
Lawrence Berkeley National Laboratory
LBL Publications

Title
pH-Responsive single-layer honeycomb supramolecular organic frameworks that exhibit 
antimicrobial activity

Permalink
https://escholarship.org/uc/item/9sk7q8pz

Journal
Polymer Chemistry, 7(10)

ISSN
1759-9954

Authors
Zhang, Liang
Jia, Youli
Wang, Hui
et al.

Publication Date
2016

DOI
10.1039/c5py02054a
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9sk7q8pz
https://escholarship.org/uc/item/9sk7q8pz#author
https://escholarship.org
http://www.cdlib.org/


Polymer Chemistry RSCPublishing

COMMUNICATION

Cite this: DOI: 
10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

pH-Responsive single-layer honeycomb supramolecular
organic frameworks that exhibit antimicrobial activity

Liang Zhang,a Youli Jia,a Hui Wang,a Dan-Wei Zhang,a,* Qi Zhang,a,* Yi Liu,b,* and 
Zhan-Ting Lia,*

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1



Journal Name RSCPublishing

COMMUNICATION
Two  two-dimensional  (2D)  single-layer  supramolecular
organic frameworks (SOFs) have been constructed in water.
One framework displays  pH-responsive self-assembly  and
de-assembly  and both  exhibit  activity  against  methicillin-
resistant Staphylococcus aureus.

Two-dimensional  (2D)  single-layer  molecular  networks  have
received considerable  interest  in  recent  years  due to  their  unique
structural  feature  and  potential  functions  in  sensing,  analytical,
environmental  and  materials  fields.1-6 By  controlling  the
polymerization7-9 or self-assembly10 of organic components on solid
surfaces,  several  kinds  of  single-layer  networks  have  been
constructed.  Kim  and  co-workers  reported  the  solution-phase
synthesis  of  single-monomer-thick  2D  organic  polymers  through
shape-directed  covalent  self-assembly  of  a  cucurbitu[6]ril
precursor,11 while Zhao and co-workers described the solution-phase
formation  of  another  kind  of  single-layer  2D polymers  from  the
coupling of preorganized triptycene tricatechol with 1,4-benzene- or
4,4’- biphenyldiboronic acids.12 We and other groups have recently
developed  a  highly  efficient  self-assembly strategy  for  generating
homogeneous  2D supramolecular  organic  frameworks  (SOFs)  in
water.13-17 However,  their  potential  applications  have  not  been
exploited and responsive covalent and supramolecular systems are
not  available  either.  We herein describe the formation of  two 2D
honeycomb  single-layer  SOFs  from  viologen-appended  rigid
triangular  monomer  1 and  linear  flexible  monomers  2a  and  2b,
which bear two 2,6-dioxy or 2- 
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hydroxy-6-amino  naphthalene  subunits,  respectively,  by  the
encapsulation  of  cucurbit[8]uril  (CB[8])  for  the  donor-acceptor
dimers between the electron-rich naphthalene subunits of  2a or 2b
and  the  electron-deficient  viologen  subunits  of  1.  We  further
demonstrate that the assembly of the SOF from diamine  2b can be
tuned reversibly by changing the pH of the medium and both SOFs
exhibit  activity  against  methicillin-resistant  Staphylococcus aureus
(MRSA).

Compounds  114 and  2a15 were  prepared  according  to  reported
methods.  The  synthesis  of  2b is  shown  in  the  supporting
information.  Compounds  2a and  2b has  low  solubility  in  water.
Upon  mixing  with  1,  their  solubility  was  increased  substantially.
Thus, 1H NMR spectra of the 1:1.5 mixtures of 1 (1.0 mM) with 2a
and  2b in D2O were recorded (Fig. 1 and 2). For both spectra, the
signals of 1 in the downfield area did not display discernible shifting
compared  to  the  signals  of  the  pure  sample  of  the  same
concentration. The signals of the aromatic protons of 2a and 2b did
not  appear  in  the  spectrum.  This  may  be  ascribed  to  the  low
resolution of their spectrum in water.

Fig. 1   1H NMR spectra (400 MHz) of (a) 1 + 2a, (b) 1 + 2a + CB[8] (1.0
mM), (c) 1 + 2a + CB[8] (2.0 mM), (d) 1 + 2a + CB[8] (3.0 mM) in D2O at 25
°C ([1] = 1.0 mM, [2a] = 1.5 mM).
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Adding CB[8]  to the above  mixture  led  to  the

decrease of the resolution of the spectrum of  1. Upon
addition of 3.0 equivalent of CB[8] which was relative
to  1, the mixture gave rise to a new set of signals. In
particular,  the  signals  of  H-1-4  (see  the  structure),
which  were  assigned  on  the  basis  of  2D  COSY  1H
NMR  experiments  (Fig.  S1  and  S2),  of  the
bipyridinium  subunits  of  1 shifted  upfield
pronouncedly, and the shifting extent of H-2 (from 8.8
to  6.9  ppm)  and  H-3  (from  8.6  to  6.6  ppm)  was
obviously higher than that of H-1 and H-4 (Fig. 1d). In
addition, the signals of the naphthalene subunits of  2a
appeared  even  though  overlapping  occurred.  These
signals  were  not  observed  from  the  spectrum  of  the
mixture  of 1 and  2a (Fig.  1a),  probably  due to  their
intra- and intermolecular stacking and interaction with
1, which were expected to reduce the resolution of the
signals. These observations provides the first evidence
that CB[8] enhanced the stacking or dimerization of the
bipyridinium  subunits  of  1 and  the  naphthalene
subunits  of  2a  by  encapsulating  the  dimers,  which
suggested a 1:1.5:3 binding stoichiometry.15 

Fig. 2   1H NMR spectra (400 MHz) of (a) 1 + 2b, (b) 1 +
2b + CB[8] (1.0 mM), (c) 1 + 2b + CB[8] (2.0 mM), (d)  1
+ 2b + CB[8] (3.0 mM), (e)  1 +  2b + CB[8] (3.0 mM) +
DCl (3.0 mM), and f) 1 + 2b + CB[8] (3.0 mM) + DCl (3.0
mM) + NaOD (3.0 mM) in D2O at 25 °C. ([1] = 1.0 mM,
[2b] = 1.5 mM).

Results were similar to those of the above mixture of
1, 2a and CB[8] were also observed for the mixture of
1,  2b and  CB[8]  (Fig.  2a-2d),  which  suggested  that
CB[8] also encapsulated the dimers of the 2-hydroxy-6-
amino subunits of 2b. Upon adding the DCl solution of
the  molar  amount  that  was  equal  to  that  of  the  2-
hydroxy-6-amino subunits of 2b, a new set of signals
was observed  for  the H-1-4 protons  of  1.  Compared
with those of 1, the signals of H-2,3 shifted downfield,
while the H-1,4 signals shifted upfield (Fig. 2e), which
indicated that the bipyridinium subunits of  1 were still
encapsulated  by  CB[8],  which  should  be  in  a  1:1
encapsulation  motif,18 even  though  the  protonated
aminonaphthalene subunits of  2b moved out from the
hydrophobic  cavity  of  CB[8]  due  to  the  fact  that
protonated  2-hydroxy-6-aminonaphthalene  subunits
became hydrophilic. Further addition of NaOD led to
the  deprotonation  of  the  ammonium  groups  and

consequently  the  recovery  of  the  encapsulation  of
CB[8]  for  the  bipyridinium/naphthalene  dimers,  as
indicated by the 1H NMR spectrum (Fig. 2f).

Probably  due  to  the  formation  of  large
supramolecular polymeric aggregates, the resolution of
the 1H NMR spectra of the above two three-component
mixtures was quite low. 1H NMR dilution experiments
([1]: 1.0 mM to 0.125 mM) were conducted to evaluate
the stability of the supramolecular entities (Fig. S3 and
S4).  No  discernible  shifting  was  observed  for  the
signals  in  the  downfield  area.  This  observation
supported that  no de-aggregation  occurred within the
investigated  concentration  range.  Increasing  the
temperature from 25 °C to 60 °C did not cause distinct
shifting of these downfield signals in both spectra (Fig.
S5 and S6), even though the resolution of the spectra
increased  slightly.  This  result  also  reflected  the  high
stability of the two supramolecular entities at increased
temperature. 

Diffusion-ordered  NMR  spectroscopic (DOSY)
experiments were also  carried  out  for  both  three-
component mixtures ([1] = 1.0 mM). The signals of the
three components in either of the mixtures exhibited the
identical diffusion coefficient (D), being ca. 1.0 × 10-10

and 1.1 × 10-10 m2/s, respectively (Fig. S7 and S8). Both
values were obviously lower than that (1.9 × 1010 m2/s)
of  the  free  1 of  the  same  concentration,  further
supporting  the  engagement  of  large  supramolecular
entities.

The  absorption spectra of the two three-component
mixtures  were  also  recorded  in  water  (Fig.  S9-S11).
The two spectra exhibited an absorption band centred at
605  and 660  nm, respectively, which could be readily
ascribed to the charge-transfer absorption between the
electron-rich 2,6-dioxynaphthalene subunits of 2a or 2-
hydroxy-6-aminonaphthalene  subunits  of 2b and  the
electron-deficient bipyridinium subunits of  1, with the
molar absorption coefficient () being calculated as 396
and 696 M-1cm-1, respectively. Both absorbance obeyed
Beer’s law within the investigated concentration range,
suggesting that the supramolecular entities were stable
and did not decompose within the concentration range
investigated.

For  the  mixture  of  2b,  adding  2  equivalent  of
hydrochloric  acid,  relative  to  that  of  2b,  caused  the
charge-transfer absorption to vanish. Upon adding the
same amount of sodium hydroxide, the charge-transfer
absorption recovered to the identical extent (Fig. S9).
These observations again illustrated the responsiveness
of  the  supramolecular  entities  of  2b to  pH  of  the
solution. 

 Compounds 2a and 2b exhibited strong fluorescence
centred  at  370  and  430  nm,  respectively,  whereas
compound  1 and CB[8]  had no fluorescence.  For  the
two three-component mixtures, the fluorescence of  2a
and  2b  was  quenched  substantially.  In  contrast,  no
quenching was observed in the absence of CB[8] (Fig.
S12). These results again could be ascribed to the above
mentioned  charge-transfer  complexation,  which
promoted  the  quenching  of  the  fluorescence  of  the
naphthalene subunits of  2a or  2b by the bipyridinium
subunits of 1 in the cavity of CB[8] (Fig. S12). For the
three-component  mixture  of  2b,  adding  hydrochloric
acid, two equivalents relative to that of 2b, induced the
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enhancement of the fluorescence of 2b. The intensity of
the fluorescence was comparable to that of protonated
2b,  indicating  that  the  addition  of  hydrochloric  acid
caused  the  de-aggregation  of  the  three-component
supramolecular  systems  due  to  electronic  repulsion.
Upon  adding  NaOH  to  neutralize  the  acid,  the
fluorescence of  2b was quenched again as a result of
the  recombination  of  the  three  components  into
supramolecular entities (Fig. S12).

Dynamic  light  scattering  (DLS)  experiments  were
performed  for  the  two  three-component  mixtures
(1:1.5:3) in  water  to  estimate  their hydrodynamic
diameters (DH) values. At [1] = 0.3 mM, their DH values
were determined to be  113 and 125 nm, respectively
(Fig. 3a).  The  values further increased  with  the
concentration  increase and reached the large values of
1240 and 1450 nm, respectively, at [1] = 1.5 mM (Fig.
S13).  Because  it  had  been  established  that  the  1D
stacking  of  1 is  inhibited  by  the  three  aliphatic  side
chains,13,14 the large  DH values suggested that the two
mixtures should form supramolecular entities in the 2D
space. DLS experiments also showed that the mixture
of  2b  could  undergo  reversible  de-assembly  (pH<5)
and re-self-assembly (pH = 7-10) by alternately adding
HCl and NaOH (Fig. 3a and 3b). The small  DH values
revealed after acidifying  2b clearly supported the de-
assembly  of  the  supramolecular  entities,  which  is  in
accordance  with  the  above  1H NMR,  absorption  and
fluorescence experiments. Heating the two solutions to
100  C and then cooled to ambient temperature, their
DH values were not changed, indicating a high stability
of the frameworks.

Fig. 3   a) DLS results of 1 and the mixtures of 1, 2a and
2b (without  and  with  the  addition  of  HCl  and
subsequently NaOH), and CB[8] in water at 25 °C. The
data represent the hydrodynamic diameters (DH) ([1] =
0.3 mM). b) DH of the mixture of  2b  with the alternate
addition of 2 equiv, relative to [2b], of HCl and NaOH.

Fig. 4  Tapping-mode  AFM  image  and  cross-section
analysis  of  the  sample  prepared  by  evaporating  the
aqueous solution of  1,  2a and CB[8] (1:1.5:3) in water
([1] = 10 uM).

Transmission electron microscopy (TEM) was then
utilized  to  investigate  the  morphology  of  the  two
supramolecular  entities.  Both  mixtures  gave  rise  to
large sheet-like structures with lateral sizes being up to
several  micrometers (Fig.  S14),  which  supported  the
formation of 2D supramolecular entities.  Atomic force
microscopy (AFM) was then used to measure the height
of  these  sheet-like structures.  A thickness  of  1.4  nm
(Fig. 4) and 1.3 nm (Fig. S15) was estimated for the
two three-component mixtures. For the single-layer of a
2D polymer formed by the two mixtures, the thickness
should be less than 1.74 nm of the diameter of CB[8].15

Thus,  these  values  supported  that  the  sheet-like
structures should be of single-layer.

Solution-phase small angle X-ray scattering (SAXS)
experiments  were then  conducted  for the  two  2D
single-layer  supramolecular  polymers in  water.  Both
samples gave rise to a broad but clear scattering peak
corresponding to the d-spacing centred at 7.8 and 7.7
nm,  respectively  (Fig.  5).  Considering  the  dynamic
feature  of  the  new  self-assembled  structures,  these
values matched well with the calculated value (7.4 nm)
for  the  {100}  spacing of  the  supramolecular  organic
frameworks  (SOFs),  thus  providing  evidence  for  the
periodicity  of  the  2D  monolayer  structure  (Fig.  6).
Grazing-incidence  (GI)-SAXS  experiment  was  also
performed for the solution of 1, 2a and CB[8] in water.
The profile  exhibited two broad peaks centred at  7.6
and 3.8 nm, respectively (Fig.7), which corresponded to
the {100} and {200} spacings of the 2D SOF.

4  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Fig.  5  Solution-phase  small-angle  X-ray (SAXS)
scattering profile  of  the mixture of  a)  1,  2a and CB[8]
(1:1.5:3) and b) 1, 2b and CB[8] (1:1.5:3) in water at 25
°C ([1] = 1.5 mM).

Fig. 6 Schematic representation of the 2D honeycomb 
monolayer SOFs formed by 1, 2a or 2b and CB[8] in 
water.
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Fig. 7 GI-SAXS patterns of the solution of compounds 1,
2a and CB[8] (1:1.5:3) ([1] = 1.5 mM) in water at 25°C.

The  2D  SOFs  may  be  regarded  as  layered
cationic  supramolecular  polyelectrolytes.  Their
antimicrobial activity was also tested by using agar
diffusion  assays  of methicillin-resistant
Staphylococcus  aureus (MRSA)  as  a  test  strain
(Fig. S16 and S17).  The assays showed that both
SOFs exhibited medium activity against the tested
MRSA in  a  dose-dependent  manner.  In  contrast,
compounds  1,  2a,  2b,  or  CB[8]  of  the  identical
concentration did not show any detectable activity.
Thus,  the  activity  exhibited  by  the  two  SOFs  is
tentatively  attributed  to  their  increased  cation
concentration  in  the  2D space  on  the  surface  of
MRSA.19

In  summary,  we  have  constructed  two  single-
layer  2D  honeycomb  supramolecular  organic

frameworks  in  water  with  {100}  spacing  larger
than 7 nm by using encapsulation-enhanced donor-
acceptor  interaction  as  driving  force.  The  SOF
constructed  from  2-hydroxy-6-aminonaphthalene-
derived  monomer  exhibits  pH-responsive  self-
assembly  and  de-assembly.  The  new  SOFs  also
display interesting antibacterial activity due to the
ion  enriching  effect  produced  by  their  periodic
framework.  This work further establishes that the
formation  of  periodic  supramolecular  organic
frameworks  in  solution  can  allow for  the  use  of
flexible monomers. In the future, we will  explore
the possibility of using flexible monomers to build
3D SOFs.
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