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SUMMARY

Extending the structural hierarchy and complexity through small-mo-
lecular self-assembly is a powerful way to obtain large discrete, func-
tional molecular architecture. A hydrogen-bonded supramolecular
organic framework (HSOF) with nanometer-size pores is constructed
in a solid state with simple guanosine-monomer self-assembly. To
extend the hierarchy of the G-quartet self-assembly to a higher order
than that of the traditionalG-quadruplex, H-bond acceptors on theC-8
position of guanosine are introduced to establish inter-quadruplex
linkage via H bonding to N(2)-HB from the neighboring G-quartet. Af-
ter screening different C-8 substitution groups and various synthesis
conditions, HSOF-G1a’ is obtained by solvent evaporation under
diluted condition. Single-crystal X-ray structure reveals that cubic
repeating units formed by G8 are the supermolecule secondary build-
ingblock (SBU)with largepores (d=34A). Toourknowledge, this is the
first G-quartet self-assemblywith an organized structure beyond cylin-
drical G-quadruplexes.

INTRODUCTION

Among various supramolecular research directions, self-assembly is known for its

ability to construct structures through designated building-block (small molecule)

aggregation in a dynamic process.1,2 Although self-assembly could facilitate the for-

mation of large structures, a practical challenge is to achieve controllable structures

with complexity.3,4 As a dynamic assembly process, the resulting molecular struc-

tures from self-assembly heavily depend on the functionality of the basic building

blocks. To reach structurally diverse molecular architectures, integration of various

non-covalent interaction sites into one building block is necessary and often requires

good binding-mode compatibility. Thus, a system that could increase supramolec-

ular complexity from simple building blocks (extending structural hierarchy) is

intriguing for both fundamental supramolecular research and practical applications.

Guanosine is one unique supramolecular building block with embeddedH-bonddonors

andacceptors (Figure1A).5–7The90� anglebetweenH-bonddonorsandacceptors leads

to the formation of square planar G-quartets.8–10 Four central oxygens of the G-quartet

canbindwithalkalioralkali earthmetal cations through ion-dipole interactions tostabilize

the G-quartet. The G-quadruplexes are formed through the stacking of G4-plane in a

sandwich manner. Until now, these were the known assembly interactions, which made

guanosine a very interesting supramolecular system with hierarchical assembly ability.

Our interest in pursuing guanine-based H-bonded ‘‘molecular architecture’’ was

initiated by our recent success in achieving stable and well-defined G-octamers.11
Cell Reports Physical Science 2, 100519, August 18, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:xmshi@usf.edu
https://doi.org/10.1016/j.xcrp.2021.100519
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2021.100519&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Hierarchical guanosine self-assembly through ligand design

(A) Non-covalent interactions in the G-quadruplex assembly, including H-bonding, ion-dipole interactions, and G-quartet stacking.

(B) This work: extending the G-quartet self-assembly beyond cylindrical stacking.

ll
OPEN ACCESS Article
It has been reported that external parameters, such as solvent polarity, cations, and

anions have shown decisive roles in regulating the precise guanosine self-assembly

into discrete G-quadruplex formations.12,13 However, controlling G-quartet stacking

is a challenging task with only a few successful examples reported,14,15 which is

mainly because of the equilibrium between various ‘‘stacking species’’ in solution.

This has limited the potential of further extending the assembly into the

next level, in which a well-defined G-quadruplex is crucial as the building unit.16

Recently, through the introduction of bulky groups on both C8 aryl and ribose
2 Cell Reports Physical Science 2, 100519, August 18, 2021



Figure 2. Extending guanosine self-assembly via ligand design

(A) Stable G8 formation through ligand conformational control.

(B) Proposal: introduction of an inter-G4 interaction of HB$$$A.
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(20,30-isopropylidene), we developed a conformational control strategy for precise

formations of discrete and stable G-octamers in both solution and solid states for

the first time (Figure 2A).11,17

In this work, we report the successful extension of a G4 assembly through the intro-

duction of H-bond interactions between different G-quadruplexes, achieving HsOF

cubes with nano-sized pores (Figure 1B). To our knowledge, this is the first example

of well-defined G-quartet self-assembly with inter-quadruplex interactions in the

solid state.

RESULTS AND DISCUSSION

Self-assembling study of guanosine derivatives with KPF6

To pursue a greater level of guanosine self-assembly from simple building blocks, it is

important to use all available functional moieties for the overall aggregation. As shown

in the G4 structures, N(2)–HA is a critical H-bond donor for the G-quartet formation (un-

touchable). The ‘‘free’’ N(2)-HB is the potential ‘‘handle’’ for the introduction of function-

ality. Some N2-modified guanosine derivatives have been previously reported in the

literature through the introductions of alkyl and acetyl groups on theN2 position. How-

ever, rather complex self-assembly mixtures were observed in all those cases. This not

only suggests the importance of keeping N(2)-HB un-protected for stable and discrete

G4 formation but also highlights the challenges in ‘‘upgrading’’ supramolecular aggre-

gation into a higher-order assembly. Considering that N(2)-HB is a potential H-bond

donor,14,18–20 we postulate that introduction of H-bond acceptor on the C8-aryl might

provide the additional H-bonding interactions between G-quartets to further extend

the overall assembly into a higher level. (Figure 2B) Our design is to apply structurally

well-defined G-octamer as the secondary building block (SBU) for the construction of

larger molecular architectures through ‘‘inter-supramolecular’’ interactions. Based

on that idea, meta- (2a–2c) and para- (3a–3c) substituted ketone/aldehydes were pre-

pared (see Supplemental experimental procedures for synthetic procedures
Cell Reports Physical Science 2, 100519, August 18, 2021 3
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and Figures S1–S12 for NMR spectra) and applied for the self-assembly studies in an

organic solution. Based on previous binding studies,11,21 KPF6 was selected as the

ionpair for theG-quadruplex constructionbecauseof its strongcationbindingandnon-

coordinating anion.

Similar to 8-phenyl-substituted ligand 1, one set of 1H NMR signals was observed

when treating these G-ligands (2a–2c, 3a–3c) with KPF6 in CDCl3, suggesting the for-

mation of G-octamers (see Figure S13). This result is encouraging because it

confirmed that the introduction of H-bond receptor on the C8-aryl group is compat-

ible with a G4 formation, which sets up the foundation for the proposed G8–G8 inter-

quadruplex interactions. According to our previous study,11 the meta-carbonyl-

substituted ligand 2b led to a cross-layer H-bonded G-octamer (confirmed by X-

ray). Although it did not provide the desired G8–G8 interaction, that result greatly

supported our proposal to use N(2)-HB as the additional H-bond donor handle

without interrupting the G-quartet formation. Encouraged by this result, we put

our attention to the para-substituted analogous 3. Compared with the meta-

substituted ligand 2, in which the carbonyl group is tilted for cross-layerH-bond inter-

action, the carbonyl groups in para-substituted ligand 3 are positioned perpendic-

ular to the stacking quartets, allowing possible inter-quartet interactions.

Low-temperature 1H NMR experiments were first performed to examine the possi-

bility of this extra H-bonding. Notably, although N(2)-HA forms an H-bond as part

of the G-quartet, the two NH2 protons are interconvertible. Therefore, the NH2 pro-

tons of complex [(1)8-K]
+ do not appear in 1H NMR at room temperature because of

the fast exchange at NMR timescales. Cooling the sample to �20�C provides the

NH2 protons two separated broad signals (see Supplemental information; HA,

10.28 ppm; HB, 5.89 ppm). In comparison, conducting variable temperature (VT)-

NMR experiments with G8 complexes from para-carbonyl ligand 3a–3c, the NH2 pro-

tons start to show up at 0�C, suggesting the formation of additional H-bonds that

lock the NH2 exchange, as expected (see Figures S14 and S15).

Although the VT 1H NMR results suggested the possibility of forming additional H-

bond with N(2)-HB, the overall interactions are not strong enough to produce sta-

ble polymeric complexes in solution at room temperature. This is likely due to the

decrease in entropy associated with the formation of highly ordered molecular

architecture. Crystal engineering22 can be applied as a potential solution for the

construction of large molecular architecture in the solid state by avoiding the un-

favored entropy effect in solution. The three complexes of [(3)8-K]
+PF6

� were

applied to grow solid crystals under various conditions. Fortunately, the crystal

structures of [(3a)8-K]
+PF6

� were successfully obtained as shown in Figure 3A.19 Ke-

tone 3b failed to form a stable crystal for structural determination under the cur-

rent conditions. Although obtaining the crystal data of [(3c)8-K]
+PF6

� was not

successful, the crystal structure of [(3c)8Na]+ was later confirmed with CO3
2� as

the counter anion (Figure 3B). Notably, in both cases, no anion binding was

observed by X-ray, confirming that the overall molecular architectures are

controlled by ligand and cation.

Single-crystal structure analysis of HSOF-G1a and HSOF-G3

Single-crystal X-ray diffraction revealed the packing of G-octamer for yellow block-

shaped crystals HSOF-G1a (from 3a) with little porosity. Each G-octamer forms an H-

bond with four adjacent G8-adopting tetrahedron geometry (see Supplemental in-

formation for details; Figures S16–S18). The resulting three-dimensional (3D)

network can be symbolized as a dia net. This compact knitting-like topology with
4 Cell Reports Physical Science 2, 100519, August 18, 2021



Figure 3. X-ray crystal structures of HSOF-G1a and HSOF-G3

(A) Conformation of guanosine 3a in HSOF-G1a.

(B) Cross-G4 H-bonding.

(C) G8–G8 inter-quartet interaction.

(D) Connectivity between G8 in HSOF-G1a. Each purple sphere ball represents one G8.

(E) Packing of HSOF-G1a from the c axis.

(F) Simplified single-net structure of HSOF-G1a showing the dia topology.

(G) Conformation of guanosine 3c in HSOF-G3.

(H) G8–G8 interactions in HSOF-G3.

(I) H-bonding between monomeric guanosine 3c and G8.

(J) Packing of HSOF-G3 from the a axis. Four G8 in an asymmetric unit shown in red, green, yellow, and purple.

(K) Simplified single-net structure of HSOF-G3 showing cross-G8 H-bonding (between red and green) and C-H$$$p weak interactions (between the tert-

butyldimethylsilyl group and guanine). Two monomeric 3c (gray and pink) are in the cavity of green G8. Each forms two H-bonding with the adjacent G8

in green.
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G8 as the knot extends in four directions. Each G8 has inter-G4 H-bonding with the G8

of four other G8 neighbors. The lack of porosity could be accounted for by ribose and

silyl groups, which takes up space in the cavity (Figure 3E). The HSOF-G3 (from 3c

and Na+) showed similar inter-G8 H-bonding, as expected (See Table S4 for detailed

crystal data and structure refinement). Four different [(3c)8Na]+ SBUs were identified

in an asymmetric unit (Figure 3J). As shown in Figure 3H, two pairs of N(2)-HB$$$OH-

bond were observed (one between the green and red G8 units and one between pur-

ple and yellow G8 units). Because of the steric repulsion between arene rings (R2

versus R4), the C=O group is not planar to either phenyl ring, which likely accounts

for the weaker H-bond interactions (Figure S19). Notably, two monomeric 3c units

are found located in the cavity formed by two G8 units (Figure 3I). Each forms two

H-bonding with an adjacent G8. Abstracting the structure by two pairs of G8 dimers

separately produced two raffled layers (see Figure S20). The two layers complement

each other like the zipper to support the framework (see simplified net in Figure S21).

In addition, weak C–H$$$p interactions between the TBS group and the guanine

were observed within and between layers (see Figure S22). Because of the compact

packing, bulky TBS groups and monomeric 3c blocking the gaps between G8 units,

no pore was observed for HSOF-G3.

The two HSOF crystal structures are exciting because they confirmed the possibility

of using G8 as the SBU to construct further extended supramolecular architectures.
Cell Reports Physical Science 2, 100519, August 18, 2021 5
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In addition to the two crystalline materials, we wondered whether we could extend

the HSOF synthesis and apply that supramolecular crystal engineering process for

the construction of highly ordered porous materials.

Porous HSOF synthesis from crystallization of [(3a)8-K]
+PF6

�

Notably, porous organic frameworks have attracted increasing attentions in mate-

rials science over the past decades.23–30 It was widely explored in gas adsorp-

tion,24,28,31 gas separation,25,32–34 catalysis,35–44 drug delivery,45,46 among other

fields.47–54 Formed by non-covalent interactions and intermolecular H-bonded sub-

units, HOFs (hydrogen-bonded organic frameworks) have emerged as an intriguing

class of porous frameworks.27,55–64 Compared with metal-organic frameworks

(MOFs) and covalent organic frameworks (COFs), HSOFs feature high crystallinity,

solution processability, easy healing, and regeneration ability.63–70 However,

because of the labile nature of H-bonding, successful examples of this type of

porous materials are relatively rare.

Considering that different frameworks are under equilibrium in solution, their solubi-

lity could vary under different solvent systems. Comparing the two HSOFs shown in

Figure 3, the porous HSOFs with larger structures per unit cell will likely have signifi-

cantly reduced solubility and should be crystallized out of the system earlier, if giving

sufficient time to reach an equilibrium. In the past, when preparing typical G8-com-

plex crystals, a relatively high concentration was usually applied to reach a super-

saturation point in a comparatively short time (upon solvent evaporation). However,

that might not be ideal for the synthesis of porous HSOFs because the packed HSOF

might be the dominant supermolecules presented in solution at that greater concen-

tration. With that concern in mind, we performed a different crystal synthesis using

the same G8-octamers from ligand 3 under various diluting conditions. To our great

pleasure, a different shape of crystals was generated with [(3a)8-K]
+PF6

� when treat-

ing theG8-octamer under significantly diluted conditionswith an initial concentration

<0.01 M. The X-ray crystal structure of that HSOF was successfully determined as

shown in Figure 3. It is noteworthy that this crystal synthesis process is very robust

and has been successfully repeated for more than 20 times. The resulting crystalline

materials have been successfully synthesized at >500-mg scale.

Single-crystal structure analysis of HSOF-G1a’

As expected, this transparent crystal (HSOF-G1a’) in the rectangle prism shape

(significantly different from the crystal of HSOF-G1a) unveiled a structure with in-

ter-quadruplex H-bonding. (See Table S5 for detailed crystal data and structure

refinement) The whole structure is highly porous, with a calculated diameter about

34 Å (Figure S23) The pore space within in the frameworks encapsulate some aceto-

nitrile-solvent molecules. Each unit cell is composed of 24 G8s (green sphere ball) as

the SBU. As shown in Figure 4A, the simplified net demonstrated helical structures

along the c axis. The helix is formed by G8 interactions. To demonstrate the connec-

tivity between G8s, the view from a diagonal of the cubic structure was taken (Fig-

ure 4B). Using this kaleidoscope-like shape, three types of connectivity (G8–G8 inter-

action) were identified: (1) node A in a blue triangle formed by six G8s; (2) a vertex of

three triangles connecting in C3 symmetry, which leads to node B as the center of the

three G8s; (3) an extension of the lines from the triangle results in a crossing, which

represents node C (see Figures S24–S28). Nodes A and B are composed of dimeric

G8 as shown in Figure 4B. Each G8 provides a formyl group on C8-aryl as the H-bond

donor to interact with N(2)-HB on the other G8s through four cross-G4 H-bonding. On

the other hand, a trimeric G8–G8 interaction was observed for node C, in which six

cross-G4 H-bonds were formed. By abstracting and connecting those three nodes
6 Cell Reports Physical Science 2, 100519, August 18, 2021



Figure 4. Hierarchical construction and crystal structure of HSOF-G1a’ from 3a

(A) Hierarchical construction of HSOF-G1a’ from 3a. Level 2: formation of G8 using C8-functionalized guanosine derivatives 3a. Level 3: G8–G8

interaction and connectivity. Each green sphere ball represents one G8. Level 3: packing of HSOF-G1a’ from a/b/c axes.

(B) Three types of connectivity from diagonal view in HSOF-G1a’ structure.
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into a simplified, interpenetrated structure, a topology of the underlying net of srs-a

(3/3/C1) was revealed. Compared withHSOF-G1a andHSOF-G3, G8–G8 interactions

ofHSOF-G1a’ are in nearer (H-bond distance: 2.7 A versus 3.5 A), and more cross-G4

H-bonds were formed. In addition, three different modes of connectivity support are

needed to facilitate the 3D cubic architecture. In contrast, interactions among G8 in

HSOF-G3 is loose, likely because of the bulky phenyl group inserted into the vacancy

of the adjacent G8, which hindered further support of the assembly in the c axis.

Consequently, simple overlaying of layers with a weak interaction was adopted in

HSOF-G3, resulting in a non-porous structure. This result indicates the steric effect

of carbonyl substitution on the G8–G8 interaction geometry, which further influences

the entire organic architecture. (see Figure S29 and Table S1)

Gas sorption and photoluminescence properties of the porous HSOF-G3

To explore the property and functionality of this HSOF structure, powder X-ray

diffraction (PXRD) patterns were collected, and the phase purity was confirmed using

the freshly grown crystalline sample. The diffraction pattern of HSOF-G1a’ is consis-

tent with the calculated data from its X-ray single-crystal structure (see Figure S30).

To investigate the gas sorption capacity of the synthesized HSOF materials, N2

adsorption data were collected at 77 K to examine the porosity of activated

HSOF-G1a’ (see Note S1 and Figure S31). The adsorption plot shows a reversible

type-I isotherm, which is characteristic for porous materials with a steep increase

at P/P0 = 0.2. It provides the maximum N2 uptake of 30 cm3 g�1 at P/P0 = 0.99.

The results were employed to estimate their surface areas. Fitting the adsorption iso-

therms of CO2 to the Brunauer-Emmett-Teller (BET) equation provides a surface area

of�100m2 g�1 (Langmuir surface area:�115m2 g�1). The small value for the surface

area is likely due to framework change when the guest molecule was removed during

the activation process. Furthermore, a total pore volume of 0.046 cm3 g�1 was esti-

mated using the Horvath-Kawazoe equation (see Figure S32, Table S2, andNote S2).

With the intrinsic, strong fluorescence emission of the G-octamer complexes, it will

be interesting to explore whether the HSOF material inherits the fluorescence
Cell Reports Physical Science 2, 100519, August 18, 2021 7
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activity. The photoluminescent properties of HSOF samples were evaluated in com-

parison with the G8 complexes in a solid state (see Figures S33 and S34, Table S3,

and Note S3 for details). All the G-complex samples exhibited some red-shift emis-

sion compared with that of monomeric 3a, 3b, and 3c, respectively. HSOF-G1a’

demonstrated significantly enhanced emission intensity compared with that of

monomeric 3a and [(3a)8-K]
+PF6

� complex with a slight blue-shift emission. Further

applications using the fluorescent porous HSOF in organic molecule absorption71,72

and detection73,74 are currently underway in our laboratory.

In conclusion, through the controllable stacking, theG-octamer system can serve as a

scaffold in higher-ordermolecular self-assembly processes. Hierarchical construction

of a HSOF through C8-aryl guanosine self-assemblies was achieved. A dramatic in-

crease in molecular weight from 541 g/mol to 104,808 g/mol per unit cell was readily

realized, indicating a robust capability and the advantageof a supramolecular assem-

bly in producing complicated molecular architectures. Microporosity for potential

gas sorption and small-molecule absorption was observed. Furthermore, the strong

fluorescence emission in the blue-green region demonstrated its potentials as bio-

probes. The concept of using a stable G8 as the SBU for extended self-assembly

opens an alternative avenue toward construction of 3D functional materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to, and will be ful-

filled by, the lead contact, Xiaodong Shi (xmshi@usf.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead con-

tact with a completed materials transfer agreement.

Data and code availability

The authors declare that the data supporting the findings of this study are available

within the article and the Supplemental information. All other data are available from

the lead contact upon reasonable request. The accession numbers for the crystallo-

graphic dataset reported in this paper for HSOF-G3 and HSOF-G1a’ are Cambridge

Crystallographic Data Centre (CCDC): 2077670, 2077671.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100519.
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