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A highly emissive and stable zinc(II) metal–organic
framework as a host–guest chemopalette for
approaching white-light-emission†

Hong Cai,ab Li-Li Xu,ab He-Yun Lai,a Jing-Yi Liu,b Seik Weng Ngc and Dan Li *d

A new adenine-containing metal–organic framework (MOF), [Zn4O-

(adenine)4(benzene-1,3-dicarboxylate)4Zn2] (named as ZnBDCA), was

synthesized solvothermally. ZnBDCA possesses high quantum yield

(450%) and nano-channels that can encapsulate acriflavine molecules

to build a host–guest chemopalette for approaching white-light

emission.

Metal–organic frameworks (MOFs) are emerging as promising
crystalline porous materials composed of multitopic organic struts
linking metal-based nodes.1 They have attracted considerable
attention in many fields such as gas storage and separation,2

catalysis,3 sensors,4 and luminescent materials5 due to their
permanent porosity and rich host–guest interactions. Among
more than 60 000 MOFs which are included in the Cambridge
Structural Database (CSD), only about 10% MOFs reveal lumi-
nescence properties. And many of them have low quantum
yields of typically o20%.6 It is noteworthy that most reports
focus on rare-earth (RE)-base MOFs or RE-doped MOFs.7 However,
as the demand of RE elements continuously increases in the high-
tech applications, the scarce resources and high prices of RE have
pushed the search for alternative RE-free luminescent materials to
a level of high importance.

Metal complexation especially with a core–shell structure
can significantly enhance their stabilities and luminescence
properties.8,9 Vogler and Kunkely first found that solutions of
Zn(O2CMe)2 did not show any photoluminescence, but solutions
of [Zn4O(O2CMe)6] emitted an intense photoluminescence because
of its core–shell structure.8b,c In the early 90s the group of Che,9

selecting [Zn4O(O2CMe)6] as a molecular model, reported a com-
pound [Zn4O(AID)6] (Fig. 1a and Fig. S5 in the ESI†) that featured a
tetrameric zinc(II) cluster with 7-azaindolate core–shell structure.
This complex possessed high-efficiency emission, and was demon-
strated to be an emitter in OLEDs a few years later.9c In 2015, the
group of Che adopted 2-(2-hydroxyphenyl)benzothiazolate which is
the derivate of 7-azaindolate as a ligand to prepare Zn-1. This
complex is isostructural with [Zn4O(AID)6]. And the emission
quantum efficiency of the Zn-1 thin film is up to 96%.9d Herewith,
we put forward a strategy using the tetrameric zinc(II) cluster core–
shell structure as a building block to construct highly emissive
MOFs, and efficient white-light emission was achieved by

Fig. 1 (a) [Zn4O(AID)6] core–shell structure and (b) [(Zn4O)
(ade)4(BDC)4Zn2] core–shell structure. (c) The 1D channel of the ZnBDCA.
(d) Perspective view of the overall framework of ZnBDCA along the b axis.
(e) Zn4O(ade)4(COO)4 cluster with Watson–Crick face. Color codes: C,
dark grey; N, blue; O, red; Zn, green (tetrahedra); H omitted.
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encapsulating guests in the MOF cavity by means of a comple-
mentary colour approach termed as a chemopalette.10

Obviously, 7-azaindole11a is not a suitable ligand to form
three-dimensional MOFs, because pyrimidine N and imidazole
N of the 7-azaindole have been occupied by Zn. There are no
redundant coordination atoms to link the other Zn4O cluster.
As we know, adenine and 7-azaindole are bioisosteres with a
lot of resemblance. Adenine has more coordination sites and
can self-associate via hydrogen bonding in solution, and the
nonradiative decay pathway can be blocked by bonding to the
metal center.11 We chose adenine with a Zn4O cluster to create
a core–shell secondary building unit (SBU). In order to increase
the dimension of MOFs, benzene-1,3-dicarboxylate (BDC) as the
auxiliary ligand was used to connect the other SBUs to form a
3D MOF (Fig. 1b and Fig. S5, ESI†) because of the similar coordi-
nation model and the orbital complementarity of the m-carboxylato-
kO:kO0 and m-adenine-kN3:kN9 bridging ligands.11e

Here, we synthesized a new adenine-containing MOF
with Zn4O core–shell structure via a solvothermal method,
[(Zn4O)(ade)4(BDC)4Zn2]�6DMF�4H2O, heretofore referred to as
ZnBDCA (ade = adenine; BDC = benzene-1,3-dicarboxylate). The
formula of ZnBDCA was established based on the single-crystal
X-ray structure, elemental analysis, and thermogravimetric
analysis (Fig. 1 and Fig. S1, S5, ESI†).

Single-crystal X-ray diffraction analysis revealed that ZnBDCA
crystallized in the P%421c space group (see the ESI† for crystal data,
Table S1 and Fig. S5) and contained two crystallographically
independent Zn centres, all with tetrahedral coordination geometry.
Four Zn2+ are quadruply bound by N3 and N9 from two adenines,
monodentate carboxyl groups and the central oxygen atom,
respectively, and to form a Zn4O(ade)4(COO)4 SBU (Fig. 1e),
which is extended via linking the monodentate carboxyl groups
of BDC. The Zn4O(AID)6 core–shell structure seems to be well
suited as a model for the Zn4O(ade)4(COO)4 cluster SBU since
the important structural features of both structures are very
similar.8 Even the Zn–O (ca. 1.90–1.98 Å) and Zn–Zn (3.1–3.20 Å)
bond distances for both compounds are almost identical.
This SBU is further extended through coordinating with the
other Zn2+, which is completed by two monodentate carboxyl
O and two adenine N (N7) to construct the overall framework
with large 1D channels (Fig. 1c). The channel is tetragonal and
the diameter is about 10 Å. The vacancies are filled with DMF
and water molecules. The total solvent accessible volume
calculated using PLATON is 30.2% of the unit cell volume.
From the perspective view of the overall framework, ZnBDCA
looks like a DNA helix connected by metal ions along the b axis
resulting in high helix stability (Fig. 1d). Fortunately, it is
found that the interior surface of the ZnBDCA framework is
decorated with exposed open Watson–Crick sites and uncoor-
dinated carboxyl O donors, which are prone to rich host–guest
recognition.

Both the thermal stability and solvent resistance of ZnBDCA
are very high. The unchanged pattern of powder X-ray diffraction
(PXRD) confirmed that the framework structure remained intact
after the as-synthesized sample was heated at 400 1C in air, or
immersed in organic solvents for several weeks (Fig. S1–S4, ESI†).

High stability is very important for permanently porous materials
in practical applications.

As expected, ZnBDCA emitted very intense photoluminescence
in the solid state under UV light irradiation at room temperature
with an average quantum efficiency of 53% (excited at 360 nm).
Fig. 2a shows the emission spectrum, where the maximum
excitation wavelength is 380 nm, and the maximum emission
wavelength of ZnBDCA is located at about 410 nm with two
shoulders at around 400 nm and 430 nm. Interestingly, upon
decreasing the excitation wavelengths, the maximum emission
peak at 410 nm was broadened. When the excitation wavelength
is o330 nm, the maximum emission wavelength of ZnBDCA
shifts from 410 nm to 430 nm (Fig. 2b). To confirm the origin of
the blue-violet emission, the emission spectra of free BDC and
adenine were measured under the same conditions (Fig. S7,
ESI†). The maximum peak wavelengths of free BDC and adenine
are approximately 400 nm and 430 nm, respectively. Therefore,
we reasonably believe that the emission of ZnBDCA at about
430 nm can be assigned to the adenine intraligand p–p* transition,
and the high-energy emission at about 400 nm can be assigned to
the BDC intraligand p–p* transition, because the free adenine and
BDC ligands exhibit the same emission. This means that ZnBDCA
actually retained the properties of the ligands. The maximum
emission peak at about 410 nm is most likely due to the ligand-to-
metal charge-transfer (LMCT) around the Zn4O(ade)4(COO)4

cluster, other than the possible interligand transitions of
adenine and BDC. The luminescence behaviour is very similar
to that of MOF-5, which consists of metal clusters of [Zn4O]
connected by benzene dicarboxylate linkers to form a 3D
structure, and the green emission originated from the photo-
induced electron transfer from the terephthalate antenna to the
Zn4O(COO)6 core–shell cluster.8e,f Adenine phototautomerizes
via the proton-coupled electron transfer (PCET) process, and the

Fig. 2 (a) Excitation (black) and emission (red) spectra of ZnBDCA. (b) Emission
spectra of ZnBDCA with different excitation wavelengths (inset: enlarge lex =
335–310 nm). (c) UV-Vis spectra of ZnBDCA (red), BDC (blue) and adenine
(black) in the solid state. (d) Luminescence decay curves measured for the
ZnBDCA powder sample at 77 K. Black points for monitoring at 400 nm; red
points for monitoring at 410 nm; blue points for monitoring at 430 nm; all solid
lines through the experimental points were calculated using single exponential
decay function. Inset: Time-resolved luminescence spectra of the ZnBDCA
powder sample.
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most significant nonradiative pathway is associated with its
imidazole N proton and is at least partly pertinent to excited-
state proton transfer processes.10b However, when Zn(II) is bonded
with the imidazole N, the nonradiative decay pathway can be
blocked. Moreover, the Zn4O(ade)4(COO)4 cluster is connected by
BDC forming a 3D MOF, through photoinduced electron transfer
from the BDC antenna to the Zn4O(ade)4(COO)4 cluster core–shell
cluster.

To prove the above speculation, the UV-Vis absorption spectra
of ZnBDCA, adenine and BDC were measured (Fig. 2c). The
absorption spectrum featured intense broad bands centred at
240–290 nm and a broad shoulder at around 330 nm for ZnBDCA.
The bands at 240–290 nm are assigned to the interaction between
the two ligands, since ultraviolet absorption peaks represent for
free BDC (205–290 nm) and adenine (235–325 nm). The broad
shoulder at 330 nm in the ZnBDCA absorption spectrum is most
likely due to the interaction between adenine and/or the BDC
ligand that surround the Zn4O core–shell cluster.

To further demonstrate the conjecture, time-resolved fluores-
cence decay profiles of a ZnBDCA solid sample pumped by
337 nm pulses at 77 K are shown in Fig. 2d. The decay dynamics
were monitored at 400 nm, 410 nm and 430 nm, and the lifetime
values are about 1.5 ns, 4.8 ns and 3.7 ns observed by single-
exponential fitting, respectively. This can be seen more clearly in
the time-resolved spectra (Fig. 2d inset and Fig. S8, ESI†). Initially
the emissions around 400 nm and 420 nm appear. This is due to
that the low intensity makes the two peaks at 410 and 430 nm
merge together (see the dotted black line). After 300 ps, weak as
it is, the shoulder peak at about 430 nm is discernible with
increasing the intensity of 400 nm and 410 nm (see the dotted red
line). Soon afterwards, the peak at 430 nm gradually increases
(see the dotted green line), then gradually red shifts to 440 nm
(see the dotted cyan and purple lines). This phenomenon is very
similar to that of the time-resolved luminescence spectra of
[Zn4O(AID)6],9b the emission of which is due to LMCT around
the Zn4O core–shell structure. It is reasonable to conclude that
the emission of ZnBDCA is attributed to the LMCT around the
Zn4O cluster and the interligand/intraligand adenine and BDC
charge transition.

Besides the metal centres/cluster and organic linkers that
can produce emission, guest molecules can also generate
luminescence.12 The well-established host–guest interaction can
be utilized to construct white-light-emitting supramolecular systems
with high quantum yield. In order to improve the light emission
efficiency and control emission colour of ZnBDCA, acriflavine
fluorescent molecules were introduced into the porous MOF
(Fig. S9, ESI†), denoted as Acf@ZnBDCA.

We chose acriflavine as a guest for the following reasons:
firstly, adenine-based ZnBDCA features the open Watson–Crick
sites, retaining some properties of adenine. There is hetero-
geneity of the interaction between DNA and acriflavine.13a So,
ZnBDCA and acriflavine are prone to form interactions through
host–guest recognition.13 Secondly, the molecular size of acri-
flavine is about 10.5 � 5.04 � 3.79 Å3. And the accessible space
of ZnBDCA (the channel diameter is about 10 � 10 Å2) is big
enough to accommodate acriflavine as a guest. Thirdly, acriflavine

emits a bright yellow-green light and ZnBDCA emits a bright blue-
violet light, thus the combination of the host and the guest
may produce a white light emission based on the principle of
complementary colour.

In order to verify the feasibility of this strategy, ZnBDCA
crystals were soaked in acriflavine aqueous solutions in a sample
vial at room temperature to prepare a host–guest supramolecular
system. The colourless samples at the bottom of the vial became
yellow. This was not only observed by the naked eye but also
proved by the dramatic decline in the UV-Vis absorption spectrum
of the supernatant fluid (Fig. 3a). Both the solid-state UV-Vis
absorption spectrum and the diffuse reflection spectrum of
Acf@ZnBDCA showed the characteristic absorption peak at
460 nm, which proved that the acriflavine guest had been
encapsulated in ZnBDCA (Fig. S10, ESI†). The N2 and CO2

adsorption isotherms of ZnBDCA and Acf@ZnBDCA showed
that both the N2 and CO2 uptakes of Acf@ZnBDCA were lower
than those of ZnBDCA (Fig. S11, ESI†). This can further prove that
the acriflavine molecule has entered into the nano-channels.

Acf@ZnBDCA displayed strong luminescence and simulta-
neously showed both the characteristic emissions of the guest
(lem E 510 nm) and host moieties (lem E 410 nm) upon
excitation at 370 nm (Fig. S12, ESI†). Interestingly,
Acf@ZnBDCA can systematically adjust the emissive light colour
by changing the excitation wavelength (Fig. S13 and S14, ESI†)
realized as the chemopalette strategy10 from a host–guest system.
The intensity ratio of the host and guest can be changed by being
excited at different wavelengths (Fig. 3b), thereby changing the
emission colour from blue to yellow. Moreover, the emission
intensity of acriflavine is significantly enhanced with increasing
the amounts of encapsulated acriflavine in the Acf@ZnBDCA
system (Fig. 3c). From the 2D matrix models correlating CIE
coordinates (Fig. 3d and Fig. S15, ESI†), changing the excitation
wavelength and modulating the amounts of acriflavine can readily

Fig. 3 (a) UV-Vis spectra of acriflavine solution immersed in ZnBDCA,
before and after. The photographs show the colours of dyes before and
after adsorption. (b) Emission spectra of Acf@ZnBDCA (Acf concentration
is 0.05 wt%) excited at different wavelengths in the solid state at room
temperature. (c) Emission spectra of Acf@ZnBDCA with different amounts
of encapsulated acriflavine (lex = 320 nm). (d) 2D matrix models correlating
CIE coordinates with different amounts of encapsulated acriflavine for
Acf@ZnBDCA excited from 370 nm to 300 nm at room temperature.
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produce white light emission. For example, when the concen-
tration of acriflavine in the Acf@ZnBDCA system was 0.12 wt%
and the material was excited at 320 nm, the corresponding CIE
coordinates (0.313, 0.347) would be obtained. Surprisingly, the
maximum quantum yield of Acf@ZnBDCA was about 32%, which
is decreased as compared with that of ZnBDCA. Notably, the
emission peak of acriflavine red shifted from 490 nm to 510 nm
when the amounts of the dye in Acf@ZnBDCA increased (Fig. 3c).
Therefore, there must be interesting host–guest interaction between
the adenine-based MOF and the acriflavine DNA-stain, and energy
transfer occurred in the excited state of the Acf@ZnBDCA system
(Fig. S16, ESI†).

The stability of Acf@ZnBDCA was also examined. According to
the TGA results, the decomposition temperature of Acf@ZnBDCA
did not decrease as compared with that of ZnBDCA (Fig. S17, ESI†).
The position of PXRD did not change at 400 1C, which further
confirmed that the system had high thermostability (Fig. S18, ESI†).

In conclusion, a new nucleobase-containing MOF (named as
ZnBDCA) with a core–shell molecular structure was successfully
prepared, which possesses high quantum yield of 53%. The
emission of ZnBDCA is attributable to the LMCT around the
Zn4O cluster and the interligand/intraligand adenine and BDC
charge transition. Thus, this approach would be a very promising
strategy to develop high-emission luminescent MOFs. Moreover,
the nano-channeled framework of ZnBDCA bears the open
Watson–Crick sites which are prone to encapsulate acriflavine
molecules and form an Acf@ZnBDCA supramolecular system.
The system, as a MOF-dye host–guest chemopalette, emits bright
cool white-light by changing the excitation energy or by modulating
the amounts of the encapsulated guest. These results will further
facilitate the investigation of such MOFs as new types of functional
materials for applications in biological and optical materials.
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