Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

¥® ROYAL SOCIETY

Environmental Science s OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Aqueous solution degradation pathways of

i ") Check for updates ‘
trimethylsiloxane surfactantsy

Cite this: Environ. Sci.: Adv., 2025, 4,
147
Maleigh Mifkovic, @2 Brian D. Etz, © ¢ Manoj K. Shukla & *© and Shubham Vyas & *2

Trimethylsiloxane (TriSil) surfactants are promising alternatives to per- and polyfluoroalkyl substances
(PFAS), which are global recalcitrant and persistent environmental contaminants, in aqueous film-forming
fire-fighting foams (AFFF). However, much less information is available on the environmental fate and
degradation of TriSil surfactants. Thus, it is important to study the degradation chemistry of fluorine-free
TriSil surfactants in the solution phase under various conditions to further assess their environmental
impact. This computational study reports the prominent hydrolysis, reduction, and oxidation pathways of
a truncated TriSil and proposes the major degradation products using density functional theory (DFT)

calculations. We have identified the polydimethylsiloxane unit of TriSil to play a prominent role in
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Accepted 20th September 2024 aqueous solution reactivity initiated via hydrolysis and reduction, while oxidation mainly proceeds

through H-atom abstraction along the polyethylene glycol unit. The results of this study aid in

DOI: 10.1039/d4va00256¢ establishing the use of the alternative fluorine-free surfactant, TriSil, for fire-fighting foams from an

rsc.li/esadvances environmental perspective.

Environmental significance

Per- and polyfluoroalkyl substances (PFAS) have been a crucial component in certain aqueous film-forming foams (AFFF) due to their fire suppression capa-
bilities. However, PFAS have become worldwide environmental contaminants due to their toxicity, bioaccumulation, and pervasiveness. Thus, safer alternatives
are needed to replace PFAS in AFFF which would not pose a hazardous environmental threat. Trimethylsiloxane (TriSil) surfactants are potential fluorine-free
PFAS replacements, however, research is needed to understand the effect of its degradation products in aqueous environmental conditions. The hydrolysis and
reduction of TriSil targets the polydimethylsiloxane unit while oxidation occurs through H-atom abstraction along the polyethylene glycol unit. Our results
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support the use of TriSil in AFFF and may lead to significantly less environmental consequences than PFAS in AFFF.

1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are a key ingredient
in aqueous film-forming fire-fighting foams (AFFF) that greatly
contribute to the overall effectiveness of the foam due to its
ability to suppress fire vapors and lower the surface tension of
water.”” On the molecular level, fire-suppression activity is
largely attributed to the high C-F bond strength (up to
~130 kecal mol™")* and the oleo- and hydrophobic nature of
PFAS,* which macroscopically prevents the fuel from reigniting®
and provides optimal surfactant properties for quick extinc-
tion.*® As a result, AFFF with PFAS surfactants are the only
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established formulations that meet high military specifications
(MIL-F-24385F) to eliminate fires.” Additionally, PFAS have been
used in numerous industrial and consumer applications such
as stain repellants, non-stick cookware, and consumer-goods
packaging. However, PFAS have notoriously become persistent
global environmental contaminants that cause adverse health
impacts, such as cancer, reproductive health issues, immuno-
suppression, and kidney disease.®*® In particular, the use of
PFAS in fire-fighting foams are a major contributor to environ-
mental contamination at locations employing AFFF, and the
robust nature of PFAS leads to significant challenges in reme-
diation. Therefore, the development of fluorine-free alternative
surfactants that are both effective for fire suppression formu-
lations and environmentally friendly has become increasingly
important.”"”

AFFF formulations are typically proprietary information and
contain multiple components, which complicates the develop-
ment of effective PFAS alternatives." However, the composition
of fluorine-free alternatives has previously included hydrocar-
bons," protein-based surfactants, detergents,"** and organo-
silicone surfactants®*>* with ethylene glycol,” the latter
providing stability as a foaming agent.** In particular,
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trimethylsiloxanes (TriSil), such as that in Fig. 1, are potential
replacements which contain hydrophobic polydimethylsiloxane
(PDMS) units*>*® and hydrophilic polyethylene glycol (PEG)
segments. The presence of TriSil lowers the surface energy of
the foam, which reduces the time to coat a flammable
surface.**** With additional repeating units to tune properties,
and the presence of additives, siloxane surfactants have the
potential to extinguish fires within the guidelines of military
specifications.”> However, more research is needed to under-
stand how these chemicals will degrade in relevant environ-
mental conditions. Previous work has evaluated the
degradation chemistry of TriSil at high temperatures;>*>®
however, its degradation in various solution conditions at the
molecular-level, to the best of our knowledge, has not yet been
investigated.

The properties and environmental fate and transport of
organosilicone materials, including PDMS, have been previ-
ously studied.””*® Laboratory and field studies have shown that
PDMS degrades in soil via hydrolysis and leads to volatile and
water-soluble products,?** including carbon dioxide, silox-
anols, and monomeric dimethylsilanediol (DMSD).****” Degra-
dation of DMSD via oxidation in water*' or microbiomes further
produces CO,,*** water, and inorganic silicate,”*”*® resulting
in no bioaccumulation.?*?**3” Moreover, PDMS and DMSD have
zero to little toxicity,®***¢ respectively, and research has shown
that PDMS and its degradation products do not damage
microbiomes present in soil or negatively impact seedling
germination and survival for wheat and soybeans.** Poly-
ethylene glycol can also completely biodegrade through
multiple pathways and does not pose a threat to the environ-
mental cycle.***** However, despite extensive research on the
degradation of PDMS and PEG components, other factors such
as additional siloxanes could influence TriSil's environmental
behavior. Thus, further research is needed to study the degra-
dation pathways of TriSil in relevant environmental conditions
to understand its fate and transport.

In this study, we have investigated the aqueous solution
degradation channels of TriSil, a fluorine-free alternative to
PFAS. Density functional theory (DFT) calculations were
employed to probe the potential aqueous degradation reactions
in environmentally relevant circumstances, such as hydrolysis,
oxidation, and reduction. The outcomes of this work provide
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Fig. 1 Chemical structures of (i) trimethylsiloxane (TriSil) surfactant
used in fire suppression tests in a laboratory setting* with PDMS and
PEG components, where ‘X’ refers to the repeating PDMS component
and 'n’ refers to the repeating PEG component (ii) PDMS unit (iii) PEG-
1n and (iv) PEG-3n. Alphabetical labels relate to radical and reduction
positions and numerical positions refer to silicon-oxygen bond
lengths pertaining to Section 3.2.
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a thorough analysis in identifying prominent TriSil decompo-
sition pathways and major degradation products, as well as
evaluating their potential environmental impact, as safer
fluorine-free fire suppressants for PFAS replacement.

2 Methods

All quantum mechanical calculations were performed using
Gaussian 16 Rev C.01 software** at wB97X-D/6-311+G(2d,2p)
with the universal continuum solvation water model (SMD) to
simulate aqueous conditions.*>*® Optimized minima geome-
tries and transition state structures were determined by the
presence of either zero or one imaginary frequency, respectively.
Intrinsic reaction coordinate (IRC) calculations verified the
transition states between the correct reactant and product
minima. We chose the wB97X-D functional due to including
long-range and dispersion corrections, which is important for
longer chain systems,” and for its increased accuracy in
calculating thermochemical values for covalent systems.*>**
In addition, wB97X-D yields some of the lowest errors in vertical
attachment energies (VAE) in the reduction of perfluoroalkanes
by an aqueous electron, where VAE is equal to the energy of the
optimized anion subtracted from the energy of the dianion-
radical at the optimized anion geometry.* Since we compare
the reduction potentials of TriSil-1n to that of short-chain PFAS,
we applied the same computational method on TriSil-1n for
consistency. Previous computational research have also
included dispersion corrections to model organosiloxane®*>*
and PFAS* chemistry. Nevertheless, to investigate the structural
dependence on the method, M06-2X>* and B3LYP**>* optimi-
zations and frequencies were calculated for neutral, oxidized,
and reduced TriSil-1n. Slight changes were observed in the
optimized redox structures across the three DFT functionals,
however the underlying results are consistent (see Section 3.2).
As such, we employed wB97-XD for the reasons previously out-
lined. Natural Bond Orbital (NBO) analysis was performed using
NBO Version 3.1 as implemented in Gaussian 16 to compute
spin densities and charge analysis. Standard reduction poten-
tials (Eg) were calculated using the Nernst equation:

. AG
E, = Py SHE

where AG is the change in Gibbs free energy between the
products and reactants, n is the number of electrons transferred
in the reaction, F is Faraday's constant, and SHE is the standard
hydrogen electrode (4.44 V). Two methods were used to calcu-
late the reduction potentials of TriSil-1n, PDMS, and PEG-1n,
similar to the work by Van Hoomissen et al.** In method 1,
the abstracted hydrogen was included in the same calculation
as the reduced molecule, whereas in method 2, the Gibbs free
energy of the abstracted hydrogen was considered infinitely
separate.

3 Results and discussion

The aqueous solution decomposition of TriSil surfactants via
hydrolysis, oxidation, and reduction were investigated using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DFT calculations to assess the environmental impact of the
parent surfactants and major proposed products. To minimize
computational cost and maximize efficiency, and since the exact
composition of TriSil surfactants used in commercial fire-
fighting formulations is proprietary information,” a simpli-
fied, truncated model, TriSil-1n, system was studied (Fig. 1).
This structure was deemed appropriate to study molecular
reactions since previous work on the gas-phase reactivity iden-
tified that bond dissociation energies (BDEs) and radical
intermediates were unchanged with increasing repeating
units.?® Thus, the same local chemical structure environment
would remain constant, resulting in consistent chemical reac-
tivity for larger TriSil formulations (constructed with more
PDMS and PEG monomers). It is important to note that the
variation of the TriSil structure (ie. PDMS and PEG chain
lengths) can affect the solution phase macroscopic surfactant
properties (such as surface tension and viscosity), which will in
turn affect the performance of firefighting formulations.>”
However, macroscopic properties cannot be modeled using
DFT, whereas molecular-level reactions can be modeled.
Therefore, the latter is the focus of this study, and the results of
various molecular degradation channels of TriSil-1n in water
solution will be discussed in the following sections.

3.1 Hydrolysis reactivity

Siloxane-containing surfactants can readily hydrolyze due to the
large atomic radius of silicon, and the easy polarizability and
strong dipole moment (ionic nature) of silicon-oxygen
bonds.*®* Hydrolysis is especially likely to be the dominant
aqueous solution decomposition channel for TriSil-in when
catalyzed by an acid or base.®®** There has been a significant
amount of experimental research on hydrolysis reaction
mechanisms for PDMS and PDMS-like chemical systems®* and
we have extended these previous studies to TriSil-1n. Many
factors such as solvation, pH, temperature, pressure, and
humidity influence hydrolysis reactivity,”®®*** thereby creating
potential stability challenges for TriSil surfactants in foam
formulations.” We have investigated the tendency of TriSil-1n to
undergo hydrolysis under neutral, acidic, and basic conditions
in the present manuscript (Scheme 1). The neutral hydrolysis of
TriSil-1n was investigated under two scenarios; firstly, one water
molecule nucleophilically attacks the central silicon atom (red
line, Fig. 2) via a 4-membered transition state, and secondly, two
water molecules (black line, Fig. 2), where one water attacks the
silicon and a second water assists in the proton transfer in the
transition state, creating a 6-membered transition state
(Fig. S1f). This second pathway was investigated because
assisting water molecules have been shown to lower the acti-
vation energy for hydration/hydrolysis reactions.®**”
Regardless of the number of water molecules, both neutral
hydrolysis mechanisms lead to the formation of trimethylsila-
nol (TMS-OH) and PDMS-like intermediates (P1h) with rela-
tively the same stability (4.2 and 5.8 kcal mol™"). The second
transition state corresponds to another hydrolysis reaction
where the effect of an additional assisting water is observed.
When one water performs the hydrolysis, an activation energy of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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46.8 kcal mol ! was determined, like the energetics of the first
hydrolysis. However, when a second, assisting water was
included, the activation energy becomes 12.3 kcal mol " (black
line, Fig. 2). This decrease in energy is attributed to the
formation of a 6-membered ring transition state structure and
the ease of hydrogen atom transfer, where the additional water
molecule facilitates hydrogen atom transfer between the
attacking water and the PDMS-ether oxygen, forming the
alcohol on the leaving group. The results of this second
hydrolysis are in stark contrast to the first hydrolysis reaction
and are attributed to the decreased steric interactions
surrounding the electrophilic silicon atom.

As shown in Fig. 2, the neutral hydrolysis pathway requires
either an activation energy of 46.0 kcal mol™" (TS1h for hydro-
lysis with only one water attacking the reactant) or an activation
energy of 46.7 kecal mol ™" (TS1h for hydrolysis with an addi-
tional water facilitating the reaction). Since there is no signifi-
cant energetic difference between the activation barriers for
initial hydrolysis, the number of waters that facilitate the
hydrolysis reaction is not a contributing factor. Therefore, the
neutral hydrolysis pathway is unlikely regardless of increased
solvation. Our results are in agreement with previous compu-
tational studies performed regarding the neutral hydrolysis®® of
Si(OCHj;),, where in both studies the authors found that the
neutral pathway is energetically unfavorable. Interestingly, the
addition of a second assisting water molecule does not facilitate
the hydrolysis reaction, which has been previously debated in
literature. Cypryk et al. found that extra solvation lowers the
activation barriers from 34 to 24.5 kcal mol ' for a water
monomer and dimer, respectively, in disiloxane and disiloxanol
using DFT methods.®* More recently, DFT results obtained by
Cheng et al. indicate that hydrolysis of Si(OCH3), is not facili-
tated by an additional water molecule.®® In our TriSil-1n system,
the lack of effect from more water is likely a consequence of the
steric hindrance surrounding the central silicon atom, which
prevents the extra water molecule from lowering the activation
energy. Despite the contradictions in literature, the neutral
hydrolysis pathway is not likely to occur.

Acidic and basic aqueous hydrolysis reactions were investi-
gated by either protonating TriSil-1n at different oxygen sites
(acidic conditions) or including a hydroxide ion (basic condi-
tions). To understand the sites within the molecule susceptible
to nucleophilic or electrophilic attack by these ions, we per-
formed a NBO analysis on TriSil-1n to assess the partial atomic
charges and visualize the highest occupied and lowest unoc-
cupied molecular orbitals (HOMO and LUMO, respectively)
(Fig. 3).

In the basic hydrolysis pathway, there are two hydroxide
anion attack sites, occurring at the central or terminal silicon of
the PDMS component forming a 5-coordinate trigonal bipyra-
midal intermediate. Hydroxide attack of the central silicon
position is more favorable by 3.3 kcal mol ' (Fig. S21) when
compared to the terminal silicon. This result is unexpected as
the LUMO is localized on the terminal silicon group. This
reactivity is likely due to the higher electropositive nature of the
central silicon (2.18 a.u.) compared to the terminal position
(1.91 a.u.) (Fig. 3(a)). Furthermore, analysis of the transition

Environ. Sci.: Adv., 2025, 4,147-158 | 149
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Scheme 1 Hydrolysis reactions for TriSil-1n (a) under neutral, acidic, and basic conditions. R represents the PEG chain. Energies for these

reactions are presented in the potential energy diagram in Fig. 2.

state structure and charge indicates that the 5-coordinate
intermediate, formed from attack of the central silicon, is
stabilized to a greater degree by the two neighboring electro-
negative ether oxygen compared to the intermediate formed
from attack of the terminal silicon (Table S1t). Although we
believe the trend in reactivity is due to electrostatic interactions,
the reactivity and stabilization could be affected by the silicon
hyperconjugation effect.*® Thus, hydroxide prefers to attack the
central silicon rather than the terminal silicon of TriSil-1n
(Fig. 3(c)) since the terminal silicon is sterically hindered sur-
rounded by three methyl groups. Hydroxide attack at the central
silicon occurs with an energy barrier of 8.1 kcal mol™", indi-
cating that the rate limiting step is the rearrangement of the
tetrahedral geometry to trigonal bipyramidal intermediate.
Overcoming this energy barrier will subsequently result in the
formation of anionic and neutral trimethylsilanols with an
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activation energy of 3.5 kcal mol~" (P2b in Fig. 2). The anionic-
TMS produced in basic conditions will likely become proton-
ated and form an alcohol. Product P2b is the same as the
intermediate produced (P1h) in the neutral hydrolysis pathway,
and thus would no longer require basic conditions to further
hydrolyze, but could subsequently undergo a second base
catalyzed hydrolysis. In the latter, the central silicon would
likely be attacked by hydroxide again since it is more electro-
positive (2.13 a.u.) than the terminal silicon (1.90 a.u.), forming
another anionic-TMS and methylsiloxane-diol product.

In acidic conditions, the preferred protonation site will be
the siloxane (Si-O-Si) oxygen along the PDMS chain. The
siloxane oxygen will exhibit greater nucleophilic behavior due to
its significant negative charge compared to the oxygen along the
PEG chain (Fig. 3(a)) and since the HOMO of PDMS lies on the
siloxane oxygen (Fig. S3(a)t). This agrees with the findings of

Acidic & Basic Hydrolysis
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Fig. 2 Potential energy surfaces for hydrolysis reactions at neutral pH (left) and basic and acidic pH (right) of TriSil-1n (a), computed at the
wb97X-D/6-311+G(2d,2p) level of theory. All energies are presented in kcal mol™ and are normalized to TriSil-1n (a). Transition state energy
barriers are in italics and product reaction free energies are in bold. The black pathway corresponds to the reaction facilitated by an additional

water molecule.
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(a) Partial atomic charges of neutral TriSil-1n, where green represents carbon, red represents oxygen, and blue represents silicon. All

values are presented in a.u. Isosurfaces of the (b) highest occupied molecular orbital (HOMO) and (c) lowest unoccupied molecular orbital
(LUMO) for TriSil-1n (isovalue = 0.1 a.u.). NBO analysis was computed at the wb97X-D/6-311+G(2d,2p) level of theory with SMD implicit water

solvation.

Cypryk et al. that the environmental degradation of the PDMS
unit via acidic hydrolysis will likely begin with protonation at
the siloxane oxygen, as this is an important factor in lowering
the activation energy to these bonds.** This protonation occurs
with a reaction energy of 9.7 kcal mol™* (Fig. 2), followed by
nucleophilic attack by water at the terminal silicon of the
protonated TriSil-in (Fig. S3(c)f). This is 21.4 kcal mol™*
kinetically more favorable (Fig. S41), and 2.6 kcal mol ™" ther-
modynamically more favorable (Fig. S51), than the pathway
stemming from attack at the central Si-O bond, with both
pathways leading to the same products, P1a (Fig. S51). Previous
research by Okui et al. regarding the acidic hydrolysis of tetra-
methyl-p-silphenylene siloxane (TMPS) and dimethyl siloxane
(DMS) determined that hydrofluoric acid prefers to attack the
electrophilic Si-O bonds, especially in the PDMS unit of DMS.”
Thus, nucleophiles in an acidic environment will likely degrade
TriSil-1n via the silicon-oxygen bonds comprising the PDMS
unit.”* Further degradation of product Pla involves a second
hydrolysis step resulting in the cleavage of the remaining Si-O
bond, and producing the methylsiloxane-diol product and
TMS-OH (Fig. S61).

The reaction energies and transition state energy barriers of
the basic and acidic hydrolysis in our study are significantly
lower compared to neutral hydrolysis. Thus, hydrolysis in the
acidic and basic conditions are expected to play a major role in
the aqueous degradation of TriSil-in. Our basic hydrolysis
mechanism agrees with that found by Zerda et al., in which the
intermediate structure of the hydrolysis of Si(OCHj), is
a pentavalent coordination complex.®” Although the authors
didn't report energy values, they did report rate constants at
different pH, which qualitatively match our results. At 1 bar in
acidic conditions (pH = 4.9), the rate constant is smaller (6.2 x
10~* mol ' s") compared to mild basic conditions (pH = 7.5,
8.0 x 10"*mol ' s "), indicating that hydrolysis occurs faster in
basic conditions than in acidic conditions.®* Our results also
agree with the experimental study of Ducom et al.”> and the
computational study performed by Cheng et al.®® The authors
found that the basic and acidic hydrolysis of Si(OCH3), is more
favorable (8.84 kcal mol " and 12.7 kcal mol " free energy
barriers, respectively) than neutral hydrolysis (28.4 kcal mol ")

© 2025 The Author(s). Published by the Royal Society of Chemistry

using the B3LYP/6-311++G(d,p) method. The high energetic
barriers associated with the neutral hydrolysis, along with steric
interactions associated with the PDMS backbone, demonstrate
that decomposition via neutral hydrolysis is not a feasible
pathway. This supports the use of TriSil surfactants in fire-
fighting formulations as these surfactants are typically used
under 3% or 6% concentrates in water and held at a neutral pH
of 6-8.> Previous research has shown that double-tail trisilox-
ane surfactants are stable in firefighting formulations over 270
days at a pH of 7.0.” Furthermore, the number of PDMS and
PEG segments in TriSil impacts their resistance to hydrolysis in
acidic and basic conditions,” which may inhibit the degrada-
tion of these surfactants in these conditions or possibly result in
the formation of harmful cyclic siloxane compounds, the latter
of which was not studied here due to computational restraints.
Peng et al. found that trimethylsiloxanes become resistant to
hydrolysis when the number of carbon atoms in the PDMS unit
is increased or the number of ethylene oxide units is
decreased.” Therefore, the degradation of TriSil surfactants will
vary according to the specific chemical composition as well as
the solution and soil conditions environmentally present,
potentially allowing the surfactants to persist long enough to
encounter water treatment facilities or evaporate into the
atmosphere.”””

3.2 Redox reactivity

Although basic and acidic hydrolysis is likely the dominant
degradation pathway for TriSil in aqueous solutions, it is
important to investigate the applicability of redox approaches
towards siloxane surfactants given the possibility of these
surfactants to persist in the environment” and because
common water treatment approaches use chemical redox
methods.” Like hydrolysis, oxidation depends on several
important factors, however, the oxidant dictates much of the
oxidation chemistry. For simplicity, we have only investigated
oxidation using hydroxyl radicals, which are the most common
oxidants employed in advanced oxidation processes (AOPs) for
water treatment.”””® Hydroxyl radicals have been previously
shown to undergo three main types of oxidation: H-atom
abstraction, single electron transfer (SET), and OH-addition

Environ. Sci.. Adv, 2025, 4,147-158 | 151
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and adduct formation.”” However, for OH-addition and adduct
formation to occur, the presence of sp>-hybridized bonds are
necessary, as this pathway undergoes electrophilic addition to
systems containing 7 bonds, which TriSil-1n does not
contain.”®”® Therefore, this oxidation pathway is assumed to not
be relevant for TriSil-1n and similar siloxane surfactants, and
we investigated the H-atom abstraction and SET oxidation
channels for hydroxyl radical and TriSil-1n with comparisons to
the individual polymer constituents. Furthermore, the results of
this analysis can be extended to other oxidants.

Bond dissociation energies (BDEs), transition state energy
barriers, and reaction free energies using implicit water solva-
tion were computed for seven possible H-abstraction positions
(a—g) of TriSil-1n (see atom labels in Fig. 1, Table S2t). The BDEs
range from 85.8 kcal mol " (position d) to 96.3 kcal mol "
(position f) in the aqueous solution and increase from positions
d <c<e<b<a<g<f indicating that the C-H bonds along the
PEG chain are generally weaker than those within the PDMS
unit. The transitions state energy barriers for H-abstraction by
hydroxyl radicals range from 4.84-9.23 kcal mol *, indicating
that kinetically all H-abstraction reactions are energetically
similar and feasible (Table S27). Furthermore, the reaction free
energies for H-abstraction forming TriSil radicals and water
show this pathway is thermodynamically favorable, ranging
from —27.6 kcal mol ' (position d, most favorable) to
—17.1 keal mol ™" (position f, least favorable). These results
match the trend in the bond dissociation energies (BDEs) in
both the solution and gas phase. Positions d, ¢, and e are the
most energetically favorable H-abstraction sites due to the
proximity to neighboring oxygen atoms. The electronegative
oxygen helps to delocalize and stabilize the resulting TriSil
carbon radicals which lowers the energy for the reaction.

The subsequent reactivity of TriSil-1n radicals involves the
reaction with oxygen or further radical recombination with
hydroxyl radicals in solution, that are typically barrier-less. For
the five most favorable H-atom abstraction sites (a-e), the
reaction free energies were computed for O, addition (Table
S31). These values range from —27.7 keal mol " (position c) to
—20.5 kcal mol™' (position a), indicating the anticipated
outcome that O, addition is energetically favorable at all posi-
tions forming peroxyl radical intermediates (R-OO°). Further
reaction with aqueous reactive species is highly variable and
dependent on solutions conditions. These reactions include
peroxyl radical disproportionation reactions through the
formation of a short-lived tetroxide intermediate, bimolecular
peroxyl radical decay through self-reactions and reactions with
HO;, or unimolecular decay via H-shift and elimination of
HO; .**"* Moreover, propagation of the peroxyl TriSil-1n-O,
radical will likely lead to fragmentation of the PEG chain and
products containing aldehyde and alcohol functional groups as
well as small oxygen-containing organics (Fig. 4). A proposed
reaction diagram for the addition of O, to the TriSil-1n radical
at position d is shown in Scheme S1.t

Although H-atom abstraction via hydroxyl radical is likely the
more favorable oxidation pathway, single electron transfer (SET)
could still occur depending on the oxidant or reductant that is
encountered in the environment or employed in water

152 | Environ. Sci.: Adv, 2025, 4, 147-158

View Article Online

Paper

treatment facilities.””” We investigated the geometric parame-
ters (spin densities and charges) and reduction and oxidation
reaction free energies to aid in understanding how SET will
affect the chemical structure and degradation of TriSil-1n.

When an electron is removed in a neutral molecule to create
the oxidized state (Scheme S2(i)7), it will likely be removed from
the highest occupied molecular orbital (HOMO). The HOMO
plot of TriSil-1n (Fig. 3(b)) aligns with the computed spin
densities of oxidized TriSil-1n (Fig. 5(a)). The spin is mostly
located on the PEG ether oxygen (0.27 a.u.) and first three
carbons of the PEG chain (0.16-0.23 a.u.), indicating that the
electron is primarily removed from the carbons along the PEG
unit nearest the central silicon, with stabilization on the
neighboring oxygen atom. This also parallels the charge anal-
ysis post oxidation, in that the ether oxygen along the PEG unit
becomes more electropositive by 0.21 a.u. and the carbon at
position a is also more electropositive by 0.15 a.u. (Fig. 5(a)).

Furthermore, the geometry of the TriSil-1n upon oxidation
significantly changes (Fig. S7t1) where the PEG unit twists to
stabilize the decrease in electron density. Therefore, geometric
and NBO spin density analyses of TriSil-1n were performed to
determine the effect of oxidation. It is important to note that the
oxidized geometry of TriSil-1n is method dependent, potentially
leading to different fragmentation along the PEG chain. Shown
in Table S4,T the geometries of oxidized TriSil-1n at the wB97X-
D and B3LYP levels of theory indicate that bond fission would
likely occur at either the C,-C. or Si;—C, bonds, since these
bonds increased by 0.18 A and 0.13 A, respectively (Table S41).
However, using M06-2X, the C4-C. bond fission is most prob-
able since this bond lengthens by 0.27 A. Despite differences in
these pathways, bond fission due to oxidation is expected to
occur along the PEG chain, likely leading to the formation of
small organic products such as formaldehyde and ethylene.

Along with the bond lengthening observed in oxidized TriSil-
1n (at the wB97X-D level), we expect C,—C,. bond fission to occur
more readily due to the lower relative C-C bond strength (84-
86 kcal mol ') compared to Si-C bond strength (90-
94 keal mol ").2° Furthermore, the charges on the central silicon
and carbon at position a are 2.18 a.u. and —0.94 a.u., respec-
tively (Fig. 1 and 3(a)), leading to stronger interactions that
decrease the likelihood of Si-C bond fission. Thus, fragmenta-
tion from the C,-C. bond leads to a shorter PEG chain fragment
in addition to a PDMS fragment with an ethyl group hosting the
radical.

Analyzing the oxidized geometry of PDMS and PEG provides
insight into further reactivity of smaller product fragments from
TriSil-1n and TriSil surfactants containing different number of
repeating units. The oxidation of PEG-3n will likely lead to
internal C-C bond fission and two symmetrical fragments
(Fig. S8(a), (b) and S9(a)t). This is due to the removal of charge
from the inner oxygen atoms, the increase in the C-C bond
length by 0.26 A, and the slight decrease in the C-O bond length
(Table S4t). Therefore, potential oxidized induced C-C bond
breakage along the PEG component of TriSil-1n is possible
when multiple PEG units (n > 1) are present. In terms of PDMS,
oxidation resulted in the Si-C bond length increasing by 0.31 A
(Table S4t) and the increase in electropositivity of the carbon at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TriSil-1n degradation reaction channel for hydroxyl radical induced degradation via H-abstraction. See Scheme S1} for a proposed

reaction diagram for TriSil-1n—-d—0O, peroxyl radical.

position a (+0.60) (Fig. S8(d) and (e)t). The change in geometry
and charge analysis imply the dissociation of the Si-C bond
with the formation of a methyl radical and cationic PDMS
product.

No trend is observed in oxidation reaction energies between
TriSil-1n and its constituents and a hydroxyl radical, which
range from 24.6 to 38.9 kcal mol™" (Table S51). These high
energy values indicate it may be more difficult to oxidize TriSil-
1n, PEG, and PDMS through SET when compared to H-
abstraction, however this could change based on the nature of
the oxidant. It may be more difficult to oxidize PEG chains
containing an odd number of oxygens, such as in PEG-4n and
PEG-6n, due to localization of spin radical density around the

[
/SLO_SLO,Sl\
£0.07 ~7+0.15

+0.08

0.05
H +0.06

-0.41 -0.05

[
/SI\O,SI\O,SI\
-0.20

O

OH

central oxygen, which stabilizes these chains compared to PEG-
5n (Fig. S9(e)-(g)f). However, conformational energies for
polyethylene oxide (PEO) and PEG chains are heavily dependent
on the solvation environment and usually require explicit
solvation,® which is outside the scope of our work. Regardless,
PEG chains are typically resistant to oxidation.*®

In addition to oxidative conditions, TriSil surfactants may
encounter reductive environments, which are common in
wastewater remediation treatments, such as advanced reduc-
tion processes.®*®® Thus, it is important to study how the
reduction of TriSil-1n (Scheme S2(ii)}) affects its structure and
degradation, to aid in determining if this surfactant is a less
environmentally toxic replacement to PFAS in fire-fighting

Fig. 5 Change in partial atomic charges (left) and spin density isosurfaces (right) for (a) oxidized and (b) reduced TriSil-1n. Green values
correspond to carbon, red correspond to oxygen, blue correspond to silicon, and grey corresponds to hydrogen. Positive values indicate
a decrease in charge. In the isosurfaces, oxygen atoms are red, silicon atoms are pale blue, carbon atoms are gray, and hydrogen atoms are white.
All values are presented in a.u. and only spin densities greater than 0.15 a.u. and changes in partial atomic charge greater than 0.05 a.u. are
reported. The isovalues for (a) and (b) are 0.01 and 0.0035, respectively. NBO analysis was computed at the wb97X-D/6-311+G(2d,2p) level of

theory with SMD water solvation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formulations. We studied the effect of electron addition on the
structure of TriSil-1n, as well as PDMS and increasing PEG
units, to understand the locality of the extra charge. The
reduction of TriSil-1n, PDMS, and PEG-3n does not lead to any
dramatic geometrical changes (Fig. 5(b), S9(b) and (d)¥). In PEG-
3n, the electron adds to positions C, and Cy, (Fig. 1(iv)) as shown
by NBO charge (—0.33 a.u. each) and spin density (0.36 a.u.
each) (Fig. S8(b), (c) and S9(b)t). In PDMS, the effect of reduc-
tion is observed in localization of the charge (—0.09 to —0.17
a.u.) (Fig. S8(e) and (f)f) and extra spin density (0.10-0.18 a.u.)
(Fig. S9(d)t) on the central and terminal silicon atoms, with the
remaining charge distributed among the methyl carbons. In
TriSil-1n, the change in atomic charge (—0.41 a.u.) and spin
(0.42) are primarily located on the central silicon (Fig. 5(b)). This
is the opposite of the oxidation pathway, in which the oxygen
and carbons along the PEG chain contain most of the charge
and spin (Fig. 5(a)). Thus, depending on whether the conditions
are oxidative or reductive, TriSil may degrade through different
pathways. This has implication regarding the tunability of
degradation strategies. By proceeding through the oxidation
route, TriSil-1n may break apart and form products along the
PEG chain. By proceeding through the reduction route, the
PDMS unit of TriSil-1n may initiate degradation and lead to
effective elimination of the surfactant.

Reaction free energies and reduction potentials of various
electron attachment positions were computed for TriSil-1n,
PDMS, and a range of PEG polymer lengths (n = 1-8) (Table
S67). Similar to the calculation of reduction potentials of PFAS
by Van Hoomissen et al,** we employed two methods to
calculate the reduction potentials of these molecules. In
method 1 (Eg ., ), the abstracted hydrogen was included in the
same calculation as the reduced molecule. In method 2 (EOS,sep.)7
the energy of the abstracted hydrogen was separately calculated
from the TriSil radical. The reduction potentials of TriSil-1n,
PDMS, and PEG (1n-8n) do not significantly change by either
method, ranging from —4.82 to —3.89 V (Table S67). Given that
the reduction potential of an aqueous electron, a very strong
reducing agent, is —2.9 V,*® the reduction of TriSil-1n, PDMS,
and PEG are very unlikely. Therefore, oxidation and hydrolysis
are much more likely degradation channels for these materials.

4 Conclusion

Trimethylsiloxane surfactants are potential fluorine-free alter-
natives to PFAS as fire retardants; therefore, it is important to
understand the susceptibility of TriSil to reduction, oxidation,
or hydrolysis in relevant environmental conditions or water
treatment processes. This work aids in understanding if these
fluorine-free surfactants are stable in aqueous fire-fighting
formulations and if their aqueous solution degradation reac-
tions and products are environmentally friendly. The primary
products identified from neutral, acidic, and basic hydrolysis
are neutral or anionic hydroxylated trimethylsiloxanes (TMS-
OH or TMS-0O") and stable PDMS-diol products. The TriSil-1n
hydrolysis reactions were determined to be more energetically
favorable in acidic and basic conditions, as the neutral hydro-
lysis reaction required large energy barriers due to sterics.
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Oxidation of TriSil-1n was investigated via H-abstraction and
SET reactions using hydroxyl radicals. All radicals produced via
the H-abstraction pathway are kinetically and thermodynami-
cally feasible, with the prominent TriSil radical occurring at
position d. Subsequent radical propagation via O, addition
leads to the formation of aldehyde and alcohol containing
products and other small oxygen-containing organics. More-
over, H-atom abstractions are likely the most favorable
oxidation-induced degradation route; however, aqueous solu-
tion oxidation reactions are complex and not all oxidants favor
H-abstraction. Oxidation via SET determined that electron
removal is primarily localized along the PEG chain, facilitating
C-C and Si-C bond dissociation and leading to elimination of
the PEG unit and formation of PDMS-like products, which are
known to completely degrade and not pose an environmental
threat. Finally, the reduction of TriSil-1n was investigated and
found to be unlikely to occur in aqueous solution degradation.
However, although TriSil is not likely to be reduced, TriSil
surfactants are a potential safer alternative component to PFAS
in fire-fighting foams.
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