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Abstract

We show that magnetite nanoparticles (MagNPs) grafted with polyethylene glycol

(PEG) self-assemble and short-range-order as two-dimensional (2D) films at surfaces

of aqueous suspensions by manipulating salt concentrations. Synchrotron X-ray re-

flectivity and grazing-incidence small angle X-ray scattering (GISAXS) studies reveal

that K2CO3 induces the migration of the PEG-MagNPs to the liquid/vapor interface

to form a Gibbs layer of mono-particle in thickness. As the salt concentration and/or

nanoparticle concentration increase, the surface-adsorbed nanoparticles become more

organized. And further increase in salt concentration leads to the growth of an ad-

ditional incomplete nanoparticle layer contiguous to the first one at the vapor/liquid

interface that remains intact.
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Introduction

The practical and potential applications of nanoparticles (NPs) have been steadily grow-

ing and among them magnetite nanoparticles (Fe3O4; MagNPs) are leading as components

in magnetic storage devices, catalysis, sensors, batteries, and, more recently in biomedical

processes by virtue of their non-toxic properties.1–5 For most applications the assembly of

nanoparticles, such as MagNPs or gold nanoparticles (AuNPs), into ordered arrays is crucial

for specific applications as metamaterials, but this has been a challenge so far.6–11 Self-

assembly of AuNPs into pre-designed three dimensional (3D) ordered structures by use of

complementary single-stranded DNA or DNA origami with unique programmable features

have been successful.12–15 At the same time, two-dimensional (2D) self-assembly of AuNPs

at solid- or vapor-liquid interfaces have also been developed16–25 providing valuable insights

into the general mechanisms that are at play in nanoparticle self-assembly.26 It is now estab-

lished that manipulation of the medium in which functionalized nanoparticles are suspended

(i.e., pH, temperature, salts, polyelectrolytes, etc.) is the most viable route to aggregate

the nanoparticles into functional arrays as metamaterials for opto-electronic and magnetic

applications.27–30 Recently, we have demonstrated that aqueous suspensions of polyethylene-

glycol-grafted AuNPs (PEG-AuNPs) self-assemble and crystallize into highly ordered and

tunable 2D trigonal structures at liquid–vapor interfaces and into 3D structures by adjusting

salt concentrations (for instance, K2CO3),32–34 or pH values.35 These studies point to the fact

that functionalizing NPs with amphiphilic macromolecules is a viable route to self-assembly.

Our approach sheds light on such interactions that are relevant to achieving assembly in

2D and 3D. In addition, the 2D structures that are formed at the liquid interface can be

transferred to solid substrates for specific applications by established transfer methods.31

Here, we report on the properties and self-assembly of PEG-functionalized magnetite

(PEG-MagNPs). As a linear polymer, PEG resides at the edge of aqueous solubility with

hydrophobic or hydrophilic characters that can be tuned by controlling pH, temperature,

or salts concentrations, and their combinations.36,37 Specifically, these properties of PEG
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lead to the formation of aqueous biphasic systems (ABS) consisting of PEG with dextran

or some salts, which have been widely employed in biological separation and extraction.38–40

In this study, PEG is grafted to the MagNPs to induce self-assembly at the air–aqueous

suspension interfaces. To determine the in-plane structure and surface-normal density profile

of self-assembled PEG-MagNPs at the interface induced by manipulating the concentration of

K2CO3 and other salts, we employ grazing incidence small-angle X-ray scattering (GISAXS)

and X-ray reflectivity (XRR).

Experimental Methods

Reagents and Materials

Figure 1: PEG-silane at 1120-1250 Dalton and depiction of 5 nm Fe3O4 nanoparticle grafted with PEG-silane.

The PEG-grafted MagNPs are prepared by a ligand exchange method according to docu-

mented procedures available in the literature with slight modification.41 Typically, the oleic-

acid-capped MagNPs (OA-MagNPs) with nominal size of 5 nm (Sigma-Aldrich) are dispersed

in 10 mL toluene in a glass vial with concentration of 1 mg/mL. 2-[Methoxy(polyethyleneoxy)

propyl]trimethoxysilane (PEG-silane; Gelest Inc) with average molecular weight of 1120–

1250 Da is dissolved in toluene (0.16 M, 1 mL) and added to the OA-MagNPs suspension in

large excess (molar ratio of PEG-silane/MagNP ≈ 3000). Meanwhile, adding triethylamine

(TEA, Sigma-Aldrich) and water converts the methoxysilane groups to the silanol groups
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to react with MagNPs. The mixture is sonicated for 30 seconds, and incubated for 1 day

under gentle stirring at room temperature to allow maximum PEG loading (see Fig. 1).

The as-prepared PEG-MagNPs are precipitated with pentane (Fisher Scientific) and con-

centrated with a magnet, and washed three times with toluene. Finally, the precipitates are

redispersed in water. The concentration of PEG-MagNPs is estimated based on the original

amount used. Aqueous solution of salts (K2CO3; Fisher Scientific) are prepared and mixed

with PEG-MagNPs suspensions at desired concentrations prior to X-ray measurements. So-

lution small-angle X-ray scattering (SAXS) measurements of MagNPs suspended in toluene

solvent were conducted at 12ID-B, Advanced Photon Source (APS), Argonne National Lab-

oratory, for characterization of particle size and distribution.

Experimental Setup

Specular X-ray reflectivity (XRR) and grazing incidence small-angle X-ray scattering (GISAXS)

measurements are conducted on the liquid surface spectrometer (LSS) at beamline 9ID-B,

Advanced Photon Source (APS), Argonne National Laboratory. The aqueous solution of

the PEG-MagNPs in the absence and presence of salts is contained in a shallow trough

(surface area 99 × 20 mm2, depth ∼ 300µm) and enclosed in a gas tight canister where

the aqueous surface is illuminated with a highly collimated and monochromatic X-ray beam

(photon energy E = 8.0 keV and wavelength λ = 1.5497 Å). The canister (with Kapton

windows for low X-ray absorption) is purged with water-saturated helium during the X-ray

measurements to minimize background scattering and radiation damage. For an XRR mea-

surement, a point detector (Bicron) is used to collect the X-ray reflection from the surface

at an exit angle (with respect to the surface) αf in such way that αf = αi, αi being the X-ray

incident angle with respect to the surface. The reflectivity, R, is measured as a function of

Qz = (4π/λ) sinαi (z-component of the scattering vector Q, is along the aqueous surface nor-

mal). The trough can be translated laterally to provide fresh portions of the surface during

the X-ray measurements to test for possible radiation damage and sample homogeneity. For
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GISAXS measurements, a digital, two-dimensional Pilatus 100K detector (487 × 195 pixels,

172 × 172 µm2 per pixel) is placed downstream from the sample and is calibrated with silver

behenate powder standard. The GISAXS intensity is obtained as a function of the three

orthogonal components denoted as (Qx, Qy, Qz), where Qz component is along the surface

normal, Qx is along the direction of the incident beam and Qy is normal to Qx (both Qx

and Qy are parallel to the surface). In this study, Qy is parallel to the detector surface and

Qx ≈ 0. Thus, the magnitude of the in-plane scattering vector, Qxy, defined as
√
Q2
x +Q2

y,

is practically Qy. In the small angle regime, Qy ≈ (4π/λ)θ, 2θ being the in-plane scattering

angle. The X-ray exposure time and incident beam attenuation are carefully chosen in such

way that each GISAXS frame has a good signal to noise ratio and sample radiation damage

is minimal. More details can be found elsewhere24,25,32,42 .

Results and Discussion

Using XRR, we demonstrate the dramatic effect of salt in suspensions of PEG-MagNPs

on surface enrichment of the vapor/suspension interface with these polymer capped-NPs.

Figure 2 (a) shows normalized XRR (R/RF, where RF is calculated Fresnel reflectivity of the

ideally flat subphase salt solution) from a bare water surface, and from 0.1 µM PEG-MagNPs

aqueous suspension. Both are very similar falling off monotonically with the increase in Qz

without exhibiting any features over the whole Qz range. By contrast, the addition of 0.5 M

K2CO3 to the same 0.1 µM PEG-MagNPs gives rise to a prominent interference pattern that

is characteristic of R/RF from a laterally uniform film. Quantitative analysis of the R/RF

(the solid lines in Fig. 2(a)), based on the effective-density model,43 yields the corresponding

electron density (ED) profiles shown in Fig. 2(b). The ED profiles show that the water

interface is flat and slightly broadened by surface-roughness (σ ≈ 3 Å) due to thermally

excited capillary waves.42 The R/RF from 0.1 µM PEG-MagNPs suspension is similar to

that obtained for water surface with slight increase in ED due to the presence of the PEG-
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Figure 2: (a) Normalized reflectivity (R/RF versus Qz) from the surfaces of water, 0.1 µM PEG-MagNPs suspension, and from
the same 0.1 µM PEG-MagNPs in the presence of 0.5 M K2CO3 demonstrating the effect that the salt has on the capped-
NPs. The addition 0.5 M K2CO3 to the 0.1 µM PEG-MagNPs to the suspension brings about prominent interference features
characteristic of the formation of a densely-packed film at the interface. Solid lines are obtained from the best fit to the data
using the electron densities(EDs) shown in (b). (b) The ED profiles show that the water interface is flat with surface-roughness
that is induced by capillary waves. The reflectivity from the 0.1 µM PEG-MagNPs suspension is similar to that from the
surface water with slight increase in ED due to the presence of PEG-MagNPs in the subphase. Contiguous to the main peak
in the ED is a shoulder of ED that is higher than that of the subphase below. This extra shoulder in the ED suggests that a
second incomplete layer underneath the main one is formed. (c) Illustration depicting PEG-MagNPs suspension that after the
addition of salt (d) forms a film consisting of intact layer and an incomplete contiguous layer (indicated with dashed lines).

MagNPs in the subphase. The addition of 0.5 M K2CO3 to the 0.1 µM PEG-MagNPs

suspension brings about prominent interference features characteristic of the formation of

a densely-packed film at the vapor/suspension interface, as schematically depicted in Fig.

2(c) (no salt) and (d) (with salt). The ED indicates a top-layer that extends to about 70

Å consistent with the average size of the polymer capped-NPs. Next to the main peak in

the ED there is a shoulder that we attribute to a second incomplete layer contiguous to the

top-most one.

Figure 3 shows normalized XRR (R/RF) for 5 µM PEG-MagNPs in the presence of

various K2CO3 solutions. Increasing K2CO3 concentration gradually (up to 0.5 M) enhances

R/RF at small Qz ≤ 0.1 Å−1 indicating gradual increase of of PEG-MagNPs surface density

at the interface. Further increase in salt concentration (to ∼ 1 M) drastically changes the

R/RF, suggesting deterioration of the film due to precipitation. The corresponding ED

profiles extracted through quantitative analysis of the R/RF are shown in Fig. 3(b) with an
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Figure 3: (a) Normalized reflectivity, R/RF, from 5 µM PEG-MagNPs in the presence of different amounts of K2CO3 in the
aqueous subphase as indicated. Solid lines are obtained from the best fit to the data using the electron density in (b). The
electron density profile shows that above about 0.1 M K2CO3 a main feature due to the formation of a Gibbs layer is formed.
It also suggests the formation of a a second incomplete layer contiguous to the main one at the interface.

enhancement region over that of the solution on a ∼ 60 Å length scale, very close to the

nominal diameter of MagNPs. The ED of densely packed PEG as well as water-saturated-

PEG is very close to that of the water subphase,32 therefore yielding only negligible increase

in the ED of the submerged polymer tail. In addition, the detailed analysis shows, that at

sufficiently high salt concentrations, a second but incomplete layer contiguous to the top-

most one is formed (See Table S1 for more details). The additional layer exhibits similar

layer–thickness to that of the topmost one, while the ED is lower. Furthermore, the ED

of the second layer increases with salt concentration, indicating that introducing more salt

in the subphase promotes growth of the second layer. The reflectivity and the ED profiles

in Fig. 3, also show that the film deteriorates at the 1 M salt solution most likely due

to precipitation of the particle layers into 3D aggregates that detach from the surface.33

The formation of 2D multiple-layer nanoparticle films is different from the observations of

PEG-AuNPs in salt solutions that consistently form a single layer at all salt concentrations

tested.32 We note that in this study we use ∼ 1 kDa PEG whereas with the AuNPs we used 6

and 0.8 kDa, where it is shown that the properties and quality of the crystalline films depend

on the molecular weight of PEG (i.e., chain-length).32 In addition, the grafting density of

silane-PEG on MagNPs is likely lower than that of the thiol-PEG on AuNPs due to the

different interactions between the head groups and nanoparticles surface. Such relatively
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lower grafting density can increase interdigitation among PEG of neighboring PEG-MagNPs

leading to more compact aggregation and to the adsorption of a second layer under the first

one.
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Figure 4: (a) Normalized reflectivity, R/RF, in the aqueous solutions consisting of 0.5 M K2CO3 in the presence of different
amounts of PEG-MagNPs in the aqueous subphase as indicated. Solid lines are obtained from the best fit to the data using
the electron density in (b). We note that the measurement of the 0.1 µM PEg-MagNPs sample shown here differs from that of
a similar sample of same nominal conditions shown in Fig. 2. This may be due to time dependent effects and/or due to sample
preparation variations

The increase in the concentration of PEG-MagNPs in solutions at a fixed salt concen-

trations slightly increases surface adsorption. Figure 4 shows the R/RF data for various

PEG-MagNP concentrations in solutions of 0.5 M K2CO3. At [PEG-MagNP] = 0.1 µM, the

corresponding ED profile already shows an ED enriched layer with a characteristic depth

that is comparable to the NP particle size. A ten fold increase in [PEG-MagNP] barely

increases the ED over the one particle depth. Rather, a shoulder contiguous to the main

ED peak becomes more pronounced indicating that a second layer underneath the first gets

denser. Further increase in [PEG-MagNP] above the 1 µM range does not change the overall

ED profiles indicating surface saturation at this PEG-MagNPs suspension.

The surface-enriched PEG-MagNPs in the presence of salt gradually become more or-

dered as salt concentration increases as evidenced by the inplane diffraction (i.e., GISAXS).

Figure 5 shows (Qxy, Qz) GISAXS intensity contour-plots of aqueous solutions of PEG-

MagNPs in the presence of the K2CO3 at different concentrations (same samples as in Fig.

3). At the low salt concentration (i.e., [K2CO3] = 0.05 M), the GISAXS intensity at the
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Figure 5: GISAXS patterns (intensity contours in logarithmic scale) from solutions of 5 µM PEG-MagNPs in the presence of
different amounts of K2CO3 in the aqueous subphase. (a) [K2CO3] = 0.05 M (b) [K2CO3] = 0.1 M (c) [K2CO3] = 0.5 M (d)
[K2CO3] = 1 M
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Figure 6: GISAXS intensity cuts (integrated over Qz ≈ 0.02± 0.005 Å−1) for water and for fsolutions of 5 µM PEG-MagNPs
in suspension at various concentrations of K2CO3 as indicated.

low (Qxy, Qz) region is form-factor-like with broad peaks at very small Qz ≈ 0.03 Å−1 val-

ues, arising from incoherent scattering of loosely aggregated PEG-MagNPs on the surface.

As the salt concentration increases to 0.1 M, the central peak shifts to higher Qxy values,

accompanied by intensity suppression at low Qxy, due to interference effects as the in-plane

density increases.25 At relatively high concentrations (i.e., [K2CO3] = 0.5 and 1 M), the

peak position shifts to higher Qxy values, giving rise to a prominent Lorentzian-like peak

centered at Q(10)
xy = 0.079Å−1 with a full-width-at-half-maximum FWHM ≈ 0.016 Å−1 (as

extracted from Lorentzian fit to line cuts shown in Fig. S1.) A very weak and broad peak

at approximately Q(11)
xy ∼ 0.14Å−1 is also evident indicating in-plane short-range-order is

established and that it is trigonal in nature as Q(11)
xy /Q

(10)
xy ≈

√
3. The lattice parameter

a = 4π
Q

(10)
xy

√
3

= 92 Å, with short range order that extends only over a few unit cells (≈ 400 Å,

or 4-5 unit cells). We note that such SRO is likely due to the fact that the available PEG

is relatively short and a longer PEG can potentially lead to much larger 2D crystals. This

is based on previous studies of PEG-AuNPs, that show that the PEG molecular weight (or

equivalently, the polymer length) plays a crucial role in inducing the orderly structure of NPs
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on the aqueous surface.32 Figure 7 compares the GISAXS for [PEG-MagNP] = 0.1 and 1

µM at a fixed 0.5 M salt solution, showing a shift shift in peak position and peak narrowing

(i.e., more densely packed and more ordered state) with the increase in capped-NPs in the

solution.
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Figure 7: GISAXS patterns (intensity contours in logarithmic scale) from solutions of 0.5 M K2CO3 in the presence of different
amounts of in the PEG-MagNPs. (a) [PEG-MagNP] = 0.1 µM (b) [PEG-MagNP] = 1 µM

Conclusions

In summary, we have functionalized magnetite NPs with PEG (≈ 1 kDa) in suspensions

and determined their vapor/liquid interface by X-ray reflectivity and grazing incidence small

angle X-ray scattering. We show that PEG-MagNPs can be driven to the aqueous surface by

manipulating salt concentrations in the PEG-MagNPs suspensions. The X-ray reflectivity

shows PEG-MagNPs form a mono-particle Gibbs layer with an uncorrelated structure at low

salt and/or nanoparticle concentrations. By elevating salt and nanoparticle concentrations,
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a more densely packed Mag-NPs film is formed at the aqueous surface and the GISAXS

indicates a liquid-like short-range trigonal order formation. As salt and nanoparticle con-

centrations increase further, a second but incomplete layer contiguous to the topmost one

emerges and subsequently precipitation is initiated.
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SAXS of un-capped particles

Below we show SAXS intensity form uncorrelated magnetite nanopraticles (MagNPs

form factor) and compare it with GISAXS intensity from the surface of a suspension of

PEG-MagNPs in 1 M K2CO3 salt-solution. Calculated normalized scattering intensity from

ideally mono-disperse spheres of radius R = 29 Å are shown in red line and from poly-

disperse spheres R = 29 Å and gaussian size distribution ∆R = 5 Å ( shown in black line)

as obtained from modeling the SAXS measurements (left inset). The lower-left inset shows

a linecut of intensity profile (integrated over Qz ≈ 0.02± 0.005 Å−1) from GISAXS pattern

in Fig. 5(d) for [K2CO3] = 1.0 M. The line-cut profile is fitted to a Lorentzian function, i.e.,

[1+(Qxy−Qxy,0)2/(∆Qxy)2]−1, yielding a peak position Qxy,0 = 0.079 Å−1 and ∆Qxy ≈ 0.016.

The d–spacing assuming trigonal symmetry is 2π/Qxy,0 ≈ 80 Å and the correlation length (

average crystalline size) 2π∆Q−1 ≈ 400Å.

Table S1: Structural parameters of 2D nanoparticle films formed at the vapor–liquid interface from various amounts of PEG-
MagNPs and K2CO3 extracted from XRR and GISAXS. Note, ti and ρi are the layer thickness and maximum ED of the layer,
respectively. The subscript 1 represents the first layer in contact with the vapor phase (including a thin slab of densely-packed
PEG exposed to vapor), while the subscript 2 represents an additional layer underneath the first one. The additional layer
is negligible at the low salt or nanoparticle concentration. aL is the lattice parameter for the 2D films when the films have
ordering and ∆Q is the Lorentzian related width of fundamental peaks.

[PEG-MagNPs] (µM) [K2CO3] (M) t1 (nm) ρ1 (e/Å3) t2 (nm) ρ2 (e/Å3) aL (nm) ∆Q (Å−1)
5 0.05 4.8 ± 1.2 ∼0.47 NA ∼0.35 NA NA
5 0.1 5.3 ± 0.9 ∼0.65 4.2 ± 0.9 ∼0.38 NA NA
5 0.5 5.7 ± 1.0 ∼0.89 5.8 ± 1.4 ∼0.46 ∼ 90 ∼ 0.016
5 1 5.7 ± 1.2 ∼0.65 6.2 ± 1.8 ∼0.48 ∼ 80 ∼ 0.015
1 0.5 5.5 ± 1.0 ∼0.91 5.0 ± 1.5 ∼0.45 ∼ 90 ∼0.016

0.1 0.5 5.1 ± 1.1 ∼0.85 NA ∼0.39 ∼ 160 ∼ 0.03
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Figure S1: Calculated normalized scattering intensity from ideally mono-disperse spheres of radius R = 29 Å (red line) and
from poly-disperse spheres R = 29 Å and gaussian size-distribution ∆R = 5 Å as obtained from modeling SAXS measurements
(left inset). The lower-left insertion shows a linecut of intensity profile (integrated over Qz ≈ 0.02± 0.005 Å−1) from GISAXS
pattern in Fig. 5(d) for [K2CO3] = 1.0 M. The solid line is a Lorentzian function (with a slanted baseline) of ∆Q ≈ 0.016 Å−1

centered at 0.079 Å−1

.
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