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Self-assembly of nanoparticles can be mediated by polymers, but has so far led almost exclusively to nanoparticle
aggregates that are amorphous. Here, we employed Coulombic interactions to generate a range of composite mate-
rials from mixtures of charged nanoparticles and oppositely charged polymers. The assembly behavior of these
nanoparticle/polymer composites depends on their order of addition: polymers added to nanoparticles give rise to
stable aggregates, but nanoparticles added to polymers disassemble the initially formed aggregates. The amorphous
aggregates were transformed into crystalline ones by transiently increasing the ionic strength of the solution. The
morphology of the resulting crystals depended on the length of the polymer: short polymer chains mediated the
self-assembly of nanoparticles into strongly faceted crystals, whereas long chains led to pseudospherical nanopar-
ticle/polymer assemblies, within which the crystalline order of nanoparticles was retained.
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Introduction

Assembling inorganic nanoparticles (NPs) into
higher-order structures is important for harness-
ing their unique physicochemical properties and
fabricating functional materials of macroscopic
dimensions.1–4 NPs can be organized into ordered
structures by solvent evaporation,5,6 by adding NPs
exhibiting complementary surface chemistry,7,8
or by exposing them to various external stimuli,9
including light,10–12 heat,13,14 magnetic fields,15,16
redox agents,17 metal ions,18,19 acids/bases,20
gases,21,22 and other chemical agents.23 Among
them, polymers are particularly interesting owing
to their structural and chemical diversity and
beneficial mechanical properties, which can be
transferred to the resulting polymer–NP com-
posite materials.24–27 In a pioneering report,28
Rotello and coworkers used a polymer exhibiting
multiple diaminotriazine (DAT) groups to medi-
ate the self-assembly of Au NPs decorated with
thymine residues, which form strong hydrogen

bonds with and are complementary to the DAT
moieties.28,29 In another notable example, Torii
et al. reported the coassembly of oligo(ethylene
glycol)-coated NPs and poly(acrylic acid) (PAA)
into aggregates that exhibited pH-responsiveness;
addition of a base induced the deprotonation of
PAA, thus eliminating the attractive hydrogen-
bonding interactions between the polymer and
the NPs.30 At a low pH, the aggregates could be
regenerated, and the assembly–disassembly process
could be repeated for multiple cycles. A variety
of polymer–NP hybrid materials have also been
fabricated by the electrostatic self-assembly of
charged NPs with oppositely charged biomacro-
molecules, including peptides,31 proteins,32–34
and DNA.35–37 Furthermore, much effort has
been devoted to organizing (e.g., via hydrogen
bonding38 and hydrophobic interactions39,40)
inorganic NPs (including anisotropic ones41)
onto specific domains of phase-segregated block
copolymer scaffolds,42–51 and to assembling NPs
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via the layer-by-layer approach.52–57 However, it
is challenging to induce a regular (crystalline)
order of NPs by means of polymer-mediated self-
assembly, in particular using linear polymers—in
fact, nearly all of the above assemblies exhibit
random packing of NPs. Although templating NPs
into crystalline assemblies has successfully been
achieved using globular biomacromolecules,32,33
it is highly demanding for linear polymer chains
to fold so as to assemble NPs in an organized
fashion.
Recently, we reported a new method to mediate

the self-assembly of chargedNPs—that is,NPs func-
tionalized with a monolayer of thiols terminated
with charged groups—into high-quality colloidal
crystals using oppositely charged smallmolecules.58
Our method is based on the finding that attrac-
tive Coulombic interactions in water exist between
positively charged NPs and anions having three
or more negative charges, resulting in amorphous
NP/oligoion aggregates; the same is true for nega-
tively charged NPs and small-molecule cations hav-
ing at least three positive charges. We found that
the addition of a volatile salt (such as ammonium
carbonate) temporarily increases the ionic strength
of the solution, thus disassembling the initial amor-
phous aggregates; the subsequent evaporation of the
salt reestablishes attractive interactions, leading to
highly crystalline NP assemblies.58
Here, we show that attractive Coulombic interac-

tions also exist between chargedNPs and oppositely
charged polyelectrolytes (charged polymers), which
can thus mediate NP–NP interactions. Remarkably,
decreasing the ionic strength of colloidally stable
solutions containing charged NPs and oppositely
charged polymers resulted in polymer/NP assem-
blies in which NPs exhibited a crystalline order.
Interestingly, the crystalline nature of the resulting
assemblies was found for all polymer lengths inves-
tigated. At the same time, the average length of the
polymer chain had a profound effect on the mor-
phology of the colloidal crystal: the longer the poly-
mer, the less faceted the crystals.

Results and discussion

We worked with monodisperse gold NPs with
sizes ranging from ∼4.2 to ∼7.6 nm and with size
dispersity <10%, prepared by reducing HAuCl4
with t-BuNH2·BH3 in the presence of oleylamine
(OLA).59 To render the OLA-capped NPs pos-

itively charged, they were subjected to a ligand
exchange reaction with (11-mercaptoundecyl)-
N,N,N-trimethylammonium bromide (TMA in
Fig. 1A; a 10-fold excess). Interestingly, we found
that the resulting NPs could not be fully dispersed
in water, probably due to an incomplete removal
of OLA from the NPs (we hypothesize that a small
amount ofOLA remains on theNPs to prevent unfa-
vorable contacts between the like-charged TMA
head groups). Therefore, a small amount (10 mol%)
of a short, electrically neutral thiol (1-hexanethiol,
HT) was included during the ligand exchange
reaction; unlike OLA, HT is shorter than TMA and
can thus screen the electrostatic repulsion between
TMAs without compromising the NPs’ solubility in
water. Nuclear magnetic resonance (NMR) analysis
of the monolayer on the resulting NPs revealed the
presence of ∼77% TMA and ∼23% HT, indicating
the preferential adsorption of HT on the NPs (feed
ratio, TMA/HT = 9:1), again probably due to the
unfavorable TMA–TMA contacts.
When TMA-functionalized NPs (Au·TMA) dis-

persed in water were mixed with an aqueous solu-
tion of PAA, they rapidly aggregated. The result-
ing aggregates were amorphous, irrespective of the
order of the addition (Fig. 1A) or the length of PAA
(we worked with PAA with three different degrees
of polymerization: Mw ≈ 1800, Mw ≈ 100k, andMv
≈ 450k, denoted as PAA1800, PAA100k, and PAA450k,
respectively; Materials and methods, online only).
To study the aggregation process in more detail, we
titrated solutions of Au·TMA with PAA (Fig. 1B
and C) and vice versa (Fig. 1D and E). To ensure
a high degree of PAA deprotonation, the pH val-
ues of both the titrant and the titrated solution
were set to 11. Figure 1B shows the dependence of
the wavelength of maximum absorbance, λSPR (due
to NPs’ surface plasmon resonance (SPR); propor-
tional to the degree of aggregation60,61) as a func-
tion of the amount of PAA added. For all the PAAs,
λSPR increased until it reached a maximum at ∼540
nm, followed by a slight decrease. The degree of
decrease in λSPR upon continued titration was the
highest for PAA450k (Fig. 1B, gray markers), which
can be attributed to the ability of the longest poly-
mer to most efficiently (yet still partially) break the
initial Au·TMA/PAA aggregates, since the contin-
uously added PAA tends to maximize the contact
with the oppositely charged Au·TMA. It is worth
noting that, owing to its high average molecular
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Figure 1. Aggregation of positively charged nanoparticles with polyanions. (A) Structural formulas of (11-mercaptoundecyl)-
N,N,N-trimethylammonium (TMA; counterion, Br–) and deprotonated poly(acrylic acid) (PAA), and preparation of amorphous
NP aggregates by treating Au·TMA with PAA (left) and PAA with Au·TMA (right). (B) Changes in the position of the Au·TMA’s
surface plasmon resonance (SPR) peak as a function of the amount of PAA added. The titrated solution contained 38.5 nmol of
the NP-bound TMA groups. The amount of titrant added is expressed in terms of the number of acrylic acid (AA) repeating units.
(C) Changes in the ζ potential of Au·TMA solution as a function of the amount of PAA added in the same titration as in panel B.
The dashed red lines in panels B and C denote the theoretical point of neutrality (i.e., the number of TMA groups equalized by
the number of AA units added). (D) Changes in the position of the Au·TMA’s SPR peak as a function of the amount of Au·TMA
added to the solution of PAA. The titrated solution contained a total of 15 nmol of the AA repeating units. The amount of titrant
added is expressed in terms of the number of NP-bound TMA groups. (E) Changes in the ζ potential of PAA solution as a function
of the amount of Au·TMA added in the same titration as in panel D. The dashed red lines in panels D and E denote the theoretical
point of neutrality (i.e., the number of AA units equalized by the number of NP-bound TMA groups added). The Au·TMA used
in the titrations had a diameter of 6.34 ± 0.57 nm.

weight, PAA450k contains ∼10 times more COO–

groups than the number ofNMe3+ groups per single
NP. By contrast, PAA1800 contains only ∼25 repeat-
ing units (compared with ∼600 TMAs per NP) and
thus behaves similarly to small negatively charged
molecules, which are incapable of disassembling the
initially formed Au·TMA/oligoanion aggregates.58

It is interesting to point out that the maximum in
the λSPR versus nAA plot (Fig. 1B) does not overlap
with the electroneutrality point (defined as the
volume of added PAA solution such that the num-
ber of acrylate units corresponds to the number of
NP-bound TMA groups). Specifically, the highest
value of λSPR was reached at ∼60% the expected

amount of PAA added (Fig. 1B). To obtain further
insight into these results, we followed the titration
process by monitoring the ζ potential of the solu-
tion (Fig. 1C). At the early stage of the titration,
the ζ potential remained roughly constant at ∼20
mV, which, together with the steadily increasing
λSPR (Fig. 1B), can be explained by the formation of
increasingly larger aggregates within which PAA is
trapped between the NPs (and thus does not con-
tribute to the surface charge). Then, the ζ potential
dropped to and stabilized at approximately –30 mV
(Fig. 1C), indicating a transition from positively
into negatively charged aggregates. Similar to the
UV/Vis titration, this transition occurred much
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Figure 2. Crystalline assemblies of TMA-coated Au NPs and PAA. (A) Strategy devised to transform amorphous aggregates
of Au·TMA and PAA into crystalline ones. (B) Schematic illustration of changes in the ionic strength at different stages of the
process. (C) Scanning electron microscopy (SEM) images of crystalline assemblies obtained from Au·TMA and the shortest PAA
(PAA1800). NP diameters, from the left: 4.84 ± 0.37 nm; 4.84 ± 0.37 nm; 7.57 ± 0.54 nm; 7.57 ± 0.54 nm. (D) SEM images of
crystalline assemblies obtained from Au·TMA and medium-sized PAA (PAA100k). NP diameters, from the left: 6.34 ± 0.57 nm;
6.34± 0.57 nm; 6.34± 0.57 nm; 4.93± 0.44 nm. (E) SEM images and (right) a high-angle annular dark-field scanning transmission
electronmicroscopy (HAADF-STEM) image of crystalline assemblies obtained fromAu·TMAand the longest PAA (PAA450k) (see
also Fig. S1, online only, for sideview SEM images). NP diameters, from the left: 5.07± 0.41 nm; 5.07± 0.41 nm; 5.07± 0.41 nm;
6.34 ± 0.57 nm.

earlier than expected based on the electroneutrality
condition. We attribute this behavior to the high
conformational flexibility of the polymers, which
renders the COO– groups more available for inter-
molecular interactions than the oppositely charged
NMe3+ groups residing on and being constrained
by the “hard” NP scaffolds.
Interestingly, a different behavior was observed

upon reversing the order of titration. Specifically,
the initial sharp increase in λSPR was followed by
its precipitous decrease, ultimately resulting in a
low value of λSPR characteristic of free Au NPs
(Fig. 1D). This result indicates that upon contin-
ued addition, Au·TMA—unlike PAA (Fig. 1B)—

can quantitatively disassemble the initially formed
NP/polymer aggregates. This result is interesting,
given that the charge density on Au·TMA and PAA
is similar; apparently, it is the morphology of the
polyion (spherical NP versus linear polymer) that
plays the key role. Concurrent ζ potential titrations
revealed that the solutes’ surface charge initially
remained constant at approximately –30 mV, indi-
cating that Au·TMA added at the early stage of the
titration became wrapped around the PAA chains
(present in excess). Then, a rapid transition to ζ

≈ +20 mV was observed near the electroneutral-
ity point, confirming the results of the UV/Vis titra-
tions.
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Figure 3. High-resolution SEM (A), bright-field STEM (BF-
STEM) (B and F), and HAADF-STEM (C–E) images of
Au·TMA/PAA450k aggregates, focusing on the boundaries
between neighboring aggregates. The images in panels E and
F show the same region, imaged by HAADF-STEM and BF-
STEM, respectively. The aggregates were prepared from 6.34±
0.57 nm Au·TMA.

We have previously demonstrated58 that amor-
phous Au·TMA/oligoanion aggregates can be trans-
formed into crystalline ones by increasing the ionic
strength of the solution (thus screening the elec-
trostatic interactions between the NPs and small-
molecule ions), followed by decreasing the ionic
strength in a controllable manner, for example,
by evaporating volatile salts (such as ammonium
carbonate; Fig. 2A and B). Here, we found that
adding a concentrated solution of (NH4)2CO3 could
effectively eliminate attractive interactions between
Au·TMA and PAA, irrespective of the polymer’s
chain length, affording a solution of noninteracting
NPs and polymers (Fig. 2A, step 2). Moreover, we
were pleased to find that the subsequent evapora-
tion of (NH4)2CO3 (in the form of CO2 and NH3;
Fig. 2A) over the course of ∼24 h results in the for-
mation of well-defined colloidal crystals (Fig. 2A,
step 3 and Fig. 2C–E).

With PAA1800, the resulting crystals were
highly faceted, with morphologies (e.g., icosa-
hedra and hexagonal plates) characteristic of the
face-centered cubic (fcc) structure, analogous to
the same Au·TMA NPs cocrystallized with small-
molecule oligoanions.58 Moreover, high-resolution
imaging revealed the presence of (111) and (100)
facets, which are typical for the fcc structure62
(Fig. 2C, right). The morphology of the crystals
did not depend on the NP size (in the range tested;
∼4.8–7.6 nm).
When the process was repeated with the longer

polymer (PAA100k), theNP crystals were less faceted
and more rounded (Fig. 2D). This result can be
understood by taking into consideration the rela-
tively long length of PAA with a molecular weight
of 100k (corresponding to ∼1400 repeating units),
namely, ∼350 nm in its fully extended conforma-
tion (compared with only ∼6.5 nm for the 1800
g/mol PAA). In order to maximize the contact
with multiple Au·TMA NPs, the polymer chains
fold and the ensemble assumes a more spherical
shape, similarly to complex coacervates.63–68 This
trend continued with increasing polymer length:
for PAA450k, we observed the formation of pseudo-
spherical aggregates (Fig. 2E), which, despite their
shape, retained the crystalline order of the con-
stituent NPs (Fig. 2E, right). Within these aggre-
gates, each polymer interacts—on average—with
∼15 NPs (assuming molecular weight of 450k, an
NP size of 5 nm, and a complete deprotonation of
PAA).
Interestingly, a more thorough inspection of the

Au·TMA/PAA450k aggregates revealed the presence
of multiple NP threads between neighboring col-
loidal crystals (Fig. 3). These threads appear to form
as a result of the mechanical deformation of the
aggregates during drying and/or sample prepara-
tion; they are composed of NPs deposited onto bun-
dled polymer chains (see the low-contrast halo in
Fig. 3F). The thicknesses of the threads ranged from
∼10NPs (Fig. 3C) down to individualNPs (Fig. 3B).
No such threads were found with the two shorter
polymers.
Having established that crystalline Au·TMA

aggregates obtained from the long PAA are round,
whereas those obtained from relatively short oligo-
and polyanions are faceted, we hypothesized that
the degree of faceting could be tuned by varying the
molar ratio of a small to a large anion. To this end,
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Figure 4. Tuning the morphology of crystalline aggregates of Au·TMA. (A) Structural similarity of pentane-1,3,5-tricarboxylic
acid (PTA) and PAA, and the definition of θ . (B) SEM images of crystalline aggregates of Au·TMA. The higher the θ , the more
faceted the crystals. For images of samples prepared at other values of θ , see Figure S2 (online only). All the samples were prepared
from 6.34 ± 0.57 nm Au·TMA.

we worked with pentane-1,3,5-tricarboxylic acid
(PTA; Fig. 4A)—a small molecule structurally simi-
lar to three consecutive repeating units of PAA. PTA
was mixed with PAA450k such that θ, defined as the
ratio of PTA’s COO– groups to all the COO– groups,
was varied between 0 and 1 (Fig. 4A). The resulting
mixturewas added to 6.34 nmAu·TMAuntil no fur-
ther changes in the UV/Vis spectra were observed.
All PTA/PAA mixtures mediated the formation of
amorphous NP aggregates, which were converted
into crystalline ones via the (NH4)2CO3 method
(Fig. 2A). For θ = 0 (i.e., pure PAA450k), rounded
crystalline aggregates were observed (Fig. 4B); the
aggregates were larger and less uniform in size
than the ones shown in Figure 2E as a result
of a higher total concentration. As θ increased,
the aggregates became more faceted, with regular
hexagonal plates found for θ = 1 (i.e., pure PTA,
in agreement with previous findings58). The grad-
ual faceting of Au·TMA/PAA/PTA aggregates (as
opposed to changing the fraction of rounded ver-
sus faceted aggregates in a bimodal mixture) indi-
cates that PAA and PTA interact with Au·TMAwith
similar propensities and that they coexist within the
same aggregates.
To determine whether Au·TMA can also inter-

act and cocrystallize with other polyanions, we
worked with polyphosphoric acid (PPA; see Fig. 5
for the structural formula). The average degree
of polymerization of the commercially available
PPA69 corresponds to ∼22 (see the Materials and
methods, online only)—similar to PAA1800 (degree
of polymerization ≈ 25). Indeed, we found that

Figure 5. SEM images of crystalline assemblies of TMA-
coatedAuNPs andpolyphosphoric acid (PPA) taken at increas-
ingmagnifications. The colloidal crystals were assembled from
the same batch of PPA and Au·TMA of the following sizes,
clockwise starting from top left: 4.84 ± 0.37 nm, 4.19 ± 0.35
nm, 5.78 ± 0.38 nm, and 5.37 ± 0.37 nm.

PPA can mediate attractive interactions between
Au·TMA similarly to PAA; subsequent addition
and spontaneous removal of (NH4)2CO3 resulted
in well-defined, faceted NP crystals similar to those
obtained using PAA1800 (Fig. 5).
Next, we investigated whether crystalline NP

assemblies could similarly be generated in a
“reverse” system—that is, one incorporating neg-
atively charged NPs and cationic polymers. To
this end, we synthesized Au NPs functionalized
with a single-component monolayer of sodium
11-mercaptoundecanesulfonate (MUS in Fig. 6A);
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Figure 6. Aggregation of negatively charged nanopar-
ticles with polycations. (A) Structural formulas of 11-
mercaptoundecanesulfonate (MUS; counterion, Na+) and
protonated branched polyethylenimine (PEI; note: the poly-
mer is branched and the structural formula is approximate;
the degree of protonation is most likely not complete). (B)
Changes in the position of the Au·MUS’s SPR peak as a
function of the amount of PEI added. The titrated solution
contained 50 nmol of the NP-boundMUS groups. The amount
of titrant added is expressed in terms of the number of
ethylenimine (CH2CH2NH; EI) repeating units. The dashed
red line denotes the theoretical point of neutrality (i.e., the
number of MUS groups equalized by the number of EI units
added). (C) Changes in the position of the Au·MUS’s SPR peak
as a function of the amount of Au·MUS added to the solution
of PEI. The titrated solution contained a total of 30 nmol of the
EI repeating units. The amount of titrant added is expressed in
terms of the number of NP-bound MUS groups. The dashed
red line denotes the theoretical point of neutrality (i.e., the
number of EI units equalized by the number of NP-bound
MUS groups added). The Au·MUS used in the titrations had a
diameter of 6.34 ± 0.57 nm.

these NPs exhibited excellent solubility in water.
For the polycation, we used commercially available
branched polyethylenimine with three different
degrees of polymerization: Mw ≈ 800, Mw ≈ 25k,
and Mw ≈ 270k, denoted as PEI800, PEI25k, and
PEI270k, respectively. Similar to PAA, the extent

of PEI protonation is pH-dependent, with low
pH values favoring high densities of the electric
charge. We note, however, that unlike for Au·TMA,
the Au·MUS charge is not independent of pH;
the protonation degree of the terminal sulfonate
groups increases in acidic solutions. In other words,
protonation of PEI at low pH values entails a partial
loss of the negative charge on the NPs (the opposite
is true for high pH values). The pKb of PEI is ∼7;
we, therefore, adjusted the pH of both solutions
(Au·MUS and PEI) to ∼5.9 in order to ensure a
high degree of PEI protonation while retaining
Au·MUS largely deprotonated.
Figure 6B shows the results of titrating aqueous

Au·MUS with solutions of PEIs. The two shorter
PEIs exhibited a similar behavior, stabilizing the
λSPR of the NPs at ∼80 nmol of PEI (in terms
of the number of EI units). For PEI270k, a larger
amount had to be added to achieve a plateau
in the λSPR (the gray markers in Fig. 6B); this
result can be attributed to the branched struc-
ture of PEI, which makes the ammonium groups
located deep inside the PEI molecule inaccessible
for interaction with Au·MUS. Irrespective of the
polymer length, the continued addition of PEI did
not induce the disassembly of the Au·MUS/PEI
aggregates.
An analogous trend was found upon reversing

the order of titration: considerably less Au·MUS had
to be added to PEI270k (compared with PEI800 and
PEI25k) for NP aggregation to be observed (Fig. 6C,
gray markers). Similar to Au·TMA (Fig. 1D), an
excess of MUS-coated Au NPs induced the disas-
sembly of the initial Au·MUS/PEI aggregates for all
PEI lengths (Fig. 6C).
Working with the reverse system of Au·MUS

and PEI, we also observed that the titration curves
shifted from the expected behavior—although in
directions opposite to those for Au·TMA/PAA.
Namely, a larger than expected (based on the elec-
troneutrality criterion, denoted by a dashed red line
in Fig. 6B) amount of PEI had to be added to
Au·MUS to induce aggregation; conversely,
Au·MUS titrated into solutions of PEI aggregated
faster than expected (markers versus the dashed red
line in Fig. 6C). These results can be understood by
taking into consideration the branched structure
of PEI (which “screens” some of the ammonium
groups) and/or an incomplete protonation of PEI’s
amine groups.
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Figure 7. Crystalline assemblies of MUS-coated Au NPs and
branched PEI. (A) SEM (top row) and HAADF-STEM (bottom
row) images of crystalline assemblies obtained from Au·MUS
and the shortest PEI (PEI800). (B) SEM images of crystalline
assemblies obtained from Au·MUS and medium-sized PEI
(PEI25k). (C) SEM (left) and HAADF-STEM (right) images of
crystalline assemblies obtained from Au·MUS and the longest
PEI (PEI270k). All the samples were prepared from 6.34 ± 0.57
nm Au·TMA.

Finally, we attempted to fabricate colloidal crys-
tals from Au·MUS and PEI. Upon the addition
of a concentrated solution of (NH4)2CO3, the
Au·MUS/PEI aggregates disassembled for all the
PEI batches (analogously to the Au·TMA/PAA
aggregates; Fig. 2A). Then,we adjusted the pHof the
solution to∼5.9 in order to endowPEI andAu·MUS
with a significant number of positive and negative
charges, respectively. The spontaneous removal of
(NH4)2CO3 over the course of 24 h resulted in the

quantitative precipitation of the NPs from the solu-
tion in the form of colloidal crystals (Fig. 7). Inter-
estingly, we observed the same dependence of crys-
tal morphology on the polymer chain length as with
Au·TMA/PAA: crystals mediated by PEI800 were
relatively large and strongly faceted (Fig. 7A); those
obtained with PEI25k were crystalline but with less
defined shapes (Fig. 7B); finally, aggregates made
using PEI270k were mostly spherical (Fig. 7C, left),
yet had a crystalline order of the NP building blocks
(Fig. 7C, right).

Conclusions

In sum, we investigated the electrostatic inter-
actions between charged Au nanospheres and
oppositely charged polymers. Titrating the NPs
with polymers resulted in the formation of amor-
phousNP/polymer composites that remained stable
upon the continued addition of the polymer. By
contrast, the addition of charged NPs to oppositely
charged polymers resulted in the disassembly of
the initially formed composites. The aggregates
obtained by titrating NPs with polymers formed
earlier than expected from the electroneutrality
condition; this result suggests that, owing to their
flexibility, the polymer chains can expose their
charged residues more effectively than can the rigid
inorganic nanospheres. The resulting amorphous
NP/polymer aggregates could be transformed into
crystalline ones by increasing and then slowly
decreasing the ionic strength of the solution. The
successful preparation of crystalline assemblies
demonstrates that crystals from charged NPs can
be obtained not only using oppositely charged
small molecules,58 but also polyions. The mor-
phology of the resulting crystals was found to
depend on the length of the polyion used. The
crystals obtained using the shortest polymers (∼25
repeating charged units) were strongly faceted
and indistinguishable from those obtained using
oligoions.58 The medium-sized polymers mediated
the self-assembly of NPs into more rounded crys-
tals, which exhibited some faceting. Finally, with
the longest polymers, we observed the formation of
pseudospherical assemblies, within which the crys-
talline order was still retained. This latter result is
particularly interesting considering that the length
of the longest polymer we worked with (PAA450k)
can be estimated, in its fully extended conformation,
as ∼1.5 µm—well over two orders of magnitude
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more than the typical NP size (∼5 nm). Despite
this large difference in size, colloidal crystals are
observed, indicating that during the self-assembly
process, the polymer chains fold in such a way that
they accommodate the regular packing of NPs.
Overall, these studies advance our understanding
of nanoscale self-assembly and can pave the way
toward obtaining composite materials with desired
mechanical, plasmonic, and catalytic properties.
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