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Abstract

We report on the assembly of gold nanoparticles
grafted with polyethylene glycol (PEG-AuNPs)
in aqueous solutions into the face centered cubic
superlattice by synchrotron X-ray scattering.
At sufficiently high salt concentrations, the
lattice constant decreases with increasing
temperature, i.e. it exhibits a negative
thermal expansion (NTE) coefficient that is
two to four orders (in magnitude) larger than
previously reported in NTE materials. The
generality of the effect is demonstrated with
different salts and different PEG chain lengths.
Theoretical calculations show that PEG-AuNP
becomes more insoluble (with the Flory-
Huggins parameter χ > 1

2
), as temperature

increases through water dehydration, with a
decrease in volume of the superlattice and
an increase in the entropy of the system.
Implications on the formation of nanoparticle
superlattices and NTE properties are also
discussed.
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Introduction

Polyethylene Glycol (PEG) displays a
fascinating array of physical properties such
as decreasing solubility with temperature
or phase separation under specific solvent
conditions, i.e. controlling ionic strength
and/or temperature1–6. It is for these reasons
that PEG and other non-ionic water-soluble
polymers, such as poly N-isopropylacrylamide
(PNiPAM), have already gained wide uses in

1

trvsst@ameslab.gov
vaknin@ameslab.gov


biomedical, pharmaceutical, coating, and other
industrial applications7–9.

Previous studies have reported on grafted
gold nano particles with PEG (PEG-AuNPs)
and detailed their assembly in two and three
dimensional superlattices, as driven by a
variety of suspension conditions10–22. Recently,
we reported columnar phases of PEG-AuNP
nanorods with lattice constants that shrink
with increasing temperature, thus suggesting
that these materials have negative thermal
expansion (NTE) coefficients23. In this study,
we report on the properties of spherical
PEG-AuNPs assembled into superlattices and
show that, they have NTE properties. We
unravel the underlying mechanism and, in this
way, expand the range of physical properties
attainable in nanoparticle assemblies and
broaden the reach of NTE materials.

The (volumetric) coefficient of thermal
expansion is defined as
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(Note that V ∝ aL(T, P )3 which leads to the
top rhs), where the top rhs of the equation
applies to a crystal whose lattice constant, as
a function of temperature (T ) and pressure
(P ), is given by aL(T, P ), the lattice constant.
The bottom equations follow from Maxwell
relations and indicate that if α < 0 entropy
is an increasing function with pressure or
decreasing with volume (since B > 0 is
the bulk modulus). In most of nanoparticle
superlattices reported to date, αV has been
shown to be positive, e.g. alkylthiolated24

or DNA25 functionalized nanoparticles. NTEs
of isotropic materials are rare26,27, perhaps
water is the most common NTE system in the
0 − 4 ◦C range. Other remarkable cases are
crystals, such as zirconium tungstate ZrW2O8

28

or the perovskite ScF3
29,30. A grazing incidence

small angle X-ray scattering study on PNiPAM-
based nanoparticle system shows negligible
NTE properties, and stronger dependence on
relative humidity31. Expanding the realm

of NTEs into nanoparticle materials opens
potential new applications in sensing, catalysis,
energy storage and conversion, plasmonics and
optoelectronics32–35.

Methods

Our experimental system consists of spherical
AuNPs of 10 nm in diameter that are grafted
with PEG by ligand-exchange10,11. Briefly,
polyethylene glycol methyl ether thiol of either
molecular weight (Mn) of ∼ 2 or ∼ 5 kDa
(henceforth referred to as PEG2k and PEG5k,
respectively) is added to citrate-stabilized
AuNP suspensions with a molar ratio of
6000 : 1 (PEG to AuNP), and incubated for
∼ 3 days under rota-shaking. The mixture
(PEG + AuNPs) is purified three times through
centrifuging at 21000 g for 90 min to eliminate
the unbound PEG and then redispersed in
ultrapure water for ∼ 15 nM concentration of
PEG-AuNPs. Grafting of PEG on the AuNPs
is confirmed by comparing the hydrodynamic
diameter of bare AuNPs and PEG-AuNPs
obtained by dynamic light scattering (DLS)
(Fig. S1).

To determine the 3D structural properties of
the assembled PEG-AuNPs, synchrotron small
angle X-ray scattering (SAXS)experiments
were conducted at beamline 12ID-B of the
Advanced Photon Source at Argonne National
Laboratory (X-ray energy, 13.3 keV)36.
Experimental samples were loaded in thin-
wall quartz capillaries and measured in the
temperature range 20 − 80 ◦C. During heating
and cooling, temperature is increased in steps
of 10 ◦C/min, and SAXS measurements are
collected 10 min after temperature readout is
reached. The SAXS measurements and analysis
follow established procedures11,23.

Results and Discussion

Figure 1 shows structure factor profiles, S(Q)
(obtained by dividing the SAXS intensity by
the form factor of a AuNP, see Fig. S2, and
more details on the extraction of S(Q) in the
SI) of PEG5k-AuNPs in the presence of 500
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Figure 1: Diffraction patterns (S(Q)) of PEG5k-
AuNPs suspension at 500 mM K2CO3 at various
temperatures. At 20 ◦C, no features are observed
in the structure factor (S(Q)) profile of PEG5k-
AuNPs, indicating well-dispersed NPs in the bulk
(3D gas-like phase). High order diffraction peaks
appear at T ≈ 60 ◦C and shift to larger Q
values as the temperature is increased to 80 ◦C,
indicating ordered 3D assemblies are formed with
a tendency toward a closer packing as temperature
is increased. As temperature is decreased back
to 20 ◦C, the fundamental peak shifts to lower Q
values, evidence of larger unit cell. The distinctive
multiple diffraction peaks are not observed below
the 50 ◦C, but remain intense (3D liquid-like, short
range order (SRO)), reflecting the irreversibility of
assemblies. Scans labeled with prefix ’c’ indicate
they were performed after cooling from 80 ◦C. The
structure factor profiles upon heating and cooling
are vertically shifted for clarity.

mM K2CO3 upon heating and cooling. Initially
at 20 ◦C, S(Q) is featureless as expected from
well dispersed PEG5k-AuNPs in the aqueous
suspension. However, above ∼ 50 ◦C, S(Q)
exhibits noticeable diffraction peaks arising
from ordered assemblies of PEG5k-AuNPs at
∼ 60 ◦C. Increasing the temperature further
leads to a uniform shift of the peaks to larger
Q values, indicating contraction of the lattice.
This temperature induced ordering is further
accompanied by improved crystal-quality, as
the diffraction peaks sharpen upon heating
(crystal quality is discussed in the SI, see

Figure 2: (a) Structure factor (S(Q)) profile
for assemblies of PEG5k-AuNPs with 500 mM
K2CO3 at 80 ◦C and its corresponding best-
fit profiles (black solid line) using ideal fcc
model structure. Vertical lines indicate relative
intensities at the fcc peak positions. (b) fcc lattice
constant (aL =

√
12π/Q1, Q1 is the fundamental

diffraction peak) for assemblies of PEG5k-AuNPs
with 500 mM K2CO3 at various temperatures. The
temperature of the sample is raised from 20 ◦C
to 80 ◦C (heating), and then lowered back to
20 ◦C (cooling). (c) Phase diagram of PEG5k-
AuNPs as functions of K2CO3 concentration and
temperature. The markers (circles, triangles,
squares and stars) indicate 3D gas-like, fcc
superlattice in solution, 3D liquid (SRO) and
precipitated fcc superlattice. The phase boundary
dash lines are not exact and are speculated
based on the limited experimental data sets. (d)
Structure factor (S(Q)) profiles for PEG5k-AuNP
suspensions at various concentrations of NaCl as
indicated, at 80 ◦C. Black solid line is the best-fit
profile using fcc model structure.

Fig. S3)37–39. The diffraction peaks at high
temperature can be indexed as face centered
cubic (fcc) by using ideal fcc lattice structure
factor model with Lorentzian function peak-
shape (fitting profile in Fig. 2(a)). Upon
cooling down from 80 ◦C, the diffraction peaks
shift to lower Q values, indicating a larger unit
cell in PEG-AuNP assemblies. Below ∼ 40 ◦C,
the diffraction peaks broaden significantly but
the fundamental diffraction peak (Q1) remains,

3



consistent with short-range ordered (SRO)
PEG5k-AuNPs, pointing to the irreversibility
induced by temperature assembly, at least on
time scales of the conducted experiments (i.e.,
a few hours).

The robustness of the assembly process
is further demonstrated through multiple
heating/cooling cycles. As shown in
Fig. 2(b), fcc lattice constant (aL =√

12π/Q1, Q1 indicates the fundamental
diffraction peak) becomes smaller and larger
under repeated heating and cooling cycles,
respectively, signifying high thermal stability
and tunable packing density (see also Fig.
S4). Notwithstanding, slight out-of-equilibrium
effects are present, as consecutive temperature
cycles incrementally reduce the lattice constant,
reaching a minimum at 80 ◦C in the 7th cycle.
The lattice constant (aL) versus temperature
(upon heating and cooling) is approximately
linear and the slope trends like the thermal
expansion coefficient (αV ) from Eq. (1), with ∼
−1, 71× 10−2K−1, independent of temperature
at P = 1 atm. The multiple thermal cycles
gradually create precipitations of PEG-AuNP,
that lower the concentration of the aggregated
superstructures in the suspension, causing a
decrease in diffraction peak height. Regardless,
the fcc S(Q) profiles persist even to the 7th
cycle (see Fig. S5).

In addition to temperature, PEG5k-
AuNP assembly is sensitive to salt (K2CO3)
concentration (more details in SI and Figs.
S6−S8). At low concentrations (below ∼ 50
mM) there is no assembly, while at high
K2CO3 concentration (∼ 2 M), fcc superlattices
become large and precipitate (see Fig. S17).
Our results are summarized in a phase diagram
as a function of K2CO3 concentration and
temperature, Fig. 2(c). The importance of
electrolyte and temperature effects for the
PEG-AuNP assemblies is extensively confirmed
with various control experiments in ultrapure
water without salts that do not show assembly
and ordering (Fig. S9).

The universality of the effect is also
demonstrated by other salts (NaCl, instead
of K2CO3) and PEG lengths. At 2 M NaCl,
PEG5k-AuNPs assemble into fcc at high

temperature (80 ◦C), but require higher salt
concentration and temperature compared to
K2CO3 (Figs. 2(d), S10, and S11), and the
NTE coefficient remains negative (see Table
1). The K2CO3 is more effective than NaCl
in inducing assemblies of PEG5k-AuNPs,
following the Hofmeister series as demonstrated
previously12. Table 1 and Figs. S12−S16, show
that PEG with different lengths do not alter
the NTE behavior, but modify the value of
actual lattice constants. Evaluating the full-
width at half maximum (fwhm) provides the
average crystalline size lSL ≈ 2π/fwhm, with
lSL ≥ 150 nm for PEG5k-AuNP with 500 mM
K2CO3 (see Table S1). The number of AuNPs
in the fcc crystal is about one thousand under
optimal conditions of PEG5k, 500 mM K2CO3,
see Fig. S18.

In the absence of salt, PEG is water soluble
with an effective Flory-Huggins parameter χ ≤
1
2

2 for which no assembly is possible. The
addition of salt reduces the effective number of
water molecules available (as some are bound
in hydration layers around the ions) and in
this way drive PEG insolubility (χ > 1

2
). We

provide a simplified calculation for χ based on
a single PEG-AuNP with Np PEG chains (a
spherical brush). The free energy consists of
mixing and stretching terms40,41:

Table 1: fcc lattice constant (aL) and coefficient
of thermal expansion (αV ) for PEG-AuNPs of
different PEG lengths and solvent conditions.

Nano-particle Salt
Temperature aL

1 αV
2

(nth Cycle) (nm) (·10−2 K−1)

PEG5k-AuNP
K2CO3

∗ 80 ◦C (1st) 30.79(3) −1.71
K2CO3 80 ◦C (7th) 29.32(2)

NaCl∗∗ 80 ◦C (1st) 33.15(3) −1.20

PEG2k-AuNP
K2CO3 80 ◦C (1st) 28.13(1) −0.89
K2CO3 80 ◦C (5th) 27.91(1)

1
fcc lattice constant, aL =

√
12π/Q1.

2
coefficient of thermal expansion from Eq. (1) (at P=1 atm).

*
all [K2CO3] = 500 mM.

**
[NaCl] = 2 M.
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∫ H

0
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(1− φ(z)) log
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1− φ(z)

e
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0

dz
dz
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where φ(z) is the polymer distribution at a
distance z from the core, H is the PEG shell
thickness, N is the number of Kuhn monomers,
R the core radius, Sd(x) a geometric factor
(= 4πx2 for PEG-AuNPs), b the Kuhn length,
cs is a coefficient (cs = 2

3
), and χ is the Flory-

Huggins parameter between PEG and solution,
see SI Table S2, for actual values and additional
details. In the SI, Eq. (S4) and following
equations, we obtain the polymer thickness H
as a function of χ, shown in Fig. 3, see also Fig.
S20.
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Figure 3: Dependence of the nanoparticle
diameter 2(R + H) as a function of χ, with the
other values as in Table S2. The black diamonds
are the experimental results from Eq. (3). In the
inset we show the dependence of the Flory-Huggins
parameter χ, see Eq. (2), with temperature at 500
mM, with the values as described in Table S2. The
green dashed line is a fit to χ = A+B/T

The quantity 2(R+H) defines the equivalent
hard sphere diameter of the nanoparticle42. For
the fcc superlattice of optimally packed hard
spheres, the nearest neighbor Dn is

Dn ≡ 2(R +H) . (3)

Relating the hard sphere diameter of a single
nanoparticle with the lattice constant of the
fcc superlattice has been rigorously shown
to apply for polystyrene43 and alkylthiolated
nanoparticles44 systems. The hard sphere
diameter as a function of χ is shown in Fig. 3
and converges to the optimal packing model
(OPM) result24 corresponding to the non-
solvent case. Using Eq. (3) and the neighbor
distance Dn for the experiment, see Table S1
for the exact values at 500 mM, the values of
the Flory-Huggins parameters are obtained for
each temperature, see Fig. 3 (and also Fig. S21
for PEG2000).

In the inset of Fig. 3 we show the
explicit dependence of χ on temperature.
It is reassuring that the values are roughly
independent of polymer length. A fit to
the empirical form χ = A + B/T is only
partially successful, but this is expected, given
that the Flory-Huggins parameter includes
contributions from hydrogen bonds and ionic
strength2.

The interpretation of the results at the
molecular level is that the presence of salt
creates hydration layers around ions, which
in turn reduces the number of “free” water
molecules, i.e., that associate with PEG.
This competition for free water molecules
leas to PEG insolubility χ > 1

2
. As the

temperature is increased the solubility is
decreased even further by two effects: enhanced
hydrophobicity of the -CH2 groups2 and also,
the decrease of water dielectric constant, which
makes the binding to ions stronger. This,
explains the reduction of superlattice volume
and increase in entropy, thus illustrating the
content of the thermodynamic identity Eq. (1),
as well as the enhancement of the Flory-
Huggins parameter. This is illustrated in Fig. 4.
As a crosscheck we show, see Eq. (S40), that
the observed order of magnitude for αV follows
from the proposed mechanism.

From Eq. 1 it is

∆S ≈ Bα∆V , (4)

thus in NTE materials α < 0, a decrease
of volume implies an increase in entropy,
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Figure 4: Illustration of the NTE mechanism for a
PEG-AuNP superlattice (not to scale). For clarity,
salts are not distinguished by positive and negative
ions, and the bulk water is omitted.

since the bulk modulus B is positive as
it follows from thermodynamic stability
conditions. The mechanism in previous NTE
materials27 consists of atoms connected by
strong bonds but with unconstrained (floppy)
motions such that nearest neighbors are
maximally separated at low temperatures.
As temperature is increased, atoms vibrate
out of the maximal separation becoming, on
average, closer together, i.e. the shrinking of
the nearest neighbor distances occurs because
of an increase in vibrational entropy leading
to |αV |≈ 10−5 − 10−6K−1, with CO3[Co(CN)6]2
reaching |αV |≈ 10−4 27. The mechanism for
NTE superlattices, see Fig. 4, is obviously
different, as the source of entropy increase is the
unbinding of water molecules as driven by the
hydrophobicity of the backbone components,
leading to NTE coefficients that are between
2-4 orders of magnitude larger (in magnitude).
In SI (Eq. S37 and beyond) we provide an
estimate that the order of the effects are
consistent with the measured value of α.

Conclusions

In summary, our study shows that PEG-
AuNP superlattices assembled by salt have
NTE properties by a distinct mechanism,
where the hydrophobic moieties of the polymer
induce a conformation change, decreasing the
lattice constant while increasing the entropy.
Further studies are required to establish what

determines crystal size. The values of the Flory-
Huggins parameter in Fig. 3 imply that the
small size soluble superlattices, see Fig. 2(c),
should become unstable against the formation
of a large superlattice and precipitate, as found
for higher salt concentrations (see discussion
following Eq. (S31)). A more complete model,
with specific treatment of hydrogen bonds as
done in Ref.2 is necessary to address crystal
size.

Associated Content
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The Supporting Information is available free of
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The Supporting information includes the
following: 1) Characterization of PEG-AuNPs
by using DLS and SAXS 2) SAXS data for
PEG5k- and PEG2k-AuNPs with K2CO3 under
thermal controls 3) SAXS data for PEG5k- and
PEG2k-AuNP in ultrapure water 4) SAXS data
for PEG5k-AuNPs with NaCl under thermal
controls 6) Theoretical model for free energy
of a spherical brush 7) Model predictions for
lattice constant and superlattice sizes 7) Order
of magnitude estimate of αV .
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