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Simultaneous acquisition of fluorescence property and refractive index using a single surface plasmon
coupled emission (SPCE) measurement has been achieved, thus achieving synchronicity in real time. The
SPCE sensor was employed for monitoring the adsorption of volatile organic compounds (VOCs) by dye-
encapsulated metal-organic frameworks (Dye@MOFs). Refractive index can reveal surface molecular ad-
sorption and the fluorescence with information on refractive index can provide a comprehensive analysis
of the adsorption events of VOCs on the interface. Meantime, the signal intensity can be amplified by
combining the responses caused by changes in refractive index and the fluorescence property in parallel.
This all-in-one method opens up a route to monitoring multiple processes simultaneously occurring on

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Classical fluorescence-based chemosensors enable sensing by
providing a variation in fluorescence property [1,2]. Techniques
for measuring refractive index such as surface plasmon resonances
can offer additional information on surface molecular adsorption,
and thus have been widely explored for sensing applications [3-
5]. However, the acquisition of information on refractive index and
fluorescence properties typically requires the separate measure-
ments of different technologies [6-8], and it is hard to achieve syn-
chronization in true sense for fast chemical processes. Surface plas-
mon coupled emission (SPCE) is a novel surface-enhanced fluores-
cence technique with highly directional emission and unique polar-
ization [9-13]. The fluorescent molecules in the excited state inter-
act strongly with the metal surface plasmon in the near-field range
of the smooth metal film. And the excited fluorescent molecules
state are coupled with the metal surface plasmon and emit the
SPCE signal at the prism side with the wave vector matched an-
gles [13]. SPCE technique has been applied to imaging [14], oxygen
sensing [15] and biosensing [16,17]. Fluorescence enhancement by
green synthesized plasmon nanoparticles has been achieved and
explored for high-performance sensing applications [18-20]. SPCE-
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based sensors have achieved sensing by changes in fluorescence
intensity. However, the emission angle in SPCE that can provide
information on the refractive index is usually ignored. Benefiting
from the sensitivity of SPCE to fluorescence and refractive index,
SPCE is promising to be developed as a convenient tool for inves-
tigating multiple processes simultaneously occurring on the inter-
face.

The detection of volatile organic compounds (VOCs) is criti-
cal in many fields, including disease diagnosis, and quality con-
trol in the food and cosmetics industries [21,22]. Metal-organic
frameworks (MOFs) have attracted interest as a potential material
for manufacturing chemical sensors in recent years. Due to their
large surface area and high porosity, MOFs have been applied in
many fields, including catalysis [23], gas storage [24] and chemical
separation [25]. The most attractive properties of MOFs are their
high surface areas, which results in high gas storage capacity. Var-
ious MOF-based vapor sensors have been developed via the vari-
ations in mass [26], optical property [27] and electrical property
[28] when MOFs adsorbed target molecules. Most of the sensors
based on luminescent metal-organic frameworks realized detection
of VOCs through changes in fluorescence properties such as the
energy transfer effect [29,30] and the interaction between VOCs
and dyes causing fluorescence quenching or enhancement [31-34].
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Fig. 1. Experimental setup for SPCE and a schematic representation of RhB@ZIF-8
based SPCE sensor on detecting the VOCs.

During the adsorption of the VOCs, the refractive index changes
can provide information about the adsorption of VOCs to MOFs
[35-37]. However, there are still no reports on the simultaneous
study of refractive index and Iuminescence property changes dur-
ing the interaction between VOCs and luminescent metal-organic
frameworks.

In this work, angle-scanning SPCE (AS-SPCE) monitors the
adsorption of VOCs in situ. As shown in Fig. 1, the Reverse
Kretschmann (RK) configuration is employed in this study, with
an excitation laser and a detector scanning around the prism to
obtain angle distribution patterns [38]. Rhodamine B-encapsulated
zeolitic imidazolate frameworks (RhB@ZIF-8) film is designed as
a dual response material (The synthesis process can be found in
Supporting information). The ZIF-8 material serves as an adsorp-
tion layer for VOCs, causing a change in refractive index, and the
interaction of ZIF-8-encapsulated RhB with VOCs produces a fluo-
rescence response. And the refractive index and fluorescence prop-
erty of RhB@ZIF-8 material during adsorption is utilized for VOCs
detection. The SPCE sensor cleverly measures refractive index and
fluorescence property simultaneously by fluorescence signal mea-
surement and combines two signal intensities caused by changes
in refractive index and fluorescence property in parallel.

In order to optimize the performance of the RhB@ZIF-8 sensor,
we grew RhB@ZIF-8 film on a gold film (the surface roughness of
the gold substrate is shown in Fig. S1 in Supporting information),
and optimized the thickness of RhB@ZIF-8 film. As shown in Fig.
2A, a p-polarized emission was shown at 51.3° in the first cycle of
growth, which meant RhB@ZIF-8 was formed on the gold film. Af-
ter three growth cycles, the p-polarization (parallel to the incident
plane) angle increased to 70°, and an s-polarized emission (per-
pendicular to the incident plane) appeared at 42.7° (Fig. 2B). To en-
sure that the synthesis method can produce the desired RhB@ZIF-
8 material, we measured the XRD pattern of RhB@ZIF-8 film (Fig.
2C), which were consistent with the reported XRD pattern of ZIF-
8 [39,40]. The sharp peaks indicated the high crystallinity of the
RhB@ZIF-8 materials. The RhB@ZIF-8 materials were also investi-
gated and identified by the FTIR spectrum (Fig. S2 in Supporting
information), the absorption and the fluorescence spectra of the
RhB@ZIF-8 materials (Fig. S3 in Supporting information) were char-
acterized. The spectral results indicated the successful encapsula-
tion of the dye molecules in ZIF-8. This formation of RhB@ZIF-8
film was also confirmed by the SEM images for the film grown for
three cycles (Fig. 2D). By comparison, we found that after the three
growth cycles, the fluorescence intensity of the angle distribution
pattern was stronger (Fig. 2B). And the intensity of the s-polarized
angle distribution pattern had a greater rate of change for angle
shift at the maximum slope max (45.3°) (Fig. S4 in Supporting in-
formation), which implies a better sensitivity to the change of re-
fractive index [41], so RhB@ZIF-8 grown for three cycles was used
as a sensing layer for the VOCs sensor. The thickness and refractive
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Fig. 2. (A) Angle distribution pattern of RhB@ZIF-8 film grown for one cycle. (B)
Angle distribution pattern of RhB@ZIF-8 film grown for three cycles. (C) XRD of
RhB@ZIF-8 materials and the simulated one. (D) SEM of RhB@ZIF-8 film grown for
three cycles.

index of RhB@ZIF-8 film can be measured by modeling the location
of SPCE emission angle(s) with the Winspall software (Figs. S5 and
S6 in Supporting information), based on Fresnel equations [42,43]
(see details in Section 1 in Supporting information). The optical
model can be found in Supporting information. The simulation re-
sult indicated the formation of RhB@ZIF-8 film with a thickness of
139nm and a refractive index of 1.42 on the gold film after three
growth cycles.

Isopropanol is very hazardous to human health [22]. Iso-
propanol vapor was used as the target VOCs to detect the re-
sponse of the sensor (The process of vapor testing can be found
in Supporting information). The solvents were injected into the
test chamber without contacting the RhB@ZIF-8 chip (The photo-
graph of the SPCE setup and schematic of the test chamber are
shown in Fig. S7 in Supporting information), followed by continu-
ous scanning of the angle distribution pattern until the pattern no
longer changed to ensure a balance between adsorption and des-
orption of the target VOCs on the sensing layer. Fig. 3A showed
the performance of the RhB@ZIF-8 based SPCE sensor. After the
adsorption of the saturated isopropanol vapor, the angle distribu-
tion pattern showed angle shift as well as peak intensity change.
The refractive index and thickness of the dielectric over the plas-
monic metal film both cause angle shifts in SPCE [44,45]. And it
has been reported in the literature that the change in the ZIF-8
thickness is negligible after the adsorption of isopropanol vapor
[35]. The VOCs adsorbed by porous ZIF-8 will replace the air in
the pores and lead to an increase in refractive index [35,36,46]
(Equation details can be found in section 9 in Supporting informa-
tion), which caused the angle shift. From the theoretical simula-
tion (Fig. 3B), we can derive the refractive index of RhB@ZIF-8 film
changed from 142 to 1.50 due to the adsorption of isopropanol
vapor into the MOF film. It was worth noting that the consis-
tent depth of the simulated reflectivity dips obtained from Fresnel
simulations before and after isopropanol vapor adsorption meant
the same coupling efficiency with the surface plasmon (Fig. 3B)
[47], which implied that the change in peak intensity came from
RhB@ZIF-8 materials. To investigate the mechanism of peak inten-
sity change, the response of free space emission was measured
under saturated isopropanol vapor. As shown in Fig. 3C, the in-
teraction of the RhB@ZIF-8 materials with isopropanol vapor re-
sulted in a change in the fluorescence property of RhB molecules.
The substantial increase in fluorescence intensity was due to the



L-T. Xu, K.-X. Xie, S.-H. Cao et al.

B
A == SPCE curve before adsorption =
o, | © - Normalized SPCE curve after adsorption 5
300%7 —— SPCE curve after adsorption s
| —| &
2 Isopropanal vapor \ 9
B \’ ez
5 200%
2 o1
5 P |g
o 3
£ \ D
=
& 100%- . *\ 5
P F z
J 2
s R o o
0% v y y T T 2
30 35 40 45 50 55 60 =
Angle (degree) 2

Chinese Chemical Letters 34 (2023) 108181

1.0 c 300% -
—n =142 —hgjﬁwrcdadsnrmwn
08 b — after adsorption
= .-7-’ S Isopropanal vapor
06 51 Free space emission
8
[
0.4 ¢
-2 100%
=
02 ]
~
0.0 0%
30 35 40 45 50 55 60 560 580 600 620 640
Angle (degree) E Wavelength (nm)
120% — before adsorption 150% — before adsorption|
— after adsorption B — after adsorption
= A
100% Acetone vapor | ‘7 % Acetone vapor
80% Free space emission § 100%-
.H
60% »
=
40% 5 50%
o
20% 4
o o
560 580 600 620 640 30 35 40 45 50 55 60

Wavelength (nm) Angle (degree)

Fig. 3. Mechanism of the RhB@ZIF-8 based SPCE sensor to monitor the adsorption of VOCs. (A) Change of angle distribution pattern recorded at 579 nm light before and
after adsorption of saturated isopropanol vapor. (B) Theoretical simulation by Fresnel calculations before and after adsorption of saturated isopropanol vapor. The free space
emission spectrum of RhB@ZIF-8 materials before and after adsorption of (C) saturated isopropanol vapor and (D) saturated acetone vapor. (E) Change of angle distribution
pattern recorded at 579 nm light before and after adsorption of saturated acetone vapor.

fact that RhB could exist in three different states (lactone, zwit-
terion, and cation), where the zwitterion showed strong fluores-
cence. Polar proton solvents (isopropanol) could stabilize the zwit-
terion and therefore produce an intense fluorescence [32]. The en-
hancement of free space emission intensity on the sample side was
in general agreement with the enhancement of the peak inten-
sity of the angle distribution pattern. During the adsorption of iso-
propanol vapor, the peak intensity enhancement originated from
the change of fluorescence property of RhB@ZIF-8 film. The ex-
perimental results suggested that two processes occurred simulta-
neously in the RhB@ZIF-8 based SPCE sensor during the adsorp-
tion of isopropanol vapor: (1) The isopropanol vapor enhanced
the fluorescence intensity of RhB molecules; (2) The adsorbed iso-
propanol vapor changed the refractive index of RhnB@ZIF-8 material
and caused angle shift. And the same phenomenon occurred dur-
ing the adsorption of methanol vapor and ethanol vapor (Figs. S9A
and B in Supporting information). In our strategy, both processes
were monitored simultaneously by a single SPCE signal measure-
ment. To better demonstrate the signal intensity variations caused
by refractive index change and fluorescence property change (Fig.
3A), the SPCE curve after adsorption of isopropanol vapor was nor-
malized to show the signal intensity variation caused by refractive
index change. The signal intensity variations caused by refractive
index change (F;) can be obtained by measuring the signal change
between the red dotted curve and the black curve at &max. The
signal intensity variation caused by fluorescence property change
(Fy) can be obtained by measuring the signal change between the
green curve and the red dotted curve at 6pax. And the SPCE sensor
amplified the detection signals (F3) by combining the signal inten-
sity variations caused by the changes in refractive index (F;) and
the fluorescence intensity (F,) after the adsorption of VOCs. The
reversibility of the sensor was shown in Fig. S8 (Supporting in-
formation), the physisorption character of interaction between the
isopropanol vapor and the RhB@ZIF-8 materials ensured the re-
versibility of the sensor. To better demonstrate the performance of
the multi-information acquisition sensing strategy, the sensor was
used to measure the response to acetone vapor. Conventional flu-
orescence measurements showed negligible response after adsorp-
tion (Fig. 3D). However, the angle shift in fluorescence signal mea-
surement based on SPCE could imply that RhB@ZIF-8 film adsorbed
acetone vapor (Fig. 3E). And the same phenomenon occurred dur-
ing the adsorption of ether vapor and ethyl acetate vapor (Figs.
S9C and D in Supporting information). SPCE signal measurement
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Fig. 4. (A) The angle distribution pattern of the RhB@ZIF-8-SPCE sensor recorded
at 579 nm light when exposed to different concentration of isopropanol vapor. (B)
Refractive index of RhB@ZIF-8 film as a function of SPCE angle. (C) Dependence
of the refractive index of RhB@ZIF-8 film on concentration of isopropanol vapor.
(D) The fluorescence intensity variations of the RhB@ZIF-8-SPCE sensor exposed to
different concentration of isopropanol vapor.

that acquaints both fluorescence information and refractive index
information can provide a comprehensive analysis of the interface
compared to traditional fluorescence technique.

To evaluate the sensing performance of the RhB@ZIF-8 based
SPCE sensor for isopropanol vapor, the sensing chip was exposed to
different concentrations of isopropanol vapor (Table S1 in Support-
ing information), and the fluorescent sensitivity (F%) of the sensor
to isopropanol vapor was defined as the percentage of the change
in emission intensity (I) to the original intensity (Iy) when adsorb-
ing isopropanol vapor (Eq. 1):

F x 100%

r M

The response of the sensor to different concentrations of iso-
propanol vapor was illustrated in Fig. 4A. Due to the hydrophobic-
ity of ZIF-8 [46], the sensor did not respond to water vapor (Fig.
S10 in Supporting information). In contrast, the sensing film was
responsive to isopropanol. Exposure of the sensing chip to vapors
above different volume percentages of the isopropanol-water mix-
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ture produced a concentration-dependent response to isopropanol
vapor. The response of the sensor was saturated at high concentra-
tions over 13,000 ppm (Fig. 4A and Fig. S11 in Supporting informa-
tion). In the angle scanning SPCE method, the refractive index var-
ied linearly with the SPCE angle (Fig. 4B and Fig. S12 in Support-
ing information). The refractive index of RhB@ZIF-8 film increased
with the concentration of isopropanol vapor, implying that more
isopropanol vapor with higher concentration was adsorbed into
the pores of the RhB@ZIF-8 materials (Fig. 4C). At the same time,
the fluorescence intensity (F,) was enhanced due to the interaction
between the isopropanol vapor and RhB molecules (Fig. 4D). The
SPCE angle and fluorescence intensity synchronously changed in
response to the adsorption of isopropanol vapor. The result showed
that information on refractive index and fluorescence intensity ob-
tained from the SPCE sensor can give coherent validation of the
adsorption events of VOCs on the interface. With the SPCE sen-
sor, the two events occurring during the adsorption of VOCs to
the RhB@ZIF-8 materials could be measured simultaneously. Fig.
4D shows the signal intensity variation caused by refractive index
change (F;) and fluorescence intensity change (F,) after adsorption
of different concentrations of isopropanol vapor, and the intensity
changes were measured at the angle of the maximum slope 6 max.
Taking 9020 ppm of isopropanol as an example, the signal intensity
variations caused by refractive index change (F;) and the fluores-
cence intensity change of RhB@ZIF-8 (F,) showed 158% and 263%
of the original intensity, respectively. As a result, the SPCE signal
(F3) showed a 416% signal of the original intensity, which was the
result of the parallel connection of the two signal intensity varia-
tions by the SPCE sensor.

In summary, we have developed a multi-information acquisi-
tion sensing strategy that can monitor simultaneously refractive in-
dex and fluorescence properties on the surface by a single fluores-
cence signal measurement. The dye@MOF based SPCE sensor was
established with high sensing performance. The SPCE sensor mon-
itored the changes of fluorescence property and refractive index
of RhB@ZIF-8 simultaneously when adsorbing VOCs, and the SPCE
sensor was able to amplify the response by parallelizing the signal
variations caused by both. In the future, it is expected to introduce
dielectric layers with different refractive index to achieve fluores-
cence encoding mediated by different emission angles or polariza-
tion. Cross-validation and complementation of multiple informa-
tion can provide a reliable study on the interface. Achieving syn-
chronicity in real time is essential for advancing the study of rel-
evant chemical events on the interface. This all-in-one method of-
fers new opportunities for monitoring chemical and physical phe-
nomena on the interface including chemical sensing, biosensing,
and nanotechnology.
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