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INTERFACIAL SOLVENTS

Universal solvent restructuring
induced by colloidal nanoparticles

Mirijam Zobel,'* Reinhard B. Neder,’ Simon A. J. Kimber>*

Colloidal nanoparticles, used for applications from catalysis and energy applications to
cosmetics, are typically embedded in matrixes or dispersed in solutions. The entire particle
surface, which is where reactions are expected to occur, is thus exposed. Here, we show
with x-ray pair distribution function analysis that polar and nonpolar solvents universally
restructure around nanoparticles. Layers of enhanced order exist with a thickness
influenced by the molecule size and up to 2 nanometers beyond the nanoparticle surface.
These results show that the enhanced reactivity of solvated nanoparticles includes a
contribution from a solvation shell of the size of the particle itself.

ulk liquids have long been known to show

short-range order. The original method of

choice was x-ray scattering, which was used

by Zachariasen in 1935 to study the short-

range order between solvent molecules
(I). Alcohol molecules were shown to form a
hydrogen-bonded network within the bulk sol-
vent (2-4), and short alkanes were found to
align in parallel within domains of ~2 nm (5).
More recently, the influence of hard planar walls
on bulk liquids has been investigated (6-8). To-
gether with force measurements (7, 8), x-ray scat-
tering confirmed that an exponentially decaying
oscillatory density profile is established near the
interface (9). With the advent of synchrotron ra-
diation sources, Magnussen et al. showed by use
of x-ray reflectivity that even liquid mercury or-
ders at a flat solid interface in exactly the same
way (9). More recent examples of such ordering
phenomena at interfaces include the restructur-
ing of nonpolar n-hexane (0), the assembly of
fluorinated ionic liquids at sapphire surfaces (11),
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Staudtstrasse 3, 91058 Erlangen, Germany. “European
Synchrotron Radiation Facility, 71 Avenue des Martyrs, 38000
Grenoble, France.

*Corresponding author. E-mail: mirijam.zobel@fau.de (M.Z.);
kimber@esrf.fr (S.A.J.K.)

292 16 JANUARY 2015 « VOL 347 ISSUE 6219

and the exponentially decaying surface segrega-
tion profiles in CuzAu alloy interfaces (12). These
restructuring phenomena—in particular, the inter-
layer spacings and decay lengths—are closely re-
lated to the local ordering in the bulk liquid (9, 12).

Although the reorganization of solvent mol-
ecules around isolated cations in solution has
also been explored (13, 14), comparable studies
on solvated nanoparticles (NPs) are rare, in par-

ticular for nonaqueous solvent (15-17). Solvent
molecules are expected and have theoretically
been modeled (15, 16) to rearrange at the liquid-
NP interface, although no definitive experimental
proof exists so far. For bulk planar surfaces (6-8)
and ions (I3, 14), such enhanced order is well
understood. Here, we report a synchrotron x-ray
scattering study of a variety of as-synthesized
and commercial NPs in polar and nonpolar sol-
vents. We show enhanced ordering of solvent
molecules at the NP surface that extends several
layers into the bulk liquid. This effect is largely
independent of the capping agent, solvent po-
larity, and particle size.

We systematically redispersed different types
of metal and metal oxide NPs in polar and non-
polar organic solvents (18). We studied the in-
fluence of the solvent molecule size within the
series of primary alcohols (methanol, ethanol,
and 1-propanol) and the effect on nonpolar sol-
vents with hexane. Fourier transformation of
high-energy x-ray scattering patterns yielded
the pair distribution functions (PDFs), histograms
of all interatomic distances within a sample.
Data treatment includes the subtraction of dif-
fraction data of the respective pure solvent so
that the signal from the bulk solvent is sub-
tracted before the Fourier transformation. The

Fig. 1. Fit to the PDF
of redispersed ZnO
NPs with citrate 0.0
ligands in propanol.
Experimental d-PDF of
Zn0O NPs (black) and

—~ -2.5
their fit (red), showing S
the overall difference of &
. =

the fit (gray), the e

contribution of the

NP (green), and the
contribution and fit of
the restructured solvent
(blue) in offset for

means of clarity. The
contribution of the
restructured solvent

30

r(A)
(blue) is the dd-PDF of the experimental, background-corrected d-PDF (black) and the NP (green).

sciencemag.org SCIENCE

Downloaded from http://science.sciencemag.org/ on May 2, 2016


http://science.sciencemag.org/

RESEARCH | REPORTS

6.5

P

A B
0- 2
S 6.0
©
=]
14 %-
g 554
— @
S5 -2+ £
© = |
= £ 50
& -31 ;:é
< 45{ W
o
4 s |
= 40l 1
5] 2 1
T T T T 3.5 T
0 5 10 15 20 25 1

r(A)

2 3 4 5 6

chain length (number of C atoms)

Fig. 2. Comparison of short-range order in restructured and bulk solvents. (A) PDF of pure bulk propanol (black) and dd-PDFs of restructured propanol
around ZnO NPs with ligand acetate (red), citrate (blue), dmit (green), and pent (yellow). The amplitudes of the dd-PDFs are scaled with respect to the contribution
of ZnO NPs to the data. (B) Maxima positions of dd-PDFs of the redispersed ZnO NPs in all solvents plotted over the chain length of the solvent molecules. The
positions follow the trend of the pure solvents (black stars), yet the dd-PDF positions are distinctly offset with respect to the error bars that resulted from least-

squares fits.

resulting difference PDF (d-PDF) should only
contain peaks from intraparticular distances
within the NPs and hence be identical to the
PDF of a NP powder sample. We observed, how-
ever, a distinct, exponentially damped sinusoidal
oscillation, which vanished in dry samples (Fig. 1;
further examples are shown in figs. S7 and S8)
(18). A least-squares fit (red) of the linear combi-
nation of the respective NP powder (green) and
an exponentially decaying sinusoidal oscillation
(blue) describes all data sets (black) adequately
(18) and gives access to four parameters that
describe the restructuring: (i) the amplitude, (ii)
the position of the first maximum of the oscil-
lation, (iii) the wavelength, and (iv) the modu-
lation depth [calculations are provided in (I18)].
The amplitude contains information about how
many solvent molecules restructure, and the mod-
ulation depth describes how far this enhanced
ordering extents into the bulk liquid. The position
and wavelength describe the arrangement and
layer spacing of the molecules.

The PDF of bulk propanol is shown in Fig. 2A
together with the double-difference PDFs (dd-
PDFs) of the restructured solvent and their fits
for four different ZnO NPs in propanol. Here,
the dd-PDF is the difference between the d-PDF
of the redispersed sample and the PDF of the NP
powder. The resulting dd-PDFs differ from the
PDF of the pure solvent in that they exhibit a
distinctively larger modulation depth. In con-
trast to bulk propanol, the dd-PDFs do not show
sharp intramolecular distances of the propanol
molecules in the range 0 to 3 A because they are
entirely corrected for in the background subtrac-
tion. The restructuring does not change the in-
ternal molecular structure but only changes the
relative orientation between different solvent
molecules. Thus, the enhanced short-range order
around the NPs becomes visible as the oscillation
in the dd-PDF. We observed the same kind of re-

SCIENCE sciencemag.org

Fig. 3. Enhanced short-range order of solvent molecules at ZnO NP surfaces. The ethanol molecules
(hydrogen atoms omitted) form hydrogen bonds with surface hydroxyl groups and citrate molecules. The
surface coverage of these groups is reduced for means of clarity. The enhanced short-range order extends
a few molecular layers into the bulk liquid before bulk properties are recovered. In bulk ethanol, molecules
do not arrange in pairs, but form winding-chains or hexamers (2-4), and the enhanced short-range order
around the NPs is not as crystalline as suggested in the scheme, which serves as simplified illustrative

representation.

structuring for a wide range of metal oxide and
metal NPs (figs. S5 and S6) (I18).

In essence, the PDF represents the distribu-
tion of all interatomic distances . Because we
work in a highly diluted system, we can expect
that the structure of the bulk solvent does not
change. Likewise, the contribution of the NPs
to the PDF does not differ from that of the PDF
of the pure NP. Because all changes to the ex-
perimental dd-PDF occur upon redispersing the
NP in the pure solvent, these changes must be
induced by the NP surfaces (18). Thus, our dd-
PDFs represent a change of the short-range order
within the solvent near the NP surface. With in-
creasing distance, the signal in the dd-PDF ex-

ponentially decays. The orientational averaging
intrinsic to the PDF technique prevents us from
determining the direction of rearrangement; how-
ever, the signal bears a striking similarity to those
seen by using specular x-ray surface scattering,
which probes only the direction normal to the
interface.

A comparison of the maximum position, wave-
length, and modulation depth of the oscillation
for our ZnO NPs is shown in Fig. 2B and fig. S5. A
linear trend in the position of the maximum
amplitude is found with alcohol chain length.
Furthermore, this trend occurs for four different
capping agents, showing that surface composi-
tion plays a minor role. A larger spread in these
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parameters is found for other types of NPs (Ag,
Zr0,, TiO,, and In,03) (fig. S6). These results show
that to first approximation, and in agreement
with MD simulations (75), the microscopic de-
tails of the NP surface only weakly influence the
solvent restructuring. However, it is possible that
the spread of data points in Fig. 2B, which in-
creases for increasing alkyl chain length, indicates
an additional role for particle shape, surface re-
structuring, or differences in capping agent. Our
model of restructuring for ethanol at the surface
of a ZnO NP decorated with citrate and hydroxyl
groups of capping ligands is illustrated in Fig. 3.
The surface coverage of NPs with organic ligand
molecules is sufficient to prevent agglomeration
but in fact is unexpectedly small according to
neutron PDF data (19) and nuclear magnetic
resonance (NMR) studies (20). MD simulations
(15, 21, 22), in agreement with experimental
evidence from NMR (20), suggest that the vast
majority of ZnO surface sites are terminated by
hydroxyl groups. These could form a hydrogen-
bonded network with adjacent solvent molecules.

Because of the shift in the oscillation with the
solvent size, we conclude that the alcohol mole-
cules tend to align perpendicular to the NP sur-
face. Their hydroxyl groups form hydrogen bonds
with the ligand molecules and hydroxyl groups.
The alkyl chains of the solvent point away from the
NP surface. The next- and second-next-neighboring
molecules align so that hydrogen bonds can be
formed within the solvent, which results in al-
ternating layers of methyl groups and hydroxyl
groups, building layers of decreased and enhanced
electron density, as depicted in Fig. 3. Adjacent
molecules within such a layer would orient in
parallel, as observed for liquid films (23). The
extent of restructuring depends on the solvent
size and packing ability. Here, the packing ability
is comparable for our alcohols because the hy-
droxyl group is always in a terminal position
and the alkane chain is not branched. A second-
harmonic generation (SHG) study on the inter-
action of organic solvent and solute molecules
with hydroxylated silica surfaces supports our
hydrogen bonding model (24). This study also
showed that nonpolar solvents rearrange at hy-
droxylated surfaces, which supports our obser-
vation that the nonpolar n-hexane restructures
at the NP surfaces. However, SHG is only sensi-
tive to broken symmetry at interfaces, whereas
it cannot provide information on the decay of
the restructuring into the bulk liquid, as evi-
denced by our dd-PDFs.
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Observation of Fermi arc surface
states in a topological metal

Su-Yang Xu,?* Chang Liu,"* Satya K. Kushwaha,®> Raman Sankar,* Jason W. Krizan,®
Ilya Belopolski," Madhab Neupane,' Guang Bian," Nasser Alidoust," Tay-Rong Chang,”
Horng-Tay Jeng,>° Cheng-Yi Huang,” Wei-Feng Tsai,” Hsin Lin,® Pavel P. Shibayev,!
Fang-Cheng Chou,*° Robert J. Cava,® M. Zahid Hasan™?t

The topology of the electronic structure of a crystal is manifested in its surface states.
Recently, a distinct topological state has been proposed in metals or semimetals

whose spin-orbit band structure features three-dimensional Dirac quasiparticles. We

used angle-resolved photoemission spectroscopy to experimentally observe a pair of
spin-polarized Fermi arc surface states on the surface of the Dirac semimetal Na3Bi at
its native chemical potential. Our systematic results collectively identify a topological
phase in a gapless material. The observed Fermi arc surface states open research frontiers
in fundamental physics and possibly in spintronics.

he realization of topological states of mat-
ter beyond topological insulators has become
an important goal in condensed-matter and
materials physics (I-15). In the topological
insulators BiySb, and Bi,Se; or topological
crystalline insulators such as Pb,,Sn,Te(Se), the
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bulk has a full insulating energy gap, whereas the
surface possesses an odd or even number of spin-
polarized surface or edge states (3, 14-18). These
are symmetry-protected topological states (19).
Very recently, the possibility of realizing new
topological states in materials beyond insula-
tors, such as metals or semimetals, has attracted
much attention (7-13). Semimetals are materials
whose bulk conduction and valence bands have
small but finite overlap; the lack of a full band-
gap implies that any topological states that might
exist in a semimetal should be distinct from the
topological states studied in insulating materials.
Theory has proposed two kinds of topological
semimetals: the topological Dirac and Weyl semi-
metals (2, 7-12). Their low-energy bulk excitations
are described by the Dirac and Weyl equations,
respectively. For both types, the bulk conduction
and valence bands are predicted to touch at mul-
tiple discrete points in the bulk Brillouin zone
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Editor's Summary

Structured solvents near nanoparticles

The physical properties and reactivity of nanoparticlesin solution depend not only on their
surface termination but also on changes in solvent ordering caused by the presence of the interface
created by the nanoparticle. Zobel et al. used x-ray scattering to study solvent ordering for a variety of
metal and metal-oxide nanoparticlesin avariety of polar solvents (alcohols) and a nonpolar solvent
(n-hexane). They observed layers of enhanced ordering near the nanoparticle surface relative to the bulk
solvent. These trends were largely independent of surface chemistry, such as changing the surface
groups from hydroxylsto carboxylates.
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