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This study reports a pair of conformationally-induced, color-tunable
hydrogen-bonded organic frameworks (HOFs) that share identical
building blocks but exhibit distinct emission colors—green and orange.
A shift of up to 60 nm in their emission wavelengths is observed, which
can be attributed to variations in conjugation and energy gap. These
results provide in-depth insights into the structural regulation of
emission in HOFs.

Hydrogen-bonded organic frameworks (HOFs) are a novel class
of crystalline porous materials that self-assemble through
hydrogen bonds formed between functional groups, accompa-
nied by weak m-n interactions that stabilize the framework
structure of organic molecules.”” The reversible and weak
bonding properties of hydrogen bonds facilitate the construc-
tion of dynamic porous HOF materials, enabling the synthesis
of a diverse array of HOFs with varying properties by adjusting
growth conditions, such as temperature,® and solvent,** from
the same organic building unit. In comparison with well-
explored crystalline porous materials, such as metal-organic
frameworks (MOFs)® and covalent organic frameworks (COFs),”
HOFs assembled via hydrogen bonding interaction can develop
unique functions and applications due to their mild synthesis
conditions, designability, and solvent self-assembly.® In addition
to being like traditional porous materials used for gas separa-
tion,”'® HOFs have been developed for proton conduction,"
temperature sensing,'” water purification,”® and biomedical
applications.™

Luminescent hydrogen-bonded organic frameworks
(LHOFs) represent an important branch of multifunctional
HOFs, demonstrating significant potential in smart responsive
materials."® This potential has valuable applications in optical
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technologies, including light-emitting devices,'® fluorescence
sensing,'”'® and data storage.'®*! Tuning the emission wave-
length by controlling growth conditions and encapsulating
guest molecules to achieve the desired optical properties is a
common approach in the fields of laser and fluorescence
sensing.”>?* For instance, Wang et al. used the same fluores-
cent building block to induce two type of HOFs in different
solvents,> however, the wavelength shifts between the two
crystals were found to be insignificant. Subsequently, Lv et al.
employed a temperature-controlled self-assembly method to
prepare a pair of HOFs microcrystals incorporating identical
building units. These two HOFs exhibited distinct lumines-
cence colours (blue and green), and they successfully achieved
dual-wavelength blue/green laser output.”®> Recently, Chi and
colleagues enabled programmable luminescence by encapsu-
lating guest molecules of varying lengths through the local
dynamics of the ethyl ester chain.*® Although several modu-
lated luminescence strategies have been reported, obtaining
two HOFs with significantly different emission wavelengths
from the same building block remains a challenge.

In this study, we designed and synthesized tetramethyl
4,4',4" 4""-(pyrrolo[3,2-b]pyrrole-1,2,4,5-tetrayl)tetrabenzoate
(DPP-4E; Scheme 1 and Fig. S$1)*” as the organic building
block for the preparation of color-tunable HOFs. DPP-4E is a
luminescent molecule composed of four identical methyl
benzoate-modified DPP derivatives (Fig. S5). The ester groups
serve as hydrogen bonding sites, connecting adjacent DPP-4E
molecules through intermolecular hydrogen bonding to form
the final porous framework. The twisting angle between the
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Scheme 1 Schematic diagram of the synthesis of DPP-based HOFs
Polymorphs.
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phenyl arm plane and the pyrrolopyrrole nucleus serves as an
indicator of conformational changes, which can influence
stacking modes and produce polymorphs, thereby adjusting
the emission range. Two bright luminescent HOFs, DPP-4E-
THF and DPP-4E-Ace, were obtained by the liquid-phase self-
assembly of DPP-4E using different solvents. The crystal
structures of these two HOFs exhibit significant differences
in the twist angle between the phenyl arm plane and the
pyrrolopyrrole core plane, leading to markedly diverse lumi-
nescent behaviors. Furthermore, it is worth noting that DPP-
4E-THF possesses not only flexible and permanent porous
properties but also potential for C;H¢/C,H, separation.

A pair of hydrogen-bonded isomers was synthesized using a
solvent-controlled liquid-phase self-assembly method, utilizing
a solvent mixture of DCM and THF to yield yellow crystals of
DPP-4E-THF, and a mixture of DCM and Ace to yield orange
crystals of DPP-4E-Ace. Both crystallize in the triclinic P1 space
group, with the asymmetric structural unit containing half
of the crystallographically independent DPP-4E molecules
(Fig. S6). In DPP-4E-THF, the DPP-4E molecule adopts a dis-
torted molecular conformation, with the phenyl group and
pyrrolopyrrole unit forming two types of dihedral angles,
defined as o and B, measuring 58.8° and 32.3°, respectively
(Fig. 1a). Each adjacent DPP-4E molecules form a supramole-
cular sheet through C-H- - -O hydrogen bonds (2.71 A) between
the pyrrolopyrrole nucleus and ester chains and C-H:---O
hydrogen bonds (2.75 A) between ester chains (Fig. 1b). The
assembly of these lamellae is further facilitated by a pair of
C-H---m interactions (3.08 A) (Fig. $8), resulting in the for-
mation of porous structures characterized by one-dimensional
(1D) prismatic channels with a pore size of 5.1 x 6.3 A” (Fig. 1c).
After excluding the guest solvent molecules, the void ratio of
DPP-4E-THF was calculated to be 18.2% using PLATON
software.® In comparison, the DPP-4E-Ace lattice is free of
solvent molecules, allowing the DPP-4E molecules to achieve a
compact packing arrangement. The DPP-4E molecules in DPP-
4E-Ace also exhibits a distorted conformation, characterized by
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Fig. 1 (a) and (d) Structural unit of DPP-4E in DPP-4E-THF and DPP-4E-
Ace. (b) and (e) Structure of the single layer in DPP-4E-THF and DPP-4E-
Ace. Solvents are omitted for clarity. Color code: red, O; cyan, C; blue, N;
white, H. (c) Packing diagram of DPP-4E-THF along the a-axis, with the
solvent accessible void space visualized by yellow curved planes generated
with a probe of 1.2 A. (f) C—H- - -r interactions between layers in DPP-4E-
THF. Distances are given in A.
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two dihedral angles o and B of 58.3° and 22.2°, respectively
(Fig. 1d). Each DPP-4E molecule forms two type of twelve
C-H- - -0 hydrogen bonds (2.65 and 2.72 A) with four neighbor-
ing molecules, resulting in the formation of a supramolecular
layer (Fig. 1e). These layers are further assembled into a dense
supramolecular network through C-H- - -1 interactions (3.21 A)
(Fig. 1f).

The experimental powder X-ray diffraction (PXRD) patterns
of the as-synthesized DPP-4E-THF and DPP-4E-Ace are in
good agreement with the simulated ones (Fig. 2a and b), which
illustrates the successful preparation of both samples.
As shown in Fig. S9, DPP-4E-THF exhibits an 10.8% weight loss
from room temperature to 130 °C, mainly due to the loss of THF
solvent molecules in the pores, which is in good agreement
with the theoretical value of 10.1%; mainly due to the loss of
THF solvent molecules in the pores, when the temperature rises
to 340 °C, a rapid weight loss is displayed, indicating that the
structure is beginning to collapse. In contrast, the densely
packed DPP-4E-Ace experienced only one weightlessness, and
when temperatures exceeded 340 °C, the structure began to
collapse.

Considering that DPP-4E contains a fluorescent pyrrolopyrrole
nucleus, subsequent studies are concentrated on the optical
properties of both crystals. When excited at 350 nm, both crystals
exhibit significant fluorescence emission, showing strong green
(498 nm) and bright yellow (558 nm) emission from DPP-4E-THF
and DPP-4E-Ace, respectively. Although composed of the same
structural unit, DPP-4E-Ace exhibits a fluorescence redshift of
60 nm compared to DPP-4E-THF (Fig. 2c), which is equivalent to
a spectral shift of 2160 cm™! when converted to wavenumbers.
To investigate the nature of the different luminescent colors
exhibited by these two samples, further analysis was conducted
on the molecular conformations of DPP-4E in DPP-4E-THF and
DPP-4E-Ace. Comparison of the individual dihedral angles in the
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Fig. 2 (a) and (b) PXRD patterns of DPP-4E-THF and DPP-4E-Ace. (c)
Normalized PL spectra of DPP-4E-THF and DPP-4E-Ace. Inset: PL optical
microscopy images of DPP-4E-THF and DPP-4E-Ace. (d) UV-vis absorp-
tion of DPP-4E-THF and DPP-4E-Ace. Inset: the corresponding direct
optical band gaps.
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two crystal structures revealed that the o in both crystal structures
is basically the same (58.8° vs. 58.3°), while the f§ in DPP-4E-Ace
(22.3°) is smaller than that in DPP-4E-THF (32.3°) (Fig. S10). The
smaller dihedral angle leads to a more efficient overlap of
electrons among all sp> hybridized carbon atoms, which pro-
duces a higher degree of DPP-4E conjugation in DPP-4E-Ace and
ultimately leads to a narrower energy gap between the HOMO
and LUMO (Fig. S11),>° which corresponds to the redshift of the
emission spectra. Simultaneously, we conducted UV-vis absorp-
tion spectroscopy on the solid-state crystalline powder samples.
The band gaps of DPP-4E-THF and DPP-4E-Ace were subse-
quently determined to be 2.29 eV and 2.46 €V, respectively,
according to the Kubelka-Munk functional plots.*® The results
demonstrate that DPP-4E-Ace exhibits a relatively narrow band-
gap (Fig. 2d), which is consistent with the trend observed in the
calculated energy gap values.

Furthermore, given the presence of one-dimensional chan-
nels in DPP-4E-THF, it has potential application in gas adsorp-
tion and separation. The porosity of DPP-4E-THF was initially
examined by adsorbing N, (77 K) and CO, (195 K). For N,, no
significant adsorption was observed (Fig. 3a). In contrast, the
CO, adsorption isotherm was negligible at low pressure (6 kPa);
however, at pressures between 6 and 15 kPa, the uptake
capacity sharply increased to 38 cm® g~ '. At pressures greater
than 15 kPa, the uptake capacity slowly increased to 56 cm® g~ ".
It indicating that the porous framework of DPP-4E-THF has
dynamic features. According to the CO, adsorption isotherm,
the experimental pore volume of DPP-4E-THF was calculated to
be 0.11 cm® g, which is slightly lower than the theoretical
value (0.15 cm® g~') estimated based on the single crystal
structure.

Methanol-to-olefin (MTO) is an important method for the
industrial preparation of ethylene (C,H,4).>" A key aspect of this
process is the separation of propylene/ethylene (C3;He/CoH,).
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Fig. 3 (a) 77 KN, and 195 K CO, adsorption isotherms of DPP-4E-THF. (b)
and (c) adsorption isotherms of DPP-4E-THF for C,H,4 and CsHg at 273 and
298 K. Filled and open symbols represent adsorption and desorption,
respectively. (d) Comparison of the uptakes ratio of CsHg/CoH4 among
representative porous materials.
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The development of efficient and cost-effective technology for
C;3He/C,H, separation will significantly reduce the energy con-
sumption of the MTO process. Therefore, single-component
C,H, and C3;H¢ adsorption isotherms of DPP-4E-THF were
collected at 273 K and 298 K (Fig. 3b and c). The single-
component adsorption isotherms revealed that the adsorption
of C3He by DPP-4E-THF at both temperatures exhibited a gate-
open phenomenon, which commenced at a pressure of 20 kPa.
The maximum adsorption capacities were determined to be
25 cm® g ' and 23 cm® g7, respectively. Surprisingly, DPP-4E-
THF absorbed a negligible amount of C,H, under the same
conditions, which was less than that of any other material that
significantly absorbed C;Hs. More importantly, the uptake
ratios of equimolar C3H¢/C,H, of DPP-4E-THF reaching up to
33 at 273 K, which is the highest value among the reported
porous materials (Fig. 3d).>*7%® Therefore, DPP-4E-THF is
expected to be valuable for industrial applications in the
separation of C;He/C,H, mixtures.

In conclusion, this study investigates the color-tunable
properties of HOFs, which arise from conformational changes
and varying stacking modes. The results demonstrate that the
different conformations of DPP-4E in the two crystal structures
influence the degree of conjugation, leading to a redshift of up
to 60 nm in the emission wavelength. Additionally, the separation
performance of DPP-4E-THF for C;He/C,H, was also examined.
Notably, the uptake ratios of DPP-4E-THF for C;H¢/C,H, exceed
those of most reported porous materials, highlighting its
potential for effective separation. This work also provides a
valuable case study for the separation of C;Hg and C,H,.
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