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ABSTRACT: The production of novel composite materials,
assembled using biomimetic polymers known as peptoids (N-
substituted glycines) to nucleate CaCOj, can open new pathways
for advanced material design. However, a better understanding of
the heterogeneous CaCO; nucleation process is a necessary first
step. We determined the thermodynamic and kinetic parameters
for calcite nucleation on self-assembled monolayers (SAMs) of
nanosheet-forming peptoid polymers and simpler, alkanethiol
analogues. We used nucleation rate studies to determine the net
interfacial free energy (7,.) for the peptoid—calcite interface and
for SAMs terminated with carboxyl headgroups, amine head- B28 peptoid polymer
groups, or a mix of the two. We compared the results with y,,,

determined from dynamic force spectroscopy (DFS) and from density functional theory (DFT), using COSMO-RS simulations.
Calcite nucleation has a lower thermodynamic barrier on the peptoid surface than on carboxyl and amine SAMs. From the
relationship between nucleation rate (J,) and saturation state, we found that under low-saturation conditions, i.e. <3.3 (pH 9.0),
nucleation on the peptoid substrate was faster than that on all of the model surfaces, indicating a thermodynamic drive toward
heterogeneous nucleation. When they are taken together, our results indicate that nanosheet-forming peptoid monolayers can serve
as an organic template for CaCO; polymorph growth.

1. INTRODUCTION Peptoids are synthetic N-substituted glycine polymers,
which can be synthesized with sequence-specific control.'"'*
Some peptoids, designed with specific sequences including
both hydrophilic and hydrophobic constituents, can fold to
form supramolecular bilayer nanosheets.”~'” In a previous
study, Jun et al.'” reported growing thin films of amorphous
calcium carbonate (ACC) on peptoid nanosheets using the
block-28 peptoid, B28.'>'* The B28 peptoid is 28 residues in
length and has both a carboxyl block (N-(2-carboxyethyl)-
glycine) and an amine block (N-(2-aminoethyl)glycine);
between each of the hydrophilic units is a hydrophobic unit
(N-(2-phenylethyl)glycine) (Figure 1). The B28 nanosheets
are stable in aqueous solution in the pH range that overlaps
with calcium carbonate precipitation.'® Chen et al.'® showed
that peptoid polymers containing a balance of both hydrophilic
and hydrophobic groups can accelerate calcite growth, whereas
polymers containing only hydrophilic groups repressed growth.

Understanding how biopolymers influence the nucleation and
growth of a mineral phase during biomineralization processes
still represents a challenge.”” Several biomineralized materials
are composites where the organic material is hierarchically
associated with an inorganic phase. These materials can have
mechanical properties that are superior to those of the
individual constituents.” One of the more thoroughly
characterized biomaterials is the inner shell found in many
mollusc species, nacre. Nacre has a layered structure with 95
vol % inorganic layers alternating with S vol % organic material,
organized in a structure that resembles bricks and mortar at the
micrometer scale. Despite the small quantity of organic
material, this arrangement increases material toughness by as
much as 40 times relative to the pure mineral phase.”* The
superior material properties of nacre have inspired nacre
mimicry using a variety of components and strategies.s_9 One
proposed strategy is to mineralize 2D peptoid nanosheets with -
CaCO,."" Peptoid nanosheets appear to be a promising Received: January 9, 2020 Gk
scaffold for nacre mimicry because of their thin 2D Revised:  April 22, 2020 =
biopolymeric structure and because their associated functional Published: April 24, 2020
groups hold the potential to control mineral nucleation and

growth. In addition, their potential for being mineralized while

in suspension makes the material fabrication scalable.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.cgd.0c00029
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Figure 1. B28 peptoid: the hydrophilic terminations are arranged in a
block of primary amine (blue) and carboxyl (red). On the opposite
side of a chain is a hydrophobic unit (yellow).

Jun et al.'’ mineralized immobilized B28 nanosheets with
the aim of stacking them into a layered composite material.
They used the diffusion method,' where CO, was diffused
through a CaCl, solution containing the nanosheets and
mineralized ACC in the regime of increasing supersaturation.
The downside of such a nonconstant composition approach is
that it is challenging to control the nucleation processes, and
the results provide little insight into the driving force for
mineralization. There are two pronounced pathways for
organic biopolymers to induce CaCOj; precipitation. The
first is where charged organic functional groups bind Ca** or
CO4*™ and locally increase the CaCOj, supersaturation around
the polymer, promoting CaCO; nucleation.”® Second, some
biopolymers can decrease the thermodynamic barrier (AG*)
for forming a nucleus of a critical radius. AG* decreases when
the net interfacial free energy for the crystal—substrate—liquid
interface (7,.) is lower than the interfacial free energy for the
crystal-liquid interface (yy).”"”** In such a case the
mineralization can occur heterogeneously on the polymers
rather than homogeneously in the bulk solution. If
heterogeneous nucleation is obtained at constant super-
saturation, nucleation theory can be applied and thermody-
namic and kinetic gpar_ameters derived which describe the
nucleation process.””~>* The derivation of these parameters
will allow better control over the nucleation events and easier
upscaling of material fabrication processes.

To upscale mineralization of the nanosheets, we explored if
the B28 peptoid polymers could decrease y,. and hence
induce CaCOj; nucleation on the nanosheets. We used a
strictly controlled set of solutions designed to enable
nucleation of calcite (the most stable polymorph of CaCOj).
We subsequently obtained thermodynamic and kinetic
parameters to describe the interactions between the substrates
and the CaCO;. To address the contribution from the two
different hydrophilic functional groups in the peptoids, we
expanded our experimental matrix to include three self-
assembled monolayers (SAMs) with headgroups containing
only (a) carboxyl and (b) amine functional groups and (c) a
mix of the two, such as is found in B28. To get comprehensive
insight into the nucleation of calcite on our nacre-mimicking
organic scaffolds, we used three distinct techniques to address
the thermodynamic and kinetic driving force for CaCOj;
mineralization: (A) Steady-state nucleation rate (J,) experi-
ments, where we measured the nucleation rate of calcite, and
related it to AG* and ¥, (B) Dynamic force spectroscopy
(DFS) was used to obtain bond parameters between the
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substrate and calcite to calculate the Gibbs free energy of
binding (AGy). Having AG,, we estimated a decrease in ¥,
during heterogeneous nucleation of CaCOj; as a function of
substrate composition. (C) Density functional theory (DFT,
COSMO-RS) was used to calculate 7, of the calcite—
substrate interfaces. Thus, our approach combines evidence
from studies at the bulk scale (nucleation rate), bond level
(DFS), and simulations (DFT) and provides a robust
characterization of the parameters that control calcite
nucleation on the B28 scaffold. This study allowed us to
investigate if and under what solution conditions nanosheets
could be used as a scaffold for calcite nucleation and for growth
of biomimetic materials, thus moving one step closer to nacre
mimicry.

2. EXPERIMENTAL SECTION

2.1. Preparation of B28 Peptoid Substrates and Alkanethiol
SAMs. We synthesized the B28 peptoid on an Aapptec Apex 396
robotic synthesizer using the solid-phase, submonomer method and
purified the polymers by reverse-phase HPLC.'>'*'® We dispersed
lyophilized peptoids in a 2/1 % v/v mixture of dimethyl sulfoxide
(DMSO) and ultradeionized water to obtain a 2 mM peptoid stock
solution. We used highly oriented pyrolytic graphite (HOPG) as the
substrate for functionalization because the B28 peptoids self-assemble
on HOPG by adhering through their hydrophobic units. We prepared
a 100 uM peptoid solution by mixing 25 yL of 2 mM peptoid stock
solution in 2/1 DMSO/H,0 with 50 uL of a 100 uM aqueous
solution of TRIS (tris(hydroxymethyl)aminomethane) to buffer the
solutions to pH 8 and 425 uL of ultradeionized water (Milli-Q,
resistivity >18.2 MQ cm). We prepared the B28 peptoid substrate by
placing a 30 uL droplet of the 100 uM peptoid solution on a freshly
cleaved HOPG substrate and let it equilibrate for 1/2 h in a closed,
humidity-controlled container. We flushed the B28 substrate with 15
mL of ultradeionized water to remove excess polymer. To remove as
much liquid as possible, we placed the substrates on a paper tissue
with the B28 peptoid functionalization facing up. We placed the B28
peptoid substrate back into the humidity-controlled container,
pipetted a 20 uL droplet of ultradeionized water onto the surface,
closed the container, and left the substrate to dry. The substrate was
then rinsed again with 15 mL of ultradeionized water and dried using
a jet of N,, thereby removing excess material. We used an Asylum
Research MFP 3D atomic force microscope (AFM) with tips from
Olympus to image the formed layer.

As a control surface, we prepared a second type of substrate from
SAMs of alkanes bearing the same ionic functional groups that the
peptoid has. We prepared self-assembled monolayers (SAM), with
terminations composed of the same functional groups as those on the
nanosheet surface (e.g, carboxyl (carboxyl SAM), amine (amine
SAM) and a mix of the two (1:1 SAM)). The SAMs were made using
alkanethiols that allow the molecules to bind covalently to Au via the
terminal thiol group, thus producing highly organized layers.***” The
surface chemistry of the part of the SAM that is exposed to solution is
then defined by the functional group (headgroup) at the other end of
the alkanethiol molecule. We prepared two alkanethiol stock
solutions: (i) 11-mercaptoundecanoic acid (98% HS(CH,),,COOH,
Sigma-Aldrich) and (ii) 1l-amino-1-undecanethiol hydrochloride
(99% HS(CH,),;NH,, Sigma-Aldrich), each with a concentration of
2 mM, using anhydrous ethanol (>99.8%, HPLC grade, VWR
chemicals) as the solvent. To minimize adventitious carbon on the
substrate surface, we produced Au substrates ourselves. We cleaned Si
wafers, purchased from Ted Pella (S X 7 mm chips), in 10 mL of
anhydrous ethanol, rinsed them with 30 mL of ultradeionized water,
and repeated the cleaning in anhydrous ethanol. Subsequently, we
sonicated the Si wafers in 10 mL of acetone (>99.5% analytical grade,
Sigma-Aldrich) for 20 min. Using two-component epoxy (EPO TEK
377), we glued the freshly cleaned Si wafers face down on Au-coated
Si wafers (PLATYPUS). The wafers we chose had no Ti or Cr
adhesion layer between the Si and the Au, which meant that after

https://dx.doi.org/10.1021/acs.cgd.0c00029
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curing for 1 h at 150 °C the small Si wafers were ready to be clicked
off to obtain fresh, clean Au surfaces, ready for immediate
funcionalization.

The SAM functionalization methods were adapted from Nielsen et
al.?® for the carboxyl SAM and from Chuang et al.*” for the amine and
1/1 SAMs. We initiated the SAM functionalization by placing 4 mL of
the stock thiol solution on a UV/ozone-cleaned glass Petri dish (20
min, UV/Ozone ProcleanerTM, BioForce nanosciences). To improve
the dispersion of the carboxyl SAMs, we added acetic acid to a final
concentration of 6% to a Petri dish (>99.8%, Sigma-Aldrich),28 and
for amine and 1/1 SAMs, we added triethylamine to a final
concentration of 3% (>99%, Sigma—Aldrich).29 The Au substrates
were clicked off and submerged into the alkanethiol solution. We left
the wafers to equilibrate in the thiol solution for 24 h. The freshly
made SAMs were rinsed with 3—5 mL of anhydrous ethanol, then
with 3—=5 mL of 1% HCI in anhydrous ethanol, and again with the
anhydrous ethanol to remove the unbound molecules. The function-
alized SAMs were dried with a jet of N, and used immediately in the
experiments. To verify the composition of the SAMS, we examined a
few with X-ray photoelectron spectroscopy (XPS) (Figure S1 and S2).
The SAM surfaces had ~75% coverage with bound thiols, which we
determined by comparing the peak ratio in the S 2p high-resolution
spectrum of S bonded to Au to S chemisorbed to Au (Figure S3). For
the 1:1 SAM, we added a 90%/10% v/v mix of 11-mercaptounde-
canoic acid and 11-amino-1-undecanethiol hydrochloride and
obtained a substrate with an average of 50% carboxyl and 50%
amine coverage, which we determined by comparing the intensities of
the carboxyl peak and nitrogen peak from their high-resolution
spectra.

2.2. Nucleation Rate Experiments. In previous studies, steady
state nucleation rates (J,) have been used to derive parameters for the
kinetic and thermodynamic contributions to calcite nucleation.”*~>%*°
Jo was determined from the data of steady-state flow experiments,
where nucleation was observed as a function of time. In these studies,
the saturation index (o) was defined by:

o h{ a(c:a“)a(cog-)]
(1)

K,
where a represents the ion activity and K, represents the equilibrium
constant for calcite formation. By a plot of the number of nuclei as a
function of time, J; is determined from the slope of the linear fit. From
nucleation theory, we know that:
B

Injy=InA - @)
where A represents a prefactor dependent on kinetics (diffusion or
attachment and detachment of ions at the surface) and B represents a
thermodynamic factor that is proportional to AG* and is related to
Ynee- By plotting In J; as a function of 1/6°, B was determined from the
slope of a linear fit and In A was determined from the y intercept.

To measure the steady-state nucleation rate for calcite on the
functionalized substrates in the solutions, we used a flow-through
system that ensured controlled supersaturation () throughout the
experiment (Figure S4). We prepared solutions of CaCl,-2H,0 (99%,
Sigma-Aldrich) and NaHCO; (99%, Sigma-Aldrich) using ultra-
deionized water and diluted the 100 mM solution to 7—11 mM
CaCl,. We verified calcium ion concentrations using flame atomic
absorption spectroscopy (PerkinElmer AAnalyst 800). We calibrated
a pH meter using standard buffer solutions of pH 4, 7, and 9
(Metrohm) and prepared 7—11 mM NaHCOj solutions, which we
titrated to pH 9.5 + 0.1. We used fresh NaHCO; solutions that we
prepared immediately before the experiments to minimize pH change
as a result of reaction with CO, in air. We transferred the CaCl, and
NaHCO; solutions into two 60 mL polypropylene (PP) syringes and
placed them in a double syringe pump (WPInstuments). The
experiments were conducted at ambient temperature, 23 °C.

Prior to the experiment, we mounted the functionalized substrates
in a custom-made flow cell, sealed it, and placed it under an upright
optical microscope (ZEISS Axio Imager). Using poly(ether ether
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ketone) (PEEK) tubing, with an inner diameter of 0.5 mm, we
connected the syringes with a static mixer (Analytical Scientific, S0
uL), which by its inner design mixes the two input solutions, and
connected the mixer with the flow cell. The small diameter and the
small volume of the mixer minimized the dead volume between the
solution mixing point and the point where the supersaturated solution
reached the sample. A low dead volume is important for minimizing
homogeneous nucleation, which would change the conditions in the
flow cell from the known 6 and pH 9.0 + 0.1 to something unknown.
The experiment was started by applying a steady flow (2 mL/min for
each syringe) providing a flux of 0.08 mL/(mm” min) over the
sample. The flux was chosen to avoid diffusion-limited conditions.*®
During the experiments, we imaged the sample and counted
nucleation events as a function of time. We operated the optical
microscope with a 10X magnification in the objective, in bright field
reflecting light mode where white light was reflected from the sample
surface. We collected images in time steps of 0.25 s, and each
experiment lasted 20—30 min.

We used the geochemical speciation code PHREEQC®" with the
phreeqc.dat database to calculate 6. In PHREEQC, o is defined using
log,, instead of In (eq 1); thus the output from PHREEQC was
multiplied by In 10. We used a K, value for calcite of 10784832 The
calculation showed & to be in a range between 5.25 and 5.8S, which is
consistent with the work of Giuffre et al.>®

We used a field emission scanning electron microscope (Quanta
3D FEG SEM) to examine the samples after the nucleation rate
studies. We placed the SAMs on a stub with double-sided carbon tape.
No coating was used. We used an acceleration voltage of 5 kV, a
current of 6.7 pA, and a spot size of 3.5.

2.3. Dynamic Force Spectroscopy. We used an Asylum
Research MFP 3D AFM instrument and MSCT tips from Bruker
for DFS measurements. We cleaned the tips and the tweezers in a
UV/ozone cleaner for 20 min and functionalized the tips with SAMs
in the same way as we produced the SAMs for the nucleation
measurements. Iceland spar (purchased from Ward’s Scientific) was
cleaved along the {10.4} face, placed in the AFM liquid cell, and
immediately covered with the calcite-saturated solution (pH 8.2). The
time lapse between cleaving the crystal and covering it with a solution
was <1 min. The tip containing a functional group was brought into
contact with the calcite surface at a rate of 100 nm s™' until a trigger
force of 100 pN was reached. The tip remained at the surface (dwell
time) for 1 s, and then it was retracted to S00 nm from the sample.
We collected force curves at 7 different retracting velocities, ranging
from S to 10000 nm s~'. We collected at least 100 force curves per
retracting velocity, amounting to at least 700 force curves per
experiment. We made between 2 and S consecutive experiments in
the same solution with the same crystal because Iceland spar is a
mineral with natural variations in trace element concentration that
could affect the results. The data from each set of experiments were
combined during the data processing so that each force spectrum
represented 1400—3500 individual force curves. During the experi-
ments, we moved the tip over the surface in a random walk, with a
step size of 10 nm to account for various surface heterogeneities. The
experiments were conducted using a nominal cantilever spring
constant. The effective spring constant (k), used for data treatment,
was determined from the thermal calibration method at the end of the
experiment.>® The rupture forces (f) were corrected for the true value
of the spring constant at the data processing stage. An average of all
rupture forces (f) per retracting velocity (v,,) was determined and
plotted as a function of the loading rate (r). We calculated r as a
product of the nominal v, and k. Once plotted, we used a fit to the
Friddle model®* and we obtained the equilibrium rupture force under
static conditions ( feq) and the distance between the bound and the
unbound state (x,). These parameters were used to calculate the
Gibbs free energy of binding (AGy):*

AG, = k,T 1 g
b = KB nkT

R

+feqxt + kgT

()
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where ki, represents the Boltzmann constant and T the temperature in

2.4. COSMO-RS: Interfacial Free Energy Simulation. We
carried out density functional theory (DFT) calculations using the
COSMO-RS implicit solvent model® to calculate the interfacial
tension among water, calcite, and the SAMs. We used Turbomole,*®
the BP functional,>”® the TZVP basis set,””> and COSMO implicit
solvent* with infinite dielectric constant, which is required for the
subsequent COSMO-RS calculations. We used the BP-TZVP
parametrization from 2016*" for the COSMO-RS calculations and a
temperature of 298 K. In the creation of the COSMO surfaces to
model the surface of the SAMs, only the functional groups were
included in the calculations because the aliphatic chains of the SAMs
only interact with each other and not with the water or calcite. The y
value was calculated using our model for solid—liquid y,** which is
based on our model for predicting liquid—liquid 7.** In all solid—
liquid y calculations, the SAM functional groups were treated as the
solid surface, using a weight factor of 0 for all other atoms in the
model molecules for the COSMO-RS calculations. This way only the
parts of the molecules exposed to the solution are being included in
the surface energy calculations. The nucleated calcite was modeled
using a small cluster, consisting of 80 atoms (16 CaCOj units in a
rhombohedral arrangement). For modeling of the SAM surfaces, two
molecules were used for each SAM, with a distance between them
taken from the known lattice spacing of SAMs formed on gold, which
is S A. We optimized the geometry for a single molecule, such that the
aliphatic chain was aligned with the z axis. We then copied and
subsequently translated the coordinates S A along the x axis. The
functional group and the attached CH, for each molecule were
allowed to relax during the calculations, to allow for direct interactions
between surface groups such as hydrogen bonding. The Cartesian
coordinates of the carbon atoms in the aliphatic chains not in the
functional group or adjacent to it were frozen to mimic the ordered
structure of the SAM not exposed to the solution. The surface models
used in the calculations were (i) a carboxylic acid dimer as a model for
COOH-SAM, (ii) an amine dimer as a model for NH,-SAM, and (iii)
one carboxylic acid and one amine as a model for the 1:1 SAM. This
setup allowed us to take into account possible internal hydrogen
bonding in the surface.**

3. RESULTS AND DISCUSSION

3.1. Nucleation Rate Measurements. The B28 peptoid
polymers produced a relatively uniform SAM containing drying
cracks on the HOPG surface (Figure 2a). The SAM thickness
was ~1.5 nm, measured by AFM (Figure 2b). The measured
thickness corresponds to the height expected for a B28 peptoid
monolayer organized with the hydrophobic phenyl groups
adhering to the graphite surface and the hydrophilic groups
exposed toward the solution,'>'*'%*

We nucleated CaCO; on carboxyl, amine, 1/1, and B28
SAMs and counted the number of nucleation events as a
function of time using a light microscope. From the nucleation
rate experiments, we obtained the steady-state nucleation rate
(Jo) for the peptoid and alkanethiol substrates during exposure
to a range of o = 5.25—5.85, as illustrated in Figure 3. J,
increases systematically with increasing o for each of the
substrates investigated. We observed a similar trend in
incubation time where high driving forces for nucleation
promoted a low incubation time. Optical microscopy images of
the CaCO; crystals obtained at different time steps on the
SAMs and B28 substrates are presented in Figures S5—S8. The
morphology of the crystals resembles calcite crystals, as
expected for our experimental conditions (pH 9.5 + 0.1, 6 =
5.25—5.85). Within our o range, the carboxyl SAMs had the
fastest J,, with approximately 2400 sites min™' (¢ = 5.73)
followed by the amine SAMs with 17 sites min~" at the same 6.
Surprisingly, we observed no heterogeneous nucleation on the

3765

4
0.0 05 1.0 15 2.0 25 3.0
b ;
=204, / [ oo
e | |
= (11.5nm -
20 10 ‘ 1)
[} \
P o | |
0.0 \/
0 200 400 600 800
nm

Figure 2. (a) AFM height image of B28 SAM on HOPG where light
gray corresponds to higher areas, in this case the B28 SAM. Cracks in
the monolayers are seen as dark gray. (b) Vertical profile along the red
line in (a) shows the thickness of the B28 SAM, ~1.5 nm.

1/1 SAMs and ], on the B28 peptoid substrates was only 0.8
sites min~' (¢ = 5.73). The B28 and the 1:1 SAM have
different spatial distributions and intermolecular packings of
the carboxyl and amine groups, and the difference in
nucleation rates that we observe can be explained as the
difference in surface charge and structure between the two
substrates.”> The block nature of B28 peptoid implies that the
organization of carboxyl and amine groups is sequential,
whereas for the 1:1 SAM the distribution of functional groups
is less ordered. The sequential structure of B28 would display
patches of different charges on its surface which would affect
the diffusion of molecules around the critical nuclei and also
affect the collision probability.*® The less ordered surface
distribution of the carboxyl and amine groups of 1:1 SAM
would result in interactions between these differently charged
groups which effectively could neutralize the surface charge.
Similar observations of variations in nucleation rates between
polymers that differ slightly in structure have been made by
Hamm et al.** and Giuffre at al.*

To parametrize the thermodynamic and kinetic contribu-
tions to nucleation rates, we plotted In J, as a function of 1/¢°
(eq 2 and Figure 4). Linear fits (eq 2) provide (Table 1) the
following: (i) the slope, B, which is proportional to the
thermodynamic barrier for nucleation (AG*), and (ii) the
intersect of the line with the y axis, In A, which is the kinetic
parameter that accounts for the rate of ion diffusion, ion
desolvation, attachment, and detachment. For the range of
explored o, the B28 peptoid substrate has the lowest B but also
the lowest AG* in comparison with the other SAMs. The
second lowest barrier is for the carboxyl SAM, and the amine
SAM has the highest barrier. Possibly counterintuitively, the
lowest B and thereby AG* do not correlate with the highest J,
at every o. Equation 2 implies that the lower the B, the lower
the J,. However, this is only the case at the supersaturations at
which the thermodynamic contribution (B) to the nucleation
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Figure 3. Number of heterogeneous nucleation events as a function of
time at various o: (a) carboxyl SAM, (b) amine SAM, and (c) B28
peptoid substrates. Colored lines are linear fits to the data.

rate overcomes the kinetic contribution (A). That is, when J,
values are compared at two different substrates, there is a ¢
value below which the nucleation kinetics at one substrate
becomes so slow that, even though the nucleation barrier is
lower than at another substrate, the nucleation rate becomes
slower. This is consistent with the classical nucleation
theory”>"” and observations from Giuffre et al.”>> At the
range of o where nucleation rate experiments were feasible, the
relatively low In A value for B28 peptoid substrates resulted in
a Jo value that was significantly lower than those for the
carboxyl and amine SAMs. However, by extrapolation of the
fits toward low o to after the intersect between the fit of B28
and the fits to the SAM data, the nucleation rate on B28
peptoid is higher than the nucleation rate on both alkanethiol
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Figure 4. Plot of In J; as a function of 1/6” (eq 2). The slope of the
fit, B, is proportional to the thermodynamic barrier for nucleation,
AG¥*, and the intercept of the fit with the y axis defines the kinetic
parameter In A. The uncertainties are given by the standard error of J,
which is determined from the linear fits in Figure 2.

Table 1. Extracted Values for B and In A from Nucleation
Rate Experiments

surface B In A 1.7 (6 = 5.73) (site/min)
carboxyl SAM 397 + 65 20 +2 2400
Amine SAM 859 + 334 28 + 11 17
B28 peptoid 267 + 125 8+ 4 0.79

“The uncertainties are expressed as the standard error of the linear
polynomial fits. “Obtained from Figure 2.

SAMs. This means that at low driving forces for nucleation
when ¢ is below 3.3 (i.e., 6 7% > 0.09), which is where the B28
fit and the carboxyl SAM fit intersect, nucleation changes from
highly saturated conditions with dominant kinetic influence to
less saturated conditions, where thermodynamics dominates
the J, value. This indicates that the mineralization of B28
nanosheets is likely favored in comparison to other surfaces
when ¢ < 3.3 and provides a key insight for using nanosheets
as scaffolds for biomimetic materials.

Giuffre et al.”> showed a linear correlation between surface
charge density of the substrate and B derived from nucleation
rate studies, where high B correlates with high negative surface
charge. Under our experimental conditions (pH 9.0), the B28
peptoid substrates are overall negatively charged because of the
prevalence of deprotonated terminal groups.”® For calcite
nucleation on B28 peptoid substrates, B = 267 + 125 is
consistent with a slightly negative surface charge, as expected
for B28. A B value of 390 + 11 for calcite nucleation on
carboxyl SAM was previously reported™* for C,;-COOH SAMs
at pH 10. This is consistent with our results. For the amine
SAM, B = 859 + 334 is approximately q times higher than for
the carboxyl SAM, indicating that amine SAMs have a higher
AG* value than carboxyl SAMs, suggesting that, thermody-
namically, nucleation on carboxyl SAMs is more favorable than
on amine SAMs.

The morphologies of the particles nucleated at the carboxyl,
amine, and B28 SAMs were prevalently prismatic (Figure Sa),
rhombohedral (Figure Sb), or a mixture of both (Figure Sc).
Prismatic and rhombohedral forms are typical for a trigonal
system in which calcite crystallizes, and considering the system
is designed to precipitate calcite,”” we interpreted these crystals
to be calcite. The face of a calcite crystal nucleated on a
substrate is the least energetically demanding face: i.e., the face
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Figure S. SEM images of heterogeneously grown calcite on (a)
carboxyl SAM, (b) amine SAM, and (c) B28 peptoid substrate. Scale
bars are 50 ym.

presenting the lowest ... From SEM images, we interpreted
the orientation of the calcite on all three substrates. The
carboxyl SAM favored calcite with prismatic and tabular crystal
habit, characteristic for nucleation on the {01.2}, {01.3}, and
{01.5} faces (Figure 5a).”>*>*° Calcite crystals on the amine
SAM were rhombohedral, indicating nucleation on the {10.3}
face (Figure 5b).°° On the B28 peptoid substrates, the crystal
form and orientation varied, suggesting that they formed on a
surface where functional group ordering was heterogeneous
(Figure 5¢).

3.2. Gibbs Free Energy of Binding (AG,) between
Calcite and Organic Surfaces. To obtain binding
parameters between calcite and the carboxyl, amine and 1/1
SAMs (Table S2) and calculated their AG, values (eq 3), we
used DFS (DFS was not possible on the B28 polymer because
of the difficulty in immobilizing the polymer on the tip). The
AG, value between a polymer and a mineral surface is
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proportional to 7, i.e., the stronger the binding between the
mineral and the polymer, the lower the ¥, and as a result, the
more favorable the formation of a mineral nucleus on the
polymer. AG, is highest for the calcite—carboxyl SAM
interface (5.0 + 0.7 kT), followed by the amine SAM—calcite
(3.6 + 0.6 kT) and calcite—1:1 SAM interfaces (2.3 + 0.8 kT)
(Figure 6 and Table S2). This suggests that calcite nucleation

200
180 0G,=5.0 £ 0.7KT
—~ 160 - o
z
s
[0
¢ 1407 coo)
= AG,=3.6 £ 0.6 KT
5 120
Q
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100 —
0G,=2.3+ 0.8 KT
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Figure 6. Rupture forces as a function of loading rate determined
from DFS studies of calcite—carboxyl SAM (red), calcite—amine SAM
(blue), and calcite—1:1 SAM (purple) and their AG, values. The
uncertainty is presented as a standard deviation propagated from
standard deviations for the fitted binding parameters (Table S2).

on a carboxyl SAM is more favorable than on an amine SAM
and least favorable on a 1:1 SAM, which is consistent with
nucleation experiments (Figures 3 and 4, Table 1, and Figures
S5—S8). For comparison, our AG, value for the calcite—
carboxyl SAM is ~2.5 times lower than that reported by
Hamm et al.”* We conducted our experiments at pH 8.2,
whereas Hamm et al. used pH 10.55. The point of zero charge
of calcite is 8 < pH < 9.5,°" and hence the pH used by Hamm
et al. caused a larger electrostatic contribution and increased
AG,,

3.3. Thermodynamic Driving Force of Heterogeneous
Nucleation: Obtaining 7. In general, the lower the ¥,
value for a mineral—polymer interface, the easier the formation
of nuclei on the polymer. However, only when y,. < yq is
heterogeneous nucleation more favorable than homogeneous
nucleation. Sohnel et al.”>** estimated that y, for calcite in
water is 103 mJ/m?, implying that if heterogeneous nucleation
is to occur, ¥, must be <103 mJ/m?.

3.3.1. Nucleation Rate Experiments: Bulk Level Approach.
From the nucleation data (Figure 4 and Table 1), we

calculated y,.:*

| BRT?
7net F(l)z (4)

where @ represents the molecular volume of calcite, which was
estimated to be 6.13 X 1072 m® and F represents the crystallite
shape factor, set to 16 for nucleation on the {10.4} face.”*
Calcite nucleation on different faces modifies F, but this does
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not change ¥, significantly because of the power relationship
between the two. Hu et al.>* evaluated the variation in 7,,, to
be no more than 10%. y,., calculated from the nucleation rate
experiments follows the trend:

B28 (68 mJ/m*) < COO(H) (77 mJ/m?)
< NH, (100 mJ/m?)

During the nucleation rate experiments, we did not observe
nucleation on the 1:1 SAM; therefore, ¥, for this system could
not be determined. y, for calcite (103 mJ/m?*) exceeds the
values of ¥, determined from the nucleation rate studies for
the B28, the carboxyl, and amine substrates, highlighting that
nucleation on the applied substrates is thermodynamically
favored under the applied conditions.

3.3.2. Dynamic Force Spectroscopy: Molecular Level
Approzﬁch. We extracted 7, from the DFS measurements
using:

net

h

(a]AGb + (1 + h)y, )
where h represents the nucleus shape factor (the crystal—
substrate interaction area divided by the surface area of the
crystal exposed to solution) and a represents the area of
interaction per alkanethiol polymer. Hu et al.”® evaluated the
variation of h as a result of growth on different calcite faces to
be no more than 10%. We adopted the shape factor of 0.333 to
represent the {10.4} calcite surface and 0.525 to represent the
{01.2} calcite surface as previously assigned.””**>* The value
of a depends on the SAM organization on the tip; therefore,
we calculated y,, using a range of 0.2 < a < 0.6 n_m2, where
the lowest value represents a well-organized SAM™ and the
highest value represents a poorly organized SAM. The resulting
Ynet Values extracted from the DFS experiments follow a trend
similar to the nucleation experiments:

COO(H)SAM (103 + 3 — 137 + 1 mJ/m”)
< NH,SAM (111 + 1 — 142 + 1 mJ/m?)
< 1/1SAM(120 + 1 — 147 + 1 mJ/m?)

where the minimum and maximum values in the range arise
from different combinations of a and h (Tables S3 and S4).
The uncertainty represents standard deviation propagated
from the uncertainty on the AG, values (Table S2). As
observed for y,,, from the nucleation rate measurements, ¥,
for carboxyl—calcite is lower than for amine—calcite. The y,,,
for 1:1 SAM—calcite is the highest, indicating that heteroge-
neous nucleation on 1:1 SAM is not favorable. This result is
consistent with the lack of nuclei observed on 1:1 SAM during
the nucleation rate measurements and provides an explanation
based on behavior at the molecular level.

3.3.3. COSMO-RS Modeling: Computational Approach.
We used computational modeling, COSMO-RS, to calculate y
and y. (Table SS) from first principles. 7, was then
determined from:

J/net = }/cl - h(ysl - J/cs) (6)

where y, represents the substrate—liquid free interfacial energy
and y,, represents the crystal—substrate free interfacial energy.
h was again assumed to be between 0.3 and 0.5. To account for
the influence of SAM charge on y, and ¥, the calculation was
carried out for surfaces of dimers varying in their degree of
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protonation. This means y,. for the carboxyl surface was
determined for COOH—COOH (net charge 0), COOH—
COO™ (net charge —1) and COO™=COO~ (net charge —2).
Similarly, for amine the calculations were conducted for NH,—
NH, (net charge 0) and NH,—NH;"* (net charge +1), whereas
for the 1/1 layer, only COO™—NH;" (net charge 0) was
considered. The results of the COSMO calculations are shown
in Figure 6 and in Table SS. We did not measure the acidity
constants (pK,) for our SAMs, but the theoretical pK, for the
carboxylic group is ~4.5 and for the amine group is ~10.°° The
pK, values of the carboxylic and amine groups are different in
bulk solution in comparison to a closely packed SAM, but are
generally close to the theoretical values. Regardless of the
apparent value of pK,, the carboxyl SAM is negatively charged
and the amine SAM is not charged at pH 9 in pure water.
However, in solutions containing Ca*, such as the calcite-
saturated solution, divalent cations would screen the negative
charge, effectively delocalizing the charge on the surface or
even reversing it. Hence, under our experimental conditions,
we expect all of our SAMs to behave neutrally. For the
uncharged surfaces, the COSMO-RS y,,, values are within the
range of DFS values. (Table SS):

COO(H)SAM (101—102 mJ/m?)
< NH,SAM (110—115 mJ/m?)
< 1/1 SAM (119—130m]J/m?)

Regardless of the charge on the surfaces, the COSMO-RS y,,,,
values follow the same trend as for y,. extracted from the
nucleation rate and DFS experiments. It is, however,
noteworthy that the absolute values agree with ¥, from the
DFS measurements.

3.4. Comparison of y,. from Bulk, Molecular, and
Computational Approaches. We find that the values for y,,,
determined from DFS studies and COSMO-RS simulations are
systematically higher than the values determined from the
nucleation rate studies (Figure 7). The reason is that the
nucleation rates are bulk measurements and, as such, include
interparticle and solvent effects, which are negligible in
molecular level studies such as DFS and absent in COMSO-
RS computations. In addition, differences arise from
comparing bulk system data with the DFES and COSMO-RS
simulations, which were made using the {10.4} face of calcite,
which is not necessarily the surface that nucleates on the SAMs
(Figures S9—S11). However, this should not affect the relative
relations among ¥, values obtained from different SAMs, only
their absolute values. Hence, we used the DES and COSMO
results as a guide for determining trends and relations among
Ynet Values for the different surfaces, and not as an absolute
measure of nucleation probability.

Regardless of the approach we used for determining the y,,,
for calcite nucleation on a SAM, the trend is the same across
the three different systems for the surfaces of:

7. (B28SAM) < 7 _(COO(H)SAM) < 7, (NH,SAM)

<y (1/1SAM)

net

The heterogeneous nucleation of calcite on any of those
substrates is favorable only if 7, < (¥4 = 103 mJ/m?).””*" We
crudely estimated the standard deviation for y4 = 103 + 13
mJ/m” by taking 103 mJ/m* as a mean value in comparison
with the experimentally derived values of 97 mJ/m**” and 120
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Figure 7. Interfacial free energy (7,.) as a function of the shape factor
(h) determined for the three model SAM substrates and the B28
surface using nucleation rate data (dotted line), DFS (full line), and
COSMO calculations (dashed line). 7, values for the DFS data were
determined using a range of a values, shown as darker lines for higher
values of a. For COSMO-RS calculations, the color of a line
corresponds to the surface charge, with a light color denoting a
neutral surface and a dark color denoting a charged surface. The gray
field marks the range where 7, < (yq4 = 103 mJ/m?). The
uncertainties for the nucleation rate data and COSMO-RS
calculations are given in Table S8 and uncertainties for the DFS
data in Tables S3 and S4.

mJ/m>*® This implies that the decrease in y, for calcite

nucleation on a substrate in comparison to y4 in solution can
be a driving force for calcite nucleation on carboxyl and amine
SAMs but not on 1:1 SAM (Table 1), consistent with our
observations (Figures S5—S7). The discrepancy between the
nucleation rates for the B28 SAM and the 1:1 SAM highlights
that the 1:1 SAM is not a good representation of the B28 SAM,
likely because of the different distributions of carboxyl and
amine functional groups on their surfaces. In general, our
results imply that the preorganization of ionic functional
groups by the peptoid backbone allows a higher density of
potential productive nucleation sites, locally modifying ¥,
This illustrates the importance of controlling the positioning of
multiple functional groups in precise orientation relative to one
another. It also illustrates the importance of tunable materials
such as peptoids, where atomic-level changes can be made to
the structure to systematically improve their properties. That
the B28 peptoid polymer substrate provides the lowest ¥,
value of all surfaces investigated shows promising prospects of
making targeted mineralization of nanosheets in a next step. It
is interesting that while Jun et al.'’ obtained amorphous
CaCOj; on immobilized nanosheets at high and increasing
saturation states, the nucleation observations and thermody-
namic parameters derived here also hold promise for
heterogeneously formed calcite on nanosheets using low-
saturation conditions. A combination of the two approaches
could open the possibility for some interesting designs of bulk
mineralizing systems for mimicry of nacre properties.
Fundamentally, the fact that two saturation regimes provide
different results is not surprising but is something we should
consider when testing how substrates can drive nucleation.
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4. CONCLUSION

We used three approaches for obtaining the net interfacial free
energy (¥,.) for calcite formation on B28 peptoid polymers
and examined the potential for using peptoid nanosheets as
scaffolds for biomimetic material applications from a bulk
solution. We (a) studied nucleation rates on substrates
comprising a monolayer of B28 peptoids and SAMs of
carboxylic groups, amine groups, and a 1/1 mixture of the two
as is represented on the B28 polymer, (b) applied dynamic
force spectroscopy and obtained thermodynamic and kinetic
parameters describing the interactions between calcite and
carboxylic groups, amine groups, and a 1/1 substrate, and (c)
used COSMO-RS for calculating the theoretical energies for
binding between calcite and carboxylic, amine, and 1/1 SAMs.
The obtained value for ¥, was the lowest for the B28 polymer
(nucleation study only) and the values for the model surfaces
were consistent among the three approaches: y,,, is lowest for
carboxyl-terminated SAMs, followed by a higher value for the
amine SAM, and the highest value for the 1:1 SAM. The
relationship between the thermodynamic barrier of nucleation
and the k.netic prefactor, derived from our nucleation studies,
provides key insight into the solution conditions necessary for
forming calcite on B28 nanosheet surfaces: at the studied
saturation (o), the nucleation rate (J,) is orders of magnitude
larger for calcite formation on carboxyl surfaces than for a
monolayer of the B28 peptoid but at ¢ < 3.3 nucleation on the
B28 substrate becomes favorable. Our results demonstrate that
the B28 peptoid nanosheets can template CaCO; mineraliza-
tion under low-saturation conditions and show potential for
using B28-CaCO; as a nacre-mimicking material. The
compositional tunability of peptoid nanosheets is a great
property that could be used to further optimize the biomimicry
in other systems.
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