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Introduction

Scientists have long endeavored to comprehend the interplay
between non-covalent and covalent bond formation, in order
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Supramolecular polymerization and cyclization of
dioxynaphthalene motif bridged bifunctional
UPys: minor variations in the molecular skeleton
and drastic differences in self-assembly
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The relationship between molecular structure and macroscopic characteristics is a fundamental issue for
materials design. Some minor changes in molecular structure may have a great impact on the molecular
self-assembly process. Therefore, it is of interest to design new isomeric building blocks for supramolecular
self-assembly, offering inspiration for the development of smart materials by supramolecular engineering.
In this study, two dioxynaphthalene (DNP) group bridged bifunctional ureidopyrimidinone (UPy) monomers
(DNP1 and DNP2) were synthesized. The chemical structures of the two isomers are very similar and the
only difference is that DNP1 is 2,6-substituted and DNP2 is 1,5-substituted on the DNP motif. Interestingly,
these two isomers exhibit completely different supramolecular self-assembly behaviors. Highly viscous
supramolecular polymers were obtained in a concentrated solution of DNP1, while crystals based on
highly stable cyclic monomers were precipitated from a concentrated solution of DNP2. Since DNP is an
electron rich group, the host—guest behaviors of DNP1 and DNP2 with a blue-box were further studied,
which also showed different ring-threading capabilities.

and dynamic nature.®® So far, supramolecular polymerization
controlled by different means have been established, such as
pathway control,"®'" orthogonal self-assembly,">™* living
supramolecular polymerization,*>*® etc. Meanwhile, a large

to study and understand how function is related to self-
assembly.'™ Moreover, minor changes in molecular structure
may impact the inherent molecular properties and further
transfer this difference to the final assemblies.” Therefore,
controlling the linking sequence of groups in one molecule
is a potential alternative method to adjust the function of
its corresponding supramolecular materials. Supramolecular
polymers, in which low molecular weight monomers are assembled
into polymeric structures by non-covalent interactions, attract
much interest due to their highly tunable functional groups
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number of advanced supramolecular polymers with excellent
properties have been developed by using various non-covalent
interactions as a driving force, including macrocycle-based
host-guest interactions,'”'® multiple hydrogen bonding,'®*°
metal-ligand coordination, or integration of these forces.
On the one hand, obtaining a supramolecular polymer with a high
degree of polymerization is one of the goals of developing practical
supramolecular materials. On the other hand, optimization
of discrete aggregates with well-defined architectures in self-
assembled systems is also one of the targets of supramolecular
chemists.>®**” Therefore, it would be interesting for the final
assemblies to shift between highly viscous supramolecular
polymers and well-defined discrete cyclic oligomers via minor
structural adjustments in the molecule.

The ureidopyrimidinone (UPy) unit which can undergo
quadruple hydrogen bonding is a promising supramolecular
building block owing to its high dimerization constant (Kgj, >
10" M~ in chloroform), self-complementary nature, and
ease of synthesis.”®*° In recent years, a large amount of supra-
molecular polymers**™> and well-defined supramolecular
assemblies based on UPy have been constructed.*®”
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By connecting two UPy units to tetraphenylethene motif, Tang
and co-workers found that the supramolecular polymerizabilities
and fluorescence properties of the stereoisomers depend strongly
on the configuration of the molecules.®® Additionally, the n-n
stacking interaction also plays a key role in supramolecular self-
assembly.*>*° 1t is noteworthy that the UPy motif can not only
dimerize through quadruple hydrogen bonding but also exhibit
n-n stacking capability with aromatic groups.*>**

Previously, Zhang and co-workers synthesized 1,5-substituted
and 2,6-substituted dioxynaphthalene (DNP)-based amphiphiles,
both of which could complex with electron-deficient naphthalene
diimide group-based amphiphiles through charge-transfer inter-
actions to form supra-amphiphiles, leading to the further for-
mation of rod-like and sheet-shape nanostructures, respectively.**
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Based on the above mentioned appealing examples and encour-
aged by our experiences on various non-covalent interactions,***®
we attempted to combine UPy and DNP groups to fabricate
supramolecular assemblies with various topological architectures,
so as to deepen the understanding of the relationship between
molecular structures and supramolecular self-assembly. As shown
in Fig. 1, two kinds of DNP-bridged bifunctional UPy monomers
(DNP1 and DNP2) were designed and synthesized. The chemical
structures of the two monomers are similar and the only differ-
ence is that DNP1 is substituted in the 2,6-position, while DNP2 is
substituted in the 1,5-position on the DNP moiety. According to
the ring-chain equilibrium mechanism, there is a critical poly-
merization concentration (CPC) upon concentration increase in
the ring-opening polymerization process of bifunctional UPys,
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Fig. 1

(@) Chemical structures and cartoon representations of DNP1, DNP2, and the blue-box, and (b) schematic illustration of the supramolecular

polymerizability of DNP1 and DNP2, and their potential host—guest behaviors with the blue-box.
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suggesting that the cyclic monomer is predominantly below the
CPC and linear polymers are the main species above the CPC in
solution.”” This study shows that the self-assembly behaviors
of DNP1 and DNP2 are totally different although they have
similar molecular structure. Monomer DNP1 exhibited typical
ring-opening supramolecular polymerization behavior and a
highly viscous supramolecular polymer was obtained. In stark
contrast, DNP2 could not open its ring and maintained an
extremely stable cyclic monomer structure throughout the
concentration range (0-650 mM), resulting in precipitation of
crystals from its concentrated solution. Herein, the ring tension
and the n-n interaction in their cyclic monomer play important
roles in the self-assembly process. Moreover, mechanically
interlocked molecules have drawn much interest in recent
years.**% Since the DNP group is electron rich, the different
self-assembly behaviors of DNP1 and DNP2 with electron-
deficient cyclobis(paraquat-p-phenylene)cyclophane (the so-called
“blue-box”) have also been explored.

Results and discussion

The DNP bridged bifunctional UPy compounds DNP1 and
DNP2 have been designed (Fig. 1). The synthesis of these UPys
is straightforward (see the ESI,f Scheme S3). The starting
materials are 1,5-naphthalenediol and 2,6-naphthalenediol,
respectively. After a few steps of simple reaction, two DNP group
bridged ditopic terminal amine compounds were obtained.
Connecting the amine compounds with 1,1’-carbonyldiimidazole
activated pyrimidinone (UPy precursor) afforded DNP1 and DNP2.
All the compounds were thoroughly characterized by NMR and
mass spectrometry.

The supramolecular polymerizability of DNP1 and DNP2 was
first studied by "H NMR upon varied monomer concentrations.
The chemical shifts of the N-H proton signal in the two mono-
mers are shifted significantly downfield (9.5-13.5 ppm) in CHCl;,
indicating the formation of quadruple hydrogen bonding. As
shown from the '"H NMR spectra of DNP1 (Fig. 2a), only one
set of peaks (marked by red dots) indicates the presence of the
cyclic monomer below 350 mM. However, a new set of peaks
representing the cyclic dimer appeared upon increasing the
concentration (marked by blue squares, see Fig. 6 for further
discussion). As the concentration continues to increase, another
new set of peaks (marked by green triangles) representing the
linear supramolecular polymers occurred. During this process
(Fig. 2a, 350-650 mM), the intensity of the polymer peaks increased
and their shape became broad gradually. These phenomena
suggest that DNP1 follows a typical ring-chain equilibrium
supramolecular polymerization mechanism. Subsequently, a
CPC value of 347 mM for DNP1 was calculated based on Hy, by
plotting the cyclic species concentration versus the total mono-
mer concentration (see the ESI, T Fig. S3). Compared with other
bifunctional UPys, the CPC of DNP1 is relatively high. This might
be due to the m-r stacking interaction between dimerized UPy
and DNP groups, which can stabilize the structure of the cyclic
monomer and inhibit the ring-opening to some extent."® It is
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Fig. 2 H NMR spectra (300 MHz, CDCls, 298 K) of (a) DNP1 and (b) DNP2
at different monomer concentrations. The red dots indicate cyclic mono-
mers and the blue squares stand for cyclic dimers and the green triangles
represent polymeric assemblies.

worth noting that H;, and H,, both of which are involved in
quadruple hydrogen bonding, showed obvious downfield shifts
(from 10.82 to 11.00 to 11.70 ppm for Hy, from 10.03 to 10.13 to
10.32 ppm for H.) upon ring-opening polymerization, indicating
the stepwise loss of shielding effect between the dimerized UPy
motif and DNP moiety. The peaks of H, and Hy shifted a little
upfield during polymerization, indicating that H, and Hq were
located at the peripheral domain of the DNP group, which is
consistent with the structure model of the cyclic monomer.

In contrast to DNP1, DNP2 exhibited a completely different
self-assembly behavior. As shown in Fig. 2b, only one set of
peaks appeared during the whole concentration range (8-650 mM)
and no new peaks occurred even in the highest measurable
concentration (650 mM). Higher concentration solutions are not
suitable for NMR due to the limited solubility of the compound.
Notably, the peaks were still sharp even at 650 mM, indicating
that no polymeric species were generated. These phenomena
suggested that DNP2 existed in the form of a very stable cyclic
monomer in solution and no CPC was found, which showed
a dramatic difference with DNP1. DNP2 did not show ring-
opening supramolecular polymerization behavior mainly due
to the stronger - interaction between the DNP moiety and the
dimerized UPy motif, which greatly enhanced the stability of
the monomeric structure.’> Compared to DNP2, the ring-strain
of 2,6-substituted DNP1 is much larger than the one of DNP2,
which favors the ring-opening of DNP1. It can be understood as

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 3 Partial NOESY (400 MHz, CDCls, 298 K) of (a) DNP1 (64 mM) and
(b) DNP2 (64 mM). The blue dots indicate solvent peaks.

follows: (1) the positions of the building blocks DNP and UPy
of the two monomers in space are fixed, (2) the diethylene
glycol linkers play the role of a “rope” to bundle the DNP and
UPy building blocks together, (3) the length of the “rope’ is the
same, but DNP1 is 2,6-substituted and causes the tension of the
rope to increase.

The monomeric form of DNP1 and DNP2 was further evidenced
by NOESY NMR. A solution of DNP1 in CDCl; at 64 mM, which is
far from its CPC, was employed for measurement. As expected,
strong NOE signals occurred between DNP protons (Hys, Hs/7, and
H,5) and UPy N-H protons (H,, Hy,, and H,) (Fig. 3a). Additionally,
obvious correlations were also observed between the protons
from the 1-ethylpentyl group of the UPy and DNP protons (Hys,
Hj7, and Hyg) (see the ESI,t Fig. S1). All these correlations
indicate that DNP1 indeed prevails as a cyclic monomer archi-
tecture through intramolecular quadruple hydrogen bonding of
UPy at the current concentration (64 mM). The NOESY of DNP2
exhibited similar results, which also proved that DNP2 exists
in its cyclic monomer form. Obvious NOE correlations were
observed between DNP protons (H',/6, H'3/7, and H'4/5) and UPy
N-H protons (H',, H',,, and H',.) (Fig. 3b) as well as protons from
the 1-ethylpentyl chain (see the ESI,{ Fig. S2).

The self-assembly behaviors of DNP1 and DNP2 were further
tested by temperature-dependent *"H NMR. The concentration
of DNP1 was set at 350 mM, which was close to its CPC value. As
shown in Fig. S4 (see the ESIT), the peaks belonging to the
polymer species are gradually increased and become broad as
the temperature increases from 298 K to 333 K, indicating
that the cyclic monomer of DNP1 is not stable enough and
would undergo ring-opening supramolecular polymerization as
the temperature increases. Under the same conditions, DNP2
exhibited totally different behavior. It can be seen from Fig. S5
(see ESIT) that as the temperature increases from 298 K to
333 K, no new peaks appear and the original peaks remain

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 4 Partial '"H NMR spectra (300 MHz) of DNP2 (16 mM) in mixed
CDCl3/DMSO-dg solvents. From bottom to top: ypmso = (@) 0, (b) 0.17,
(c) 0.29, (d) 0.38, (e) 0.47, (f) 0.58 and (g) 0.71. Blue peaks stand for cyclic
monomers and red peaks originate from open monomers.

sharp, showing that the cyclic monomer of DNP2 is very stable
even at high temperature. These observations again confirmed
the drastic differences between DNP1 and DNP2 in their self-
assembly processes.

Subsequently, the stability of DNP1 and DNP2 in their cyclic
monomer form was studied in CDCI; with the addition of
DMSO-d¢ which is a strong hydrogen bond breaking solvent.
As ypmso (percentage of volume) increased to above 0.38, a
new set of small peaks representing the open form of DNP2
appeared (Fig. 4). Compared with other UPys that usually start
to dissociate at ypmso < 0.1,°* the cyclic form of DNP2 is much
more stable. The simultaneous presence of two sets of peaks
indicates that the equilibrium between open form and closed
form of monomeric DNP2 is in a slow exchange regime on the
time scale of NMR. As the amount of DMSO continued to
increase, the proportion of open monomers was also increasing
due to more hydrogen bonds being destroyed. The self-assembly
behavior of DNP1 in mixed CDCIl;/DMSO-ds solvent showed
similar results (see ESI, Fig. S6). However, DNP1 started to
open its ring when ypmso was about 0.30, which is smaller than
DNP2, further suggesting that the cyclic form of DNP1 is less
stable than DNP2.

Diffusion ordered NMR (DOSY) was further performed to
study the self-assembly behaviors of DNP1 and DNP2. The size of
the self-assemblies was estimated by employing heptakis(2,3,6-
tri-O-methyl)-B-cyclodextrin (peralkylated B-CD) as an internal
standard. In the DOSY NMR spectrum, the larger the diffusion
coefficient, the smaller the molecular weight of the assembly.
As shown in Fig. 5a, the DOSY signal of DNP1 below the CPC
was regular and the diffusion coefficient (9.33 x 10" m* s ",
24 mM, MW = 805 Da, 2MW = 1610 Da) displayed a larger value
than peralkylated B-CD (6.31 x 107" m* s™', MW = 1429 Da),
indicating that the molecular weights of DNP1 assemblies
are smaller than 1429 Da and DNP1 indeed existed as cyclic
monomers in solution below the CPC. In stark contrast, the
signals for DNP1 in concentrated solution above CPC (350 mM)
exhibited a wide distribution, suggesting a broad molecular weight
distribution of assemblies (Fig. 5b and see Fig. 6 for details).

Mater. Chem. Front., 2019, 3, 2738-2745 | 2741
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Fig. 5 DOSY spectra (600 MHz, CDCls, 298 K) of (a) DNP1 in 24 mM, (b) DNP1 in 350 mM, (c) DNP2 in 24 mM and (d) DNP2 in 350 mM. Peralkylated
B-CD was added to each sample as internal standard. The asterisk symbols indicate solvent peaks and the red dots stand for proton signals from

peralkylated B-CD.

The DOSY signals of DNP2 both in dilute solution (24 mM,
Fig. 5¢) and concentrated solution (350 mM, Fig. 5d) displayed
awell-defined narrow distribution and their diffusion coefficients
were also larger than peralkylated B-CD. These phenomena
indicate that DNP2 always maintains a stable cyclic monomer
structure, which is consistent with the results of variable concen-
tration '"H NMR and NOESY.

In order to better understand the self-assembly behavior
of DNP1 at relatively high concentration, a partially enlarged
view of Fig. 5b was shown in Fig. 6. Proton signals from
N—H involved in hydrogen bonding are mainly concerned.
A wide distribution was clearly observed, indicating the for-
mation of various assemblies with different size, including
monomer (2.45 x 107 m?> s°!, MW = 805 Da), dimer
(1.58 x 107" m> s', MW = 1610 Da), and other larger
aggregates (1.12 x 10~ '° ' MW > 1610 Da). Herein, the
signals of the B-CD (1.86 x 10" m* s™*, MW = 1429 Da) fell just
in the middle of the signals of the monomer (MW = 805 Da) and
the dimer (MW = 1610 Da), which further confirms our hypothesis.

The supramolecular polymerizability of DNP1 and DNP2 was
further tested by viscosity measurements in CHCl;. Double
logarithmic plots of specific viscosity versus monomer concen-
tration are shown in Fig. 7. For DNP1, a slope of 1.01 was found

2742 | Mater. Chem. Front.,, 2019, 3, 2738-2745
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Fig. 6 Enlarged DOSY profile (600 MHz, CDCls, 298 K) of DNP1 in
350 mM with the addition of peralkylated B-CD as internal standard. The
red dots indicate cyclic monomers and the blue squares stand for cyclic
dimers and the green triangles represent polymeric assemblies.
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Fig. 7 Specific viscosity of chloroform solutions of (a) DNP1 and (b) DNP2
versus the monomer concentration (298 K). Values on the curves indicate
the slope. Inset: Concentrated solution of DNP1 (650 mM) and DNP2
(650 mM) in CHCls.

in the initial stage upon concentration increasing, which is
characteristic of cyclic monomers with constant size. As the
concentration increased, a turning point occurred at 345 mM
(CPC), which is close to the CPC determined by 'H NMR
measurements (347 mM). It is noteworthy that an extremely
high slope of viscosity (k'pnp: = 13.85) was obtained, indicating
the formation of entangled supramolecular polymers with high
molecular weight in concentrated solution. To the best of our
knowledge, this slope value is the highest one for bifunctional
UPy compounds.’®>” The inset in Fig. 7a directly showed a
highly viscous solution of DNP1 (650 mM) in CHCl;. Due to the
relatively high CPC, the extra monomers will undergo rapid
ring-opening polymerization to form large aggregates once the
concentration reached the CPC. In contrast, DNP2 showed a
yellowish solution with good fluidity, even in very concentrated
solutions (650 mM), implying that supramolecular polymeriza-
tion did not occur. The viscosity profile of DNP2 further
explained this special phenomenon. As shown in Fig. 7b, the
line displayed no turning point and the slope was 1.05 over the
entire measurable range of concentration (0-300 mM), suggesting
that a highly stable cyclic monomer always existed in solution,
which was in line with concentration-dependent 'H NMR.
Attempts to test at higher concentrations (>300 mM) had
failed because DNP2 readily crystallized in the capillary of the
viscometer. However, this phenomenon gave us another
surprising conclusion that DNP2 could easily crystallize out
from its concentrated solution, indicating a totally different
physicochemical property. Moreover, crystals with larger size
were also found in a vial after partial evaporation of solvent
from a concentrated solution of DNP2 (Fig. 8b). A microscopic
view of the crystals was further recorded by SEM (Fig. 8a).
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Fig. 8 (a) SEM image of the microscopic crystals of DNP2 and (b) photo-
graph of crystals precipitated from a concentrated solution (650 mM, in
CHCls) of DNP2.
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Fig. 9 The optimized structures representing models mDNP1 and
mDNP2. Color legend: red for O, blue for N, and grey for C. H atoms
have been omitted for clarification. a and b represent the planar vectors of
UPy moieties. All the optimized structures have C, symmetry.

The density functional theory studies of the representative
models of mDNP1 (for DNP1) and mDNP2 (for DNP2) reveal
that the total energy of mDNP1 is about 12.4 kcal mol™ " higher
than that of mDNP2 (Fig. 9). This energy difference can be
attributed to the stress of the strained ring or/and the energy
difference between the 1,5-di-substituted naphthalene and
the 2,6-di-substituted naphthalene. Further calculations of
1,5-dimethoxylnaphthalene and 2,6-dimethoxylnaphthalene indi-
cate that 1,5-disubstituted naphthalene is only 0.6 kcal mol ™"
more stable than 2,6-disubstituted naphthalene in energy. Thus,
the additional energetic contribution to the destabilization of
mDNP1 (as compared to mDNP2) is due to the stress of the
strained ring system. The optimized structures of mDNP1 and
mDNP2 (Fig. 9 and Table 1) expose that although the H-bond
lengths are similar for both compounds, the planes of H-bonding
UPy moieties in mDNP1 are highly twisted. The angle of the
planar vectors of UPy moieties amounts to 25.7° in mDNP1, while
this angle is 8° in mDNP2. The stress of the strained ring system
of mDNP1 reduces the H-bonding energy of the UPy moieties by
about 11.8 keal mol ™.

Since the DNP moiety is a well-known electron rich group
which can complex with electron deficient macrocycles to form

Table1 The main geometric parameters of the fully optimized structures
of model complexes mDNP1 and mDNP2?

Model mDNP1 mDNP2
R1 2.79 2.80

R2 2.99 3.01

0 25.7 8.0

“ R1 and R2 (in A) are the H-bond distances (see Fig. 9), and 0 (in degrees)
is the angle between the planar vectors a and b of UPy moieties.
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Fig. 10 Partial *H NMR spectra (300 MHz, CDCls/DMSO-dg, V/V, 1omso =
0.45) of: (a) DNP2, (b) DNP2 (10 mM) and blue-box (10 mM), and (c) blue-
box. The black dots stand for solvent peaks. Red peaks indicate open
monomers of DNP2. Blue peaks represent the host—guest complex.

mechanically interlocked molecules, such as rotaxanes and
catenanes, we envisioned what differences would happen in the
host-guest complexation of DNP1 and DNP2 with a blue-box. We
first investigated these molecules in mixed CDCl;/CD;CN solvent,
hoping that the hydrogen bonds were not destroyed. However, at a
low concentration (16 mM) both DNP1 and DNP2 showed no
host-guest complexations with the blue-box, even after three days
of reflux. This might be due to the high stability of these cyclic
structures. Subsequently, we suspected that DNP1 would bind
with the blue-box at a high concentration (350 mM), where DNP1
would open its ring owing to ring-opening supramolecular poly-
merization. However, the poor solubility of DNP1 and the blue-
box in mixed CDCl;/CD;CN impeded the investigation. Then, we
studied the host-guest behaviors of DNP1 and DNP2 in mixed
CDCl3/DMSO-d; solvent. The results showed that only those open
monomers could thread into the blue-box. For DNP2, even at
yomso = 0.40, no bonded species were observed (see ESI,T Fig. S8)
but at ypmso = 0.45, obvious peaks representing pseudorotaxanes
were observed (Fig. 10). Protons from DNP (H-2/6, H-3/7 and
H-4/8) and the blue-box (H, and Hp) exhibited large upfield
shifts (blue peaks in Fig. 10b), indicating that the DNP moiety
was encircled by the blue-box. In pure DMSO, the threading
efficiency was up to 44% for DNP2 (see ESL 1 Fig. S8). In
contrast, DNP1 showed less affinity to the blue-box. Even in
pure DMSO, only 14% blue-box was complexed with DNP1 (see
ESLt Fig. S7). This should be due to the different association
constants of 1,5-DNP and 2,6-DNP with the blue-box.

Conclusions

In conclusion, we have demonstrated a dramatic difference in
supramolecular polymerizability for two structurally similar
building blocks. The 2,6-substituted monomer DNP1 possesses
excellent supramolecular polymerizability, leading to the formation
of highly viscous supramolecular polymers. The 1,5-substituted
monomer DNP2 lacks supramolecular polymerizability, resulting
in the production of highly stable cyclic monomers with the
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capability of precipitation of crystals. Their different self-
assembly behaviors have been thoroughly investigated by a series
of techniques including concentration-dependent 'H NMR,
temperature-dependent 'H NMR, mixed deuterated solvent
'H NMR, NOESY, DOSY, SEM, viscosity measurements and
theoretical calculations. Moreover, the host-guest complexation
experiments showed that DNP2 had a stronger binding ability
with a blue-box than DNP1 to form pseudorotaxanes when the
hydrogen bonding was disrupted by addition of the hydrogen
bond breaking solvent DMSO. The findings in this work will
offer inspiration on supramolecular engineering and dynamic
materials design. The construction of quadruple hydrogen
bonded polyrotaxanes is ongoing in our laboratory.
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