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ABSTRACT: We use sequence-specific polypeptoids to characterize g gemarezElollisy Low compressibility

the impact of the monomer sequence on the adsorption of surface- , UowiED) \ _ Gt nl=)

active polymers at fluid/fluid interfaces. Sets of 36 repeat unit A ‘ G

polypeptoids with identical chemical composition, but different ¢« o v s ) . e
sequences of hydrophobic moieties along the oligomer chain (taper, e let ¢ >0 5§ 3 8
inverse taper, blocky, and evenly distributed), are designed and To e ese’  es %
characterized at air/water interfaces. Polypeptoids are driven to the Gl A [ o0

interfaces by decreasing the solvent quality of the aqueous solution. In
situ processing of the adsorbed layers causes a collapse of
polypeptoids and the formation of irreversibly adsorbed, solvent-
avoiding layers at interfaces. Differences in thermodynamic proper-
ties, driven by solubility, between the collapsed structures at interfaces
are studied with measurements of interfacial tension. The dilatational
modulus of polypeptoid-coated interfaces is used as a proxy to probe the extent of the coil—globule collapse at the interface. The role
of hydrophobicity is investigated by comparing four sequences of polypeptoids with an increased size of the hydrophilic side chains.
In each set of polypeptoids, the composition of molecules, not the sequence, controls the surface concentration. The molecules are
described in terms of the distribution of the hydrophobic monomers on the backbone of the polymer. Inverse taper (IT) and blocky
(B) sequences of hydrophobic moieties favor the formation of highly elastic interfaces after processing, while taper (T) and
distributed (D) showed lower elasticity after processing, which is achieved by replacing good solvent with poor solvent and then
nonsolvent. These structures allow for the study of the impact of the chemical composition and sequence of monomers on the
properties of polymer-coated interfaces.
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B INTRODUCTION surfactant self-assembly follows the rules of mass action.”” "’
Surfactant molecules are distributed between the free solution
and self-assembled structures according to a balance of
reversible rates. The type of structure that forms is determined
by a packing parameter, a geometric descriptor of the balance
between hydrophilic head and hydrophobic tail."" For example,
an anionic surfactant, sodium dodecyl sulfate, transitions from
spherical to ellipsoidal micelles with increasing ionic strength
because of the reduction in size of the headgroup due to Debye
screening from the background electrolyte.'” A tool to quantify
the adsorption behavior of nonionic surfactants is the
hydrophile—lipophile balance (HLB), originally developed to
determine the type of oil/water emulsions formed using an
ethylene-oxide-containing surfactant.'”> HLB describes the

The amphiphilic nature of surfactants controls adsorption at
fluid/fluid interfaces. Most surface-active molecules are
composed of distinct parts that are compatible with the
solvent (hydrophilic if the solvent is water) and incompatible
with the solvent (hydrophobic if the solvent is water)."” If the
chemical potential of surfactant molecules is higher in the bulk
than at an interface, then surfactants are driven to adsorb.’
Adsorption leads to a loss of entropy due to the confinement of
the molecules at a fluid—fluid interface. This loss of entropy is
balanced by an enthalpic contribution that limits the number
of contacts of the lyophilic parts of the surfactant molecules
with the solvent.” The chemical composition of surfactant
molecules and the compatibility of each of its components with
the solvent, therefore, are key factors determining adsorption.
Surface-active polymers can be driven to adsorb to interfaces
by decreasing the solvent quality. The solvent quality can be Revised:  June 21, 2024
decreased further, which causes the polymers to collapse and AccePted: July 3, 2024
form an insoluble, irreversibly adsorbed layer at the interface.™® Published: July 12, 2024
Much of the existing literature on small-molecule surfactants
describes their behavior at equilibrium. In an aqueous solution,
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Figure 1. Chemical structure (left) of polypeptoid molecules for the four sequences studied. All four sequences have the same ratio of hydrophilic
to lyophilic groups (27:9) with a molecular weight of 4712 g/mol (PEG1, with the hydrophilic side group being one repeat unit of polyethylene
glycol) and 7092 g/mol (PEG3, more hydrophilic, with three repeat units of polyethylene glycol as a hydrophilic side group), respectively. The
naming conventions of the sequences (right) are described in terms of the distribution of the lyophilic (hydrophobic) side groups starting from the
propargyl end group: inverse taper (P;1), taper (Pr), distributed (Pp), and blocky (Pg).

mass fraction of the hydrophilic part of a nonionic surfactant
on a scale of 0 to 20, with lower values being predominantly
hydrophobic polymers suitable for antifoaming agents and
water-in-oil emulsions and higher values being mostly
hydrophilic polymers that work well as detergents, oil-in-
water emulsifiers, and solubilizing agents.

As the molecular weight of surface active species increases
and approaches polymeric surfactants, the available conforma-
tions of the molecules and intramolecular interactions need to
be considered."*™'® As solvent conditions decrease from good
solvent to nonsolvent during processing, the polymer
molecules are trapped at the interface and undergo a chain
collapse, limiting the contact of hydrophobic monomers with
the nonsolvent. These collapsed structures have varying
compressibilities depending on the conformation of the
collapsed layer at the interface. Adsorption of polymers to
interfaces and conformation at the interface are governed by
the balance between the enthalpic interactions between
surfactant and solvent molecules and the loss of entropy due
to confinement to the interface. The nonionic copolymer
surfactants consisting of nonadsorbing (favorable enthalpic
interaction with solvent) and adsorbing (favorable enthalpy of
adsorption) have been studied for many decades now and used
in commercial products mostly as di- and triblock copoly-
mers.'” Monomer sequences and interactions with solvents can
be tailored and controlled by selecting side groups and
adjusting the solvent quality.

At thermodynamic equilibrium, the adsorption of surfactant
at an interface can be described by surface equations of state
that relate the surface excess concentration, I', of surfactant at
the interface to surface pressure, IL'®'® Simple models assume
that surface pressure linearly depends on the surface
concentration, so as I increases, a commensurate increase in
I1 is observed. Surfactants have a maximum surface excess, [',,
concentration that is characteristic of molecular properties and
needs to be determined with a direct measurement like
neutron reflectometry.””~>> Methods such as neutron scatter-
ing are expensive and often difficult to access. Adsorption
isotherms relate the amount of surfactant in the bulk, G, to
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surface concentration, and are more easily obtained by
measuring the decrease in interfacial tension as a function of
bulk concentration. For an adsorbed surfactant to be at
thermodynamic equilibrium, it must be free to ad/desorb
completely.”® If the surfactant is reversibly adsorbed, then
solution exchange causes interfacial tension to increase to its
“clean” value (prior to any adsorption). For macromolecules,
the more common situation is one in which surfactants adsorb
irreversibly; that is, interfacial tension increases by a little or
not at all during the removal of the bulk solution. In addition
to the surface pressure, interfaces can be characterized by
interfacial rheological properties, which depend on the
adsorbed layer and its compressibility. By measuring these
quantities, useful information about the amount of surfactant
adsorbed to fluid/fluid interfaces can be gained without direct
measurements, such as neutron reflectometry, while still
quantifying the properties of the interfaces.

This paper directly probes the impact of the monomer
sequence on the adsorption of irreversibly adsorbed surfactants
at fluid/fluid interfaces. The polypeptoid molecules are
stranded at the air/water interfaces by initial adsorption of
the surfactant, followed by exchange of the surfactant solution
with a nonsolvent. Four surface-active sequences of an
amphiphilic polypeptoid are studied. Polypeptoid molecules
are achiral, polypeptide analogs with substantially reduced
hydrogen bonding. A highly precise control of the monomer
sequence of copolymers offered by the advances in solid-state
polypeptoid synthesis allows for the study of the conformation
changes of macromolecule chains with different sequences in
solution.”*™*” Precise sequence specificity enables the
construction of structure—property relationships at the inter-
face for subtle changes in the order of hydrophilic and
hydrophobic moieties. Here, we utilize this precise control of
the molecular sequence in combination with interfacial
characterization to investigate the relationship between the
monomer sequence and qualitative differences in adsorbed
layers.
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B MATERIALS AND METHODS

Figure 1 shows the structure of the four polypeptoid sequences used
in this paper: inverse tapered (Pyr), tapered (Pr), distributed (Pp),
and blocky (Pg), and these definitions have been used in other
studies.””*” The naming convention is based on the distribution of
hydrophobic (aromatic-containing) moieties in the backbone.
Polypeptoids were synthesized leveraging an automated Prelude
peptide synthesizer using standard methods and commercially
available reagents.’”*' Specifically, PEG1 polypeptoids were prepared
as described by Segalman and co-workers.”” The PEG3 sub-monomer
(2-(2-(2-methoxyethoxy)ethoxy)ethanamine) is bulkier than the
PEG1 sub-monomer (2 methoxyethylamine); the amine displacement
steps were extended from 1 to 2 h during the synthesis of PEG3
polypeptoids. All other synthetic steps were performed, as previously
described.”” The resulting PEG3 polypeptoids were purified by
preparative high-performance liquid chromatography, and the identity
of the desired product was confirmed by liquid chromatography—
mass spectrometry; results for the PEG3 set are shown in Table 1.

Table 1. Formation of the Desired Polypeptoid Product Is
Confirmed by Observation of the m/2 + 2H* Fragment”

sequence calc (g/mol) observed (m/z)
PEG3-Pyy 7092.31 3547.2
PEG3-Py 7092.31 3547.2
PEG3-Pp 7092.31 3547.1
PEG3-Py 7092.31 3547.1

“Results for the PEG3 monomer.

Both PEG1 and PEG3 polypeptoids readily dissolve in pure
acetonitrile but are insoluble in water. To control solvent conditions,
samples are prepared in good solvent conditions (@acy = 0.5), and
then the content of water is increased to reduce solvent quality. The
values of clean surface tension for different volume fraction mixtures
of acetonitrile and water without the presence of surfactant, crucial for
calculating surface pressure, were measured and are included in Figure
S1 in the Supporting Information; the surface tension of water and
ACN against air are 72.2 and 29.3 mN/m, respectively.”

Acetonitrile (ACN, 99%+) was purchased from Sigma. Deionized
water, termed water, with a resistivity of 18.2 MQ-cm was produced
using a Barnstead Ultrapure water filtration system. Mixtures of water
and acetonitrile are prepared on a volumetric basis. For example, a
@acn = 0.25 is 25% ACN and 75% water by volume, assuming ideal
volumetric mixing. The @,cy = 0.25 mixture contains just enough
ACN to solubilize the polypeptoids. Lyophilized polypeptoids were
weighed, and solvent (@,cy = 0.5) was added to dissolve the material
and make 0.4 mM stock solutions. Samples diluted by a factor of 4
(for the final ¢ = 0.1 mM) were used during experiments. Although a
cmc for these polypeptoids was not measured, at this concentration,
the radius of gyration was consistent for single-chain polypeptoids
with a degree of polymerization of 36.%” All solutions were prepared in
acid-washed vials.

Interfacial properties are measured with a microtensiometer
platform, described in detail elsewhere.**>” Based on a capillary
tensiometer, separate measurements of both the pressure jump across
the interface and the curvature of the interface allow for rapid
characterization of interfacial tension without the need for shape
fitting or reliance on distension by gravity. The use of microscale
interfaces also has the advantage of requiring smaller amounts of
material and the ability to alter the bulk solution rapidly in
comparison to surfactant dynamics. The schematic is provided in
Figure 2. A polypeptoid solution is poured into the 3 mL solution
reservoir. A glass capillary of a radius between 45 and 30 pm is
inserted into the reservoir, and it is connected to a pressure
transducer. The air/water interfaces are pinned at the tip of the
capillary and are imaged on a Nikon T-300 inverted light microscope.
The radius of curvature is determined by using a LABVIEW routine.
The interfacial tension is calculated with the Laplace relation given in
eq 1l

((P(t) = B)R(t))
2 (1)

where P(t) is the Laplace pressure difference across the interface as a
function of time, P, is the hydrostatic pressure, R(t) is the radius of
the interface as a function of time, and y(t) is the calculated dynamic
interfacial tension. All interfaces in this current work are between an
air-filled, hydrophobized capillary and a reservoir containing aqueous
solutions (water or a mixture of acetonitrile and water). The

r(t) =
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Figure 2. Schematic representation of the microtensiometer adapted from ref 33. A solution well (A) contains the polypeptoid solution. Pressure
transducer (B) is used to measure the back pressure, P,, inside the capillary I and hydrostatic pressure of the constant pressure head (C), and P, is
determined based on the volume and density of the fluid above the tip of the capillary (F). A peristaltic pump (D) is used to exchange the contents

of the solution well to process the interfaces.
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microtensiometer platform offers a few advantages over other
methods for studying fluid interfaces. The solution reservoir requires
a small volume of a sample (1 to S—4 mL) requiring only micrograms
of polypeptoids for each experiment. Additionally, the small surface
area (about 2000 ym?) and high curvature of the interfaces drive fast
adsorption. This allows an experiment with multiple steps to achieve a
new steady state to require a few dozen minutes instead of multiple
hours.

The microtensiometer reservoir has two lines connected to a
deionized water reservoir and waste, respectively, that are controlled
with a peristaltic pump. The processing of interfaces is conducted by
exchanging the solution of polypeptoid dissolved in a mixture of water
and acetonitrile with pure deionized water at a rate of a full reservoir
volume exchange every 20 s. Water and ACN have drastically different
values of equilibrium surface tension with air (see Figure S1). The
equilibrium surface tension values of the three mixtures utilized are
much closer to the surface tension of pure acetonitrile than that of
water. In the absence of surface-active components, the equilibrium
surface tension of the ACN/water mixtures develops instantaneously
and does not change with time.

Interfacial dilatational rheology is measured by inducing small-
amplitude oscillatory dilatations (AA =~ 3%), as well as large-
amplitude (AA =~ 10%) expansion—compression cycles. Dilatational
modulus is defined in eq 2 as the change in surface excess normal
stress PS with interfacial area A

T dlnA (2)

The area of the hemispherical caps is calculated using eq 3 as

A = 2R((R(E) — R()* = RY) 3)

where R is the radius of curvature of the interface, and R_ is the radius
of the glass capillary. The large amplitude compression modulus (E,)
is determined from the slope of the best linear fit of interfacial tension
versus the normalized surface area of the interface given by using eq 4

A =(A—Ay/A, (4)

B RESULTS

We conducted a series of experiments on eight polypeptoid
surfactants (2 compositions, 4 sequences) to determine the
properties of interfaces. Figure 3 shows the experimental
procedure followed for all of the samples. Figure 3
demonstrates our procedure for the preparation and character-
ization of adsorbed layers of an air/solution interface in a
reservoir of an aqueous solution of 0.1 mM Py of PEGI in
@acn = 0.5. At time t = 0 s, a fresh interface is created and
equilibrated (black diamonds). The interfacial tension is
calculated using eq 1 at a rate of 30 fps. The interface
instantaneously develops a surface tension of ~35 mN/m that
remains unchanged for 1600 s. The dashed, black line denotes
the equilibrium surface tension of the @,cy = 0.5 solvent
mixture against air (without polypeptoid); the surface tension
of the ACN/water mixtures against air is provided in Figure
S1. The overlap between the data points and dashed line for a
full 1600 s shows that 0.1 mM P;r does not change the surface
tension, so the polypeptoid molecules likely do not adsorb to
the air/solution interface from a @,cy = 0.5 mixture. This is
consistent with the high solubility of these polypeptoid
molecules in ACN.

At t = 1600 s, 1 mL of water is added to the reservoir that
contains 1 mL of P;; solution and mixed. The addition of
water decreases the concentration of P;; from 0.1 to 0.05 mM
and changes the solvent mixture from @,cy = 0.5 to @acn =
0.2S. This increases the surface tension of the air/solution
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Figure 3. Dynamic surface tension of an air/liquid interface during
exposure to 0.1 mM P PEGI in @cy = 0.5 [@ (black)], after
dilution of the Py solution to 0.05S mM in @,cy = 025 [@ (light
blue)], during continuous exchange of the P;y solution with water [
(blue)], and of a fresh interface formed in the exchanged reservoir [4
(red)]. The dashed horizontal lines denote the clean surface tension
of the solvent mixtures without Pyr. The dotted rectangles indicate the
time of measurement of the dilatational modulus of each interface.

interface initially to ~39 mN/m, followed by a decrease to 35
mN/m over 1000 s (light blue diamonds). The dashed light
blue line denotes the increase in equilibrium surface tension
that accompanies a change in @,cy (see Figure S1 in
Supporting Information). A decrease in surface tension to a
value below the clean solvent value shows that the Pi; is
surface active in the @ucy = 0.25 mixture and that some
amount of polypeptoid molecules adsorb to the interface.

At t = 2800 s, the 0.05 mM Py; solution is exchanged
continuously with water (7 = 10's, V.= 3 mL) until t = 3800 s,
where flow is ceased for an additional 200 s (dark blue
diamonds). At the beginning of the rinse, the reservoir solution
becomes turbid with visible, microscopic aggregates of bulk
PEGI1 polypeptoid molecules before rapidly clarifying. No
turbidity was observed during water rinse for the more water-
soluble PEG3 polypeptoid molecules. Surface tension increases
sharply from the prerinse value of 35 mN/m (t = 2800 s) and
eventually reaches a plateau near y = 42 mN/m. At this point,
ACN has been removed from the reservoir, and the
equilibrium surface tension of the reservoir solution (water)
is 72 mN/m, given by the dashed blue line. The after-rinse
plateau value of y = 42 mN/m is significantly lower than the
surface tension of pure water (y = 72 mN/m), demonstrating
that Py formed an irreversibly adsorbed layer on the interface.
At t = 4000 s, the existing interface is ejected to create a fresh,
test interface (red diamonds). This is done to determine if any
P;r remains in the reservoir after rinsing. The surface tension
of the test interface coincides with the clean value of pure
water for approximately 400 s before beginning to drift
downward, signifying some adsorption, likely from poly-
peptoids remaining and desorbing from the cell walls. After
being aged for 600 s, the test interface reaches a surface tension
near 70 mN/m. While the rinse did not remove all surface-
active material from the reservoir surfaces, the slow adsorption
and modest surface tension (y = 70 mN/m) of the test
interface greatly contrast with the substantially lower after-
rinse value (y = 42 mN/m), demonstrating that the plateau in
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Figure 4. Surface area (a) and surface tension (b) during large amplitude compression before (filled points) and after rinsing with water (empty
points) of the PEG1 Pr-laden interfaces. Values of E. calculated from these data are given in (b). The oscillations were performed at a rate of

roughly 50 ﬂmz/ s.

surface tension during the water rinse results from irreversibly
adsorbed Py rather than a new equilibrium with a diluted bulk
solution.

Figure 3 shows that P;; can be used to create processable
interfaces. Adsorption is driven by solvent quality, a 0.1 mM
solution in a better solvent (¢,cy = 0.5) shows no adsorption,
whereas a more dilute, 0.05 mM solution in a poorer solvent
(@acy = 0.25) does show adsorption. When the Py solution is
exchanged with a nonsolvent, water, the value of the surface
tension reaches a plateau at 42 mN/m, a surface pressure value
of about 30 mN/m. While it is certain from the results of the
test interface that this plateau signifies irreversibly adsorbed
Pp, it is unclear whether the interface after rinsing is
exclusively comprised of P;r present before rinsing or whether
the precipitous decline in solvent quality drives additional
adsorption beyond what is seen from the @,cy = 0.25 mixture.
Given that Py; adsorbs only modestly from the @ cy = 0.25
mixture but remains strongly adsorbed after the rinse, the latter
explanation is more likely.

All subsequent experiments are carried out with a procedure
similar to the one shown in Figure 3. An air/solution interface
is first equilibrated against a 0.1 mM polypeptoid solution in an
@acy = 0.25 mixture (poor solvent) for 1000 s. The
equilibrated interface is then rinsed with water (zg = 10s, V
=3 mL) for 1000 s and allowed to rest without flow for 200 s.
The interface is then jettisoned to produce a fresh interface,
which is used to test the composition of the reservoir after the
rinse. Both before and after rinsing, dilatational, and
compression moduli are measured (see the dotted rectangles
in Figure 3).

Figure 4 shows the large amplitude compressions of an
interface with adsorbed P, before and after a rinse. Figure 4a
shows the interfacial area during the compression cycles. The
points have been shifted along the horizontal axis to
conveniently separate data before (filled points) and after
rinse (empty points), now plotted against the shifted time, ¢,
on the same axes. Interfacial compression and expansion occur
at a rate of 50 um?*/s (using a syringe pump). Each interface is
compressed and expanded three times with the first, second,
and third compressions given by the black, dark gray, and light
gray points, respectively.

A larger magnitude of AA can be applied to an interface after
the rinse than before the rinse. The pretreatment of the
capillary (hydrophobization of the glass interface) required to
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achieve suitable pinning of an air/water interface performs less
well with ACN/water mixtures and larger amplitudes than
those shown to cause the air/solution/glass contact line to
shift during compression, invalidating the measurement.

Figure 4b shows the variation of surface tension (determined
using eq 1) during compression with the nondimensionalized
interfacial area using eq 4, calculated by normalizing the area
by its value prior to compression, A;. Both before and after
rinse, the first, second, and third cycles show no hysteresis.
Hysteresis is not observed for any of the compression cycles in
this study, demonstrating that these interfaces are capable of
recovering reversibly from large strains. The magnitude of the
compression modulus is extracted from the slopes of the data
and is calculated by linear regression. The best fit lines and
values for the effective compression modulus, E,, are shown in
Figure 4b. Before rinsing, the value of E_ is low (6.8 mN/m)
and increases to a value of 23.2 mN/m after replacing the bulk
phase with water. The compression moduli of all the
polypeptoid-laden interfaces studied here increase after rinsing
adsorbed polymer layers, suggesting that these layers have
become less compressible with processing. We use the slope as
a measure of the compression moduli, which yields the same
result as a formal fit to a constitutive equation.*

Figure S shows the real (filled symbols) and imaginary
(empty symbols) components of the dilatational modulus
measured under small amplitude oscillatory dilatation for the
interfaces characterized in Figure 4. Before the rinse (light blue
symbols), both elastic and viscous moduli are small (<10 mN/
m) over the range of frequencies used, 0.3 < @ < 3 rad/s. Both
moduli show a negligible dependence on frequency, and both
have values near the compression modulus (light blue
horizontal line), E. = 6.8 mN/m. After rinsing (blue symbols),
the elastic modulus is substantially larger than before the
rinsing and depends only weakly on frequency, E' = 28 + 2
mN/m. The value of the viscous modulus after rinse increases
with increasing frequency, at low frequencies near the prerinse
values E” (w = 0.55 rad/s) = S mN/m and at high frequencies
near that of the elastic modulus E” (@ = 4 rad/s) = 27 mN/m.
After rinse, the value of the elastic modulus is close to the
compression modulus, and the viscous modulus is less than E_
at all but the largest frequency, ® = 4 rad/s.

The dilatational modulus is measured in the small
amplitude, or linear, limit prior to the large compressions
shown in Figure 4. To determine if the measurement of the
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at a frequency of 1 rad/s after adsorption from a 0.1 mM solution in
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Figure S. Elastic [M (black)] and viscous [ (black)] components of
dilatational modulus after adsorption from 0.1 mM PEGI1 Py in @acy
=0.25 [M, O (light blue)], after rinsing with water [l, O (blue)] and
following the after-rinse large-amplitude compressions [, O (dark
blue)]. The light blue and dark blue lines give values of compressional
modulus before and after rinsing, respectively, provided in Figure 6

(square symbols).

compression modulus is itself processing the interface and
changing its properties, the dilatational modulus has been
measured again after rinse and after the large amplitude
compressions. The dark blue points in Figure 5 show good
quantitative agreement with the after-rinse data prior to
compressions (blue points), showing that the effects of the
large amplitude (and likely nonlinear) compressions used to
measure E_ do not linger beyond the measurement. This is
consistent with the lack of hysteresis observed in Figure 4 and
with the small values of the viscous modulus at low frequencies
in Figure S. Viscous contributions at low frequencies are quite
small, resulting in an in-phase stress response at all but the
highest frequencies probed. At the highest frequency
measured, we see deviations that are attributed to syncing
issues between the two signals, so we focus on results at w = 1
rad/s, where we have the most confidence in the decoupling of
the in-phase and out-of-phase signals.

A comparison between the elastic and compression moduli
is provided in Figure 6. Agreement between E_ and E’ across all
frequencies suggests that dilatational stresses are not relaxed by
material exchanging with the interface during oscillation. Many
small-molecule surfactants adsorb reversibly and are capable of
exchange with the adjacent solution during interfacial
compression/expansion, often at a rate limited by diffu-
sion."' ="’ Exchange acts both to lower the measured value of
the dilatational modulus and to push the stress response to one
dominated by the out-of-phase, viscous component. Instead,
the elastic modulus is constant across all frequencies,
dominates at low frequencies, and coincides with the
compression modulus (the low frequency limit), contrasting
with an explanation of relaxation by a diffusional exchange,
which would suppress the elastic response at lower frequencies.
It is not surprising that the after-rinse moduli do not exhibit

@acn = 0.25 (empty symbols) and after water rinse (filled symbols)
for PEG1 (blue) and PEG3 (green) polypeptoids. Different shaped
symbols represent different sequences of polypeptoids: blocky [A
(blue, green)], distributed [@ (blue, green)], inverse taper [4 (blue,
green)], and taper [M (blue, green)]. The thick dashed line is a guide
for the eye, representing perfect agreement, and the thinner dashed
lines show a +5 mN/m interval.

material exchange, given that water is a nonsolvent for these
polypeptoids. The data show that the viscous modulus
contributes more significantly at higher frequencies, a response
that is not predicted by models of diffusional exchange. These
dilatational data are better described by a constitutive model
focused on contribution from interfacial rheology.44’45 This
figure compiles data from all of the polypeptoids studied here
to allow for comparison of different moduli measurements. A
discussion of the differences in properties of these polypeptoid
systems follows.

Figure 7 shows surface pressure for all four sequences before
(a) and after rinse (b), with error bars providing standard
deviations across at least three replicates. Values of surface
pressure measured against differing solvents (before and after
rinse) do not show significant differences among sequences.
Each polypeptoid adsorbs modestly from an initial 0.01 mM
solution at @,cy = 0.25. Exchanging the polypeptoid solution
with water causes surface pressure to increase by 225 mN/m
to a final value of about 30 mN/m for all sequences. There is
not a significant difference between PEG1 and PEG3 surface
activity after the initial adsorption at @,y = 0.25 or after the
rinse (@acn = 0), despite PEG3 having a higher molecular
weight and being slightly more water-soluble. As stated before,
the surface pressure depends on the amount of surface-active
material adsorbed at the interface. The measured values of
surface pressure are different before and after rinse but very
similar to each other for the samples of the same chemical
composition but different monomer sequences. The polymers
are composed of hydrophilic groups (soluble in the solvent)
and hydrophobic groups (insoluble), which drive adsorption to
the interfaces. Therefore, these results indicate that the
chemical composition of the hydrophilic moieties is not the
main factor determining the surface activity of these molecules.
Rather, the irreversible adsorption of the hydrophobic side
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groups seems to be driving the adsorption of this composition
of polypeptoid molecules. Notably, the sequence of the
hydrophobic moieties on the backbone of the molecules
does not affect the surface concentration of adsorbed layers.
For this interpretation, we assume that the surface pressure is
proportional to the surface concentration; this is an
assumption in this work, but we have provided a motivation
and path to design a neutron reflectivity or other quantitative
measurement to verify. Without this work, it would be difficult
to justify that measurement or design the experiment for
success.

While the surface pressure does not show sequence
dependence, the sequence does affect dilatational moduli,
which we equate to the compressibility of the layers. Figure 8
shows the elastic modulus at 1 rad/s for polypeptoid-laden
interfaces (a) before and (b) after rinsing for PEG1 and PEG3

polypeptoid molecules. Before rinsing, the elastic modulus of
all sequences is small, E' < 20 mN/m. Elastic modulus
increases with rinsing, with values up to 60 mN/m for PEG1
and up to 35 mN/m for PEG3 polypeptoid molecules. The
after-rinse values of elastic modulus show a strong sequence
dependence. Both the inverse taper and blocky sequences have
higher after-rinse moduli than the tapered and distributed
sequences, with the inverse tapered and distributed moduli
having a statistically significant difference (p < 0.05).

This relationship between postprocessing dilatational
elasticity is preserved between the two chemistries studied,
as we see that the elastic modulus, E’, of Py and P;r-laden
interfaces are consistently higher than Pp and Pr for both
PEG1 and PEG3. The increase in elastic modulus with rinsing
is not correlated with the increase in surface tension beyond
the general, positive trend. Figure 6 demonstrates that we will
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observe the same trends using the large amplitude compressive
moduli.

B DISCUSSION

A surface equation of state relates the amount of adsorbed
material to an interface (I, surface excess concentration) and
the energy of the interface (y, surface tension).” Typically,
surface tension is measured over a range of solution
concentrations, combined with direct measurements of surface
concentration for a single surfactant, and used to determine
both an equation of state and an adsorption isotherm, relating
surface excess and solution concentration. Given the similarity
in before-rinse values of surface tension shown in Figure 7 all
at the same solution concentration, it is not unreasonable to
assume that these four sequences have similar surface excess
concentrations in the @,cy = 0.25 mixture. Exchanging the
solvent mixture with water increases surface tension similarly
for the four sequences, suggesting that the surface concen-
tration does not change and similar changes in the surfactant
structure can be expected. The water rinse is done at a rate
corresponding to a full reservoir exchange every 20 s, which is
comparable to a time scale of initial adsorption to the
interfaces at ¢ = 0.1 mM, so it cannot be ruled out that
additional adsorption to the interfaces occurs during this
process. However, the rate of adsorption depends on the bulk
concentration, which decreases during the rinse, which
counters that effect. Therefore, assuming that before-rinse
adsorption and additional adsorption during the rinse are
comparable for all sequences requires that the after-rinse
surface excess concentration also be comparable. These two
sets of four polypeptoid molecules have the same chemical
composition (PEGI and PEG3 based on the hydrophilic side
groups, respectively) and showed similar surface activities,
despite the differences in monomer sequences between
different sequences. The solvent exchange likely induces a
change in the conformation of the polypeptoid molecules at
the interface. Based on the surface pressure data, the amount of
each monomer sequence in the polypeptoid molecules is the
same for the same chemical composition; the differences in
mechanical properties reflect the interactions of the polymer
molecules with each other due to different conformations after
processing.

After-rinse dilatational elasticity varies with the sequence,
with P;p and Py having the largest values. Assuming that
surface concentrations are comparable, the difference in
dilatational stress response is best explained by specific
intermolecular interactions rather than by the number of
interacting molecules (if surface concentrations vary). The
intermolecular interactions between adsorbed molecules will
depend on sequence and orientation. Py has a larger after-rinse
modulus than Pp, although both have hydrophobic groups
somewhat distributed along the chain. Because the hydro-
phobic groups of Py are grouped in sequences of three, Py is
likely to adopt a conformation at the interface flatter that is
than that of Pp,. In other words, thermal energy is more likely
to pull a single phenyl ring into the water than three. As a
result of the flatter conformation, a single Py molecule would
occupy more space, increasing the likelihood of interaction
between neighboring chains via hydrophobic interactions (e.g.,
7—7 stacking).*®

P;r should adopt a conformation that is flatter than that of
Pr for similar reasons. The hydrophobic groups of Pr are
tapered in a way that resembles a traditional one-tailed

surfactant copolymer, whereas the hydrophobic groups of P
are biased toward the center of the chain in a way that
resembles an asymmetric, ABA triblock copolymer (where
block A is soluble and block B is selective). An ABA triblock
copolymer occupies more space at an interface than a diblock
copolymer due to a phenomenon known as dangling tails.*”**
Essentially, a triblock copolymer of the same mass as a diblock
packs less efficiently because the diblock can more easily form
a brush in the solvent, lowering the size of its adsorption site.
For the same number of adsorbed molecules, P;; would lie
flatter than Pr and have stronger intermolecular interactions
because of it. Based on the similar values of surface pressure,
we can say that there are similar amounts of molecules of each
sequence at the interface. Therefore, a flatter conformation
would leave less space between the molecules at the interface
and cause them to interact more as the interface is
compressed/expanded, which is reflected in higher values of
dilatational modulus for Py and P;p than Pp and P,
respectively.

The elasticity of PEG3-laden interfaces is consistently lower
than that of those with less hydrophilic PEG1. The effect of the
sequence is preserved, indicating that the monomer sequence
is affecting the conformation of the molecules within the
processed layer. The values of the dilatational modulus,
however, are consistently lower. Again, with a similar amount
of molecules per area of interface, PEG3 would need to have
greater spacing between molecules due to a less flat
conformation, or, in other words, extending further into the
bulk solution and away from the interface. This is consistent
with the differences in chemical composition between PEG1
and PEG3, with the hydrophilic moieties of PEG3 being more
hydrophilic and, therefore, being enthalpically favored to
interact with the outer phase (water) more.

B CONCLUSIONS

Solvent quality controls the adsorption of amphiphilic
polypeptoids. The four sequences and two different chemical
composition of polypeptoids studied here are not surface active
in a good solvent, a 50/50 mixture of ACN/water. These
polypeptoids adsorb modestly (lower y by ~5 mN/m) to the
air/liquid interface from a 0.1 mM solution in a poor solvent,
25/75 ACN/water. After adsorption, the exchange of the
polypeptoid solution with pure water strands the molecules at
the interface; surface tension increases slightly but remains
~30 mN/m below the clean value of air/water, 72 mN/m.
Differences in monomer sequence and increasing the size of
hydrophilic groups do not have a first-order effect on surface
activity. The small dilatational elasticity before the water rinse
(E’ < 20 mN/m) increases by at least a factor of 2 with the
exchange, up to 60 mN/m. Agreement between the values of
elastic and compression moduli suggests that material
exchange between the interface and the solution is not
responsible for relaxing dilatational stresses. The values of the
after-rinse elastic modulus show a dependence on the
molecular sequence, with P;p and Py forming more elastic
interfaces than Py and Pp. Pyp and Py sequences likely adopt
flatter conformations at the interface, enabling their hydro-
phobic groups to interact more strongly than Py and Pp. The
trends are preserved for both PEG1 and PEG3 polypeptoids,
indicating that the arrangement of the hydrophobic moieties
has the strongest impact on the adsorption and elasticity of the
interfaces. The hydrophilic part can be changed while still
preserving surface activity. Since the conformation changes
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responsible for the increasing elasticity of the interfaces are due
to the thermodynamic interactions between the polymer
monomers and the solvent, a similar effect should be possible
to achieve with factors other than solvent quality, such as
temperature. This provides flexibility and guiding principles in
designing processable polypeptoid surfactant molecules by
tailoring the interactions with the solvent and the final
properties of interfaces.
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