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ABSTRACT
A bottom-up strategy for the preparation of triptycene-based organic nanosheet assemblies through reversible boronic ester for-

mation is presented. The triptycene scaffold enables the orthogonal placement of alkyl substituents and boronic ester-forming

sites, providing a molecular platform to examine how peripheral alkyl chains influence nanosheet formation and aggregation.

Time-dependent microscopy observations revealed alkyl-chain-length-dependent assembly behavior. Hexyl-substituted precur-

sors afforded sheet-like domains at an earlier stage, whereas methyl- and ethyl-substituted analogs showed slower formation of

less-defined nanosheet-like morphologies. These results indicate that longer alkyl chains are associated with earlier formation of

sheet-like domains and stronger aggregation; however, this alkyl-chain effect is described as an empirical trend rather than a

definitively established mechanism. Infrared spectroscopy supported boronic ester formation, and single-crystal structures of

partial molecular analogs confirmed the orthogonal arrangement of the alkyl substituents relative to the framework-forming

units. Absorption measurements showed a slight red-shift for the nanosheet assemblies relative to the corresponding reference

compounds, consistent with modest extension of electronic communication within the boronic ester-linked framework. This

study provides a case study showing that peripheral alkyl substituents can influence the formation and aggregation behavior

of triptycene-based organic nanosheet assemblies, offering useful insight into the development of dispersible 2D organic materials.

1 | Introduction

Porous organic materials constructed from discrete molecular
building blocks have emerged as highly versatile platforms
because their molecular structures, connectivity, and periodicity
can be tuned through rational monomer design [1–3]. In partic-
ular, covalent organic frameworks (COFs), which exploit
dynamic covalent bonds such as boronic esters and imine link-
ages, have significantly expanded this field by enabling the con-
struction of robust yet structurally diverse architectures [2–8].

Among these materials, 2D COFs and related organic frame-
works are particularly attractive because their anisotropic struc-
tures and large interfacial areas provide opportunities for
functional films, membranes, and substrate-supported materials
[2–8]. However, practical implementation of COFs and related
materials is often limited by their generally poor solubility
and dispersibility, which directly restricts solution processing
and hampers their integration into device-oriented platforms.
Therefore, the development of solution-processable or dispersible
2D organic materials remains an important challenge [9–16].
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To address these limitations, several strategies have been explored,
including mechanical and chemical exfoliation [17], ionic func-
tionalization [11, 18], and the incorporation of bulky substituents
[13, 19] to suppress interlayer interactions. For instance, ionic 2D
COF nanosheets can remain dispersed in aqueous media through
electrostatic repulsion [18], while sterically demanding substitu-
ents can facilitate exfoliation or suppress aggregation [19].
Nevertheless, the direct solution-phase construction of organic
nanosheet assemblies with controlled morphology remains insuf-
ficiently developed, particularly with respect to how peripheral
substituents affect nucleation, aggregation, and sheet-like assem-
bly during reversible covalent formation.

Previous studies have shown that peripheral substituents and side-
chain interactions can influence the formation, crystallinity, and
stacking structures of 2D COFs and related 2D polymers [20–23].
For example, pendant alkyl or alkoxy chains have been reported to
affect stacking geometry, crystallinity, and framework formation
in 2D COFs. Related studies have also shown that side-chain com-
position can modulate the stacking order and material quality of
2D polymers. These reports indicate that alkyl chains are not
merely solubilizing groups but can participate in the organization
of layered organic frameworks. Therefore, the effect of alkyl chains
on COF and related framework formation has been explored in
several systems. However, how peripheral alkyl substituents influ-
ence the time-dependent formation and aggregation of triptycene-
based dispersible nanosheet assemblies remains to be clarified.

Herein, a synthetic approach to triptycene-based organic nano-
sheet assemblies formed through reversible boronic ester bonds
is presented (Figure 1) [24–26]. The triptycene scaffold allows the
orthogonal introduction of alkyl substituents and network-
forming diol units, providing a molecular platform in which sub-
stituent effects can be examined independently from the boronic
ester-forming sites [27]. While previous studies on related
triptycene-based nanosheets mainly employed methyl-substituted
precursors [27], the influence of longer peripheral alkyl chains on
the time-dependent formation and aggregation behavior of such
nanosheet assemblies has not been systematically examined. In
this study, methyl-, ethyl-, and hexyl-substituted triptycene precur-
sors were compared to examine how alkyl chain length affects
the formation, aggregation behavior, and sheet-like morphology
of triptycene-based nanosheet assemblies. By combining time-

resolved electron microscopy, atomic force microscopy (AFM),
infrared (IR) spectroscopy, and crystallographic analysis of partial
molecular analogs, this work provides a case study showing that
peripheral alkyl substituents can influence the assembly behavior
of triptycene-based dispersible organic nanosheets.

2 | Results and Discussion

Hexahydroxylated triptycene derivatives bearing different alkyl
substituents as solubilizing groups (1a–c) were prepared accord-
ing to established procedures (Scheme 1) [28, 29]. Briefly,
demethylation of the corresponding hexamethoxy-triptycene
derivatives using BBr3 afforded the triptycene-hexaol derivatives,
which were used as key building blocks for nanosheet assembly.
To gain structural insight into the local boronic ester motifs, par-
tial molecular analogs were synthesized by condensing 1a and 1c
with phenylboronic acid in methanol, followed by solvent
removal and thermal annealing at 90 °C under vacuum, affording
TripPh-Me and TripPh-Hx, respectively. In addition, Ref-L
[30] was used as a linker analog to evaluate the structural char-
acteristics of the phenylene boronic ester unit.

Single crystals of these reference compounds were obtained by
slow diffusion of acetonitrile into dichloromethane solutions
(Figures 2 and S1). Single-crystal X-ray diffraction analysis
revealed that both TripPh-Me and TripPh-Hx adopt highly
symmetric structures, with dihedral angles of close to 120°
between the triptycene core and the appended phenyl boronic
ester units. The phenyl boronic ester groups are oriented nearly
parallel to the phenyl rings of the triptycene core, while the alkyl
substituents are arranged approximately orthogonal to the
boronic ester-forming units. Importantly, no substantial differen-
ces in the local framework geometry were observed between the
methyl- and hexyl-substituted analogs (Figures 2 and S1), indi-
cating that variation of the alkyl chain length does not signifi-
cantly perturb the triptycene-based boronic ester motif. These
structural features support a molecular design in which alkyl
substituents are introduced without directly interfering with
the network-forming sites. The planar structure of Ref-L
(Figure 2), together with the 3D triptycene core, suggests that
the resulting framework contains aromatic pore walls while
reducing close face-to-face stacking of the nanosheet assemblies.

FIGURE 1 | Synthetic strategy for triptycene-based nanosheet formation.
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Triptycene-based nanosheet assemblies were then prepared
through reversible boronic esterification. As a representative
example, the formation of NSPh-Hx from hexyl-substituted trip-
tycene precursor (1c) and phenyl 1,4-diboronic acid was moni-
tored over time. After 12 h, scanning transmission electron
microscopy (STEM) already revealed micrometer-scale sheet-like
features, indicating that substantial growth and assembly had
occurred by this time point rather than simple nucleation
(Figure 3a). However, the morphology was still developing, as
the observed domains were less clearly defined than those
obtained after longer reaction times. Extending the reaction to
24 h afforded clearer sheet-like domains, as further supported
by AFM, which revealed multilayered nanosheet assemblies with
micrometer-scale lateral dimensions and thickness of ~4–6 nm in

some regions (Figure 3b). This time-dependent observation sug-
gested that the hexyl-substituted system undergoes relatively
rapid formation of connected sheet-like domains, followed by
further growth and aggregation upon prolonged reaction. After
72 h, scanning electron microscopy (SEM) showed extensive
aggregation into densely stacked assemblies. High-magnification
STEM imaging was also performed on relatively thicker regions
to examine the structural features more closely (Figure S2). AFM
analysis of a toluene-dispersed sample after drop-casting con-
firmed the presence of multilayered nanosheet-like structures
(Figure S3), suggesting that partial redispersion of the aggregated
material is possible under appropriate conditions. The theoretical
monolayer thickness was estimated from the molecular dimen-
sions obtained from the single-crystal X-ray structure of the
model compound (Figure 2). When the peripheral hexyl chains
are considered, the expected monolayer thickness is ~1.5–2.0 nm.
Although the actual conformation of the alkyl chains on mica
may differ from the fully extended structure, the experimentally
observed height of approximately 2 nm is reasonably consistent
with a monolayer or near-monolayer nanosheet. However, larger
domains often exhibited nonuniform heights, suggesting partial
stacking, overlap, or aggregation rather than the formation of
uniformly stacked, large monolayer nanosheets. This tendency
is likely related to the aggregation-prone nature of the nanosheet
assemblies. Therefore, these AFM features are described as
stacked or assembled nanosheet-like domains with micrometer-
scale lateral dimensions in some regions, rather than isolated
monolayer nanosheets extending over several micrometers.
Control experiments using either 1c or phenyl 1,4-diboronic
acid alone under identical conditions produced only irregular,
nonsheet-like aggregates (Figure 3c), highlighting the impor-
tance of both triptycene-based precursor design and boronic
ester formation for the generation of sheet-like assemblies. In
addition, increasing the precursor concentration led to
enhanced random coupling and aggregation, presumably due

SCHEME 1 | Synthetic scheme for triptycene-based nanosheets with phenylene linkers and their reference compounds. Conditions: (a) phenyl 1,4-

diboronic acid, mesitylene/1,4-dioxane (1:1, v/v), 85 °C; (b) phenyl boronic acid, 90 °C, 57% for TripPh-Me and 69% for TripPh-Hx.

FIGURE 2 | Single-crystal X-ray structures of (a) TripPh-Hx and

(c)Ref-L. Thermal ellipsoids represent 50% probability. Packing structure

of (b) TripPh-Hx and (d) Ref-L. Hydrogen atoms are omitted for clarity.
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to increased inter-nanosheet interactions. This observation
emphasizes the importance of carefully controlled assembly
conditions.

The nanosheets were isolated by centrifugation, and were further
characterized by IR spectroscopy (Figure 4). For NSPh-Hx, the
O─H stretching bands at ~3200–3600 cm–1 were markedly
reduced relative to the skeletal vibration regions, while new
bands appeared around 1270 and 1350 cm–1, assignable to
C─O and B─O stretching vibrations, respectively [30]. A band
in the fingerprint region around ~650 cm–1 and the comparable
IR features of the reference compound TripPh-Hx also support
the formation of boronic ester linkages in NSPh-Hx. The resid-
ual O─H signal observed for NSPh-Hx is likely attributable to
terminal hydroxy groups at sheet edges or defect sites. Taken
together with the microscopy observations (Figure 3), these spec-
troscopic results support the formation of boronic ester-linked
nanosheet assemblies.

After confirming boronic ester formation, the influence of alkyl
chain length on the nanosheet assembly process was examined,
particularly with respect to aggregation behavior relevant to mor-
phology development. This point is important because the present
triptycene-based precursors differ from conventional planar COF
building blocks: the 3D triptycene core bears alkyl substituents
that can modulate both dispersibility and intermolecular associa-
tion. To evaluate the effect of alkyl chain length, nanosheet for-
mation was compared using methyl- (1a), ethyl- (1b), and
hexyl-substituted (1c) triptycene precursors, affording NSPh-
Me, NSPh-Et, and NSPh-Hx, respectively. Time-course micros-
copy revealed marked differences among the three systems
(Figure 3). After 24 h, NSPh-Me and NSPh-Et showed incom-
plete or ill-defined nanosheet-like domains, indicating that the for-
mation of coherent sheet-like structures was still in progress. In
contrast, NSPh-Hx had already formed relatively clear sheet-like
structures. Notably, NSPh-Me exhibited a higher degree of struc-
tural defects than NSPh-Et, suggesting that shorter alkyl

FIGURE 3 | (a) Time-resolved STEM characterization of NSPh-Hx (top), NSPh-Et (middle), and NSPh-Me (bottom) formation. SEM image is

shown for NSPh-Hx after 72-h reaction. (b) AFM image and height profile of NSPh-Hx after 24-h reaction. (c) SEM image of aggregations obtained

only with phenyl 1,4-diboronic acid (left) and 1c (right). (d) SEM image of aggregated NSPh-Me after 72-h reaction.
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substituents are associated with slower development of coherent
sheet-like morphology. After 72 h, both NSPh-Me and NSPh-Et
eventually afforded nanosheet-like structures; however, NSPh-
Me still contained defective regions, whereas NSPh-Et displayed
more developed laminar features. In contrast, NSPh-Hx domains
underwent more pronounced aggregation after prolonged reac-
tion, indicating that the longer alkyl chains are associated with
stronger aggregation of the nanosheet assemblies. Aggregate struc-
tures were rarely observed in the NSPh-Me system, even after
extended reaction times (Figure 3d).

In addition to morphological differences, macroscopic observa-
tions of the reaction mixtures after 72 h also showed alkyl-
chain-length-dependent behavior (Figure S4). The NSPh-Me
reaction mixture turned yellow, implying partial oxidation of
the triptycene-hexaol precursor 1a during the slower assembly
process (Figure S5) [31]. In contrast, the NSPh-Et and NSPh-Hx
systems retained their original appearance and produced white-
gray precipitates, consistent with more efficient formation of

nanosheet assemblies. The recovered mass ratios of the precipi-
tates, calculated from the recovered solid mass relative to the total
mass of the starting materials, were 0.61 for NSPh-Me, 0.67 for
NSPh-Et, and 0.89 for NSPh-Hx, respectively (see Supporting
Information). These values indicate that the amount of aggregated
material increases with alkyl chain length. Although these recov-
ered mass ratios should not be interpreted as chemical yields, they
provide a useful comparative measure of the extent of aggregated
assembly formation under the present conditions.

These observations indicate that alkyl chain length influences the
formation and aggregation behavior of triptycene-based nanosheet
assemblies. The earlier appearance of sheet-like domains in the
hexyl-substituted system can be empirically interpreted as being
related to a greater tendency toward intermolecular association dur-
ing the assembly process [32, 33]. This view is consistent with the
crystal packing of TripPh-Hx (Figures 2 and S1), where the hexyl
chains are located in close proximity, as well as with the additional
AFM observations of TripPh-Hx and TripPh-Me (Figure S6).
However, because no direct measurements or molecular-level sim-
ulations of the assembly process were performed, van der Waals
interactions or interdigitation cannot be assigned as the definitive
origin of the faster nanosheet formation. Thus, the alkyl-chain effect
is best described as an empirical trend: longer alkyl substituents cor-
relate with earlier formation of sheet-like domains and stronger
aggregation, whereas shorter substituents are associated with slower
and more defective nanosheet development.

The optical absorption properties of the triptycene-based nano-
sheet assemblies were examined and compared with those of
the corresponding reference compounds, TripPh-Hx and Ref-L
(Figure 5a). Because boronic ester bonds are reversible and sensi-
tive to protic solvents and moisture, freshly prepared samples were
used for optical measurements in anhydrous solvents. Protic sol-
vents such as methanol induced rapid decomposition into the cor-
responding diboronic acid and triptycene precursors (Figure S7),
and gradual hydrolysis was also observed in the presence of mois-
ture. In dry 1,4-dioxane, TripPh-Hx and Ref-L exhibited absorp-
tion maxima at 281 nm and 301 nm, respectively. In comparison,
NSPh-Hx showed a slightly red-shifted absorption maximum at
305 nm, consistent with modest extension of electronic communi-
cation within the boronic ester-linked framework. The absorption
profile of NSPh-Hx remained largely similar in dry 1,4-dioxane,
tetrahydrofuran (THF), and N,N-dimethylformamide (DMF)
(Figure 5b)—paralleling the solvent-independence observed for
TripPh-Hx and Ref-L (Figures S8 and S9)—, whereas gradual

FIGURE 4 | IR spectrum of (a) phenyl 1,4-diboronic acid, (b) 1c,

(c) TripPh-Hx, and (d) NSPh-Hx.

FIGURE 5 | (a) Normalized absorption spectra of NSPh-Hx and reference molecules (TripPh-Hx and Ref-L) in anhydrous 1,4-dioxane.

(b) Normalized absorption spectra of NSPh-Hx in different anhydrous solvents.
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color changes in DMF indicate partial decomposition over time.
Although the lower size limit for dispersible nanosheets was
not fully established, these results suggest that the nanosheet
assemblies can be dispersed in selected anhydrous organic sol-
vents, although their stability is solvent dependent.

Finally, structural diversification through variation of the dibor-
onic acid linker was examined. Such linker variation is important
for expanding the structural scope of triptycene-based nanosheet
assemblies. The hexyl-substituted precursor 1c was reacted with
several aromatic diboronic acids, including 4,4 0-biphenyldiboronic
acid, p-terphenyl-4,4 00-diboronic acid, and pyrene-2,7-diboronic
acid, affording NSBP-Hx, NSTP-Hx, and NSPy-Hx, respectively.
These linkers range from linear oligophenylene units to a
polycyclic aromatic structure, providing different rigidity and
π-conjugation lengths. AFM observations after drop-casting onto
mica substrates showed thatNSBP-Hx, andNSPy-Hx formed rel-
atively clear nanosheet-like morphologies (Figure 6). In contrast,
theNSTP-Hx showed only partially sheet-like regions, and aggre-
gated domains were frequently observed near these structures.
Although these observations indicate that terphenyl linker can
produce sheet-like features in some regions, the morphology is less
uniform and less well-defined than those obtained with other link-
ers, at least based on the present AFM observations. This behavior
may be related to the lower dispersibility or greater conformational
flexibility of the terphenyl-linked nanosheets, although this inter-
pretation remains tentative. Therefore, the NSTP-Hx is described
as a partially sheet-like assembly rather than a well-defined nano-
sheet. In all cases, height profile analysis indicated thicknesses
ranging from several nanometers to more than 10 nm, depending
on the linker and measured region, consistent with the formation
of multilayered sheet-like assemblies. These results demonstrate
that the present synthetic approach potentially accommodates dif-
ferent aromatic diboronic acid linkers and provide access to struc-
turally varied triptycene-based nanosheet assemblies.

3 | Conclusion

In conclusion, triptycene-based organic nanosheet assemblies
were prepared through reversible boronic ester formation

between hexahydroxylated triptycene precursors and aromatic
diboronic acids. The orthogonal arrangement of alkyl substitu-
ents and boronic ester-forming sites, supported by crystallo-
graphic analysis of partial molecular analogs, provides a useful
molecular platform for examining substituent effects in
triptycene-based nanosheet assemblies. Time-dependent micros-
copy revealed that the alkyl chain length influences the forma-
tion and aggregation behavior of these assemblies. Methyl-
substituted precursors showed slower formation of less-defined
and more defective sheet-like morphologies, whereas hexyl-
substituted precursors produced sheet-like domains at an earlier
stage, followed by aggregation into multilayered assemblies. The
recovered mass ratios of the aggregated assemblies also increased
with alkyl chain length, providing a comparative indication of
alkyl-chain-length-dependent aggregation under the present
conditions. Absorption measurements showed a slight red-shift
relative to reference compounds, consistent with modest exten-
sion of electronic communication within the boronic ester-linked
framework. Furthermore, variation of the aromatic diboronic
acid linkers afforded related sheet-like assemblies, although
the morphology depended on the linker structure and was less
well-defined for the terphenyl-linked material. Overall, this work
provides a case study showing that peripheral alkyl substituents
can influence the formation, morphology, and aggregation behav-
ior of triptycene-based organic nanosheet assemblies. These find-
ings offer useful information for the development of dispersible 2D
organic materials based on 3D molecular scaffolds.
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