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ABSTRACT: Polyurea (PUA) develops H-bonding with
water and is inherently hydrophilic. The water contact angle
on smooth dense PUA derived from an aliphatic triisocyanate
and water was measured at θ = 69.1 ± 0.2°. Nevertheless,
texture-related superhydrophobic PUA aerogels (θ′ = 150.2°)
were prepared from the same monomer in one step with no
additives, templates, or surfactants via sol−gel polymerization
carried out in polar, weakly H-bonding acetonitrile. Those
materials display a unique nanostructure consisting of micrometer-size spheres distributed randomly and trapped in a nanofiber
web of the same polymer. Morphostructurally, as well as in terms of their hydrophobic properties, those PUA aerogels are
analogous to well-studied electrospun fiber mats incorporating particle-like defects. PUA aerogels have the advantage of easily
scalable synthesis and low cost of the raw materials. Despite large contact angles and small contact areas, water droplets (5 μL)
stick to the aerogels surface when the substrate is turned upside-down. That so-called Petal effect is traced to H-bonding at the
points of contact between the water droplet and the apexes of the roughness of the aerogel surface. Monoliths are flexible and
display oleophilicity in inverse order to their hydrophobicity; oil fills all the available open porosity (94% v/v) of cocoon-in-web
like aerogels with bulk density ρb = 0.073 g cm−3; that capacity for oil absorption is >10:1 w/w and translates into ∼6:1 w/v
relative to state-of-the-art materials (e.g., graphene-derived aerogels). Oil soaked monoliths float on water and can be harvested
off.
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1. INTRODUCTION

Hydrophobicity is important for applications in diverse areas
ranging from self-cleaning surfaces, prevention of corrosion and
biofouling, drag reduction in microfluidic devices, and environ-
mental remediation through oil absorption.1−4 Hydrophobicity
is a surface phenomenon introduced via chemical or textural
modification and is quantified with the contact angle, θ, of
water droplets on flat surfaces. The upper theoretical limit of θ
on smooth close hexagonally packed low-energy CF3 groups is
119°.5 However, textured surfaces may display much higher
contact angles, often >150°, in which case they are classified as
superhydrophobic.
Inspired by Nature, there are two limiting cases for

superhydrophobic behavior. In the Lotus effect (from the
leaves of the plant6), water droplets run off with the slightest tilt
of the surface (typically by <5°). The Lotus effect is used by
many plants (to stay clean), insects (to stand on water), and
animals (to stay dry). In the Petal effect (from the petals of the
red rose), a droplet that seemingly barely touches the
superhydrophobic surface underneath sticks to it and
oftentimes stays in place even when the substrate is turned
upside-down.7 The adhesive force of the Petal effect has been
attributed to noncovalent interactions (e.g., van der Waals) and
to capillary effects.8 Both the lotus leaf and the red rose petal
are rough, bearing regular patterns of micrometer-sized

protrusions whose effect has been replicated and confirmed
by molding.7,9 Artificial superhydrophobic surfaces typically
involve multistep processing,10 e.g., microfabrication of patterns
of microbeads, or grass-like nanopillars.11−13 It is not difficult to
contemplate then that, by increasing the aspect ratio of
nanopillars, the surface layer evolves into entangled nanofibers
(e.g., of carbon, polymer).14 Owing to the relevance of such
surfaces to textiles, a significant body of knowledge has been
developed on the basis of electrospinning of nanofiber webs.15

However, electrospinning, like microfabrication, is also a rather
complex process hampered by low rates of production and the
high cost of the raw materials. Nevertheless, an important
finding from those studies has been that, if electrospun fiber
webs include “knots” (normally considered defects), they
display higher water contact angles.16 Introducing nanoparticles
(e.g., TiO2) deliberately has confirmed the role of particles-in-
web in terms of increasing hydrophobicity.17 Those findings
render it worthwhile to explore more efficient alternatives for
the synthesis of such structures, and a sensible strategy could be
based on bulk nanoporous materials.
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In that context, aerogels are inherently nanostructured
materials18 and hence are reasonable platforms for imparting
texture related superhydrophobicity. They are prepared easily
in bulk form by conversion into a supercritical fluid and venting
off the pore-filling solvent of wet-gels. Rendering silica aerogels
hydrophobic by introducing surface-CH3 groups

19 has allowed
wet-gels to dry under ambient-pressure and has had an
economic impact in terms of large scale production of aerogel
pellets for use in thermal insulation.20 Similarly, polystyrene-
cross-linked silica aerogels are hydrophobic (θ′ = 121°), and
their poly(pentafluorostyrene)-analogues are superhydrophobic
(θ′ = 151°),21 which according to the above is attributed to
both low surface energy and texture. More recently, cogelation
by physical cooling of solutions of syndiotactic polystyrene and
high molecular weight poly(ethylene oxide) led to Petal-effect
superhydrophobic materials consisting of micrometer-size
hydrophilic macropores with submicrometer hydrophobic
wells.22

In order to simulate the effect of particle-doped electrospun
fiber webs, it was deemed reasonable to work with aerogels that
already display both nanostructures, fibrous and particulate,
depending on the synthetic conditions. Materials of that sort
include polyurea (PUA) aerogels synthesized in one step at
room temperature in acetone from an inexpensive aliphatic
triisocyanate (1,3,5-tris(6-isocyanatohexyl)-1,3,5-triazinane-
2,4,6-trione, abbreviated as N3300A) and water using triethyl-
amine (Et3N) as a catalyst (Scheme 1).23−25 PUA aerogels have
fibrous nanostructures at low monomer concentrations, turning
to strings-of-beads and eventually to randomly particulate as
density increases.23 That property is distinctly characteristic of
those PUA aerogels, so that density-gradient PUA aerogel
monoliths show a morphostructural transition from fibrous to
particulate along the direction of increasing density.24 For the
purposes of this study, the specific task was to make both of
those extreme forms coexist or to put it differently self-dope
PUA fibers with particles of the same material. Such
nanostructures were observed when the N3300A/water
gelation process was carried out in acetonitrile. The relative
amount of fibers to particles varies with the sol-concentration,
and at the point where there seems to be a qualitative balance
between the two forms (fibers and particles), the material is
superhydrophobic, displaying the Petal effect, which is
attributed to hydrogen bonding. PUA aerogels of that sort
are excellent oil absorbers suitable for environmental
remediation.

2. RESULTS AND DISCUSSION
2.1. Synthesis of Polyurea (PUA) Aerogels with

Variable Nanomorphology. Figure 1A,B shows the fibrous
and particulate nanostructures of a low- and a high-bulk
density, ρb, PUA aerogel monolith synthesized according to
Scheme 1 in acetone. The aerogel density is controlled by the
amount of monomer (N3300A) in the sol, for example, for
fibrous aerogels with ρb = 0.075 g cm−3, [N3300A] = 0.109 M

corresponding to 5.5 g of N3300A in 94 mL of acetone and for
particulate PUA aerogels with ρb = 465 g cm−3, [N3300A] =
0.517 M corresponding to 33 g of N3300A in 94 mL of
acetone. Since changing the amount of water (Scheme 1) from
stoichiometric (1.5× molar excess) to 2× and 3× the
stoichiometric amount or varying the amount of the catalyst
did not have an effect on the micromorphology,23 it was
reasoned that the most significant parameter for the fibrous-to-
particulate transition was the N3300A/acetone ratio. N3300A
is a thick (viscosity η = 2,500 cP) nonpolar (dielectric constant
ε = 7.8 at 220 Hz) liquid, which at higher concentrations is
expected to modify significantly the properties of acetone sols
(η = 0.36 cP, ε = 20.7). Thus, in the beginning, we sought to
emulate and/or partially compensate for the effect of N3300A
to the sol by changing the solvent polarity and viscosity. All
such materials herewith are denoted as PUA-solvent-xxx,
whereas -xxx stands for the mM concentration of N3300A in

Scheme 1. Synthesis of Polyurea (PUA) Aerogels

Figure 1. Micromorphology of selected PUA aerogels prepared from
the solvents and at the bulk densities (ρb) indicated. (Numerical
extensions at the sample names indicate the monomer concentration
(in mM) in the sol.) Common scale bar for all micrographs at 200 nm.
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the sol (i.e., [N3300A] = 0.xxx M). When the gelation solvent
was switched to more viscous, more polar DMF (η = 0.92 cP, ε
= 36.7), it was found that low concentration PUA-DMF-109
samples consist of short strings-of-beads (Figure 1C). With
DMSO (η = 2.24 cP, ε = 46.7), aerogels consisted only of
clusters of particles at all concentrations (Figure 1D).
Eventually, when the low-viscosity but strongly polar CH3CN
(ACN, η = 0.38 cP, ε = 37.5) was used, we first noticed a
drastic decrease in gelation times (<30 min) at all
concentrations relative to all other solvents (20 min−3 h,
Table 1),26 but most importantly, ACN-derived aerogels appear
as hybrids between those obtained from acetone and from
DMSO sols, consisting of spherical moieties trapped in a fiber
web. Varying the concentration of N3300A alters the relative
ratio of spheres to fibers (Figure 2). As it turns out, PUA-ACN-

109 (ρb = 0.073 g cm−3) consist of larger (10 μm in diameter)
cocoon-like objects; PUA-ACN-296 (ρb = 0.172 g cm−3)
consist of 2 μm diameter isolated spheres entangled in the fiber
web; and PUA-ACN-517 (ρb = 0.347 g cm−3) consist mainly of
interconnected spheres with a very small amount of fibers.
Whenever feasible (that is in the last two cases), at high
magnification, fibers seem to emanate and grow out of the
smooth surface of the spheres. Although at first approximation
PUA-acetone-xxx and PUA-ACN-xxx share a common
evolution from fibrous to particulate as [N3300A] increases,

a key difference between the two materials is that particles in
PUA-ACN-xxx are much larger (micrometer size) than any of
those from any other solvent (nanometer size).

2.2. Chemical and Nanoscopic Characterization. On
the basis of solid-state 13C and 15N CPMAS NMR (Figure 3),

the morphological differences reported in section 2.1 above are
not associated with drastically different chemical compositions.
The −NCO 13C and 15N resonances of the N3300A
monomer at 122 and 28.5 ppm, respectively, are absent from
the spectra of the PUA aerogels. The 13C and 15N resonances of
the isocyanurate ring of N3300A at 149 and 138 ppm,
respectively, are present at the same positions in the PUA
aerogels. The urea carbonyl at 160 ppm retains a constant ratio
to the isocyanurate carbonyl in all materials. Similarly, the urea
nitrogen at 78 ppm remains constant in all samples. A very
small-intensity, almost inconspicuous, resonance at 41 ppm in
the 15N NMR spectra of PUA aerogels from acetone or
CH3CN may be due to residual dangling unreacted terminal
(surface) amines (i.e., −(CH2)6NH2; see Experimental
Section).
Despite different nanomorphologies from different solvents,

gels from low to medium concentration sols (xxx ≤ 296) shrink
similarly during processing; consequently bulk densities, ρb, and
porosities, Π, track each other closely. The pore structures were
probed with N2 sorption porosimetry. The skeletal framework
was probed with small-angle X-ray scattering (SAXS) and cross-
sectioning with broad beam Ar milling in combination with
SEM. Relevant material characterization data are summarized in
Table 1.
At low densities, all N2 adsorption isotherms start rising at

relative pressures above P/Po = 0.9, do not reach saturation,
and show narrow hysteresis loops (Figure 4), consistent with
mostly macroporous materials, in agreement with SEM. Despite
the fibrous morphology of PUA-acetone-109 (ρb = 0.075 g
cm−3) and the particulate one of PUA-DMF-109 (ρb = 0.076 g
cm−3), their N2 sorption isotherms track each other closely and
the ultimate volumes of N2 adsorbed are practically equal,

Figure 2. SEM of polyurea aerogels from CH3CN sols at three
different densities and magnifications: (A) PUA-ACN-109 (ρb = 0.073
g cm−3); (B) PUA-ACN-296 (ρb = 0.172 g cm−3); (C) PUA-ACN-
517 (ρb = 0.347 g cm−3). Insets: water droplets on flat surfaces and
contact angles.

Figure 3. CPMAS solid-state 13C and 15N NMR data of polyurea
(PUA) aerogel samples (xxx = 109) prepared in the solvent systems as
indicated. Bottom: Liquid NMR spectra of the monomer (N3300A) in
CDCl3 (13C) and in CD3NO2 (15N). All spectra are referenced to
glycine-d5.
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indicating that the total pore volumes in the 1.7−300 nm range
(V1.7−300_nm, Table 1) are similar. Indeed, not only the pore
volumes but also the pore size distributions in that range
(calculated by the BJH equation applied to the desorption
branches of the isotherms; Figure 4, inset) are similar for the
two materials (in terms of maxima and widths at half maxima).
The proximity of the V1.7−300_nm values and the similarity of the
pore size distributions are a first hint that the fundamental
building blocks of the two materials are similar, despite their
different SEM nanomorphologies. BET surface areas, σ, differ
only by a factor of 1.6 (187 m2 g−1 for PUA-acetone-109 versus
307 m2 g−1 for PUA-DMF-109). On the other hand, similar
density PUA-ACN-109 aerogels (ρb = 0.073 g cm−3) adsorb
much less N2 (the V1.7−300_nm values are lower by a factor of
about 10), and their BET surface area (25 m2 g−1) is lower than
those of samples made in acetone or DMF by a factor of 7.5−
12. However, the distribution of pores with sizes in the 1.7−
300 nm range is the same in PUA-ACN-109 as in the other two
materials made in acetone and DMF (Figure 4, inset), despite
the lower V1.7−300_nm values. Given that the three materials
contain the same amount of matter per unit volume (refer to
the similar bulk densities), those data together indicate that (a)
all three materials consist, at least partially, of similar
elementary building blocks that assemble similarly in the
1.7−300 nm range; however, (b) not all matter in PUA-ACN-
109 is used in that fashion. Because of the much lower amount
of N2 adsorbed, spheres have to be dense objects with no
internal structure. Interestingly, as density increases, VTotal and
V1.7−300_nm converge for PUA-acetone-xxx and PUA-DMF-xxx
but not so for PUA-ACN-xxx. In fact, at higher densities, the
value of the VTotal/V1.5−300_nm → 1 for the first two series of
samples, but for PUA-ACN-xxx the value of that ratio remains
in the 100−150 range (Table 1). Therefore, PUA-ACN-xxx
always remains macroporous at all densities, suggesting again
that most of the polymer remains segregated in a nonporous
configuration.
Turning to the skeletal framework, sometimes the origin of

X-ray scattering (i.e., from particles or from pores) can be
controversial and should be considered together with other

experimental observations.27 Here, on the basis of SEM
(Figures 1 and 2) and the high porosity values (Table 1), the
dilute phase in PUA aerogels is nanoparticles; therefore,
scattering of X-rays arises from 3D distributions of spherical
particles,28 rather than from spherical voids (pores) distributed
in another medium.29 SAXS profiles (Figure S.2 in the
Supporting Information) were fitted into two power law
regions and two Guinier knees using the Beaucage Unified
Model.30−32 The high-Q power law regions (Q: scattering
vector) of all samples (noted as Regions I in Figure S.2 in the
Supporting Information) have slopes <−4.0 indicating primary
particles with fuzzy (density gradient) interfaces. The high-Q
Guinier knees (Regions II in Figure S.2 in the Supporting
Information) give the radii of gyration of the primary particles,
which in turn are used to calculate the radii of those particles
(R(1), included in Table 1). The slopes of the low-Q power law
regions (Regions III) give the (mass or surface) fractal
dimensions of the secondary particles, and the second Quinier
knees (Regions IV) give the radii of gyration and, therefore, the
radii of the secondary particles (R(2), Table 1). Primary
particles of PUA aerogels with xxx < 296 from all solvents are
similar in size. (Without affecting this discussion, it is also noted
in passing that secondary particles of PUA-ACN-xxx samples
are surface fractals and a little over double in size than the mass-
fractal secondary particles of PUA-acetone-xxx and PUA-
DMF-xxx; refer to Appendix S.2 in the Supporting
Information.) Most importantly, in PUA-acetone-xxx and
PUA-DMF-xxx, SAXS radii of primary particles agree extremely
well with the particle radii calculated from gas sorption and
skeletal density data (Table 1); however, by the same token, the
SAXS radii of all PUA-ACN-xxx are much smaller than those
calculated by the latter method. Considering those data
together with the similar porosities (Π) and pore size
distributions, but much lower V1.7−300_nm pore volumes and
BET surface areas of PUA-ACN-xxx relative to those of PUA-
acetone-xxx, it suggests that only a small fraction of the total
material in the PUA-ACN-xxx samples has been used for
building primary/secondary particle hierarchical structures.
Conversely, most of the polymer in PUA-ACN-xxx does not
contribute to the surface area or to meso/macropore volume
that can be probed with N2-sorption (1.7−300 nm); hence,
spheres are dense objects devoid of internal structure. An
independent evaluation of this conclusion was obtained by
“cutting” through the spheres with an Ar beam followed by
SEM (Figure 5), supporting that indeed spheres do not have an
internal structure. Furthermore, since the size of those solid
dense spheres falls beyond the low Q-range of our SAXS
capability, it is concluded that the X-ray scattering profile of
PUA-ACN-xxx aerogels came from fibers, which therefore, are
formed by secondary nanoparticles, which in turn are densely
packed surface-fractal assemblies of primary nanoparticles, in
agreement with previous conclusions based on small angle
neutron scattering of PUA-acetone-xxx.23

Wet-gel precursors to aerogels are obtained by phase
separation under theta-solvent conditions,33,34 which are
achieved either by physical or, as in our case, by chemical
cooling. In other words, necessarily, all solvent systems of this
study are good solvents for the monomer but not so for the
developing polymer. Considering the Hansen solubility
parameters (HSP) of our solvents,35 it is noted that by moving
from acetone to DMF to DMSO to CH3CN the polar
contribution (δP) to the HSP increases (from 10.4 to 13.7 to
16.4 to 18, respectively); however, the H-bonding contribution

Figure 4. Representative N2-sorption isotherms (obtained at 77 K) of
the three low-density samples (PUA-solvent-109) as indicated. Inset:
Pore size distributions via the Barrett−Joyner−Halenda (BJH)
equation applied to the desorption branches of the corresponding
isotherms. (Open symbols: absorption; closed symbols: desorption.)
For the summary from the data analysis of all materials, see Table 1.
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(δH) actually moves in the opposite direction, from 7.0 to 11.3
to 10.2, reaching its lowest value with CH3CN at 6.1.
Formation of dense spheres in CH3CN takes advantage of
the weaker hydrogen bonding interactions between the
developing polymer and the solvent, causing PUA oligomers
to get stabilized by H-bonding to one another and grow into
very larger particles. Support for this hypothesis is found in the
higher degree of crystallinity in PUA-ACN-109 samples (67%,
by XRD), as opposed to 50% and 40% in the corresponding
materials from acetone and DMF, respectively (see Appendix
S.3 in the Supporting Information). Closer to the gel point, the
remaining monomer concentration is low and a process similar
to that taking place in acetone sets in; PUA particles start
forming secondary aggregates in solution that, probably for
electrostatic/polarizability reasons,36,37 assemble into fiber-like
strings that, for the same reasons, interact and accumulate on
reactive protrusions on the surface of spheres, appearing as
emanating from the latter (Figure 2). Entanglement of those
fibers forms the gel network. In other words, dense spheres are
formed first and fibers later.
2.3. Macroscopic Properties. Owing to similar shrinkage,

macroscopically PUA-ACN-xxx and PUA-acetone-xxx aerogels
are generally indistinguishable from one another. However, the
distinctly different distribution of matter in their interior was
expected to have important effects on their bulk properties.
2.3.1. Mechanical Response. Since most of the polymer in

PUA-ACN-xxx goes to form dense spheres, the weight percent
contribution of entangled fibers to the structure is low; hence,
PUA-ACN-xxx aerogels are much more flexible than the
corresponding PUA-acetone-xxx. Figure 6 and Movies S.1 and
S.2 in the Supporting Information compare the behavior of
low-density materials (xxx = 109), whereas it can be seen
clearly that aerogel cylinders made in acetonitrile can be bent
completely (180°), while those made in acetone are far more
rigid.
2.3.2. Thermal Conductivity. The dense spheres of PUA-

ACN-xxx are expected to be thermal shorts that act
competitively with the reduced number of interparticle or
interfiber contacts and may improve or compromise the
thermal resistance of the solid framework. As a result, PUA-
ACN-xxx could be better or worse thermal insulators than
PUA-acetone-xxx, which however, could not be decided a

priori. Thermal conductivity data for PUA-ACN-xxx aerogels at
different densities were obtained using the laser flash method
(see Appendix S.4 in the Supporting Information). The lowest
thermal conductivity was observed with PUA-ACN-109 (0.032
W m−1 K−1), which is at about the lowest limit for this class of
materials.25 Subsequently, the overall thermal conductivity, λ,
was separated into a nonconvective (i.e., diffusive) component
through the pore-filling gas, λg, and a component through the
solid framework, λs.

38 (Radiative heat transfer was eliminated
experimentally.) λg was calculated using porosity and pore
diameter data (from Table 1) via the Knudsen equation (see
Table S.3 in the Supporting Information). It was found (Figure
7) that in the case of PUA-ACN-xxx λs varies with bulk density

according to λs = 0.13 × (ρb)
0.99, which is very similar to what

we reported recently for PUA-acetone-xxx: λs = 0.10 × (ρb)
1.00

(using the hot-wire method).25 In general, exponents of ρb
equal to 1.0 are akin to foams.39 In the present case, the
equality of the ρb-exponents in the two materials underlines the
fact that, as far as thermal conduction is concerned, matter fills
space macroscopically (i.e., in the length scale of the sample) in
the same manner; that is, an increase in density translates into a
higher amount of entangled fibers along the heat conduction
path. The 30% higher pre-exponential factor for PUA-ACN-xxx
(0.13 vs 0.10 W m−1 s−1) signifies that spheres, being dense

Figure 5. SEM of a PUA-ACN-296 sample, after cross-sectioning with
an Ar beam (see Experimental Section).

Figure 6. Bending of low-density PUA aerogel monoliths as indicated.
Photograph of PUA-acetone-109 at the break point. See also Movies
S.1 and S.2 in the Supporting Information.

Figure 7. Log−log plot of the solid thermal conductivity, λs, versus
bulk density of PUA-ACN-xxx and PUA-acetone-xxx aerogels, as
indicated. Data for the latter sample were obtained using the hot-wire
method; see ref 25. (Intercepts in W m−1 K−1. For the total thermal
conductivity, λ, of PUA-ACN-xxx aerogels as a function of the bulk
density, ρb, see Figure S.4A in the Supporting Information.)
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objects, comprise thermal conduits facilitating the overall heat
transfer.
2.3.3. Interaction with Water. All PUA aerogels are

hydrophobic relative to the smooth polymer, which is
hydrophilic (θ = 69.1 ± 0.2°). Contact angles, θ′, of 5 μL
water droplets on flat internal (fractured) surfaces of PUA-
ACN-xxx were in the 116°−150° range (Figure 2, insets) but
only in the 97°−104° range on either fibrous PUA-acetone-xxx
or particulate PUA-DMF-xxx (Table 2).
Texture-related hydrophobicity is quantified by two models.

The Wenzel model considers the surface roughness (r, always
>1) and assumes that water enters the crevices between surface

features under the droplet. The contact angle on a flat texture
surface, θ′, is given by eq 1,

θ θ′ = rcos cos (1)

whereas θ is Young’s contact angle on the smooth nontextured
material. The Wenzel model predicts superhydrophobicity (i.e.,
cos θ′→ −1) only for materials that are already hydrophobic
(i.e., θ > 90°).40 In the Cassie−Baxter (C−B) model, water
does not enter the crevices between surface features; the
droplet touches only at the apexes of the roughness (the fakir
state).41 The C−B model is quantified by eq 2,

θ θ′ = + −fcos (cos 1) 1 (2)

Table 2. Water Contact Angle Data Materials with PUA Aerogels Prepared in Three Different Solvents as Indicated

sample
bulk density ρb

(g cm−3)
porosity Π
(% v/v)a

contact angle
θ′ (deg)

C−B
fraction f b

PUA-ACN-109 0.073 ± 0.002 94 116.2 ± 0.1 0.41
PUA-ACN-207 0.126 ± 0.002 89 133.0 ± 0.1 0.23
PUA-ACN-296 0.172 ± 0.007 86 150.2 ± 0.5 0.10
PUA-ACN-517 0.347 ± 0.001 70 127.6 ± 0.2 0.29
PUA-DMF-109 0.076 ± 0.002 94 104.4 ± 0.1 0.55
PUA-DMF-207 0.426 ± 0.004 66 102.3 ± 0.1 0.58
PUA-acetone-109 0.075 ± 0.003 94 102.4 ± 1.3 0.58
PUA-acetone-207 0.126 ± 0.001 90 97.3 ± 0.1 0.64
PUA-acetone-296 0.172 ± 0.001 86 101.9 ± 0.0 0.59
PUA-acetone-517 0.465 ± 0.002 61 100.1 ± 0.1 0.61

aRecited from Table 1 in reference to the relevant discussion. bCassie−Baxter fraction of contact area with the substrate, calculated via eq 2 using θ =
69.1° and the measured θ′ for each sample.

Scheme 2. Water Droplet Suspended (Petal Effect) via H-Bonding with Polyurea at the Points of Contact with the Aerogel
Surface
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whereas f is the fraction of the actual contact area between
droplet and substrate. The C−B model predicts hydrophobicity
(cos θ′ < 0) even from hydrophilic materials (cos θ > 0) as long
as f < 1/(cos θ +1). This feature is embedded in several
reports42 and is explicitly possible only within the C−B model.
Clearly, all water droplets on PUA aerogels are Cassie−

Baxter states, whereas the only feature left to differentiate the
higher hydrophobicity (higher θ′ values) of the ACN-samples is
the presence of both fibers and particles. This finding is
consistent with the reports from particle-doped electrospun
polymeric fiber webs that became the motivation for this work.
The largest contact angle (150.2 ± 0.5°) was measured on
PUA-ACN-296 which, qualitatively, shows a more equal
balance between the two forms (particles and fibers, Figure 2).
For samples made in acetone or DMF, the C−B contact

fractions ( f, Table 2, calculated from the experimental θ and θ′
values via eq 2) are in the 0.5−0.6 range; for samples made in
ACN, f is between 0.1 and 0.4. If f is predicted, as has been
suggested,22 from the sample porosity, Π, via f = 1 − (Π/100),
then for PUA-ACN-296 (Π = 86%, Table 2) it is calculated
that θ′ = 144°. This value is reasonably close to the
experimental one (150.2°). However, as noted in the data of
Table 2, experimental f values do not vary monotonically with
Π, as predicted from f = 1 − (Π/100); hence, Π cannot be used
as the sole predictor of θ′, consistent with the fact that θ′ is
expected to depend mainly on texture (i.e., pore size and
shape) not on the percent of empty volume (porosity).
In spite of the large contact angles, droplets adhere to all

PUA surfaces even when substrates are turned upside-down
(Petal effect, Scheme 2). Since that effect is independent of
texture, it is attributed to hydrogen bonding between water and
PUA at the points of contact (Scheme 2).
Indeed, on the basis of the mathematical expression for the

volume of a spherical cap Vcap = (1/3)πR3(2 − 3sinϕ + sin3ϕ)
(i.e., the volume of the missing segment from the top of the
H2O droplet shown in Scheme 2)43 and realizing that the
droplet contact angle θ′ = ϕ + (π/2), the volume of the droplet
is given via Vdroplet = Vsphere − Vcap by eq 3,

πα
θ

θ θ=
′

− ′ + ′V
3sin

[2 3cos cos ]droplet

3

3
3

(3)

whereas α is the radius of the contact area with the substrate.
Setting Vdroplet = 5 μL and θ′ = 150.2°, it is calculated that
radius α = 0.053 cm, corresponding to a geometric contact area
S = 8.82 × 10−3 cm2. By considering the Cassie−Baxter contact
fraction f = 0.1 (Table 2), the actual contact area is given by
Sactual = S × f = 8.82 × 10−4 cm2. Considering further (a) a ball-
park value for monolayer coverage with the N3300A monomer
in the range of 10−10 to 10−12 mol cm−2, (b) three (3) NH···H
bonding opportunities with water per repeat monomer unit,
and (c) 19 kJ mol−1 and 0.2 nm as the average and the typical
value for the H-bonding energy and distance,44 respectively, it
is calculated that the water droplet in our particular case
interacts with the aerogel substrate with about 5.0 × 10−12 to
5.0 × 10−14 kJ of energy and develops about 0.25−25 N of
attractive force with the substrate (via Δenergy = Δforce ×
Δdistance). That force holds the weight of the droplet (=
Vdroplet × ρwater × acceleration of gravity = 4.9 × 10−5 N) when
the system is held upside-down (Petal effect) and compensates
for the capillary forces in the micrometer-size pores, which over
the entire contact area, are estimated via S × (capillary
pressure) = 2S × (cos θ′) × (surface tension of water)/(pore

radius) to be on the same order of magnitude as the H-bonding
forces (around 0.10 N).
Finally, all PUA samples float on water indefinitely. Pulling

vacuum does not force water into the pores. Such a C−B to
Wenzel transition would take place at a common (for the two
models) contact angle, θ′, whereas ( f − 1)/(r − f) = cos θ (by
equating eqs 1 and 2). However, all experimental f values
together with θ = 69.1° yield negative roughness (r) values,
which is not physically meaningful; hence, a C−B to Wenzel
transition cannot take place, as expected from the fact that bulk
dense smooth PUA is hydrophilic.

2.4. Oil Absorption and Oil Spill Cleanup with PUA
Aerogels. A viable application of porous materials, including
aerogels, is in oil spill cleanup.45 In that regard, hydrophobic
PUA aerogel monoliths turn out to be efficient absorbers of
nonpolar organic liquids. They remove oil from water fast
(Figure 8 and Movie S.3 in the Supporting Information) and

can be harvested off the surface afterward for disposal.
Evidently, the oleophilic effect of PUA aerogels is also
texture-related: low-ρb fibrous/particulate PUA-ACN-109
absorb about 11× their weight in oil (Figure 8, Bottom
(Left)), which is equal to 91% w/w of the possible maximum
based on the available porosity (see Figure 8, Bottom (Right));
exclusively fibrous, less hydrophobic PUA-acetone-109 absorb
only 2× their weight in oil (25% of their possible maximum). By
going to higher-ρb, less porous, particulate, PUA-acetone-517
and PUA-ACN-517, the oil uptake is 97% and 100% w/w of
the possible maxima, respectively; however, owing to the higher
bulk densities (ρb) of those monoliths, the oil/aerogel ratio falls
to 1.3 and 1.9 w/w, respectively (see Figure 8, Bottom (Left),
and Table S.4 in Appendix S.5 in the Supporting Information).
The oil capacity of PUA-ACN-109 (11× w/w) competes
favorably with that of polymethyl-silsesquioxane aerogels (6.2
w/w for hexane)46 and of polystyrene aerogels (5−6× w/w for
oil).47 Recently reported ultralow-density (0.16 mg cm−3)
graphene-derived aerogels absorb about 900× w/w of oil;48

however, underlining a more efficient utilization of the available

Figure 8. Top: oil removal from water as shown. (Information about
the aerogel sample: weight = 0.087 g; volume = 1.19 cm−3; oil/aerogel
= 11.5 w/w.) Bottom: Left, gravimetric oil absorption as a function of
bulk density. Right: ratio of experimental versus calculated (from
porosities, Table 1, and ρoil = 0.924 g cm−3) oil uptake. Arrow above
right frame: transition from fibers (F) to particles (P).
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space (porosity), PUA-ACN-109 still absorbs 6× more oil per
unit volume (w/v) than those materials and most importantly
at a fraction of the cost. It is estimated that, at the current prices
of N3300A (about $6/lb), the material cost for removing 1 m3

of oil from water with PUA-ACN-109 is about $1,100. In 2014
prices, it would cost about $48.5 M to absorb the 44,000 m3 of
the Exxon-Valdez oil spill. In 1989 dollars, the actual cleanup
cost by conventional means was $2B.49

3. CONCLUSION
Aerogels are inherently nanostructured materials and hence
viable candidates for imparting texture-induced superhydro-
phobicity. Polyurea is a hydrophilic polymer, which is
synthesized here from an aliphatic triisocyanate and water,
yielding fibrous or particulate wet-gels and aerogels depending
on the gelation solvent and the monomer concentration. All
polyurea aerogels from different sols are chemically similar
materials, differing significantly only on their degree of
crystallinity. From strongly polar, weakly hydrogen-bonding
acetonitrile sols, a new nanostructure, unique to our knowledge,
has emerged, consisting of dense micrometer-size spherical
particles entrapped in nanofiber web. It is suggested that
formation of those large particles is driven by H-bonding
among developing polyurea oligomers with themselves. Nano-
structurally, PUA aerogels synthesized in CH3CN emulate
electrospun polymer mats carrying defects and show similar
hydrophobic properties, with contact angles with water droplets
that may reach 150°. The great advantage of aerogels of that
sort is the time and cost efficient synthesis in bulk quantities. In
monolithic form, those materials can be as flexible as a sheet of
paper and thermally insulating as other typical aerogels. With
an eye into the future, it is known that other polymer aerogels
demonstrate fibrous versus particulate nanostructures depend-
ing on solvent (e.g., polyimides50) or the monomer
concentration (e.g., polydicyclopentadiene51). It will be worth
investigating whether fine adjustment of the solvent properties
in those aerogels can yield similar superhydrophobic nano-
structures as the ones obtained here with PUA in CH3CN.
Owing to the low cost of the specific PUA materials of this
study, it is envisioned that they may be suitable for
environmental remediation, whereas harvested oil-soaked
aerogels may be disposed directly as fuel.

4. EXPERIMENTAL SECTION
Materials. All reagents and solvents were used as received unless

noted otherwise. 1,3,5-Tris(6-isocyanatohexyl)-1,3,5-triazinane-2,4,6-
trione was donated generously as a pure compound in bulk form
(Desmodur N3300A) by Bayer Corp., U.S.A. A complete spectro-
scopic characterization of Desmodur N3300A has been given in the
Supporting Information of ref 23. Triethylamine, anhydrous
acetonitrile (ACN), anhydrous dimethylformamide (DMF), and
anhydrous dimethyl sulfoxide (DMSO) as well as HPLC grade
acetone, ACN, and DMF were purchased from Aldrich Chemical Co.,
U.S.A. Anhydrous acetone was purchased from Acros Chemicals,
U.S.A.
Preparation of Polyurea (PUA) Aerogels. Polyurea aerogels at

different densities were prepared by varying the concentration of
Desmodur N3300A. All formulations are summarized in Table 3. In a
typical procedure (e.g., for xxx = 109), 5.5 g of Desmodur N3300A
was dissolved in 94 mL of dry solvent (acetone, ACN, DMF, or
DMSO); 3 mol equivalents of water (589 μL) was added, and finally,
the sol was obtained by adding 654 μL of triethylamine (0.6% w/w
relative to the N3300A plus solvent). Subsequently, the sol was poured
into polypropylene molds (Polypropylene Scintillation Vials, General
Purpose, 6.5 mL, Sigma-Aldrich Catalogue No. Z376825, 1.27 cm

inner diameter), which were sealed with their caps, wrapped with
Parafilm, and kept at room temperature for 12 h for gelation and aging.
Phenomenological gelation times were recorded by inverting the vials.
After aging, gels were removed from the molds, washed with acetone
(4× , using 4× the volume of the gel each time), and dried in an
autoclave with CO2 taken out as a supercritical fluid (SCF).

Methods. Sol−Gel Transition. The rheological behavior of
selected PUA sols was recorded with a TA Instruments AR 2000ex
Rheometer employing an aluminum cone (60 mm diameter, 2° angle)
and a Peltier plate using a 1 mm gap, at 20 °C. The instrument was
operated in the continuous oscillation mode, and time-sweep
experiments were performed with fixed-strain amplitude. The gel-
point was determined using a dynamic multiwave method with four
superimposed harmonics (1, 2, 4, and 8 rad s−1). The strain of the
fundamental oscillation (1 rad s−1) was set at 5%.

SCF Drying. Supercritical fluid (SCF) CO2 drying was carried out in
an autoclave (Speed SFE system, Applied Separations, Allentown, PA).

Physical Characterization. Bulk densities, ρb, were calculated from
the sample weight and dimensions. Skeletal densities, ρs, were
determined by helium pycnometry using a Micromeritics AccuPyc II
1340 instrument. Porosities, Π, were determined from ρb and ρb via Π
= (ρs − ρb)/ρs.

Chemical Characterization. Liquid 13C and 15N NMR spectra of
the monomer (N3300A) were obtained with a 400 MHz Varian Unity
Inova NMR Instrument in CDCl3 and CD3NO2, respectively. The

15N
spectrum of N3300A shown in Figure 3 is referenced to glycine-d5,
considering that the 15N resonance of glycine is at −377.0 ppm relative
to that of CD3NO2. Solid-state

13C NMR spectra were obtained with
samples ground into fine powders on a Bruker Avance 300
Spectrometer with a 75.475 MHz carbon frequency using magic
angle spinning (at 7 kHz) with broadband proton suppression and the
CPMAS-TOSS pulse sequence for spin sideband suppression. Solid-
state 15N NMR spectra were obtained on a Bruker Avance 400
Spectrometer with a 40.557 MHz nitrogen frequency using magic
angle spinning (at 5 kHz). All other conditions were similar to those
used for solid-state 13C NMR. The assignment to dangling unreacted
terminal aliphatic −NH2 of the low-intensity

15N resonance at 41 ppm
(vs glycine-d5) in the solid-state spectra of PUA aerogels, made in
acetone and CH3CN, was based on the reported resonance of 1-
hexylamine at −357.5 ppm52 and of 4,4′-methylenedianiline at −323
ppm vs CD3NO2.

53 The degree of crystallinity of all PUA aerogels was
determined using powder X-ray diffraction (XRD) with a PANalytical
X′Pert Pro Multi-Purpose Diffractometer (MPD) with a Cu Kα
radiation source (λ = 1.54 Å).

Structural Characterization. N2 sorption porosimetry was
conducted with a Micromeritics ASAP 2020 surface area and porosity
analyzer. In preparation for surface area and skeletal density
determination, samples were outgassed for 24 h at 40 °C under
vacuum. Average pore diameters were determined via the 4 × VTotal/σ
method, where VTotal is the total pore volume per gram and σ is the
specific surface area determined via the Brunauer−Emmett−Teller
(BET) method from the N2 adsorption data. VTotal can be calculated
either from the single highest volume of N2 adsorbed along the
adsorption isotherm or via VTotal = (1/ρb) − (1/ρs). Average pore
diameter values calculated by both methods are cited in Table 1; when
those values converge, the material includes mesoporosity. If the
average pore diameter calculated using VTotal = (1/ρb) − (1/ρs) is
significantly higher, that is taken as evidence for macroporosity.

Table 3. Synthesis of PUA-Solvent-xxx Aerogels

samplea
N3300A

(g [mmol])
solvent
(mL)

H2O
(mL)

Et3N
(mL)

[N3300A]
(M)

PUA-solvent-109 5.5 [10.9] 94 0.589 0.654 0.109
PUA-solvent-207 11.0 [21.8] 94 1.178 0.700 0.207
PUA-solvent-296 16.5 [32.7] 94 1.767 0.750 0.296
PUA-solvent-517 33.0 [65.5] 94 3.530 0.878 0.517

aSolvent: acetone, DMF, CH3CN.
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The morphology of PUA aerogels was determined with scanning
electron microscopy (SEM) using Au-coated samples on a Hitachi S-
4700 field emission microscope. The Ilion II Model 697 Broad Beam
Argon Milling System (Gatan, Inc. Pleasanton, CA) was used to
produce cross sections of the skeletal microspheres for SEM imaging.
For this, aerogel monoliths were cut into 2.5 mm thick disks. Half
disks (lengthwise) were attached to masks. Samples were milled with
an Ar beam (4 kV) at −50 °C for 4 h, until a finely polished area for
microscopy and microanalysis was achieved.
The structure of the fundamental building blocks of the materials

was probed with small-angle X-ray scattering (SAXS) using 2−3 mm-
thick disks, ∼7−10 mm in diameter. SAXS was carried out with a
PANalytical X′Pert Pro multipurpose diffractometer (MPD), con-
figured for SAXS using Cu Kα radiation (λ = 1.54 Å) and a 1/32°
SAXS slit and a 1/16° antiscatter slit on the incident beam side and 0.1
mm antiscatter slit and Ni 0.125 mm automatic beam attenuator on
the diffracted beam side. Samples were placed in circular holders
between thin Mylar sheets, and scattering intensities were measured
with a point detector in transmission geometry by 2 Theta (2θ) scans
ranging from −0.1° up to 5°. All scattering data are reported in
arbitrary units as a function of Q (=4πsin θ/λ), the momentum
transferred during a scattering event. Data analysis was conducted with
the Beaucage Unified Model,30,31 using the Irena SAS tool for
modeling of small angle scattering,32 within the commercial Igor Pro
application (WaveMetrics, Portland, OR).
Thermal Conductivity Characterization. Thermal conductivity, λ,

was calculated at 23 °C via λ = R × cP × ρb. Thermal diffusivity, R, was
determined with a Netzsch NanoFlash Model LFA 447 flash diffusivity
instrument using disk samples ∼1 cm in diameter, 2−3 mm thick.
Specific heat capacities, cP, at 23 °C were measured with powders (5−
10 mg) using a TA Instruments Differential Scanning Calorimeter
Model Q2000 calibrated against a sapphire standard and run from 0 to
30 °C at 0.5 °C min−1 in the modulated T4P mode. Raw cP data were
multiplied by a factor of 1.10 based on measuring the heat capacities of
rutile, graphite, and corundum just before running our samples and
compared with literature values.
Contact Angle Measurements. Water contact angles were measure

using a Rame-Hart Model 250 standard goniometer equipped with a
high resolution camera. In the static sessile drop method, a 5 μL
droplet of water was placed on the sample surface, the image was
capture with the instrument camera, and the contact angle was
determined using the DROPimage Advanced v2.4 software. Ten
measurements were taken for each specimen, and the results were
reported as averages. Aerogel samples were prepared by cutting disks
with a knife; surfaces, if necessary, were smoothened using the 3 M
Abrasives (320 grit) sand paper (part No. 32541) and were blown over
with dry N2.
Oil Absorption. Oil uptake from aerogels was determined

gravimetrically. An excess of used pump oil (Duo Seal Pump oil,
density = 0.924 g cm−3) was placed on water; a preweighted aerogel
monolith was dropped on top, left to soak for 12 h, removed with a
pair of tweezers, strained on paper for 10 min, and then weighed.
Results are presented in Appendix S.5 in the Supporting Information.
Dielectric Constant of Desmodur N3300A. The dielectric constant

was determined with the aid of a calibration curve from capacitance
measurements using an interdigitated electrode array (available from
previous work54) dipped in several solvents of known capacitance and
a METEX M-4650 digital multimeter operated at 220 Hz in the pulse
mode.
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