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Hypothesis: A surface comprising spatially coherent columnar nanostructures is expected to retain inter-
columnar liquid during a quartz crystal microbalance measurement due to the surface structure. Part of
the liquid retained by the nanostructures may then be displaced by adsorbate.
Experiments: Slanted columnar nanostructure thin films were designed to vary in height but remain
structurally similar, fabricated by glancing angle deposition, and characterized by generalized ellipsom-
etry. A frequency overtone analysis, introduced here, was applied to analyze quartz crystal microbalance
data for the exchange of isotope liquids over the nanostructured surfaces and determine the areal inertial
mass of structure-retained liquid. The adsorption of cetyltrimethylammonium bromide onto nanostruc-
tures was investigated by simultaneous quartz crystal microbalance and generalized ellipsometry mea-
surements.
Findings: The areal inertial mass of structure-retained liquid varies linearly with nanostructure height.
The proportionality constant is a function of the surface topography and agrees with the generalized
ellipsometry-determined nanostructure film porosity, implying that nearly all intercolumnar liquid is
retained. We report that for adsorption processes within porous nanostructured films, the quartz crystal
microbalance is sensitive not to the combined areal inertial mass of adsorbate and retained liquid but
rather to the density difference between adsorbate and liquid due to the volume exchange within the
nanostructure film.
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1. Introduction

Adsorption and desorption processes [1–3], surface chemical
reactions [4,5], and reorganization of chemical species [6,7] and
the kinetics thereof are widely studied at the solid–liquid interface.
Thus far, such processes are commonly studied on flat surfaces. The
quartz crystal microbalance (QCM) technique is used to monitor
these processes and allows for the determination of the areal iner-
tial mass (i.e., surface inertial mass density) of an adsorbate layer.
In addition to adsorbate, the layer may comprise liquid that
hydrates, for example, and is retained by the adsorbate. It is
well-known that QCM measurements do not permit the differenti-
ation between the areal inertial mass of adsorbate and the retained
liquid on flat surfaces, and it is often reported that QCM data anal-
ysis ‘‘overestimates’’ the areal inertial mass of adsorbate [1,6,8–
10]. Optical techniques such as ellipsometry [7,8,11–13], reflec-
tometry [14,15], surface plasmon resonance spectroscopy [16,17],
and dual-polarization interferometry [18,19] have also been used
to monitor adsorption of organic molecules independently of or
in conjunction with QCM or a further development of QCM known
as quartz crystal microbalance with dissipation (QCM-D). The use
of an optical technique in tandem with QCM or QCM-D may allow
for the determination of the adsorbate layer porosity [20–22].

Three-dimensional (3D) spatially coherent nanostructured
films, such as slanted columnar thin films (SCTFs) produced by
glancing angle deposition (GLAD) [23,24], are emerging as scaffold-
ing materials upon which adsorption processes may be evaluated
[25–28]. SCTFs have many advantages over flat surfaces; SCTFs
have increased surface area, have spatial dimensions that may be
controlled by their fabrication process [23,24,29], may act as
molecular filters or storage [27,28], have strongly anisotropic opti-
cal properties for sensor applications [26,30,31], provide improved
biocompatibility with cells due to their topography [25,28], and
may be fabricated from materials that result in films exhibiting
the surface-enhanced Raman scattering (SERS) effect [32].

It is hypothesized here that liquid within a SCTF may be
retained in the absence of adsorbate by the oscillating nanostruc-
tures during a QCM measurement. Thus, adsorbate that attaches
within a SCTF during a QCM measurement may not retain further
liquid and may liberate displaced liquid that was formerly
retained. The different mechanisms of liquid retention between flat
and SCTF surfaces may provide an avenue for QCM to differentiate
between adsorbate and retained liquid without the need for addi-
tional techniques.

Martin et al. used flat and rough surfaces to simultaneously
determine the density and viscosity of liquids by QCM, alone
[33]. The difference between flat and SCTF surfaces on the amount
of liquid retained during a QCM measurement in the presence of
adsorbate is illustrated by Fig. 1. The purpose of this work is to
determine whether all, part, or none of the liquid within a SCTF
is retained during QCM measurement. Additionally, it must be
Fig. 1. (a) Adsorbate (here depicted by particles) attached to a flat surface. During QCM
may be arranged, for example, in a conal distribution. Alone, QCM is generally not sensitiv
to retained liquid. (b) Adsorbate particles attached to a SCTF. During QCM measurement, l
that adsorbate displaces retained liquid and hence partially offsets the measured freque
determined whether an adsorption process into a SCTF has an
additive, neutral, or deleterious effect on the areal inertial mass
of retained liquid.

QCM is a mechanical technique whereby a piezoelectric AT-cut
quartz crystal sensor oscillates in a shear mode at its resonance fre-
quency under an applied alternating potential. Variations of the
areal inertial mass and variations of the bulk liquid density and vis-
cosity modulate the frequency of oscillation m. Existing approaches
to model the effects of liquid properties on the QCM response
become unsuitable as random surface roughness increases [34].
SCTFs, however, are ‘‘super-rough’’ surfaces and thus require the
advancement of existing data analysis approaches, which may
allow for the determination of areal inertial mass of retained liquid
in highly ordered 3D nanostructure thin films.

The use of deuterated liquids to determine the porosity and
areal inertial mass of an adsorbate layer on a flat surface with
QCM, alone, was introduced by Craig and Plunkett [35]. This
method requires the surface to be measured under a liquid and
the liquid’s deuterated analog before and after adsorbate layer for-
mation. The deuterated liquid is assumed to be chemically identi-
cal to non-deuterated liquid and has a larger density. If the QCM
chamber ambient is changed from air to liquid, the
QCM-measured frequency shift is ideally larger for the deuterated
liquid than the non-deuterated liquid. However, the processes of
filling the QCM chamber with liquid or emptying liquid out of
the chamber may cause irreproducible frequency shifts due to
pressure changes. Instead, the deuterated and non-deuterated liq-
uids may be cycled through the QCM chamber to more closely
maintain isobaric conditions. One thus measures the two fre-
quency shifts between (a) the bare surface exposed to deuterated
and non-deuterated liquids and (b) the surface with adsorbate
exposed to deuterated and non-deuterated liquids (alternatively
a bare surface exposed to deuterated and non-deuterated liquids
with dissolved adsorbate). These measurements allow for determi-
nation of the fraction of the frequency shift between the bare sur-
face and the surface with adsorbate under non-deuterated liquid
that is due to retained liquid rather than adsorbate [35]. This strat-
egy has been used to quantify the areal inertial mass and porosity
of organic layers, including polyelectrolyte multilayers [36] and
polysaccharides [37–39]. Due to its highly ordered geometry and
porous structure, a mechanically oscillating SCTF interacts with
the bulk liquid differently than a flat surface, and so the method
of Craig and Plunkett may not be readily applicable. Additional the-
oretical work is required for the analysis of QCM data for highly
ordered 3D surfaces. Specifically, the capability to quantify
retained liquid, which may be described by a porosity parameter
intrinsic to the SCTF geometry, is desired.

Generalized ellipsometry (GE) is an optical technique that mea-
sures the change of the polarization state of light after it reflects off
of or transmits through a sample, particularly anisotropic materials
such as SCTFs [40,41]. GE measures elements of the 4� 4 Mueller
measurement, each particle retains liquid (shaded). In this case the retained liquid
e to the distribution of retained liquid or to the areal inertial mass ratio of adsorbate
iquid is retained by the nanostructured surface. Liquid retention by the SCTF implies
ncy shift.
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matrix M, which completely describe the optical response of the
experimental system. Samples are considered as plane-parallel
layer stacks in an optical model. Physical properties of interest,
including the height parameters and dielectric functions of con-
stituent layers, are variables of the optical model. Mueller matrix
element spectra are calculated for each optical model iteration
until the calculated and measured Mueller matrix element spectra
best match. The model parameters for the best-matching
model-calculated spectra are thus considered to describe the sam-
ple. GE is very sensitive to the birefringence and dichroism of SCTFs
and has been used to quantify SCTF structural properties, SCTF vol-
ume fraction compositions (i.e., porosity), and adsorption pro-
cesses onto SCTFs [13,26,40–44]. GE is used here as a reference
technique to characterize SCTF structural properties and the frac-
tion parameters of liquid and adsorbate.

In this work, a frequency overtone analysis (FOA) is introduced
to quantify the amount of liquid retained by SCTFs during QCM
measurements. Four SCTF samples varying in height, i.e., columnar
length, but otherwise structurally similar were fabricated by GLAD
[23,24] and characterized by GE [40–43]. During QCM measure-
ment, the SCTFs were cyclically exposed to H2O and D2O. The
FOA, developed here and further discussed below, was applied to
quantify the areal inertial mass of retained liquid associated with
each oscillating SCTF from QCM data analysis. We find that the
amount of retained liquid varies linearly with the SCTF height.
The proportionality constant, termed here the ‘‘differential
retained liquid areal inertial mass per differential columnar
height’’ (c), is an intrinsic parameter that may be used to character-
ize the topography or porosity of surfaces that consist of highly
ordered 3D nanostructures. The retained liquid is interpreted to
be coupled not to individual nanostructures but rather within the
near-range network of nanostructures. The porosity parameter
derived from our QCM isotope exchange technique (c) is in excel-
lent agreement with the best-match model porosity parameters
obtained from GE data analysis for all samples investigated here.
Additionally, the adsorption of cetyltrimethylammonium bromide
(CTAB), a cationic surfactant, onto a SCTF was monitored by QCM
and GE. It is found that GE reports at least three times as much
adsorbate areal inertial mass as QCM. This finding demonstrates
that QCM has different sensitivity to adsorbate depending on
whether the substrate is flat or nanostructured.
1 Ideally, the higher overtone frequency shifts after such normalization are
quivalent to measured dm1. However, dm1 is typically not measured or reported in
e literature because the first overtone is most prone to experimental error, which is
mmonly related to the mechanical mounting of the quartz sensor [55,56].
2. Frequency overtone analysis

A frequency overtone analysis (FOA) is introduced here that
enables the determination of an areal inertial mass parameter of
liquid retained by surfaces consisting of highly ordered 3D nanos-
tructures during QCM measurements.

Many QCM instruments are capable of measuring multiple over-
tones of order N, where N ¼ 3;5; . . ., of the fundamental resonance
frequency of the quartz sensor. QCM-D periodically turns off the
driving potential of the sensor and monitors the signal decay with
time. The decay is represented by the dissipation parameter D,
which is indicative of changes in the damping properties of the
experimental system [45–47]. Generally, decreases in m and
increases in D imply increases of adsorbate areal inertial mass and
of dissipative (or viscous) losses of the system, respectively.
Similarly to the observations reported by Rechendorff et al., the
dDN shifts here generally overlap after being multiplied by

ffiffiffiffi
N
p

, and
it will be shown that dDN shifts are similar in magnitude for all inves-
tigated samples [34]. Hence, dDN data are not considered for the FOA.

The Sauerbrey equation was developed previously for flat sur-
faces and describes the linear dependence of jdmNj on N [48].
Frequency shifts are interpreted to be caused by changes of a
loaded inertial mass rigidly coupled to the oscillating surface.
Because the average mean free path of water molecules at room
temperature, which is considered here to be on the length scale
of a hydrogen bond, does not exceed a few Angstroms [49], from
the perspective of an individual molecule the nanostructure sur-
faces of a SCTF may be considered locally flat. Hence, the
Sauerbrey equation is used here to consider liquid that is retained
by SCTFs oscillating during QCM measurement.

The Sauerbrey equation is given by

dC ¼ dm
A
¼ �k

dmN

N
; ð1Þ

where m is the rigidly coupled (loaded) mass, A is the surface area,
and dC is the change of rigidly coupled areal inertial mass. k is a
constant defined as

k ¼
ffiffiffiffiffiffiffiffiffiffiffi
qqlq

p

2m2
0

; ð2Þ

where m0 is the fundamental frequency of the quartz sensor, qq is
the density of quartz, and lq is the shear modulus of quartz [48].
For an AT-cut quartz crystal with a fundamental frequency m0 of
5 MHz, k is generally considered to be 0.18 mg/(m2Hz) [10]. dC is
linear with the overtone frequency, and all measured frequency
shifts result in the same value when normalized by N [50,51].

The Borovikov equation (also known as the Kanazawa equation)
was developed previously for flat surfaces and describes the
square-root dependence of jdmNj on N [52,53]. Frequency shifts
are interpreted to be caused by changes of viscosity and density
of bulk liquid that resists the oscillating surface. The Borovikov
equation is used here to consider bulk liquid effects due to liquid
exchange over SCTFs oscillating during QCM measurement.

The Borovikov equation is given by

d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qliqgliq

p� �
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffipqqlq
p

m3=2
0

dmNffiffiffiffi
N
p ; ð3Þ

where qliq is the liquid density and gliq is the liquid viscosity [52].
Here, the overtone frequency is linear with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qliqgliq

p
and propor-

tional to the square root of the overtone order N [34,54].
For QCM liquid-phase experiments, one typically cannot deter-

mine the areal inertial mass of liquid retained by the surface
because the QCM-measured frequency shift from air ambient to
liquid ambient perturbs the pressure in the QCM chamber. The
goal of this work is to determine this areal inertial mass, however,
for highly ordered 3D surfaces. Exchange of liquids with different
chemical properties and hence with different densities may result
in different chemical interactions with the surface, which may
affect the amount of liquid retained by the surface. The only acces-
sible pathway for exchange of chemically equivalent liquids with
different densities is the exchange of isotopes. Therefore we use
an isotope-variation liquid-exchange approach in this work. That
is, we cyclically expose SCTF surfaces to H2O and D2O. Hence we
consider the frequency shifts during isotope exchange over a
highly ordered 3D surface to be caused by a combination of
Sauerbrey-like and Borovikov-like contributions, and we introduce
and implement a FOA to separate and quantify these two effects.

For the case of a SCTF exposed to exchanged isotope liquids, we
suggest that this combination of Sauerbrey-like and Borovikov-like
contributions is sufficient to explain the QCM-measured dmN shifts,
as will be shown below. Each contribution provides a share of dmN

normalization by a different power of N (N and
ffiffiffiffi
N
p

for the
Sauerbrey-like and Borovikov-like contributions, respectively).1
e
th
co



Fig. 2. (a) Top-down view schematic of a SCTF cross-section where liquid is
retained by a near-range network of three nanocolumns (shaded circles). This
schematic considers the scenario where all the liquid within the SCTF is retained. c
is shown in this example as the area of the liquid region multiplied by the liquid
density divided by the area of the hexagonal unit cell. Note that the nanostructures
do not have to be ordered, for example in a hexagonal arrangement, for c to be
determined. (b) Scanning electron microscopy image of a representative Ti SCTF.
The angle between the nanostructures and the substrate normal is h, and it is shown
in this work that dCH2 O does not depend on h.
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Let a measured frequency shift dmN be described by the sum of
Sauerbrey-like and Borovikov-like contributions dmN;S and dmN;B,
respectively,

dmN ¼ dmN;S þ dmN;B: ð4Þ

Because dmN;S dmN;Bð Þ are proportional to N
ffiffiffiffi
N
p� �

, Eq. (4) may be

rewritten as

dmN ¼ dm1;SN þ dm1;B

ffiffiffiffi
N
p

: ð5Þ

The Sauerbrey-like and Borovikov-like contributions for the first
harmonic overtone may be redefined as

dm1;S ¼ Cdm1; ð6Þ

dm1;B ¼ 1� Cð Þdm1; ð7Þ

respectively. C is a constant yet to be determined that has the same
value for all harmonic overtones and distributes the relative weight
given to the Sauerbrey-like and Borovikov-like contributions. Eq. (5)
may be rewritten to yield

dm1 ¼
dmN

CN þ 1� Cð Þ
ffiffiffiffi
N
p : ð8Þ

Experimentally, one may find the value of C by varying its value
between zero and unity until the right-hand side of Eq. (8) overlaps
best with dm1 for all measured overtones. Note that parameters C
and dm1 are overdetermined if more than two overtones are
measured.

The experimentally determined change in the retained liquid
areal inertial mass variation from isotope exchange dCD, where
the superscript denotes the identity of the liquid, is written in
the form of Eq. (1),

dCD � dCD2O � dCH2O ¼ �kCdm1: ð9Þ

Let the ratio of the areal inertial mass variations be introduced
as

y � dCD2O

dCH2O : ð10Þ

It is necessarily assumed that the volume occupied by the retained
liquid stays constant during isotope exchange, which implies that y
is equal to the ratio of densities qD2O=qH2O, which can be obtained
from the literature. At 20 �C, qH2O and qD2O are 0.9982 g/mL and
1.1053 g/mL, respectively [57]. Here y ¼ 1:1073. Substitution of
Eq. (10) into Eq. (9) yields

dCH2O ¼ dCD

y� 1
: ð11Þ

For the case of a SCTF, one may consider dCSCTF, the mass vari-
ation of retained liquid normalized by the SCTF surface area, or
dC, the mass variation of retained liquid normalized by the (flat)
substrate surface area. dCSCTF is found by considering the ratio of
the flat reference substrate surface area A under the SCTF to the
rough surface area ASCTF, such that

dCSCTF ¼ dC
A

ASCTF
¼ �kC

dmN

N
A

ASCTF
: ð12Þ

The quantity of liquid confined within open volumes of SCTFs
with cross-sections that are homogeneous across the film regard-
less of SCTF height is expected to be linear with respect to the
SCTF height. Therefore we can define a parameter c as the differen-
tial retained liquid areal inertial mass variation per differential
columnar height,

c � @

@d
dCH2O dð Þ
� �

ffi DdCH2O

Dd
: ð13Þ
As one possible interpretation of c, we consider that liquid is not
retained by individual nanostructures but by the near-range net-
work of nanostructures that are not necessarily ordered. This inter-
pretation is illustrated as a schematic by Fig. 2.

In this work, the nanostructures are considered as surface
roughness. However, roughness on different scales can be addi-
tionally considered. Daikhin et al. defined ‘‘strong’’ and ‘‘slight’’
types of roughness, where for strong roughness the length scale
of the roughness deviating from the reference plane is larger than
the length scale in the lateral dimension; the opposite holds for
slight roughness [58]. Here, the columnar nanostructures could
be considered as strong roughness while the roughness of an indi-
vidual nanostructure could be considered slight roughness. We
assume here that roughness-derived effects on the measured
QCM frequency shift are dominated by the strong roughness of
the nanostructure layer. The roughness of an individual nanostruc-
ture is therefore neglected, here, but could be considered by future
work.

It is now of interest to determine whether c is constant with
respect to d (i.e., there is a linear relationship between dCH2O and
d) or not and whether c addresses the entirety of liquid within
the SCTF or if a portion of liquid within the SCTF is not retained.
For these purposes, we study the effect of isotope-variation liquid
exchange over SCTFs of similar geometry, that is of similar
cross-sectional area, but of different height. We also determine
the void fraction (porosity) of the SCTFs by an optical method
(GE). GE has been previously used to quantify protein adsorption
onto SCTFs [26], characterize SCTF structural and optical properties
after polymer infiltration [31], and monitor the swelling and des-
welling of polymeric brushes anchored onto SCTFs [27,59].
3. Materials and methods

3.1. Isotope liquid exchange

The objective of the following experiments is to apply the FOA
to determine dCH2O and c for a ‘‘family’’ of SCTFs designed to vary
only by SCTF height d. We fabricated the SCTFs by electron-beam
GLAD, a bottom-up fabrication technique that employs a physical
vapor deposition process whereby the trajectory of an evaporated
particle flux forms an oblique angle with the sample substrate nor-
mal. GLAD allows the formation of highly ordered films comprising
nanostructures that are structurally highly equivalent except for
length while sharing similar shape, diameter, and slanting angle.
Discrete nanostructures are formed by geometrical shadowing,
whereby initial nucleation sites block the areas behind them from
the particle flux, and adatomic diffusion processes [23]. The Ti
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SCTFs were deposited on commercially available Au-coated QCM
sensors (Biolin Scientific).

An M-2000-VI spectroscopic ellipsometer (J.A. Woollam Co.)
with a spectral range of 400–1640 nm was used to characterize
the SCTFs. GE measurements were conducted at 45�, 55�, 65�,
and 75� angles of incidence with respect to the substrate normal.
For each angle of incidence, the sample was rotated from 0� to
360� in 6� increments, and a GE measurement was taken at each
increment. A stratified optical model comprising an isotropic Au
substrate, an anisotropic SCTF, and void ambient was used to cal-
culate Mueller matrix element spectra. For example, the optical
response of the SCTF is modeled here by an anisotropic
Bruggeman effective medium approximation (ABEMA); the
ABEMA describes physical properties of the SCTF including the
SCTF height and constituent volume fractions (e.g., Ti and ambient)
[44].

Varied parameters of the optical model were the ABEMA layer
height dGE, the void fraction of the ABEMA layer f GE;void, the nanos-
tructure slanting angle hGE, the ABEMA depolarization factors Lj

(where j ¼ x; y; z), the ABEMA monoclinic angle b, and the Ti dielec-
tric function [60].

18.2 MX cm nanopure water (Barnstead Nanopure) and 99.9%
D2O (Sigma–Aldrich) were the liquids used for the isotope liquid
exchange study. The liquid cell flow modules for E1 and E4
QCM-D instruments (Biolin Scientific) allow temperature control,
and all measurements were taken at 20 �C. Fluid was pumped
through the liquid cells at a rate of 0.1 mL/min. E1 QCM-D mea-
surements on a flat sample began as H2O was pumped through
the liquid cell. Three cycles of D2O and H2O exchanges followed.
Stable frequency signals were achieved before the next liquid
exchange. This experiment was repeated with an E4 QCM-D for
four SCTFs of different heights. Following QCM-D measurements,
SCTF samples were characterized by scanning electron microscopy
(SEM).
3.2. Surfactant adsorption

It is hypothesized here that Eq. (1) will underestimate the areal
inertial mass of adsorbed CTAB because Eq. (1) does not consider
liquid retained by surface structure prior to the adsorption process.
The adsorption of CTAB is expected to liberate retained liquid and
thereby partially offset the dmN shift reported by QCM. GE has been
used to quantify the areal mass of organic adsorbates and is used
here as a reference technique [26].

A Ti SCTF was fabricated by GLAD, characterized by GE, and
optically modeled as described above. Four additional GE measure-
ments were taken by an M-2000-V spectroscopic ellipsometer (J.A.
Woollam Co.) with a spectral range of 400–1000 nm. GE measure-
ment ‘‘A’’ was taken of the SCTF at a single sample orientation; that
is, the sample was measured at one rotation angle and at a single
(65�) angle of incidence. The Ti SCTF was then placed in a similar
orientation within a windowed QCM liquid flow module with a
65� angle of incidence, which allows for simultaneous ellipsometry
measurements, and GE measurement ‘‘B’’ was taken in the absence
of liquid. H2O was pumped into the flow module, and then GE mea-
surement ‘‘C’’ was taken. At this point, QCM measurement began.
Once stable QCM signals were achieved, an aqueous solution of
2.5 mM CTAB (Sigma–Aldrich) was pumped through the liquid cell.
Once the QCM signal restabilized, GE measurement ‘‘D’’ was taken.

A stratified optical model comprising an isotropic Au substrate,
a three-component (Ti, adsorbate, and ambient) ABEMA layer, an
adsorbate layer, and ambient was used to calculate Mueller matrix
element spectra. The model thus considers adsorbate that forms a
layer on top of the SCTF in addition to adsorbate that infiltrates the
SCTF. Optical model parameter values for the multiple-orientation
GE measurement were used as starting points for the optical model
parameters for GE Measurement A. For GE Measurement B, win-
dow offset parameters were introduced and varied in the optical
model. For GE Measurement C, the ambient material was changed
from void to water, and dGE; f GE;H2O; h; Lj; b, and the Ti dielectric
function were varied in the optical model. To ensure the model is
sensitive to the addition of adsorbate, the adsorbate volume frac-
tion parameter f ads was subsequently allowed to vary; the model
thus yielded a f ads value of 0.5% in the absence of adsorbate.
Finally, for GE Measurement D, f ads and the adsorbate layer height
dads were varied from starting points of zero to account for the
addition of adsorbate. The inertial areal mass of adsorbate over
the flat substrate is given by the equation

CGE ¼ qads f adsdGE; ð14Þ

where qads is the density of adsorbate [26]. To estimate the values of
qads and the adsorbate index of refraction nads, which are not readily
available for CTAB, we used values for the similar molecule
2,2-dimethyloctadecane. Here values of 0.78 mg/mL for qads and
1.43 for nads are used [61].

4. Results

4.1. Isotope liquid exchange

For the isotope exchange experiments, Fig. 3 shows representa-
tive raw QCM-D results. The replacement of H2O with denser D2O
causes dmN to decrease and dDN to increase. Fig. 3 shows that the
measurement signals stabilized more quickly when H2O replaced
D2O than for the reverse process.

dmN measured experimentally for the flat surface are shown in
Fig. 4 and overlap with a C value very close to 0, indicating that
the frequency shift is caused by bulk liquid effects rather than liq-
uid retention (dm1 ¼ �118 Hz, C ¼ 0:014). The dDN shifts for the flat
and SCTF surfaces are similar in magnitude, and we do not consider
dDN data further.

Fig. 5 displays results for the SCTF samples. dm1 and C are deter-
mined simultaneously by the FOA; the C ¼ 0 and C ¼ 1 lines in
Fig. 5 show the calculated overtone dependence of dmN for the
Borovikov and Sauerbrey cases, respectively. dmN for the SCTFs
overlap after normalization by both N and

ffiffiffiffi
N
p

components. The
highest overtones (N ¼ 11; 13) generally do not follow the trends
of the other overtones and were omitted from the FOA. It has been
reported that the higher overtones are less reproducible than N ¼ 3
[62,63]. C; dm1, and dCH2O vary with respect to columnar height,
and C values are shown with Fig. 5. C and dm1 increase with respect
to columnar height, but not linearly.

Fig. 6 shows dCH2O as a function of dGE, and a linear relationship
is found such that

dCH2O ¼ 0:740� 0:039ð Þ mg
m2 nm

dGE: ð15Þ

SCTF height determined by SEM and SCTF structural parameters
parameters from optical modeling are shown in Table 1. It is found
from the GE analysis that the porosity f GE;void stays fairly constant
while the slanting angle h changes. Fig. 7 shows cross-sectional
SEM images of the SCTF samples for the determination of the
height dSEM.

4.2. Surfactant adsorption

For the CTAB adsorption measurements, raw QCM dmN data are
shown by Fig. 8. Fig. 8 shows that the frequency overtones do not
perfectly overlap. Thus, determining the mechanical adsorbate
areal inertial mass CGE;QCM with Eq. (1) depends on which overtone



Fig. 3. dmN=N (left axis) and dDN (right axis) during sample exchange of H2O and D2O over SCTFs. H2O and D2O enter the liquid cell during regimes labeled ‘‘H2O’’ and ‘‘D2O,’’
respectively. A dGE value from Table 1 is shown for each sample.

Fig. 4. dmN=
ffiffiffiffi
N
p

(left axis) and dDN (right axis) during sample exchange of H2O and
D2O over a flat Au surface. H2O and D2O enter the liquid cell during regimes labeled
‘‘H2O’’ and ‘‘D2O,’’ respectively. dmN shifts for each successive overtone are offset by
10 Hz for clarity.

Fig. 6. dCH2 O as a function of dGE. The result for the flat surface is included for the
linear regression.
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is selected. CQCM;ads was obtained for each measured overtone, and
the average value of CQCM;ads is 2.6 mg/m2.

SCTF structural parameters from the GE optical modeling are
given in Table 2. Upon the addition of H2O into the liquid cell
(GE Measurement C, Table 2), the values of dGE, the fraction param-
eters, and slanting angle h shift. It is possible that capillary forces
deformed the SCTF. The CTAB fraction parameter for GE
Measurement D is 10.7%. Eq. (14) yields an optical adsorbate areal
mass CGE;ads of 8.7 mg/m2. The height of the adsorbate layer over
the SCTF dads remained at zero for GE Measurement D. Thus the
optical model considered all adsorbate to be within the ABEMA
layer.

Fig. 9 shows Mueller matrix element spectra taken before (GE
Measurement C) and after (GE Measurement D) CTAB adsorption.
The spectra show sensitivity to the presence of CTAB.
Fig. 5. jdmN j as a function of N. Filled symbols are experimental data, and open symbols a
light (red for the online version of this contribution) filled symbols are omitted. The lines
for a given C value. dGE is shown for each sample. (For interpretation of the references to
5. Discussion

The major findings of this work are summarized here. First, a
single c value describes all four SCTF samples used for isotope liq-
uid exchange. Second, nearly all the liquid within a SCTF is retained
during QCM measurement. Third, the Borovikov-like contributions
to the measured frequency shifts for the SCTF samples during iso-
tope liquid exchange show good agreement with the measured fre-
quency shift for the flat surface, where the flat surface reveals only
Borovikov-like contributions. Fourth, adsorbate displaces retained
liquid within SCTFs. Finally, the GE optical model reports that over
three times as much adsorbate attaches to the nanostructures than
that determined by traditional QCM data analysis approaches. One
must consider that QCM detects changes in the areal inertial mass
caused by the density difference between liquid retained by the
oscillating SCTF and the incoming adsorbate that displaces it.
re jdm1j determined by the FOA. Black filled symbols are considered for the FOA, and
that emanate from the open jdm1j symbols predict the overtone dependance of jdmN j
color in this figure legend, the reader is referred to the web version of this article.)



Table 1
Height parameters dSEM and dGE, void fraction parameters f GE;void, Ti fraction
parameters f GE;Ti , and nanostructure slanting angles with respect to the substrate
normal h for all SCTF samples. dSEM are obtained from SEM, and all other parameters
are obtained from GE.

Parameter FOA Sample 1 FOA Sample 2 FOA Sample 3 FOA Sample 4

dSEM (nm) 73� 10 138� 17 197� 29 260� 35
dGE (nm) 64:2� 0:1 118:4� 0:2 176:5� 0:3 261:1� 0:7
f GE;void (%) 79:7� 0:1 80:2� 0:1 78:8� 0:1 78:8� 0:1
f GE;Ti (%) 20:3� 0:1 19:8� 0:1 21:2� 0:1 21:2� 0:1
hGE (�) 66:8� 0:1 58:0� 0:1 55:2� 0:1 54:3� 0:1

Fig. 8. QCM dmN data, normalized by N, for 2.5 mM CTAB adsorption onto Ti SCTF.
Each successive overtone is offset by 1 Hz for clarity.

Table 2
Height parameters dGE, H2O fraction parameters f GE;H2 O, Ti fraction parameters f GE;Ti ,
CTAB fraction parameters f GE;ads, and nanostructure slanting angles with respect to
the substrate normal h for GE Measurements C and D. All parameters are obtained
from GE.

Parameter GE Meas. C GE Meas. D

dGE (nm) 104:5� 0:1 104:5� 0:1
f GE;H2O (%) 85:2� 0:2 75:0� 0:2
f GE;Ti (%) 14:3� 0:1 14:3� 0:1
f GE;ads (%) 0:5� 0:2 10:7� 0:2
hGE (�) 51:5� 0:2 51:5� 0:2
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5.1. SCTF retention of liquid during QCM measurement

The data plotted in Fig. 6, obtained from Figs. 3 and 5, suggest
that there is a linear relationship between dCH2O and dGE. Due to
this linearity, it is suggested here that c, defined as the derivative
in Eq. (13), is constant for all investigated samples and is equiva-
lent to the slope of the line in Fig. 6. The units of c refer to mass
per unit area A per unit length of height d. Thus, the SCTF family
has a c value of 0:740� 0:039 mg/(m2 nm). For Fig. 6, one could
alternatively consider a line with a positive y-intercept and that
does not consider the flat surface data point. We would interpret
such behavior to be caused by SCTF structure non-idealities, specif-
ically, the SCTF nucleation layer. At the beginning of the GLAD pro-
cess, a seeding layer of small nucleation sites forms. As these
nucleation sites enlarge, a competitive growth phase occurs, and
fewer, larger structures emerge [23,24,29]. The deposited material
shadowed by the larger structures, i.e., the nucleation layer, can be
seen in the SEM images of Fig. 7. Future work could more closely
investigate the dependence of dCH2O on d, particularly for shorter
SCTFs, to elucidate the effect of the nucleation layer on liquid
retention.

c is constant because the porosity of the nanostructures is con-
stant with respect to nanostructure height, which is in agreement
with the GE modeling results. That is, if one selects an infinitesimal
cross-sectional sheet of a SCTF, as depicted in Fig. 2(a), the total
nanostructure area is the same regardless of the position (height)
of the sheet within the SCTF. Because hGE is not constant for all
samples, the slanting angle does not affect the total nanostructure
area of the infinitesimal cross-sectional sheet. c is thus a measure
of the area of the infinitesimal sheet that comprises retained liquid.
Different nanostructure packing arrangements may affect the
cross-sectional nanostructure area and thereby c. dCH2O does
depend on d and by extension hGE. d may be considered a scaling
Fig. 7. Cross-sectional SEM imag
factor for c to yield dCH2O, as our earlier interpretation of c in Eq.
(13) implies.

The retained liquid should reside between rather than above
the individual nanostructures because dCH2O scales linearly with
dGE as shown in Fig. 6. Two alternate possibilities are that all or
only part of the liquid within the SCTF is retained; these scenarios
are referred to here as complete filling and partial filling, respec-
tively. The fraction of total material composing the SCTF that is
retained liquid is provided by c. c has units of mg/(m2 nm), which
converts to 1 g/mL. The scenario of complete filling implies the
porosity is equal to c/qH2O, and the scenario of partial filling implies
the porosity is at least c/qH2O.

To determine whether complete filling or partial filling is
observed, we consider the GE modeling results. The average
es and dSEM of SCTF samples.



Fig. 9. Select Mueller matrix element spectra for before (GE Measurement C) and
after (GE Measurement D) CTAB adsorption.

2 Sigma–Aldrich provides a density of 0.968 g/mL for 25 wt.% cetyltrimethylam-
monium chloride in H2O at 25 �C.
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GE-derived porosity for the SCTFs is 79.6%, which is close to our
observed c (retained liquid fraction) value of 74.0%. It is therefore
suggested here that a scenario of nearly complete filling holds.

SCTFs differing only by height will have different C values; their
Borovikov-like contributions may be equivalent, but a SCTF with
longer nanostructures will have a larger Sauerbrey-like contribu-
tion and thus a larger C value. dm1 of a rough surface will be larger
than dm1 of a flat surface because although the oscillation of both
surfaces is resisted by the bulk liquid, the rough surface is loaded
with more retained liquid than the flat surface. Thus, C and dm1

are not intrinsic parameters for SCTFs. dCH2O
SCTF and c are distinct in

that c is a function of the substrate surface coverage by nanostruc-

tures while dCH2O
SCTF is not. As noted earlier, dCH2O scales with d. c

may therefore be used to classify the topography of a given highly
ordered 3D nanostructured surface.

dCH2O may be determined by QCM experiments, alone, but
determination of c requires knowledge of the SCTF height.
Depending on the sample, atomic force microscopy (AFM), SEM,
or GE, for example, may be applied for this purpose. GE is particu-
larly well-suited to characterize anisotropic SCTFs, such as those
considered here [40–43].

It has been shown that the obtained Sauerbrey-like contribu-
tions to dm1 can be evaluated by how well they describe the poros-
ity of a SCTF. The Borovikov-like contributions to dm1 for SCTFs may
be evaluated by comparing them to dm1 of the flat surface. The per-

cent difference between d qliqgliq

� �1=2
evaluated for the flat surface

from QCM data and predicted by Eq. (3) is found to be 2.8%. For the
SCTFs, the average value of ð1� CÞdm1, the Borovikov-like contribu-
tion to dm1, is �103� 14 Hz, which has a 13:6% difference from dm1

of the flat surface (�118 Hz). This difference is close and demon-
strates that the FOA partitions the measured QCM frequency
response between inertial mass loading and bulk liquid contribu-
tions by considering them as Sauerbrey-like and Borovikov-like
effects, respectively. The Borovikov-like contributions to dm1 of
SCTF surfaces may be smaller in magnitude than dm1 of the flat sur-
face because there is less solid material at the SCTF-bulk liquid
interface, and therefore the bulk liquid may resist SCTF oscillation
less than for a flat surface.

The overall approach of the FOA is modular such that new mod-
eling equations specific to 3D surface geometries may be imple-
mented in the place of the Sauerbrey or Borovikov equations. For
a modeling equation that considers fluid flowing around columnar
structures rather than over a flat surface, as the Borovikov equation
does, the frequency data might be normalized by a power of N
other than 1/2 and thereby affect C. However, with our approach
of matching dmN by sums of N in powers of 1 and 1/2, only, a nearly
perfect match is obtained in Fig. 5 for the smaller overtones. Future
work may vary SCTF spacing, for example, via surface
pre-patterning [64,65] or pre-roughening methods [28], to deter-
mine if there is a limit for nanostructure proximity to retain all liq-
uid within the SCTF. Other nanostructure geometries, such as
chevrons, staircases, helices, screws, and vertical posts, could also
be evaluated.

SEM and GE show some disagreement regarding the heights of
the SCTFs. Because the nanostructures were grown on soft gold and
also not along the crystalline axis of quartz sensor, the cleaving of
the samples introduced uncertainty to the SEM height observa-
tions due to the breaking up of adjacent nanocolumns and subse-
quently apparent disorder in the SEM side view. Thus, and
because the probe beam of the GE instrument (approximately
100 lm � 300 lm) samples over much larger sample areas, deliv-
ering more representative height parameters, the GE-determined
height dGE rather than dSEM is considered throughout this work.

5.2. QCM sensitivity to adsorption on SCTFs

CGE;ads (8.7 mg/m2) is over three times as large as CQCM;ads

(2.6 mg/m2). It is often reported in the literature that for organic
adsorption processes onto flat surfaces, ellipsometry reports a
smaller adsorbate layer dC than QCM because ellipsometry is less
sensitive to retained liquid (and not at all for ultra-thin layers on
the scale of 10 nm or less in height) [6,11,20]. GE providing a larger
adsorbate areal mass than QCM implies that QCM detects adsor-
bate differently on SCTF surfaces than flat surfaces.

Because nearly all the liquid within a SCTF is retained during a
QCM measurement, adsorbate that attaches within the SCTF neces-
sarily displaces liquid. If the excess volume VE of mixed dissolved
adsorbate and liquid is considered negligible for dilute solutions
[66,67], then the volume of attached adsorbate is equivalent to
the volume of displaced liquid. Thus, for adsorption processes into
SCTFs, one expects that the QCM is not sensitive to the combined
areal inertial mass of adsorbate and liquid retained by the adsor-
bate, as is the case for adsorption processes onto flat surfaces.
Instead, QCM is sensitive to the change of density dq of inertial
mass within a volume where liquid and adsorbate are exchanged,
as shown by

ladsdq
ASCTF

A
¼ lads qads � qliq

� �ASCTF

A
¼ �k

dmN

N
; ð16Þ

where lads is the adsorbate contribution to the height of a mixed
adsorbate/retained-liquid layer over a nanostructure surface, qads

is the density of adsorbate, and qliq is the density of liquid. The liq-
uid contribution is ignored in Eq. (16) because all the liquid within
the SCTF is already retained.

The density of CTAB is less than that of H2O.2 Thus, Eq. (16)
implies that CTAB adsorption yields a positive frequency change,
which is not reported by Fig. 8. CTAB adsorption onto the tips of
the nanostructures may be the cause for this discrepancy. Fig. 7
shows that the nanostructure tips are not uniformly distributed.
The best-match optical model for GE Measurement D considers all
the CTAB within the ABEMA layer rather than on top. Because
CTAB is a small molecule, about 2 nm long, and because the nanos-
tructures are not uniform in height, it is reasonable that CTAB on the
nanostructure tips would be considered within the ABEMA layer of
the optical model. Liquid nearby the tips may not be retained by
the oscillating SCTF because the nanostructures are not as spatially
coherent at the tips. Therefore, CTAB adsorbing onto the tips and
the liquid hydrating the CTAB could be sensed by QCM as a
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Sauerbrey-like load. CTAB may not uniformly coat the SCTF.
Preferential CTAB adsorption onto the SCTF tips would favor replace-
ment of non-retained rather than retained liquid and hence a nega-
tive frequency shift. Additionally, the loss of spatial coherence at the
tips may contribute to the difference between f GE;void and the poros-
ity derived from c.

The exchange of CTAB and nanostructure-retained liquid and
the adsorption of CTAB onto the nanostructure tips constitute
two simultaneous processes with opposing frequency shifts, and
it may be impossible without further information or complemen-
tary techniques to separate and quantify these two adsorption pro-
cesses. SCTFs with more spatially coherent geometry, including at
the tips, could be used for future QCM adsorption studies for the
purpose of isolating the dmN shift caused by the density difference
between retained liquid and adsorbate.
6. Conclusion

While the FOA does not take into account the actual geometry
of a SCTF (3D nanostructures), the FOA is a simple method to sep-
arate by only a QCM measurement between the effects of the areal
inertial mass of retained liquid and the bulk properties on isotope
exchange of liquids over a surface comprising highly ordered 3D
nanostructures. Surface modification by an adsorption process,

for example, may modulate the values of C; dm1; dCH2O; dCH2O
SCTF,

and c. The effects of adsorbate particle size, the areal inertial mass
of adsorbate that attaches within the SCTF, and SCTF topology (e.g.,
the spacing between nanostructures of a SCTF) on the quantity of
liquid that is retained during QCM measurement of adsorption pro-
cesses are all of interest for further study.

The results described here have important implications regard-
ing the interpretation of QCM data for adsorption processes into
SCTFs. The QCM frequency response for an adsorption process
within a SCTF includes a component that is proportional to the
density difference between adsorbate and liquid instead of the
adsorbate density and hence reduces QCM sensitivity.
Comparison of QCM results for adsorption processes into SCTF with
optical (GE) results may be very different compared to adsorption
processes on flat surfaces. As SCTF surfaces continue to be used for
biosensing, tissue scaffolding, and responsive surface applications,
the continuing development of QCM data analysis algorithms for
use with 3D surfaces may prove immensely useful.
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