
U.S. Department of Energy

Brookhaven National Laboratory 

BNL-222188-2021-JAAM

Effect of Polymer Chain Length on the Superlattice Assembly of
Functionalized Gold Nanoparticles

H. Kim, G. Freychet

To be published in "Langmuir"

August 2021

Photon Sciences

USDOE Office of Science (SC), Basic Energy Sciences (BES) (SC-22)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-
up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow
others to do so, for United States Government purposes.



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  



Effect of Polymer Chain Length on
Superlattice Assembly of Functionalized Gold

Nanoparticles

Hyeong Jin Kim,† Wenjie Wang,‡ Honghu Zhang,¶ Guillaume Freychet,§ Benjamin
M. Ocko,§ Alex Travesset,‖ Surya K. Mallapragada,∗,† and David Vaknin∗,‖

†Ames Laboratory, and Department of Chemical and Biological Engineering, Iowa State
University, Ames, Iowa 50011, United States

‡Division of Materials Sciences and Engineering, Ames Laboratory, U.S. DOE, Ames, Iowa
50011, United States

¶Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York
11973, United States

§NSLS-II, Brookhaven National Laboratory, Upton, New York 11973, United States
‖Ames Laboratory, and Department of Physics and Astronomy, Iowa State University,

Ames, Iowa 50011, United States

E-mail: suryakm@iastate.edu; vaknin@ameslab.gov

Abstract
We report on the assembly of gold nanoparticle
superlattices at the liquid/vapor interface and
in the bulk of their suspensions. Interparticle
distances in the assemblies are achieved on mul-
tiple length scales by varying chain lengths of
surface-grafting by polyethylene glycol (PEG)
with molecular weights in the range 2000 −
40000 Da. Crystal structures and lattice con-
stants in both 2D and 3D assemblies are deter-
mined by synchrotron-based surface-sensitive
and small angle X-ray scattering. Assuming
knowledge of grafting density, we show that ex-
perimentally determined interparticle distances
are adequately modeled by spherical brushes
close to the θ point (Flory–Huggins parameter,
χ ≈ 1

2
) for 2D superlattices at liquid interface

and a non-solvent (χ = ∞) for the 3D dry su-
perlattices, respectively.

Introduction
Self-assembly of nanostructures with pre-
designed shapes and sizes into ordered su-
perlattices is recognized as an alternative to
conventional "top-down" approaches for the
fabrication of metamaterials, with enhanced
and novel electromagnetic properties.1–4 Along
this "bottom-up" approach, the soft ligand
based self-assembly strategies have been stud-
ied, where soft ligands (such as DNA, polymers,
and surfactants) meditate the interparticle in-
teractions for directing the assembly of colloidal
nanoparticles. Commonly, nanostructures are
functionalized with diverse ligands, which in
turn, direct their assembly into long-range
structures.5–10 For example, superstructures
are mediated by DNA base-pairing, which en-
ables highly selective binding of nanoparticles,
resulting in well-defined and complex super-
lattices.11–15 Tuning the separation between
nanoparticles is essential to create metamate-
rial assemblies of metallic nanostructures with
defined shapes and sizes, especially where the
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electromagnetic coupling between the nanos-
tructures is somtimes undesirable. Theoretical
modeling using split-ring-resonators (SSR) as-
semblies to achieve negative index of refraction
(NIR) have shown that such coupling can be
suppressed by increasing nearest-neighbor (NN)
distances.
Recently, we have demonstrated the as-

sembly and crystallization of gold nanoparti-
cles (AuNPs) grafted with water-soluble poly-
mers such as, polyethylene glycol (PEG), and
poly(N-isopropylacrylamide) (PNIPAM).16–24
By adding salt to the PEG grafted AuNP sus-
pensions, two-dimensional (2D) superlattices
are formed at the liquid/vapor interface.23,25
At sufficiently high salt concentrations, three-
dimensional (3D) crystalline aggregates are
formed in the bulk, and partially precipitate
out from the solution.24,26 At moderate salt
concentrations, raising the temperature from 20
to 80 °C and subsequent temperature heating-
cooling cycling induces spontaneous crystalliza-
tion.25–28 Longer chains are required to achieve
a NIR,26,27 however, the use of relatively long
chain polymers adds new levels of complexity.
The challenges are two fold. First, can we ap-
ply grafting protocols for relatively short PEG
to long ones and get sufficient grafting density?
Second, can we attain 2D and 3D assembly
crystallization at the liquid/vapor interface or
in the bulk by the interplay of ionic strength
and temperature as has been done with shorter
PEG?
In this study, the PEG chain length has

been systematically adjusted over one order
of magnitude to explore the relationship be-
tween PEG length and NN separation in 2D
and 3D superlattices. Synchrotron based X-
ray methods including X-ray reflectivity (XR),
grazing incidence small-angle X-ray scattering
(GISAXS), and solution small-angle X-ray scat-
tering (SAXS) are used to determine the struc-
tural arrangement of PEG-AuNPs under vary-
ing solvent and temperature conditions.

Experimental Section

Materials

Gold nanoparticles at 5 and 10 nm, stabi-
lized in citrate solution (AuNP5 and AuNP10,)
were purchased from Ted Pella. Thiolated
poly(ethylene glycol) of molecular weight
(MW) of ∼ 2, 5, 20, and 40 kDa (PEG2k,
PEG5k, PEG20k, and PEG40k) were obtained
from Creative PEGWorks and used as deliv-
ered.
AuNPs were functionalized with thiolated

PEG by ligand-exchange method.28 Briefly, thi-
olated PEG was dissolved in AuNP suspen-
sions and incubated for ∼ 3 days. Then, PEG-
AuNPs were purified and concentrated via cen-
trifugation (21000 g for 1.5 hours). The ∼ 15
nM concentration of PEG-AuNPs was deter-
mined by UV-visible spectroscopy (SpectraMax
M3, Molecular Devices). The grafting density
of PEG on nanoparticle surface was estimated
by thermogravimetric analysis (TGA, Netzsch
STA449 F1). TGA was performed on dried
PEG-AuNPs samples under conditions of heat-
ing to 600 °C at a rate of 10 °C/min under ni-
trogen atmosphere. Dynamic light scattering
(DLS, Zetasizer Nano ZS90, Malvern Panalyti-
cal) measurements were used to determine the
hydrodynamic diameter of AuNPs and PEG-
AuNPs in solution under various solvent condi-
tions.

X-ray Experimental Setup

In-situ liquid surface X-ray scattering studies
were carried out at the SMI beamline Open
Platform Liquid Scattering (OPLS) end sta-
tion at the National Synchrotron Light Source
II (Brookhaven National Laboratory) at an in-
cident energy of 9.7 keV. Here, a well-focused,
monochromatic beam (0.05 mm vertical and 0.3
mm horizontal) was deflected downward by the
desired grazing angle, α, using a Ge(111) crys-
tal in reflection. In the X-ray reflectivity (XR)
mode, the signal was measured using a Lambda
250K (X-Spectrum) detector where both the
on-axis (reflected) and off-axis (background)
signals were collected simultaneously. A se-
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ries of calibrated attenuators was used to vary
the incident flux and the direct beam inten-
sity was monitored using an ion chamber after
the beam defining slit. In the grazing-incidence
small angle X-ray scattering (GISAXS) mode,
the scattered signal was collected using a Pila-
tus 100k (Dectris) detector located 1500 mm
from the sample. A vertical beam-stop pro-
tects the detector from the direct and reflected
signals. The PEG-AuNPs suspension was con-
tained in a stainless steel trough (approximate
dimensions, 20× 100× 0.3 mm3) located in an
environmental chamber sealed with Kapton X-
ray windows. To reduce the background and
maintain saturated humidity, the chamber was
purged with water-saturated helium gas. To
obtain line profiles, the GISAXS intensity was
integrated over a Qz range of 0.01 − 0.02 Å−1.
The detailed experimental protocol and analy-
sis can be found elsewhere.17,19,23
3D structural studies of the assembled PEG-

AuNPs in aqueous solution were carried out
using solution small-angle X-ray scattering
(SAXS) with an X-ray energy of 13.3 keV
at beamline 12ID-B at the Advanced Photon
Source, Argonne National Laboratory. PEG-
AuNPs suspensions at various solvent condi-
tions were contained in quartz capillary tubes
and examined over a temperature range from
20 to 80 °C with a ramp rate of 2 °C/min. De-
tailed experimental setup and analysis can be
found elsewhere.24,26,27

Results and Discussion
1. Grafting density dependence on PEG
chain length: The first challenge in using rel-
atively long-chain-polymers for assembly is
whether sufficiently high grafting density can
be achieved. To ascertain grafting, dynamic
light scattering (DLS) experiments are car-
ried out before and after PEG grafting for
all molecular weights used in this study. As
shown in Figure 1(a), the hydrodynamic di-
ameter (DH) of PEG-AuNPs increases system-
atically with PEG molecular weight (see also
Figure S1). To determine the grafting den-
sity, thermogravimetric analysis (TGA) of the

Figure 1: (a) DLS data of hydrodynamic diameter
(DH) for AuNPs before and after grafting of PEG
with various chain lengths. (b) Grafting density
of PEG-AuNP10 as a function of molecular weight
(MW) of grafted PEG chain. A power law fitting
curve with an exponent of −3.7(6) is shown as at
dotted line. Grafting density is determined by ther-
mogravimetric analysis (TGA) (see Figure S2). (c)
DH for PEG40k-AuNP10 with increasing K2CO3
concentrations. To prevent 3D aggregations at high
concentration of K2CO3, diluted PEG40k-AuNP10
suspensions (∼ 2.4 nM) are used for DLS measure-
ments. (d) DLS data of DH for PEG40k-AuNP10
in water with increasing temperature. Illustration
for shrinking and stretching of grafted PEG chains
during heating and cooling is inserted.

same samples is conducted, showing that it
decreases with increasing polymer length as
shown in Figure 1(b) and in the SI. As has
been shown previously, the hydrodynamic di-
ameter of PEG-AuNPs is affected by both ionic
strength and temperature.22–24,26 Briefly, dehy-
dration of PEG shell on AuNPs accelerates by
increasing ionic strength or temperature, akin
to phase separation of pure PEG solutions un-
der similar solvent condition. In this study,
we use a common K2CO3 salt to control the
ionic strength in the AuNP suspension. Fig-
ures 1(c) and (d) show the effect of salt in
the suspension and the variation of tempera-
ture on DH of PEG40k-AuNPs. We find that
DH for PEG40k-AuNP10 decreases by about a
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Figure 2: (a) 2D GISAXS patterns for PEG40k-AuNP10 with increasing K2CO3 concentrations. (b)
Structure factor S(Qxy) profile for PEG40k-AuNP10 with 100 mM K2CO3 (black squares). Green solid
line is the best-fitted curve with ideal 2D hexagonal lattice. Indices of the calculated positions and intensities
are shown as vertical lines (blue).

factor of 15% on adding 500 mM of K2CO3. A
similar reduction in DH is also obtained by rais-
ing the temperature from 20 to 80 °C. These
effects are reversible, namely, decreasing salt
concentration or temperature reconstitute the
original DH . (see Figures S3 and S4). As dis-
cussed above, grafting density decreases with
the increase PEG molecular weight as shown
in Figure 1(b). Here, the grafting density is
the highest for PEG2k-AuNP10 where it is
close to 3 PEG/nm2 and decreases to about 0.6
PEG/nm2 for PEG40k-AuNP10 (PEG/nm2 is
the number of PEG chains per AuNP surface
area). We also note that the grafting density
obeys a power law (∝ MWα) with an expo-
nent α = −3.7(6). This phenomenological
expression may be of interest in subsequent
theoretical studies. The actual grafting densi-
ties are incorporated into the optimal packing
model (OPM) to determine nearest-neighbor
distances in the assemblies as discussed in the
Theoretical Description Section below.
2. 2D crystallization of AuNPs: The next
issue is to validate the assembly and order-
ing of relatively long-chain PEG-AuNPs. Sim-
ilarly, as in previous studies,23 surface sen-
sitive X-ray diffraction methods at the liq-
uid/vapor interface are used to determine the
state of the suspensions under solvent condi-
tions. Figure 2(a) shows 2D GISAXS patterns

for PEG40k-AuNP10 suspensions without and
with K2CO3. Surface enhancement of PEG40k-
AuNP10 spontaneously develops even in the ab-
sence of salt, unlike generally reported for rel-
atively shorter-chain PEG-AuNPs. As more
salt is added to the suspension, the diffrac-
tion peaks sharpen, clearly indicating improve-
ment of crystal quality. The ’envelop’ around
the diffraction rods is mainly due to the AuNP
form-factor (see Figure S5). Figure 2(b) shows
the structure factor S(Qxy) profile at 100 mM
K2CO3 extracted from the corresponding 2D
GISAXS image in Figure 2(a) (see the other
S(Qxy) profiles in Figure S6). This Bragg
diffraction pattern can be well-indexed with the
2D hexagonal lattice up to its corresponding
11th index. Moreover, the lattice constant for
2D hexagonal structure is decreased with in-
creasing K2CO3 concentrations (see Table 1).
This demonstrates that the presence of K2CO3
promotes interfacial crystallization of PEG40k-
AuNP10 and their packing gets denser with the
increase in K2CO3 concentration.
To determine the nature of the hexagonal

structure along the surface normal direction,
we have carried out X-ray reflectivity measure-
ments. Figure 3(a) shows normalized X-ray re-
flectivity data (R/RF , where RF is the Fres-
nel reflectivity of ideally flatted bare liquid sur-
face) from the same samples shown in Figure
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Table 1: Summary of GISAXS, XR, and DLS results for PEG-AuNPs with various K2CO3 concentrations
at room temperature

Grafted PEG Diameter of [K2CO3] Q1
* a** DH Γe

***

MW (Da) AuNP (nm) (mM) (Å−1) (nm) (nm) (e/Å2)

2, 000 10 0 - - 29.1(8) -
2, 000 10 10 0.0263 27.6(1) 29.2(4) -
2, 000 10 100 - - 30.2(3) -
2, 000 10 500 - - 30.4(8) -
5, 000 10 0 - - 38.9(2) 4.15
5, 000 10 10 0.0197 36.8(1) 37.3(13) 17.19
5, 000 10 100 0.0202 35.9(1) 37.6(8) 18.01
5, 000 10 500 - - 37.8(15) -
20, 000 10 0 - - 68.7(11) -
20, 000 10 100 0.0137 53.0(1) - -
40, 000 10 0 0.0094 77.4(2) 79.2(6) 3.29
40, 000 10 10 0.0104 69.5(2) 79.9(24) 4.68
40, 000 10 100 0.0108 67.5(2) 77.7(1) 5.63
40, 000 10 500 - - 68.3(3) -
2, 000 5 0 - - 23.7(4) 3.70
2, 000 5 10 0.0324 22.42(1) - 17.48
2, 000 5 100 0.0334 21.74(1) - 18.12
5, 000 5 0 - - 36.4(3) 2.28
5, 000 5 10 0.0205 35.55(6) - 8.88
5, 000 5 100 0.0216 33.62(4) - 9.41

* The fundamental peak position of GISAXS data.
** Lattice constant for 2D hexagonal structure, a = 4π/(

√
3Q1).

*** The excess of surface electron density in ED profile, Γe =
∫

[ρ(z)− ρsub(z)]dz.

Figure 3: (a) Normalized XR data (R/RF ) for
PEG40k-AuNP10 with increasing K2CO3 concen-
trations. Solid lines of R/RF in (a) are obtained
from the best-fitted electron density profiles in (b).
The nanoparticle center to the liquid/vapor (light
green) is smaller than the theoretical Hard Sphere
radius, 0.5×DHS (orange).

2. Solid lines through R/RF are obtained by
fits where the electron densities (EDs) shown in
Figure 3(b) corresponds to the real-space model
that yields the best-fit for the measured R/RF .
Details on the functional form for the density
profiles can be found in previous studies.23 For
all three salt conditions, the ordered film con-
sists of a monolayer of PEG-AuNPs at the liq-
uid/vapor interface, such that the centers of all
AuNPs are located on a single plane at the liq-
uid/vapor interface. Further, the enhanced ED
region of ∼ 10 nm is close to the core size of
the PEG-AuNP10. The ED step near the va-
por interface is attributed to a densely-packed
PEG monolayer at the interface. We note that
the distance between the nanoparticle center
and the liquid/vapor interface (i.e., nanoparti-
cle radius + PEG thickness) is smaller than the
theoretical hard sphere radius of PEG-AuNPs
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(0.5 DHS). This implies the presence of a vor-
tex which is described by OPM discussed in
the Theoretical Description Section). Note that
the PEG chains in contact with the subphase
have an ED that is very close to that of water,
and thus cannot be detected in the fitted ED
profile.23 The extent of surface enrichment by
PEG-AuNPs can be determined by the excess
surface electron density, Γe, as follows:

Γe =

∫
[ρ(z)− ρsub(z)]dz (1)

As shown in Table 1, for each of the MW stud-
ied, Γe increases slightly with increasing K2CO3
concentration from 0 to 100 mM. This orig-
inates from an increase in surface density of
AuNP as the K2CO3 concentration increases,
consistent with the lattice constant trends ob-
served with GISAXS.
To further unravel the relationship between

grafting density, nearest-neighbor distances,
and PEG molecular weight, we have con-
ducted similar experiments with different PEG
chain lengths. Figure 4(a) shows 2D GISAXS
patterns for PEG2k-, PEG5k-, and PEG40k-
AuNP10 suspensions with 10 mM of K2CO3.
A series of sharp diffraction peaks correspond
to the 2D hexagonal ordering as previously re-
ported.23 As shown, diffraction patterns shift
to lower Q with the increasing PEG molecular
weight, indicating a systematic increase of the
unit cell lattice constant. Figure 4(b) shows
the intervening PEG thickness between nearest
neighbor particles obtained by subtracting the
core diameter, D, from the lattice constant, a,
(PEG shell thickness; 2H = a−D) versus PEG
molecular weight. This plot shows the PEG
thickness from the 2D superlattice is highly de-
pendent on the PEG chain length, as expected,
and demonstrates that the unit cell size can be
controlled by the chain length of the grafted
PEG, in the range of about 22− 77 nm (for 10
nm of AuNPs). The unit cell lattice constant
and the excess of surface electron density for all
PEG molecular weights investigated are listed
in Table 1.
3. 3D crystallization of AuNPs: In addition
to observing a 2D superlattices of PEG-AuNPs

Figure 4: (a) The extracted structure factor
S(Qxy) profiles for the PEG2k-, PEG5k-, and
PEG40k-AuNP10 at same K2CO3 concentration
(10 mM). For clarity, S(Qxy) profiles are shifted
vertically. (b) PEG shell thickness between PEG-
AuNPs (subtracting a diameter of AuNP from hcp
lattice constant; 2H = a − D) as a function of
molecular weight (MW) of grafted PEG chain (i.e.,
PEG chain length), with various K2CO3 concentra-
tions as indicated. MW of PEG chain is displayed
on logarithmic scale. Illustration for 2D superlat-
tices of PEG-AuNPs with different PEG lengths
are shown as insert.

at the liquid/vapor interface, we use solution
SAXS to monitor the state of 3D aggregates
in the bulk as we vary salt concentration and
temperature. Figures 5(a) and (b) show the
solution-SAXS structure factor (S(Q)) profiles
for PEG2k-, PEG5k-, PEG20k-, and PEG40k-
AuNP10 at 20 °C and at elevated tempera-
tures (50 − 70 °C), respectively. Figure 5(a)
shows that at 20 °C and 500 mM K2CO3, the
S(Q) profiles are featureless, that is no forma-
tion of supercrystals. However, as shown in
Figures 5(b) and (c), raising the temperature
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Table 2: Summary of fcc lattice constant for PEG-AuNPs with 500 mM K2CO3 at various temperatures

Grafted PEG Diameter of Lattice constant, a*

MW (Da) AuNP (nm) 50 °C 60 °C 70 °C 80 °C** 70 °C 60 °C 50 °C

2, 000 10 - - 28.0(1) 27.0(1) 27.9(1) 29.0(1) 30.3(2)
5, 000 10 - 35.6(1) 33.6(1) 31.9(1) 33.1(1) - -
20, 000 10 51.8(2) 45.3(3) 42.5(2) 40.1(2) 41.6(1) 44.4(2) 49.2(2)
40, 000 10 52.3(3) 45.4(2) 42.7(1) 41.9(4) 42.4(1) 44.8(1) 50.7(1)
2, 000 5 - - 23.0(1) 21.5(1) 21.9(1) 22.8(1) -
2, 000 5 - 32.3(1) 30.6(1) 29.0(1) 30.1(1) 31.7(1) 33.9(1)

* Lattice constant for fcc structure, a =
√

12π/Q1.
** Temperature is heated up to 80 °C and then cooled down (from left to right).

in the same solutions induces crystallization
into fcc-like structure (i.e., short-range order of
fcc). Based on preliminary simulations, we sur-
mise that the fcc structure is formed by finite-
sized randomly-stacked two-dimensional hexag-
onal layers. We also note that temperature
variation affects the lattice constant as shown
in Figure 5(d). Figure 5(e) depicts conceptu-
ally the state of the PEG-AuNPs in the sus-
pensions as the conditions are changed. PEG-
AuNPs are self-assembled into 3D superlattices
by increasing temperature in the presence of
salt, and then nanostructures become densely
packed as the temperature is further increased.
This assembling dynamics of the 3D superstruc-
tures induced by temperature control is similar
to that in previous reports (see Table 2 and the
Supporting Information).26,28
4. Theoretical description: Following our pre-
vious model for a spherical brush, we calculate
the hydrodynamic diameter of PEG-AuNPs.26
The free energy of the system is given by

F

kBT
=

∫ H

0

dz

υ
Sd(R + z)×[

(1− φ(z)) log

(
1− φ(z)

e

)
+

1 + χφ(z) (1− φ(z))

]
+
Np
csb

∫ H

0

dz
dz

dN
,

(2)

where φ(z) is the polymer distribution at a
distance z from the core, H is the PEG shell
thickness (as defined above), N and b are the
number and length of Kuhn monomers, R is the

core AuNP radius, Sd(x) is a geometric factor
(= 4πx2 for PEG-AuNPs), cs is a coefficient
(cs = 2

3
), and χ is the Flory-Huggins parameter

of PEG in solution. H is computed by mini-
mizing the free energy Eq. 2 and the predicted
hydrodynamic diameter is given by

DH = 2R + 2H . (3)

The hard-sphere diameter DHS is the smallest
possible size of a PEG-AuNP and is given by
OPM formula29,30

DHS = 2R(1 + 3λξ)1/3 , (4)

where λ = L/R (with L the maximum length
of the polymer) and ξ = σ

σMax
, where σMax is

the maximum possible grafting density. DHS is
the limit of DH for χ →∞ and is the nearest-
neighbor distance for a 3D superlattice at very
high salt concentration (depicted in Figure 6).26
Using the measured grafting densities (see Ta-
ble 3 and Figure S2), we find that DH depends
on χ, which for PEG should be close but smaller
than the θ-point (χ = 1

2
). Therefore, χ is ob-

tained as the one that optimally fits the exper-
imental values for all sizes, leading to χ = 0.38.
As shown in Figure 4(b) and Table 3, the near-
est neighbor distance for the 2D superlattice is
approximately given by DH , while for 3D it is
close to DHS. Rather interestingly, in the 2D
case, the separation between the nanoparticle
center and the liquid/vapor interface is signif-
icantly lower than 0.5 × DHS (the equivalent
hard sphere radius), as clearly shown in Figure
3. This implies that polymer conformations are
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Figure 5: The extracted structure factor S(Q)
profiles from solution SAXS data for the PEG2k-,
PEG5k-, PEG20k-, and PEG40k-AuNP10 with 500
mM K2CO3 (a) at 20 °C and (b) at elevated tem-
peratures (50 − 70 °C). For clarity, S(Q) profiles
are shifted vertically. (c) S(Q) profiles for PEG20k-
AuNP10 in (b) and its best-fitted curve (black solid
line) with ideal 3D fcc lattice. Indices of the calcu-
lated positions and intensities are shown as verti-
cal lines (blue). (d) fcc lattice constant changes for
PEG-AuNP10 with 500 mMK2CO3 with increasing
temperature. (e) Illustration for 3D superlattice of
PEG-AuNPs with increasing temperature.

highly splayed, that is, they form vortices (see
Figure 6).31,32

Conclusions
In this study, we have demonstrated the impact
of grafting polymer chain length on the crystal-
lization of AuNPs into 2D and 3D superlattices.
DLS and TGA experiments confirm the grafting
of relatively long-chain PEG, albeit at decreas-
ing grafting density as the molecular weight in-

Figure 6: Ligand conformations as discussed in
this paper: the size of a single nanoparticle dis-
persed in solution is given by the hydrodynamic
diameter DH (Eq. 3). The size within the 3D su-
perlattice is the hard sphere diameterDHS (Eq. 4).
At the air-water interface there is a vortex separat-
ing the air while the part in contact with water is
described by DH , as it follows from Figures 3(b)
and 4, respectively, see discussion.

Table 3: Theoretical estimation of DH and DHS

for PEG-AuNP10 compared to experimental values
obtained from DLS and SAXS data.

PEG MW σ1 DH
2 D∗H

3 DHS
4 DNN

5

(kDa) (PEG/nm2) (nm) (nm) (nm) (nm)

2, 000 2.84(3) 24.1 29.1(8) 17.0 19.1(1)
5, 000 1.83(2) 34.1 38.9(2) 19.5 22.5(1)
20, 000 1.30(2) 67.0 68.7(11) 27.0 28.4(2)
40, 000 0.60(2) 83.3 79.2(6) 26.3 29.6(3)

1 Grafting density from TGA (see Figure S2).
2
DH given by Eq. 3

3
D∗

H from DLS measurements in Table 1
4
DHS given by Eq. 4

5 Nearest neighbor distance from SAXS data at 80 °C in Table 2;

DNN =
√

6π/Q1

creases. Despite the observation that grafting
density decreases with PEG molecular weight,
our results show that this does not affect the es-
sential features of assembly and crystalization
either at the surfaces or in the bulk. In fact,
we find that the population of PEG40k-AuNPs
at the liquid surface is spontaneous even in the
absence of the salt in the suspensions. SAXS
measurements of grafted relatively long chain
polymers show that high salt concentration and
temperature treatment induce 3D superstruc-
tures with unit cells more compact than those
obtained at the liquid interface. We have shown
that superlattices are well-described as spheri-
cal brushes under different conditions. For 2D
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assemblies, nanoparticle separations are consis-
tent with brushes close to the θ-point while
highly compressed, forming splayed conforma-
tions (i.e., vortices) along the liquid/vapor in-
terface. For 3D assemblies, separations are de-
scribed by dry (i.e., non-solvent) conditions.

Supporting Information
The Supporting Information is available free of
charge on the ACS Publications website at DOI:
xxxxx/yyyyy
The Supporting Information includes the

following: Characterization of PEG-grafted
AuNPs by using DLS & TGA; Additional ex-
perimental results for GISAXS and SAXS.
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