
Chin. Phys. B 32, 054208 (2023)

Molecular fluorescence significantly enhanced by gold
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Noble metal nanoparticles exhibit unique surface plasmon resonance dependent optical properties. On this basis, gold
nanoparticles (AuNPs) encapsulated in metal–organic frameworks (MOFs) can form AuNPs@MOFs composites to modu-
late the optical properties of fluorescent molecules, which is less reported. In this paper, based on the fluorescence enhance-
ment effect of AuNPs on 2-(2-hydroxyphenyl)-1H-benzimidazole (HPBI) molecules, zeolitic imidazolate framework-8
(ZIF-8) crystals with structural stability were introduced. AuNPs@ZIF-8 exhibited a significantly pronounced fluorescence
enhancement of the HPBI molecules. In addition, by comparing the fluorescence characteristics of the HPBI molecules
adsorbed on AuNPs@ZIF-8 and those captured in AuNPs@ZIF-8, we found that the ZIF-8 can act as a spacer layer with
highly effective near-field enhancement. All our preliminary results shed light on future research on the composite struc-
tures of noble metal particles and MOFs for fluorescent probes and sensing applications.
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1. Introduction
Metal–organic frameworks (MOFs) are a type of microp-

orous material made up of assembling metal ions and organic
ligands. MOFs have a large specific surface area, uniform
but adjustable cavities, and tunable chemical characteristics.
These properties make them ideal for a wide range of ap-
plications, including gas storage,[1,2] chemical separation,[3]

catalysis,[4,5] sensing,[6] and drug delivery.[7] By serving as
unique host matrices for a variety of functional species, MOFs
have the potential to serve as the foundation for novel com-
posite materials that exhibit new catalytic, optical and elec-
trically conductive[8–10] behaviors when compared with pure
MOF counterparts.[11]

MOFs can be utilized to stabilize size-tunable metal
nanoparticles because of their large surface area and well-
defined pore structure. Due to the high porosity properties
of MOFs, it is possible to simultaneously perform the orig-
inal functions of the encapsulated metal nanoparticles. This
makes “metal nanoparticles@MOFs” systems particularly in-
teresting for heterogeneous catalysis, gas storage and chemical
sensing.[12] Multi-shelled hollow MOF microcrystals are ex-
cellent composites for hosting multiple guests, while perform-
ing controlled communication such as energy transfer (ET).
Tsung et al. introduced rhodamine 6G (R6G) and 7-amino-
4-(trifluoromethyl) coumarin as its molecular guests, and pal-

ladium nanoparticles as heterogeneous guests into the multi-
shelled hollow zeolitic imidazolate framework-8 (ZIF-8).[13]

These composites combine adjustable properties at the molec-
ular level with encapsulation capabilities. Chen et al. found
that ZIF-8 coated gold nanorods (AuNRs) could be employed
for improved photothermal therapy and stability.[14] This sug-
gests that AuNRs@ZIF-8 strongly convert near-infrared irra-
diation into thermal energy.

Despite studies concerning metal nanoparticles@MOFs,
very few reports have focused on the fluorescent properties of
the composite structures of noble metal particles and MOFs.
Metal-enhanced fluorescence occurs mainly as a result of the
interaction between the excited state and the near field of the
excited metal nanoparticles. Due to the rapid decay of near
fields around the metal nanoparticles, the distance between
the fluorophores and the metallic nanoparticles might im-
pact the surface-enhanced fluorescence process drastically.[15]

Studies have previously focused on surface-enhanced Ra-
man scattering (SERS) of metal nanoparticles@MOFs. Re-
searchers reported a simple and versatile approach to synthe-
sizing metal@ZIF-8 hybrid structures, and gained a better un-
derstanding of the molecular sieving effect and the plasmonic
properties of the encapsulated metal nanoparticles, i.e., the
size selection for molecular diffusion through ZIF-8, using
SERS spectra.[16] Hupp and Van Duyne et al. used MOF films
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to make functional modifications to surface Raman-active
structures, called silver “films-over-nanospheres” (FONs).
Most of the vapors (like benzene, toluene, pyridine, nitroben-
zene, and 2,6-ditertbutylpyridine) cannot be adsorbed on metal
surfaces that have not been functionally modified, so the MOF
films play a key role in confining molecules to nanoscale
hotspots of the FONs and also represent a novel approach to
vapor-phase SERS sensing.[17]

Researchers were drawn to ZIF-8 because of its chem-
ical robustness and thermal stability. Its structure is so-
dalite zeolite-like, with large cavities (11.6 Å) and small aper-
tures (3.4 Å).[18] Aside from its structural advantages, the re-
searchers discovered that the luminescence intensity of ZIF-
8 is very sensitive to Cu2+ and Cd2+ ions as well as tiny
molecules like acetone.[19] Chen et al. also showed that ZIF-
8 can be used as effective scaffolding materials to encapsu-
late pyrene molecules, which can be used to detect the oxy-
gen within ZIF-8 pores.[20] Therefore, encapsulating metal
nanoparticles into ZIF-8 and investigating their ability to mod-
ulate the fluorescence of molecules seems appealing, but as yet
there is not much in-depth research.

In this paper, we focus on molecular fluorescence
modulated by gold nanoparticles@ZIF-8 composites. The
composites were made by combining crystallized ZIF-8
with encapsulated gold nanoparticles (AuNPs) modified with
polyvinylpyrrolidone in methanol at room temperature (PVP).
Pre-synthesized gold nanoparticles were enclosed in the de-
veloping ZIF-8 crystals using this strategy.[11] Herein we
prepared AuNPs@ZIF-8 and compared its enhanced fluo-
rescence ability for 2-(2-hydroxyphenyl)-1H-benzimidazole
(HPBI) with AuNPs and ZIF-8. Furthermore, the role of ZIF-8
was investigated by comparing the fluorescence characteristics
of the HPBI molecules adsorbed on AuNPs@ZIF-8 and those
captured in AuNPs@ZIF-8. Our work offers a potential ex-
ploration of AuNPs@ZIF-8 in fluorescent probe applications.

2. Method
2.1. Materials characterization

Scanning electron microscopy (SEM, Zeiss Gemini 450)
and transmission electron microscopy (TEM, JEM-2100F)
were used to analyze the structures and morphologies. All
of the luminescence emission spectra were acquired using an
optical fibre and a liquid nitrogen cooled charge coupled de-
vice spectrometer (Princeton Instruments). An optical fibre
coupled to a microchannel plate photomultiplier tube (Hama-
matsu) was used to achieve the fluorescence lifetime, which
was paired with a time-correlated single photon counting tech-
nique (TCSPC, Edinburgh Instruments). The samples were
excited using a 375 nm pulse picosecond semiconductor laser
(Advance Laser System). The absorption spectrum was mea-

sured using a Shimadzu UV/vis spectrophotometer. A scan-
ning tunnelling microscope (STM, CREATEC) was used to
examine the distribution and size of HPBI and R6G molecules
on the substrate.

2.2. Synthesis of AuNPs and AuNPs@ZIF-8

AuNPs were prepared with a sodium citrate reduction
method of HAuCl4.[21] The gold colloidal solution stabilized
with PVP was rinsed with deionized water before being cen-
trifuged and dispersed in 20 mL of methanol (8000 rpm,
10 min). PVP is an amphiphilic, non-ionic polymer that has
been used as a surfactant to stabilize gold nanoparticles in
methanol[22] and as a capping agent to help control the size
and shape of nanoparticles during their synthesis.[23]

PVP was used to functionalize the surfaces of the gold
nanoparticles, which were manufactured using conventional
techniques.[21] The approach was originally shown for AuNPs
with a diameter of 120 nm. Hmim (100 mM, 5 mL) and 1-MI
(50 mM) methanolic solutions were combined quickly with
N2O6Zn6H2O (25 mM, 5 mL) methanolic solutions, and the
combination was kept at room temperature for 24 h without
stirring. The produced particles were collected using centrifu-
gation and then washed in methanol several times before be-
ing redispersed in methanol. Based on the number of AuNPs
added, for the sample named AuNPs@ZIF-8-2 there were 10
additional AuNPs to AuNPs@ZIF-8-1. More synthesis details
of ZIF-8, HPBI@ZIF-8 and HPBI on ZIF-8 are listed in the
supporting information.

3. Results and discussion
Surface plasmon resonance (SPR), which refers to the co-

herent oscillation of free electrons on the gold surface, de-
termines the optical properties of AuNPs. Waves propagat-
ing along a planar metal surface produce surface plasmon po-
laritons, and localized surface plasmon resonance (LSPR) oc-
curs when the surface plasmon is restricted to metal nanopar-
ticles with dimensions smaller than the wavelength of the
excitation.[17,24,25] The interaction between the excited state of
the emitter and the near field of the excited metal nanoparticles
causes metal-enhanced fluorescence. As a result of the rapid
decrease in the near field around metal nanoparticles, the dis-
tance between the fluorophore and the metal nanoparticle can
have a significant impact on the process of surface-enhanced
fluorescence.[26–28] When the fluorophore is in close proxim-
ity to the metal nanoparticles (direct contact or a distance of
only a few nanometers), the advantage of LSPR excitation will
be eliminated by the predominance of non-radiative relaxation
rate, leading to fluorescence quenching.[29–31]

These AuNPs have a morphology of around 120 nm
(Fig. 1(a)). The AuNPs showed a broad strong absorption
peak located at around 560 nm originating from the SPR
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(Fig. 1(b)).[19,32] Based on the above analysis, we considered
the direct mixing of AuNPs with HPBI molecules to observe
the effect of AuNPs on the molecular fluorescence properties.
There were no changes in photoluminescence (PL) emission
when we added AuNPs into HPBI solution, but after 24 h, the
emission peak was about 1.8-fold enhanced compared to pure
HPBI, and the emission peak was about 14 nm red-shifted. At
this time the AuNP surface was wrapped with PVP, and even
when the molecules are directly mixed with gold nanoparti-
cles, there is no fluorescence quenching. Due to the LSPR
of the AuNPs, there is a certain enhancement effect of HPBI
fluorescence (Fig. 1(c)). In principle, the plasmon resonance
affects both the radiative rate enhancement and the scattering
efficiency of the nanoparticle. As a result, any mechanism
that changes the plasmon resonance of nanoparticles, both ex-
ternally and internally, has an impact on the enhancement of
nearby fluorophores.[33]
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Fig. 1. (a) SEM images of AuNPs: ∼ 120 nm. (b) UV/vis absorp-
tion spectra of AuNPs. (c) Fluorescence emission spectra of HPBI and
HPBI+AuNPs.

We found that with the LSPR properties of AuNPs, free
AuNPs in solution have a particular fluorescence enhancement
effect on HPBI molecules, but we expected that the fluores-
cence modulation ability of AuNPs may play a more pro-
nounced role. We consider using the framework structure of
ZIF-8 crystals to wrap the AuNPs, on one hand, ZIF-8 re-
stricts the movement of AuNPs in solution, while on the other
hand, the pore size of ZIF-8 can play a role in restricting the
molecules in the pore size of HPBI molecules smaller than the
pore size of ZIF-8.

Nanoparticles/MOFs composites can be prepared by ei-
ther using MOFs as a template to allow nanoparticles to en-

ter the cavities through the pores[12,34–37] or by wrapping pre-
synthesized nanoparticles into the MOFs.[38,39] In this paper,
AuNPs@ZIF-8 were obtained mainly by growing ZIF-8 crys-
tals around PVP modified AuNPs. The dual-ligand ZIF-8 pre-
cursor containing both Hmim and 1-MI was adopted to encap-
sulate the PVP functionalized AuNPs. In order to control the
distribution of AuNPs in the ZIF-8 crystals, we added 5 mM 1-
MI to aggregate the AuNPs in the ZIF-8 crystals. Correspond-
ing to the concentration of AuNPs we added, we received two
different AuNPs@ZIF-8. For the more AuNPs@ZIF-8, the
number of AuNPs added is 10 times as few AuNPs@ZIF-
8, and we define the few AuNPs@ZIF-8 as AuNPs@ZIF-8-
1 and the more AuNPs@ZIF-8 as AuNPs@ZIF-8-2. SEM
and TEM images of AuNPs@ZIF-8-1 and AuNPs@ZIF-8-2
are shown in Figs. 2(a)–2(d). The ZIF-8 crystals were synthe-
sized through rapid mixing of a solution of zinc acetate with
a solution of Hmim and 1-MI at room temperature. As shown
in Fig. 2(e), the crystal size of ZIF-8 was found to be around
1300 nm by SEM.
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Fig. 2. (a) SEM image of AuNPs@ZIF-8-1. (b) TEM image of
AuNPs@ZIF-8-1. (c) SEM image of AuNPs@ZIF-8-2. (d) TEM image
of AuNPs@ZIF-8-2. (e) SEM image of ZIF-8. (f) Fluorescence spectra
of ZIF-8, AuNPs@ZIF8-1, AuNPs@ZIF8-2.

Figure 2(f) shows the emission spectrum of the pris-
tine crystals of ZIF-8 and AuNPs@ZIF-8. The emission
peak of ZIF-8 was located at 450 nm near the emission peak
of AuNPs@ZIF-8-1, but the intensity was much lower than
AuNPs@ZIF-8-1. For AuNPs@ZIF-8-2, the emission peak
is located at 430 nm with multi-peaks. It has been reported
that MOFs with transition-metal ions without unpaired elec-
trons can produce luminescent materials based on organic
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linkage bonds. The fluorescence emission peak of ZIF-8 over-
laps with the emission peak position of the free ligand 2-
methylimidazole and is red-shifted relative to the free ligand
(the emission of Hmim shifts from 425 nm to 450 nm for
ZIF-8), from which it is judged that ZIF-8 fluorescence emis-
sion originates from the coordination effect of Hmim with
Zn2+.[19] When we enveloped a small number of AuNPs into
ZIF-8, the emission peak shift in the spectrum showed that
the few AuNPs had no obvious effect on the energy conver-
sion. During the synthesis of AuNPs@ZIF-8-2, we injected
10 times more AuNPs compared to AuNPs@ZIF-8-1, and the
other sample amounts were not changed, which resulted in
partial crystal agglomeration, and at this time the sample size
was not homogeneous with the overall occurrence of multiple
peaks.

The role that ZIF-8 played in tuning HPBI molecular flu-
orescence has already been studied in our previous work,[40]

and in the present work the fluorescence results of ZIF-8
mixed with HPBI molecules were mainly used as a compari-
son with AuNPs@ZIF-8. In our previous work,[40] we had al-
ready investigated that when ZIF-8 was added to the HPBI so-
lution, the PL intensity of the mixture increased as the blend-
ing time increased from 5 min to 120 min. From 120 min to
240 min, the increment slowed down, and by the end of 16 h,
the PL intensity had no obvious enhancement. Based on the
results, the blending time was chosen to be 24 h in the current
work. We began by investigating the emission properties of
HPBI and HPBI+ZIF-8 at room temperature. HPBI powder
was deposited on the surface of the Au(111) substrate by ther-
mal evaporation under an ultrahigh vacuum environment, and
the STM topograph at ∼ 80 K is shown in Fig. 3(a). The size
of the HPBI is roughly 3× 7 Å based on the STM figure and
HPBI chemical structure.

Figure 3(b) shows fluorescent spectra of HPBI at vari-
ous concentrations (0.01 mM, 0.05 mM, 0.1 mM, 0.125 mM,
0.15 mM, 0.2 mM, and 0.25 mM), with characteristic peaks at
455 nm. HPBI and its derivatives are an important class of flu-
orescent compounds that have attracted interest due to their
excited-state intramolecular proton transfer (ESIPT).[41–43]

When 100 µL ZIF-8 was added to 1 mL HPBI solution, a
significant increase in the fluorescence intensity of the mix-
ture was observed and the fluorescence emission peak posi-
tion blue-shifted from 450 nm to 410 nm (Fig. 3(c)). With
the change in concentration of HPBI solution mixed with ZIF-
8, the fluorescence intensity of the mixture varied nonlin-
early. The integrated signal intensity was plotted as a func-
tion of HPBI concentration in Fig. 3(d). We defined ∆I =

I(ZIF−8+HPBI)/IHPBI and used a curve to calculate the varia-
tion in fluorescence intensity ratio at different concentrations.
The fluorescence intensity of the mixture was significantly
enhanced when the concentration ranged from 0.01 mM to

0.1 mM, and ∆I reached its maximum at HPBI concentrations
corresponding to 0.1 mM, which is about a 47.6-fold enhance-
ment. Continuing to increase the concentration of HPBI, it
was found that ∆I began to decrease. When the concentration
continued to increase to 0.15 mM, ∆I decreased to 6.0, which
indicated that the fluorescence enhancement effect of ZIF-8 on
HPBI was significantly weakened. From these results, we de-
termined that the fluorescence intensity is enhanced with the
aggregation of HPBI molecules, and that the aggregation ca-
pacity is limited, reaching saturation at a molecular concentra-
tion of 0.1 mM. The saturation concentration is equal to what
we previously received.[40] As the solution concentration con-
tinues to increase, it can be found that the concentration has
almost no effect on ∆I and remains at a lower enhancement
intensity ratio. The mixture was also accompanied by a blue
shift, which can be attributed to Zn2+.[40] All results indicate
that the pores of ZIF-8 can limit the vibration and rotation of
the molecules, resulting in increased emission efficiency,[44]

and that there is a π–π stacking between the benzene ring of
HPBI and the imidazole ring in the ZIF-8 structure.[45,46]
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Fig. 3. (a) HPBI on Au(111) in a typical STM image (4 nm× 4 nm,
−2.7 V, 10 pA). (b) Fluorescence spectra of HPBI at various concen-
trations under excitation at 375 nm. (c) Fluorescence spectra of HPBI
following the addition of ZIF-8 at various concentrations. (d) ∆I denotes
the increased fluorescence intensity of HPBI with various concentrations
after adding ZIF-8.

We have already obtained the effects of ZIF-8 crystals
and AuNPs on the fluorescence properties of HPBI molecules.
Coupled with the fact that the ZIF-8 crystal itself already
has a significant fluorescence enhancement effect on the
HPBI molecule, we expect to further investigate the fluores-
cence modulation effect of the AuNPs@ZIF-8 composite on
the molecules. We introduced AuNPs into ZIF-8 to obtain
AuNPs@ZIF-8 composites, to further investigate the role of
the LSPR effect of AuNPs in the modulation of molecular
fluorescence intensity. We chose 0.1 mM HPBI mixed with
AuNPs@ZIF-8-1 and AuNPs@ZIF-8-2, separately, and the
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fluorescence intensity of the mixture was also significantly en-
hanced and the peak shape was similar to that of HPBI+ZIF-
8 (Fig. 4(a)). The emission spectroscopy was tested at 12 h
and 24 h after mixing, and ∆I was obtained by comparing the
mixture to a sample of HPBI fluorescent intensity. The con-
centrations corresponding to the maximum values of the fluo-
rescence enhancement intensity ratios were all at 0.1 mM. It
was found that the results of HPBI+AuNPs@ZIF-8-1 were
similar to those of HPBI + ZIF-8 (Figs. 4(b) and 4(d)), but
∆I of HPBI + AuNPs@ZIF-8-2 was significantly enhanced
from 40.1 to 74.8 during 12 h (Fig. 4(c)), for which the en-
hancement was even more pronounced than HPBI+ZIF-8 and
HPBI + AuNPs@ZIF-8-1. This may be due to the frame-
work structure of ZIF-8, which formed a spacer layer wrapped
around AuNPs, and in turn improved the fluorescence emis-
sion efficiency of HPBI+AuNPs@ZIF-8-2 with the plasmon
resonance of AuNPs. The fluorescence intensity increased sig-
nificantly with time, further indicating that the pore size of

ZIF-8 provided a channel for the aggregation of HPBI.[21]

Using the TCSPC approach, we measured the emission
lifetimes of HPBI, ZIF-8, and HPBI + ZIF-8 to corroborate
the aforementioned phenomena. The curve of HPBI+ZIF-8
(purple) was located between the ZIF-8 lifetime (red) and the
lifetime of HPBI (black). The presence of Zn2+ in ZIF-8 hin-
dered the ESIPT process in HPBI. Furthermore, the fluores-
cence lifetime of the HPBI+ZIF-8 mixture was shorter than
that of a pure HPBI molecule and was accompanied by fluores-
cence emission from the π–π∗ transition due to the pore size
of ZIF-8 limiting the rotation of the HPBI molecule. When
the fluorescence lifetimes of ZIF-8 and AuNPs@ZIF-8 are
compared, they are nearly identical, indicating that the pres-
ence or absence of gold particle wrapping has no effect on en-
ergy transmission; the fluorescence lifetimes of HPBI+ZIF-
8, HPBI + AuNPs@ZIF-8-1, and HPBI + AuNPs@ZIF-8-2
were the same and were placed between HPBI and ZIF-
8/AuNPs@ZIF-8 (Fig. 5).
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Fig. 4. (a) Fluorescence spectra of HPBI+AuNPs@ZIF-8-1 and HPBI+AuNPs@ZIF-8-2 (insert: the change of photon counts during 1 min).
(b) Comparison of ∆I denotes the increased fluorescence intensity of HPBI at various concentrations after adding AuNPs@ZIF-8-1 at 12 h and
24 h. (c) Comparison of ∆I denotes the increased fluorescence intensity of HPBI at various concentrations after adding AuNPs@ZIF-8-2 at 12 h
and 24 h. (d) Comparison of ∆I denotes the increased fluorescence intensity of HPBI at various concentrations after adding ZIF-8 at 12 h and 24 h.

Detailed lifetimes are listed in Table 1. Emission life-
times (τ) were calculated by fitting the decays to the fol-
lowing function: I(t) = A1 e−t/τ1 + A2 e−t/τ2 , where A is
the pre-exponential factor and t is time.[47] The longer life-
time decay component increases at the lower emission en-
ergy levels and is accompanied by a delay in fluorescence

emission, a result that illustrates the interaction between in-
dividual molecules in HPBI during the excited state (i.e., the
number of long-lived emissive states that occur after initial
excitation).[48] Emission decays for ZIF-8 and AuNPs@ZIF-
8 were likewise fitted to bi-exponentials, with similar trends
across the emission spectrum. The fluorescence emission peak

054208-5



Chin. Phys. B 32, 054208 (2023)

at 450 nm originates from the ESIPT of the HPBI molecules,
as shown previously.[41] This indicates that the structure of
HPBI molecules is not fully rigid in the mixture and therefore
the non-radiative decay is not fully suppressed.

Table 1. Lifetimes of HPBI, ZIF-8, AuNPs@ZIF-8 and HPBI + ZIF-
8/AuNPs@ZIF-8.

τ1 (ns), A1 τ2 (ns), A2

ZIF-8 0.87, 87 2.09, 13
AuNPs@ZIF-8-1 0.87, 84 1.96, 16
AuNPs@ZIF-8-2 0.95, 98 2.46, 2

Pure HPBI 0.83, 3 3.79, 97
HPBI+ZIF-8 1.94

HPBI+AuNPs@ZIF-8-1 1.79
HPBI+AuNPs@ZIF-8-2 1.94
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Fig. 5. Dynamics of PL decay of HPBI, ZIF-8, AuNPs@ZIF-8, and
HPBI+ZIF-8/AuNPs@ZIF-8.

Refinement of the crystal structure using the superposi-
tion of van der Waals atomic radii yielded the aperture and
pore size for ZIF-8 (3.4 Å and 11.6 Å, respectively). The
structure of ZIF-8, on the other hand, is not set to any par-
ticular orientation. Therefore, the pore size of ZIF-8 could
not be more restricted to allow only molecules smaller than
the pore size to pass, such as the HPBI molecules (3× 7 Å)
described in this paper. To explain such diffusion, several dif-
ferent mechanisms have been proposed. On the one hand, re-
placing the coordinately saturated metal center with a dissocia-
tive linker could result in a short-lived ligand vacancy, allow-
ing molecules to diffuse into the framework.[49] On the other
hand, lattice dynamics in the ZIF-8 framework structure, in-
cluding collective vibrations or flexibility of MOFs, may lead
to processes such as geometrical distortion, shear deformation,
or gate opening.[50,51] Thus, gating and kinetic trapping pro-
cesses are unique to flexible MOFs that allow HPBI molecules
to diffuse through the ZIF-8 shell.[16] Though AuNPs are lo-
cated at the center of ZIF-8 and one side of the HPBI molecule
is nearly twice the ZIF-8 pore diameter, the above illustrates
that the framework of ZIF-8 crystal is flexible to a certain ex-
tent, and that the HPBI molecule still has a greater chance of
entering the interior of ZIF-8, due to the local surface of the

AuNPs wrapped inside ZIF-8 iso-excited element characteris-
tics of the molecule to produce further enhancement effects on
the fluorescence.

The metallic nanodimer (a pair of neighboring nanopar-
ticles) appears to provide a stronger local field surround-
ing its gap than a single metallic nanoparticle, with the ex-
cited emitters having greater quantum yields due to incident
light irradiation.[29] As a result, more AuNPs aggregated in
HPBI+AuNPs@ZIF-8-2 with gaps which provided a stronger
local field. Theoretical calculations of similar metal nanopar-
ticles@MOFs composites in existing research results have
demonstrated that the fluorescence enhancement of fluorescent
molecules increases as the gap between two metal nanoparti-
cles decreases in a sandwich structure composed of nanoparti-
cles and molecules.[52]

We introduced R6G molecules as a comparison with
HPBI. Similar to HPBI, we also deposited R6G powder onto
the surface of Au(111) by thermal evaporation and obtained
single molecule R6G samples for morphological characteri-
zation of the STM topograph in Fig. 6(a). As shown in the
STM image, the size of the R6G is around 3 nm, which is
too large to pass through the ZIF-8 shell. Using the fluores-
cence intensity of R6G molecules with different concentra-
tions shown in Fig. 6(b), we found that the peak position of
the fluorescence spectrum gradually red-shifted with increas-
ing molecular concentration. The emission peak indicates that
the R6G molecules are isolated from each other and fully sol-
vated, hence the emission band around 560 nm.[53]

The fluorescence intensity enhancement of R6G +

AuNPs@ZIF-8 and R6G+ZIF-8 at different concentrations
is shown in Figs. 6(c)–6(e). From Figs. 6(c) and 6(d), we
can see that the highest ∆I of R6G + AuNPs@ZIF-8-1 and
R6G + AuNPs@ZIF-8-2 were 2.0 and 2.4, while the high-
est fold of fluorescence signal enhancement of R6G+ZIF-8
was 1.7. The trend of R6G+AuNPs@ZIF-8-2 was consis-
tent with the HPBI molecules. However, it was found that the
fluorescence intensity after 24 h mixing was weakened com-
pared with that after 12 h, and the weakening was more ob-
vious for R6G+AuNPs@ZIF-8-2 (Fig. 6(d)), decreasing to
1.9 corresponding to 0.01 mM. The fluorescence emission ef-
ficiency decreased after 24 h of R6G+AuNPs@ZIF-8-2 due
to the gold particles, while the ∆I tendencies of R6G+ZIF-
8 and R6G + AuNPs@ZIF-8-1 were closer. As a result, in
a complicated environment, porous materials with desirable
channel widths can be used to size-selectively detect the ana-
lytes of interest. For the comparison of energy dispersive x-ray
spectroscopy (EDS) results (Fig. 6(f)), after mixing R6G and
ZIF-8, the oxygen element of the mixed solution in elemen-
tal mapping resembled the results of ZIF-8 alone, and there
was no obvious ZIF-8 profile. This means that R6G cannot
pass through or adsorb at the aperture of the ZIF-8 (Fig. 6(e)).
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As the size of the molecules differed, the fluorescence spec-
tra changed differently, which facilitated the analyte identifi-
cation.
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Fig. 6. (a) Typical STM image of R6G on Au(111) (20 nm× 20 nm,
−2.5 V, 10 pA). (b) Fluorescence spectra of R6G with different concen-
trations under excitation at 375 nm. ∆I denotes the enhanced fluorescence
intensity of R6G with different concentrations after adding AuNPs@ZIF-
8-1 (c), AuNPs@ZIF-8-2 (d) and ZIF-8 (e). (f) Elemental mapping of
R6G+ZIF-8.

This phenomenon can be used to improve the accuracy
of molecular detection based on pore size matching. Since
ZIF-8 has high porosity, it provides space to accommodate
guest molecules, increasing the possibility of guest–host in-
teractions and helping to improve the sensitivity of detecting
HPBI molecules. The length of one side of the HPBI molecule
is nearly twice the pore diameter of ZIF-8, but in this case, be-
cause the framework of the ZIF-8 crystal is flexible to a cer-
tain extent, the HPBI molecule still has a greater probability
of entering the interior of ZIF-8, due to the local surface of the
AuNPs wrapped inside the ZIF-8 iso-excited element charac-
teristic of the molecule to produce further enhancement effects
on the fluorescence.

To further investigate the role ZIF-8 plays in compos-
ites, we defined the composite system with HPBI added during
the synthesis as HPBI@ZIF-8, and the composite system with
HPBI added after the synthesis as HPBI on ZIF-8. We ex-
pected that the addition of HPBI before synthesis would pro-
vide the possibility for HPBI to be wrapped in ZIF-8. Fig-
ures 7(a) and 7(b) show the corresponding EDS elemental
mapping of HPBI on ZIF-8 and HPBI@ZIF-8, and for the
sample HPBI@ZIF-8, the distribution of oxygen elements is
more obvious than for HPBI on ZIF-8. Both samples were

washed three times and the EDS results for HPBI@ZIF-8 il-
lustrate that the HPBI may have been wrapped in ZIF-8, which
is not easy to remove.
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Fig. 7. Elemental mapping of HPBI on ZIF-8 (a) and HPBI@ZIF-8 (b).
(c) Fluorescence spectra of ZIF-8, HPBI@ZIF-8 and HPBI on ZIF-8.
(d) Dynamics of PL decay of ZIF-8, HPBI@ZIF-8 and HPBI on ZIF-8.
(e) X-ray powder diffraction pattern of synthesized HPBI@ZIF-8, HPBI
on ZIF-8 and ZIF-8.

The fluorescence spectra of HPBI on ZIF-8 and
HPBI@ZIF-8 are consistent, and the sample HPBI on ZIF-8
has a stronger fluorescence intensity than that of HPBI@ZIF-
8 (Fig. 7(c)). At this point we estimate that the role of the
framework structure of ZIF-8 is in restricting the structure of
HPBI molecules within the ESIPT state in both samples. In
other words, the enhancement of fluorescence emission inten-
sity at this time is largely derived from the enhancement of the
rigid structure of HPBI molecules. When comparing the two
different structures, the fluorescence spectra of both the wrap-
ping of HPBI molecules by ZIF-8 and the adsorption of HPBI
by the pore of ZIF-8 are close to each other. When comparing
the fluorescence lifetimes of HPBI@ZIF-8 and HPBI on ZIF-
8,[41] the fluorescence lifetime of HPBI@ZIF-8 is somewhat
longer, showing that HPBI on ZIF-8 has a less rigid structure
than HPBI@ZIF-8, and hence nonradiative decay pathways
are not completely restricted (Fig. 7(d)). The crystallinity of
HPBI@ZIF-8 and HPBI on ZIF-8 was demonstrated by the x-
ray powder diffraction in Fig. 7(e), which was compared with
the ZIF-8 pattern showing no changes in crystallinity.

To further investigate the role of ZIF-8 nanoparti-
cles in modulating the fluorescence of HPBI molecules
and the role played by AuNPs in AuNPs@ZIF-8 compos-
ite structures, we synthesized HPBI on AuNPs@ZIF-8 and

054208-7



Chin. Phys. B 32, 054208 (2023)

HPBI@AuNPs@ZIF-8 on the basis of the strategies of HPBI
on ZIF-8 and HPBI@ZIF-8. Comparing the TEM of HPBI
on AuNPs@ZIF-8 and HPBI@AuNPs@ZIF-8 (Figs. 8(c) and
8(d)), the polyhedral shape of HPBI on AuNPs@ZIF-8 and
HPBI@AuNPs@ZIF-8 showed no obvious changes, which
is consistent with the results of previous studies. More-
over, the distribution of gold particles distributed in ZIF-8
(Fig. 8(c)) is more dispersed as shown in Fig. 8(d). Com-
bined with this, during the synthesis, we used 1-MI as a
linkage bond to form a competitive relationship with Hmim,
which in turn regulated the distribution of AuNPs inside ZIF-
8. The HPBI molecules also have imidazole rings, which
play the same role as their competitors, leading to a more
dispersed distribution of gold particles inside ZIF-8 to a cer-
tain extent.[11,21] For the emission results, the fluorescence
intensity was 2.5 times stronger for HPBI on AuNPs@ZIF-
8 than for HPBI@AuNPs@ZIF-8, and the peak position of
HPBI@AuNPs@ZIF-8 was redshifted by 15 nm compared
with that of HPBI on AuNPs@ZIF-8 (Fig. 8(e)).
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Fig. 8. (a) SEM image of HPBI@AuNPs@ZIF-8. (b) SEM image of
HPBI on AuNPs@ZIF-8. (c) TEM image of HPBI@AuNPs@ZIF-8.
(d) TEM image of HPBI on AuNPs@ZIF-8. (e) Fluorescence spectra
of AuNPs@ ZIF-8, HPBI@AuNPs@ZIF-8 and HPBI on AuNPs@ZIF-
8. (f) Dynamics of PL decay of ZIF-8, HPBI@ AuNPs@ ZIF-8 and HPBI
on AuNPs@ZIF-8.

When we injected the HPBI molecules and AuNPs into
the precursor solution before ZIF-8 formed, the fluores-
cence intensity was significantly weakened and the fluores-
cence peak position was red-shifted compared with HPBI on
AuNPs@ZIF-8. The results indicated that there was direct
contact between the HPBI molecules and AuNPs in ZIF-8,
with direct ET occurring resulting in fluorescence quench-
ing. The results for fluorescence decay are also shown in
Fig. 8(f). The lifetime of HPBI@AuNPs@ZIF-8 is much

shorter than that of HPBI on AuNPs@ZIF-8. Two fac-
tors become crucial in multiexponential decay: the individ-
ual lives of each component (τi) and their fractional contri-
butions (Ai). The total fluorescence lifetime is then com-
puted using the formula τ̄ = A1τ1 + A2τ2 + · · · . HPBI on
AuNPs@ZIF-8 and HPBI@AuNPs@ZIF-8 were both best fit-
ted to bi-exponentials, which resulted in spectra of curvature
due to the presence of several decay events with characteristic
lifetimes (Table 2).

Table 2. The lifetime of HPBI@ZIF-8, HPBI on ZIF-8,
HPBI@AuNPs@ZIF-8 and HPBI on AuNPs@ZIF-8.

τ1 (ns), A1 τ2 (ns), A2

HPBI@ZIF-8 1.28, 50 3.37, 50
HPBI on ZIF-8 0.90, 19 2.33, 81

HPBI@AuNPs@ZIF-8 0.92, 73 2.13, 27
HPBI on AuNPs@ZIF-8 0.81, 14 2.30, 86

Comparing the results of fluorescence spectra and life-
times, we found that when HPBI and AuNPs were wrapped
into ZIF-8 at the same time, there was constant direct contact
between HPBI molecules and AuNPs, which led to fluores-
cence quenching of HPBI molecules and was accompanied by
red-shifting of fluorescence signals. We can see that ZIF-8
acts as a spacer layer in the composite structure AuNPs@ZIF-
8 in addition to acting as a molecular sieve. On the basis of the
known enhancement of the fluorescence signal of the molecule
by the composite structure AuNPs@ZIF-8, the molecule can
approach AuNPs through the pore size of ZIF-8 and obtain
a certain degree of fluorescence enhancement, and on top of
that, ZIF-8 also acts as a spacer layer to avoid direct contact
between the molecules and AuNPs. ZIF-8 has a better spacer
and screening, and has the potential to be used as a good fluo-
rescence probe.

4. Conclusion and perspectives
In conclusion, we performed fluorescence enhancement

using core–shell AuNPs@ZIF-8 composites. The fluores-
cence enhancement ∆I of HPBI by ZIF-8 was around 55.0,
and when we introduced the AuNPs@ZIF-8 composites, ∆I
increased to 74.8, with the ability to significantly enhance
molecular fluorescence. For comparison, we introduced R6G
molecules, which are larger in size than the pores of ZIF-8,
and the maximum enhancement effect of AuNPs@ZIF-8 was
only 2.4-fold.

An effective strategy to encapsulate HPBI within ZIF-8
was also confirmed, indicating that regardless of the late mix-
ing (HPBI on ZIF-8) or pre-input (HPBI@ZIF-8) to achieve
consistent adsorption, the performances of both the fluores-
cence spectra and lifetimes are similar due to the close size of
the HPBI molecule itself to the pore size of ZIF-8. This strat-
egy is also applicable to AuNPs@ZIF-8, allowing the incorpo-
ration of AuNPs and small molecules within the MOF matrix.
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Based on this synthesis comparison of HPBI on AuNPs@ZIF-
8 and HPBI@AuNPs@ZIF-8, it was found that the fluores-
cence performance of the two structures is completely differ-
ent, thus showing that ZIF-8 acts as an important spacer layer
in this process, and that the spacer layer has a pore size that
also has the role of molecular screening.

The AuNPs@ZIF-8 composites were developed to com-
bine the benefits of porosity and molecular sieving behavior,
indicated by the MOF matrix with functional behavior charac-
teristics of AuNPs, which led to a considerable enhancement
in molecular fluorescence. The preliminary findings establish
a scientific foundation for future fluorescence sensing applica-
tions.
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