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ARTICLE INFO ABSTRACT

Keywords: This study reports a Conductor-like Screening MOdel for Real Solvents (COSMO-RS) prediction for 151 type 3
COSMO-RS (polar) and type 5 Deep Eutectic Solvents (DES, non-polar) for absorption of hexamethyldisiloxane, octame-
Siloxanes

thyltrisiloxane, hexamethylcyclotrisiloxane, and octamethylcyclotetrasiloxane. Through the examination of
generated sigma surfaces, sigma profiles, and sigma potentials, it was found that while the siloxane chains offer
sufficiently strong hydrogen bond accepting sites, the steric hindrance of the methyl groups cause less polar
solvents (type 5) to outperform the more polar ones (type 3). The thermodynamic study predicts thymol-based
type 5 DES as significantly more affinitive for siloxane compounds than common conventional solvents (DEA,
MEA, MDEA, menthol, and DPEG Blend) with Iny activity coefficients reaching low as —0.64. Enthalpy of mixing
study shows Vander Waals interactions dominate DES-siloxane compound interactions over hydrogen bonding by
over 10x enthalpic release, clarifying discrepancy in literature on how siloxanes are solvated by DES. Thymol:
Stearic acid (4:1) showed the lowest excess enthalpy of mixing at —10.4 kcal/mol. An environmental health and
safety (EHS) study show the best performing DES components (camphor, capric acid, lauric acid, myristic acid,
stearic acid, undecenoic acid, borneol, betaine, hexadecanoic acid, and thymol) are potentially environmentally
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benign and safe for operation procedures.

1. Introduction

Siloxane compounds are often originated from silicon containing
consumer products such as soaps, oils, personal care products, and
pharmaceuticals [1-3]. When these and other silicon containing prod-
ucts are collected through wastewater treatment plant and landfill fa-
cilities, they are subjected to anaerobic digestion which produces
siloxane compounds [4-6]. These siloxane compounds are present in
gaseous streams at concentrations of 3-24 mg/m® in landfill gasses, and
up to 127 mg/Nm3 in wastewater treatment plants [7,8]. There are more
than thirty siloxane compounds identified in literature, however, four
common siloxane compounds are hexamethyldisiloxane (L2), octame-
thyltrisiloxane (L3), hexamethylcyclotrisiloxane (D3), and octame-
thylcyclotetrasiloxane (D4) [9]. These siloxane compounds have been
classified as persistent, bio-accumulative, and toxic [10-12]. Literature
indicated that siloxane compounds could be carcinogenic, endocrine
disruptors, and immunosuppressants [13-17]. During combustion of
siloxane compounds containing biogas and landfill gasses, silicone de-
posits on the turbines or engines are often observed, which cause
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adverse effects to the efficiency of the energy systems [4,7,18]. As a
result, siloxane compounds might need to be removed from gaseous
streams through an additional upgrading process [19,20].

Several technologies that capture volatile organic compounds
(VOCs) are often recommended for capturing siloxane compounds
which include water scrubbing, chemical scrubbing, membrane sepa-
ration, and pressure swing adsorption [21-24]. Among chemical ab-
sorbents, a handful of conventional solvents including
monoethanolamine (MEA), dimethanolamine (DEA), methyldiethanol-
amine (MDEA), polyethyleneglycol dimethyl ethers, and methanol have
been utilized in the industries [25-29]. However, a new class of green
solvents called deep eutectic solvents (DES) have been increasingly
explored for selective separation of trace contaminants or capture of
harmful chemicals like siloxane compounds [30]. DES are multicom-
ponent solvents of hydrogen bond donor (HBD) and hydrogen bond
acceptor (HBA) which form a hydrogen bond complex. DES often result
in a significant melting point depression compared to the pure HBA and
pure HBD [31,32]. The collection of known DES is currently divided into
five types. Among them, type 3 and type 5 are considered the green due
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to the lack of metals and are comprised of two organic hydrogen bonding
paired components HBD and HBA [33]. While type 3 DES are being
polar in nature, type 5 DES are comprised of HBA and HBD that form less
polar complexes which offers the attribute of being hydrophobic, while
maintaining the potential for environmental sustainability [34].

DES have been researched extensively regarding gasses like CO, and
sulfur containing acid gasses with high selectivity and high solubility
compared to traditional solvents like MEA, DEA, etc. [30,35,36]. How-
ever, siloxane compounds have received relatively little attention when
it comes to DES-based absorption. Limited to small randomly selected
DES are reported in the literature but with promising results. For
instance, Slupek et al. [37] analyzed type 3 DES formed with tetrapro-
pylammonium bromide as the HBA and tetraethylene glycol as the HBD
in a 1:3 ratio to absorb L2, L3, and D4 at various temperatures and times,
and reported absorbance up to 5000 g/L. They determined the likely
reason for good solubility was due to hydrogen bonding of the DES with
the oxygen in the siloxane chains. Meanwhile, Chelstowska et al. [38]
studied carvone based type 5 DES at various temperatures and times,
and reported carboxylic acid HBD’s showed higher absorption capabil-
ities for siloxanes L2 and D3. Unlike Slupek et al. [37], the good solu-
bility was proposed to be from Vander Waals interactions between DES
and siloxane compounds. Villarim et al. [39] also studied type 5 DES for
D4 comprised of dodecanoic, decanoic, octanoic, and nonanoic acids, at
varying temperatures, and the results indicated that DES outperformed
conventional solvents and Gibbs free energies at 30 °C for D4 reaching
below —20 kJ/mol for the DES, where conventional solvents reached as
low as —13.1 kJ/mol.

From the limited literature, it can be found that DES may be effective
at absorbing siloxane compounds. However, the absorption mechanism
is still not well understood. Due to the overwhelming number of HBA
and HBD combinations and compositions, an efficient computational
approach can be employed to gain an understanding of pertinent DES
characteristics and solvation potential of specific siloxane compounds.
Conductor like Solvents for Molecular Screening for Real Solvents
(COSMO-RS), is an ab-initio, non-empirical software tool kit which
bases thermodynamic property predictions of molecules on density
functional theory (DFT) computed energy profiles. Based on the mo-
lecular structure and configuration, a charged sigma surface of a mole-
cule is computed in COSMO-RS, which can be used to determine
chemical potentials of solutes in pure and solvated forms [40]. The
chemical potentials lead to computations of activity coefficient, parti-
tion co-efficient, and excess enthalpy. In the literature, COSMO-RS has
been successfully used to predict volatile organic compounds (VOC)
extraction by DES [41-43]. For instance, Song et al. [41] and Qin et al.
[42] tested the accuracy of COSMO-RS with CO2 absorption in various
DES with a result R? value of 0.83-0.93 with over 70 data points [41].
However, to the best of the authors knowledge, no study for absorption
of four selective siloxane compounds with the scope of type 3 and type 5
DES has been reported. While some components used in this study may
overlap with reported literature, the systems studied are novel for which
little or no experimental analyses have been made, to the best of the
authors knowledge.

The objective of this study was to determine the feasibility of type 3
and type 5 DES in absorption of siloxane compounds, and to clarify the
discrepancy in literature for the energetic mechanism of absorption for
siloxane compounds in DES. A total of 151 type 3 and type 5 DES was
gathered from literature and were evaluated in this study to absorb four
common siloxane compounds namely L2, L3, D3, and D4. Sigma surface,
sigma profile, and sigma potentials were studied for the siloxane com-
pounds to better understand their bonding characteristics. Activity co-
efficients were calculated for individual siloxane compounds in DES to
evaluate absorptive capabilities. Excess enthalpy of mixing was
computed to understand the mechanism of the absorption. Finally, the
environmental health and safety (EHS) properties of the DES were
examined for sustainability of the promising DES.
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2. Methods
2.1. Studied siloxane compounds and DES

The four siloxane compounds studied were L2, L3, D3, and D4 which
acted as representatives for the three main variations of the siloxane
species: linear (L) and cyclic (D), methyl group quantity (hexyl-to-octyl)
and siloxane chain length (di-to-tetra). A mixed database of 151 of
known type 3 and type 5 DES were used in this study (available in table
S1 along with compositions). This database was developed to include a
wide range of HBA and HBD components from the type 3 and type 5 DES
used in the literature. This specification was expected to allow the best
chance for finding sustainable solvents and to understand the energetic
nature of solubilization among DES and siloxane compounds due to the
variety of energy signatures available. These absorption phenomena
were studied at 25 °C and 1 atm.

2.2. COSMO-RS simulation

Thermodynamic properties of siloxane compounds, DES, and ab-
sorption were predicted through COSMO-RS. If available, molecule files
for selected siloxane compounds and DES components (HBA and HBD)
were gathered from the onboard database of COSMO-RS. Otherwise,
molecules were imported from PubChem as SMILES files in case they
were not available in the COSMO-RS onboard database. Files imported
from PubChem were run in TmoleX (version 4.5.3 N) to solve for the
lowest energetic geometric conformation and the sigma surface charges.
All DFT calculations were performed at the basis point density func-
tional theory b-p DFT level and Karlsruhe (Ahlrichs) def2-TZVP (default-
2 Valence Triple-Zeta Polarization) basis set [44]. The chosen basis set
reflects current practices and benchmarking research for similar solvents
which show its robust “state of the art” alternative (TZVPD-Fine) to be
insignificantly more accurate especially concerning the added compu-
tational costs. Paduszynski et al. [45] found systems for ionic liquids
produced slightly more accurate results for TZVP in COSMO-RS over
TZVP-Fine. The same was found by Bezold et al. [46] who studied deep
eutectic solvents. HBA salts were modelled in a single .cosmo extension
file. The output files from TmoleX were uploaded to COSMOConf18 for
conformational analysis. The outputs of COSMOConf18 were uploaded
to COSMOthermX to predict thermodynamic properties including
chemical potentials (p). Eq. (1) shows how separate functions of the
sigma segments (Epjsfir Epp,andp) are responsible for the prediction of
chemical potential.

RT , (—ff (6 ) ~Enigie (0.6 )~E} w’)) ,
py(0) = — ln{/ps(a)e # () Sl e do} e))

Aefy

where (o) is the chemical potential as a function of sigma (). cando’
are two interacting surface segments between two molecules prime and
non-prime. agfis the effective contact area. Epsf;; is the energetic penalty
for charge and steric misfits of the segments. Eyp is the energy resulting
from hydrogen bonding. ps(c) is the distribution function. R is the ideal
gas constant and T is absorption temperature. These chemical potentials
are further used as a basis for COSMO-RS calculations. Further
description of the COSMO-RS software fundamentals and detailed der-
ivations (and associated assumptions) of presented equations may be
found elsewhere [30,44,47,48]. Finally, the activity coefficients (y) are
calculated through Eq. (2) in COSMOthermX which represent the af-
finity between solvent and solute and are strong indicators of solubility
[49,50].

o (mew) .
W =""Rrr

lnyi of siloxane compound (i) in DES (s) were calculated at infinite
dilution. T is the absorption temperature of the system which was kept at
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Table 1
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Benchmark data for siloxane D4 in DES. Values are presented for enthalpy of mixing and Gibbs free energy of solvation. Enthalpy of mixing is reported for 30 °C while
Gibbs free energy of solvation is reported for three different temperatures in kJ/mol. The resulting R* value for the two datasets (calculated and experimental) equates
to 0.99 showing strong qualitative relationship. The calculated values are produced by COSMO-RS.

HBD Composition HBA:HBD Enthalpy of mixing (kJ/mol) Gsoly (kJ/mol) 30 °C Ggoly (kJ/mol) 45 °C Ggoly (kJ/mol) 60 °C
Calculated Octanoic acid 1:3 —40.21 —17.44 —15.31 -13.23
Calculated Nonanoic acid 1:3 —40.76 -17.67 —15.55 —13.47
Calculated Decanoic acid 1:2 —41.00 —17.86 —15.74 —13.66
Experimental Octanoic acid 1:3 —40.59 —20.47 —19.64 —18.48
Experimental Nonanoic acid 1:3 —39.38 —20.51 —19.63 —18.64
Experimental Decanoic acid 1:2 —40.16 —20.33 —19.57 —18.36

25 °C as similar studies report lower temperatures equate to better sol-
ubilities among DES and siloxane compounds [38,39]. Eq. (2) is used to
convert Iny! into solubility capacity in Section 3.1 [51].

Similar to the activity coefficient, Gibbs free energy of solvation
(Gson) is computed as a difference in chemical potentials. As shown in
Eq. (3), Gsopy is the result from the difference of the chemical potential of
the siloxane compound i in its pure phase uli, and its chemical potential in

the solvent phase ! at infinite dilution.
G.mlv = ﬂi - /4;, (3)

Along with activity coefficients, another indicator of absorption is
the excess enthalpy of interaction (Hiy,) [52]. Activity coefficient is
limited as a study of affinity between chemicals through a measure of
non-ideality, expressed through non-ideal interactions (hydrogen
bonding) as confirmed by the Pearson correlation matrix in table S2.
Where activity coefficient draws its importance from its relation to
Hildebrand solubility, excess enthalpy of interaction (Hy,) is a temper-
ature derivative of Gibbs free energy, allowing for a more precise study
of the contributions from each interaction type (hydrogen bond and van
der Waals bond) [45,53]. These interaction types are represented
through COSMOthermX parameters used to measure the total enthalpy
of mixing as expressed in Eq. (4).

H[nt = Hmf + th + Hvdw (4)

where H,y is the enthalpic penalty of a misfit factor which accounts for
structural, steric hindrances, and charge misalignment [54]. Hyp is the
enthalpic contribution from hydrogen bond interactions when mixing,
and H,4, is the Vander walls contribution [55].

Quantitative structure property relationships (QSPR) descriptors
were generated from sigma potential profiles [56]. These sigma mo-
ments (M) consist of ¢ polynomial function (fj(c)) which are reported in
Eq. (5) and can be used in property predictions in COSMOthermX [47].
A siloxane specific moment (M;) is computed through Eq. (6) from the ¢
profile (p(c)) of the siloxane and fi(c).

filo)=d'fori>0 5)

M= [ plelio)do ©

The zeroth order moment (M}, where i = 0) is the total surface area of
the siloxane “s”, the first order moment (M;, where i = 1) is the total
COSMO polarization charge on the surface of the given siloxane, the
second moment (M;,, where i = 2) is a vector of total COSMO polariza-
tion energy of the molecule, the third moment (M5, where i = 3) cor-
relates to the measure of sigma profile symmetry, and the hydrogen

bond donating and hydrogen bond accepting moments
(M4, and My, . respectively) are measurements of the siloxanes ability

to act as each, respectively [54].
2.3. Absorption conditions

The absorptions were studied at 25 °C and 1 atm except for methanol
that is operated below —35 °C in industry, therefore, the calculations for

methanol were run at —40 °C and 1 atm [57,58]. The pressure was kept
at 1 atm for all trials as the siloxanes have boiling points above 90 °C,
thus resulting in incompressible systems at room temperature. A formal
composition of Selexol was unable to be determined from literature, thus
an equimolar mixture of its reported constituents (6 dimethyl ether, 8
dimethyl ether, and 9 dimethyl ether of polyethylene glycol [“DPEG
Blend”]) was used [59].

2.4. VEGA environmental health and safety (EHS) modeling

The quantitative structure-activity relationship (QSAR) based soft-
ware VEGA [60] was used to evaluate the EHS factors for each solvent
based upon five properties: persistence, bioconcentration factor (BCF),
mutagenicity, carcinogenicity, and acute toxicity. Persistence is
measured in days chemical is retained in the medium. Toxicity is
measured in lethal dose 50 (LD50) of units mg/kg. BCF is measured in
half life nits of L/kg. Mutagenicity is measured in revertants per
microgram (rev/ug). Carcinogenicity is measured in concentrations per
lifespan ([C]/time). VEGA has been used extensively in literature for
EHS property analysis of novel solvents [51,61,62]. VEGA relies upon a
k-nearest neighbors (KNN) algorithm to predict EHS properties based
upon the structure of the input molecule and its database of experi-
mental results [63]. VEGA model was run for each of the five properties
studied for camphor, capric acid, lauric acid, myristic acid, stearic acid,
undecenoic acid, borneol, betaine, hexadecanoic acid, and thymol for
thoroughness and cross-checking validations. The persistence models
were evaluated for soil, water, and air for thoroughness. For the DES
included in the EHS report, the pure components that comprise the
solvent are analyzed as the DES readily dissociate in the presence of
moisture and are not covalently bound. Thus, their fate in the environ-
ment would not be in the DES form but rather in the individual pure HBA
and HBD forms. Furthermore, a cross validation of the results was per-
formed through pure component safety data sheet (SDS) analysis. The
National Fire Protection Association (NFPA) value rankings and the
Occupational Safety and Health Administration (OSHA) Hazard
Communication Standard (OHCS) categorization are used from litera-
ture for validation of VEGA results when available.

3. Results and discussion
3.1. COSMO-RS validation

Compared to other computational thermodynamic predictive
methods, COSMO-RS is entirely non-empirical, requiring only the mo-
lecular structure as an input for most property predictions. This makes
COSMO-RS promising for exploring novel solvents like DES. A bench-
mark study has been performed here to determine if reasonable accuracy
exists between DES and siloxane compounds. Due to the novelty of the
absorption system, limited experimental values were available thus the
benchmarking is based upon a dataset of 12 data points. Table 1 presents
twelve computed data points from this work comparing with twelve
experimental data points derived from the work of Villarim et al. [39].
The data is comprised of Gibbs solvation energies at varying tempera-
tures, and enthalpy of mixing at 30 °C. The enthalpic mixing values are
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Fig. 1. Sigma surfaces of siloxane compounds as computed by TmoleX19. Charge gradient is represented by the color scale of deficient = blue, neutral = green, and
dense = red. Siloxanes represented are hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), hexamethylcyclotrisiloxane (D3), and octamethylcyclotetrasilox-

ane (D4).

very accurate with an absolute average relative deviation (AARD) of
~0.31%. Although it is apparent that COSMO-RS underestimates the
Gibbs solvation energies with an AARD of ~25%.

3.2. Sigma surfaces, sigma profiles, and sigma potentials of siloxane
compounds

Fig. 1 depicts the sigma surfaces of the siloxane compounds (L2, L3,
D3, and D4) generated by TmoleX19. The colors represent a calculated
charge gradient ranging from charge deficient to charge dense regions.
The lack of significantly charge deficient regions (blue) suggests low
hydrogen bond donating ability, the abundance of neutral (green) sur-
face area indicates a strong propensity towards Vander Waals in-
teractions, and the presence of strong charge dense regions (red)
indicate hydrogen bond accepting capability. The range of the sigma
values on the surfaces are from —0.011 (e/Z\z) (blue) to 0.015 (e/f\z)
(red). It is evident through Fig. 1 that the red regions are associated with
the oxygen and blue with the methyl groups. The silicone atoms are
naturally positive and contribute to the electron deficient regions (blue).
Sigma surface could indicate the behavior of these molecules regarding
intermolecular interactions. One such judgement is the positioning of
the red sites seen in Fig. 1 suggest steric hindrance will likely produce a
dampening effect to the hydrogen bond accepting potential, which is a
common takeaway from sigma surfaces [64]. The difficulty for other

molecules to interact with the red regions in these sigma surfaces due to
the methyl groups is quantitatively supported through computation of
the QSAR determined hydrogen bond accepting moments of the siloxane
molecules, as the sigma moments of two hexa-methyl siloxanes L2 and
D3 (1.71, 1.83, respectively) are higher than their octa-methyl coun-
terparts L3 and D4 at 1.25, and 1.19, respectively. These results suggest
the amount of methyl groups on a siloxane compound are more deter-
minate for hydrogen bonding capability than the linearity or siloxane
chain length. Another qualitative determination may be made on the
lack of sufficiently blue regions which would show affinity for hydrogen
bond accepting sites on other molecules. This is confirmed quantita-
tively through the hydrogen bond donating moment computation which
is zero for all four siloxane compounds.

Fig. 2 shows the sigma profiles of four siloxane compounds and HBA
used in this study. A sigma profile offers quantitative information about
the surface charge attributes and distributions and can be considered a
fingerprint of the molecule [65]. The x-axis is the associated surface
charge in (e/A?), the y-axis is the frequency at which this charge
segment can be found on the molecules surface or the amount of the
respective color from sigma surfaces. Integration of these curves result in
the total sigma surface area for each molecule present. Area between the
range of —0.079 e/A% and 0.079 e/A? is relevant for Vander Waals in-
teractions. Area outside of this central region is pertinent to hydrogen
bonding and ionic interactions. As no ionic interactions are expected
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Fig. 2. (A) Sigma profiles of siloxanes as computed by TmoleX19 at B3LYP, BP-DEF2-TZVP level. (B) Sigma profiles of HBA DES components. This is how the solvent
environment will look. The red line crosses the x-axis at the corresponding charge of Fig. 4 for comparison of selective capabilities for each DES component.

between DES and siloxane compounds, ionic interactions were omitted
from the discussion. Negative sigma values outside of the Vander Waals
region indicate hydrogen bond donating regions and positive sigma
values higher than 0.079 e/A? are representing hydrogen bond accept-
ing regions. These histograms further support the conclusion that sig-
nificant surface area of all siloxane compounds devoted to neutral
charges resulting in Vander Waals interaction sites. Another note is the
significantly less surface area the hexamethyl siloxanes L2 and D3
(162.38 and 222.46 g/gmol, respectively) are compared to the octa-
methyl siloxanes L3 and D4 (236.53 and 296.61 g/gmol, respectively).
Table S2 contains the area distributions of these curves and shows more
neutral surface area for the linear siloxanes L2 and L3 (94% and 93%
respectively) than the two cyclic siloxanes D3 and D4 (88% and 91%
respectively).

Fig. 3 shows the sigma potentials of the siloxane compounds. Sigma
profiles are visual representations of how each chemical will behave (y-

axis) in the presence of a specifically charged surface (x-axis). As the y-
axis is the predicted change in chemical potential from resting state to
presence in the associated charged environment. The positive potentials
indicate non-spontaneous interactions and vice versa. All of the siloxane
compounds in this Fig. 3 are hydrophobic as indicated by the curve
behavior around x = 0 as the y-values are all negative, implying an af-
finity towards non-polar surfaces. This observation coincides with
literature as siloxane compounds can be used to impart hydrophobic
properties [66,67]. These siloxane compounds are all repulsed by charge
dense regions to similar degrees as the potentials for the curves at >
0.0078 e/A? are all positive. The main difference is evident near the
charge deficient environments (< —0.0078 e/1°\2) where the siloxane
compound curves exhibit a mix of attractive and repulsive interactions.
At strongly charge deficient regions (<—0.015 e/A?) the siloxane com-
pounds are either strongly attracted (L2, L3, D3) or neutral (D4).
However, as seen by Fig. 2B the HBA of the DES contain little if any
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Fig. 3. Solute potentials for siloxanes and methane. The x-axis is the charge of the conductor surface, y-axis is the chemical potential of the analyte for interacting
with the charged conductor surface. The separations will occur in the HB donating region due to the overlapping of most solutes and methane. By tuning a solvent
with respect to its HB donating ability one can selectively absorb one solute over another.

surface charges in this region, making the relevant hydrogen bond
donating zones limited to —0.015 e/A > x > —0.0078 e/A2. This region
exhibits an order for the siloxane compounds from least to most repulsed
of D3, L3, L2, D4. The order could be due to the complex surface area
charge distributions and structuring. This region is indeed significant as
any separations would be dependent upon it due to the uniformity of the
other two regions. When considering suitable DES, the attribute of
charge deficient regions will determine the degree of selectivity found
between siloxane compounds and any product, whereas the presence of
Vander Waals interaction sites and absence of charge dense regions will
likely play a considerable role in total solubility for siloxane compounds.

3.3. Absorption of siloxane compounds on DES

The DES were measured by their solvating capability for the four
siloxane compounds through thermodynamic properties, namely activ-
ity coefficients. Activity coefficients can be used in such predictive
screening procedures as they are computationally inexpensive and
robust indicators of relative solubility [68-70]. Direct correlations have
been made for COSMO-RS derived infinite dilution In activity co-
efficients and solubility of similar complex multi-component systems.
One such correlation was recently made by Mood et al. [71], where
several predicted properties were analyzed for correlation with lignin
solubility in ionic liquids, where Infinite dilution In activity coefficients
proved the most reliable predictors. A similar tactic is used by Mohan
et al. [68] in multiple works where the In activity at infinite dilution is
used to predict plastic solubility and/or conversions. The activity co-
efficients were calculated for each siloxane compound with respect to
each DES at infinite dilution and reported in table S1. Solvents 152-156
(MEA, DEA, MDEA, DPEG blend, and methanol) are conventional sol-
vents which were included as a benchmarking for the prospective DES.
Fig. 4 is comprised of 3 parts (a, b, and c) which represents the calcu-
lated In activity coefficients for each siloxane in the 150 solvents broken
into increments of 50 solvents per sub-figure. The first 50 solvents in
Fig. 4a are all above 1 and many in Fig. 4b and c. Values of Iny = 1
indicate the interactions between the DES and siloxane compounds
produce no significant deviations from ideal solubilization determined
through Raoult’s Law. Values of Iny > +1 indicate positive deviation or
repulsive non-ideal effects, and Iny < +1 for attractive effects. Thus,

anything above 1 is considered ineligible for the application due to
sufficiently repulsive interactions.

Solvents 6-23, and 57-98 are well above the cutoff of 1. This range
includes all the type 3 DES (tetrabutylammonium bromide, atropine,
choline chloride, methyltriphenyl phosphonium bromide, malic acid,
and citric acid based solvents) and four of the five conventional solvents
(DEA, MEA, MDEA, and methanol), leaving only type 5 DES as potential
candidates for siloxane compound absorptions. The reason for bias to-
wards type 5 DES is likely due to what was presented in Section 3.2
about the repulsive effects of non-neutral charged surfaces for the
siloxane compounds as hydrophobicity for a solvent requires a signifi-
cant weight in the volume of Vander Waals interaction sites. Of the
represented type 5 DES, terpene and tetraoctyl-based solvents are
consistently showing the lowest Iny for the siloxanes whereas the shorter
alkyl chain lengths (95-113) show less affinity. Moreover, thymol-based
solvents stand out as the most affine for siloxane compounds. As for the
difference in interaction potential witnessed between the type 5 DES it is
likely attributed to the degree and distribution of the components
regarding surface charged area available for proton donation and
acceptance.

Siloxane D3 is shown to be best solvated by DES 144 (thymol: stearic
acid, 4:1) as it consistently holds the lowest activity coefficient in any
given solvent as available in table S2. Through a comparison of this
observation and table S2, it is apparent that siloxane D3 has the most
charge dense interaction sites available of the four siloxane compounds.
This coupled with thymol containing the most charge deficient area
distribution (Fig. 2B, table S2), and the composition of the solvent as
having four moles of thymol make a strong argument for the reason
behind this result being due to the complimentary charge distributions.
It is evident that the siloxane D3 is more readily solubilized in the
studied DES than the others, followed by L3. This observation is likely
explained through the evidence in Fig. 3 which shows these siloxane
compounds are the least repulsed by hydrogen bond donors present in
DES. This is further confirmed through a Pearson correlation matrix
(table S3 value of —0.98 between In activity coefficients of siloxane
compounds in DES and the hydrogen bond accepting ability of the
siloxane compounds. Furthermore, the work of Helstowska et al. shows
of the 90 solvent combinations studied, acid based HBD’s produced the
highest affinity for siloxane compounds [38].
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Fig. 4. In gamma values for siloxanes in 150 DES. The color legend represents
In activity values broken into increments of 50 solvents per figure. Each solvent
is identified by its numbering and can be matched to the supplementary table
S1 for exact values and compositions. Figs. 4b and 4c contain some solvents
with In activity coefficients between 1 and —1. Values in this range indicate
solvent-solute affinity and therefore light to strong solubilization power. This
figure represents the first phase of screening.

3.4. Excess enthalpy of extraction of siloxane compounds in DES

Table 2 contains excess enthalpy values for the thymol-based sol-
vents due to their superior performance as outlined in Section 3.3. The
solvent number is paired with each siloxane compound in the table. The
enthalpy of mixing associated with hydrogen bonding (Hpp), Vander
Waals (H,qy) interactions, misfit factor (Hpy), and total enthalpic gain/
release (+/- respectively) (Hy,) is reported in the Table 2 as calculated
through COSMOthermX. Negative values correspond to favorable in-
teractions as the resulting energetic state of the siloxane compound in
DES is lower than the siloxane compound in pure form.
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Table 2

Enthalpy of mixing values for siloxanes L2, L3, D3, and D4 in thymol-based DES
represented by solvent numbers. Hy, is the total enthalpic gain (+) or loss (-) due
to mixing. All values are expressed as kcal/mol. Hyp is the enthalpic mixing
contribution from the misfitting of charges and geometry, Hyp is the hydrogen
bonding contribution to enthalpy of mixing, and H,g, is the Vander Waals
contribution to enthalpy of mixing.

Solvent  Siloxane  Hjy, (kcal/ Hyr (keal/ Hyg (kcal/ Hygw (kcal/
mol) mol) mol) mol)

140 L2 —6.49 1.8 -0.5 —10.99
140 D3 ~7.54 2.5 -0.7 —12.47
140 L3 -8.22 2.41 -0.87 —14.34
140 D4 -9.31 2.82 -0.33 -15.77
141 L2 —7.26 1.63 -1.15 —10.93
141 D3 -8.72 2.28 -1.7 —12.44
141 L3 -9.6 2.19 -1.94 —14.37
141 D4 -10.1 2.61 —-0.96 —-15.72
142 L2 -7.36 1.49 —1.08 -10.97
142 D3 -8.75 2.16 —1.58 —12.46
142 L3 -9.67 2.01 -1.82 —14.39
142 D4 -10.22 2.43 —0.86 —15.76
143 L2 -7.41 1.57 -1.22 —10.96
143 D3 —8.95 2.22 -1.82 —12.48
143 L3 —9.85 2.12 —2.06 —14.42
143 D4 -10.33 2.54 -1.05 —15.78
144 L2 —7.45 1.6 -1.29 —10.96
144 D3 —9.06 2.23 -1.93 —12.49
144 L3 -9.95 2.15 -2.18 —14.44
144 D4 -10.4 2.57 -1.15 —15.79
147 L2 —6.72 1.64 —0.55 —11.02
147 D3 —7.81 2.33 -0.77 —-12.5
147 L3 —8.56 2.21 —0.96 —14.38
147 D4 —9.59 2.61 —0.36 —15.81
148 L2 -7.18 1.5 —0.86 —11.02
148 D3 —8.57 2.13 -1.31 —12.53
148 L3 -9.33 2.02 —1.46 —14.44
148 D4 -10.19 2.42 —0.74 —15.84
149 L2 —5.65 2.28 -0.16 -10.99
149 D3 —6.69 2.89 -0.25 —12.46
149 L3 -6.97 3.02 -0.27 -14.3
149 D4 —8.53 3.4 -0.15 —15.75
151 L2 —7.46 1.53 -1.22 -10.97
151 D3 —8.99 2.18 -1.81 -12.5
151 L3 -9.91 2.07 —2.06 —14.44
151 D4 -10.39 2.48 -1.04 -15.8

All thymol-based type 5 DES reported in Table 2 have negative Hy,,
which is expected as they were deemed highly favorable for solubilizing
siloxane compounds in Section 3.3. Furthermore, the degree of nega-
tivity follows that of the Iny negativity results where solvent 144
(thymol: stearic acid, 4:1) and solvent 151 (thymol: hexadecanoic acid,
2:1) are determined to be the most affine for the siloxane compounds
and solvent 149 (thymol: betaine, 3:1) is the least. While there is an
agreement between general results between the two terms of Iny and
Hiny, there is a discrepancy regarding the ordering of the siloxane com-
pounds themselves. For Iny, it was seen that the ordering from most-to-
least negative values were consistently ranked as D3 > L3 > L2 > DA4.
The general ranking for Hy, is in reverse trend. The likely reason for the
discrepancy is the accounting for Vander Waals interactions in Hip
denoted as H,q, and the reliance of hydrogen bonding for Iny. Clearly
from Table 2 the Vander Waals are significantly more impactful than the
hydrogen bonds formed from siloxane-DES interactions by an order of
magnitude. For instance, solvent 144 (thymol: stearic acid, 4:1) for
siloxane D4 has H,q,, of —15.8 compared to Hyp of —1.15 kJ/mol. This
observation is in line with the discussion from Section 3.2, as there is
significantly more neutrally charged surface than is present for
hydrogen bonding in both the DES and all four siloxane compounds.
Also as predicted from Section 3.2, the positive values for Hyy over-
shadow the enthalpic release generated by Hyp as the methyl groups
make reaching the negatively charged oxygen surfaces difficult. On this
note the cyclical siloxanes have higher Hy,s values as compared to linear
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Environmental Health and Safety (EHS) report for all studied DES and conventional solvents for comparison. Values predicted by VEGA software. Green indicates
absence of the associated attribute, Red indicates presence of the property, and blue means indeterminate as there exists conflicting predictions, experimental values,

and/or unreliable accuracy.

Componen Persisten Persisten Persisten Mutagenici Toxicit BCF Carcinogenic
DES t ce Air ce Water  ce Soil ty y ity
140  Camphor b g g g g g g
141 Capricacid g g g g r g g
142 Lauricacid g b g g r g b
Myristic
143 acid & g g & & & &
144  Stearicacid g g g g g g g
Undecenoic
147  acid & g g & & g &
148  Borneol g g g g g g g
149  Betaine b b b g g b b
Hexadecan
151  oicacid & g g & r & &
140-
151 Thymol £ g g & ’ & &

but are significantly more exothermic due to H, 4, interactions occurring
on larger surface areas attributed to the size of the cyclical vs linear
compounds.

3.5. Toxicology assessment of DES suitable for siloxane compounds

Type 3 DES have been heralded for their nontoxic and environ-
mentally benign properties. However, the DES studied include a sig-
nificant amount of type 5 DES. Consequently, an EHS has been
conducted on the thymol-based solvents to assess them for sustainabil-
ity. Thymol-based type 5 DES were chosen for VEGA EHS study due to
their superior results as discussed in Section 3.3. Table 3 contains the
results of the EHS study. The columns are marked as EHS property and
the rows as the DES components in pure form. EHS data is unavailable
for DES compounds, therefore, individual HBA and HBD are selected for
EHS study. The color scheme indicates whether a result is determined to
contain the respective attribute and the confidence of the output from
VEGA. Green indicates that the models generally agree that the con-
cerning property is not associated with the chemical. Blue represents
inconsistent predictions for which no determination could be made. Red
is given to properties that have concerning properties attributed to the
chemical. For a chemical to be attributed it must have at least a mod-
erate risk associated with it regarding the property based upon con-
ventional determination methods (NFPA > 2 or OSCH < 3). The results
of the EHS study were checked for consistency through literature by
means of safety data sheets from Fischer Scientific [72] for available
properties and is found that all components are considerably safe al-
ternatives to conventional solvents [152-156]. The main discrepancies
found between literature and VEGA model software predictions are for
the toxicity models, for which the four predicted toxic substances of
thymol, lauric, capric and hexadecenoic acids were found to be nontoxic
in literature (toxicity category of 3 or 4). For example, while considered
corrosive thymol is reported as nontoxic, contrary to the results from the
VEGA model as it contains an acute NFPA oral toxicity factor of 4 [73].
Therefore, all components are deemed nontoxic in the list of thymol
based DES components presented.

4. Conclusions

Type 3 and type 5 DES were analyzed for their potential to absorb
siloxane compounds. Through sigma surface, sigma profiles, and sigma
potentials of a total of 151 known DES, it was determined type 5 DES
outperformed the type 3 solvents due to the steric hindrance of the

hydrogen bond accepting sites of the siloxane compounds by the methyl
groups they contain. With the information gained from activity coeftfi-
cient and excess enthalpy of mixing, the discrepancy between literature
as whether hydrogen bonding or Vander Waals interactions dominate in
solubilizing siloxane compounds is answered as being Vander Waals
with an enthalpic release of an order of magnitude higher than the
hydrogen bonds. A performed EHS study concludes the high performing
thymol-based DES as environmentally sustainable due to low toxicity,
negligible persistence (in soil, water, and air), non-mutagenic proper-
ties, negligible BCF concerns, and non-carcinogenic attributes. These
insights are presented to the scientific community as evidence that DES
are suitable solvents for consideration in siloxane compounds.
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