
tion: it must respect most of the 12 principles of green
chemistry proposed by Anastas and Warner.®

- The cost of the biosolvent, depending on the raw mate-
rials and the processes used for their transformation.

These criteria can be checked by evaluating several prop-
erties, by experimental or predictive methods (Table 1).

In this context, the selection of biosolvents is based on
the determination of several parameters described below.

Solubility power may be assessed by various experimen-
tal and theoretical methods:

— The Kauri-butanol index, which indicates the maxi-
mum amount of solvent that can be added to a solution
of Kauri gum in n-butanol without causing cloudiness.
This measurement is described by ASTM D1133 and
provides a scaleless index.

- The Kamlet Taft solvatochromic scale is a widely used
multiparameter scale for investigating and predicting
solvent behavior.”” The Kamlet-Taft solvent parameters



Table 1. Criteria for the selection of new biosolvents.

Criteria Properties Associated measurements Experimental methods Predictive tools*
Technical Solubility power - Kauri-butanol index ASTM® D1133 -
- Kamlet Taft parameters Solvatochromic method -
- Hildebrand solubility parameter | ASTM D3132 HSPiP
- Hansen solubility parameters Calculation HSPIP
-Sigma profile, chemical potential | - COSMO-RS
Physical state - Melting point ISOf 1392 IBSS, HSPiP
Technical/Environmental Volatility - Vapor pressure ASTM D2879 IBSS, HSPiP
- Boiling point ISO 918 IBSS, HSPiP
- Evaporation rate ASTM D3539 HSPiP
Technical/Safety Flammability - Flash point ASTM D92 IBSS, HSPiP
Sanitary Toxicity - 1C502 OECD¥ section 4 -
Environmental Biodegradability - Biodegradation rate OECD 301 Epi suite, PBT
Bioaccumulation - log Kow® OECD 107 IBSS, PBT
- BCF® OECD section 3 IBSS, Epi suite
Ecotoxicity - LCs09 OECD section 2 Tox Predict
Raw materials - Origin - -
Economic/Environmental - Availability - -
- Cost - -
Chemical process | - Green chemistry indicators Calculation from flowsheet EATOS"
-Cost

*Tools described in the predictive methodology section

3C50: half inhibitory concentration; Plog kow: octanol-water partition coefficient,

°BCF: BioConcentration Factor; 9L.C50: median lethal concentration.
®ASTM (American Society for Testing and Materials); fISO (International Organization for Standardization); SOECD (Organisation for
Economic Co-operation and Development), guidelines for the testing of chemicals; "EATOS: Environmental Assessment Tool for Organic

Synthesis.

are hydrogen bond donation ability o, hydrogen bond
acceptor ability B, dipolarity-polarizability 7*, and a
correction term, . These parameters were recently
measured by Jessop et al for solvents of interest in
green chemistry.'’

The Hildebrand solubility parameter § indicates the
relative solvency behavior of a specific solvent.'' It is
derived from the cohesive energy density of the solvent,
which is linked to the heat of vaporization.

Hansen solubility parameters are derived from Hansen
theory, which describes the cohesion of a substance as
the result of the combination of three intermolecular
interactions. These interactions correspond to three
parameters dividing the Hildebrand parameter into
three parts: 8D reflects the non-polar interactions
derived from London dispersion forces, 0P represents
the polar interactions linked to Keesom forces and

OH reflects the ability to form hydrogen bonds. These
parameters are used as coordinates, to place solvents or
solutes in a three-dimensional space. The affinity of a
solvent and solute increases with the closeness of their
Hansen parameters. Hansen solubility parameters can
be determined experimentally by solubility tests in a set
of solvents with known Hansen parameters. The solubil-
ity sphere includes the maximum number of miscible
solvents and no non miscible solvents. This sphere is
characterized by a radius. The RED number, reflecting
the relative energy difference, is defined as the ratio D/R,
where D is the distance between a solute and a solvent
(or two solvents), and R is the radius. This number is,
thus, a powerful indicator of predicted solubility (or
miscibility). If RED < 1, the studied solvent is within the
solubility sphere and should dissolve the target. If RED
> 1, its position outside the sphere indicates that it is not
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Figure 1. Hansen solubility spheres for (a) DGEBA and (b) TGPA:

epoxy resin prepoly-

mers, @ conventional solvents and @ non solvents.

predicted to be a good candidate. This notion is illus-
trated in Fig. 1. The solubility spheres of epoxy resin pre-
polymers (studied in the next section) are represented.
Their conventional solvents, methyl ethyl ketone (MEK)
and acetone, have been also located with non-solvents in
the Hansen space.

- COSMO-RS (Conductor-like Screening Model for Real
Solvents) is a new approach for the classification of
organic solvents.'? It is based purely on solvent struc-
ture and the solvents are located in a pseudo 3D-space
on the basis of principal component analysis and clus-
tering procedures. This representation of solvents as a
function of their electron density, sigma profiles and
chemical potential may facilitate the identification of
potential alternatives to an undesirable solvent."?

VOC emissions are strictly limited by regulations and
the VOC emissions of industrial equipment must thus be
carefully controlled. Vapor pressure and boiling point are
good indicators of solvent volatility. A high evaporation
rate is useful for limiting drying time (for applications
such as coatings, nail polish, and paints), but a compro-
mise must be found to decrease VOC emissions.

Flash point is related to flammability and must be high
enough for safety purposes during the production, condi-
tioning, and transportation steps.

The impact on the environment is correlated with
solvent biodegradability, the ability of the compound to
be broken down by natural micro-organisms into water,
carbon dioxide, and biomass. Products with a biode-
gradability rate of more than 60% in 28 days are gener-
ally described as easily biodegradable. Bioaccumulation
and ecotoxicity can also be used as indicators of the

environmental impact of a chemical substance: these indi-
cators are assessed through their action on sample popula-
tions of living organisms (measurements of median lethal
concentration and of the concentrations of substances
accumulating in specific organisms).

Economic aspects can be evaluated in terms of the cost
of the raw materials and processes involved in the pro-
duction chain. Raw materials should be renewable, easily
available, affordable and should not also be used in the
food industry (to avoid competition between the two sec-
tors, pushing up food prices).

The processes should be evaluated by green metrics,
which can be calculated from the mass balance by EATOS
software."*

All of these critical factors are taken into account in sol-
vent substitution. In all the various alternative approaches
described since the 1990s by Fishkov et al.,'>® the British
Health and Safety Executive,'” or Collaton and Green,'®
similar criteria were taken into account in the analysis of
needs: technical efficiency, health aspects, safety, protec-
tion of the environment, process ecoefliciency, economic
aspects, and human and organizational factors.

Solvent substitution methodologies

Computing resources, such as the CAGE (coating alterna-
tives guide) or SAGE (solvent alternative guide) software
developed by the Research Triangle Institute, can be used
to find substitutes for cleaning and paint solvents.'**°
However, these tools are not suitable for the identification
of appropriate alternatives for all applications.

Various different methodologies have been developed for
the substitution of conventional solvents.



Trial and error methodology

“Trial and error’ is an experimental problem-solving
method that can be seen as a basic approach built on
practical experiments. For a conventional solvent to be
replaced, one or several hypothetical candidates are iden-
tified and tested (trials). If these molecules do not match
requirements (errors), they are eliminated and others are
proposed and tested, with a view to identifying a suitable
substitution solvent. Bégin and Gérin have described this
methodology for solvent substitution in greater detail,
focusing on the following major steps: *!

- Identification of the solvent to be replaced for reasons
of toxicity, a poor environmental footprint, high costs,
etc.

- Proposition of alternative solvents by a chemist able
to select bio-based building blocks and to propose
derived compounds. The choice of the proposed alter-
native solvents is generally guided by existing solvent
classifications, which are based on dipolar moment,
dielectric constant and protic character, but also on the
Hansen solubility parameters or Kamlet Taft param-
eters or the COSMO-RS approach."”

- Tests of candidates for the target application, such
as solubilization of the active principle or industrial
cleaning.

— Finally, candidate selection tends to be based on a
compromise between several criteria.

This methodology has been depicted and used in several
case studies aiming to replace trichloroethylene or xylene,
for instance.?! Ethyl lactate was identified by the same
authors as a good biosolvent for paint stripper, degreasing
agents and precision cleaning.*?

This method is time-consuming; every solution has to be
tested. Moreover, the selected solvent may not necessarily
be the best alternative.

Predictive methodology

This methodology was developed as an improvement of
the trial and error method, based on prediction of the
properties of the molecules proposed by the chemist. As
for the trial and error method, the substitution problem
and the associated specifications are first identified and
alternative solvents are then proposed by the chemist.

In this case, the chemist, in charge of the generation of
molecules derived from bio-based building blocks, selects
the transformation routes respecting green chemistry
principles. He may be then helped by a computer-assisted

organic synthesis program able to suggest virtual com-
pounds from one bio-based platform molecule. **

Before testing these molecules in the laboratory, they
are subjected to a screening process: their properties are
predicted with the various tools listed in Table 2 and
compared with the specifications. This makes it possible
to eliminate any molecules with predicted properties not
meeting the defined specifications. The selected molecules
are synthesized and tested. This methodology is clearly
more productive, because only potentially interesting
molecules (predicted properties consistent with the speci-
fications) are synthesized, saving time, energy and raw
materials.

The models implemented in the IBSS tool were selected
based on their fiability regarding the comparison between
predicted properties and experimental properties for a
series of known compounds.

All these computational systems were developed to over-
come the lack of experimental data for many chemicals.
Indeed, physico-chemical properties have been experi-
mentally determined for less than 1% of the approximately
100 000 chemicals registered in the REACH program.®
They are based on property modeling and must be handled
with care, as their domain of applicability determines the
molecules to which they can be applied.

IBSS is a CAPD (computer-aided product design)
tool developed by the Laboratoire de Génie Chimique
(Toulouse, France) for the InBioSynSolv project, a research
program supported by the French National Research
Agency.” The CAPD approach is an extension to mul-
ticomponent mixtures of the CAMD (computer-aided
molecular design) approach, which principle is described
in the next section. Within this tool, a library of prop-
erty prediction methods is available including physico-
chemical properties, as well as toxicity and ecotoxicity
models. Once target property values are defined, they can
be aggregated into a performance function enabling to
check the match of a molecule or mixture with property
specifications.

Some of the other tools are dedicated to the prediction
of chemical and physical properties, whereas others spe-
cifically predict the toxicity and ecotoxicity properties.
HSPiP was developed by Professor Abbot and its main
application is the prediction of Hansen solubility param-
eters, although it can also be used to predict various other
properties.®’ Sci Finder is a well known database of chemi-
cal abstracts with integrated ACD/Labs software for the
prediction of some properties. SPARC (Sparc Performs
Automated Reasoning in Chemistry) was developed by
EPA (Environment Protection Agency) researchers and is



Table 2. Properties determined with predictive tools and predictive models.

Properties Predictive tools and associated models
Physico-chemistry  IBSS? PBTP Epi suite® HSPIP® Sci Finder Spare®
Melting point Marrero, 2001%*  Reid, 1987%°  Reid 19872% Gold, 1969%° Joback, 198727
Boiling point Marrero, 20012 Stein, 199428 Joback, 19872  ACD/Labs?® Hilal, 2003%°
Flash point Catoire, 2006°" Yamamoto®? ACD/Labs?®
Vapor pressure Riedel, 19543 Lyman, 1990%* Lyman, 1990%*

Lyman, 1985% Riedel, 1954% Hilal, 2003%
Molecular volume Yamada, 1973°% Yen, 1966%" Hilal, 200738
Density Hukkerikar, 2012%° Yen, 1966°7 Hilal, 2007%8
Water solubility Marrero, 2002 Meylan, 1996%" Meylan, 199442 Hilal, 20044%
Hansen parameters Hukkerikar, 2012%° Yamamoto®?

Viscosity

Joback, 198727

Joback, 198727

Superficial tension

Conte, 2008*

Toxicity/ecotoxicity

IBSS

PBT

Epi suite

Caesar'

Toxpredict?

Persistence

Meylan, 19934

Boethling,
199446
Bioaccumulation Meylan, 1999*"
Toxicity ECOSAR
program*®
Kow Marrero, 2002 Meylan, 2005*° Meylan, 2005%°
LC 50 Martin, 2001%° Patlewicz, 2008%"
BCF Veith, 1975% Meylan, 1999+ Dimitrov, 2005°®

Developmental toxicity

Cassano, 2010%*

Skin sensitivity

Gerberick, 2006°°

Mutagenicity

Ferrari, 2010%®

Carcinogenicity

Fjodorova, 2010%7

3BSS: InBioSynSolv; PBT: Persistence, Bioaccumulation, Toxicity; °Epi suite: Estimation program interface; “HSPiP: Hansen Solubility
Parameters in Practive; ®Sparc: Sparc Performs Automated Reasoning in Chemistry; \Caesar: Computer- Assisted Evaluation of industrial
chemical Substances According to Regulations, 9Tox Predict: Estimate toxicological hazard.

available online.®! It uses computational algorithms based
on fundamental chemical structure theory to estimate a
large array of physical/chemical properties.

PBT (Persistance, Bioaccumulation Toxicity), Caesar
(Computer-Assisted Evaluation of industrial chemi-
cal Substances According to Regulations), Epi suite
(Estimation Program Interface), and Toxpredict were
developed more specifically for predicting the impact
of products on human health and the environment.**
The PBT and Epi suite were designed under contract for
the Office of Chemical Safety and Pollution Prevention
of the US Environmental Protection Agency. Caesar
and Toxpredict were developed with funding from the
European Community. These predictive tools are available
either online or as free downloads.

SMILES notation or molecule-drawing software is
required as an input for these tools, with the predicted
properties as the output.

In the absence of experimental information for a candi-
date molecule, prediction tools are useful for the primary
selection of molecules.

Reverse design

This methodology, which combines the chemist’s knowl-
edge and CAMD, is suitable for use in the substitution
of conventional solvents and has already proven success-
ful for the identification of alternative products in vari-
ous fields, such as processes, solvent design, refrigerant
fluids, and polymer design.®*~® Indeed, computer-aided



molecular design has emerged as a powerful tool, given
the progress made with group contribution methods in the
estimation of values for particular properties. The CAMD
method consists in finding molecules satisfying a set of
requirements defined a priori. Alternative structures are
generated by an optimization technique; their properties
are predicted and compared to the requirements trans-
formed into property value specifications; and molecules
are ranked according to their match with the specifica-
tions. The chemist can then select candidate molecules,
based on the feasibility of their synthesis. The IBSS tool
developed for the InBioSynSolv project is an innova-
tive CAMD tool dedicated to the design of bio-based
solvents.”®® Indeed, in addition to the abovementioned
characteristics of CAMD implemented with a genetic
algorithm, a specific functionality has been added for
molecular architecture: the ability to impose one or more
bio-based building blocks as fragment in the molecule
structure, to ensure the development of bio-based solvent.
The specifications are provided as target property
values to build a performance objective function in the
CAMD tool. Thus, the targeted properties are defined as
constraints of the optimization problem to be met by the
generated structures. The other input of IBSS software is
a platform molecule. A bio-based building-block (like
furfural) is thus given as the starting point for molecular
architecture. Common functional groups (simple ones
like -CHj3, >C=0, -OH or complex ones like -COOH) are
also listed in the CAMD tool as elementary blocks. By
connecting these building blocks together, IBSS gener-
ates molecules containing the bio-based core, predicts
their properties and compares them to the specifica-
tions. A large set of property models can be used in the
specifications, including technical performance (melting
point, boiling point), Hansen solubility parameters, safety
properties (flash point), and environmental impact (vapor
pressure, bioaccumulation factor, and LCs, acute toxicity).
After a given number of algorithm generations, a popula-
tion of 100 molecules is obtained. These molecules are
ranked according to their performances describing how
well they match the specifications. Different weighting fac-
tors can be applied to the properties in the performance
function, to weight the selection criteria as a function of
the targeted application. The choice of weighting factors is
usually done based on the user perception of each property
importance for his problem to be solved. As the CAPD
approach relies upon property prediction methods, a lower
weight may be attributed for properties with methods hav-
ing poor known prediction accuracy, so as to enable the
search to find good compromise solutions. Alternatively,

less strict target property value specifications can be set
for such properties. Once candidate molecules have been
selected, syntheses and tests are performed.

This methodology is highly innovative and the most
exhaustive, because specifications and renewable materi-
als are used for the generation of alternative solvents.
Although it does not take into account the ecocompat-
ibility of the synthesis process (greenness of the reaction)
according to the 24 principles of green chemistry and
green engineering, the multicriterion search of the CAPD
makes it possible to achieve ‘the greenest solvent’ in terms
of health, safety, and environmental considerations for its
use while at the same time, considering technical.”’ The
ecocompatibility of the process can be evaluated further,
by calculating green metrics.”"">

The three methodologies are depicted in Fig. 2.

The results provided by the second and third methodolo-
gies will be compared through a case study.

Case study: substitution of common
epoxy prepolymer solvents

The substitution methodologies described above are illus-
trated here for the replacement of conventional solvents for
the solubilization of epoxy resins.

Targeted application: cleaning of resins
by solubilization

The aim is to design an efficient biosolvent for the solubi-
lization of two epoxy resin prepolymers presented in Fig.
3: bisphenol A diglycidyl ether (DGEBA) and triglycidyl
p-aminophenol ether (TGPA).

These prepolymers are widely used in industry as basic
monomers for the production of two major polymers:
epoxy resins and polycarbonates. The cleaning of manu-
facturing and conditioning materials requires conven-
tional volatile solvents, such as acetone and methyl ethyl
ketone (MEK). Alternative solvents are now required, to
limit the emission of VOCs.”

The specifications for this context are listed in Table 3,
for definition of the required technical and environmental
properties of the substitution solvent.

The Hansen parameters of the prepolymers were deter-
mined experimentally in a previous study,”* from the solu-
bility spheres of radii, R = 23.7 MPa'? for DGEBA and R =
12.3 MPa'’? for TGPA (Fig. 1).

Both the predictive and reverse design methods were
used, with a selected bio-based building block, furfural, as
the starting material.
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DGEBA

Furfural as a platform molecule

Furfural is a widely used platform molecule with sev-

eral advantages for the preparation of new eco-friendly
solvents.”” It is readily available, exclusively from plant
d feedstock, as no synthetic route exists. Furfural is thus

prepared by dehydration of the xylose present in the hemi-

cellulose of plant waste.
The annual production of furfural worldwide is 250 000

Figure 3. Epoxy resin prepolymers.

76

tonnes, 60% of which is converted into furfuryl alcohol.

The rest is used as a selective solvent for the refinement

Table 3. Specifications for the dissolution of DGEBA and TGPA and properties of conventional solvents to

be substituted.

Properties Specifications Acetone MEK
Technical performance
Melting point <0°C —95°C -86°C
Boiling point 100°C <...< 250°C 56°C 80°C
Solubility

Hansen parameters (MPa'?)

DGEBA: 6D = 17.2, 6P = 6.9, 6H = 8.2, R = 23.7 TGPA:

D =15.5, 0P = 10.4,

3D = 16.0, 6P = 9.0,

0D =17.4,0P =6.1,0H=6.4,R=12.3 H=7.0 OH=5.1

Safety

Flash point > 61°C -18°C —9°C
Environment

Vapor pressure <10 Pa, 20°C 22 800 Pa, 20°C 10500 Pa, 20°C
Bioaccumulation

BCF BCF < 500 0.69 -

log kow <3 0.24 0.29

R: radius of the Hansen sphere



of lubricating oils, or as a synthesis intermediate for the
production of furan and tetrahydrofuran (Fig. 4).”” This
upgrading scheme is consistent with the condition that
bio-based chemistry should not compete with the food
industry. Different types of agricultural waste are used,
depending on the country: corn cobs in China, sugarcane
bagasse in India, the black liquor from wood pulping in
Austria, and apricot and olive seeds in Spain.

Alternative structures derived from furfural were
screened by the predictive methodology. For the reverse
design, furfural was used as the initial building block for
CAMD.

Results for the predictive methodology

Several chemical transformations consistent with the
principles of green chemistry (e.g. atom economy, small
number of steps, limited waste and energy) were consid-
ered and applied to the platform molecule. This led to the
identification of several candidate compounds, presented
in Fig. 5.

The predictive tools were applied only to molecules that
could be synthesized easily. The properties predicted by

Platform molecule

Biomass ——» o /

IBSS (Table 4) were correlated and validated with the
results obtained with other tools (e.g. Sparc, HSPiP), for
the selection of promising candidates.

The most promising molecule (A) is selected by compar-
ing the predicted properties with the specifications. The
actual properties of the candidate molecule can be cheked
after synthesis.

Results for the reverse design

The innovative IBSS tool was also used to find alternative
solvents for the solubilization of epoxy resins. The speci-
fications defined in Table 3 were taken as the functional
objectives and furfural was used as the platform molecule.
IBSS can build furfural-derived molecules and predict
their properties, for comparison with the specifications. A
selection of molecules ranked by IBSS is depicted in Fig.
6, and their predicted properties are gathered in Table 5
as well as the weights attributed to the considered prop-
erties in the performance function. The molecule (A)
selected by the predictive methodology is among the
molecules selected by CAMD, but this tool also proposes
new structures. The chemist must consider the feasibility

Common chemicals

Furan

0
H

ENJ Piperidine
o}

o
o

CH;  2-Methyltetrahydrofuran
Furoic acid

9 Furfuryl alcohol

Figure 4. Furfural as a platform molecule.
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Figure 5. Selection of a candidate molecule after property prediction.



Table 4. Properties predicted by IBSS for comparison with specifications.

\o/ o N\= @J?o/\/\/ (37/ Q/\OH @/\/\/\ St
Melting Point [°C] 3 0 -81 -15 109 <0
Boiling Point [°C] 200 236 77 163 201 100 <...< 250
Flash Point [°C] 59 88 -12 69 85 >61
Vapor Pressure(@293.15K) [Pa] 26 4 12839 59 3 <10
BCF 4 39 2 0 <500
Log(Kow) 1.6 2.7 1.2 0.4 29 <3
Hansen solubility parameters
8D [MPa'?] 17.3 17.0 16.8 18.0 17.5
3P [MPa'?] 7.3 6.5 5.0 9.5 10.9 close to resins
SH [MPa'”?] 8.5 6.6 4.0 18.5 8.8
RED*pgega 0.02 0.07 0.20 0.45 0.34 <1
RED*1gpa 0.19 0.07 0.23 1.02 0.50 <1

*RED = distance between epoxy prepolymer resin and solvent/radius of the resin solubility sphere.

Bold values are in agreement with the specifications.
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Figure 6. Selection from the results generated by the reverse design.

and relative costs of the various syntheses when choosing
a candidate from the results obtained with IBSS.

This innovative reverse design methodology has proved
efficient for the generation of alternative solvents in
accordance with defined specifications. IBSS seems to be
a valuable tool for the rapid design of bio-based molecular
architectures (a few minutes of calculation).

The performances of the two alternative solvents
selected (A and B) by the predictive methodology and
reverse design were experimentally validated for the

solubilization of DGEBA and TGPA. A solubility of

100 g/L was achieved, confirming the satisfactory per-
formances of these two solvents for resin dissolution

in industrial cleaning, for example. The corresponding
boiling points are 205 °C for (A) and 225 °C for (B).
And the Hansen solubility parameters were determined
for (B): 8D = 17.1, 8P = 8.6, H = 9.7 with REDpgppa

= 0.09, RED+gpa = 0.33. The experimental values were
then compared with the predicted properties, and were
found in agreement.



Table 5. Properties predicted by IBSS and comparison with specifications.

o} 0 Q 9 o 0 HONH, Specifications  Weight
WOACH:; @/\H/a‘é,(:m @/ILO/\/\/ &/‘(O’\/Q @&OH P g

Melting Point [°C] 4 6 0 29 169 <0 3
Boiling Point [°C] 221 223 236 289 278 100 <...< 250 1
Flash Point [°C] 79 91 88 155 181 >61 1
Vapor Pressure(@293.15K) [P,] 4.8 12 4.0 0.04 0.003 <10 1
BCF 1 2 39 2 2 <500 1
Log(Kow) 1.7 23 2.7 2.8 1.8 <3 1
Hansen solubility parameters

oD 17.2 17.1 17.0 19.0 18.6 -
oP 6.3 7.0 6.5 6.9 7.8 close to resins -
oH 8.8 6.9 6.6 6.5 20.9 -
RED*pgEgA 0.03 0.06 0.07 0.17 0.6 <1 4
RED*1gpa 0.19 0.09 0.07 0.27 1.2 <1 4

*RED = distance between epoxy prepolymer resin and solvent/radius of the resin solubility sphere.

Bold values are in agreement with the specifications.

Conclusion

Research into green solvents is often a complex issue for
the chemical industry. This study highlights the impor-
tance of using a rational methodology to achieve high-
performance substitutions.

Both predictive methodology and reverse design proved
effective for the development of new functional solvents
meeting specifications. We checked the performances of
the furfural derivatives selected with these methodolo-
gies for solubilization of the targeted solutes, DGEBA and
TGPA.

Several tools for the prediction of solvent properties have
been described. In combination with the predictive meth-
odology, they facilitate the transition from conventional
solvents to eco-friendly solvents. This approach saves time
and reduces costs, by ensuring that only the best candi-
dates are synthesized. The predictive methodology is easy
to apply when alternative structures have already been
identified by the chemist.

However, when starting from a bio-based building block,
the reverse design is the most complete and rapid method-
ology, as all steps are managed by the CAMD tool, includ-
ing the generation of derivative molecules. The reverse
design approach goes further than other methodologies:
it has the advantage of integrating constraints relating to
both properties and molecular structures.

Moreover, the CAMD tool IBSS is being extended for
prediction of the properties of mixtures, opening up new
possibilities for increasing the substitution potential of
biosolvents.””

Finally, the substitution process deserves to be comple-
mented by a ‘green chemistry’ approach to the chemical
conversion step. Green metrics, such as atom economy and
environmental factors, can then be taken into account in
the selection of ecofriendly processes for the preparation
of biosolvents.
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