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ABSTRACT: It remains unexplored how the living self-assembly of small
molecules can gain control over the geometric shapes and mechanical properties
of the two-dimensional (2D) platelets fabricated therefrom. Herein, we report a
tunable 2D living self-assembly method to control the geometric shape variety
and mechanical properties of the resulting uniform 2D platelets. This new
approach of using n-alkyl alcohols to connect a donor−acceptor (D−A)
molecule into a 2D network via hydrogen bonding has a threefold effect on the
formed 2D platelets. First, the intralayer molecular packing involving continuous
hydrogen bonds between a D−A fluorophore and alcohols remains unaltered,
thereby yielding the same optical properties and thermal stability to various 2D
platelets. Second, the kinetic growth differentiation of the D−A fluorophore and
alcohol in two dimensions depends on the interaction competition of alcohol
with the D−A fluorophore against hexane (a poor solvent), engendering the
alcohol-dependent 2D shape variety. Third, the interlayer interactions along the thickness of the platelet can be effectively modulated
by the alcohol tails with different lengths that stretch out of each bilayer, thereby varying the mechanical properties of the 2D
platelets, for which Young’s moduli and hardnesses decrease significantly with the increasing tail length of the alcohols.

■ INTRODUCTION
Living seeded self-assembly, an emerging powerful strategy for
fabricating soft materials, has unparalleled advantages in
fabricating uniform complex architectures with controlled
sizes.1−10 The crystallization-driven living self-assembly of
block copolymers into various complex one-dimensional (1D)
and two-dimensional (2D) structures pioneered by Manners
and co-workers represents a considerably successful exam-
ple.1−3,11,12 However, for small molecules, only 1D structures
with controlled lengths can be grown using living seeded self-
assembly methods.4−9,13−23 The seeded growth of small
molecules into uniform 2D structures with tailorable shapes
and sizes, rather than in an irregular format,10,24 remains a
formidable challenge for the aforementioned living self-
assembly. The requirements for precise control of the growth
kinetics in two dimensions are likely beyond the approaches
for 1D living self-assembly of small molecules.
We recently developed a novel living self-assembly strategy

for fabricating uniform 2D platelets with various shapes and
controlled sizes, where a two-component nucleus was formed
using 1-hexanol and a donor−acceptor (D−A) molecule via
continuous alternative hydrogen bonds.25 Despite this
encouraging development, the application potential of the
two-component-based living self-assembly method remains
unknown. For example, there is a question of whether the

unique continuous alternative hydrogen bond connection
between two components can be engineered to exert kinetic
effects on nucleus formation, which in turn reshapes 2D
structures. There is another question of whether the
mechanical properties (e.g., the elasticity and hardness) can
be effectively modulated without altering the geometric shape
or thermodynamic properties of 2D structures using tunable
2D living self-assembly. Extensive experimental exploration and
mechanistic investigations are required to address these critical
questions.
In this work, we report a tunable 2D living self-assembly

method, i.e., using various n-alkyl alcohols to connect a D−A
molecule 1 via hydrogen bonding in two dimensions, to
produce uniform 2D platelets with controlled shapes and
mechanical properties (Figure 1). We first demonstrate that,
despite using different alcohols, considerably similar continu-
ous alternative hydrogen bonds were formed between 1 and
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alcohols within the resulting 2D structures (Figure 1),
engendering their similar optical properties and thermal
stability. Second, the kinetics of the hydrogen bond formation
from various alcohols and 1 varied in two dimensions because
of the interaction competition among alcohols with 1 against
hexane (a poor solvent); the kinetic growth differentiation
therefore creates the alcohol-dependent 2D shape variety in
the same solvent environments. Third, the interlayer
interactions along the thickness of 2D platelets could be
altered by alcohol tails with different lengths stretched out on
each bilayer, enabling the effective modulation of the
mechanical properties of 2D platelets. The nanoindentation
measurements demonstrate that Young’s moduli and hard-
nesses of 2D platelets decreased from 6.0 GPa and 289.2 MPa
for 1@ethanol platelets to 4.3 GPa and 232 MPa for 1@
pentanol platelets. Thus, we found that the tunable 2D living
self-assembly method opens up a new avenue for developing
small molecule-based 2D platelets with a wide range of
geometric shapes and optimized mechanical properties.

■ EXPERIMENTAL SECTION
Synthesis of Fluorophore 1. The synthesis of fluorophore 1 was

performed by following a previously reported method.25

Fluorophore 1: 1H NMR (400 MHz, THF-d8): δ: 11.83 (s, 2H),
8.32, 8.30 (d, J = 8.0 Hz, 4H), 8.25 (s, 2H), 8.15, 8.13 (d, J = 8.0 Hz,
2H), 8.06 (s, 2H), 8.00−7.92 (m, 8H), 7.87 (s, 2H), 7.82, 7.80 (d, J =
8.0 Hz, 2H), 7.73, 7.72, 7.70 (m, J = 4.0 Hz, 2H), 7.50, 7.49, 7.47 (m,
J = 4.0 Hz, 2H), 7.21, 7.20, 7.19 (m, J = 4.0 Hz, 4H), 2.27−2.22 (q, J
= 2.0 Hz, 8H), 1.20−1.17 (m, 24H), 0.91−0.89 (m, 8H), 0.83, 0.82,
0.81 (m, J = 4.0 Hz, 12H) (Figure S1). 13C NMR (175 MHz, CDCl3/
CD3OD = 3:1, ppm): δ: 159.8, 152.1, 151.2, 151.1, 143.9, 140.7,
140.5, 138.7, 137.0, 135.2, 128.4, 128.3, 127.6, 127.1, 126.8, 126.0,
124.1, 123.3, 121.2, 120.2, 119.5, 114.4, 55.2, 40.1, 31.2, 29.4, 23.7,
22.3, 13.5. (Figure S2). MALDI-MS: (m/z) =1185.7 (Figure S3).
Fabrication of 2D Platelets from 1. 2D platelets from 1 and

ethanol (1@ethanol platelets), which were used to prepare seeds,
were first self-assembled by injecting a 0.1 mL solution of 1 (0.5 mg/
mL) in an ethanol/chloroform mixture (v/v, 3:1) into 2 mL hexane in
a 4 mL vial, followed by aging for 24 h at room temperature. Notably,
chloroform herein was added to increase the solubility of 1 in
alcohols; the same procedure was used throughout this work, though
not specifically mentioned. The 2D platelets thus prepared were

sonicated at −20 °C for 8 h to produce 1@ethanol seeds, which were
generally of irregular shapes. The areas of the resulting seeds range
from 0.6 to 7.2 μm2.
Living seeded self-assembly of 2D platelets with controlled shapes

was performed upon the addition of a certain volume of the feed
solution of 1 into the seed solution in the same solvent mixtures in a
vial. For example, 2D 1@ethanol platelets were self-assembled by
adding a freshly prepared feed solution of 1 to the seed solution
(0.025 mg/mL, 0.01 mL) in hexane/ethanol mixtures with varying
volume ratios from 50:1 to 5:1 (v/v) and subsequently aging for 24 h
at room temperature. The feed solution of 1 with varying hexane/
ethanol volume ratios was prepared by adding different volumes of
hexane to the solution of 1 (0.5 mg/mL, 0.1 mL) in an ethanol/
chloroform mixture (v/v, 3:1). The same procedure was applied to
the seeded self-assembly of 1 and other alcohols, including methanol
and various bulky alcohols.

Property Characterizations and Theoretical Calculations.
Property Characterizations. Fluorescence-mode optical microscopic
images were obtained from an inverted fluorescence microscope
(Olympus X71). Single crystal X-ray diffraction (SXRD) measure-
ments were carried out on a Rigaku XtaLAB PRO 007HF
diffractometer equipped with graphite monochromatized Cu Kα (λ
= 1.54184 Å) radiation in the ω scan mode. The structure was solved
by intrinsic phasing (SHELXT) and refined by full-matrix least
squares on F2(SHELXL-2014). Ultraviolet−visible (UV−vis) spectra
of 2D platelets with different shapes were obtained using a UV−
visible−NIR microscope (CRAIC Technologies, Inc.). The samples
were drop-cast onto a glass substrate and dried in air. Time-
dependent absorption spectra of 1 in different hexane/alcohol
mixtures for monitoring the kinetics of the seeded self-assembly
were obtained using a Hitachi U-3900 spectrometer. Differential
scanning calorimetry (DSC) measurements were conducted on a TA
instrument DSC-Q2000 under nitrogen in the temperature range
from 50 to 300 °C with a heating and subsequent cooling rate of 10
°C min−1. Photoluminescence quantum yields (PLQYs) of 2D
platelets were determined using a Hamamatsu Absolute PL quantum
yield spectrometer C11247 coupled with an integrating sphere.
Atomic force microscopy (AFM) nanoindentation measurements
were performed using an HYSITRON TI980 instrument equipped
with a Berkovich probe, which had a 350 mm stainless steel cantilever,
at the end of which a triangular pyramidal diamond indenter tip was
mounted.

Theoretical Calculations. Elastic moduli (E*) of 2D platelets were
calculated based on the force−displacement curves measured by AFM
nanoindentation experiments. Assuming an elastic contact between

Figure 1. Schematic of 2D living self-assembly of four n-alkyl alcohols (i.e., ethanol, propanol, butanol, and pentanol) and a D−A fluorophore 1,
presenting the intralayer continuous alternative intermolecular hydrogen bonds and the alkyl tail of alcohol stretching out on each bilayer.
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the cone and the flat specimen, the force and indenter displacement
could be obtained using the following Sneddon’s equations26

= *P E h2
tan 2

(1)

where P is the maximum force, E* is the reduced elastic modulus, α is
the indenter cone half-angle, and h is the displacement of the
specimen free surface beneath the indenter. eq. 1 can be further
converted into eq. 2

= *P
h

E hd
d

2
2

tan
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (2)

where dP/dh is defined as the contact stiffness.
The displacement of the indenter (h) and the radius of the circle of

contact (a) can be further expressed as the following equation

=h a
2

cot (3)

and since A = πa2 = π(tan αh)2, the following equation can be
obtained.

* =E
P
h A

1
2

d
d (4)

Hardness (H), which is defined as the resistance to local plastic/
permanent deformation, can be calculated by dividing the applied
load(P) by the contact area (A).27 In a nanoindentation measure-

ment, hardness (H) can be calculated following eq. 5, where the
contact area A can be obtained from the indentation depth (h) at the
maximum load (P)

= =H
P
A

P
h(tan )t

max

c

max
2 (5)

■ RESULTS AND DISCUSSION
Tunable 2D Living Self-Assembly Using Various

Alcohols. Various alcohols, including primary (i.e., ethanol,
propanol, butanol, and pentanol), secondary (i.e., 3-pentanol),
and tertiary alcohols (i.e., t-butanol and t-amyl alcohol), were
selected to modify the living seeded self-assembly of 1.
Irregular seeds with surface areas ranging from 0.6 to 7.2 μm2

were prepared by sonicating the prefabricated rectangular 2D
platelets at −20 °C for 8 h. Subsequently, a feed solution of 1
(0.5 mg/mL, 0.1 mL) in hexane/alcohol mixtures with varying
hexane/alcohol volume ratios (50:1 to 5:1) was added to the
seed solution (0.025 mg/mL, 0.01 mL) with the same solvent
mixture to proceed the living seeded self-assembly. The
morphology of the resulting assemblies was monitored and
characterized via fluorescence optical microscopy. Figures 2
and S4−S7 show the geometric shapes of 2D platelets formed
in the hexane/alcohol mixtures with varying volume ratios.

Figure 2. (a−d) Fluorescence-mode optical images of 2D platelets formed via living seeded self-assembly of 1 in different hexane/n-alkyl alcohol
mixtures with volume ratios ranging from 50:1 to 5:1 (left to right); scale bars = 10 μm. (e) A schematic of the seeded growth of 2D platelets in
which the shape variety is dependent on the alcohol used.
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Apparently, the resulting 2D shape variety depended on the
selected alcohol; the shape variety gradually decreased with an
increase in the tail length of n-alkyl alcohols (Figure 2e). For
example, five geometric shapes of 2D structures, including an
incomplete rectangle, a square, a hexagon, a diamond, and a
rounded rectangle, were formed when ethanol was involved in
the aforementioned seeded self-assembly (Figure 2a). Con-
versely, when pentanol was used under the same self-assembly
conditions, only three shapes of 2D platelets were formed: an
incomplete rectangle, a hexagon, and a diamond (Figure 2d).
We also examined the effect of alcohol mixtures on the
geometries of the resulting 2D platelets. Figure S8 shows that
fine-tuning the aspect ratio of the 2D shapes rather than
creating a new shape was achieved using mixed alcohols.
Atomic force microscopy (AFM) analysis of all the
aforementioned 2D platelets showed that their thicknesses
fall in a relatively narrow range from 150 to 300 nm, regardless
of their different shapes (Figure S9). These results indicate that
the applied alcohols have no prominent influence on the
thicknesses of formed 2D platelets. Notably, methanol or bulky
secondary and tertiary alcohols could not induce the formation
of uniform 2D platelets but formed other irregular structures
(Figures S10−S13), suggesting that alcohols with an
appropriate size are necessary to form continuous alternative
hydrogen bonds for 2D platelets. Furthermore, methanol may
be too small and bulky alcohols may be too large to fit in for
yielding continuous alternative hydrogen bonds. Optical
characterizations show that all the 2D platelets with different
shapes exhibited almost identical absorption and emission
spectra and emission efficiency (Figures S14 and S15 and
Table S1), despite the different alcohols involved to achieve
the 2D connection. This indicates that these platelets shared
the same molecular packing of fluorophore 1, which in turn
determines the optical properties. This conclusion was further
confirmed by powder X-ray diffraction (XRD) measurements
(Figure S16), which indicated that the 2D platelets of different
shapes had the same lamellar structure where an interlayer
distance of 1.6 nm was observed along the thickness direction.

Molecular Packing within 2D Platelets. Single-crystal
X-ray diffraction analysis of bulky crystals grown using 1 and
four n-alkyl alcohols (i.e., 1@ethanol, 1@propanol, 1@
butanol, and 1@pentanol) was performed to obtain detailed
information regarding the molecular packing of various 2D
platelets. The detailed growth of bulky crystals suitable for
single-crystal analysis is provided in the Supporting Informa-
tion. As shown in Figure 3 and Table S2, fluorophore 1 and all
four alcohols acted as both donors and acceptors to form
continuous alternative hydrogen bonds to enable the intralayer
crystal growth in two dimensions. The intermolecular distance
of 1 within the four crystals is the same: 4.4 Å along the a-axis
and 5.1 Å along the c-axis. Given the large intermolecular
spacing of 1 along the b-axis (>9.0 Å), the intralayer molecular
interactions of 1 within the a-c plane should make a dominant
contribution to the optical properties of the 2D platelets.
In this regard, the identical intralayer molecular packing

explains well the aforementioned identical optical properties of
the 2D platelets fabricated with the four n-alkyl alcohols.
Compared to the loose interlayer packing along the b axis
(>9.0 Å), the dense intralayer molecular connection is also
expected to determine the thermal stability of the 2D platelets,
which thereby was expected to be similar among the four
platelets. Indeed, as characterized by differential scanning
calorimetry, all four platelets assembled with different alcohols
exhibited a similar phase transition with an endothermic peak
at around 275 °C (Figures S17 and S18). This transition
should be related to the alcohol release and the subsequent
intermolecular reorganization. The related details have been
investigated in our laboratory and will be published in the near
future. Such a high transition temperature is remarkable for
molecular assemblies or related soft materials. This observation
also suggests that the molecular connection via 2D continuous
hydrogen bonds may be a promising approach for fabricating
2D structures with high thermal stability.
Of note, along the b axis of the 2D crystals (Figure 3), the

alcohol tails with different lengths are stretched out on the
back-to-back layers (termed as bilayer). Therefore, the
interactions between bilayers are expected to be modulated

Figure 3. Molecular packing of the four crystals: (a) 1@ethanol, (b) 1@propanol, (c) 1@butanol, and (d) 1@pentanol.
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by the alcohol tails with different lengths, which in turn can
alter the mechanical properties of the resulting 2D platelets
(see discussion below).
Kinetic Growth Differentiation in Two Dimensions

for Various Geometric Shapes of 2D Platelets. Given the
same intralayer molecular packing in the aforementioned 2D
platelets, the formation of distinct geometric shapes should
arise from kinetic growth differentiation in two dimensions
rather than thermodynamic control. To support this
hypothesis, we measured the polarized emission of 1@ethanol
2D platelets with different shapes fabricated under different
volume ratios of hexane/alcohol, which was used to locate the
molecular orientation of 1 in the 2D platelets. As shown in
Figure 4a, the molecular orientation of 1, as revealed by the
polarized emission, was consistent with the length of the
incomplete, rectangular-like 2D platelet formed in a hexane/
ethanol (v/v, 50:1) mixture. This observation indicates that
the growth rate of 1 along the c-axis, i.e., parallel to the
direction of the molecular long axis (Figure 3), was faster than
that along the a axis in this solvent environment. With the
volume ratio of hexane/ethanol decreasing, the growth along
the a axis gets more kinetically competitive than that along the
c-axis, and thus the length vs width of the resulting 2D
structure began to reverse (Figure 4a−d). Specifically, when
the volume ratio of hexane/ethanol decreased below 30:1, the
growth along the a axis became faster than that along the c-axis,
resulting in the formation of 2D platelets in a predominantly
elongated shape along the a axis. This indicates that the growth
rate of 1 along the a-axis relative to the c-axis is kinetically
favorable in the presence of more alcohols. Further evidence

for the distinct molecular orientation of 1 within the 2D
platelets with different shapes was obtained through selected
area electron diffraction analysis. Figure 4e−h illustrates
electron diffraction patterns for the corresponding 2D platelets,
which are consistent with the polarized emission results
(Figure 4a−d). These observations allowed us to conclude that
the volume ratio of hexane and alcohol could effectively
modulate the kinetic growth differentiation of 1 and alcohol in
two dimensions, thereby generating 2D platelets with different
shapes.
Interestingly, alcohols with different tail lengths yielded

different growth rates for 2D platelets in the solvent mixture
with the same hexane/alcohol ratio (Figure S19); the longer
the alcohol tail, the slower the growth of 2D platelets. This is
because the increasing hydrophobic interactions between the
long-tail alcohol and hexane can attenuate the kinetic
involvement of alcohol in forming continuous hydrogen
bonds with 1. The increasing interactions with the solvent
would diminish the kinetic growth differentiation in two
dimensions, thereby leading to a narrowed shape variety of the
2D platelets (Figure 2). conversely, the short-tail alcohol, e.g.,
ethanol, had relatively weak interactions with hexane, thus
providing more kinetic freedom to modulate 2D growth for
creating more geometric shapes than the long-tail alcohol.

Modulation of Mechanical Properties of 2D Platelets
by Alcohols with Different Tail Lengths. In addition to the
kinetical growth differentiation of 1 and alcohols in two
dimensions toward different 2D shapes, various alcohols with
varying alkyl tail lengths were expected to influence the
mechanical properties along the thickness (i.e., the b axis) of

Figure 4. (a−d) Fluorescence-mode optical images of 1@ethanol 2D platelets prepared in hexane/ethanol mixtures with different volume ratios of
(a) 50:1, (b) 20:1, (c) 15:1, and (d) 5:1 and their corresponding polarized emissions along the long axis; scale bars = 10 μm. (e−h) TEM images
and selective area electron diffraction patterns of the 2D platelets assembled under the same conditions as (a−d), respectively; scale bars = 5 μm.
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2D platelets. To verify this, we performed nanoindentation
tests on the typical diamond-like 2D platelets formed using
four different alcohols.
We used a triangular pyramidal diamond indenter tip to

press the 2D platelets on a silica substrate and release them to
obtain the load− and unload−displacement curves as shown in
Figure 5. Based on the obtained curves (Figure 5a,b), Young’s
moduli and hardnesses were calculated for the four platelets
along the b-axis (Figure 5c,d). The results indicate that these
2D platelets are typical soft materials.28−33 Intriguingly, both
Young’s moduli and hardnesses of 2D structures remarkably
decreased with increasing alcohol tail length, indicating that
longer alcohols could effectively reduce the interlayer
interactions and thereby decrease Young’s moduli and
hardnesses of the 2D platelets. These results demonstrate
that the mechanical properties of the 2D platelets could be
modulated by simply using alcohols with different tail lengths,
without altering the geometric shape and optical and
thermodynamic properties of the platelets.

■ CONCLUSIONS
We have achieved control over the geometric shape variety and
mechanical properties of 2D platelets through tunable 2D
living self-assembly, for which various n-alkyl alcohols are
employed to connect fluorophore 1 in two dimensions via
hydrogen bonding. The single-crystal analysis demonstrates
that various alcohols and fluorophore 1 adopt the same
continuous alternative hydrogen bonding to achieve intralayer
molecular packing, while the alkyl tails of alcohols extend out
on each bilayer to interact with each other. Despite the very
similar optical and thermodynamical properties resulting from
the same intralayer molecular packing, the kinetic growth
differentiation of 1 and alcohols in two dimensions, which
arises from the interaction competition between alcohol−1 and
alcohol−hexane, generates the alcohol-dependent 2D shape
variety. Furthermore, the different interlayer interactions

between the alcohol tails with different lengths extended on
each bilayer effectively modulate the mechanical properties of
2D platelets, such as Young’s modulus and hardness. The work
reported herein opens a new avenue to develop small
molecule-based 2D structures requiring extended geometry
shapes, controlled sizes, and optimizable mechanical proper-
ties. These novel functional 2D materials may find wide
applications in fluorescence imaging, sensing, and nonlinear
optical materials.
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