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ABSTRACT: Waterborne and water-reduced coatings are in-
creasing in relevance in many sectors as an alternative to
solventborne coatings. In this work, the internal structure of
waterborne polymers as a function of colloid particle size is
unveiled and directly related to macroscopic water absorption. To
this aim, a set of acrylic waterborne films was prepared from
dispersions of different colloidal particle sizes (100, 150, and 200
nm) with the same surfactant coverage. Macroscopic water
absorption and water affinity were studied by Dynamic vapor
sorption (DVS) and immersion tests. Small-Angle Neutron
Scattering (SANS) was used to study deuterated water diffusion
with time. This revealed the presence of remnant hydrophilic
colloid−colloid interphases in all films, independently of the
forming colloidal size and annealing conditions. Moreover, fitting of SANS data revealed that water transport in these films happens
through surfactant-rich colloid−colloid interphases or through 10 nm-wide hydrophilic paths rich in surfactant aggregates (in the
range of 4 nm) when these are present. The presence of the hydrophilic paths explains the higher water uptake measured in
waterborne films made from 100 nm colloids, a process so far not previously reported. This study highlights how water diffusion in
waterborne films may be engineered through fine control of particle size and film formation conditions.

■ INTRODUCTION
The interest in waterborne and water-reduced coatings with
reduced volatile organic compound (VOC) emissions is
continuously growing due to increasing sustainability and
environmental restrictions and the increasing performance of
this coating family.1 One of the most challenging applications of
waterborne coatings is in the field of anticorrosion coatings for
infrastructure and transport; a crucial application domain due to
the growing costs and environmental impact related to corrosion
and degradation of infrastructure.2 Despite the current under-
standing of film formation from waterborne polymeric colloidal
suspensions,1 further developments in the field will benefit from
a deeper understanding of the relationship between the colloidal
system parameters, the structure of nanoheterogeneities, and the
macroscopic properties. In this context, the absorption and
transport of water in the coating are highly relevant to the
anticorrosion performance.3−5

To explain the correlation between water absorption,
electrochemical properties, and the anticorrosion performance
of the coating, various physical models,6,7 finite element
studies,8 and, more recently, machine learning models9 have
also been proposed. The downside of electrochemical or
gravimetric techniques is that they are bulk techniques, which

average over the whole coating, while water transport and the
anticorrosion performance depend on the local structure of the
material. Recent reports using Fourier-Transform Infrared
Spectroscopy (FTIR) coupled with Atomic Force probes
(AFM)10,11 highlighted the highly heterogeneous water uptake
in solventborne epoxy coatings, with water uptake following
nanoscale heterogeneities created during the curing process.10 A
larger understanding of the role of local nanoscale hetero-
geneities and pathways on water transport appears as a key
aspect to increase the anticorrosion performance of organic
coatings.

Unlike solventborne coatings, waterborne coatings are
formed out of water dispersions of solid polymeric nanoparticles
(i.e., polymeric binder), often accompanied by organic species
such as surfactants and inorganic additives such as corrosion
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inhibitors, fillers, and/or pigments. When dealing with the
polymeric binder alone, the film-forming process involves (i) the
packing and deformation of the nanoparticles during water (and
cosolvent) evaporation and (ii) the organization of surfactant
adsorbed on the nanoparticles or/and dissolved in water.12−14

During this process, the nanoparticles locally soften and deform
to fill the voids created during imperfect packing, in a process
that is highly sensitive to the dispersion properties and drying
conditions. Following deformation, polymer chains interdiffuse
across the nanoparticle interfaces, resulting in polymers that are
homogeneous at the macroscale but retain heterogeneity at the
nanoscale.

The nanostructure of waterborne films is generally studied by
Scanning/Transmission Electron Microscopy (SEM/TEM) or
Atomic Force Microscopy (AFM). Electron Microscopy has
been successfully used to image particle packing and
deformation in waterborne coatings from suspensions with
different chemical compositions,15 under different film for-
mation temperatures16 and for different particle stiffnesses.17,18

Similarly, AFM has been used to study the effect of film
formation temperature (FFT),19 the addition of ionic20 and
polymeric21,22 surfactants, lateral drying inhomogeneities,23 and
modulus of the latex particles.24,25 These studies revealed that
full particle coalescence (i.e., apparent disappearance of the
colloid−colloid interfaces) can be achieved in latexes with
sufficiently low glass transition temperature and polymer
stiffness.17

Recent studies using Small-Angle X-ray Scattering (SAXS),26

Grazing Incidence Ultrasmall Small-Angle X-ray Scattering
(GIUSAXS),24 and Scanning Electric Potential Microscopy
(SEPM)27 have nevertheless highlighted that, even latexes that
appear smooth and fully coalesced according to AFM or SEM
analysis, retain nanoscale colloid−colloid interphases. Seem-
ingly, these interphases have a different electron density than the
cores of the latex particles and a different electrical potential.
Surfactant accumulation26,27 and incomplete chain interdiffu-
sion28 have been proposed as possible reasons for the presence
of these colloid−colloid interphases.

Small-angle scattering techniques using neutrons (SANS) or
X-rays (SAXS) are particularly powerful to study the nanoscale
structure of waterborne films due to their sensitivity in the 1−
1000 nm range. In these techniques, the neutron or X-ray beam
is directed toward the sample placed at a predefined distance
from a detector positioned behind the sample. The detector
collects the angles at which the neutrons or X-rays are scattered
when passing through the sample. The resulting scattering
intensity pattern contains information about the presence, size,
and shape of scattering sites in the material. As a volumetric
technique, the signal can, therefore, be related to the presence of
repeated nanostructures in the material.

SAXS has been recently used to study waterborne latexes
using films dried in situ in very specific conditions,24,26,29,30

which is however expected to severely affect the resulting
polymer nanostructure19 and complicate the extrapolation of
the results to more realistic polymer films. SANS has been used

with deuterated compounds to highlight targeted features within
the material.31 Following this principle, deuterated water
(D2O),32,33 deuterated polystyrene,34,35 or deuterated polar
and apolar solvents33 have been used to identify the presence of
hydrophilic interphases32,33 and hydrophobic cores33−35 in dry
latex films using a qualitative analysis of the SANS peaks. More
sophisticated methods relying of the fitting of physical models
have been used on wet latexes36,37 and only recently on a dried
latex with a deuterated surfactant,38 but some fine-tuning is
required and such approaches have, so far, failed to fully describe
waterborne polymer films. Moreover, the actual water transport
pathways have not yet been investigated.

In this work, we used SANS, DVS, and gravimetry tests to
study the relation between colloid particle size, dry film
nanostructure, and the resulting macroscopic water absorption
mechanisms. We used an industrially relevant, model acrylic
colloidal dispersions with different colloid particle sizes but
constant chemical composition, molecular weight, pH,
surfactant coverage, and surface charge density. The resulting
water pathway nanostructure shows a clear dependence on the
colloid size, influencing in turn the macroscopic water uptake
properties.

■ MATERIALS AND METHODS

Sample Preparation
Waterborne dispersions were provided by BASF SE. These were
produced by emulsion polymerization by copolymerizing 49 parts by
weight butyl acrylate, 49 parts by weight styrene, and 2 parts by weight
methacrylic acid using ammonium persulfate as initiator. After the
emulsion polymerization, the pH was brought to 8.5 by the addition of
ammonia solution (25%). Sodium salt of alkyl ether sulfate was used as
a surfactant. The amount of surfactant concentration used in each
dispersion was varied to achieve almost similar surface coverage
(∼44%) of the colloids in all dispersions. The important characteristic
parameters of the dispersions used in this study are shown in Table 1.

Before film casting, the dispersions as provided by BASFwere diluted
with 50% in weight distilled water to facilitate casting, and 3 phr
butylglycol (Thermo Fisher Scientific) was added as a coalescing aid.
The water-diluted dispersions were mixed at 2000 rpm for 5min using a
SpeedMixer DAC 400.2 VAC-P. Four milliliters of the dispersions were
then cast on a 60 mm glass Petri dish with a syringe and left to dry at 22
°C and 38% RH for 1 week. Some films produced with the WB100 and
WB200 dispersions were further annealed in an oven at 50 or 80 °C for
1 day. The resulting films were approximately 450 μm thick and were
directly peeled off of the Petri dish using a spatula. The dry films were
kept in a desiccator prior to testing. Characteristic film properties were
measured and are summarized in Table 2.
SANS Measurements
Small-angle neutron scattering (SANS) measurements were performed
at the LARMOR instrument at the ISIS facility in the UK, using a
sample-to-detector distance of approximately 4 m, with the beam
dimensions 6 × 8 mm centered on the 2-D detector. A Q range of
0.005−0.7 Å−1 was obtained using a wavelength range of 0.9−13.3 Å.
Polymer film rectangles measuring 20 × 9 mm, cut with scissors, were
immersed in D2O (Sigma-Aldrich) for 2, 6, 12, and 48 h prior to
measurements and then patted dry to remove excess D2O and inserted
in 1 mm path length quartz cuvettes (Starna) and sealed with a PTFE

Table 1. Waterborne Dispersion Parametersa

dispersion name average particle size by DLS (nm) surfactant concentration (phr) surfactant surface coverage (%) solid content (%) Mw (kDa) pH

WB100 102 ± 1 2 44 ± 5 47.1 140 ± 20 8.5
WB150 156 ± 1 1 44 ± 5 49.7 140 ± 20 8.5
WB200 198 ± 1 0.85 44 ± 5 52.8 140 ± 20 8.5

aphr in column 3 stands for “parts per hundred resin”, e.g., 2 g of surfactant was used for each 100 g of polymer.
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cap and parafilm to minimize water desorption and D/H exchange
during the 50 min duration measurements. The cells were washed with
ultrapure water and acetone between tests. Utmost care was taken to
time the immersion of the samples to minimize the time the sample
spent in the sealed cuvette, with a particular focus on samples measured
forshort immersion times.

The measurement time was ∼5 min for transmission spectra and
∼40 min for SANS, for a total of ∼50 min for each sample. The 2D
scattering intensity was radially averaged to obtain the scattering
intensity as a function of the scattering vector magnitude q, following
the data reduction procedure presented in the literature.31 The data was
reduced in Mantid with the SANS Reduction algorithm. The empty
beam, empty quartz cuvette, and a standard polymer sample were used
to calibrate the beam and correct for the cuvette scatter. Multiple
scattering was checked by superimposing scattering curves of neutrons
of different wavelength bands. The data was fitted in SASView 5.0.6. In
small particle size films, the domain was split around q = 0.4 Å−1 to fit
the different parts of the model to ensure a proper fit. The parameters
were constrained to physical values. Different fitting models were used,
as discussed in the results section.
Dynamic Vapor Sorption Measurements
DVS measurements were conducted on a Surface Measurement
Systems DVS Resolution. A free-standing polymer film (12 mm discs,
∼40 mg) was placed inside the sample pan, ensuring exposure to water
vapor from both sides. The temperature was fixed at 25 °C during the
complete measurement. The sample was first equilibrated and dried by
setting the RH to zero for 4 h. Next, the RH was increased in steps of
10% from 0% RH to 90% RH with a final step at 95% RH. Lowering of
the RH was done in a reverse manner. The RH was kept constant until
the dm/dt was less than 0.001 or for a maximum of 6 h. This ensured
that the final mass uptake corresponded to the quasi-equilibrium value.
The data was fitted in Origin 2025 using the Levenberg−Marquardt
algorithm.

Gravimetric Water Absorption Measurements
Gravimetric water absorption experiments were carried out for 2 days to
measure the water absorption rate. To this aim, 20 mm diameter
circular samples (approximately 150 mg) were immersed in 30 mL of
deionized water. Before each weighing, each sample was slightly tapped
with absorbent paper to remove excess water on the surface. The
samples were weighed using a standard laboratory scale with a precision
of ±0.1 mg.

■ RESULTS AND DISCUSSION

Gravimetric Water Absorption Measurements

Gravimetric water absorption was performed to measure the
macroscopic water uptake. Figure 1 shows the results of
gravimetric water absorption measurements. The samples
absorb between ∼6 wt % (WB200-RT) and ∼10 wt %
(WB150-RT) of water in the 48 h immersion time used in
this work (Figure 1a). At lower immersion times (∼2 h), there is
no statistical difference between the WB100-RT and WB200-
RT samples, with the WB150-RT sample exhibiting slightly
higher water absorption. A clear difference between all the
samples starts appearing from 6 h, only to become more evident
after 24 h of immersion. The water uptake kinetics after 6 h
appears to be dependent on the particle size, with faster water
uptake for the WB150-RT sample and the lowest for the
WB200-RT sample. As will be discussed in the DVS and SANS
analysis, this can be attributed to differences in the film forming
as a function of the colloid size. As can be seen in Figure 1b, the
scatter for the intermediate colloid particle size WB150-RT
sample is the highest while maintaining the highest water uptake.
This behavior points at a larger architectural heterogeneity for
themidrange particle size films, independently of the film casting
and region of the film tested.
Dynamic Vapor Sorption Measurements

Gravimetric experiments provide insight into the macroscopic
trends in water absorption. Dynamic vapor sorption measure-
ments were performed to gain a more detailed understanding of
the underlying mechanisms. In this method, the sample is
exposed to increasing RH levels, reaching a quasi-equilibrium at
each step between the water adsorbed and absorbed by the
sample and the ambient humidity. Figure 2 shows the curve
detailing the quasi-equilibrium water uptake at each RH level,
defining the film sorption isotherm. It should be noted that for

Table 2. Characteristic Film Properties for the Tested Films

film name
annealing

temperature (°C)
particle size DLS

(nm)
dry film thickness

(mm)

WB100-RT (−) 102 ± 1 0.45 ± 0.02
WB150-RT (−) 156 ± 1 0.43 ± 0.06
WB200-RT (−) 198 ± 1 0.49 ± 0.03
WB100-50C 50 102 ± 1 0.62 ± 0.03
WB100-80C 80 102 ± 1 0.43 ± 0.05
WB200-50C 50 198 ± 1 0.49 ± 0.03
WB200-80C 80 198 ± 1 0.36 ± 0.06

Figure 1. Gravimetric water absorption results. (a) Water uptake in % as a function of time and (b) water uptake after 48 h of immersion.
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higher RH % (RH ≥ 70%), the samples are not at full
equilibrium water sorption (Figure S1), and the reported DVS
values are likely a slight underestimation of the actual sorption
mass.

As shown in Figure 2, at relative humidities ≤40% RH, the
sorption isotherms of all samples show a linear behavior
consistent with Henry’s law, which describes ideal gas−liquid
dissolution.39 Under these conditions and in agreement with the
gravimetry results (Figure 1), the medium particle size sample
shows the highest affinity for water (WB150-RT, Figure 2b) as
evidenced by the higher quasi-equilibrium water uptake
compared to the sample with larger particles (WB200-RT,
Figure 2c) and that with the smallest particle size (WB100-RT,
Figure 2a). At higher relative humidities (RH >50%), water
uptake deviates from ideal linear behavior and increases
exponentially for all samples. This effect is generally attributed
to the clustering of water molecules at pores or hydrophilic sites
and hydroplasticization (i.e., the increase in polymer chain
mobility induced by water molecules), as reported elsewhere.40

At these high RHs, it becomes more evident that the medium
particle size polymer film absorbs more water than the polymer
films created with either the largest or the smallest particle sizes,
indicating a greater influence of water clustering and hydro-
plasticization effects.

The desorption curve exhibits some degree of hysteresis with
a higher quasi-equilibrium moisture content during the
desorption phase compared to the adsorption phase. This is

especially evident at higher relative humidities. Hysteresis has
been previously reported in waterborne acrylic resins41 and
porous acrylic polymers.42 Although swelling has been proposed
as a possible hysteresis mechanism,42 more experimental
evidence is needed to fully explain and characterize this
phenomenon. The other notable feature of the desorption
curve is the final negative value in desorption, which is especially
pronounced for the WB100-RT sample and has been recently
reported for other acrylic films.41 This negative value suggests
additional desorption of lighter chemical species trapped within
the polymer matrix during film formation, such as the cosolvent,
surfactant, or unreacted monomers. It is argued that irreversible
changes in the polymer structure and hydroplasticization enable
the migration of these chemical species to the surface during the
desorption process.

Despite the expected non-Fickian nature of water diffusion
through the polymers under study, Fick’s diffusion law was
found to fit each relative humidity interval (i.e., every 10% RH
steps) reasonably well (Figure S1), except for the last RH% step
(RH = 95%) where the behavior of the polymer is further from
Fickian. The solution to Fick’s diffusion law takes the form (eq
1):41

= +

+
+
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jjjjjj
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M M M M
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D n t
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2 2
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Figure 2.Water sorption and desorption isothermsmeasured byDVS for samples (a)WB100-RT, (b)WB150-RT, and (c)WB200-RT. Sorptionmass
is measured after 4 h of vapor exposure.

Figure 3. Cumulative diffusion coefficients for (a) adsorption and (b) desorption cycles. Note: the diffusion coefficient D for sample WB200-RT at
95% p/p0 is related to a fitting artifact due to the behavior of the polymer being further from Fickian behavior.
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where Minitial and Mfinal are the starting and final mass,
respectively, t is the time, l is the film thickness, and D is the
calculated water diffusion coefficient in the polymer. D is then
plotted in Figure 3 for the adsorption (Figure 3a) and
desorption (Figure 3b) results. In this context, the diffusion
coefficient represents the diffusivity of water in the polymer
matrix created at a specific relative humidity. The diffusion
coefficient decreases with increasing RH; at low RH, the free
volume allows faster water transport, while at higher RH, a
certain degree of rearrangement in the polymer chains is needed
to allow water ingress. This is in agreement with other reports
using waterborne acrylic films.40,41 The cumulative diffusion
coefficients exhibit the same trend as the sorption isotherm,
confirming the higher affinity for water in the medium particle
size WB150-RT samples. Moreover, the diffusion coefficients of
the WB200-RT samples appear to vary less with the relative
humidity than those of the WB100-RT or WB150-RT samples.
As will be discussed further on, we attribute this behavior to the
different water transport pathways revealed by SANS.

To get further insights into the water absorption behavior of
the polymers, the sorption isotherms were fitted using the
Brunauer−Emmett−Teller (BET) theory model, the Guggen-
heim−Anderson−de Boer (GAB) model, and the ENSIC
model. A detailed description of the models and a comparison
of their fitting quality can be found in Figures S2 and S3. The
most useful fit was obtained with a combination of the BET43

model for RH ≤ 60% and ENSIC44,45 model for the region
above 60%RH, as explained in the Supporting Information in
detail and seen in Figure 4.

The final model used to fit the curves, shown in Figure 4 as
solid (BET) and dashed (ENSIC) lines, can be described by eq
2:
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where aw is the water activity (equal to the partial pressure); mm
is the monolayer water capacity (gHd2O/m

3); CBET is a fitting
constant related to the difference in energy of adsorption to the
polymer and energy of liquefaction (see Supporting Information
for more details), and ks and kp are interaction parameters similar
to the interaction parameter from the Flory−Huggins
theory.44,45 The relevant characteristic parameters resulting
from the fitting process can be seen in Figure 5 and Table S1.

The higher monolayer water capacity (Figure 5a) of the
samples WB100-RT and WB150-RT compared to the WB200-
RT sample indicates a higher amount of readily available sites for
water adsorption for the mid and small colloid sizes. Moreover,
the same samples showcase a lower CBET constant (Figure 5b).
In line with the higher monolayer water capacity, this indicates
water absorption is favored in the low and mid colloidal range
samples due to the lower energy barrier associated with water
adsorption. Both results explain the higher water uptake at lower
relative humidities for WB100-RT and WB150-RT samples
(Figure 4).

The ENSIC model for the high-RH area of the graph yields
similar water−polymer affinity parameters among the three
systems (Figure 5c). In this context, we relate the water−
polymer affinity parameter to the interaction of water with the
average polymer and surfactant molecules. The similar
chemistry of the samples can explain this result. The water−
water affinity parameter is lowest for theWB200-RT sample and
highest for the WB150-RT sample (Figure 5d). A rigorous
physical interpretation of this parameter is not straightforward,
especially in a ternary system with surfactant, polymer, and
water; nevertheless, this result can be qualitatively interpreted as
a lower tendency of water to form clusters in the case of the films
made from 200 nm colloids. This in turn is reflected in the lower
sorbed water at high relative humidities for 200 nm colloids
(Figure 4).
SANS Data and Selection of a Physically Representative
Fitting Model

Small-Angle Neutron Scattering (SANS) measurements were
performed to characterize the nanostructure of water within the
material. Figure 6 shows the scattering cross-section (or
intensity) I as a function of the scattering vector q of all of the
studied polymers at different immersion times in water. As such,
an I = f(q) plot gives an indication of how strongly a sample
scatters neutrons (I) as a function of the change in the direction
between the incoming and scattered neutron (q), which
corresponds to the spatial resolution being probed (i.e., the
dimension of the repeated feature that scatters neutrons). The
scattering cross-section can be conceptualized as an interference
pattern that contains information about characteristic repeating
patterns in the material. Peaks in the scattering intensity can be
related to repeating characteristic distances through the
equation dcharacteristic = 2π/q. This means that low-q features
correspond to large physical features and vice versa. It should
finally be noted that all the values obtained correspond to the
response of the whole film thickness and can therefore be
considered as thickness-averaged.

To retrieve quantitative shape and size information on the
coating’s physical features present in the scattering intensity
functions (i.e., how water is present in determined features
within the film), physical models can be used to fit the data.
During the model selection process, it was found that no
individual model reported in the literature yielded a sufficiently
good fit for any of our data sets, which can be attributed to the

Figure 4. Fitting result of the sorption isotherms using a combined
BET/ENSIC model overlapping at aw = 0.6. Straight line: BET model
fit, dashed line: ENSIC model fit.
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complex structure of the water transport pathways in our

samples. To overcome this challenge, a composite model with

two to three individual components capturing separate

contributions to themeasured scattering intensity was employed

following a recently reported strategy.46 The resulting fitting

curves are shown in Figure 6 overlapped with the experimental
data, and the model selection process is discussed subsequently.

The WB150-RT and WB200-RT samples exhibit clear sharp
peaks (peak (1) in Figure 6b,c) in the low q region indicative of a
regular, spatially repeating structure. Similar peaks have been
reported in the literature for other waterborne films33,34 and

Figure 5. Results of the combined BET/ENSIC model for the room-temperature samples (−RT). (a) Monolayer water mass mm (error bars are
within the size of the plotted points), (b) CBET from the BETmodel, (c) water−polymer affinity parameter kp, and (d) water−water affinity parameter
ki from the ENSIC model at higher RHs.

Figure 6. Neutron scattering results for waterborne, room-temperature-casted samples. The solid lines showcase the fits to the model finally selected in
this work. (a) WB100-RT shows a bigger feature (1), associated with water paths, and small feature (2), which can be attributed to surfactant
aggregates; (b) WB150-RT, highlights the colloid interphase (1) as well as a similar small feature (2) as for the WB100-RT samples; (c) WB200-RT
shows a clear colloid−colloid interphase (1); and (d) zoom ofWB100-RT at 6 h immersion time in the low-q region, where a deviation from the Porod
behavior is highlighted. The dashed line in subfigure d guides the eye with an ideal Porod behavior.
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have been attributed to water presence between the colloids,
hence highlighting the colloidal crystal packing.33,34 In line with
this, the low q value peaks (peaks 1 in Figure 6b,c) are here
ascribed to the scattering from water entering the crystalline-
packed colloidal structure. The simplest model that describes
the scattering from such systems is a polydisperse sphere model
employing the Percus−Yevick (P−Y) approximation to
calculate the structure factor.37 Additionally, two paracrystal
models (BCC and FCC paracrystalline models)47 were also
selected and implemented in SASView in order to identify the
best fitting model. Both the spherical model with the P−Y
structure factor and the FCC paracrystalline models yielded
good fits to the main peak of the scattering function (Figure 7a),
whereas the BCC paracrystalline model failed to provide a good
fit. As such, the BCC model was not taken into any further
consideration. This result aligns with previous studies reporting
an FCC packing structure in waterborne acrylate films.26,32,36

A comparison of the resulting fitting parameters for the
spherical and FCC paracrystalline models is presented in Table
S2, while the fitting residuals for the various models are
presented in Figure S4. Notably, the extracted particle radius is
largely consistent across the two models, indicating that this
parameter is model-agnostic and therefore unaffected by model
biases. In contrast, the volume fraction exhibits a more
significant variation, with the FCC paracrystalline model
yielding values closer to those expected for perfect FCC particle
packing, as recently observed in waterborne latexes.34,48

Moreover, the FCC paracrystalline model better reproduces
the shoulder observed in the scattering data, as highlighted in the
inset of Figure 7a (blue line overlapping better with
experimental black squares), as a result of its better ability to
model different scattering peaks (Figure 7a) compared to that of
the Percus−Yevick approach. The FCC paracrystalline model
was therefore selected as the most suitable model.

The data in Figure 7 also present a subtle shoulder at high q
values, where the decay of the data does not follow the q−4 decay
expected for crystalline systems (Figure S5b for WB150-RT,
Figure S5c for WB200-RT). To capture this shoulder, a Porod
component was added to the fitting model, which represents
scattering from diffuse, rough interfaces in the material.31 The
Porod model component clearly dominates the total model

scattering fit at intermediate q values (0.04 ≤ q ≤ 0.1). This is
particularly evident for sample WB150-RT (Figure S5c), where
the Porod component is dominant in almost all of the
investigated q ranges. WB150-RT samples also exhibit an
upturn of the scattering intensity at very high q values (feature
(2) in Figure 6b). To capture this feature during fitting with
physical models, it was necessary to introduce a broad peak
function taken from Hammouda,31 as low-q upturn is not
modeled by any of the models used to model the crystalline peak
or the Porodmodel. Since no upturn in q can be seen inWB200-
RT samples, the broad peak model was not used to fit the data of
these samples.

With the selection of the individual models, the composite
fitting model for the WB200-RT data can then be written as

= × [ + ] +I t I I Bfcc paracrystalline Porod (3)

While the model for the WB150-RT samples adds a third
component:

= × [ + + ] +I t I I I Bfcc paracrystalline Porod peak (4)
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The main parameters in the Ifcc‑paracrystalline model47 are the
scale parameter A, the radius of the spheres rcolloid, the unit cell
length a, and the paracrystalline distortion factor d, representing
positional variations of the colloids from their ideal lattice
positions. A Porod component and a broad peak model were
added to capture features at higher q values. The Porod
contribution follows a simple power-law expression with a scale
factor B and exponent n. The peak function is an empirical form
originally proposed by Hammouda31 and subsequently applied
in various polymer structure studies.46 It is characterized by a
scaling factor C, peak position q0, and screening length ξ.
Additionally, the function includes empirical shape parameters a
and b. In this study, these shape parameters were both set to 2 (a
= b = 2) as this provided the best fit to the experimental data.

Figure 7. (a) Fitting quality comparison between a polydisperse spherical model, a BCC, and an FCC paracrystalline model for the high-q part of the
WB200-RT sample after 12 h of immersion. The models are summed to a Porod component to capture the change in the slope from q >0.4 Å−1. (b)
Comparison of Guinier−Porod, Teubner−Strey, and polydisperse spherical models for the WB100-RT sample after 6 h of immersion. All models fit
the sample reasonably well.
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Contrary to the polymers made with medium and high
colloidal particle sizes, the WB100-RT samples (Figure 6a) do
not show a clear low-q peak. As a result, fitting with the
paracrystalline models was not possible as these models
naturally result in a clear peak in the scattering intensity.
Given the lack of a clear physical origin behind the scattering
intensity, the Guinier−Porod model was employed instead.
Other fits with more physics informed models, such as the
Teubner−Strey and a polydisperse dilute spherical model
(shown in Figure 7b), led to similar or worse fitting qualities
while resulting in comparable parameters such as the character-
istic dimension (Table S3). Since the characteristic dimension of
this feature is too small to be related to the colloidal size and to
be easily attributed to a known physical feature, the shape-
agnostic Guinier−Porod model was finally selected, hence
avoiding the imposition of an arbitrary shape to the feature.

Besides the Guinier−Porod model, an additional Porod
component was added to capture the slope change at
intermediate q values, as also observed in WB200-RT and
WB150-RT films. The impact of this second component can be
seen in Figure S5a. Similarly to WB150-RT samples, a clear
upturn in the high-q scattering intensity was observed (peak “2”
in Figure 6a).

As a result of the model selection process, the composite
model selected for the WB100-RT samples can be written as
(Figure 6a)

= × [ + + ] +I t I I I BGuinier Porod Porod peak (7)
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where IPorod and Ipeak follow eqs 5 and 6, respectively. The
Guinier−Porod model was proposed by Hammouda49 and
accounts for scattering from objects characterized by a
dimensionality s, a radius of gyration Rg, and a Porod exponent
p. The scale parameter A serves as the scaling factor and is
influenced by the scattering length contrast between the features
and the surrounding matrix as well as the volume fraction of the
features. D and Q1 are model parameters chosen to ensure the
continuity of the model and its derivatives.49

With the composite models selected for each film type, the
fitting of the data obtained at all immersion times in deuterated
water was performed. Tables 1−3 show the characteristic fitting
parameters and their variation with the exposure time (see Table
4).

Film Microstructure Reconstruction Based on SANS Fitting
Models as a Function of Immersion Time

The selected fitting models allow us to provide insight into the
film microstructure and its dependency on the colloid particle
size.

Figure 8 plots the fitting parameters fromTable 5 obtained for
the big colloid size of 200 nm (WB200-RT) as a function of
immersion time. The presence of the peak “1” in Figure 6c,
captured mainly through the FCC paracrystalline model,
represents water entering through the hydrophilic paths
surrounding the colloid cores, highlighting the colloidal
crystalline packing.33,34 We refer to the volume of the material
between the colloids as the colloid−colloid interphase, as it
represents a phase where the polymer chains from the colloidal
cores have interdiffused, binding the polymer together and
yielding an (inter)phase with different and chemical properties
from the bulk of the particles.27,50−52 As the immersion time
increases, water is seen first entering and filling the colloid−
colloid interphase, reducing the radius of the dry region of
colloidal cores and yielding the detected decrease in the particle
size (Figure 8a). The water also swells the interphase, which is
observed as an increase in the crystal lattice parameter (distance
between the colloid cores) in Figure 8a. Finally, an increase in
the scale value of the paracrystalline model is observed
(parameter A, Table 5, Figure S6c). This can be explained by
both an increase in the scattering length contrast, due to the
presence of more and more deuterium in the interphase, and an
increase in the relative volume fraction of the crystalline
structure highlighted by the entering deuterium. The latter effect
should be particularly prominent at lower absorption times, as
we expect a gradient in the concentration of deuterium across
the thickness of the films and a step process of diffusion along the
channel (shorter times), followed by swelling (at longer times).

The additional Porod term in the fitted model, dominant at
intermediate q values (0.04 ≤ q ≤ 0.1), captures the finer details
of the colloid−colloid interphase. A deviation from the
traditional Porod exponent of n ∼4 indicates the presence of
rough structures of varied size. An increase in the exponent n
(Figure 8b) reflects the filling and swelling of the colloid−colloid
interphase, which evolves from a 2-dimensional structure (thin
membrane between the colloids) to a rougher, 3-dimensional
structure (thick interphase between the colloids). The rough-
ness in this context indicates a locally heterogeneous
distribution of deuterium at the interphase, probably related
to the local position of the surfactant and polymer chains. The
increase in the scale parameter (Figure 8b) can be caused by an
increase in the scattering length density or a change in the
surface area of the deuterated volume.

The resulting structure of WB200-RT films responsible for
water transport is visualized in Figure 9 to highlight the presence
of colloid−colloid hydrophilic interphases for water transport.

Table 3. WB100-RT-Fitted Parameters

WB100-RT

immersion
time

(hours) IGuinier−Porod IPorod Ipeak

A (mm−1) rg (Å) s p B (mm−1) n C (mm−1) ξ (Å) Q0 (Å−1)

2 1.214 ± 0.003 118.5 ± 0.3 1 4 ± 0.01 0.0019 ± 2 × 10−5 1.95 ± 0.005 0.522 ± 0.003 25 ± 1 0.1340 ± 7 × 10−4

6 4.768 ± 0.007 132.2 ± 0.2 1 4 ± 0.01 0.0037 ± 2 × 10−5 1.98 ± 0.004 0.730 ± 0.003 31.6 ± 0.8 0.1145 ± 3 × 10−4

12 5.342 ± 0.007 137.2 ± 0.2 1 4 ± 0.01 0.003 3 ± 2 × 10−5 2.00 ± 0.003 0.717 ± 0.003 45 ± 1 0.1112 ± 2 × 10−4

48 23.34 ± 0.03 154.3 ± 0.2 1 4 ± 0.01 0.0032 ± 3 × 10−5 2.19 ± 0.005 0.864 ± 0.003 39.1 ± 0.9 0.0965 ± 2 × 10−4
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The time-dependent interphase swelling and associated
decrease in water-poor polymer phase size (i.e., colloid cores)
highlights a preferential diffusion of water through the
interphases into the polymer rather than homogeneously
diffusing through the whole polymer film from the exposed
surface.

Figure 10 plots the SANS fitting parameters for the small
colloidal size WB100-RT. The most prominent feature is the
peak labeled as “2” in Figure 6a. In agreement with previous
works reporting the presence of similar peaks in comparable
systems (e.g., sulfonated-surfactant aggregation in waterborne
acrylic polymers53 and sulfate-surfactant aggregation54−56 ), we
relate the presence of this peak to surfactant aggregation
responsible for the creation of well-defined pockets of
deuterated water. The peak increases both in height (Figure
10c) and width (Figure 10d), while shifting to lower Q values
(Figure 10e) as water enters the material. The increase in height
indicates an increase in the deuteration level (concentration of
D2O) of the pockets, while the change in the width and position
is related to the growing and merging of the water pockets with
increasing immersion times.

The scattering intensity also exhibits an inflection at low q
values (point “1” in Figure 6a), captured by the Guinier−Porod
model. The slope at low-q values determines the s parameter of
the Guinier−Porod model, which was found to best fit the
model when s = 1 (Table 3), indicating a one-dimensional shape,
like a needle or elongated rod. The one-dimensional nature of
these rods suggests the presence of elongated channel-like
features through which the deuterated water permeates the
material. The radius of gyration Rg of the Guinier−Porod model
increases with the water absorption time (Figure 10a),
suggesting a lateral increase in the size of these channels (i.e.,
swelling of the channels due to deuterated water absorption).
The Guinier−Porod exponent p = 4 (Table 3) denotes Porod
behavior, indicating a relatively smooth transition between
deuterated and nondeuterated areas of thematerial, pointing at a
relatively sharp transition region between the water-rich
channel-like features and the surrounding water-poor matter
(polymer). This smoothness indicates a relatively large differ-
ence in hydrophilicity between the channels and surrounding
polymer matrix, owing to lower entanglement density as well as
the presence of surfactant aggregates. The increase in Guinier−
Porod scale parameter A (Table 3, Figure S6a) indicates either
an increase in the scattering length contrast or an increase in the
volume fraction of channels, possibly driven by further
penetration of the deuterium across the thickness of the films.

The slight upturn of the scattering intensity in WB100-RT
samples observed at low-q (Figure 6d, zoomed-in view of Figure
6a) suggests that a small portion of the water enters through the
colloid−colloid interphases dominating the water transport in
the WB200-RT samples. This is supported by the presence of a
shoulder modeled by a Porod model with exponent n∼2 (Table
3) similar to the WB200-RT samples (Figure 10b). The
exponent n does not reach the same values as the exponent
calculated for larger particle sized samples (Table 5), indicating
that the interphase appears more stable and does not grow into a
rough domain in the material. The saturation of scale parameter
B (Figure 10b) further indicates a stable deuterium/hydrogen
ratio within the interphase, which is compatible with a strong
colloid−colloid interphase that does not swell to accommodate
increasing amounts of D2O.

As a result of the interpretation of the characteristic
parameters resulting from the fitting model used WB100-RTT
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sample, we propose the structure shown in Figure 11 with the
following two governing features for water transport: (1)
segregated hydrophilic channels of ∼15 nm width, likely created
by surfactant aggregation facilitating rapid water transport, and a
smaller contribution to the water uptake of (2) remnant
colloid−colloid hydrophilic interphases.

Figure 12 shows the characteristic fitting parameters of the
film WB150-RT. In line with the previous discussion and
proposed microstructure models for 100 and 200 nm films, the
data suggest the presence of water uptake at colloid−colloid
interphases (peak “1” in Figure 6b), corroborated by the good
agreement between the colloid radius calculated through the
FCC paracrystalline model (∼65 nm, Figure 12a) and the
colloidal radius measured through DLS (75 nm, Table 1).
Moreover, the appearance of a shoulder peak “2” in Figure 6b
suggests the existence of features in the range of 4 nm

compatible with the presence of water clusters attributed to
local surfactant aggregation (Figure 12c−e), which follow a
similar evolution to film WB100-RT (Figure 10c−e).

The colloid−colloid interphases do not appear to be as
defined as those in the WB200-RT samples; this is highlighted
by the absence of a shoulder next to the peaks (Figure 6b). The
lack of a significant increase in the crystal lattice parameter or
reduction in colloidal particle size (Figure 12a) indicates that
water does not swell the colloid−colloid interphase, nor does it
significantly penetrate within the colloidal cores as observed for
the WB200-RT films. The lower crystal peak scale A (Figure
S6b) and lack of increase with time compared to samples of
WB200-RT support this hypothesis.

Instead, the water appears to form a complex structure within
the interphase, forming a peak (peak “2” in Figure 6b) that
resembles the peak found in WB100-RT samples. The

Figure 8.Variation of the fitting parameters of theWB200-RT sample as a function of the immersion time. (a) Particle size R, crystal lattice parameter a
and paracrystalline model scale A and (b) scale and exponent of the Porod model n.

Table 5. WB200-RT-Fitted Parametersa

WB200-RT

immersion time (hours) Ifcc‑paracrystalline IPorod

A (mm−1) a (Å) d R (Å) B (mm−1) n

2 0.04769 ± 6 × 10−5 2134 ± 1 0.0655 ± 5 × 10−4 970.6 ± 0.2 0.00210 ± 2 × 10−5 1.980 ± 0.005
6 0.1506 ± 3 × 10−4 2134 ± 1 0.0378 ± 2 × 10−4 868.9 ± 0.1 0.00143 ± 1 × 10−5 2.082 ± 0.004
12 0.243 ± 3 × 10−4 2402 ± 2 0.0800 ± 7 × 10−4 805.6 ± 0.1 0.00111 ± 1 × 10−5 2.393 ± 0.007
48 0.435 ± 0.002 2452 ± 5 0.139 ± 0.001 802.83 ± 0.08 0.00103 ± 1 × 10−5 2.199 ± 0.003

aThe model did not use a peak function because there is no high-q peak in these samples (Figure 6a).

Figure 9. Structure of the WB200-RT samples. The deuterated water penetrates through the colloid−colloid interphase, highlighting the crystal
structure of the samples. The interphase is swollen with water absorption.
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correlation length of the high-q peak (Figure 12d), akin to a
characteristic size for the feature, is slightly smaller than for the
WB100-RT samples (Figure 10e), indicating the water pockets
are smaller in the WB150-RT samples. Moreover, the peak has a
lower prominence in WB150-RT samples than in WB100-RT
samples (Figure 6b,a), indicating a lower scattering contrast
with the surrounding medium. All of this is compatible with the
presence of water pockets existing within a colloid−colloid
interphase, which also acts as a hydrophilic pathway similar to
the WB200-RT samples. The Porod component, with an
exponent going from n ∼3 to n ∼4 (Figure 12b), reveals the
presence of an initially rough distribution of water within the
interphase. This is compatible with the presence of surfactant

aggregates at the interphase leading to a highly locally
heterogeneous distribution of deuterium at the interphase.
The transition toward n ∼4 indicates that the deuterium
saturates the interphase, yielding a more locally smooth and
homogeneous deuterium distribution within the interphase.
This is supported by the decrease in the scale of the Porodmodel
(Figure 12b), suggesting that the shoulder tends to disappear
within the q−4 decay of the paracrystalline model. This is also
reflected in the disappearance of peak “2” at higher immersion
times. As a result, a model structure showing hydrophilic
colloid−colloid interphases with local water pockets represen-
tative of the WB150-RT films is shown in Figure 13.

Figure 10. Variation of the fitting parameters of the WB100-RT sample as a function of the immersion time. (a) Scale of the Guinier−Porod model A
andRg of the Guinier−Porod model; (b) scale of the Porod model B and exponent n; (c) peak height C, (d) correlation length ξ, and (e) peak position
q0 of the broad peak model.

Figure 11. Structure of theWB100-RT samples. The channels correspond to the lower q feature, while the structure of the deuterated water within the
channels corresponds to the higher q peak. The channels are swollen with water absorption.
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Eliminating Colloid−Colloid Interphases through
Annealing

To further confirm the models derived from the SANS analysis,
the films were annealed at 50 and 80 °C for 24 h to increase
chain interdiffusion in the rubbery state and decrease the
presence of colloid−colloid interphases and surfactant clusters.
After annealing, the samples were left to cool down slowly and
exposed to water to perform SANS. All the films were fitted with
the same models as the respective nonannealed films, removing
components when necessary.

The results for films WB200-50C and WB200-80C can be
found in Figure 14 and Table S4. The scattering profile of the
sample annealed at 50 °C is highly comparable to that of the

WB200-RT samples, including similar well-defined peaks
(Figure 14a, Figure 6c), and therefore a comparable structure
for water transport. Nevertheless, the particle size (i.e., colloid)
obtained with the FCC paracrystalline model is slightly higher
(∼90 nm) than that of the nonannealed polymers (∼80 nm)
(Figures 15a, 8b) and the crystal lattice parameter (colloid
distance) does not increase with immersion time (Figure 15a).
Moreover, scale parameter A (Figure S7) is lower for each
increase in annealing temperature, indicating that a lower
amount of deuterium is present within the film. All this suggests
that the annealing process resulted in smaller and less-prone to
swelling colloid−colloid interphases, likely due to a higher
degree of interdiffusion, entanglement, and homogenization.

Figure 12. Variation of the fitting parameters of theWB150-RT sample as a function of the immersion time. (a) Scale A, particle size and crystal lattice
parameter of the FCC paracrystalline model; (b) scale B and exponent n of the Porod model; (c) peak height C, (d) correlation length ξ, and (e) peak
position q0 of the broad peak model.

Figure 13. Structure of the WB150-RT samples. The deuterated water highlights the crystal structure by aggregating at surfactant sites without fully
penetrating the colloid−colloid interphase. With time, the deuterated water penetrates through more of the colloid−colloid interphase.
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The increased Porod component exponent (Figure 15b)
suggests that more water started entering within the particle
cores, increasing the slope of the scattering intensity and the
deviation from Porod behavior.

Unlike for the samples annealed at RT and 50 °C, when the
samples were annealed at 80 °C (sample WB200-80C), the
characteristic dimensional peaks are barely visible at very short
immersion times (Figure 14). After 12 h of immersion, the

Figure 14. Results for the (a)WB200-50C1D and (b)WB200-80C1D samples. Points: experimental data, Solid lines: fits. The peak characterizing the
colloidal crystal structure becomes less prominent with an increase in the annealing temperature, indicating that the colloid−colloid interphase is being
homogenized by the diffusion of the polymer chains.

Figure 15. Comparison of the fitting parameters for as-prepared samples (red circles) and 80 °C annealed samples (blue triangles) as a function of
water immersion time for WB200 samples. (a) Crystal lattice parameters, and (b) Porod model exponent.

Figure 16. Results for the (a)WB100-50C1D and (b)WB100-80C1D samples. Points: experimental data, Solid lines: fits. The peak characterizing the
colloidal crystal structure becomes less prominent with an increase in the annealing temperature, indicating that the interphase is being homogenized
by the diffusion of the polymer chains.
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deuterated water penetrated the polymer largely homoge-
neously up to the point of making the peaks indistinguishable
from the baseline Porod law scattering typical of a polymer. All
in all, the results suggest that annealing the films created from
200 nm colloids at 80 °C for 1 day results in a high level of
homogenization yet maintaining the presence of colloid−colloid
interphases up to a certain level.

The annealing protocol created more pronounced differences
when it was applied to the WB100 dispersion samples. A 50 °C
annealing (Figure 16a) induced the disappearance of the low-q
feature in the WB100-RT related to the presence of water
channels (Figure 6a). Instead, the water appears to be
concentrated in the water clusters created by surfactant
aggregates, which are similar in height (Figure 17a) and position
(Figure 17c) to those found in the nonannealed samples, with
small differences (∼1 nm) in correlation length (Figure 17b)
attributable to suboptimal fit of the peak shape. The undulations
seen in theWB100-RT sample (Figures 16a, 6d) are also present
in the scattering spectra of the annealed samples, hence
confirming that 50 °C annealing for 1 day is insufficient to
completely remove the colloid−colloid interphases.

At 80 °C, the scattering profile of the films made from 100 nm
colloids changed significantly. As shown in Figure 16b, the
fitting procedure revealed the presence of a structure with a
characteristic length increasing from ∼4 to ∼6 nm with
immersion time (Table S5). Even if the colloid−colloid interface
characteristic peak is not present, the “s” parameter of the
Guinier−Porod model controlling the low-q slope was found to
be s∼2, which indicates a two-dimensional structure compatible
with the presence of remnants of the colloid−colloid
interphases.

These results highlight how, even after a relatively aggressive
annealing, the colloid−colloid interphases still play an important
role in water transport, shaping especially the water pathways in
the early stages of water absorption. This is attributed to the
limited mobility of the surfactant within the polymer matrix,
resulting in the permanent entrapment of hydrophilic
surfactants at the colloid−colloid interphases, thereby creating
permanent pathways for preferred water transport.
Relation between Water Uptake and Film Microstructure

Figure 18 summarizes the key findings of the work and relates
water uptake, DVS data, and SANS-derived film microstructure
as a function of the colloid particle size.

A clear correlation can be seen between the SANS structure
and the different moisture sorption behaviors observed through
DVS and gravimetric water absorption experiments. A careful
analysis of the SANS data showed how the main pathway for

water absorption in films formed with small colloids (∼100 nm
particle size) is relatively wide (∼15 nm in diameter, Table 3),
highly hydrophilic channels likely created by surfactant
segregation (Figure 10). While always present, these channels
tend to homogenize (become more compact and smaller) with
annealing (e.g., 50 °C, 1 day). We hypothesize these channels
originate as defects in the colloidal crystal packing structure
during drying, where the surfactant desorbed from the colloidal
cores accumulates and gets rapidly trapped by the film
formation. Surfactant-rich defects are expected to hinder chain
interdiffusion in these areas, hence leading to local higher free
volume and lower density. As observed with SANS, these
channels offer fast pathways for water absorption, explaining the
trends observed in the sorption isotherm (Figure 2a): the
increase in the monolayer water mass mm (Figure 4a), the
decrease in the energy associated with adsorption (CBET)
(Figure 4b), and the increase in the tendency of forming water
clusters (Figure 4d). As the channels and surfactant aggregates
are saturated with sorbed moisture, further moisture sorption is
slowed (Figure 3a). At the 80 °C annealing temperature, there is
sufficient energy available for chain and surfactant movement to
change the structure of the polymers, resulting in a broad change
in the slope of the scattering intensity (Figure 16b), possibly
related to some remnants of the colloid−colloid interphase
between the particles. Unlike for other films, the colloid−colloid
interphase in the annealed or not annealed WB100-RT samples
remains barely visible (Figure 6a), therefore suggesting that the
particles are relatively well coalesced and interdiffusion is almost
completed at this colloidal size. The presence of the hydrophilic
channels is likely responsible for the rather high gravimetric
water absorption (Figure 1a).

For the coatings created with the 200 nm colloids (WB200-
RT, Figure 9), the SANS data show clear peaks characteristic of a
crystal FCC structure (Figure 6c) in the absence of other water
transporting features, hence implying that water enters through
the colloid−colloid interphases. The sorption isotherm equally
reflects this effect, as the larger particle-sized samples show
decreased water affinity and decreased water clustering (Figure
2c). The fitting of the SANS peak and the nearby shoulder
(Figure 6c) showed a rapid saturation of water at the colloid−
colloid interphase, after which the majority of the water does not
penetrate the particle cores but instead starts swelling the
colloid−colloid interphase region (increase in the lattice
parameter and plateauing of the particle size in Figure 8a).
This suggests that the colloid−colloid interphases are relatively
more hydrophilic than the bulk core and the interphases in films
made from smaller colloids (as these remain non swollen).
Despite having a more water-sensitive colloid−colloid inter-

Figure 17. Comparison of the fitting parameters for as-casted (black circles) and 50 °C annealed samples (red squares) as a function of water
immersion time for WB100 samples. (a) Peak height C, (b) correlation length ξ, and (c) peak position q0 of the broad peak model.
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phase than films formed from smaller particle sizes, the
surfactant is well dispersed as evidenced by the lack of a high-
q peak. This is related to a lower water affinity (Figure 2c) and
lower water−water clustering (Figure 4d) as measured by DVS
and the lowest water uptake of all of the samples (Figure 1). The
lower affinity of the colloid−colloid interface compared to the
highly hydrophilic paths in WB100-RT samples leads to the
lower latex−water diffusion coefficient and possibly its lower
dependence on relative humidity (Figure 3) for these samples.
Annealing of these films at 50 °C led to a colloid−colloid
interphase apparent strengthening (Figure 14a) as observed by
an increased dry colloid core radius (Figure 15a) and water
diffusing into the particle cores instead of swelling the interphase
(Figure 15a). The colloid−colloid interphase strengthening
effect is attributed to a higher chain interdiffusion at the
interphases, while the hydrophilic surfactant remains trapped at
the colloid−colloid interphase. An 80 °C annealing temperature
further strengthened the interphase and homogenized the

surfactant. As a consequence, water enters the particle cores and
is homogeneously transported through the polymer after 12 h of
immersion time (Figure 14b).

Intermediate particle sizes (WB150, Figure 13) appear to
create an intermediate structure with stronger colloid−colloid
interphases that do not swell with water (Figure 12a), unlike
WB200-RT samples but similar to the 100 nm ones (Figure 8b).
The samples also show a high-q peak characteristic of surfactant
aggregates not observed in the 200 nm but observed in the 100
nm (Figure 6b), albeit without the large-scale heterogeneities
seen in theWB100-RT samples (Figure 6a). The combination of
both surfactant aggregates as well as a clearly hydrophilic
interphase seems to yield the highest water affinity (Figure 2b)
and an increased water absorption (Figure 1b) as graphically
represented in Figure 18.

An increase in the mobility of the surfactant during the drying
stage can help explain the mechanism controlling surfactant
aggregation. The Routh−Russell map1,57,58 showcases how an

Figure 18. Figure shows the different film structures as a function of the colloid particle size. A hypothesized dry structure is presented as a result of the
analysis. Macroscopic filmwater uptake properties show a direct relation with the availability of surfactant sites for water absorption, with intermediate-
size colloids showing the highest availability of surfactant through surfactant aggregation and a weaker colloid−colloid interphase than smaller colloidal
sizes. Large colloids, despite showing the weakest colloid−colloid interphase (which creates preferential water transport pathways), show lower
macroscopic water absorption due to the lack of surfactant aggregation. For small colloids: Rg, paths ∼13 nm, Dsurf.aggregates ∼3 nm, daggregates ∼5 nm; for
medium colloids: dcolloids ∼172 nm, Dcolloids ∼120 nm, Dsurf.aggregates ∼2 nm, daggregates ∼7 nm, for big colloids: dcolloids ∼240 nm, Dcolloids ∼18 0 nm.
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increase in particle size is expected to reduce the colloid mobility
and deformability, shifting the predominant drying mechanism
from wet to moist/dry sintering. Computational models12

demonstrated that a higher amount of water retained in the
coating during the particle deformation stage leads to a higher
surfactant mobility. We can therefore hypothesize that an
increase in particle size leads to a decrease in the surfactant
mobility, trapping the surfactant on the colloidal surfaces and
consequently in the colloid−colloid interphases in the dry film.
On the other hand, smaller colloidal sizes increase the surfactant
mobility, allowing the desorbed surfactant to aggregate. These
aggregates can then hinder chain interdiffusion and create the
fast water transport pathways observed in the WB100-RT
samples.

■ CONCLUSIONS
In this paper, water transport pathways in waterborne colloidal
films have been studied by using SANS, DVS, and gravimetry. A
careful fitting protocol of the SANS data allowed observing the
evolution of the distribution of water within the films with time,
highlighting a complex structure of water transport pathways
varying as a function of the colloidal particle size. In turn, the
different water pathways explained well the macroscopic trends
in water absorption and water affinity observed through
gravimetry and DVS.

The colloid size was the main parameter used to affect the
water transport pathways. It was found that films from larger
colloids promote water transport through the colloid−colloid
interphase. Decreasing the colloid size led to a reduction in the
water permeability of the colloid−colloid interphase, as well as
an increase in the aggregation of the surfactant. The surfactant
aggregates were found to be located at the colloid−colloid
interphase for intermediate colloid sizes and in wider channels in
films made with yet smaller colloid sizes. Surfactant aggregation
yields an increase in hydrophilic sites available for water uptake,
increasing the macroscopic water affinity and uptake, as seen by
DVS and gravimetry. Intermediate colloidal sizes led to the
combination of a relatively permeable colloid−colloid inter-
phase and relatively mild surfactant aggregation, resulting in the
highest water uptake and permeability of the films analyzed.
While the structural features identified in this work that are
responsible for water transport may be universal, it should be
noted that different film formation processes for the same
particle sizes may lead to different features in the different films.
Moreover, although the SANS data presented here provide a
robust bulk average, complementary studies are required to
resolve the structural profile across the film thickness.

Even though the particle size is not the only factor affecting
colloidal packing and the film structure, shedding light on the
different kinds of heterogeneities present in waterborne coatings
and their influence on the water transport offers unique
information to understand anticorrosive behavior of waterborne
films and opens the possibility to further improve waterborne
coatings by tailoring the water transport pathways to specific
applications, thereby increasing the applicability of waterborne
binders in anticorrosion coatings.
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