Surfaces and Interfaces 23 (2021) 100922

Contents lists available at ScienceDirect

Surfaces and Interfaces

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces

ELSEVIER

Check for

Confined hydration in nanometer-graded plasma polymer films: Insights e
from surface-enhanced infrared absorption spectroscopy

Ezgi Biilbiil ", Dirk Hegemann * ", Kenichi Ataka ®, Sandro Lehner?, Joachim Heberle
Manfred Heuberger "
& Laboratory for Advanced Fibers, Empa, Swiss Federal Laboratories for Materials Science and Technology, St. Gallen, 9014, Switzerland

b Laboratory for Surface Science and Technology, Department of Materials, ETH Zurich, Zurich, 8093, Switzerland
¢ Department of Experimental Molecular Biophysics, Freie Universitat Berlin, Berlin, 14195, Germany

ARTICLE INFO ABSTRACT

Keywords:

Siloxane plasma polymers
Amphiphilic gradient
Subsurface hydration
Water confinement

To shed light on recently explored long-range surface forces generated by subsurface-confined water, the
structural characteristics of water molecules penetrating into nanoporous homogeneous and nanograded siloxane
plasma polymer films (PPFs) over the time scale of 24 hours are studied by surface-enhanced IR spectroscopy
(SEIRAS). Chemically graded PPFs, with embedded hydrophobic-to-hydrophilic gradient, are found to signifi-
cantly change the average interfacial water orientation due to a unique nanoporous morphology and silanol
group coordination. Diffusion of water through the hydrophobic SiO:CH matrix creates an evolution of the co-
ordination of matrix silanol groups, which are eventually deprotonated as soon as the hydration network con-
nects to the aqueous environment. This occurs after ~6 hours of water immersion and coincides with the change
of average interfacial water orientation. Both effects are present on hydrophobic samples, but are significantly
amplified by the presence of the subsurface vertical amphiphilic gradient (Vgrad), whereas enhanced water

uptake in oxygen-plasma modified graded PPFs is covering such effects.

Introduction

Water, being the most important solvent, exhibits remarkably
multifaceted properties owing to a triple balance of interactions
involving a significant dipole moment, substantial polarizability as well
as a tetragonal hydrogen bonding capability [1,2]. It is known that local
ordering and molecular dynamics change in distinguished ways when
water is confined to nanosized cavities. An often discussed alteration is
the locally modified hydrogen-bond network [3-6]. Confined water has
consequently attracted a considerable amount of attention, not the least
since it plays a decisive role in areas ranging from biological processes to
nanotechnology, catalysis, and soil chemistry [2,7-10]. The energetic
and structural properties of confined water, such as hydrogen bond
distribution, clustering, proton mobility, are controlled by confinement
geometry as well as the distinguished interaction with the confining
surfaces or matrix [11].Among numerous experimental and theoretical
research works conducted in recent years, there is a notable interest in
understanding the structural and dynamic properties of water confined
to matrix-defined channels of different geometry e.g. slit, cylindrical, or
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disordered networks of pores [12-18].

The occurrence of confined water in plasma polymer films (PPFs) in
aqueous environments is of particular technological interest and it has
been the focus of recent studies [19-24]. This notably includes PPFs
with embedded subsurface amphiphilic gradients that also exhibit a
graded transition in porosity. It was found that hydration of such sub-
surface gradient PPFs leads to modified adsorption of dipolar macro-
molecules on the surface, suggesting the existence of long-range surface
forces, i.e. >10 nm generated by subsurface confined water. It was found
that these effects are transient in nature and the evolution encompasses
at least 12 hours after being immersed in water for some hours for the
examined PPFs [22,24,25]. The here studied plasma polymers are based
on siloxane chemistry, e.g. using the established hexamethyldisiloxane
(HMDSO) precursor; they are well suited to provide a nanoporous and
chemically adjustable matrix [26]. The controlled removal of O,
admixture from a HMDSO vapor plasma during the film growth
conveniently allows the generation of a hydrophilic-to-hydrophobic
transition at a chosen depth below the film surface forming a buried
interface. Termination of different base layers with the same
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hydrophobic surface (SiO:CH) film of nominally 4 nm was used to obtain
identical surface chemistry. Optional intermediate plasma oxidation was
used to further modify the chemical and morphological composition
before the deposition of the SiO:CH terminal layer. Although neutron
reflectivity measurements revealed that the time of intermediate plasma
oxidation increases the abundance of water in the hydrating subsurface
region [22], it remained unclear to what extent such optional oxidation
affected the subsurface water-matrix interactions. Within this previous
study, the abundance of silanol entities mainly in the hydrophobic and
the transition region of the gradient matrix was additionally detected
using ToF-SIMS confirming the nanoporous morphology of siloxane
PPFs. As it is well-described in the literature, silanol coordinations in the
matrix as well as at the surface are of fundamental importance involving
interactions with water [27,28]. In contact with water, hydroxylation of
siloxane backbones, particularly at the surface as well as at the tip of
cracks and pores, is likely to occur addressing the further hydration
processes [29,30]. Moreover, hydrogen bonding interaction between
silanol and molecular water is known to affect water transport through
nanoporous materials [31].

Attenuated total reflection Fourier transform (ATR-FTIR) with a
penetration depth around ~1 pm provides a powerful method to obtain
structural information on water intruding a thin film matrix or water at
an interface. Two prominent features of the aqueous IR spectrum include
a bending (1635 em™) and a broad stretching band (2800-3700 em™)
[32-37]. The OH stretching mode is highly sensitive to the strength of
water hydrogen bonding with its environment [34,38,39] as indicated
by shifts of the peak wavenumber. Ice peaks around ~3220 cm™! [40,
41], and a broad band located around ~3400 cm ™ 'is characteristic for
bulk water [42]. For the limiting case of non-interacting hydroxyl
groups in vapor, a vibrational band appears at ~3640 cm™!. Besides the
contribution of different water hydroxyl group vibrations, one compo-
nent centered around 3200 cm ™! of this OH stretching mode is associ-
ated with the silanols present in a highly H-coordinated chemical
environment [43,44]. Studying the OH stretching band provides a
means of investigating the hydrogen bonding interactions of water at
aqueous interfaces. The water in close proximity to the surface (<2 nm)
often has different properties and is called interfacial water [45]. Rather
local properties of the surface control the interfacial water structure,
which often remains undetected by more macroscopic surface analytics
such as contact angle [28,46]. In the presence of ionic and polar groups
on the surface, the adsorbed water molecules can form strongly
hydrogen-bonded or ordered structures and can thus be seen in the
lower frequency part of the OH stretching band [37,47]. In addition to
these well-studied water and silanol vibrations, the relatively weak
bending+libration water combination band centered around 2100 cm™?
is documented. This band is associated with the H-bond hindered rota-
tion of water molecules, thus reporting on the intermolecular structure
and dynamics of liquid water [48-51]. Considering the general scheme
of these wavenumber shifts, it can be foreseen that the chemically
graded PPF should induce measurable spectral changes in water vibra-
tional modes at the interface and also as water penetrates the matrix
[39]. Since we are interested in IR absorption spectra from nanometer
thick regions we advance this research effort by means of
surface-enhanced infrared spectroscopy (SEIRAS). Several research pa-
pers have already reported on the local water structuring characterized
by SEIRAS [52-55]. The plasmon resonance of a nanostructured gold
film enhances the surface sensitivity, typically one or two orders of
magnitude [56-58] as compared to the attenuated total reflection (ATR)
approach. The SEIRAS sensitivity decays exponentially [59] with a
typical pre-exponent factor of ~(8 nm)~!. Therefore, a predominant
portion of the detected IR absorption occurs inside the plasma polymer
film, while the signals from interfacial and bulk water above are
reduced. Moreover, SEIRAS provides significantly enhanced sensitivity
to vibrational modes linked to dipole moments perpendicular to the
surface. Owing to these provisions, SEIRAS signal quantification can be
challenging. A comprehensive discussion of the underlying EM theory
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can be found in the literature [57,59-63].
Methods
Plasma polymer deposition

The plasma polymer films (PPFs) were generated in an asymmetric,
capacitively coupled reactor. The deposition was performed on the
13.56 MHz radio frequency (RF) driven electrode with an area of 21 x70
crnz, which was mounted inside the reactor vessel with a gap of 8 cm
from the chamber wall. A gas showerhead facing the entire electrode
area, providing a uniform gas inlet, supplied the gaseous mixture of the
monomer hexamethyldisiloxane (HMDSO) (purchased from Fluka), the
carrier gas Ar, and the reactive gas oxygen (purchased from Carbagas,
Switzerland) into the reactor. The liquid HMDSO was vaporized at
reduced pressure and a slightly elevated temperature of 40°C and a
thermostabilized mass flow controller (43°C) regulated the gas flow rate
of the precursor vapor into the reactor.

A formerly well-defined protocol was employed to deposit two
gradient-free reference PPFs and three types of vertical gradient films
each with a total thickness of 10 nm at a maintained pressure of 7 Pa
[25]. A preceding in-situ cleaning step of the substrate, the gold nano-
structured Si-chip, was achieved by Ar/O; plasma (80 sccm/20 sccm)
with 200 W applied power at 10 Pa pressure. A fixed flow rate of 4 sccm
(standard cubic centimeter per minute) of vaporized HMDSO mixed
with 20 sccm Ar was fed to generate a 10 nm hydrocarbon-rich (hy-
drophobic) "SiO:CH" film at a nominal power input of 50 W. The
admixture of 40 sccm oxygen to the HMDSO/Ar plasma under a nominal
power input of 100 W enabled conditions to produce a 10 nm hydro-
philic, hydrocarbon-poor (hydrophilic) "SiOx" film. In an in-situ two--
step process, a 6 nm thick SiOx base layer terminated by a nominally 4
nm thick SiO:CH layer together formed the vertical gradient film, enti-
tled "Vgrad".

Optionally, a plasma oxidation step was employed after deposition of
the SiOx base layer for 1 min and 5 min, respectively, preceding the
deposition of the 4 nm-thick hydrophobic SiO:CH cover layer. These two
alternative models of subsurface gradients are named "Vgrad-ox1" and
"Vgrad-ox5". The required adjustments in gas flow rates between
different conditions could be reliably performed during short periods of
plasma power off. A general characterization of the here used PPF with
different analytical tools is available in the literature; namely, in terms
of film density, elemental composition, stability, water contact angle,
and hydration [22,23].

Scanning electron microscopy (SEM)

The impact of the plasma oxidation process on the morphology of
SiOx PPFs was investigated by SEM analysis. Thus, a ~6 nm SiOx PPF
was deposited on polypropylene films; this thickness ensures full
coverage of the polymer substrate. We selected a polymer substrate to
contrast coating defects by oxygen species that can undercut the sub-
strate through voids in the SiOx film [64,65] during the optional Ar/O,
plasma etching (applied for 1 and 5 min, 20/40 sccm, at a power of 100
W).Then, the surface of bare SiOx as well as the oxidized layers were
analyzed with SEM (Hitachi S-4800). A ~4 nm thick gold-platinum film
was applied onto these non-conducting samples by sputtering before
obtaining SEM images.

In-situ surface-enhanced infrared absorption spectroscopy (SEIRAS)

Surface-enhancement is achieved by utilizing a 100-200 nm gold
film, which exhibits corrugations of ~50 nm in diameter and a height of
10-20 nm. This gold film was deposited on a silicon chip by chemical
deposition [57,58]. Gold was deposited by reduction of hydrogen tet-
rachloroaurate (HAuCls) on freshly etched Si surface by exposing
diluted HF solution and reductant[57, 58]. Subsequently, one of the five
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variants of plasma polymers (SiOx, SiO:CH, Vgrad, Vgrad-ox1, and
Vgrad-ox5) was deposited onto the nanostructured gold surface.

The Si chip was finally placed inside a Teflon cell that was mounted
in an FTIR spectrometer (Bruker Vertex 70V) equipped with home-built
attenuated total reflection optics (single reflection at 60° incident
angle). The reflected beam illuminated a mercury cadmium telluride
(MCT) detector. A number of 512 scans were recorded for each spectrum
with a resolution of 4 cm™!. Hydration of the examined samples is
known to proceed over a period of several hours. Therefore, a back-
ground spectrum, i.e. quasi dry state, was collected immediately after
the injection of 1 mL of distilled water into the sample cell. Afterwards,
the IR absorbance spectra of PPF exposed to water was recorded in
regular time intervals of 20 min, for a total duration of 24 h. For the data
analysis, the background and instrumental water vapor spectra were
initially subtracted from each time-resolved SEIRA spectrum and then
the baseline was corrected using OPUS 7.2 software. Due to the loga-
rithmic time evolution of the hydration progress, we collected spectra in
growing time intervals, namely at 20 min, 1 h,3h,6h, 10 h, 13 h, 16 h,
20 h, and 24 h of film hydration (see Figure S2 for more details).

The fitting operation of OH stretching bands in the SEIRA spectra,
particularly obtained at quasi-dry and 24 h hydrated states, was
deconvoluted using a Gaussian peak shape. The assignment of two
important sub-bands includes bulk-like water and highly coordinated
OH configurations. The latter contains several contributions, since the
frequency range for ice-like water and highly coordinated silanol over-
lap; we were not able to clearly distinguish them during the fitting
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procedure. Thus, they were considered as one composite peak named
"highly coordinated OH".The position, amplitude, and width of this
composite peak are thus characteristic of the different hydrogen-
bonding environments of each sample. However, bulk-like water, as
detected above the interfacial water of the surface, can be observed for
all samples. Thus, the location of the bulk-like water peak (3311 cm’l)
and its width (384 cm™!) were fixed during Gaussian deconvolution,
according to values determined from an independent ATR-FTIR char-
acterization of bulk water.

For the ATR-FTIR characterization of a pure water reference, drop-
lets of nanopure water were directly put onto a GladiATR (Pike Tech-
nologies, Fitchburg, USA) which was operated in combination with a
Tensor 27 IR-spectrometer (Bruker AG, Fallanden, Switzerland). For the
analysis, 32 scans at a resolution of 4 cm ™! were recorded between 4000
em ! and 650 em L.

Results and discussion

Fig. 1 schematically illustrates how SEIRAS was set up in a small fluid
cell to investigate the hydration of the subsurface-modified siloxane
PPFs coated onto a nanostructured Au coating. The vibrational spectra
of the two gradient-free reference PPFs, as well as the gradient films,
were acquired in form of time series during 24 hours, whereby the
recording started immediately (<1 min) after water injection.

Water contact angle (WCA) measurements indicated that the SiOx
base layer is moderately hydrophilic (WCA of 72) due to a small fraction
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Fig. 1. Schematic illustration of the experimental approach. a) The SEIRAS optical cell was filled with 1 mL of distilled water at the start of each hydration
experiment using a plasmonic nanostructured gold film coated with different plasma polymer films (PPFs); b) Schematic illustration of the examined PPFs under
hydration conditions: hydrophilic SiOx film exhibiting nanopores along the granule boundaries; hydrophobic SiO:CH film with more finger-like nanochannels;
vertical gradient film (Vgrad) with embedded 1-2 nm wide hydrophilic-to-hydrophobic gradient at the interface of a 6 nm hydrophilic base layer (SiOx) and a 4 nm
hydrophobic cover layer (SiO:CH); similar gradient films with additional plasma oxidation step applied for 1 (Vgrad-ox1) and 5 min (Vgrad-ox5) on the 6 nm SiOx
base layer; c¢)Schematic representation of the SEIRAS signal that detects only the perpendicular dipole component of OH vibration, i.e. up and down orientation with
respect to the surface, as indicated by the light-gray shaded areas, whereas water dipoles oriented in the horizontal plane are not measured. Note that water dipole
directions are three dimensional, therefore the SEIRAS signal would detect less than one-third of randomly oriented water molecules. Changes in the average water
molecule orientation, as indicated by small arrows, results in corresponding changes of the SEIRAS signal, e.g. smaller light shaded areas.d) Sketch of SEIRAS
exponential sensitivity characteristics, with a pre-exponential factor of typically ~(8 nm)~! in relation to the used PPF architectures of nominally 10 nm thickness.
Interfacial and bulk water OH vibrations are thus probed at lower sensitivity compared to OH vibrations occurring in the PPF matrix.
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of incorporated hydrocarbons, whereas the nominally 4 nm thick ter-
minating SiO:CH layer is hydrophobic (WCA of 105). Depositing these
two film types in sequence, an interface with a vertical chemical
gradient named "Vgrad" is formed (see Fig. 1b). Additional plasma
oxidation of the SiOx base layer, with a duration of 1 or 5 min, was
applied for the samples named Vgrad-ox1 and Vgrad-ox5 (see Fig. 1b),
respectively, thereby strongly reducing the ex-situ measurable WCA
[22]. From previous results, we expect samples Vgrad-oxl and
Vgrad-ox5 to exhibit a different embedded nanopore morphology due to
the etching of the residual hydrocarbons, as sketched in Fig. 1b and also
imaged in Fig. 4.All gradient samples are fully covered by the hydro-
phobic SiO:CH termination layer, thus exhibiting identical surface
wetting properties with a WCA of 105. Furthermore, the surface
roughness (~0.3 nm), as well as the essentially PDMS-like chemical
composition of the termination layer, are identical to the 10 nm thick
gradient-free SiO:CH reference film (as observed from AFM and
ToF-SIMS, not shown). However, such PPFs can contain other terminal
groups like Si-H, and Si-OH besides Si-CHgs, typically considered as de-
fects [21,66]. A varying amount of silanol groups was previously
detected in the examined PPF variants using ToF-SIMS, confirming the
adjustable density of chemically unconnected local network branches in
the plasma polymer matrix indicative of nanoporosity [20,22].
Changes in the SEIRA OH vibrational spectrum of water molecules
and the matrix were recorded for 24 hours. An independent quantifi-
cation of D20 penetration into such PPFs is available from neutron
reflectivity measurements taken at comparable hydration times [22,23,
67]. Note that SEIRAS selectively detects vibrational modes where the
dipole component is perpendicular to the surface [57,63], implying that
both OH stretching and OH bending modes of water are selectively
detected for molecules that are oriented normal to the surface, as
illustrated in Fig. lc. Due to an exponentially decaying sensitivity,

Table 1
List of the evaluated OH symmetric stretch vibrations and their assignments.
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SEIRAS is more sensitive to molecular vibrations in the PPF matrix, yet
the SEIRAS signal still contains significant contributions from interfacial
as well as bulk water above the PPF surface (Fig. 1d). While the OH
bending region is purely associated with water, the OH stretching region
results from a superposition of matrix silanol (Si-OH) as well as water
OH, in the different local environments. Table 1 names different known
H-bonding environments and associated typical wavenumbers, i.e.
bulk-like water [42], ice-like water [40,41], and highly coordinated
silanol [43,44,68]. Due to a significant frequency overlap and shifting,
the identification of individual contributions is difficult and quantifi-
cation by spectral deconvolution is furthermore complicated by the
highly non-linear sensitivity. Qualitatively nonetheless, there is a gen-
eral trend that OH stretch vibrations exhibit lower wavenumbers with
increasing hydrogen bond coordination [69]. Note that the opposite
trend is documented for the OH bending band [70]. Along these lines,
ice-like water vibrations were previously assigned to ordered interfacial
water [32]. Highly coordinated silanol groups can occur inside the dry
PPF matrix and contribute to the same OH stretching band. A high de-
gree of coordination occurs if two adjacent silanol groups form hydrogen
bonds. The literature specifies a critical distance for high inter-silanol
coordination of 3.3 A [31,71,72]. Most of the silanols in the PPF must
be highly coordinated to explain the here observed IR signal centered
around 3150 cm ™. HMDSO-based PPFs contain a controllable amount
of (Si-OH)-O-(Si-OH) sequences in the matrix [73], which favor such
inter-silanol coordination. The inset in Table 1 summarizes the different
vibrational frequency ranges, which can be assigned to the main features
seen in the here analyzed SEIRA spectra.

The SEIRA spectra of the five different PPFs are shown in Fig. 2a and
b, at the start of hydration (i.e. <1 min after injection) and after 24 h of
hydration, respectively. Due to the spectral overlap of several contri-
butions and the exponentially decaying sensitivity of SEIRAS, a direct
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Fig. 2. SEIRA spectra recorded during 24 h hydration series. a) hydration start measured <1min after water injection (SiOx - blue curve, SiO:CH - gray curve, Vgrad -
orange curve, Vgrad-ox1 - green curve, Vgrad-ox5 - red curve); a polynomial baseline with identical fixpoints at hand-selected wavenumbers was subtracted from all
spectra (Fig. S1); b) after 24 h of hydration with identification of OH stretching band, bending-+libration combination band and OH bending band; the same
polynomial fixpoints were used for baseline subtraction as above; c) relative integral area changes occurring in the bending region during 24 h hydration, this ratio
highlights relative changes occurring in the amount of water with a surface-normal orientation, i.e. interfacial and matrix-confined water; d) the estimated relative
change of matrix Si-OH signal during 24 h hydration estimated from an integral area difference analysis; the constant factor, ¢ ~ 9.6, estimates the constant
stretching-to-bending-area-ratio from an independent ATR-FTIR measurement with a drop of millipore water (Fig. S3).

spectral quantification via deconvolution of the IR spectra is not work-
able. Instead, one can use integral area arguments to obtain a semi-
quantitative insight into the changes occurring during the 24 h hydra-
tion. To analyze the more complex stretching band (~3000-3400 cm™1),
we shall make use of the particulars that i) the bending region (~1635
em™ ) solely consists of water contributions (i.e. no silanol), and ii) the
fixed relationship between the integral areas of stretching-to-bending
signal for water, as verified from independent ATR-FTIR measurements.

The relative changes of the integral area in the bending region are
displayed in Fig. 2c. Notably, some of the samples exhibit a negative
change of IR absorption, despite the fact that previous NR results
detected intrusion of 10-15 vol% D,O during the same time period [22,
23]. The expected increase of signal due to water intrusion must be
masked by a larger loss of signal due to water dissociation or water
reorientation. A modified water dissociation in nanopores was proposed
by other groups [74,75], but this is unlikely to explain the observation
since the invisibility of water intrusion in nanopores does not result in a
relative loss of the SEIRAS signal. Hence, the observed negative change
needs to be related to the reordering of vertically oriented interfacial
water during the hydration process (Fig. 1c). It is difficult to quantify the
exact amount of reoriented water, but, if the water that penetrates the
matrix is largely invisible, it must contribute equal or more than -15%
(observed decrease in Vgrad, Fig. 2¢) to the initial OH vibration band.
The signal loss of the initially vertically orientated portion of the water is
pronounced for the Vgrad architecture, which was previously found to
exhibit unusually reduced adsorption of BSA on the surface [22-25].

Along these lines, reordering of interfacial water is also seen in the
SEIRAS signal of the reference hydrophobic (SiO:CH) layer; the latter
also exhibits lower protein adsorption compared to the SiOx reference
surface [22], which shows no noticeable water reordering. One might
expect a certain amount of reoriented water on all four samples that are
terminated by the same hydrophobic SiO:CH layer. The reduction of the
water signal is less pronounced for Vgrad-ox1, and Vgrad-ox5 is even
dominated by a clear increase of signal. Both findings agree with the
observed higher amount of water intrusion, which can mask water
reorientation effects. Increased amounts of DO diffusing into this type
of PPF was previously also seen in NR, in the same order of oxidation
duration [22]. These fundamental differences of the oxygen treated
samples concur with the different protein adsorption reported earlier;
namely, the Vgrad-ox5 was found not to show the related decrease in
protein adsorption [22].Last but not least, the hydrophilic PPF (SiOx)
shows only a small increase (~5 %) of water signal during hydration,
which suggests that interfacial reorientation is less significant here.

To obtain an estimation for the relative change of silanol groups in
the matrix from SEIRAS data, we determined the constant area ratio
factor, ¢ = [I(stretching) dA / [I(bending) dA ~ 9.6, of a bulk water
ATR-FTIR reference spectrum (Fig. $3). Multiplying the integral area of
the SEIRAS bending region by this factor, c¢ then allows subtraction of
the water contribution from the stretching band and henceforth isolates
the matrix silanol part. The underlying assumption that the orientation
of silanol groups in the PPF is essentially random, seems plausible. As
seen in Fig. 2d, the SiOx sample exhibits a small increase of silanol
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absorption during hydration. Initially, SiOx contains a negligible
amount of Si-OH [22]. Silanols, however, can be formed upon water
intrusion by the chemical equilibrium reaction Si-O-Si + Hy0 «
(SiOH)-(SiOH) along pore surfaces and boundaries between adjacent
amorphous SiOx granules[30,76]. The more hydrophobic SiO:CH matrix
contains trapped radicals after plasma deposition that react with hu-
midity to Si-OH, which probably forms nanochannels along with such
defective spots [20]. Along such nanochannels the embedded coordi-
nated Si-OH groups can slowly deprotonate upon water intrusion; SiOH
+ Hy0 <Si0~ + H307[27,28]. The silanol deprotonation reaction oc-
curs in all samples with SiO:CH composition and leads to a loss of signal
during hydration. This effect is strongest for the Vgrad sample, yet also
visible for the Vgrad-ox1 and Vgrad-ox5 variants in decreasing order.
To shed light on the time evolution and the interactions between
water and matrix, we shall perform a detailed differential spectral
analysis below. Therefore, we subtracted the first spectrum measured at
hydration start (<1 min after water injection) from all subsequently
measured spectra (see Figure S2). The hence obtained difference spectra
series is displayed in Fig. 3. Note that the light orange line in Fig. 3 marks
the constant location of the CO5 absorptioncaused in the experimental
surroundings. Furthermore, the wavenumbers for bulk water (~3400
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cm 1) and highly coordinated OH (~3000-3200 cm 1) are also marked
with light blue and purple lines for convenience.

The plain reference films consisting of SiOx and SiO:CH both exhibit
an initial increase of signal in the composite stretching band 3600 to
3000 cm ™! as well as in the bending band ~1600 cm™! (Fig. 3a and b).
This initial increase occurs mostly within 20 minutes after hydration
starts, which suggests that it may relate to initial water intrusion. About
6 h after hydration start, the hydrophobic reference deviates from this
scheme and a predominant dip occurs in the stretching band at around
3050 cm ! as well as a peakshift (from 1641 cm ! to 1660 cm’l) in the
bending region, indicating that the water somewhere in the detection
volume enhances its coordination in this process. The coincidence of
these findings suggests that water diffusing into the more hydrophobic
matrix preferentially coordinates with matrix silanol groups, which then
partially deprotonate as the consequence. Proton conductivity along fine
nanochannels of silanol-coordinated water [77,78] could explain the
sudden occurrence of the dip by a percolation phenomenon that sets in
after about 6 hours. This is also consistent with the relative change of the
integral silanol signal displayed in Fig. 2d. Although the loss of silanol
signal occurs nanometers below the surface, this very process seems to
have a reordering effect on the molecular orientation of interfacial water
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Vgrad-ox1, and e) Vgrad-ox5. The spectra are shifted vertically by a factor of 1073 each; the time series includes measurements at 20 min, 1 h, 3h, 6 h, 10 h, 13 h, 16
h, 20 h, and 24 h after injection of water. The here presented spectra reveal the differences in the spectrum relative to the hydration start; vertical lines mark the peak
positions of bulk water (blue line - at 3311 cm™Y), highly coordinated OH (purple line - at 3054, 3049, 3100, 3029, and 3039 cm™! for SiOx, SiO:CH, Vgrad, Vgrad-
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ox5, respectively). The orange shaded area marks the CO, absorption.
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as discussed above (Fig. 2a), likely occurring around the defect spots at
the surface that can be understood as an entrance for the nanochannels.
The range of the underlying interaction must be long-range. Hydration
thus proceeds in rather different ways depending on the type of matrix in
these plain reference PPFs.

Fig. 3c further shows that similar mechanisms are at play in the
composite Vgrad sample, albeit at relatively higher extent. The position
of the differential dip in the OH stretching band of Vgrad (Fig. 3c) is
located at exactly the same location as the dip of the SiO:CH reference
film and must thus be of identical origin. The relative size of the dif-
ferential dips is consistent with the integral envelopes analyzed above

EMPA_SG 2.0kV 9.1mm x100k SE(M,LAO)

)] SiOx + 1 min ox.

EMPA_SG 2.0kV 8.7mm x100k SE(M LACMI

EMPA_SG 2.0kV 8.8mm x100k SE(M,L/
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(viz. Fig. 2c and d). This amplification in Vgrad is somewhat surprising
since the silanol rich SiO:CH terminal layer represents only ~40% of the
film architecture, as compared to the plain SiO:CH reference layer. It is
however in agreement with previous ToF-SIMS results suggesting a
significantly elevated silanol content in the terminal layer of gradient
architectures [22]. We believe that the in-situ change of plasma condi-
tions (oxygen flow and energy) at the gradient during deposition entails
a unique silanol density in the SiO:CH / SiOx gradient region of this type
of architecture, likely by incorporation of trapped radicals in the graded
plasma polymer transition region. We also note that the differential
peakshift of the bending band is more pronounced for Vgrad (Fig. 3b) as

e,
Sy,

® non-polar groups

@® polar groups

(UL
500nm

Fig. 4. SEM images of a) SiOx base layer, b) SiOx base layer after 1 min Ar/O, plasma etching, and ¢) SiOx base layer after 5 min Ar/O, plasma etching (all 6 nm
thick; w/o cover layer). A granular structure is defined by linear, branched nanopores that increase in number and length with increasing Ar/O, etching time. The
sketches illustrate how an increasing amount of water can penetrate into the pores during hydration.
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compared to SiO:CH (Fig. 3c); this suggests that the interaction ener-
getics of interfacial water is more strongly affected in the Vgrad archi-
tecture. Such energetic shifts are possibly linked to the occurrence of a
long-range dipolar field that acts to reorientate interfacial water to-
wards the horizontal plane (Fig. 1c¢). Comparing this result with the
integral reduction of oriented water signal (Fig. 2c) we can recap that
the Vgrad architecture has a strong and localized coordination effect on
diffusing water molecules via silanol groups. The deprotonated silanol
groups are able to affect the rotational orientation (i.e. libration) of
water [79]. It is interesting to note that the energetic changes of the
Vgrad bending band reach out into the libration combinatorial band of
water around 2100 cm™L. It would therefore be interesting for future
work to study the water libration bands around 670 cm™},particularly
for the hydrated Vgrad architecture [50]. A change of water libration in
the sense of a preferred orientation would have an increasing effect on
the range of dipolar interactions with water. In addition, the Si-O-Si
network modes belonging to the plasma polymer backbone around
~1100 cm’1[29] are also enhanced during this reactive hydration
process that eventually leads to silanol deprotonation.

The gradient structures with intermediate oxidation steps Vgrad-ox1
and Vgrad-ox5 exhibit a reduced differential dip in the OH stretching
region (Fig. 3d and e). The plasma oxidation creates a nanoporous SiO»-
like matrix, showing increasing open structure with oxidation time.
From previous ToF-SIMS measurements, we know, however, that the
overall silanol content in the cover layer of intermediately oxidized
gradients is comparable to the Vgrad sample [22], hence, we can also
expect deprotonation effects. The large integral gain of water signal of
the Vgrad-ox5 samples seen in Fig. 2c and also in the differential
stretching band of Fig. 3e is remarkable. This evolution is not restricted
to OH vibrations as can be seen from a significant reorganization in the
Si-O-Si network modes around ~1100 cm ™!,

The intermediately oxidized gradient architectures seem to behave
fundamentally differently from the Vgrad type architecture. In this
context, it is interesting to note that there are important morphological
changes occurring on the surface of the SiOx base layer during inter-
mediate Ar/O9 plasma etching as illustrated by the SEM images shown
in Fig. 4. While the long-range surface roughness remains unaffected,
defects (caused by the incorporated hydrocarbon fraction and trapped
radicals) along the granule boundaries are starting points to open up a
network of linear pores at the intersection of the boundaries during
oxygen etching. This porous structure becomes visible by etching of the
polymer substrate (so-called undercutting) [76,80]. Mainly, the pore
volume of the 5 minutes oxidized PPF is clearly enhanced, i.e. longer and
wider pores — seen as a branched network of fine dark lines. The hy-
dration of these pores in the base layer would entrain larger amounts of
water and create an exponentially amplified SEIRAS signal due to its
relatively higher proximity near the Au plasmonic layer.

The intermediate Ar/O; etching has a profound effect on the
morphology and chemical composition of the gradient architectures. A
modified composition hence leads to significant differences in the evo-
lution of the hydration process both chemically and physically. Inter-
mediately oxidized gradients thus represent a new class of gradient
architectures rather than a modified gradient.

Conclusion

This surface-enhanced IR absorption spectroscopy (SEIRAS) study of
plain and graded plasma polymer films demonstrates how chemical and
morphological details of the plasma polymer matrix, such as silanol
group coordination and nanoporosity, affect interfacial water on
remarkably long time scales of 24 hours after immersion in water. We
found evidence that the vertically oriented portion of water at the
aqueous interface is reduced in presence of a hydrophobic PPF surface
(SiO:CH); this effect concurs with a rather sudden onset of deprotona-
tion (i.e. percolation of hydrated nanochannels) of matrix silanol
groups. These events are driven by a slow reactive diffusion process of
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water into the matrix and occur only after ~6 hours - several nano-
meters below the surface. The architecture of a 4 nm hydrophobic cover
layer, deposited in situ on a 6 nm hydrophilic base layer (Vgrad) entails
particularly strong effects in terms of interfacial water reorientation and
strong physico-chemical water-matrix coordination, probably also
affecting confined water libration and the ensuing range of dipolar
interactions.

An intermediate Ar/Os etching of the 6 nm thick base layer leads to
the occurrence and widening of pores; the mechanisms of loss of silanol
matrix signal and interfacial reorientation are both significantly reduced
by the Ar/O; etching. Moreover, excessive oxidation of 5 minutes leads
to a pronounced nanoporous structure that can entrain significantly
higher amounts of water during hydration, which seems to be accom-
panied by chemical rearrangements in the Si-O-Si network.
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