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Self-assembled monolayers (SAMs) of oligoethylene glycol (OEG)-terminated thiols are often used in the
design of protein-repellent interfaces. It is well known that their repellency depends on the crystallinity
and conformation of the EG chains, and it is thought to be a consequence of interface water interacting
with the OEG chains. Here, we provide novel insight into the structure and molecular conformation of
OEG SAMs at a nanoscale level, focusing on the impact of immersion time (t;,) during preparation and
relative humidity. Macroscopically, an increase in t;,, leads to SAM densification and an increase in thick-
ness, as well as a transition from amorphous OEG chains to predominantly helical crystalline chains. At
the nanoscale, the morphology showed nano-domains of size dependent on t;, and nano IR spec-
troscopy revealed direct spectroscopic evidence for different conformations prevalent in these domains.

Hydration experiments conducted in an environment with increased humidity resulted in the nano-
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domains being hydrated to different extents. Water uptake led to an irreversible conformational transition
of the helical domains. Additionally, nano IR spectroscopy demonstrated the absorbance of two differ-
ently hydrogen-bound water populations. These results shed new light on the nanophase behaviour of
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Introduction

Prevention of biofouling of surfaces and especially protein
adsorption is a necessity in diverse applications. For example
in surface-based diagnostic devices where the selective immo-
bilization of proteins, cells, and biomolecules is key to the
functionality, the prevention of non-specific adsorption is
essential."™ It is known that protein adsorption is influenced
by both nano-scale surface chemistry and structure,*” there-
fore self-assembled-monolayers (SAMs) of oligoethylene glycol
(OEG) terminated thiols are frequently used to design protein
repellent interfaces.>™®

Depending on the surface coverage and lateral packing
density, the OEG chains can adopt different molecular confor-
mations in the SAMs. For example, it was found that enforcing
a high lateral density of the OEG molecules, via employing Ag
substrates with small lattice spacing, leads to crystalline layers
with EG chains in all-trans conformation.” In contrast, employ-
ing Au with larger lattice spacing allows EG chains to adopt
helical, crystalline or amorphous conformations. The amor-
phous and helical conformation may also coexist leading to
varying macroscopic crystallinities. Also, other factors such as
chemical structure or the OEG length can influence the confor-
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OEG SAMs and help to explain how nano-structure influences their protein repellency.

mation. So it has for example been shown that an EG chain
must have at least 5EG units to adopt a helical conformation.’
While proteins readily adsorb on the all-trans OEG SAMs,
helical OEG SAMs are protein repellent.’

The remarkable dependency of protein repellency on OEG
conformation has been attributed to a preferential interaction
of helical OEG chains with water and several experimental*®™*?
and theoretical*™"” studies confirmed strong interdependen-
cies of molecular conformation and the OEG-water inter-
actions. Surface force measurements even show long range
repulsive forces on OEG-SAMs in the nanometer range and it
was suggested that structured interface water may be the
origin of this effect.'®>!

Another aspect of SAM structure is the formation of nano-
domains, which is an often observed phenomenon in SAMs in
general®®”* and in OEG containing SAMs in particular.*>*">®
Spontaneous phase separation into nano domains can readily
appear in mixed component systems due to thermo-
dynamically driven unmixing at the interface,”*>® but also in
single component OEG SAMs nano domains with varying
orientation and/or conformation have been reported.*>”*® For
single component OEG SAMs the immersion time into the
thiols solution during preparation has been identified as one
parameter that controls both, formation of nano domains
during growth®” and the macroscopic crystallinity and
conformation.>" IR spectroscopy on OEG SAMs has been
employed in these studies showing a general increased SAM

This journal is © The Royal Society of Chemistry 2026
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helical crystallinity over time. However, the connection
between nano-domain formation and macroscopic crystallinity
and its impact on water adsorption has not been largely
explored. Also, the influence of the OEG nano domains on the
SAM functionality remains unknown.

In a recent study, we successfully employed nano-IR spec-
troscopy, namely AFM-IR, to study nano-phase separation in a
mixed DNA-PEG SAM.>® Here, we go a step further and use
this method to resolve nano domains of varying molecular
conformation in a single component EG(OH SAM. The
samples were prepared by controlling the immersion time ¢,
as a varying factor. Furthermore, we use AFM-IR to study the
water sorption in the phase-separated SAM, its influence on
the nano domain conformation and the local hydrogen
bonding state of the adsorbed water.

Results and discussion

Macroscopic crystallinity correlates with nano domain
abundance

Au(111)/OEG SAMs of 11-Mercaptoundecyl-hexa(ethylen glycol)
(EG¢OH) with different surface coverage and crystallinity were
prepared using the immersion time () as a varying factor.
Infrared-reflection-absorption (IRRA) spectra recorded on OEG
SAMs show vibrational bands expected for OEG SAMs (Fig. 1
and SI, Fig. $1).>'**> The employed EGsOH molecule consists
of an alkyl and OEG segments, and the peak positions in the
IRRA spectra may in principle give insight into the alkyl crys-
tallinity and molecular conformation of OEG. The methylene
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vibrational modes of the two segments overlap, but an assign-
ment to the respective molecule segments can be achieved by
comparison with reference spectra.>>*7* In contrast, the v(C-
O) in (COC) can clearly be assigned to the OEG segment.
Furthermore, specific effects arising due to the sampling
method have to be considered. In IRRAS, the intensity of a
vibrational peak depends on both the surface concentration
and the orientation of a molecule. This orientation effect is
explained by the surface selection rule for metals:
absorption intensity is determined by the component of the
transition dipole moment (TDM) perpendicular to the surface,
while absorption from a TDM parallel to the surface is
negligible.

In the following, specific marker bands are used that were
assigned based on literature comparison (Table 1).>**7* In
particular theoretical studies have given insight into the con-
formation dependency of the IR spectra of OEG**"** and hence
this assignment allows a direct conclusion of the OEG crystalli-
nity. In the range from 900 cm™' to 2000 cm™', the IRRA
spectra recorded on Au(111)/OEG prepared from ¢, =
2 minutes show a band at 1115 ecm™" assigned to ¢(C-O) in
helical crystalline OEG which appears together with two
broader shoulders at the high frequency side (at ca.
1145 cm™"). The appearance of this 1(C-0) shoulder indicates
that a significant amount of amorphous OEG (Fig. 1a) coexists
within the same monolayer. The long incubated (f;, =
24 hours) SAM shows a significantly narrower and more
intense peak at 1115 cm™', whereas the high frequency
shoulders appear less intense. This trend is well corroborated
by normalized v(C-O) spectra taken at intermediate timesteps
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IRRA spectra of Au(111)/OEG SAMs with different t,, as indicated by the legend. The markers in the spectra represent the peaks for amor-

phous conformation (AC) and helical conformation (HC) in the low (a) and the high wavenumber range (b). The inset represents the C—O-C bands

normalized at 1115 cm™. Peak assignments are detailed in Table 1.
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Table 1 Positions and assignments of vibrational modes for OEG SAMs
in predominantly amorphous conformation, AC, and helical confor-
mation, HC

Molecule Mode Mode position
segment assignments®>33436738 (em™)
Alkyl 5(C-H,) 1465°
vg(C-H,) 2856 (sh)
Vas(C-Hy) 2920%
HC AC
OEG p(C-H,) 964° 964°
1(C-0-C) 1115° 1115% 11459 (sh)
7(C-H,) 12444 1270¢ 1295
w(C-H,) 1350° 1350°
5(C-H,) 14657 14657
vs(C-H,) 2890-2895%, 28957 2865%"
Vao(C-Hy) 29307 (sh) 29307 (sh), 2930” (s)

“Measured by IRRAS. ? Measured by AFM-IR. Alkyl and OEG overlap-
ping vibrations are discussed in the text; (sh: shoulder, s: strong).

that feature a continuous decrease of the 1145 cm™" shoulder
with respect to the maximum (Fig. 1a, inset).

The band at ca. 960 cm™" is assigned to rocking p(C-H,),
the bands at 1350 ecm™ ' and 1465 cm ' are assigned to
wagging o(C-H,) and scissoring §(C-H,) of OEG methylenes
respectively. The intensity of these three bands increases with
incubation time, probably due to an increase of the overall
surface concentration at longer incubation. A series of shallow
bands with centers at 1244 cm™" and at ca. 1270 cm™" are
assigned to OEG associated twist 7(C-H,) in perpendicular
orientation to the helical axis, observed in a crystalline OEG,
and the shoulder at ca. 1295 cm™" is assigned to 7(C-H,)
observed in amorphous PEG.>>* In the IRRA spectra of shortly
incubated OEG, these peaks show shallow intensity and broad
bandwidths, which indicate OEG SAM’s amorphous confor-
mation. The peaks at 1244 cm™" and 1270 cm™" also increase
upon increase of the incubation time to 24 hours. Based on
the IRRAS spectra also the appearance of OEG all-trans confor-
mations can be excluded because they would be expected to
show a series of wagging modes around 1325 cm ' and a
single sharp C-O-C mode around 1145 cm™".>3°

Taken together in the lower wavenumber region, peak
intensities generally increase with incubation time, which may
be merely a result of an increase in surface concentration.
However, other changes such as the narrowing of the (C-O) at
1115 cm™* and the increase of the 1244 em™" to 1295 cm™*
ratio indicate a relative increase of the number of crystalline
OEG segments with respect to amorphous segments. This
becomes clearer from the analysis of the higher frequency
range from 2700 cm™" to 3700 cm ™.

The alkyl segments of both short and long incubated SAMs
absorb at 2856 cm™" and 2920 cm™', assigned to symmetric
and asymmetric methylene (vg, v,s)C-H, of the alkyl chains.
Compared to fully-ordered aliphatic SAMs on gold with the
bands at 2850 cm™ and 2917 cm™,>?” this indicates less
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ordered alkyl chains with gauche defects in the OEG SAM. The
OEG segment absorbs at 2865 cm™, 2895 cm™, and
2930 cm™" assigned to vs and v,(C-H,) of amorphous or
helical OEG as detailed in Table 1. With the increase of ¢,
most significantly the v(CH,) at 2895 cm™" increases with
respect to the neighboring alkyl bands. This band is character-
istic of the helical-crystalline OEG**>* and hence its increase
indicates that at longer incubation time, the ratio of crystalline
OEG is significantly increased.

Further IRRAS measurements recorded on OEG SAMs pre-
pared with ¢;,;,, = 20 minutes and 2 hours support the observed
trends (SI, Fig. S1). OEG SAMs formed with ¢, = 2 hours and
24 hours especially show the peak at 2895 cm™" characteristic
for helical conformation with a stronger intensity. Hence,
EG¢OH molecules in SAM adopt a higher ratio of crystalline
helical conformations with increasing ¢, and already after
tim = 2 hours, a steady predominantly helical state is reached.
The short (¢, < 3 minutes) incubated films and hence more
amorphous SAMs are therefore in the following referred to
as AC-SAMs, while the predominantly crystalline helical films
(tim = 2 hours) are termed HC-SAMs.

Additionally, spectroscopic ellipsometry (SE) measurements
on OEG SAMs prepared from 2 min t;,, and 24 hours were per-
formed. The long incubated HC-SAM showed slightly but sig-
nificantly lower A values than the shortly immersed AC-SAM
(SL, Fig. S2). For thin films as studied here, a decrease in 4 rep-
resents an increase in the optical film thickness (n x d). This
means that both the SAMs refractive index (n) and thickness
(d) may increase. Although a change in n, for example due to
an increase in density, cannot be completely ruled out, we use
a constant value for the quantitative analysis. A 3-layer optical
model of [Au(111)|SAM (n = 1.45, d)| air (n = 1.0)], was used for
fitting the measured spectroscopic A(4) angles. The absolute
thickness values show an average height of 2.85 nm + 0.1 nm
for AC-SAM and 3.1 nm + 0.1 nm for HC-SAM (Fig. 2).

Atomic-force-microscopy (AFM) was employed to examine
the morphological property of the OEG SAMs on the nano-
scale. Tapping mode AFM topographies measured on AC-SAMs
show formation of small islands separately distributed on the
surface (Fig. 3a and b) in large and small scan areas. The
islands have lateral dimensions of ca. 20 nm to 50 nm. AFM
topographies measured on HC-SAM prepared with ¢, =
2 hours, predominantly show a densely packed SAM resulting
from the growth and coalescence of the islands (Fig. 3¢ and d)
in large and small scan areas.

To further probe the structural variations governed by OEG
molecules in the observed nano domains, nano IR spec-
troscopy (AFM-IR) was performed on AC SAMs. For this
method, we achieved more precise measurements by employ-
ing a gold single crystal Au(111),. substrate. Measuring on
larger atomically smooth terraces eliminated the influence of
imperfect substrate and enabled the identification of islands’
borders with higher precision, as demonstrated by the tapping
mode AFM topography on Au(111),,/OEG SAM in Fig. 4a and
b. The elevated domains (islands) featured a height of approx.
3 nm, as depicted by the line scan (Fig. 4c).

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Results of the thickness (d) determination from spectroscopic
ellipsometry and for AC (t;,, = 3 min) and HC (t;,, = 24 h) SAM. Error bars
represent the standard deviation from the average value recorded on
SAMs + standard deviation in thickness of bare gold (0.02 nm causing
sample-to-sample variation). Inset shows optical model used for
analysis.

12 nm

12 nm

Fig. 3 Tapping mode AFM topography on OEG-SAMs on Au(111) from
short and long immersion times t;,,. Topography of OEG SAM prepared
with: AC: t;,, = 1 min (a and b) and HC: t;,, = 2 hours (c and d) in large
and small scan areas, respectively.

Nano-IR point spectra were measured to examine the struc-
ture of OEG SAMs on elevated nano-domains and their sur-
rounding. In general, it is noted that the spectral resolution of
AFM-IR (10 cm™) is lower than the resolution in the IRRA
spectra (4 cm™") discussed above. This leads to an overlap of
close-by bands and apparent differences in the appearance of
the AFM-IR versus IRRA spectra. Averaged nano-IR point
spectra show clear ©(C-H,) bands in the range 2800 cm™" to
3000 cm™" all over the sample, evidencing the presence of
OEG molecules in both domain types and disproving the pres-
ence of uncovered Au interface. However, the spectra differ on
the islands as compared to the spectra on the lower domains.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Results of tapping mode AFM-IR measurements on AC Au(111)s./
OEG SAM ti,, = 3 min in dry atmosphere (RH 3%). Topography in large
and small scan areas (a and b), line scan corresponding to the small scan
(c), averaged nano-IR point spectra measured on h-domains (islands)
and a-domains (low domains) (d) normalized at 2920 cm™. The shading
represents the standard deviation of the spectrum averaged from
measurements at 9 different positions.

Spectra show a band at 2865 cm™", both on islands and on the
lower domains, that we assign to an overlap of alkyl and OEG
vs(C-H,) bands. The characteristic OEG HC band situated at
2890 cm ™" (4(CH,)) was clearly observed on the islands with
its position varying between 2890 cm™" to 2895 cm™", while it
is absent on the low domains. A band at 2920 cm™" appears on
the island and is assigned to v,s(CH,) of alkyl segments. Its
narrow bandwidth and high intensity bear a similarity to the
IRRA spectra of long incubation time and high helical content.
In contrast, the lower domains show a broader peak centered
at 2930 cm™" that we assign to overlapping v,(CH,) of OEG
and alkyl moieties showing an amorphous OEG conformation.
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Taken together, averaged nano-IR point spectra show that OEG
molecules predominantly take a crystalline helical confor-
mation in the elevated domains, which are hence hereafter
termed helical domains (h-domains). In contrast, the broad-
ness of the bands, together with the absence of the OEG HC
peak at 2890 cm™', indicates that the lower domains contain
amorphous OEG chains, hence, they are termed amorphous
domains (a-domains) hereafter.

To study the conformational distribution in a larger surface
area with nanoscale lateral resolution, nano-IR mapping was
performed at 2888 cm™ to identify surface coverage of OEG
h-domains. The direct comparison of tapping mode AFM topo-
graphy (Fig. 5a) with the coincidentally recorded nano-IR map
at 2888 cm™" (Fig. 5b) on Au(111),,/OEG shows that the elev-
ated domains have significantly higher IR-absorbance than the
lower domains that showed no variations in the IR-map. Scans
at larger scale gave similar results (SI, Fig. S3). Further separate
nano-IR measurements probing the lower wavenumber region
were performed on an OEG SAM with mainly h-domains
present and yielded the expected OEG bands below 2000 cm™.
(SI, Fig. S4). For further experiments under elevated humidity
the higher wavenumber region is however of higher interest
because it allows conclusions on both the OEG conformation
via the v4(CH,) and the H,O content via the »(OH) band as dis-
cussed below.

The data presented so far suggest the following picture for
the studied system. Increasing the immersion time during
OEG SAM formation leads to an increased surface coverage
and an increase in the macroscopic helical-crystallinity
observed by IRRAS. Tapping mode AFM revealed that this
increase is accompanied by an increase in the surface area
covered by elevated nano-domains. AFM-IR results indicated
that these elevated nano-domains have a high degree of heli-
city (h-domains), whereas the low domains contain amorphous
OEG chains (a-domains). It is well accepted that the formation
of SAM films proceeds via island growth and coalescence.***
Also, nano-gaps that have been observed in full-grown OEG
monolayers®® may be a remnant of the island coalescence. An
ideal OEG SAM with the all-trans alkyl-chains tilted by 30
degree from the normal and capped by helical OEG is expected

RH 3%
~ 2888cm™"

Fig. 5 Results of tapping mode AFM-IR on AC Au(111);./OEG t, =
3 min in dry (RH 3%) environment; topography (a), nano IR-mapping at
maximum of v4(C—H,) 2888 cm™ (b).
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to be about 3.08 nm thick.? This theoretical value is in good
agreement with the thickness of long-incubated OEG SAM
obtained from modeling the SE data. The reduced optical
thickness of shortly incubated films does not contradict the
picture of a patchy film with growing islands. In SE, the
optical thickness is also expected to be lowered in a layer
model with islands compared to a homogeneous layer model.
The height difference between islands and their surrounding
measured from the AFM topography was about 3 nm, i.e. also
very close to the ideal OEG SAM thickness. However, AFM-IR
provides direct spectroscopic evidence that the a-domains are
covered with amorphous OEG SAM. Hence, it is assumed that
the molecules in the low domains must be lying flat on the
substrate to explain the observed height difference. The island
growth is understood as an uprising of molecules from the
lying down phase due to a densification of the material in the
a-domains.

Next, we studied the observed nano domains under elevated
relative humidity to learn about structural changes caused by
water adsorption.

Water adsorption depends on nano domain coverage

Spectroscopic ellipsometry on OEG AC-SAM and OEG HC-SAM
was measured in situ under controlled increments of relative
humidity (RH%) to investigate the thickness variation upon
hydration of the SAMs under study here. The thickness change
of the hydrated SAMs with respect to the unhydrated SAM was
determined from fitting the averaged measured A values to a
3-layer optical model of [Au + dry SAM (n..)|SAM thickness
change (n = 1.45, 6d)|air (n = 1.0)]. Here Au + SAM (dry) stands
for the respective SAM at the beginning of the experiment
under dry conditions and n.s was obtained by point-wise
inversion of the respective A and ¥ angles. The thickness
increase dd obtained in this way is under the assumption of
constant humidity independent SAM refractive index (n = 1.45)
and is independent of variations of the substrate optical pro-
perties (Fig. 6). With increasing water activity from 50 to
94 RH%, the AC-SAM shows thickness increase (6d) from
about 1 A at ca. RH = 50% to about 6 A at ca. RH = 94%. In
contrast, the SE thickness measurements on HC-SAM show no
measurable height variations until a 1 A elevation in thickness
at RH = 86%. Then, the thickness continuously increases and
reaches a much lower maximum of 2 A at RH 96%.

The SE thickness measurements on the hydrated SAM indi-
cate that the OEG AC-SAM starts a subtle swelling at exposure
to RH 50%, followed by a stronger swelling above 70%,
whereas the OEG HC-SAM swells only at relative humidities
above RH 80%. OEG AC-SAM shows much higher thickness
increase than OEG HC-SAM, and at very high RH, the increase
in hydrated AC-SAM is about 4 A higher than hydrated
HC-SAM.

Two separate processes might be expected to occur upon
humidity increase, either separately or coincidentally. Firstly,
water may penetrate into the hydrophilic EG segments as
suggested for various OEG films by IR,'>"" SFG'*'? and theore-
tical studies'®'”** Secondly, a thin water film on the SAM may

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Results of the thickness measurements by SE. The thickness
change (6d) of OEG AC and OEG HC SAMs tj,, = 3 min and t;,, = 24 h
upon increase in RH%. Inset shows optical model used for analysis. Error
bar represents the maximum typical sample-to-sample deviation for
these measurements, determined from the difference in thickness
recorded on different AC SAMs at RH 60%.

form as for instance observed on the Au solid interface (SI,
Fig. S5) and other impenetrable solid materials,** as well as
highly ordered and hence impermeable SAMs of alkyl-
thiols.*>** At low water activities (RH) such films may even
feature submonolayer coverage.”® For both effects, a similar
effect on A would be expected in ellipsometric measurements.
For the analysis we chose a model of constant refractive index
and a variation of layer thickness as this most closely reflects
the penetration model supported by most literature sources on
OEG SAMs. Nevertheless, an additional water adsorption on
top of the SAM cannot be fully excluded.

Helical OEG segments have been shown experimentally
and theoretically'®'”*' to significantly alter their confor-
mation upon water penetration. For instance, by means of
PM-IRRAS Skoda et al. observed a red shift of the y(C-O-C)
band upon hydration of EG; SAMs.'® Furthermore, the red
shift increased with decreasing OEG coverage, indicating an
increased penetration upon lower coverage. Vanderah et al.
found indications for an increased water penetration into
amorphous OEG SAMs by impedance measurements.* Also,
for highly ordered EGs films penetration was observed while
highly ordered EG, films showed lower penetration. After
longer incubation, slow water penetration of the EG¢ films was
observed as well. Theoretical work suggests that short EG;
SAMs elongate substantially taking in configurations that
resemble the all-trans state.!” For the SAM studied here, the
expected film thickness increase for a variation from upright
helical to upright all-trans configuration would be about
0.47 nm.” The simple analysis model in Fig. 6 results in a
smaller thickness change upon hydration of HC-SAM. Hence,
if water penetration occurs in this system the overall pertur-
bation of the OEG does probably not result in fully upright

10-13
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extended configuration of OEG chains. Amorphous OEG
chains in contrast, feature an increased portion of conformers
with gauche dihedral angles along the C-O bonds from the
start. Here, the elongation reachable from gauche-trans tran-
sitions upon hydration is expected to be bigger which is in line
with the observed stronger thickness increase of AC-SAM.
Furthermore, in the less dense domains an additional effect
might be an orientational uprise of molecules that is expected
to be represented in the measured thickness. Of course it must
be considered that as shown by AFM-IR above, the studied
AC-SAM consists of nano domains of helical OEG surrounded
by amorphous segments and hence the observed thickness
increase must be understood as the weighted average of the
thickness increase due to swelling in the two different nano
phases.

Conformational changes in hydrated OEG nano domains

To understand the impact of water uptake on the SAM nano
structures, nano-IR point spectra on hydrated Au(111),./OEG
AC-SAM were measured under varying RH% between 3% to
95%. The nano-IR point spectra recorded on h- and a-domains
displayed in Fig. 7 were normalized at the maximum of the
common peak and for the following discussions of peak inten-
sities it has to be kept in mind that intensities are referred to
this band. After measurements in the dry discussed above a

— a-domains 95%

80-90%"

RH steps
— h-domains

70%
3% 3%

time

Liquid water

5

Al
N O‘JN\’\\
RH 80-90%
RH 3%
o
£
RH 3%
3800 3600 3400 3200 3000 2800

Wavenumber (cm™?)

Fig. 7 Results of averaged nano-IR point spectra recorded on Au
(111);./OEG (AC, tiy, = 3 min) amorphous conformation domains,
a-domains (red tones) overlay on helical conformation domains,
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standard deviation from the averaged spectrum. Inset depicts RH vari-
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first increase of the relative humidity to 70% was applied for
16 hours. Nano-IR point spectra on Au(111),./OEG h-domains
and a-domains show that the appearance of broad water
related (OH) stretching bands centered at 3200 cm™' is
accompanied by significant variations in the »(CH) bands from
2800 cm™" to 3000 cm™'. This observations clearly indicates
that water penetrates the hydrophilic OEG part of the SAM and
alters the OEG conformation. The two main maxima of the
a-domains shift from ca. 2920 cm™ to 2932 cm ™" and from ca.
2868 cm™' to 2865 cm™'. Furthermore, the high frequency
band appears less broad upon the first humidity increase,
while the low frequency mode loses significant intensity with
respect to the high frequency mode (ie. peak ratio /vy
decreases). On the other side the h-domains feature a promi-
nent loss of the helical OEG peak at 2890 cm™" upon the first
humidity increase. The 70% spectrum of h-domains features
significant similarities to the respective a-domain spectrum
except for a slightly increased peak ratio vy/vy.

It is evident that structural changes occur for both a- and
h-domains upon hydration. However, compared to the IRRA
spectra the bands in the nano-IR spectra appear broader and
the OEG- and alkyl-related bands cannot be unequivocally
resolved underneath the broad spectral envelopes, except for
the helical OEG peak at 2890 cm™". This may be due to the
lower spectral resolution in the AFM-IR spectra. Nevertheless,
the two main observations are 1: the loss of helicity in
h-domains indicated by the disappearance of the 2890 cm™
band and 2: the significant reduction of the vj/v;, intensity
ratio for both a- and h-domains. Also in AFM-IR orientational
effects are expected to influence relative peak intensities due
to the selection rules on metals. Hence, the /vy, intensity ratio
variation implies an orientational and/or conformational
change. Spectra with higher frequency resolution as well as
simulations would be necessary to more precisely determine
the nature of this structural variation.

In the experiment, next a drying step was exerted by reducing
the RH back to 3% (Fig. 7) for 72 hours. The almost complete dis-
appearance of the 1(OH) stretching band at 3200 cm ™" shows that
water could be effectively desorbed from the SAM. The changes
within the CH stretching region however where found to be only
partially reversible and a- and h-domains show effectively equal
spectra after this drying step. The peak positions are slightly
shifted back to 2928 cm™ and 2864 cm ™. Also the vy/uy, intensity
ratio is slightly increased upon dehydration. Obviously, the initial
crystalline helical state of the h-domains is not recovered upon
dehydration within the time frame of the experiment (drying in
3% RH for 72 hours).

Finally, a further re-hydration to higher RH above 80% was
exerted resulting in another blue shift of the peak positions
back to 2932 cm™" and to 2865 cm™" and again a reduction of
nw/nuy, intensity ratios. In these rehydrated states the nano IR
spectra of a- and h-domains appear indistinguishable in the
CH stretching region, which indicates a high structural simi-
larity between the hydrated SAMs. In the re-hydration step no
significant differences were observed in the spectra at 95% as
compared to the spectra in the range 80% to 90%.
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Absorbed water is strongly hydrogen bound

The averaged spectra after the first hydration at 70% for both
a-domains and h-domains show a broad »(OH) from
3000 cm™" to 3575 cm ™" with the maximum at 3200 cm™*
(Fig. 7). The v(OH) band was mostly removed after the SAM
was dried by purging the environmental chamber with a con-
stant flow of dry nitrogen for ca. 3 days. However, a minor
Y(OH) component remained in the spectrum centered at
3100 cm™". After another rehydration by exposure to RH 80%
both a- and h-domain spectra show a broad v(OH) absorption
with two distinguishable components, the stronger band
ranges from 3000 cm™" to 3330 cm™" with a maximum at ca.
3200 cm™" (Fig. 7), similar to the OH band that appeared in
spectra at the first hydration at RH 70%. The second, lower
intensity component is in the range from 3330 cm™' to
3600 cm™* with a maximum at ca. 3400 cm™'. The further
increase to about 95% relative humidity did not change the
OH spectra significantly. The direct comparison of the nano IR
spectra shows that a-domains in hydrated states (70%, 80%,
95%, Fig. 7) have constantly higher intensity of the 3200 cm™"
OH component as compared to the h-domains. This corre-
lation is also corroborated by nano-IR imaging experiments.

The direct comparison of nano-IR images recorded at the
OH stretching band maxima at 3% with images recorded at
70% reveals a significantly increased contrast between a- and
h-domains at higher humidity (Fig. 8). The h-domains clearly
feature a lower OH intensity and hence water amount.

The complex shapes of IR water OH-stretching bands result
from an intricate interplay of processes in which intra- and
intermolecular coupling of normal modes and hydrogen
bonding play key roles. Thus, a direct assignment of the com-
ponents of the broad OH band of liquid water to populations
of molecules remains a matter of debate.*®™*° Nevertheless, it
is generally accepted that the OH band position of water is
substantially influenced by the hydrogen bonding environ-
ment, causing a red-shift with increasing H-bond strength.
Comparing the spectral shape of our nano IR OH spectra with
a spectrum of bulk water hence gives insight about changes of
waters’ hydrogen bond network upon absorption.

The OH band observed after the first absorption step has a
maximum around 3230 cm~" (RH above 70%) and the com-

Fig. 8 Results of tapping mode AFM-IR on Au(111),./OEG (AC, tiy, =
3 min). Comparison of IR mappings of maximum of »(OH) in dry at
3160 cm™ (a) and in humid environment at 3200 cm™ (b).
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parison with the bulk water spectrum® shows that the
absorbed water is significantly stronger hydrogen-bonded than
bulk water molecules (Fig. 7).

After drying the SAM in a nitrogen environment, a broad
OH band remains with small intensity, representing residual
water that was not removable by nitrogen flow. The bands posi-
tion at low frequency from 3030 cm™" to 3200 cm ™" indicates
that this residual water is strongly H-bonded.

After rehydration the v(OH) stretching components show
higher intensities in the spectra at 80% to 90% and at 95%
than in the spectra at RH 70%. This indicates that an increase
in humidity promotes further water absorption. Furthermore,
the spectra show an increased intensity at higher wavenumbers
(centered at 3370 cm™") as compared to the 70% spectra. This
indicates the presence of a second component that we assign
to an additional second species of water with a different,
namely less strong bound hydrogen-bond environment as
compared to the initially absorbed water. In comparison to
bulk water this water type features comparable H-bonds as
concluded from the spectral comparison (Fig. 7). However it
must be noted, that due to the sample history in the reported
experiment it cannot be fully excluded that the observed differ-
ences at higher humidity are also in part influenced by the
intermediate dehydration step. Further experiments are
necessary to clarify this. For the qualitative interpretation of
the results the sample history thus needs to be kept in mind.

The analysis of the humidity dependent nano IR spectra
reveals an inhomogeneous water adsorption that is caused by
the structural differences in the nano-domains of the studied
system. We consider the observed differences in the crystalli-
nity in a- and h-domains to arise from the different molecule
density in these domains. Water penetration into the SAMs
nano domains in the first hydration step led to strongly
H-bound water that we assign to water molecules H-bonding
directly to ether moieties of OEG. The adsorbed water leads to
significant irreversible loss of helicity in the h-domains and to
more equal OEG structures in a- and h-domains. As discussed
on base of the SE results the structural change and loss of heli-
city upon water absorption have been found before in theore-
tical and experimental studies and nano-IR spectra show that
these processes occur locally on the nanoscale in the heteroge-
nous films studied here. Despite the structural variation, upon
hydration the molecular density differences between the nano
domains must prevail since the thiols are covalently bound to
the gold interface. This reasoning helps to understand the con-
clusion from »(OH) nano-IR images and the analysis of the OH
band shape which showed that a-domains contain more ether
H-bound water than h-domains whereas the amount of the
second, less strongly H-bound water type was comparable
amongst the domains. A possible explanation for this obser-
vation is a deeper penetration of water molecules into the OEG
SAM. This is in line with theoretical studies which predict
both strong H-bonds between water and C-O-C and an
increased water penetration for less dense OEG-terminated
SAMs.**! We attribute the second water species to molecules
in between the OEG chains but not directly H-bound to the
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ether moiety which explains why it appears more bulk like,
judged on basis of its OH band position.

Summary and conclusion

This work highlights the importance of nano domain for-
mation for the macroscopic properties and functionally of
SAMs. The macroscopic crystallinity and density of Au(111)/
OEG nanostructured SAMs prepared from solution was varied
by controlling the immersion time. OEG SAM showed higher
proportion of crystalline-helical conformation (HC) as well as
increased thickness with increasing ¢;,,,. AFM-IR provided evi-
dence that the increase of crystallinity is related to growth of
high density, helical crystalline domains that are surrounded
by low density domains with amorphous OEG chains. The
h-domains with upright conformation were formed within the
initial minutes of SAM formation. Control of the immersion
times allowed control over the size and distribution of
h-domains. Under elevated relative humidity, the lower
a-domains uptake higher amounts of water that is strongly
H-bonded to the C-O-C groups of OEG. The h-domains on the
other side irreversibly lose helical order upon water sorption
resulting in similar OEG structures for hydrated a- and
h-domains. The density and conformation of OEG chains as
well as their water sorption properties have been identified as
key factors for the protein repellent character of OEG SAMs.
Our work implies that nano domain formation of protein
repellent SAMs can lead to local variations of these properties
and hence is another important factor that determines the
macroscopic anti-fouling properties of surfaces.

Materials and methods
Materials

Gold single crystal with predominantly (111) orientation
(Mateck GmbH, Germany) and commercially available poly-
crystalline, evaporated gold (250 nm) on glass (Arrandee metal
GmbH + Co. KG, Germany) were employed as substrates.
11-Mercaptoundecyl-hexa(ethylen glycol) (OEG) HS(CH,)i;
(OCH,CH,)¢OH (Sigma-Aldrich, Germany) was used for SAM
immobilization. ~ 1-Octadecane-d37-thiol ODTD;;, (CDN
ISOTOPES GmbH, Germany) was used for IRRAS reference
SAMs. Ultra-pure water with 18.2 MQ cm resistivity (ELGA
LabWater) for rinsing and absolute ethanol 99.9% (Merck,
Germany) for dilution and rinsing were used. Nitrogen and
argon used throughout this work was of grade 5.0 purity.

Sample preparation

The OEG monolayers were immobilized on an ultra-flat Au
(111) surface. The polycrystalline Au(111) or single crystal Au
(111). was hydrogen flame annealed for 3 to 10 minutes and
cooled in a nitrogen stream before immersion in the OEG
thiol solution. The Au(111) were immersed in argon-saturated
solution of OEG in ethanol with low 10 pM and high 15 pM to
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20 pM concentrations. Immersion times of ¢, < 3 minutes
and 20 minutes, 2 hours, and 24 hours were used to achieve
high and low packing densities of OEG monolayers. The OEG
monolayers were rinsed with absolute ethanol and dried in a
nitrogen stream. The background sample for IRRAS was pre-
pared by immersing Au(111) in argon-saturated solution of
0.1 mM ODTDj;, in ethanol overnight. The sample was sub-
sequently, rinsed with absolute ethanol and ultra-pure water
and dried in a nitrogen stream.

Infrared-reflection-absorption spectroscopy, IRRAS

A VERTEX 70v FT-IR spectrometer equipped with a high power
Mid-IR globar light source and a mercury-cadmium-telluride
(MCT) detector was employed for measurements in the spec-
tral range from 900 cm™" to 4000 cm ™. The beam traversed a
standard KBr beam splitter and a sample compartment with
glass windows. The measurements were done in vacuum using
an external reflection wunit (Seagull, Harrick Scientific
Products, Inc., New York) set at p-polarization and at an inci-
dent angle of 80°. An approx. area of 30 mm?” of sample was
exposed to the incident beam. The spectra were obtained at
4 cm™" resolution with 1024 scans accumulation per spectrum.

Spectroscopic ellipsometry, SE

A spectroscopic ellipsometer SE 800 (SENTECH instrument
GmbH, Germany) with SpectraRay/4 software was employed.
The spectra were recorded in a custom built, enclosed Teflon
cell with beam inlet at the angle of 70°. An approx. area of
3 mm? of sample was exposed to the incident beam. The spec-
troscopic A angles were recorded in dry for Au(111) and Au
(111)/0EG and in selected relative humidity, RH%. The RH
was established to a desired percentage by mixing dry and
water-saturated nitrogen streams. The water-saturated nitrogen
flow was obtained by passing the nitrogen stream through a
bottle of deionized water gas bubblers, including DI water, in
a thermostat water bath set at a fixed temperature. The humid-
ity was measured by means of a SHT71 sensor (Sensirion AG,
Switzerland), placed within the cell approx. 1 ¢cm above the
sample. Care was taken to prevent condensation in the sample
chamber by slow manual ramping procedures over several
hours to prevent overshooting. Overshooting might be an issue
at high RH% values leading to condensation on the cell
windows or sample and hence unusable data. Spectra were
recorded at constant time intervals of 15 min to 30 min. A
3-layer model [Au(111) |SAM (n = 1.45, d)| air (n = 1.0)] was
used to determine the SAM thickness d by fitting the measured
A spectra in the range from 550 nm to 830 nm where the Au
(111)/OEG was found transparent. The dispersion of Au(111)
optical constants was calculated by point-wise inversion of one
set of experimentally measured (4, ¥) angles and used in the
model. The SAM layer was assumed to have a wavelength-inde-
pendent refractive index (n = 1.45), and the ambient layer was
considered air (n = 1). In thickness measurements for SAMs in
dry environment to consider for the error caused by variation
of Au(111) optical constants from sample to sample the 3-layer
model was applied to several Au(111) samples and an averaged

5892 | Nanoscale, 2026, 18, 5884-5895

View Article Online

Nanoscale

thickness of 0.03 nm + 0.02 nm was calculated from 5 measure-
ments. This value was subtracted from the SAMs thickness,
including the standard deviation in the error bars. The result-
ing thicknesses were averaged over 3-5 positions on SAM
samples.

The measurements in humid environment were at the same
point on the sample with thickness (6d,). In order to exclude
the influence of variation of Au dispersion from sample to
sample, the dispersion was calculated by point-wise inversion
of from a set of (4, ¥) angles measured on Au(111)/OEG in a
dry environment. The thickness variations were determined by
fitting a 3-layer model [Au + dry SAM (n.¢)|SAM thickness
change (n = 1.45, 6d)|air (n = 1.0)]. Here Au + SAM (dry) stands
for the respective SAM at the beginning of the experiment
under dry conditions. The §d determined in a humid environ-
ment show qualitatively the same behavior as if the pure Au
dispersion was employed in the model, although this approach
would have let to higher errors. The error bars for thickness
change in humid environments represent the maximum
sample-to-sample variation of thickness on two hydrated AC
SAMs (0.05 nm at RH 60%) and on two Au samples exposed to
RH% (0.06 nm at RH 80%).

Nano-IR spectroscopy, AFM-IR

A Nano-IR 3 (Bruker Corporation, USA) equipped with an
enclosed, custom built environmental chamber and two mid-
IR tunable laser sources was employed. Quantum Cascade
Lasers (QCL, MIRcat, DRS Daylight Solutions) covering
905 cm™* to 1970 cm ™" and a fast Optical parametric oscillator
(OPO, firefly laser, M Squared Lasers Inc.) covering 2700 cm™*
to 3800 cm™' were used. The topography, IR-mapping, and
point spectra were recorded in tapping mode AFM-IR using a
gold-coated silicon tip with a nominal fundamental resonance
frequency of 75 kHz + 15 kHz and a nominal tip radius of
<25 nm(Tapping Mode NIR2 Probes, PR-EX-TnIR-A-10, Bruker
AFM probes, USA). The phase-locked loop (PLL) was enabled
during nano-IR mapping to track the frequency and keep it
aligned with the repetition rate of OPO ca. 189 kHz and QCL
ca. 350 kHz tuned at a specific wavenumber. The laser powers
were optimised for the OPO laser in the range 0.5 mW to
0.9 mW and for the QCL laser in the range 0.3 mW to 1.6 mW
to obtain a good signal to noise ratio. Images were recorded
with 256 x 256 pixels and scan rate of 0.5 Hz to 1 Hz. The
point spectra were analyzed after a minimal 3-point smoothing
routine applied by Analysis Studio software. The spectra were
normalized at a peak maximum to account for the impact of
tip geometry and substrate topography, as well as measure-
ment conditions like laser power and RH%. The relative
humidity was controlled by purging a mixture of dry and
water-saturated nitrogen flow via isolated tubings into the
environmental chamber, by means of an automated RH gen-
erator (RH-200, L&C Science and Technologies, USA). An
increase in RH turbulences in the environment aggravates
drifts in AFM imaging; therefore, the measurements were
done after proper waiting times of at least 12 hours to reach
optimum equilibrium after change of the RH. The humidity
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was measured by a SHT31-ARP-B sensor (Sensirion AG,
Switzerland) inserted in the environmental chamber close to
the sample. Care was taken to prevent condensation in the
sample chamber by slow ramping procedures to prevent over-
shooting. Nano-IR point spectra were recorded in dry nitrogen
environment and under step-wise continuous exposure to RH
70%, 80%, and 95%.
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