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Thermally Reversible Self-Assembly of
Nanoparticles via Polymer Crystallization

Calum Kinnear, Sandor Balog, Barbara Rothen-Rutishauser, Alke Petri-Fink*

The directed self-assembly of gold nanoparticles through the crystallization of surface-grafted
polyethylene oxide (PEO) in ethanol-water mixtures is described. This process is fully revers-

ible and tunable through either the size of the core or the
polymeric coating. Characterization by X-ray scattering and
electron microscopy of the self-assembled structures reveals
order at the nanoscale, typically not the case for thermore-
sponsive gold nanoparticles coated with lower or upper crit-
ical solution temperature polymers. A further novelty is the
result of selective binding of calcium ions to the PEO in the
fluid state: a reversible thermoresponsive transition become

irreversible.

The exploitation of external stimuli to predictably control
the dispersion state of nanoparticles (NPs) in suspension
is an alluring prospect.!! Indeed, a variety of approaches
have been developed to generate stimuli-responsive NPs
whereby attractive forces between particles dominate
the repulsive interactions leading to either dynamically
arrested states, or self-assembled NP crystal structures.>4
Gold NPs have garnered interest in this field due to their
fascinating optical properties; spherical particles exhibit
a deep ruby color due to their localized surface plasmon
resonance (LSPR).’] The LSPR is extremely sensitive to the
local dielectric environment; the adsorption of proteins
or the close approach of another NP results in a measur-
able shift of the resonance.l! The directed self-assembly of
gold NPs has led to the development of colorimetric sen-
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sors for the detection of heavy metals,”] polynucleotides,®!
or antigens.l) Additionally, ordered arrays of NPs have
been used in catalysis,['% solar energy harvesting,['l high-
density data storage,m] surface-enhanced Raman scat-
tering,'34 and metamaterials.[**]

In order to obtain a desired self-assembled structure
in dilute systems, the correct strength and length scales
of interactions between the constituent particles are
needed. If the interaction acts over a short length scale
relative to the size of the particles, or if it is too strong
relative to thermal energy, then self-assembly may not
occur due to crossing of the dynamical arrest phase
boundary.l In this phase, long-lived glasses and gels
persist with low degrees of order and potential noner-
godicity. Therefore, a judicious choice of system com-
ponents is crucial to balance the strengths of attractive
interactions, such as opposite electrostatic charges and
van der Waals, with repulsive interactions such as steric
effects or similar electrostatic charges.?l Indeed, gold
NPs of different shapes have been self-assembled, with
the appropriate choice of surface ligands and dissolved
species in bulk, through the use of van der Waals inter-
actions,!*®l depletion forces,['”.18] hydrogen bonding,**!
DNA hybridization,!?°] and long-range electrostatics.[?!]
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The concept of thermosensitive gold NP dispersions
using surface-grafted polymeric ligands was first demon-
strated by Zhu et al.l??l with poly(N-isopropylacrylamide).
This polymer presents alower critical solution temperature
(LCST) transition whereby above a certain temperature
the chains collapse and become hydrophobic leading to
aggregation, ultimately driven by entropy.[?*! The thermal
behavior of grafted polyacrylamides has been investigated
extensively, while only a few other polymers exhibiting
an LCST have gathered much attention, such as poly(N-
vinylcaprolactam)?? or poly(vinyl methyl ether).l?"]
Polymer—-NP conjugates, termed thermoresponsive, typi-
cally aggregate into dynamically arrested aggregates that
resemble gels or glasses, likely due to short ranged but
strong van der Waals interactions, which are less domi-
nant for self-assembled block copolymers. Contrary to
the numerous systems known to exhibit LCST behavior
in various solvents, upper critical solution temperature
(UCST) polymers, which, driven by enthalpy, phase sepa-
rate upon cooling below the transition temperature, are
far less investigated.?®]

Polyethylene oxide (PEO) is a polymer that exhibits
UCST behavior in water; however, it is practically inacces-
sible as the transition temperature lies above 100 °C.[?”]
Nevertheless, the polymer has been widely investigated
due to its simplicity, functionality, and amphilicity. When
dissolved in ethanol-water mixtures, PEO exhibits unu-
sual phase and thermal behavior with a UCST below the
crystallization temperature.???] However, if the con-
centration of water is above a threshold, the ethylene
oxide (EO) monomers are sufficiently solvated and do not
crystallize.

Here, we report on an investigation into the use of
PEO-grafted gold NPs as a reversible thermoresponsive
system. The self-assembly of coated gold NPs was studied
as a function of the core size and PEO molecular weight.
Additionally, the self-assembled structure has been inves-
tigated with potentially different long-range order iden-
tified from lamellar-like domains to cubic close packing
arrangements.

Three sizes of gold NPs (Aus, Au,¢, and Aus; of 5, 16, and
33 nm core diameter) were functionalized with two dif-
ferent molecular weights of thiolated PEO (5 and 10 kDa)
at a concentration of 10 PEG nm™2. Hereafter, the inter-
mediate core size and polymer will be mainly discussed
(Au;g and 5 kDa PEO, [Au] = 1 x 1073 m) unless other-
wise specified. It was immediately evident that the
grafted polymer was causing colloidal phase separation
in absolute ethanol at room temperature as expected
for a polymer exhibiting UCST behavior or crystalliza-
tion (Figure 1a), and redispersion was a simple matter of
running hot water over the vial. Given that the residual
concentration of unreacted polymer must be less than
0.01 x 107 m, equating to 0.3 molecules per nm? of NP

surface area (Supporting Information), the observed self-
assembly must originate from grafted, rather than free,
PEO.

A red-shift in the LSPR is an indication of gold NP
aggregation or self-assembly, which was observed for
both the Au,4 and Auss systems. Quenching the disper-
sion from above the melting transition, i.e., 40 °C to 15 °C,
and delaying the measurement for 15 min resulted in a
shift of 16-19 nm (Figure 1a). As expected, a larger and
broader shift was found for the Aus; NPs with a similar
sized PEO layer, while no shift was found for the Aus NPs
(Figure S1, Supporting Information).*°! The shift was
reversible across multiple heating—cooling cycles, and
a transition temperature of around 25 °C was identi-
fied from a cooling ramp (Figure 1b). Assuming the PEO
coating presents a hard-core repulsion interaction poten-
tial, the minimum possible separation of two NPs is twice
the thickness of the polymer layer. This layer is approxi-
mately 10 nm: the difference between the hydrodynamic
radius from dynamic light scattering (DLS) and the NP
radius from transmission electron microscopy (TEM).
From the work of Tabor et al.,**! we would expect an LSPR
shift of less than 1 nm if the Au;¢ NPs were separated by
20 nm of PEO, not the 16—19 nm shift found. Despite this
simplified view of ignoring multiparticle plasmon cou-
pling and the competing van der Waals interaction with
steric repulsion,?] the large shift in the LSPR is indicative
of a much smaller interparticle spacing in the self-assem-
bled structure than expected from a brush conformation
PEO coating.

The self-assembly was probed by DLS and multiple
heating—cooling cycles, with the hydrodynamic radius
estimated via a cumulant analysis and the Stokes—
Einstein relation. Starting around 18 °C for the 5 kDa
PEO, and 24 °C for the 10 kDa PEO, an increase in the size
was measured corresponding to the crystallization of the
polymer and the self-assembly of NPs (Figure 1c). Upon
heating, the assemblies rapidly break up at 38 °C due to
the PEO adopting a brush conformation, now in a good
solvent, with the steric repulsion overcoming the van der
Waals attractions. A hysteresis was observed between the
two phase transitions, mirrored in the heating—cooling
cycles of the UV—-vis—NIR spectra (Figure 1d).

The assembled particles were imaged by TEM, with
large 3D micron-sized structures found (Figure 2 and
Figure S2, Supporting Information). Ordered domains
could be observed that resembled either lamellar or cubic
forms. Indeed, the lamellar structure is reminiscent of the
morphologies observed for spinodal decomposition or the
microphase separation of a block copolymer,32l where in
this case the inorganic gold core acts as the B block in an
A-B-A copolymer. The separation distance between adja-
cent NPs was found to be less than the predicted thickness
of a solvated PEO layer. This is not surprising as partial
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Figure 1. The self-assembly or dispersion of gold NPs upon cooling or heating. a) The LSPR of gold NPs was measured by UV-vis spectros-
copy upon repeated heating—cooling cycles from 15 to 40 °C. Inset: Shifts in the LSPR maximum through heating—cooling cycles. b) The LSPR
of gold nanoparticles at set temperatures during a cooling cycle. Inset: Position of the LSPR maximum with temperature. c) Temperature
during the cooling (black) and heating (red) cycles (upper) and the corresponding hydrodynamic radius by DLS (lower). d) Self-assembly and
dispersion hysteresis of NPs functionalized with two different molecular weights of PEO during cooling (black) and heating (red) cycles.
e) SAXS curves of NPs either self-assembled in absolute ethanol, or well dispersed in a water-ethanol mixture. Inset: Structure factor for
the self-assembled NPs with a maxima at g = 0.34 nm™. f) WAXS curves of a 2 wt% solution of PEO in ethanol either above or below the

phase transition temperature.

compression, and interdigitation, of polymer brushes due
to van der Waals attractions can occur especially when
the size of the polymer brush is small with respect to the
NP[3334 Within the lamellar regions, the NPs are in near
contact with a larger separation between the layers (Inset
of Figure 2b). A radial distribution function (RDF) of the
NP positions from TEM images gives maxima at 15.5, 25.2,
and 48.8 nm (Figure S3, Supporting Information). The
first peak corresponds to NPs in near contact, while the
second and third correspond to an interlamellar spacing
(d-spacing between two adjacent lamellae) of 10 nm indi-
cating the crystallized PEO is compacted. However, there
are potentially other explanations for these observations.
First, drying artifacts are well known in TEM and the
evaporation of trapped ethanol could potentially explain
the spacing.*®l Moreover, thiolated ligands on gold NPs
have been shown to possess a degree of mobility although
over longer timescales than used here.®! Therefore, the
PEO must be more mobile than the anchoring group, oth-
erwise the observed near contact of two NPs would not
be possible. In a 2D assembly, as shown in Figure 2, the
excess crystallized polymer could well be in the z-axis as
opposed to in the plane of the assembly explaining the

spacing observed in TEM. To determine if indeed there
is any long-range order of the assembled NPs in situ,
small-angle X-ray scattering (SAXS) measurements were
undertaken.

The scattering intensity in SAXS is proportional to
(a) the particle form factor P(q) describing the size and
geometry of the Au NP and (b) the structure factor 5(q)
describing spatial correlation between the particles:
I(q) = P(q)S(q).1*®! The form factor of well-dispersed PEO-
coated gold NPs was determined through the addition
of water to NPs dispersed in ethanol, and measurement
of their scattering curve. Above a certain threshold of
water, PEO does not crystallize or display UCST behavior
due to the complete hydration of the monomers, ensuring
well-dispersed NPs. The quotient of the scattering curve
of the assembled NPs over the form factor estimates the
structure factor, as shown in Figure le. A characteristic
oscillatory form at low g is indicative of long-range order,
and a maximum in the structure factor at g = 0.34 nm™
corresponds to a length scale of 18-19 nm. This length
scale is similar to the first maxima from the RDF of the
TEM images, providing evidence the TEM figures are
representative and the local structure observed are not
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temperature of PEO in ethanol. Images were also taken of 33 nm NPs that were either

I Figure 2. TEM of 16-nm-functionalized NPs dried either a) above or b) below the melting
c) dispersed or d) assembled.

artifacts. Due to the limited g range of the instrument, it
was not possible to probe longer length scales to investi-
gate the more lamellar-like spacing.

The phase behavior of the polymer either dissolved
in ethanol above or below the transition temperature
was probed with wide-angle X-ray scattering (WAXS). As
hypothesized, a crystal structure was detected with a peak
at g = 13.57 and 16.54 nm™* corresponding to a d-spacing
of 0.46 and 0.38 nm, respectively (Figure 1f), consistent
with the findings of other groups.[?>37:38] Therefore, the
polymer on the gold NP surface likely crystallizes into a
well-ordered structure before reaching the UCST, at which
point it would form an amorphous aggregate.

The self-assembly observed here differs from some
other aggregating systems that have employed either
LCST polymers, hydrogen bonding, or screening of electro-
static repulsion with salt to rely solely on van der Waals
interactions for larger NPs. These systems characteristi-
cally arrest into large, nonergodic, aggregates without
any long-range order.?23%-44 It is not immediately clear
why this system presents more order with partially crys-
talline domains at the nanoscale. One reason may be the
general guidelines that in order to undergo self-assembly:
the interaction length scales should be large relative

to the constituent particles, and the
strength of the interaction cannot be
too strong otherwise the particles are
kinetically trapped and cannot reach an
equilibrium structure. The longer range,
and mobile, PEO crystallization would
fit these guidelines while the shorter
range van der Waals interactions are
responsible for the near-contacting NPs
observed in TEM. Using larger NPs with
a similar PEO size will greatly increase
the relative strength of the van der
Waals forces, potentially resulting in
a different structures forming. Indeed,
for the case of the 33 nm gold NPs,
there is less long-range order observed
(Figure 2d), although local examples of
hexagonal close packing could be found.
We hypothesized the same would occur
for smaller polymers, ie., 2 kDa with
16 nm gold NPs; however, a mixture
of cubic and lamellar structures was
observed indicating the curvature of the
NPs may also control the structure.[44]

805 The melting hysteresis observed in
$ 7onm] both UV-vis—NIR spectroscopy and DLS
was investigated as a function of PEO
molecular weight and the concentration
of water. An isothermal experiment
was carried out at 20 °C in ethanol with
1% water on either the dispersed or assembled NPs. The
phase transition is rate independent over the time scales
of interest, so that the assembled NPs stay assembled at
20 °C while the dispersed NPs stay dispersed (Figure S5,
Supporting Information). Additionally, the crystallization
transition can be shifted to lower temperatures by the
addition of water, while the melting transition remains
unchanged. The dependence of the crystallization tran-
sition on molecular weight of PEO is expected to origi-
nate solely from the different ratio of residual water to
EO monomers present on each NP. To confirm this, we
plotted the hysteresis curves as a function of the PEO to
water ratio (Figure S6, Supporting Information).

The hysteresis observed is analogous to a shape-
memory polymeric switch. In this case, at intermediate
temperatures the system is either purple and floccu-
lated, or red and transparent depending on the thermal
history. If the system has been heated up, even briefly,
above the melting transition then the dispersion will be
transparent and stable. However, a limitation of this is
the easy resetting of the sensor if the temperature is once
again dropped below the crystallization transition. An
improvement to this system is the addition of calcium
ions to the self-assembled NPs while they are below the
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Figure 3. a) Thermoresponsive self-assembly of PEO-functional-
ized 16-nm NPs is fully reversible in absolute ethanol. b) Upon the
addition of CaCl, (0.2 m) to the preassembled NPs, the process is
irreversible due to binding of Ca** to the PEO.

melting transition. Upon increasing the temperature, the
NPs redisperse and the calcium ions bind to PEO, turning
the neutral polymer into a cationic polyelectrolyte. Con-
sequently, this charged PEO cannot crystallization and it
becomes impossible to reset the system through cooling
(Figure 3). Other cations, such as sodium, potassium, or
magnesium (with the same counter ion), had no effect on
the recrystallization of PEO on gold NPs.

In summary, we have demonstrated the self-assembly
of PEO-functionalized gold NPs, by polymer crystalliza-
tion, resulting in structures with long-range order. This is
contrary to the typical self-assembled NPs functionalized
with LCST or UCST polymers, which arrest into glassy or
gel-like aggregates. The thermally reversible transition can
be tuned by three parameters: water content, PEO molec-
ular weight, and core NP size. This system has potential as
a reversible thermally triggered smart material, made irre-
versible through the addition of calcium cations.

Experimental Section
Experimental materials and methods can be found in the Sup-

porting Information.

Supporting Information

Supporting Information is available
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