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The interactions of engineered nanomaterials with natural organic matter (NOM) exert a profound influ-
ence on the mobilities of the former in the environment. However, the influence of specific nanomaterial
structural characteristics on the partitioning and colloidal stabilization of engineered nanomaterials in
various ecological compartments remains underexplored. Herein, we present a systematic study of the
interactions of humic acid (HA, as a model for NOM) with monodisperse, well-characterized, ligand-
passivated HfO,, ZrO,, and solid-solution HfyZr;_4O, nanoparticles (NPs). We note that mixing with HA
induces the almost complete phase transfer of hydrophobically coated monoclinic metal oxide (MO)
NPs from hexane to water. Furthermore, HA is seen to impart appreciable colloidal stabilization to the
NPs in the aqueous phase. In contrast, phase transfer and aqueous-phase colloidal stabilization has not
been observed for tetragonal MO-NPs. A mechanistic model for the phase transfer and aqueous disper-
sal of MO-NPs is proposed on the basis of evidence from transmission electron microscopy, {-potential
measurements, dynamic light scattering, Raman and infrared spectroscopies, elemental analysis, and
systematic experiments on a closely related set of MO-NPs with varying composition and crystal struc-
ture. The data indicate the synergistic role of over-coating (micellar), ligand substitution (coordinative),
and electrostatic processes wherein HA acts both as an amphiphilic molecule and a charged chelating
ligand. The strong observed preference for the phase transfer of monoclinic instead of tetragonal NPs
indicates the importance of the preferential binding of HA to specific crystallographic facets and suggests
the possibility of being able to design NPs to minimize their mobilities in the aquatic environment.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction technologies due to their thermal stability and high dielectric con-
stants [10]. In particular, these materials are promising alternatives

The imminent large-scale commercialization of engineered to SiO, as gate dielectric layers for flexible electronics [11-13].

nanomaterials (ENMs) has raised concerns regarding their poten-
tial environmental impact [1-4]. Some preliminary data are
starting to become available regarding the toxicity of ENMs at
the sub-cellular, cellular, and organism levels [5-8]. Among these
materials, transition metal oxide (MO)-based nanoparticles (NPs)
are finding various applications as nanoceramic fillers within com-
posite materials, magnetic recording media, catalyst supports, and
sensing elements [9]. Most notably, HfO, and ZrO, NPs have
found widespread applications in optical and protective coating
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The underlying premise of flexible electronics has been affordabil-
ity and ubiquitous availability on standard media such as paper
and cloth. Consequently, with increasing commercial production,
consumer use, and end-user disposal, the release of these NPs to
different environmental compartments (especially water and soil)
is inevitable.

In particular, waste generated during manufacturing processes
will have a high concentration of NPs. Although, the likelihood
of the release of MO NPs affixed within device structures is not
high, environmental discharge may occur over a protracted period
of time, especially as a result of material abuse and towards
the end of product life. Given the low proposed cost of flexible
electronic devices and lack of specifications regarding disposal
outlined by manufacturers, several of these materials may eventu-
ally enter landfills and run-off streams through household waste
disposal. A systematic understanding of partitioning behavior,
potential mobilities, and persistence of MO NPs is thus necessary for
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evaluating potential ecological hazards and framing informed pol-
icy [1].

Up till now, the environmental fate and transport of ENMs have
been characterized under different environmental conditions (i.e.,
pH, ionic strength, organic colloids, etc.). The influence of natu-
ral organic matter (NOM) on NP behavior in the environment has
been emphasized in many studies because of the ubiquity of the
former in aquatic and soil environments. Indeed, the nature and
amount of NOM in water have been demonstrated (both theoreti-
cally and experimentally) to affect the stability and bioavailability
of a variety of NPs [14-20]. In many cases, the stability of NPs in
aqueous suspension is often attributed to the adsorption of NOM.
However, these reports only tend to deem adsorption as a pri-
mary mechanism for interaction based on indirect measures such
as transmission electron microscopy (TEM), {-potential, and light
scattering, which are somewhat limited in characterizing surface-
related interactions.

An evaluation of the chemical structure of NOM and colloidal
MO-NPs suggests several distinctive processes that can facilitate
the stabilization of NPs in the aqueous phase. NOM has a highly
complex molecular structure, which includes a skeleton of alkyl and
aromatic units with pendant functional groups including carboxylic
acid, phenolic hydroxyl, and quinone moieties [21-23]. MO-NPs, on
the other hand, comprise an inorganic core passivated by a layer
of organic ligands [11,24]. The crystalline core can adopt different
crystal structures depending on the specifics of composition and
stoichiometry (HfO, and ZrO, NPs adopt monoclinic and tetragonal
crystal structures, respectively) [25,11]. The intrinsic morphologi-
cal, energetic, and surface chemical properties of NOM enable them
to interact with and stabilize different species via amphiphilic and
metal-chelating processes. In addition to the organic ligands that
surround the crystalline core, MO-NPs also have highly reactive sur-
faces (edge and corner sites) that greatly influence their behavior
and reactivity [26-28]. While these structural and surface charac-
teristics are well known to be important in surface science, these
details have typically been overlooked in many fate and transport
studies.

Very few studies thus far have focused on the transformations of
ligand-passivated NPs prepared by hot colloidal chemistry methods
upon interactions with NOM. Such ligand-capped NPs are indeed
likely to be the mainstay of most nanoscience-enabled technologies
[29-32]. Herein, we describe systematic studies on the interac-
tion of ligand-passivated HfO,, ZrO,, and HfyZr;_,O, NPs with
Suwannee River humic acid (HA) as a model for NOM. The follow-
ing topics have been addressed in this work: (1) the partitioning
of hydrophobically coated MO-NPs, with or without HA, in the
aqueous phase; (2) examination of interactions that enable HA to
colloidally stabilize MO-NPs (i.e., electrostatic, coordinative, and
dispersive interactions); and (3) the importance of both NP surface
(crystal structure: monoclinic or tetragonal) and passivating lig-
ands (surface coating: tri-n-octylphosphine oxide (TOPO)) on the
stabilization of NPs by HA in water; TOPO is a ubiquitous ligand in
nanoscience and is commonly used in hot colloidal synthesis. This
study provides a mechanistic report of the aqueous-phase stabi-
lization of different types of hydrophobically coated MO-NPs with
and without HA. In particular, we have attempted to directly char-
acterize processes that govern the adsorption and agglomeration
of MO-NPs with HA.

2. Experimental
2.1. Materials

The monoclinic (m-) HfO, and Hfj 37Zrg 6302, and tetragonal (t-
) ZrO, and Hfj37Zrp 6302 NP powders used in these experiments

were synthesized by the non-hydrolytic sol-gel condensation of
metal alkoxides with metal halides using TOPO (Strem Chemicals,
MA, USA) as the coordinating ligand [11]. This synthetic approach
provides monodispersity and excellent control over crystal struc-
ture, size, and stoichiometry. The TOPO ligand coordinates to
surficial atoms, completing the coordination shell for undercoordi-
nated metal sites, and thereby serving as a passivating coating. The
use of monodisperse systems provides standardization required
for careful mechanistic studies and precludes obscuration from
polydispersities in particle size, surface capping, and crystal struc-
ture, which would substantially complicate studies of MO-NPs
with NOM. All MO-NP powders were readily dispersible in hex-
ane. Approximately 500-1000 mg/L NP suspensions were prepared
and used for the phase transfer experiments; these concentra-
tions were chosen for ease in detection of NPs. No consensus
has yet emerged on what constitutes an environmentally realis-
tic concentration of MO NPs. The use of the said concentrations
allows us to deploy standard microscopy and spectroscopy tools
for elucidation of the nature of NP-NOM interactions and indeed
such interactions are likely to persist even at low concentra-
tions. For aqueous solubility tests, NP powders were dispersed
in water.

Suwannee River HA (SRHA-II) standard was purchased from
International Humic Substances Society (St. Paul, MN, USA). The use
of well-characterized SRHA-II also enables standardization, artic-
ulated at various international workshops as an urgent goal for
establishing generalizable means of evaluation of ENM fate and
transport. Given our primary goal of elucidating the mechanistic
basis for ENM phase transfer, the use of well-characterized NOM
acquires paramount importance.

For Hf/Zr analysis, metal standards (fluoride-soluble metals) and
Aristar Ultra grade concentrated HF and HNO3 from BDH Chemicals
(West Chester, PA, USA) were used in standard preparation and
acid digestions, respectively. Deionized (DI) water from a Barnstead
NANOpure (USA) water system was used to prepare all aqueous
solutions (resistivity = 18.2 M2/cm).

2.2. Phase transfer experiments

A 5-mL aliquot of the MO-NP suspension (in hexane) was mixed
with 5 mL of 20 mg/L HA in DI water (pH ~4.4) in a clear vial. This
experimental construct is referred to as a “phase transfer set-up”.
A 20mg/L HA solution contains 12.5mg/L dissolved organic car-
bon that is within levels typical of natural waters (0.1-200 mg/L)
[33]. The low natural pH used here is also representative of the
low pH of the Suwanee River where the HA was sampled. Similar
conditions were used in our previous work on CdSe QDs [30,31].
Phase transfer set-ups were also prepared in DI water (no HA) to
serve as controls. Our intention was to study the interactions of
MO-NPs with analogs of actual environmental samples, contain-
ing controlled concentrations of HA. In between measurements,
each set-up was protected from light using Al foil, and was stirred
continuously at room temperature using a rocking platform shaker
to stimulate natural mixing and fluid diffusion processes. Mixing
was performed for 15 days (~2 weeks). For metal analyses, indi-
vidual phase transfer set-ups (0, 1, 3, 5, 10, and 15 days) were
prepared; this avoids sampling errors due to interfacial aggregation
(i.e., removal of flocculated aggregates as the volume of solution
is reduced).

2.3. Analysis and instrumentation

Qualitative and quantitative analyses were performed using
{-potential measurements, dynamic light scattering (DLS), TEM,
Raman and Fourier transform infrared (FTIR) spectroscopies
and inductively coupled plasma mass spectrometry (ICP-MS).
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Fig. 1. HRTEM images of (A1-2) the m-HfO; and t-ZrO; NPs and (B3-4) the HA-transferred MO-NPs in aqueous solution. Insets (i-ii) highlight the predominant crystal planes
of the NPs. Lattice spacings were assigned based on monoclinic (JCPDS# 780050) and tetragonal (JCPDS# 881997) structures.

{-Potential and DLS data were acquired using a Zetasizer Nano
ZS90 instrument (Malvern Instruments, Malvern Hills, UK). TEM
measurements were performed using a JEOL JEM-2010 (Tokyo,
Japan) operating at an accelerating voltage of 200kV. Raman
spectra were acquired at room temperature using a Horiba Jobin-
Yvon (Villeneuve d’Ascq, France) Labram HR Raman spectrometer
using 784.51 nm laser excitation from a diode laser. FTIR spec-
tra were collected using a Nicolet-Magna (USA) 550 spectrometer
purged with dry air with a spectral resolution of 4cm~!. Total Hf
and Zr concentrations present in the organic and aqueous phase
were quantitatively determined by ICP-MS. ICP-MS measurements
were conducted using a Thermo Scientific (Germany) X-Series 2
instrument. Concentrations of Hf and/or Zr in the samples were
determined using an external calibration curve. Details on sampling
and the acid digestion protocol are described in the Supporting
information (SI).

3. Results and discussion
3.1. Characteristics of the MO-NPs

Figs. 1A and S1A depicts TEM and lattice-resolved
high-resolution TEM (HRTEM) images of m-HfO,, t-ZrO,, m-
Hf0.372r0,5702, and t—Hf0.37Zr0.5702 NPs. All NP surfaces are
passivated with TOPO and phosphonate ligands. The m-HfO,
particles adopt an elongated rice-grain-type morphology with
aspect ratios ranging from 3 to 4. In contrast, the t-ZrO, NPs
adopt a quasi-spherical morphology with an average diameter of
3.3 nm. Solid-solution m-Hfy 37Zrg 670, NPs are slightly elongated,
whereas t-Hfg37Zrg 70, NPs are quasi-spherical [11]. Represen-
tative XRD patterns of the MO-NPs used in the phase transfer
experiments are shown in Fig. S2. Figs. 1A and S1A demonstrate
the monodispersity of the NPs used. The HRTEM images indicate
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the exposed crystal facets for each set of particles. The monoclinic
NPs consistently show a preference for {100} and {111} crystal
facets, whereas the tetragonal NPs predominantly exhibit {101}
surface-terminating planes. These assignments are consistent
with surface energy calculations for m-HfO, and t-ZrO,, which
indicate preferential energetic stabilization for these planes in the
monoclinic and tetragonal crystal structures [34,35].

Given the hydrophobic nature of TOPO, it would be reasonable to
expect to first approximation that such NPs will have insignificant
dispersibilities or mobilities in the aquatic environment. Indeed,
these NPs exhibit very low aqueous solubilities: <0.01 .g/L of Hf
and <0.02 pg/L of Zr for the m-HfO, and t-ZrO, NPs, respectively.

3.2. Phase transfer of MO-NPs

3.2.1. Visual examination

In this study, to probe the interactions of NOM with well-defined
MO-NPs, we have vigorously stirred hexane suspensions of the four
systems noted above with aqueous solutions of SRHA. As evidenced
by the TEM images (Figs. 1B and S1B), some phase transfer of MO-
NPs into the aqueous phase is noted for all the systems tested
here, although there are some key differences in the magnitude
of phase transfer depending on the crystal structure (vide infra).
Comparison of TEM images (Figs. 1B/S1B to1A/S1A) clearly indi-
cates the formation of MO-HA agglomerates upon phase transfer to
the aqueous phase. The images are consistent with the formation of
extended amphiphilic humic structures through associations that
are stabilized by dispersive hydrophobic interactions, hydrogen
bonding, and intramolecular rearrangements [36]. Despite exten-
sive agglomeration of the MO and HA units, the lattice planes of
crystalline MO-NPs enable their identification within the amor-
phous HA matrix. To first approximation, the sizes of the crystalline
cores of the NPs do not appear to be affected but considerable
agglomeration of NPs within each colloidal humic entity is evi-
denced.

Figs. 2 and S3 are digital photographs summarizing the results
of the mixing experiments. The top layer is the hexane (organic)
phase and the bottom layer is the aqueous phase. Agglomeration
of the NPs results in significant visible light scattering, observed
as cloudiness/turbidity of the solutions. Clearly, at the start of

m-Hf02
H,0 HA

organic
aqueous

the experiments, the lower aqueous phase is optically transpar-
ent. After 5 days of mixing, appreciable turbidity develops in the
aqueous phase for the m-HfO, and m-Hfj 37Zrg 6302 NPs, whereas
significantly less turbidity is observed for the tetragonal samples;
interfacial accumulation of NPs between the organic and aqueous
phases is observed to varying extents for the different NPs. After
15 days of mixing, phase transfer and uniform dispersion of NPs in
the aqueous phase are evidently most pronounced for the m-HfO,
and m-Hfy37Zrg630, samples with the top organic layer almost
completely clear. Some interfacial accumulation and phase trans-
fer are observed for the m-HfO, and m-Hfj37Zrg630, NPs even
without the addition of HA. However, in the presence of HA, the
coated MO-NPs exhibit greater colloidal dispersion and stability
with respect to agglomeration upon phase transfer, whereas in the
absence of HA, interfacial accumulation appears to dominate and
even the particles that are phase transferred to the aqueous phase
eventually flocculate from suspension. In stark contrast, the t-ZrO,
and t-Hfp 37Zrg 30, NPs show a significantly lower tendency for
phase transfer.

3.2.2. Quantitation by measurement of Hf/Zr concentrations

ICP-MS measurements provide a more quantitative perspective
of the colloidal stabilization of the MO-NPs achieved in the aque-
ous phase. Herein, our goal has been to demonstrate the gradual
increase in the concentration of NPs (based on Hf/Zr concentra-
tions) dispersed in the aqueous phase and to compare the extent of
phase transfer for monoclinic vs. tetragonal NPs. Hf and Zr concen-
trations in the organic and aqueous phases (Table 1 and Figs. 3 and
S4) show the transfer characteristics of the different MO-NPs over
a 15-day period. As also suggested by Figs. 2 and S3, the data show
pronounced differences between the phase transfer of monoclinic
and tetragonal NPs and similarities between phase transfer in H,O
and in HA. After mixing for 15 days with or without HA, the organic
phase appears to be almost completely depleted of m-HfO, NPs.
The high HfOy(3q.y/HfOy(org ) ratio (Table 1) and the high levels of Hf
found in the aqueous phase (~260 mg/L in H,O and ~280 mg/L in
HA) indicate that the m-HfO, NPs are significantly partitioned into
the aqueous phase. In contrast, very little phase transfer appears
to have occurred for the t-ZrO, NPs with or without HA, which is
also manifested in the ZrOy,q.)/ZrOy(qrg ratio and low levels of Zr

t'Zl'Oz
H.O HA

\4

Fig. 2. Digital photographs illustrating phase transfer of the m-HfO, and t-ZrO, NPs in 20 mg/L HA compared to the control set-ups in H,O. The top layer is the hexane phase
and the bottom layer is the water phase. Similar images for Hfy 37Zro 30, NPs are in Fig. S3.
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Table 1
Quantitative information on the phase transfer of the different NPs in 20 mg/L HA
and H, 0 (control) after 15 days. Ratio of NP concentration in the aqueous and organic
phase is determined from the concentration of Hf/Zr in each phase, as measured by
ICP-MS.

MO sample Distribution ratio (Djg )?

H,0 HA
HfO,, 61 67
ZrO, 0.10 0.13
Monoclinic Hfg_37Zr0_53 Ozb 17,16 54,55
Tetragonal Hfy 37Zrg 302" 0.02, 0.02 0.02, 0.02

2 Digo =[MO nanocrystal]aqueous/[MO nanocrystal]organic =[Hf or Zr]aqueous/[Hf or

Zr]organic~
b D,y are reported as ratios calculated from Hf, Zr.

found in the aqueous phase (~5 mg/L Zr in H,0 and HA). To deter-
mine whether the observed selectivity of phase transfer arises from
differences in chemical composition (m-HfO, vs. t-ZrO,) or crystal
structure (monoclinic vs. tetragonal), the same experiments have
been performed for solid-solution Hfjy37Zrg 630, NPs with identi-
cal composition but different crystal structures. It is evident from
the results summarized in Table 1, Figs. 3 and S4 that the crystal
structure (and not composition) has the predominant effect on the
observed phase transfer: significant phase transfer is observed for
m-Hfy 37Zrg 630, but not t-Hfy 37Zrp 630, NPs (analogous to the dif-
ferences noted above for m-HfO, and t-ZrO, NPs). After the 15-day
period, m-Hfy 37Zr( 630, NPs had higher distribution ratios than the
t-Hfg 37Zrg 6302 NPs (Table 1). Levels of Hf (and Zr) were also higher
in the aqueous phases of the m-Hfg 37Zrg 630, NPs (~150 mg/L Hf
in H,O and ~130mg/L Hf in HA) than the t-Hfy37Zrg30, NPs
(~4mg/L Hf in H,0 and ~1mg/L Hf in HA). It is also interesting
that the Djq, calculated using concentrations from Hf and Zr cor-
related well with each other (Table 1) suggesting that intact NPs
were transferred. Some differences in the phase-transfer behav-
ior of m-HfO, and m-Hfy 37Zrg 630, are also apparent in Fig. 3. The
m-HfO, NPs reached equilibrium within 1 day of mixing, whereas
the m-Hfg37Zrg 6302 NPs reached equilibrium only after 10 days
of mixing; the value of Dj4, is also higher for m-HfO, NPs. Taken
together, this set of data implies the primary importance of crystal
structure but also shows some distinctions based on the specific Hf
content in the NPs.

3.3. Characterization of the phase-transferred MO-NPs

3.3.1. Crystal structure

Fig. 4 shows Raman spectra of the as-prepared colloidal m-HfO,
NPs along with spectra for solid samples freeze-dried after transfer
to the aqueous phase with or without the presence of HA. Notably,
the spectrum for the phase-transferred m-HfO,-HA adducts bears
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Fig. 3. Concentration vs time plots for the phase transfer of m-HfO, and t-ZrO, NPs
in 20 mg/L HA and in H,O. Similar plots for Hfy37Zrg6302 NPs are in Fig. S4. Error
bars correspond to standard deviation of concentrations determined from different
sample aliquots (n=2).
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Fig. 4. Raman spectra for as-prepared TOPO-coated m-HfO, NPs and phase-
transferred HfO, NPs transferred in the presence or absence of HA showing the
100-800 cm~! region highlighting the different Raman modes characteristic of mon-
oclinic HfO, NPs.

close similarity to the spectrum of the pure NPs. The spectra show
characteristic signatures of the monoclinic phase with 14 of the 18
predicted Raman phonon modes for m-HfO, clearly identifiable in
the 100-800cm~! range [25]. In other words, the Raman spectra
suggest retention of the monoclinic phase even after phase trans-
fer; this data further corroborates TEM evidence that there is no
discernible surface reconstruction or change in crystal structure.
While some leaching of Hf/Zr ions cannot be ruled out, from the
Raman data, there is no evidence for the speciation of other solid
phases such as metal hydroxides and phosphates.

3.3.2. Surface charge

A comparison of the {-potential distributions for the MO-NPs,
HA solution and phase-transferred samples is shown in Figs. 5
and S5. In general, the as-prepared NPs in hexane have broad {-
potential distributions (positive to negative), whereas HA in water
has an overall negative {-potential (centered at —20.4 mV). The
presence of both positive and negative particles is consistent with
hot colloidal syntheses where coordinatively unsaturated cationic
and anionic sites are remnant on the NP surface (based on sterics
alone, TOPO can not passivate every cationic and anionic site) [41].

HfO,
ZI'OQ

Hfo.37Zr0.6302
monoclinic

Hfo.37Zr06302
tetragonal

T HA

Intensity (a.u.)

-200 -100 0 100 200
Zeta Potential (mV)

B A =HfO, in H,0

A
B = HfO, in HA
b C=Zr0yin H0
E . D= ZrO,in HA
E= HA

L B s L e e e e

-100 -80 -60 -40 -20 O 20 40 60 80 100
Zeta Potential (mV)

Intensity (a.u.)

Fig. 5. {-Potential distribution of (A) all starting materials, as-prepared TOPO-
coated MO-NPs and 20 mg/L HA, and (B) the aqueous phases of the different set-ups
after 1 day of continuous mixing. All samples were measured in water except for the
NP suspensions which were in hexane. {-Potential distribution is from the average
of n=3 measurements.
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Fig. 6. DLS correlation data (aqueous phase) collected for the phase transfer of m-
HfO, NPs in 20 mg/L HA. Insets show raw correlation data for the control and as-
prepared HA. Correlation data for other MO NPs are in Fig. S4.

Nonetheless, the resulting NPs are still considered hydrophobic
because of the capping TOPO ligands with their pendant hydro-
carbon chains, which are strongly hydrophobic and preclude ready
access of other species to charged sites [37]. When the NPs are
mixed with HA for 1 day, the {-potential values in the aqueous
phase shifted to more negative values; from —20.4 mV to —36.8 mV
(for m-HfO, inHA) and —43.1 mV (for t-ZrO, in HA), consistent with
other studies [16,17,19]. These values are consistent with the for-
mation of larger, more stable (more negative) HA agglomerates in
suspension, as also seen in Fig. 1B. For the MO-HA adducts observed
in the TEM, the negative {-potential also confirms that the nega-
tively charged humics are present at the surface and envelope the
NPs. The shift to more negative {-potential values in the presence
of HA and the loss of positively charged NPs suggest electrostatic
interactions between the two species. Although both m-HfO; and t-
Zr0, experienced the same changes in average {-potential, ICP-MS
results still show that monoclinic NPs have a stronger predilection
to phase transfer compared to tetragonal NPs.

3.3.3. Particle agglomeration

Agglomeration of the NPs during phase transfer has been fur-
ther monitored by DLS, as shown in Figs. 6, S6 and S7. Fig. 6
compares the DLS correlation curves acquired at different time
intervals (0-50h). As we have noted in a previous research arti-
cle, the validity of fitting correlograms measured from fixed-angle
DLS measurements to extract exponential decays and an “aver-
age” size for systems as heterogeneous and polydisperse as MO-HA
agglomerates is questionable [30,31]. Consequently, a more reliable
and realistic approach involves qualitatively comparing the directly
measured correlograms. The shift of the correlograms to longer
times implies that the particles stay correlated over longer peri-
ods while undergoing Brownian motion—suggesting the formation
of larger more sluggish agglomerates. The measured correlation
curves for the aqueous phase after mixing m-HfO, NPs in hex-
ane with HA for different periods of time are shown in Fig. 6. It
is apparent that as the m-HfO, NPs transfer from hexane to the
aqueous phase, larger species (likely MO-HA agglomerates) are
formed. With progressively increased transfer of NPs to the aqueous
phase, the MO-HA agglomerates tend to expand in size. The MO-HA
adducts first appear in the aqueous phase as early as 6 h after initi-
ation of mixing and subsequently increase in size after 22 and 50 h,
as evidenced by the correlation curves; the considerable breadth
of the decay traces is indicative of substantial polydispersity in the
size of the agglomerates, as also evidenced by the TEM images in
Fig. 1B. For the control sample (m-HfO, NPs in H,0), no evidence

HfO2

HfO2-HA

HA

1720¥ 1623

Transmittance (%)

4000 3000 2000 1000
Wavenumbers (cm'1)

Fig. 7. FTIR spectra of as-prepared TOPO-coated m-HfO, NPs, phase-transferred
MO-NPs and HA showing the 4000-400 cm~! region.

of adducts is observed before 22 h. Hence, HA considerably acceler-
ates phase transfer in addition to better dispersing the m-HfO, NPs
in the aqueous phase. DLS data presented in the inset also demon-
strate that substantial agglomeration of HA does not occur under
these conditions confirming that the observed increase in the times
for the correlation curves to decay to the baseline must arise from
the transfer of m-HfO, NPs to the aqueous phase. Similar results are
obtained for the m-Hfj 37Zrg 6302 NPs (Fig. S6). For the tetragonal
NPs exhibiting minimal phase transfer, the DLS correlation curves
are shown in Fig. S7. DLS data are unable to pinpoint the specific
interactions between HA and MO-NPs that induce phase transfer
but clearly establish the role of the HA in this process and are con-
sistent with the formation of MO-HA adducts. Note that although
HA provides some extent of colloidal stabilization to the monoclinic
NPs, it is a much bulkier molecule that is prone to crosslinking and
does not have the steric or electrostatic properties required to com-
pletely preclude NP agglomeration over an extended period of time
(>2 weeks).

3.3.4. Surface chemistry

To further investigate the nature of the interactions between HA
and the MO-NPs, FTIR spectroscopy data for the phase-transferred
MO-HA adducts are compared to the data for the individual con-
stituents (Fig. 7). The infrared spectrum of the as-prepared m-HfO,
NPs is dominated by absorptions that can be attributed to the TOPO
ligands. In particular, a strong P=0 stretch is observed at 1100 cm ™!
and asymmetric and symmetric C-H stretches arising from the
alkyl groups are observed at ~2850-2930 cm~! [11].In contrast, HA
shows a characteristic O-H band at ~3450cm~! and asymmetric
COO stretches at 1720cm~! and 1623 cm~1 [18,38,39].

FTIR spectra of m-HfO,-HA adducts recovered from the aque-
ous phase clearly indicate some peaks characteristic of TOPO,
specifically C-H stretching bands at 2930 cm~"! and 2850cm™! as
well as the P=0 stretching band at ~1100cm~!, though these are
significantly diminished relative to the corresponding peaks for
TOPO-coated NPs. The presence of these bands indicates that the
TOPO ligands on the NP surfaces are not completely displaced by
the functional groups on HA (or by H, 0 molecules). Since TOPO has
avery low aqueous solubility (0.058 mg/L in H,0 at 25 °C [40]), our
results suggest that HA has enabled the phase transfer and aqueous
stabilization of the TOPO-coated MO-NPs.

Some peaks characteristic of HA are also apparent in the FTIR
spectra for the m-HfO,-HA adducts, specifically the asymmet-
ric COO stretching bands. In the spectrum acquired for pure HA,
prominent asymmetric COO stretches, corresponding to carboxylic
acid (vas(CO,H)) and carboxylate (v;5(CO, ™)) moieties [30,31,39],
are present at relatively equal intensities. In the spectrum of the
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m-HfO,-HA adducts, there is a significant diminution in the inten-
sity of the (vas(CO,H)) band at 1720cm~! and instead a single
prominent v,5(CO,~) band is observed at 1613 cm~!. This shift to
lower wavenumbers and dimunition of the v,5(CO,H) peak can
be attributed to the formation of metal-carboxylate linkages. The
precise coordination mode (i.e., monodentate, bidentate) however,
cannot be clearly determined since the symmetric carboxylate
stretching bands are not adequately well resolved. Although studies
of metal-humate complexes with higher valent metal ions are lim-
ited, the binding of HA to hafnium has indeed been demonstrated
[44].

3.4. Proposed phase transfer mechanism

Taken together, the data presented above provide a clear picture
of multiple interfacial interactions that enable the phase transfer
and aqueous dispersal of monoclinic MO-NPs. As noted previously
for the NOM-induced phase transfer of CdSe quantum dots [30,31],
two distinct stages can be demarcated: (1) the flocculation of the
MO-NPs at the hexane/water interface wherein a turbid interfacial
layer is formed and a large density of surface sites are primed for
interactions with H,O or HA, and (2) dispersion of the NPs from
the interface into the aqueous layer where they form a colloidal
dispersion that is stable over >2 weeks. In the absence of HA, phase
transfer occurs at a relatively slower rate and the transferred MO-
NPs tend to flocculate and eventually settle at the bottom of the
vial.

Indeed, the TEM images, {-potential, DLS, and FTIR spectral data
all suggest direct interaction between the MO-NPs and HA. Three
distinctive interactions of HA with the MO-NPs leading to aqueous
phase dispersal and stabilization can be envisaged [30,31,45]. The
first process involves overcoating of the MO-NPs with HA through
non-specific adsorption of humics onto the TOPO ligand shell. The
amphiphilic characteristics of HA enable the formation of pseudo-
micellar agglomerates that overcoat the NPs, wherein hydrophobic
aromatic and heteroaliphatic regions form a hydrophobic interior
cavity, whereas pendant hydrophilic carboxylic acid, phenolic, and
amine moieties are directed outwards imparting colloidal stability
in water via electrostatic stabilization [38,46]. Provided that the NP
surface ligands are engaged in this interaction, this mechanism is
not expected to show any discrimination between monoclinic and
tetragonal crystal structures. The second process involves dative
interactions between HA and the MO surfaces, where the carboxylic
acid (estimated to be 10% in SRHA-II, [47]), phenolic, and amine
moieties that are abundant in the HA structure serve as versa-
tile polydentate chelating ligands [38,48-51]. Interaction involving
the NP surface is conceivable given the highly reactive surfaces of
nanoscale materials, wherein most of the constituent atoms reside
at or near the surface [27,28,52]. This mechanism is predicated
on the availability and accessibility of metal sites on the MO-NP
surface that can participate in coordinative interactions. Differ-
ent crystal structures have distinctive planes, corners, and edges
exposed at the surface (Fig. 1). Hence, in contrast to the overcoating
mechanism, this interaction can possibly provide some discrimi-
nation between monoclinic and tetragonal crystal structures. The
third process involves electrostatic interactions between the coor-
dinatively unsaturated surface sites on the MO-NPs (positively and
negatively charged) and the carboxylic and phenolic moieties (neg-
atively charged) in the HA structure.

All  these processes (micellar/overcoating, coordina-
tive/substitutional, and electrostatic interactions) appear to
work synergistically to facilitate the phase transfer and subse-
quent aqueous-phase dispersal of monoclinic MO-NPs passivated
with TOPO but not the tetragonal NPs. The differences in the phase
transfer behavior observed between the two different polymorphs
suggest that specific rather than non-specific interactions mediate

phase transfer; in this case, the surface-structure-dependent
coordinative/subsitutional interactions are the likely genesis of
the distinctive reactivity. Upon mixing with H,O/HA, some of
the TOPO ligands are likely displaced; FTIR spectra of phase-
transferred MO-HA agglomerates suggest that the amount of
TOPO is diminished compared to the TOPO-coated NPs. Removal
of TOPO provides access to oxophilic, coordinatively unsaturated
cationic sites on the MO-NP surfaces that can be accessed by the
carboxylic acid moieties of HA (electrostatic interactions likely
induce the initial approach of the HA moieties and NPs). Apart
from ligand displacement, incomplete coverage/passivation of the
initial NPs by TOPO would also make Hf/Zr surface sites available
for binding to HA. Impurities in technical grade TOPO (90%),
particularly alkylphosphonic and alkylphosphinic acids that have
been shown to play an active role in passivating surfaces of CdSe
quantum dots, rods, and wires [53-56], could also influence the
interactions between HA and the NP surface [31]. The fractional
surface coverage of the coating groups and the precise nature of the
ligand passivation shell are beyond the scope of this study (ligand
passivation shells remain to be adequately characterized even for
CdSe quantum dots that are possibly the most mature of this class
of materials). Nonetheless, as suggested by FTIR, the formation of
metal-humate linkages tethers the MO-NPs to the humic colloids,
which likely draws the NPs to the hexane/water interface such that
both the hydrophobic NPs and the hydrophilic HA colloids can be
adequately solvated. Subsequently, as described in the literature
[46,49,57], the flexible humic colloid can undergo molecular
rearrangement and cross-linking with proximal HA moieties at
the hexane/water interface to optimize hydrophobic interactions
with the pendant aliphatic chains on the TOPO ligand [41-43,58].
In addition, our results indicate that H,O by itself enables some
phase transfer of NPs. The oxophilicity of early transition metal
oxide surfaces may also allow for facile ligand substitution by H, 0O,
which can eventually result in appreciable hydroxylation of the
MO surfaces. The affinities of different crystallographic facets for
HA may reasonably be assumed to parallel the likelihood of ligand
substitution by H,0, which may explain the significant phase
transfer observed for the monoclinic NPs even in the absence of
HA. Phase transfer only shows differences between H,0 and HA on
shorter timescales, when the MO-H;O0 interaction is likely limited
by ligand substitution. The interfacial turbidity and shorter-lived
phase transfer noted in control samples in the absence of HA likely
arise from the displacement of some TOPO ligands by H,O. Con-
sistent with the proposed mechanism, since surface-coordinated
H,0 molecules lack the amphiphilic characteristics of HA, they
are not able to adequately stabilize the TOPO-coated MO-NPs in
the aqueous phase. In other words, ligand substitution of TOPO by
H,0 can induce sedimentation at the hexane/water interface but
does not permit colloidal stabilization in the aqueous phase in the
absence of HA.

Preferential binding of HA or H,O to monoclinic instead of
tetragonal surfaces may form the basis for the observed selec-
tivity of phase transfer such as between m-HfO, and t-ZrO, NPs,
and between m-Hfy 37Zrgg30, and t-Hfp37Zrg30,. As shown in
Fig. 1A, the m-HfO, (and m-Hfj37Zrgg302) NPs preferentially
expose {100} and {111} surfaces, whereas for t-ZrO, (and t-
Hf37Zrp6302) NPs {101} surfaces are energetically preferred.
While the difference between m-HfO, and t-ZrO, NPs with regard
to phase transfer could be related to the extent/strength of the
Hf-HA bonds vs. the Zr-HA bonds, results from m-Hfj37Zrg 6305
and t-Hfp 37Zrg 630, NPs (same chemical composition) suggest that
phase transfer is more responsive to changes in crystal structure.
Consequently, despite both having potentially reactive surfaces, we
speculate that the differences in phase transfer of the NPs may orig-
inate from (a) the relative binding affinities of the different surfaces
in monoclinic and tetragonal NPs for TOPO and HA; (b) the degree of
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coordinative unsaturation and steric hindrance for transition metal
sites in the different surface planes; and (c) the density of exposed
transition metal cation sites. A combination of these factors could
make metal sites less available and the displacement of TOPO lig-
ands by HA functionalities more difficult for tetragonal NPs. In
the absence of metal-humate linkages, phase transfer may not be
as readily initiated resulting in the poor phase transfer efficien-
cies observed for t-ZrO, and t-Hfp37Zrgg30, NPs. An analogous
preference for binding different surfaces is also expected for coor-
dinative interactions with H,O molecules. Calculation of binding
affinities, extent of surface unsaturation, and density of cation and
anions on the NP surface is beyond the scope of this study; these
measurements have indeed not been experimentally validated for
ligand-passivated colloidal NP systems with any degree of accu-
racy. Nonetheless, our extensive characterization data is adequate
to draw some conclusions with regard to the mechanisms that dic-
tate phase transfer and aqueous phase stabilization of these NPs.

4. Conclusions

The interactions between HA and MO-NPs indicate the role of
HA as both a coordinating ligand and an amphiphilic surfactant.
Our results further provide experimental validation of theoret-
ical predictions [14] and experimental observations [15-17] of
modifications to the colloidal stability of MO-NPs upon the acqui-
sition of NOM coatings. In this study, HA and H,O both exhibit
a distinct preference for monoclinic rather than tetragonal MO-
NPs, possibly because of stronger binding affinities to monoclinic
surfaces (coordinative/substitutional interactions) and the ease
of formation of cylindrical pseudo-micellar structures (overcoat-
ing/micellar interaction). The extent of phase transfer and degree
of colloidal stabilization observed for well-defined MO-NPs with
hydrophobic coatings in the presence of HA also underline the
importance of developing a detailed understanding of the potential
environmental transformations of ENPs. The distinctive selectivity
in the HA-induced phase transfer and dispersion of different poly-
morphs suggests that interactions of different inorganic ENMs with
NOM, which dictate the extent of NP transport and stabilization, are
not necessarily generalizable and that it may be possible to design
NMs to minimize their residence time in the aquatic environment.
In this regard, further research is required to determine the actual
binding affinities of HA onto monoclinic and tetragonal surfaces
and to investigate the influence of different surface coatings.
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