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Abstract

Obtaining insights into the adsorption and assembly of polyelectrolytes on chemically variable
calcium silicate hydrate (C-S-H) surfaces at the atomic scale has been a longstanding challenge in
the chemistry of sustainable building materials and mineral-polymer interactions. Specifically,
polycarboxylate ethers (PCEs) based on acrylate and poly(ethylene glycol) acrylate co-monomers
are widely used to engineer the fluidity and hydration of cement and play an important role in the
search for building materials with a lower carbon footprint. We report the first systematic study of
PCE interactions with C-S-H surfaces at the molecular level using simulations at single molecule
coverage and comparisons to experimental data. The mechanism of adsorption of the ionic
polymers is a two-step process with initial cation adsorption that reverses the mineral surface
charge, followed by adsorption of the polymer backbone through ion pairing. Free energies of
binding are tunable in a wide range of 0 to -5 kcal per mol acrylate monomer. Polymer attraction
increases for higher calcium-to-silicate ratio of the mineral and higher pH value in solution, and
varies significantly with PCE composition. Thereby, successive negatively charged carboxylate
groups along the backbone induce conformation strain and local detachment from the surface.
Polyethylene glycol (PEG) side chains in the copolymers avoid contact with the C-S-H surfaces.
The results guide in the rational design of adsorption strength and conformations of the comb
copolymers, and lay the groundwork to explore the vast phase space of C-S-H compositions,
surface morphologies, electrolyte conditions, and PCE films of variable surface coverage.
Chemically similar minerals and copolymers also find applications for other structural and

biomimetic materials.
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Introduction

Concrete is the world’s most abundant building material and consists of cement mixed with sand,
water, and, most often, polymer additives.!-* Cement is made by heating a mixture of limestone
(CaCQ,), clay, and other compounds in a kiln to form calcium silicate and calcium aluminate
phases.®> Thereby, thermal elimination of CO, causes major greenhouse gas emissions (>50%),
along with burning of fossil fuels to heat kilns and operation of ball mills for grinding of the raw
cement clinker into micrometer sized cement particles.* Overall, cement production accounts for
5% to 7% of the global carbon dioxide footprint,> and one possible pathway to reduce CO,
pollution may be the partial replacement of clinker with supplementary cementitious materials
such as fly ash, slag, silica fumes, calcined clay, and natural pozzolans in so-called blended
cements.%8 The exploration of such new materials benefits from understanding of the physical and
chemical processes upon hydration of cement phases from the molecular scale which, in spite of

many studies, remain fundamentally unclear.

The properties of cement depend substantially on organic additives supplied in solution, often
called superplasticizers, that control workability (rheology), setting behavior, and contribute to the
ultimate mechanical properties of concrete.!> >-!! The interaction of such polyelectrolytes with
oxide and hydroxide particles is not well understood and benefits from insights down to the
molecular scale to customize the properties of concrete.!?-4 Understanding such interactions also
supports the development of functional bioinspired material structures, catalysts, hydrogels, and

nanoparticle-based therapeutics.!> 6

The development of novel, greener cements aims at retaining favorable hydration, setting, and
mechanical properties. The typical hydration kinetics of cement minerals involves several stages!

3 wherein the organic modifiers enable an increase of the fluidity of the cement paste and allow
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processing at lower water-to-cement ratios. Reduced water content increases the early strength of
concrete, reduces the porosity, and can enhance the late strength (in ordinary Portland cement).
Common organic modifiers include copolymers of acrylate and polyethylene glycol-modified
acrylate, called in short polycarboxylate ethers (PCEs) (Figure 1a, b). There is consensus that
negatively charged polymer backbones, i.e., acrylate or methacrylate groups, adsorb on the mineral
surfaces and neutral side chains such as polyethylene glycol (PEG) help prevent agglomeration of
mineral particles, possibly by steric hindrance.!?"!# Ton pairing mechanisms have been suggested,
however, underlying simulations exclude chemical details of the polymers, of the silicate mineral
surfaces, and the electrolytes.!” 18 Measurements of cement paste properties leave many open
questions about the working mechanism,!> - 1° and PCEs also affect the reactions at solid-liquid
interfaces.?22 For example, the number density and length of side chains of the PCE comb-
copolymers affect the retardation of the hydration reaction and mechanical properties of
concrete.?>2> Proposed correlations with polymer structure!? 13- 22- 2528 have remained difficult to
verify due to the lack of control over grafting density and polydispersity of the molecular weight
of PCEs. Based on current understanding, the role of C-S-H surface chemistry and morphology,
the magnitude of molecular-level interactions of the polymer with the surface, and understanding

of adsorbed conformations remain elusive.

To overcome these limitations, we identified the mechanisms of adsorption of PCE molecules
on calcium silicate hydrate surfaces in aqueous solution using molecular simulations in full
chemical resolution.?-3! We employed a series of 9 polymers of variable molecular architecture
(Figure 1a, b), reproducible surface models of calcium silicate hydrates (Figure 1c-¢),3? explicit
solvent molecules, and utilized the Interface force field (IFF) which has been thoroughly validated

for interfacial properties.’! The calcium-silicate-hydrate surfaces were represented by three
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different (h k 1) surfaces of tobermorite 14 A 33 the closest well-known crystal structure to semi-
ordered C-S-H gels (Figure 1c-e). For simplicity, we neglect additional pore electrolytes in the
aqueous solution and maintain a constant low PCE surface coverage of 35%. The Interface force
field (IFF) and the associated surface model database®' realistically represent calcium silicate
hydrate surface chemistry and interaction parameters.>* 3% IFF consistently captures chemical
bonding and internal polarity and covers cement minerals, silica, clays and other compounds,
including pH-dependent surface chemistry and organic molecules such as PEG.?% 31, 36-39
Computed surface, interfacial and mechancial properties are up to two orders of magnitude more
accurate compared to alternative models*>-43 and were recently surveyed in comparison with
several cement force fields (CemFF).3? IFF models previously helped identify the working
mechanism of organic additives during grinding of cement particles,**4® pH-dependent retardation
of cement hydration in the presence of aluminate ions,* as well as mechanisms of crystal growth

and catalytic activity.!# 31,34, 36,37, 47-49

Prior simulations of PCE adsorption on C-S-H surfaces have not been reported. Earlier
atomistic simulations of PCEs have been carried out in solution3? 3% 3! as well as in aqueous
environment on MgO>? and C;S>3 surfaces. Simulations of simpler polymers on C-S-H surfaces
have been reported (1.3 C/S ratio)*® using force fields*® that have large errors in surface energies
due to unrealistic atomic charges.*? Prior related studies also include coarse-grain simulations of

polymers and charged disks>* to rationalize the assembly of C-S-H crystals at the mesoscale.>

While reliable force fields have become available,?!- 32 however, current techniques cannot
simulate real cement conditions due to limitations in length and time scale. Therefore, the choice
of appropriate model systems, approximations, and awareness about limitations is critical. The

primary constituents of early-stage hydrated cement are hydrated tricalcium silicate (C;S) and
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hydrated tricalcium aluminate (C;A), of which the aluminate phases hydrate quickly. Calcium
silicate hydrates (C-S-H) precipitate as a complex semi-amorphous gel with locally ordered and
globally disordered morphology after longer periods of time. Modeling such C-S-H nanostructures
is challenging as sampling over a large number of calcium-to-silicate (C/S) ratios, morphologies,
water content, and electrolyte conditions is ideally required. IFF contains a C-S-H model builder,>¢
yet the C-S-H design space is too large to be covered in a single study, especially when paired with
a library of polymer compositions. In addition, experimental measurements may not be feasible
for highly customized C-S-H models. We therefore postpone the use of customized C-S-H models
and chose more reproducible surface models for this first systematic computational study of PCE
adsorption mechanisms. Tobermorite 14 A (CasSisO;4(OH),-7 H,0) is the closest regular,
crystalline model compound for hydrated C-S-H surfaces.?* The (001), (100), and (004) surfaces
(Figure 1c-e) can be obtained in experiments, which may allow future experimental validation of
the results, similar to testing of peptide binding on different silica surfaces previously.3% 3757 The
three tobermorite 14 A surfaces display a range of area densities of Ca2* ions, C/S ratios, silanol
and siloxide groups, as well as calcium-to-water (C/H) ratios that represent possible C/S ratios of
amorphous or semi-ordered C-S-H surfaces (Figure 1c-h). Along with the 9 single PCE oligomers
of different composition (Figure 1a, b), we examined 27 different combinations of PCE comb
copolymers and well-defined C-S-H surfaces. The size of the all-atom model systems was 10 to
20 nm. A color code represents different fractions of side chains in the oligomers (Figure 1b). We
further assume aqueous interfaces without the addition of electrolytes other than the ions
dissociated from the (h k 1) tobermorite 14 A surfaces, as well as calcium ions and acrylate ions
from the PCEs in solution. Our model conditions correspond to the addition of PCE in acid form,

which reacts with calcium hydroxide in the pore solution to form calcium salts of the PCE and
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water. The possible wide range of electrolytes in pore solutions of cement such as Na*, K*, Ca?",
S0,4%, OH-, aluminate, Mg?*, and CI- ions with concentrations between 0.0 and 0.2 M was not
considered.*® 3 The surface coverage of single PCE molecules of 35% equals a comparatively low
dosage of ~0.4 mg PCE per 1 g of cement, which is about ~10% of that in typical cement
formulations.!! We believe that understanding at the single molecule level provides a foundation
for explaining the assembly of more densely packed polymer films going forward. The simulation
conditions were overall chosen for simplicity and reproducibility, including initial tests for 0.2 M

added Ca(OH); and higher PCE surface coverage.

The outline of the paper is as follows. First, we describe the characteristics of the C-S-H surface
models and aqueous interfaces, the polymers and their conformation in solution, as well as the
surface coverage in molecular detail. Then, we proceed with the discussion of the adsorption
mechanism, binding energies and adsorbed conformations as a function of the fraction of side
chains in the backbone and of the length of side chains, free energies of adsorption, the influence
of added salts and higher surface coverage, as well as comparisons to experimental measurements.
Conclusions are given at the end. Computational details (Section S1), supplementary figures,

tables, text, animations, and models to reproduce the simulations are provided in the ESI.
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A 'ﬁoi|1 B Oligomer | Numberof | Density of Molecular weight of
name | segments‘n’| side chains oligomers (g/mol)
xy-z (x:y-z), y/(x+y) z=3 | z=6 | z=9

z 1:1-z2 8 1:1 (50%)® | 2379 3436 4493
112Ca* ¢ 0 31z 4 3:1(25%) | 1926 | 2455 | 2983
coor 6:1-z 2 6:1 (14%) 1700 1964 2228

2 Color code helps distinguish the density of side chains.

(001) surface

Ca:Siratio=0.5 Ca:Siratio=0.83 CaSiratio=1.0
1.2 Ca?* ions, 2.4 SiOH groups, 2.9 Ca?* ions, 1.2 SiOH groups, 4.8 Ca?* ions, 0.0 SiOH groups,
2.4 SiO-groups per nm?, pH~10 5.8 SiO groups per nm?, pH ~12 9.6 SiO- groups per nm?2, pH ~14

(OOTI) surface ‘f . :ﬁ“i" ‘b

p < B A
(100) surface

Figure 1. Structure of the acrylate-(polyethylene glycol)acrylate copolymers and tobermorite 14
A surfaces that represent reproducible C-S-H surface environments. (a) Structural formula of the
polymers, in short called polycarboxylate ethers (PCEs). (b) Abbreviation and molecular weight
of the PCE models. The number of acrylate repeat units in all backbones is 16 (n - (x + y) = 16).
(c-e) Side view onto the tobermorite 14 A (001), (100), and (004) surfaces that represent C-S-H
surfaces. Differences in surface chemistry are indicated by the specific Ca:Si ratios (C/S ratios),

area densities of Ca?" ions, SiOH groups and SiO- groups, as well as approximate pH values
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associated with these protonation states. (f-h) Top view onto the C-S-H model surfaces. The PCE
6:1-9 oligomer is shown on the surfaces at 35% surface coverage to indicate relative proportions.
Only the first atomic layer of the calcium silicate surface is shown to visualize differences in the
arrangement of silicate chains, Ca?" ions, SiIOH groups, and SiO- groups. The insets show side
views of the adsorbed polymers. 27 different polymer-surface combinations were tested (9

oligomers x 3 model C-S-H surfaces).

Results and Discussion

Models of the Tobermorite 14 A Surfaces and Aqueous Interfaces. The (001), (100) and
(004) surfaces of tobermorite 14 A exhibit an increase in the C/S ratio and in surface energy (=
cleavage energy) (Figure lc-e and Figure 2). The degree of ionization of surface silanol groups
(=S1-OH) to siloxide groups (=Si-O) increases in the same order. Therewith, the solution pH value
at which these surfaces are stable increases from pH ~10 to pH ~14. The correlation of solution
pH with surface chemistry, i.e., different degrees of 1onization, has been previously explained for
silica surfaces3”- 37 and glasses®® based on pK values for silicic acid and extensive laboratory data
for surface titration.’> 57> 61. 62 The representation of surface chemistry in C-S-H models in
accordance with pH values in solution is essential to understand and predict interfacial properties,
similar to other cement minerals,3> 2 silica, and apatite surfaces.3® 63-% The chosen surface models
of tobermorite 14 A cover a typical range of surface chemistry in cement, corresponding to pH
values between 10 and 14, and consist of connected silicate chains of three-mers (Dreierketten)
(Figure 1c-h). The silicate chains assume regular orientations in the [010] direction on (001) and
(004) surfaces (Figure 1c, e, f, h), as well as orientations in wide and small grooves on the periodic

(100) surface (Figure 1d, g).
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Molecular dynamics simulations were used to characterize the cleavage energy (= surface
energy) and solid-water interfacial energies of these regular C-S-H surfaces (Figure 2). The (001)
plane of tobermorite 14 A is of lowest cleavage energy of ~380 mJ/m?, followed by the (100) and
(004) planes with an increase in surface energy to ~640 mJ/m?. Cleavage of crystals preferably
occurs along planes with rows of ions and avoids planes with polar covalent O-Si-O-Si-O bonds
which requires multiple times more energy to break.*’” The (004) cleavage plane of tobermorite 14
A (Figure 2a) is structurally equivalent to the (004) cleavage plane in tobermorite 11 A (Merlino
crystal structure) (Figure 2b),% where it is the cleavage plane of lowest energy (Figure 2d), and to
the (002) plane in tobermorite 11 A (Hamid crystal structure).®’” These cleavage surfaces can be
obtained in experiment. In addition, the tobermorite-water interfacial energies for the chosen
surfaces are in the range for voluntary hydration and wetting of -10 to +110 mJ/m? (20 mJ/m?),
similar to the surface tension of water of 72 mJ/m? or less.%® The cleavage energies of the
tobermorite surfaces are also much lower than in tricalcium silicate (CsS), which is the most
abundant mineral phase before cement hydration and shows (hkl) cleavage energies in excess of
~1100 mJ/m?.'* The closest approximation for C-S-H surfaces formed upon hydration of Portland
cement might be the (100) surface of tobermorite 14 A with a surface C/S ratio of 0.83, equivalent
to a bulk C/S ratio between 1.25 and 1.6. The (100) surface is expected to be stable at a pH value

of ~12, which is similar to pore solutions with a pH value of ~13.3

10
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Ca/Siratio pernm simulation experiment  energy sim. (mJ/m?)
Tobermorite 14 A (00 1) 0.50 1.20 380£20 386120 -10 £ 20
(100) 0.83 2.91 580 £ 10 (Ca/Si=1.50) 40 + 20
(004) 1.00 4.78 635 £ 20 110 = 20
Tobermorite 11 A (100) 0.66 2.41 715 £ 10 135+ 10
(Merlino) (004) 1.00 4.81 680 £ 10 140 + 20
Tobermorite 11 A (00 4) 0.25 0.61 325 £ 20 -185 £ 10
(Hamid) (100) 0.83 2.38 785+ 10 5x20
(002) 1.00 4.85 630 £ 10 105 = 10

Figure 2. Structure and computed properties of low energy cleavage planes of tobermorite
minerals. (a) Tobermorite 14 A (refs. 3 and ). (b) Tobermorite 11 A (Merlino, ref. ). (c)
Tobermorite 11 A (Hamid, ref. ¢7). (d) Atomic-level structure of the surfaces and preferred
cleavage planes. Dissection of polar covalent Si-O bonds is avoided and would increase cleavage
energies by several 100 mJ/m2. (004) planes of tobermorite 14 A are equivalent to (004) planes of
tobermorite 11 A (Merlino) and (002) planes of tobermorite 11 A (Hamid). Solid-water interfacial
energies on the order of 0 to 100 mJ/m? indicate hydration and compatibility with water. The

average uncertainty is £10 to +20 mJ/m?.
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Typical amorphous C-S-H surfaces in Portland cement consist of silicate chains that are further
broken down into a distribution of short oligomers due to hydrolysis, and feature higher bulk C/S
ratios of ~1.4 to ~1.7. The C/S ratio in typical bulk C-S-H is significantly higher than in bulk
tobermorite 14 A, however, the C/S ratio on C-S-H surfaces and the exposed area density of Ca2*
ions remains similar to tobermorite 14 A (h k 1) surfaces. The similarity is due to exposure of less
Ca?" ions at C-S-H surfaces as a result of a more random three-dimensional distribution of Ca?*
ions in C-S-H. In contrast, the Ca?* ions on the tobermorite 14 A surfaces are concentrated in layers
with higher area density than in the remaining volume of the mineral (Figure 2a). Accordingly, the
tobermorite 14 A (h k 1) surfaces with bulk C/S ratios of 0.5 to 1.0 are reasonably representative
of C-S-H surfaces with C/S ratios of 0.8 to 1.6. We accept a tradeoff between a wide range of
amorphous C-S-H surfaces for the closely related, well-characterized tobermorite 14 A (h k 1)

surfaces to enable reproducibility and future experimental verification.

We found that, on the (001), (100), and (004) tobermorite 14 A surfaces, only between 3% and
0% of Ca?" ions dissociate more than 3 A away from superficial siloxide groups in aqueous
solution (Figure 1c-¢). In comparison to silica’ 7! and clay mineral surfaces,% 72 this degree of
dissociation is about one order of magnitude lower. The difference is related to the higher area
density of negative charge at the elevated pH values and stronger localization of the negative

charge on individual oxygen atoms (see further discussion in Section S2 of the ESI).

Polymer Models and Conformations in Solution. We utilized monodisperse models of the
9 different acrylate oligomers. All models have the same backbone length (16mer) of ~4.0 nm in
an extended conformation. In comparison to commercial PCEs with a backbone length of 50 to 60
units, the backbone length is only a fraction and chosen for computational feasibility.”> The

grafting density of PEG side chains was varied similar to prior experiments’ at 50% (1:1-z), 25%

12
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(3:1-z), and 14% (6:1-z), and the length of the side chains varied with z = 3, 6 and 9 repeat units
(Figure 1a, b). Commercial products often feature longer side chains, for example, 20 to 40 repeat

units, and larger in some cases.

At the outset, the dynamics and conformations of the PCEs in the desorbed state are of interest
as adsorption is driven by the differences in energies and free energies relative to the desorbed
state. The anionic backbone and the PEG side chains are soluble in water. The equilibrium between
extended and globule-like conformations is affected by the topology and the dynamics by the
coordination of the Ca?" ions to the carboxylate groups (Figure 3). A lower density of side chains,
or shorter side chains, lead to more globular conformations and faster conformation changes
between different states (Figure 3b, c, f, 1, j). Neighboring COO- groups in the backbone avoid
close contacts with each other due to electrostatic repulsion and associated hydration shells. More
direct contact of Ca?" ions with the backbone is observed. In contrast, the acrylate backbone of
PCEs with densely grafted and longer side chains tends to be rigid and extended in solution (Figure
3d, g, j). Then, the side chains diminish access of hydrated Ca’" ions to the negatively charged
backbone and favor a larger end-to-end length. The fraction of Ca?" ions coordinated with the
polymer backbone in solution amounts up to ~35% in PCEs 1:1-z, up to ~50% in PCEs 3:1-z, and
up to ~75% in PCEs 6:1-z. The calcium ions were hereby present in a stoichiometric amount to
neutralize the negative charge on the acrylate backbone, without further addition of electrolytes

such as Ca(.

13
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Figure 3. Equilibrium conformations of the 16-mer polycarboxylate ethers (PCEs) in dilute
aqueous solution and end-to-end distance of the acrylate backbone. (a-c) PCEs with 3-mer side
chains (z = 3). (d-f) PCEs with 6-mer side chains (z = 6). (g-1) PCEs with 9-mer side chains (z =
9). The backbone is highlighted in dark blue. (j) Corresponding average end-to-end distances of
the 16-mer acrylate backbone. From left to right, oligomers tend to assume more flexible, folded
conformations due to lower amount of PEG side chains and a higher negative charge across the
backbone. In the same order, Ca”" ions bind more closely to acrylate anions in the backbone and

accelerate conformation changes per unit time through variable coordination.

14
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Surface Coverage and Dosage in the Simulation in Comparison to Experiment. The
dimensions of the (hkl) tobermorite 14 A surfaces for adsorption were designed to be between 3.4
x 3.7 nm? and 5.6 x 6.7 nm? so that extended, flat-on conformations of the PCEs consistently cover
35+£3% of the surface area (Figure 1f-g, Table S1 and Section S1 in the ESI). The surface area
covered in flat-on conformations is linearly proportional to the molecular weight of the polymer

because the density of all PCEs is the same within few percent.

To understand the actual thickness of an adsorbed organic film, it is helpful to recall the
thickness of a continuous single organic layer, such as a hydrocarbon chain or a PEG chain, of
~0.4 nm.”> An ideal monolayer of this type requires ~1.2 mg PCE per 1 g of cement (assuming a
specific surface area of cement of ~2 m?/g).!!-26 To cover the entire particle surface in practice,
however, more PCE is used as the molecules lack complete conformational flexibility and do not
spread out in flat-on conformations of 0.4 nm thickness. The typical dosage of 2 to 8 mg PCE per
1 g of cement in concrete processing!! thus generates continuous PCE films of 1 to 3 nm thickness
that effectively assemble into multilayer structures. In contrast to such continuous polymer films,
our first study in all-atom detail focuses on low, single molecule coverage at 35%. The mass dosage
(in g PCE per g of cement mineral) was obtained from the surface coverage, converted into mass
of the PCE molecule (in g) per surface area (in m?, see Table S1 in the ESI), multiplied by the
specific surface area of cement (for example, ~2 m?/g in the dry or hydrated state).!!-2¢ The dosage
amounts to ~0.4 mg PCE per g of cement in our calculations. The interpretation of available
experimental data takes the differences between model systems and laboratory systems into

account.

15
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Adsorption Mechanism of the Comb Copolymers. The common events in the binding
mechanism of PCEs involve the initial migration of Ca’" ions to the C-S-H surfaces (Figure 4a,
b), followed by the anionic polymer backbone (Figure 4c), and conformation adjustments on the
surface (Figure 4d). The first approach to the surface often occurs by an end of the polymer chain
with successive COO- groups and multiple negative charges (Figure 4e). The common occurrence
of more than two successive carboxylate groups in the backbone of the PCEs results in local
detachment from the surface owing to electrostatic repulsion and steric effects (see Movie S1 in

the Supporting Information). Tilted and partially upright conformations can then result.

4 “1nm
= e

| 3 I, e, e

' o o e 99 o ©
- = = = = - 3
C-S(/A! x“‘b“af“
CErTE  — E— _ RIS
© Hydrated cation (e.g. Ca%*) &« Hydrated anion (e.g. OH-, SO4%) - B (o) Qa‘ClHI

Figure 4. Sequence of events involved in the binding of PCEs to all C-S-H surfaces. (a) PCE
molecules in solution more than 3 nm apart from the surface. (b) The conformation of the PCE
changes during the approach to the surface. Calcium ions dissociate from the negatively charged
acrylate backbone and bind to vacant surface sites. (¢) The acrylate backbone follows the cations
and initially binds to the C-S-H surface. (d) The PCE conformation adjusts depending on the
structure of polymer x:1-z, the C-S-H surface chemistry, the pH value in solution, and the presence

of additional ions (not shown). (e) Snapshot of a PCE backbone with a flexible end containing

16
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multiple negatively charged COO- groups, which move towards the surface and compete for

superficial Ca?" ions.

Hereby, the tobermorite 14 A (h k 1) surfaces differ from the bulk mineral through the presence
of vacant Ca?" sites and under-coordinated siloxide groups (=SiO-) to which the Ca®' ions of the
polymer are rapidly attracted (blue arrows in Figure 5b, e, h). These sites promote the initial
dissociation of Ca®* ions from the negatively charged PCE backbone and migration to the mineral
surface (Figure 4a, b). Subsequent motion of the negatively charged bulky polymers to the surface
and the formation of ion pairs between the COO- groups of the polymer and Ca?" ions on the
mineral surface (Figure 4c, d and Movie S1 in the ESI) leads to a range of binding patterns and
conformations. The preferred binding patterns and conformations depend on the mineral surface
chemistry, the density of side chains (Figure 5) as well as the length of side chains (Figure 6). Full
understanding of the atomic-level details requires side views (Figures 5 and 6, as well as Figure
S1 in the ESI) and top views (Figure 1f-h and Figures S2 to S4 in the ESI). Moreover,
representative 3D models are supplied in the ESI. A first measure to assess binding of the
oligomers to the C-S-H surfaces was the contact time. The contact time was defined as the
percentage of total simulation time during which any atoms of the PCE were within 1.0 nm
distance from oxygen atoms in the top atomic layer of the C-S-H surface as an average over
multiple replicas. The contact cutoff distance was chosen larger than usual (0.3 nm)73 7677 as some
PCEs showed steady binding at several Angstrom distance from the surface (PCEs 1:1-9 and 1:1-

6 on (001) and (004) surfaces, see section S1.5 in the ESI for details).

17
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Figure 5. Interaction of PCEs with short side chains with the C-S-H model surfaces in side view.
First, Ca*" ions from the PCEs adsorb at available coordination sites of the cleavage plane (blue
arrows in b, e, h) followed by ion pairing of the PCE backbone via acrylate side groups to calcium
ions on the surface. (a-c) Representative conformations on the (001) surface of tobermorite 14 A.

Contact time with the surface via ionic side groups increases as the fraction of side chains decreases
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(ato ¢). (d-f) Representative conformations on the (100) surface of tobermorite 14 A. The binding
strength is higher than on the (001) surface and the contact time ~100%. (g-1) Representative
snapshots on the (004) surface of tobermorite 14 A. Binding is stronger than on the (001) surface
but weaker than on the (100) surface. PCE binding is overall less dependent on the surface
chemistry for a lower fraction of side PEG chains due to increased conformational flexibility and
backbone ends rich in COO- content (c, f, i). PCEs with a low fraction of side chains more
frequently assume tilted and upward orientations relative to the surface (see panel (c) with periodic
boundary condition shown as dotted lines). The height of the simulation boxes was greater than

shown for clarity.
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Figure 6. Interaction of PCEs with long side chains with the model C-S-H surfaces in side view.
(a-c) Representative conformations and time in contact with the (001) surface of tobermorite 14
A. The fraction of side chains decreases from (a) to (c) and leads to more contact time with the
surface via ionic side groups. (d-f) Representative conformations on the (100) surface of
tobermorite 14 A. Binding is stronger than on (001) surfaces and contact times are 100%. (g-i)
Representative conformations on the (004) surface of tobermorite 14 A. The contact time, although
not necessarily the binding strength, decreases relative to the same systems with shorter PEG side
chains as access of COO- side groups to surface binding is diminished (a, b, g). The height of the

original simulation boxes was greater than shown for clarity.

The major contribution to adsorption is the formation of SiO~ --- Ca?" and Ca*" --- “OOC-R
ion pairs which often assume distances less than 3 A (Figure 7a).3¢:37-63 In addition, on the (100)
surface, adsorption is supported by multiple hydrogen bonds between surface silanol groups and
acrylate anions in the polymer backbone (=SiOH --- “OOC-R) (Figure 7b). Nevertheless, a similar
strength of these interfacial hydrogen bonds to hydrogen bonds with water molecules prior to
adsorption preempts a significant contribution to adsorption. Silanol groups are also present on the
(001) surface although they do not participate in hydrogen bonding due to their position 2 to 3 A
below the superficial layer of =SiO~ groups and Ca?" ions and inaccessibility by the bulky
carboxylate groups in the PCEs (Figure lc, Figure 5a-c, Figure 6a-c, Figure S4a-c in the ESI).
Hydrogen bonds can also form between alcohol-terminated PEG side chains (—-OH) and surface
siloxide groups (=SiO- --- HOR) on all C-S-H surfaces (Figure S5 in the ESI). Such hydrogen
bonds can play a role relative to PCEs with methyl-terminated PEG side chains (~CH3), which

cannot form such hydrogen bonds. The OH-terminated PCEs can maintain better surface contact
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and enable the same fluidity of concrete paste at lower concentration.”® 7 A notable contribution
to adsorption of the backbone furthermore arises from conformation strain caused by more than
two successive COO- groups, which tend to desorb from the surface and induce locally tilted or
upright orientations (Figure 7¢). Minor contributions to adsorption can also be associated with van
der Waals interactions, which are similar before and after adsorption due to similar polarizability

of the surrounding major atoms (Si, O, C, Ca).?!

Polyethylene glycol (PEG) side chains avoid direct contact with the tobermorite surface in all
27 model systems (Figures 5, 6, and Figure S1 in the ESI). The oxygen atoms of PEG side chains
in C—O—C bonds carry less negative charge (-0.40e) than oxygen atoms in water molecules (-
0.82¢). Smaller internal dipoles of the C—O—C bonds in PEG monomers in comparison to water
molecules lead to less attraction to Ca®* ions and to SiO- ions on the mineral surface to form a
solvation shell. Therefore, the loose PEG side chains prefer to stay in solution and show no affinity
to the C-S-H surface, in contrast to the possible action as multidentate ligands for ions in circular

crown ethers.8?

The adsorption of Ca?" ions onto the overall electroneutral calcium-silicate-hydrate surfaces in
this manner can explain neutralization, or reversal, of a negative zeta potential towards positive
values as observed upon addition of PCEs in experiment.®! Subsequent adsorption of excess
carboxylate could also decrease the zeta potential to larger negative values,!!- 82 and both scenarios
have been observed. In addition, analogous to the electrostatic repulsion between neighboring
carboxylate groups (Figure 7c), repulsion between neighboring negatively charged disiloxide
groups (— SiO,?> — O — Si0,?—) can be observed in the silicate chains of the tobermorite surface
(Figure 1f-h). The OSiO planes in each group bend apart by ~13° and the third successive

disiloxide group on bridging silicate tetrahedra points downwards to relax the strain.
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Neighboring ¢
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lon pairs H bonds Backbone conformation is
C-8-H - Ca?* =SiOH --- -O0C-R influenced by and

C-S-H/Ca?* --- -O0C-R

Figure 7. Main contributions to binding of polycarboxylate ethers onto the model C-S-H surfaces.
(a) Formation of ion pairs on the surface (shown for the (100) surface). (b) Hydrogen bonds
between surface silanol groups and oxygen atoms in the carboxylate groups of the polymer
backbone depending on the pH value in solution. (¢) Conformation strain among consecutive
COOr- groups in the backbone due to competition for binding to Ca?* ions on the C-S-H surface.
Angle bending (blue highlights) and rotational strain (orange highlights) force the polymer locally
out of a flat-on orientation into tilted orientations when more than two successive COO- groups
are present. A segment of four C-C bonds (2 monomers) between adjacent COO- groups by ester
side chains can relieve the strain and support reorientation towards the surface (dark blue arrow,

shown on the (001) surface).

Binding Energy and Conformations. All PCEs undergo exothermic adsorption. Binding
energies range between -2 kcal/mol and -49 kcal/mol for the 16mer chains depending on the
surface and the polymer (Figure 8a-c). The trends are similar when the adsorption energy is

expressed per unit mass instead of per mole (in cal/g) (Figure S6 in the ESI). Energy and enthalpy
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of binding are identical due to negligible volume work upon adsorption (<0.01 kcal/mol). A major
influence arises from the C/S ratio of the surface, and binding increases by more than three-fold
from the (001) surface at pH ~10 (Figure 8a) to the (100) surface at pH ~12 (Figure 8b), and
slightly further to the (004) surface at pH ~14 (Figure 8c). The reason is the availability of more
calcium ions per unit area for facile coordination of carboxylate groups from the PCE backbone.
Thereby, high (Figure 8b and Figure 1d, g) and very high Ca*" area density on the surface (Figure
8c and Figure le, h) lead to similar results, whereby the (004) surface allows more differentiation

among polymer structures.

Another influence on binding strength is associated with the fraction and regularity of ester
side chains (Figures 5, 6 and Figure S1 in the ESI). A lower fraction of side chains tends to support
adsorption, such as in the 6:1-z and 3:1-z oligomers, which have more available COO- groups for
binding. In addition, longer side chains in these PCEs shield ionic interactions between adjacent
polymer backbones and support stronger polymer-surface binding. The trend inverses for a high
fraction of side chains in PCEs 1:1-z when longer, more densely packed side chains stiffen the
backbone and reduce optimized contact between COO- groups and calcium ions on the C-S-H
surface (Figure 6a, d, g). The higher fraction of side chains in PCEs 1:1-z also introduces more
surface-selective binding as seen by larger differences in adsorption enthalpy and larger
differences in contact time on the different (hkl) surfaces compared to other polymers (Figure 8a-
c as well as Figures 5, 6, and Figure S1 in the ESI). PCE 1:1-3 with short side chains shows strong
binding comparable to PCEs 6:1-9 due to relatively high conformational flexibility. Many longer
side chains such as in PCE 1:1-9 occupy a larger area to adsorb and have a larger excluded volume
(Figure S4a, d, g in the ESI). The side chains then shield more potential binding sites on the surface

that could otherwise be accessed by acrylate anions in the PCE backbone. Adsorption energies are
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then reduced (Figure 8a-c) in agreement with experiments that report less PCE adsorption for
increasing PEG content.?® 8 The PCEs in near flat-on conformations also show an orientation

preference parallel to the silicate chains on the tobermorite 14 A surfaces (Figure 1g and Figures

S2, S3, S4d-f in the ESI).

Furthermore, consecutive COO- groups along the PCE backbone (in PCEs 6:1-z and 3:1-z)
have difficulty to bind to the pattern of Ca?* ions on the C-S-H surfaces due to electrostatic
repulsion, angle bending strain, and rotation strain. These effects allow only up to two successive
COO- groups in the PCE backbone to adsorb next to each other (Figure 7¢). Three successive
COO- groups were not found to adsorb in a row and force the backbone out of a flat-on
conformation, often leading to tilted conformations (Movie S2 in the ESI). The presence of
nonionic monomers with PEG side chains in between such carboxylate monomers helps relieve
local conformation strain and extends surface contact (Figures 5d and 6d). As a rationale, energy
barriers less than 1 kcal/mol are usually required for stretching of bond angles and rotation of (C—
)C—C(=C) bonds in the polymer backbone according to experimental measurements.?% 35 The
computed binding energies of the PCEs are typically stronger, exceeding -1 kcal per mol of COO-
groups or -16 kcal/mol per 16émer backbone (Figure 8a-c), and can thus trigger such

conformational changes.

The foregoing observations are also backed up by the average end-to-end length of the
oligomer backbone on the (001), (100), and (004) surfaces of tobermorite 14 A (Figure 8d-f).
Weaker adsorption tends to be accompanied by larger end-to-end length and thus higher backbone
stiffness, and stronger adsorption is found for more flexible backbones with shorter end-to-end
length. The maximum extended length is 40 A and closely approached by PCEs 1:1-z on the (100)

surface. The stiff 1:1-z backbone conformations parallel to the surface and higher end-to-end
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length are assisted by the presence of side chains and the absence of neighboring COO- groups.
Extended conformations were also observed for PCE 6:1-3 (Figure 8d-f) and similarly reduce the
binding strength (Figure 8a-c), although with a tilted backbone orientation relative to the surface,

closer to upright orientation.

The density profiles of calcium ions on the tobermorite 14 A surfaces and of oxygen atoms of
carboxylate groups of the PCEs in contact with the surface consistently show a thicker layer of
carboxylate groups for PCE 6:1-9 near the surface with more close contacts, a slightly weaker
layer for PCE 3:1-9, and only a diffuse region for PCE 1:1-9 (Figure 8g). The amount of contact
correlates with decreasing adsorption in this order (Figure 8a). The density profiles moreover
indicate that calcium ions are highly concentrated at the surface (<3 A) and their number density
is about an order of magnitude smaller in the region of bound polymer (Figure 8g). Details of the
coordination of bound polymer to calcium ions are seen from the radial distribution function (RDF)
of calcium ions and the oxygen atoms in COO- groups of the PCE, which shows a maximum at
2.6 t0 2.7 A, indicative of the formation of Ca2* --- -OOC ion pairs at the surface (Figure 8h). The
intensity of this peak decreases for polymers that are not in contact with the surface, and Ca?" ions

show no specific binding to PEG side chains.

Higher temperature during annealing (as described in Section S1 in the ESI) increased the
surface contact time of all PCEs to near 100% regardless of the chemistry. This observation agrees
with experimental observations of higher adsorbed mass at higher temperature.® 87 Effectively,
higher temperature increases the mobility of water molecules in the simulation, leading to less
water interaction with the surface and reinforcing polymer adsorption to calcium ions on the
mineral surface. Further details on binding and adsorbed conformations are described in Section

S3 in the ESI.
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The binding mechanism and the binding energies reported were not dependent on the initial
orientation of the PCE on the surface, which was verified by using between 5 and 10 replicas of
different initial orientation and the resulting uncertainty (Figure 8a-c) (see Sections S1.3-S1.6, and

S1.8 in the ESI).
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Figure 8. Adsorption energy and structural characteristics of the bound PCEs as a function of C-
S-H surface chemistry and polymer structure and. (a-c) Adsorption energies on the (001), (100),
and (004) surfaces of tobermorite 14 A correlate with the extent of contact between COO- groups
in the backbone and calcium ions on the surface. Adsorption tends be stronger for a higher C/S
ratio of the surface (a to c¢), as well as for a low fraction of side chains in PCEs 6:1-z and 3:1-z as
there are many available COO- groups. Adsorption for the more ionic oligomers (6:1-z and 3:1-z)
also increases towards longer side chains that help shield ionic interactions between adjacent
polymer backbones and result in stronger polymer-surface binding. An opposite trend is observed
for PCEs 1:1-z with a high fraction of side chains as longer, more densely packed side chains
stiffen the backbone and diminish optimized contact between COO- groups and calcium ions on
the C-S-H surface. (d-f) Average end-to-end length of the oligomer backbone on (001), (100), and
(004) surfaces of tobermorite 14 A. Larger end-to-end length corresponds to higher backbone
stiffness and typically results in weaker adsorption, and vice versa. PCEs 1:1-z assume extended
backbone conformations parallel to the surface, assisted by the side chains and the absence of
neighboring COO- groups, and reach end-to-end lengths close to contour length of 40 A on the
(100) surface. Extended conformations for PCE 6:1-3 are associated with an orientation upward
from the surface. (g) Density profile of calcium ions and oxygen atoms in carboxylate groups of
PCEs x:1-9 on the (001) surface. A thicker surface-bound layer forms for PCE 6:1-9 due to the
presence of more carboxylate groups and calcium ions, consistent with stronger adsorption. The
trend is similar on the other (hkl) surfaces. (h) Radial distribution function of Ca** ions, from the
(001) surface and the PCE 6:1-9 combined, and the O atoms in the COO- groups in the PCE. The
major peak at 2.6 A distance originates mainly from the interaction of superficial Ca2* ions with

the carboxylate group in the polymer backbone and is characteristic for bound conformations.

27



Green Chemistry

Free Energy of Polymer Adsorption. Steered molecular dynamics was used to probe the free
energy of binding of the polycarboxylate ethers with side chains of 9 monomer length (PCE x:1-
9) (Figure 9a-c).8 89 Hydrodynamic resistance (Figure 9d) from a pulling velocity applied to the
center of the backbone (Figure 9¢) was negligible. The trend in the free energy of binding (Figure
9a-c) is the same as for the energies of binding in all cases (Figure 8a-c). The free energies of
adsorption tend to be the same as the adsorption energies within the uncertainty on (001) and (004)
surfaces (Figure 9a, c), however, larger negative free energies are found for two of the three
polymers on (100) surfaces (Figure 9b). Similarity in values indicates a small net entropy change
upon adsorption, reminiscent of reports on peptide adsorption on silica and metal surfaces.3¢ %
The loss in polymer flexibility upon binding to the surface is then approximately offset by the gain
in mobility of water molecules released from the surfaces. A significant entropy gain on the (100)
surfaces by the more ionic PCEs 6:1-9 and 3:1-9 is associated with penetration of two distinct

water layers and large gains in water mobility (Figure S7 in the ESI).

Neverthless, the free energy data are qualitative as several of the Ca?" ions that neutralize the
negative charge on the polymer backbone remain bound on (001) and (004) surfaces, and nearly
all such Ca?* ions remain bound on the (100) surface. Therefore, the free energy curves exhibit a
distance dependence beyond 2 to 3 nm after the comb copolymers are detached and we included
approximate corrections to subtract the contribution by the remaining charge separation (dashed

lines in Figure 9a-c).

Entropy has been suggested to drive the adsorption of PCEs to cement surfaces in
experiments.?” The simulation results indicate by the difference between free energies and energies

of adsorption (AG = AH — TAS), at the scale of single polymer molecules, that entropic driving
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forces can be significant for PCEs with a small fraction of side chains on C-S-H surface

environments with strong water ordering, such as (100) surfaces of tobermorite 14 A at pH ~12.

A large entropy contribution to binding does not appear to be present for all C-S-H surface

environments and for PCEs with a high fraction of side chains. The role of entropy for the

adsorption and assembly of polymer films at higher coverage as used in experiment remains an

open question (see further discussion in Section S4 in the ESI).
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according to steered molecular dynamics simulation. Several calcium ions from the PCEs remain

bound to the surface (numbers in color, top) and free energies of binding are estimated after

corrections for the remaining distance-dependence of the free energy (AG,gs, dashed lines). (a)

Potential of mean force (free energy) of PCE desorption as a function of distance from the (001)
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surface of tobermorite 14 A. (b) Free energy profile of PCE desorption on the (100) surface. The
COO- side groups in PCEs 6:1-9 and 3:1-9 are more tightly bound and displace more surface-
bound water molecules compared to other surfaces. Nearly all Ca?* ions remain bound to the
surface. (c) Free energy profile of PCE desorption on the (004) surface. (d) The hydrodynamic
work associated with the motion of the PCEs through the aqueous solution is negligible. (¢) Setup
of steered MD simulations. The center of the polymer backbone was pulled away from the surface.
Successive COO- groups in the backbone compete for adsorption on the surface up to ~1.5 nm
distance (blue circle). Free energies of adsorption tend to be equal or larger negative values relative

to energies of adsorption, corresponding to a negligible or positive entropy of adsorption.

Effect of Added Electrolytes and Higher PCE Surface Coverage. The role of added
electrolytes was tested for a concentration of Ca(OH), of 0.2 M, which is at the high end of ionic
concentrations in pore solutions (Figure 10a-d).’% 3 The adsorption mechanism of the PCEs
remains the same. However, the added ions occupy available surface sites and diminish the
strength of adsorption. A reduction in energy and free energy of adsorption is similar within the
uncertainty, on the order of 10 to 20 kcal/mol, for the examples of PCEs 6:1-9 and 1:1-3 on the
(100) tobermorite 14 A surfaces. Lower concentrations of ~0.1 M would likely show less
significant effects. We also tested the average binding energy of an amorphous Ca(OH), layer on
top of the tobermorite surface, using initially supersaturated solutions up to 0.6 M Ca(OH), (Figure
S8 in the ESI). The resulting binding energies between -2 and -3 kcal per mol Ca(OH), show that
growth of portlandite tends to be favorable over adsorption of the PCEs (between 0 and -3 kcal per

mol monomer), albeit of a similar magnitude. Follow-on studies could provide interesting details
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on the influence of Na*, K*, Ca?*, Mg?*, SO, Cl-, OH-, and aluminate ions for a range of relevant

concentrations in pore solutions.>% 3°

Comparisons with the typical dosage of PCEs in cement formulations will require simulations
with surface coverage up to 10 times higher than investigated here for single molecules.
Preliminary data for multiple PCE molecules indicate association with each other via Ca®' ions
between ionic groups of neighbor backbones (Figure 10e, f). As shown for PCE 6:1-9, the presence
of ionic backbones can stabilize tilted orientations (Figure 10e) while flat-on conformations are
disfavored (Figure 10f). Acrylate backbones with significant negative charge also experience
repulsion and do not associate with each other in dilute solution away from the surface. Side-by-
side conformations of PCEs with trapped Ca?" ions in between the negatively charged backbones
could increase the adsorbed mass per unit area to values in experiments (2 to 8 mg PCE per g of
cement).’3 8791 Packing in such cohesive, continuous polymer films may slow down diffusion of

water onto the C-S-H surface and associated hydration reactions.
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Figure 10. Effect of added electrolytes (0.2 mol/l Ca(OH),) and increased surface coverage with
PCEs on binding of the comb-copolymers. (a-d) Adsorbed conformations and binding energies of
PCEs 6:1-9 and 1:1-3 on the (100) surface of tobermorite 14 A in the presence of 0.2 mol/l
Ca(OH), in the pore solution. The added electrolyte sustains the principal PCE adsorption

mechanism and reduces the energy and free energy of adsorption of the PCEs. Additional Ca?*
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ions in the solution occupy available under-coordinated surface sites that are otherwise are targeted
by Ca?* ions from the PCE, and OH- ions coordinate calcium ions on the surface that reduce the
accessibility and binding by carboxylate groups (see blue arrows in insets in a and c). These
competing effects explain an overall decrease in binding affinity of the PCEs. Reductions in the
energy and in the free energy of adsorption are similar for the two example systems within the
uncertainty. The free energy curves are an average over multiple independent simulations by
steered molecular dynamics. (e, f) Effect of higher surface coverage on conformations of PCE 6:1-
9 molecules on the (001) surface. Three oligomers were included of which one remained in
solution. A side-by-side tilted orientation of the backbones stabilized by Ca’" ion bridges was
preferred (e). Alternative, flat-on conformations (f) had a significantly higher average energy due
to conformation strain. The insets show the same adsorbed conformation from a different viewing

angle. The contact time of each oligomer was <100% in all conformations.

Further Comparison with Experimental Measurements. The sensitivity of PCE adsorption
to surface binding sites has been noticed in experiments.'> 20 Experiments with non-reactive
surfaces concluded that a higher positive surface charge results in stronger PCE adsorption,3?
supporting the proposed adsorption mechanism. Quantitative adhesion measurements of PCEs on
C-S-H surfaces have not yet been reported. However, data by atomic force microscopy (AFM) and
calorimetry suggest adsorption energies of a few RT per acrylate monomer, i.e., several times -0.6
kcal/mol at room temperature (e.g. PCE S3 which corresponds to PCE 2.3:1-23 with DP = 83).%2
The computed adsorption energies on surfaces at pH ~12 and for longer PEG chains are between
-10 and -49 kcal/mol per 16mer of PCE, equal to a range of -0.6 and -3.0 kcal per mol acrylate

monomer (Figure 8a-c). The simulation data are thus in an expected range according to
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experiments for comparable surface coverage. However, it remains challenging to verify equal
surface chemistry and electrolyte composition. Prior simulations of other, better defined organic-
inorganic interfaces with IFF have shown agreement of computed and experimental adsorption

data within ilO%.29’ 31, 36,37, 717,90, 93

Longer PCE backbones of 4:1-z topology were reported to increase the adsorbed mass at the
same mass concentration.?® % Such cumulative addition of binding strength by a larger number of
acrylate groups supports the proposed mechanism of ion pairing (Figures 4 and 7a) and possibly
the formation of tilted conformations with increased inter-chain interactions (Figure 10e, f).
Experimental data have also shown that PCEs with a high density of longer side chains exhibit a
lower adsorbed mass.”> The simulation results, albeit at lower surface coverage, indicate less
surface contact in these cases (PCE 1:1-9 in Figure 6a, d, g) as well as weaker adsorption energies

(Figure 8a-c).

PEG side chains likely support better particle dispersion by steric stabilization of the
surfaces.!> % 97 A common cartoon depicts flat-on backbone conformations with side chains
pointing into the solution (similar to Figure 6d). The simulations show, however, that typical
conformations for lower density of side chains look different. Hydrophilic PEG side chains in the
interfacial region on the surface of the particles may support dispersion, however, they do not
hinder the access of water to the particle surface. Tilted and irregular conformations of the
backbone (Figure Sc, f, i, Figure 6c, f, i, Figure Slc, f, 1), and side-by-side stacking of PCEs
through ionic interactions (Figure 10e, f), controlled by the density and length of PEG side chains,
may lead to a thicker film and delay hydration reactions.’® In this manner, packing of multiple

PCEs backbones with higher molecular weight and a low density of PEG side chains could explain
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experimental observations of higher adsorbed mass, increased barriers to hydration, and longer

hydration time.”

The poly(acrylic acid) backbones investigated here likely increase conformation flexibility and
surface coverage by a small amount in comparison to poly(methacryalic acid) backbones. The
absence of —CHj side groups and increased alkaline hydrolysis, which results in loss of PEG side
chains over time, have shown increased cement fluidity for the same adsorbed mass in

experiments.’®

Diverse observations have been reported for zeta potentials. Some experimental studies report
a small negative zeta potential (-) of cement particles upon addition of PCEs that increases and
sometimes reverses to positive values (+).%> 19 However, also positive zeta potentials and a
decrease to negative values upon addition of PCEs have been reported.!'! 82 The opposing trends,
(+) or (-), are likely related to the dissociation and association of different ions on the particle
surface under exposure to an electric field. Scenarios may include, for example, dissociation of
calcium ions from superficial silicate ions on a C-S-H surface (-), of hydroxide ions from
superficial calcium hydroxide layers (+), of PCEs from added superficial calcium ions on a C-S-
H surface (+), and of calcium ions from dense surface-adsorbed PCE multilayer films (-). The
presence of ions with less affinity to the surface such as Na* or K ions used in some PCE

formulations may also play a role (see details in section S5 in the ESI).

The data show that understanding of the complex working mechanisms at higher surface
coverage!s % 11, 101, 102 critically depends on advances in experimental imaging and on further
guidance by computational methods. Current limitations and opportunities are discussed in Section

S6 in the ESI.

35



Green Chemistry

Conclusions

Our study is the first systematic and quantitative analysis of comb copolymer interactions with
calcium silicate hydrate minerals at the single molecule scale and lays a foundation for
understanding their working mechanism, rational design, and improvement of sustainable building
materials. We investigated a series of widely used polycarboxylate ethers (PCEs) in contact with
calcium-silicate-hydrate surfaces using molecular dynamics simulations and comparisons to
available experimental data. The surfaces were represented by well-defined (h k 1) cleavage planes
of tobermorite 14 A that mimic possible surface environments, typical solution conditions from

pH 10 to 14. No further electrolytes were added for simplicity, except for specific test cases.

Under these conditions, calcium ions pertaining to the negatively charged acrylate backbone
migrate to the cement-water interface and adsorb onto under-coordinated surface sites of the
calcium silicate hydrate (C-S-H) gel. Motion of the comb copolymer to the surface follows,
whereby anionic carboxylate groups coordinate existing and newly adsorbed calcium ions on the
silicate surface. Polyethylene oxide (PEO) side chains avoid contact with the C-S-H surface and

remain solvated by water.

All PCE binding energies were in the attractive range of -0.20 to -3.1 kcal/mol, and the binding
free energies amount to between 0 and -5 kcal/mol, respectively. Computed binding free energies
are overall similar to binding energies, although binding free energies can assume larger negative
values due to the release of more surface-bound water molecules and a net entropy gain. The
binding strength primarily scales with the calcium-to-silicate ratio of the surface (C/S ratio),
showing more than twice the adsorption energy as the surface C/S ratio increases from 0.5 to 1.0.
Then, carboxylate groups in the PCEs can coordinate calcium ions on the mineral surface. The

binding strength and conformations are further controlled by the density and length of PEG side
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chains. The binding strength increases for lower degree of esterification and longer side chains
(PCEs 6:1-9 and 3:1-9). The binding strength is also significant for high degree of esterification
and short side chains, although the contact time then remains less than 100% (PCE 1:1-3). Up to
two successive COO- side groups on the acrylate backbone can bind next to each other on the
surface, and further consecutive carboxylate groups lead to detachment of part of the backbone
due to electrostatic repulsion and conformation strain. Esterified groups in between anionic groups
assist the backbone in re-gaining contact with the surface. The addition of electrolytes such as
Ca(OH), introduces competition for surface sites for adsorption and tends to reduce PCE

adsorption without changing the principal interaction mechanism.

Typically, flat-on binding occurs in the presence of more side chains (PCEs 1:1-z) and tilted,
more flexible and stronger binding in the presence of fewer side chains (PCEs 6:1-z). A larger
density of side chains increases the selectivity to a particular (hkl) surface environment due to less
conformational flexibility, yet also decreases the contact time and binding strength. The presence
of multiple oligomers with low density of side chains shows a preference for tilted orientations on
the surface over flat-on orientations, which may help in the formation of cohesive polymer films,

higher adsorbed mass, and delay in hydration observed in experiment.

The binding mechanism is consistent with experimental observations and the data allow the
interpretation of known qualitative trends in surface-selective binding, the role of the density of
ionic side chains in the oligomers, adsorption energies, temperature, and zeta potential
measurements from the atomic scale. The computational results may be specifically tested in future
experimental studies as imaging and spectroscopy techniques advance. As an approximation, we
do not consider the range of electrolytes present in pore solutions and higher surface coverage with

continuous polymer films. Follow-on studies will be helpful to examine the influence of
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amorphous C-S-H morphologies in comparison to well-defined tobermorite 14 A cleavage planes,
various ions, the assembly and stability of polymer films on C-S-H surfaces, as well as the role of
polydispersity of the polymer molecular weight. The reported mechanisms can also serve as a
starting point to understand the interaction of the PCEs with other calcium minerals, for example,

aluminates and sulfates in cement, as well as apatites, carbonates, and sulfates in biomaterials.
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