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nanostructures across basic science, tech-
nology, and nature.[1–4] So far, numerous 
nanostructures with different morpholo-
gies have been created through molecular 
self-assembly process, such as classic 
nanospheres,[5,6] 1D nanofibers,[7,8] 2D 
platelets[9,10] and various hierarchical 
structures.[11,12] Above all, anisotropic 
nanostructures have been actively inves-
tigated due to the increasing recogni-
tion that anisotropic shape and size at 
nanoscale has a significant effect on 
material properties and functionality.[13–15] 
In nature, hierarchical self-assembly and 
crystallization with long-range orienta-
tion and ordered spatial arrangement is a 
ubiquitous pathway to regulate structures 
and biological functions.[16] Inspired by 
the crystallographic regulation in biology, 
extensive effort has been exerted to build 
anisotropic nanostructures and precisely 
regulate the shape and size by crystalliza-
tion kinetics control. Pioneering works 
discovered by Manners and co-workers 
have revealed that by introducing a crys-
tallizable core-forming chain to block 
copolymers (BCP), the obtained crystal-
line BCPs can assemble into 1D or 2D 
nanostructures with controlled morphol-

ogies through an epitaxial crystallization process.[9,17–21] Over 
the past two decades, such a strategy has been widely applied 
for controlling the size and shape of crystalline BCPs.[22–26] 
Liquid crystalline block copolymers also attract much attention 

The creation of anisotropic nanostructures with precise size control is 
desirable for new properties and functions, but it is challenging for ionic 
self-assembly (ISA) because of the non-directional electrostatic interac-
tions. Herein, the formation of size-controllable tetragonal nanoprisms is 
reported via crystallization-directed ionic self-assembly (CDISA) through 
evaporating a micellar solution on solid substrates. First, ISA is designed 
with a crystalline polyethylene oxide (PEO) containing cationic polymer 
poly(2-(2-guanidinoethoxy)ethyl methacrylate)-b-poly(ethyleneoxide)-b-
poly(2-(2-guanidinoethoxy)-ethylmethacrylate) (PGn-PEO230-PGn) and an 
anionic 5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrin (TPPS) to form 
micelles in aqueous solution. The PG segments binds excessive TPPS with 
amplenet chargeto form hydrophilic corona, while the PEO segments are 
unprecedentedly dehydrated and tightly packed into cores. Upon naturally 
drying the micellar solution on a silicon wafer, PEO crystallizationdirects the 
micelles to aggregate into square nanoplates, which are further connected 
to nanoprisms. Length and width of the nanoprisms can be facilely tuned by 
varying the initial concentration. In this hierarchical process, the aqueous 
self-assembly is prerequisite and the water evaporation rate is crucial for the 
formation of nanostructures, which provides multiple factors for morphology 
regulating. Such precise size-control strategy is highly expected to provide 
a new vision for the design of advanced materials with size controllable 
anisotropic nanostructures.
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1. Introduction

Molecular self-assembly represents one of the most prom-
ising bottom-up methodologies to build well-defined 
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to fabricate and regulate anisotropic nanostructures, especially 
in the condensed state of matter.[27–29] Besides, some recent 
works reveal that small organic molecules also display con-
trollable anisotropic morphologies and length distribution by 
rationally designing the directional noncovalent interactions, 
such as hydrogen bonding and π–π stacking,[30–35] which pro-
vided a broader insight into the design of controllable self-
assembly and supramolecular materials. However, so far, it 
remains challenging to create size-controllable anisotropic 
nanostructures via ionic self-assembly (ISA), because the 
electrostatic interactions are isotropic, which greatly impedes 
directional growth.[36]

Over time, electrostatic interactions have been extensively 
employed to build ISA where intriguing functions and prop-
erties can originate from the versatile combinations of the 
oppositely charged pairs.[37–39] However, for a given compo-
sition of positively and negatively charged species, the size 
distribution of the ionic self-assembled nanostructures is 
usually unchanged with variation of concentration, but the 
number of the nanostructures is proportional to the overall 
concentration.[40] Inspired by the directional crystalliza-
tion, we proposed that introducing crystalline component 
into ionic system may provide a self-assembling orienta-
tion to form anisotropic nanostructures. Thus, in this work, 
we synthesized a crystalline polyethylene oxide (PEO) con-
taining ABA type triblock cationic polymer poly(2-(2-guan-
idinoethoxy)ethyl methacrylate)-b-poly(ethyleneoxide)-b-
poly(2-(2-guanidinoethoxy)-ethylmethacrylate)PG10-PEO230-

PG10 and the ISA was designed to build with an anionic 
5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrin (TPPS). In 
contrast to the controllable self-assembly of most crystalline 
BCPs which generally occurs in selective solvents, the pre-
cise size control of well-defined nanostructures on surfaces 
attracts increased attention owing to the significant impor-
tance in the areas of lithography, superhydrophobicity, and 
cell adhesion.[41–45] Crystalline polymers such as PEO and 
polycaprolactone (PCL) were recently reported to form nano-
cubes by evaporation-induced crystallization on surfaces.[46–48] 
However, the crystallization shows little effect on growth ori-
entation, leading to the failure of shape and size regulation.

Herein, we report an exquisite crystallization-directed ionic 
self-assembly (CDISA) to build size-controllable tetragonal 
nanoprisms via aqueous ISA of PG10-PEO230-PG10 and TPPS 
followed by an evaporation-induced aggregation (Scheme 1). 
Through the aqueous ISA process, PG10-PEO230-PG10 and 
TPPS form an unwonted micellar structure, in which the PG/
TPPS parts form coronas while the PEO segments form cores, 
because the PG/TPPS ends combined with excessive TPPS 
with ample net charge while the PEO segments are dehydrated 
and tightly packed in the micelles. The aqueous self-assembly 
is a prerequisite for the formation of nanoprisms. Then, upon 
naturally drying the micellar solution on solid substrates such 
as silicon wafer, the crystallization of PEO directs the micelles 
to aggregate into square nanoplates, which are ulteriorly con-
nected by the active PG/TPPS ends to form well-defined 
tetragonal nanoprisms. Remarkably, the length and width of 

Scheme 1.  Illustration of the crystallization-directed ionic self-assembly process, which involves a) the aqueous pre-assembly of PG10-PEO230-PG10 and 
TPPS to form micelles in aqueous solution and b) the subsequent evaporation-induced self-assembly on substrate to form well-defined tetragonal 
nanoprisms. c) The proposed mechanism of the evaporation-induced self-assembly.
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the obtained nanoprisms can be readily tuned by varying the 
initial concentration of the micellar solution. Further study 
reveals that crystallization kinetics plays a crucial role in the 
formation of the nanoprisms, which allows multiple factors for 
morphology regulation, such as temperature, relative humidity 
(RH), and drying method. We envision the current work will 
map out a new vista in the anisotropic ISA of nanostructures 
with precise chemistries on material surfaces.

2. Results and Discussion

Aqueous ISA was constructed by mixing the solutions of 
the anionic 5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrin 

(TPPS) and the synthesized cationic ABA type triblock 
copolymer poly(2-(2-guanidinoethoxy)ethyl methacrylate)-b-
poly(ethyleneoxide)-b-poly(2-(2-guanidinoethoxy)-ethylmeth-
acrylate) (PGn-PEO230-PGn) followed by storing at 25  °C for 
24 h. PGn-PEO230-PGn has two short cationic PG segments (n 
≈ 10, calculated from 1H NMR, Figure S1, Supporting Informa-
tion) tethered by a long PEO chain with 230 EO units which 
were synthesized according to our previous work.[49] Cryogenic 
transmission electron microscopy (Cryo-TEM) shows that TPPS 
and PG10-PEO230-PG10 self-assembles into spherical micelles 
and partially fused into rod-like micelles with a diameter of 
≈10–20 nm at a charge balancing ratio of [+]:[-] = 4 mm:4 mm 
(Figure  1a, inset: Tyndall effect of the mixed solution). Varia-
tion in concentration barely affects the micellar shape and size 

Figure 1.  a) Cryo-TEM image of the PG10-PEO230-PG10/TPPS micelles ([+]:[-] = 1:1, [TPPS] = 1 mm). Inset shows the Tyndall effect of the mixed solu-
tion. b) 1H NMR (600 MHz, D2O) spectra of TPPS ([-] = 4 mm), PG10-PEO230-PG10 ([+] = 4 mm) and PG10-PEO230-PG10/TPPS at different charge ratio 
from [+]:[-] = 1:0.2 to 1:2.0 with a fixed [+] = 4 mm, respectively. c) UV–vis spectra and d) transient absorption spectra of the TPPS solution (black line) 
and the micellar solution (red line), respectively ([TPPS] = 0.05 mM). e) XRD patterns of the PG10-PEO230-PG10/TPPS precipitates collected from the 
aqueous solution after storing for 5 days ([+]:[-] = 1:1, [TPPS] = 2.5 mm), freeze-dried PG10-PEO230-PG10 and TPPS samples, respectively. f) DSC curves 
of the PG10-PEO230-PG10/TPPS precipitates.
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(Figure S2, Supporting Information). It is well-known that PEO 
or PEG containing amphiphilic block copolymers in aqueous 
solution generally form flower-like micelles with an amorphous 
PEO or PEG coronary shell due to its hydrophilic nature.[49–51] 
Herein, it is very interesting to find that the PEO segments 
are dehydrated and tightly packed to form inner cores of the 
micelles while the PG/TPPS ends with excessive TPPS form 
the hydrophilic shell.

Figure  1b shows the 1H nuclear magnetic resonance 
(1H NMR) spectra of the TPPS, PG10-PEO230-PG10, and 
PG10-PEO230-PG10/TPPS solutions at different charge ratio 
from [+]:[-] = 1:0.2 to 1:2.0. As the ratio of TPPS increasing, 
the peak at δ  = 3.36  ppm for CH2-N of PG10-PEO230-PG10 
gradually decreases, indicating the occurrence of electro-
static interactions between TPPS and PG. The chemical shift 
of EO-CH2 group at δ  = 3.60  ppm displays a notable upfield 
shift with the increasing of TPPS, suggesting the local envi-
ronment of PEO segments is significantly changed. Since the 
chemical shift of EO-CH2 group shifts downfield in water due 
to the deshielding effect resulting from interactions between 
EO-CH2 protons and water.[52] Thus, the PEO segments in 
PG10-PEO230-PG10/TPPS micelles are apparently dehydrated 
and form a relatively hydrophobic microenvironment. Fur-
thermore, as it is known that the half-height width ∆ν1/2 
is inversely proportional to T2, which is a measure of the 
mobility of the related segments.[52,53] The significant peak 
broadening and ∆ν1/2 increasing of the EO-CH2 signal reveals 
the dramatic decrease in mobility of the PEO segments, indi-
cating their tight packing in the confined micelles. Mean-
while, the considerable negative Zeta potential (-25.48  mV) 
and the appearance of TPPS 1H signal in the [+]:[-] = 1:1 
micellar system (Figure 1b), indicating the formation of TPPS 
shell around the dehydrated PEO rather than the inverse 
model.[54] Besides, the tightly packed PEO chains can be prob-
ably observed under Cryo-TEM due to high electron density. 
Thus, if PEO chains formed corona (the thickness is esti-
mated ≈10 nm[46,54]), dinamiter of the micelles should be obvi-
ously greater than 10–20 nm. Furthermore, because the PEO 
chain can bind Li+,[55,56] we use LiI to make PEO easier to be 
observed. Li+ was successfully loaded as the 1H NMR and 2D 
DOSY spectra illustrated (Figure S3a–c, Supporting Informa-
tion). However, the diameter of the LiI loaded micelles was 
still ≈10-20  nm (Figure S3d, Supporting Information). Thus, 
the PEO chains formed cores rather than corona.

UV–vis absorption spectra show the characteristic Soret 
band and Q bands of TPPS barely shift upon the formation of 
micelles (Figure  1c). Both transient absorption spectra of the 
TPPS solution and micellar solution display single exponen-
tial decay and the fluorescence lifetime slightly decreases from 
10.00  ns to 9.63  nm (Figure  1d). Thus, the TPPS molecules 
arrange disorderly as monomer in the micellar shell without 
any H or J-aggregates,[54] which makes the TPPS molecules 
very dynamic. Owing to the thermodynamic instability of the 
colloidal micelles, when the initial concentration increases to 
2.5  mm, the PG10-PEO230-PG10/TPPS micelles gradually floc-
culate to form precipitates after storing for 5 days. X-ray dif-
fraction (XRD) patterns suggest the PEO segments partially 
crystalize into an ordered arrangement in the precipitates 
(Figure 1e).[57–59] Differential scanning calorimetry (DSC) curves 

show an endothermic melting peak at 55.8  °C and an exo-
thermic crystallization peak at 38.2 °C in the first heating and 
cooling scans, respectively (Figure 1f), which is well consistent 
with the thermal behavior of pure crystalline PEO. The crystal-
linity is ≈1.1%, which is calculated with the first cycle melting 
enthalpy. However, despite the PEO segments crystalize, the 
micelles fail to form well-defined anisotropic nanostructures 
through the solution self-assembly process (Figure S4, Sup-
porting Information).

To obtain anisotropic nanostructures, evaporation-induced 
self-assembly was then conducted. We observed that upon 
depositing the micellar solution ([+]:[-] = 1:1, [TPPS] = 0.5 mm) 
on various solid substrates and then drying naturally in an 
incubator at 25 °C under RH of ≈20%, it spontaneously forms 
well-defined tetragonal nanoprisms as the scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM) images show in Figure 2a,b and Figure S5 (Supporting 
Information). Large scale SEM image displayed that most of 
the aggregates were nanoprisms (Figure S6, Supporting Infor-
mation), which indicated a high yield. XPS results (Table S1 
and Figure S7, Supporting Information) showed that the 
measured atomic percent (At%) of N (4.35%) and S (1.38%) 
were only a little lower than the theoretical values, which are 
6.06% and 1.51%, respectively, indicating the PG/TPPS ends 
are not wrapped in the thick PEO chains. The counterions of 
CF3COO- and Na+ were evenly distributed on the nanoprisms 
as the SEM-EDX mapping showed (Figure S8, Supporting 
Information). However, when too many extra salts were added 
such as LiI (LiI:TPPS = 200:1), distinctive salt crystals were 
observed (Figure S9, Supporting Information). XRD and DSC 
measurements suggest the PEO segments crystalize into peri-
odic arrangement with a significantly improved crystallinity 
to 10.1% in the nanoprisms (Figure  2c,d). Thus, the evapora-
tion-induced self-assembly greatly facilitates the crystallization 
of PEO. Moreover, it is remarkable that the size of the nano-
prisms is significantly affected by the initial concentration of 
the micellar solution. When the concentration decreases to 
0.05 mm, tetragonal nanoplates with a thickness of ≈30–40 nm 
were formed (Figure  2e–f). Conventionally, polymer chains 
fold back and forth into stems to form crystalline lamellae 
with a thickness of ≈10–20  nm.[60,61] Thus, we proposed that 
via evaporation-induced self-assembly, the PG10-PEO230-PG10/
TPPS micelles aggregate and crystalize to form tetragonal 
lamellae. The directional crystallization of PEO chains result 
in more active ends of PG/TPPS distributed on the horizontal 
plane of lamellae which leads to greater growth rate in the ver-
tical direction than that in the horizontal direction. Thus, con-
nected by the active ends with dynamic ionic interactions, the 
tetragonal lamellae grow directionally into anisotropic nano-
prisms (Scheme 1).

To further support the hierarchical self-assembly mecha-
nism, equal volume (2  µL) of the micellar solutions with dif-
ferent concentrations were dried through the same process. 
Figure 3a–c and Figure S10 (Supporting Information) show that 
all the samples form well-defined nanoprisms and the size of 
the nanoprisms increases with the increasing concentrations. 
The length and width distributions (from 100 samples) are sta-
tistically shown in Figure 3d,e. Notably, the average length and 
width increase linearly with the concentration (Figure  3f,g). 
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Moreover, when the micellar solutions are pre-stored at 4  °C 
for 24 h, the obtained nanoprisms display narrower size distri-
bution through the same drying process at 25 °C (Figure 3h–j; 
Figure S11, Supporting Information), indicating the aqueous 
pre-assembly may play an important role in the formation of 
nanoprisms.

To understand the effect of the pre-assembly, control experi-
ments were conducted. Different from the micellar solution, 
neither TPPS nor PG10-PEO230-PG10 solution could form nan-
oprisms through the same process (Figure S12, Supporting 
Information). Then, we replaced TPPS with 1,3-benzenedisul-
fonic acid sodium (BDSS). PG10-PEO230-PG10/BDSS solutions 
([BDSS] = 1  mm, [+]:[-] = 1:1) were prepared at 25 and 4  °C, 
respectively. The PG10-PEO230-PG10/BDSS solution stored at 
25 °C for 24 h shows no obvious Tyndall effect (Figure 4a inset), 
indicating few aggregates were formed. Evaporating through 
the routine process, well-defined nanostructures were barely 
obtained (Figure 4a). In contrast, when the solution was stored 

at 4 °C for 8 h and 24 h, aqueous self-assembly occurred with a 
distinct Tyndall effect and nanoprisms were gradually formed 
after drying (Figure 4b,c). Therefore, the aqueous self-assembly 
is clearly a prerequisite for the formation of well-defined 
nanoprisms.

Furthermore, water evaporation rate has an essential effect 
on the morphologies of the obtained nanostructures. Rapid 
evaporation by freeze-drying and room-temperature vacuum 
drying lead to interconnected irregular structures (Figure S13, 
Supporting Information), due to the deficient chain rearrange-
ment and crystallization. Meanwhile, when the evaporating rate 
is accelerated by heating at 50–300 °C, the obtained nanostruc-
tures gradually become irregular and isotropic (Figure  4d–f), 
which is mainly resulted from the lack of assembly orienta-
tion by PEO crystallization. In order to fine-tune the evapora-
tion rate, the micellar solutions were dried under controlled 
relative humidity (RH = 0, 11, 21, 57, 75, and 98%) at room 
temperature.[62] Rapid evaporating rate under extremely dry 

Figure 2.  a) SEM and b) TEM image of the nanoprisms formed on (a) silicon wafer and (b) copper grids coated with Formvar film through evapo-
rating the PG10-PEO230-PG10/TPPS solution ([TPPS] = 0.5  mm, [+]:[-] = 1:1) at 25  °C in the incubator. c) XRD pattern and d) DSC curves of the 
PG10-PEO230-PG10/TPPS nanoprisms collected from the silicon wafer. e) SEM and f) atomic force microscopy (AFM) image of the nanoplates formed 
on silicon wafer through evaporating the PG10-PEO230-PG10/TPPS solution ([TPPS] = 0.05 mm, [+]:[-] = 1:1).
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conditions (RH = 0 and 11%) also leads to irregular morpholo-
gies (Figure S14a,b, Supporting Information). Under common 
ambient conditions with RH of 21–75%, well-defined nanofibers 
were consistently formed and the length significantly increases 
with the increasing RH (Figure  4g–i). However, extreme high 
RH of 98% with a very low evaporating rate causes irregular 
structure as well (Figure S14c, Supporting Information). Thus, 
the crystallization kinetics plays a crucial role in the formation 
of nanostructures.

3. Conclusion

In summary, we demonstrated a novel crystallization-directed 
ionic self-assembly (CDISA) to create well-defined anisotropic 

nanoprisms with precise controlled size via an aqueous pre-
assembly and a subsequent evaporating-induced crystalliza-
tion. The pre-assembly of PG10-PEO230-PG10 and TPPS forms 
confined micelles with an unprecedented dehydrated and 
tightly packed PEO core and a dynamic PG/TPPS shell, which 
provides a prerequisite for the formation of nanoprisms. 
Upon drying on substrates, the micelles gradually connect and 
bundle together to form well-defined tetragonal nanoprisms 
directed by the PEO crystallization. The length and width of the 
obtained nanoprisms are linearly related to the concentration 
of micellar solution, which further supports the hierarchical 
self-assembly process. The key factor for the formation and size 
control of the nanoprisms owes to crystallization kinetics which 
can be finely controlled by regulating the water evaporation 
rate. While the general applicability of the CDISA merit further 

Figure 3.  a–c) SEM images of the nanoprisms formed from evaporating the PG10-PEO230-PG10/TPPS solutions prepared at 25 °C with different con-
centrations of 0.2, 0.6, and 1.0 mm, respectively. d) Length and e) width distribution of the nanoprisms. The linear relationship between the solution 
concentration and the f) length and g) width. h–j) SEM images of the nanoprisms formed from evaporating the PG10-PEO230-PG10/TPPS solutions 
prepared at 4 °C with different concentrations of 0.2, 0.4, and 0.6 mm, respectively.
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investigation, we expect this work may provide insight in the 
creation of size-controllable anisotropic nanostructures through 
ionic self-assembly.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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