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3. From a mononuclear FeIIL2
complex to a SCO FeII

4L6 cage for 
colorimetric ammonia sensing

The application of FeII SCO cages in the 
solid state is in its infancy and is limited 
to the adsorption of guest molecules as 
porous adsorbents. In this section, we will 
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investigate the potential application of 
FeII supramolecular cage (1) for ammonia 
sensing. Recently, our group developed 
three FeII mononuclear complexes (M1-M3, 
Scheme 3), which were able to colorimetric 
detect various toxic volatile chemicals 
under ambient conditions, but with a slower 
response to NH3(g) due to non-porosity [23-
27, 38]. The discoloration mechanism is 
ascribed to the substitution of coordinated 
water by guest NH3(g) molecules leading to a 
change in the FeII spin state from complete 
HS to a mixed HS/LS situation [23-27, 38].  
To improve the response time of FeII-based 
sensors for NH3(g) as well as to investigate 
the sensing mechanism of different FeII-
based sensors (featuring various coordination 
modes), we prepared a mononuclear HS 
complex M4 and cage 1 by symmetric 
modification of the ligand structure (Scheme 
3).

To quantitatively compare the color 
change of M4 after exposure to NH3(g), 
we explored the conversion of colour 
information into numerical values, i.e. 
Euclidean distance, which is calculated based 
on six-dimensional color vectors including 
RGB (red, green, and blue) and HSB1 
(hue, saturation, and brightness) extracted 
from digital images taken by a smartphone 
[40]. When the native M4 is in contact with 
ammonia vapor at room temperature, it 
turned from reddish brown to dark grey in 
8 min and kept its final color after 15 min 
(Figure 7). The diffuse reflectance spectrum 
of M4 showed a broad band around λ = 535 
nm, which is attributed to metal-to-ligand 
charge transfer (MLCT) processes [23, 24].  
A clear shift of the band centered at about 
λ = 580 nm can be observed in M4@NH3, 
which is probably due to the 1A1 → 1T1 d–d 
transition of the LS state of FeII ions [23, 24].  

The 57Fe Mössbauer spectrum of M4 
at 298 K exhibited a single doublet [δ = 
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Scheme 3. Structures of three reported mononuclear FeII-based sensors [23-27, 38] and the new designed FeII-based 
sensors (M4 and 1) [39]. 

Figure 7. Response time curve of M4 to NH3(g) 
under vapor diffusion at room temperature. Inset: diffuse 
reflectance spectrum and digital images of M4 and M4@
NH3 (exposure for 8 min), KM = Kubelka-Munk  [39]. 

1.00(1) mm s-1; ΔEQ = 2.56(2) mm s-1], 
corresponding to typical HS FeII ions, with 
an area fraction (A) of 100% (Figure 8a). 
Similar Mössbauer parameters can be found 
in other FeII complexes with tridentate Schiff 
base ligands with N,N,O donor sets [41, 42].  
The slight observed asymmetry of the peaks 
is presumably due to the preferred orientation 
of the crystals [31]. After adsorbing NH3(g) 
molecules, M4@NH3 displayed two new 
quadrupole doublets, while the original 
quadrupole doublet was maintained (Figure 
8b), with 41% HS FeII ions [δ = 1.00(1) mm 
s-1; ΔEQ = 2.61(2) mm s-1],  owing to the non-
porous nature of M4 resulting in a gradual 
extension of the sensing process from the 

crystal surface to the interior. The doublet 
with blue colour in Figure 8b [δ = 0.32(3) 
mm s-1; ΔEQ = 0.94(1) mm s-1; A = 33%] is 
characteristic of LS FeII ions with a FeN6 
coordination core [24-26] Notably, the isomer 
shift values agree well with those of the LS 
sites of reported sensors adsorbing NH3 (δ = 
0.36(3) mm s-1) [27] and (δ = 0.39(3) mm s-1) 
[24]. A full replacement of the coordination 
sphere by NH3 molecules can be ruled out 
given that [Fe(NH3)6]Cl2 shows no quadrupole 
splitting in their Mössbauer spectra, recorded 
at room temperature [43].  The other doublet 
with yellow colour [δ = 0.28(3) mm s-1; ΔEQ 
= 0.42(1) mm s-1; A = 26%] is assigned to 
HS FeIII ions [44],  presumably due to air 
oxidation during the sensing process. The 
PXRD pattern of M4@NH3 exhibited the 
characteristic peaks of M4, confirming the 
incomplete character of the transformation 
(Figure 8c). The low diffraction intensity 
suggests that the new phase formed upon 
interaction of M4 with NH3(g) is amorphous. 
Furthermore, no thermally induced SCO 
behaviour was observed from the magnetic 
susceptibility measurement of M4@NH3, 
the lower χmT value (3.1 cm3Kmol−1) at 298 
K being attributed to the contribution of HS 
FeIII ions, along with the emergence of LS 
FeII ions. Thus, the sensing mechanism of M4 
was ascribed to partial substitution of ligand 
by the analyte NH3(g) leading to a spin state 
conversion and partial oxidation from FeII 

to FeIII ions. The cyclability was studied by 
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Figure 8. (a) 57Fe Mössbauer spectra of M4; M4@NH3 (b) and regenerated M4 (d), all recorded at room 
temperature and the red, blue and yellow doublets correspond to HS FeII, LS FeII and HS FeIII ions, respectively; PXRD 
patterns of M4, M4@NH3 and regenerated M4 (c) [39]. 

heating M4@NH3 overnight in a vacuum at 
70 °C and the resulting sample was referred 
to as regenerated M4. The diffuse reflectance 
spectra and PXRD of regenerated M4 are 
in general accordance with those of M4@
NH3, indicating that the NH3(g) adsorption-
desorption process is irreversible. The 57Fe 
Mössbauer spectrum of regenerated M4 
exhibited a similar LS FeII: HS FeII: HS FeIII 

(24%: 45%: 31%) ratio to that of M4@NH3 
(33%: 41%: 26%) (Figure 8d). 

The sensing properties were investigated 
under ambient conditions based on the as-
synthesized amorphous SCO cage 1.  As 
shown in Figure 9, 1 can detect NH3(g) 
within 90 s and the detection process is 
accompanied by a clear colour variation 
from light purple to dark grey. The improved 
response speed compared to M4 (8 min) is 
potentially facilitated by the large specific 
surface area [28.16 m²/g for 1 and 8.37 m²/
g for M4], which would offer more active 
sites for ammonia molecules to contact, 
adsorb, and thus increase the response rate. 
In addition, the inherent cavity structure of 
tetrahedral cage 1 (no counter anions inside 
the cavity detected in the crystal structure) 
would also increase the diffusion rate of 
NH3(g), in contrast to the nonporous nature of 
compound M4.

57Fe Mössbauer spectroscopy performed 

Figure 9. Response time curve of 1 to NH3(g) under 
vapor diffusion. Inset: diffuse reflectance spectrum and 
digital images of 1 and 1@NH3, KM = Kubelka-Munk  
[39]. 

at room temperature was employed to study 
the sensing mechanism. Three quadrupole 
doublets were identified in cage 1 (Figure 
10a). The first doublet HS-1 [δ = 0.95 mm s-1; 
ΔEQ = 2.00 mm s-1; A = 24%] with red colour 
and the second doublet HS-2 [δ = 1.07 mm 
s-1; ΔEQ = 2.74 mm s-1; A = 17%] with violet 
colour correspond to HS FeII ions. The third 
doublet with blue colour [δ = 0.37 mm s-1; 
ΔEQ = 0.30 mm s-1; A = 59%] is assigned to 
LS FeII ions [45]. The LS/HS FeII ratio is 59 
: 41% which at first sight seem to contradict 
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Figure 10. (a) 57Fe Mössbauer spectra of 1; 1@NH3 (b) and regenerated 1 (d), all recorded at room temperature and 
the red, violet, blue and cyan doublets correspond to HS-1, HS-2, LS and LS-1 FeII ions; PXRD patterns of 1, 1@NH3 

and regenerated 1 (c) [39]. 

the SQUID and Mössbauer measurements at 
lower temperatures, since 9.44 cm3•mol−1•K 
at 300 K would correspond to a LS/HS 
ratio of  1.64 : 2.36 or 41 : 59 %  (assuming 
4.0 cm3•mol−1•K for one HS FeII ion, see 
above). The reason for this is that at room 
temperature the Lamb-Mössbauer factor 
for LS FeII can be significantly higher than 
for HS FeII, leading to an overestimation of 
the fraction of LS FeII from the Mössbauer 
spectra [46]. Interestingly, after adsorption 
of NH3(g) molecules, 1@NH3 shows only 
two quadrupole doublets (Figure 10b). One 
doublet marked by blue [δ = 0.38(2) mm s-1; 
ΔEQ = 0.27(3) mm s-1; A = 21%] corresponds 
to LS FeII from 1, however another doublet 
labelled in cyan LS-1 [δ = 0.32(2) mm 
s-1; ΔEQ = 0.62(1) mm s-1; A = 79%] is 
also typical of LS FeII, indicating that 1 
forms a new LS centre after sensing NH3(g) 
molecules. Notably, the δ and ΔEQ values are 
quite similar to those LS FeII with a FeN6 
core in reported sensors, indicating that 
NH3(g) is also involved in the coordination 
of FeII ions. No traces of FeIII ions were 
detected in this Mössbauer spectrum, as FeIII 

HS complexes usually show a quadrupole 
doublet with δ = 0.25–0.37 mm s−1 and 

ΔEQ  values are relatively small (<0.5 mm 
s−1), while FeIII LS complexes exhibit δ 
values in the range of 0.05–0.20 mm s−1 
and relatively large ΔEQ  values of 1.9–3.0 
mm s−1 [44].  Another possible origin of the 
observed LS state would be the formation 
of hydrogen bonds of both the imine bonds 
of ligands with ammonia molecules, thus 
modifying the electronic structure of the 
sensor [47]. As such, we anticipated that 
when heating 1@NH3 in a vacuum oven, 
a reversible transition back to the HS state 
would be observed. As shown in Figure 
10d, the Mössbauer spectrum of regenerated 
1 exhibits two quadrupole doublets similar 
to 1@NH3: [δ = 0.35(1) mm s-1; ΔEQ = 
0.27(3) mm s-1; A = 25%] and [δ = 0.32(2) 
mm s-1; ΔEQ = 0.65(1) mm s-1; A = 75%], 
corresponding to LS and LS-1 FeII ions. 
Therefore,  given that  heat ing would 
destroy the hydrogen bonding network, and 
considering that no major change in spin 
states and lattice sites was observed after 
heating, the possibility of hydrogen bonding 
can be ruled out. The PXRD pattern of 1@
NH3 also exhibited amorphous humps, but 
interestingly characteristic peaks of NH4BF4 
(JCPDS 47-1762) were unambiguously 
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identified, although Fe(BF4)2•6H2O was used 
for the synthesis of 1. This result indicates 
that NH3(g) and H2O(g) molecules first form 
NH4+ cations, which then react with BF4− 
anions, leading to the formation of NH4BF4 
during the sensing process (Figure 10c). 
PXRD pattern, diffuse reflectance spectra 
of regenerated 1 are in general agreement 
with those of 1@NH3, suggesting that the 
sensing process is irreversible, in line with 
the analysis of the 57Fe Mössbauer spectra. 
Hence, based on the above analysis, the 
sensing mechanism of 1 was attributed 
to spin state transition of FeII ions from 
HS to LS (i.e. the formation of a new LS 
FeN6 centre) upon intrusion of guest NH3(g) 
molecules, together with the formation of 
NH4BF4.

In this section, M4 and cage 1 with 
d i fferent  coordinat ion  spheres  were 
synthesized. They display different sensing 
properties of NH3(g) molecules at room 
temperature. The sensing process can be 
colorimetrically detected from reddish 
brown (M4) and light purple (1) to dark 
grey. 1 (90 s) exhibits a faster response than 
M4 (8 min) due to the presence of the cavity 
structure and large specific surface area. The 
sensing mechanism of M4 is ascribed to the 
substitution of O-donors of ligands by NH3(g) 
molecules and partial oxidation of FeII to 
FeIII. The sensing mechanism of 1 involves 
a spin state switching from HS to LS caused 
by the formation of a new FeN6 centre and 
the unprecedented solid-state generation of 
NH4BF4. In addition, the sensing process of 
NH3(g) is irreversible for M4 and 1, because 
of the modification of the sensor structure, 
which is promising for applications in 
colorimetric sensing array technology for 

NH3(g) sensing. 

4. A SCO FeII
4L4 cage for fast 

ammonia sensing and the monitoring 
pork spoilage

In section 3, it was learned that although 
cage 1 and compound M4 can respond to 
ammonia, their sensing mechanisms are 
not the same. Also, quantitative analysis 
of ammonia gas and further practical 
applications were not performed. To further 
investigate the effect of different structures 
of cages on the sensing mechanism of 
ammonia gas and to expand the practical 
use of FeII complexes-based colorimetric 
sensors, we designed cage 7 (Scheme 4) 
with FeII

4L4 face-capped configuration and 
used them as indicators of pork spoilage. 

Cage 7 showed a fast response to NH3(g) 
since the powder turned from light brown 
to purple in 10 s and kept its colour until 
240 s (Figure 11). The diffuse reflectance 
spectrum of 7 exhibited a relatively weak 
broad band at 530 nm, which is assigned 

Scheme 4. Synthesis method of cage 7 [48]. 

Figure 11. Response time of cage 7 to NH3(g) under 
vapor diffusion at room temperature. Inset: Diffuse 
reflectance spectrum and digital photographs of 7 and 
7@NH3 (exposure for 240 s)  [48]. 
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to metal-to-ligand (MLCT) transition for 
FeII centres coordinated to imidazole-imine 
based ligands [12]. A clear shift of the 
optical adsorption band can be observed 
in 7@NH3. The high intensity broad band 
around λ = 565 nm is attributed to the 1A1-
1T1 d–d transition of the LS state in the FeII 

compound [23, 25] in agreement with the 
analysis of 57Fe Mössbauer spectroscopy 
(discussed later). The improved response 
speed compared with cage 1 may be attributed 
to the cavity structure and the large specific 
surface area (43.8 m²/g), which presumably 
increases the diffusion rate of NH3(g). 

5 7 F e  M ö s s b a u e r  s p e c t r o s c o p y 
measurements on 7 and 7@NH3 were run 
to assess the sensing mechanism and probe 
the spin and oxidation states of this material. 
The spectrum of 7 reveals three quadrupole 
doublets (Figure 12a). The first one [δ = 
0.20(3) mm s−1; ΔEQ = 0.70(1) mm s−1] is 
characteristic of low-spin (LS) FeII ions, 
with an area fraction (A) of 29%. The two 
other doublets HS-1 [δ = 0.99(1) mm s−1; 
ΔEQ = 1.39(1) mm s−1; A = 44%] and HS-2 
[δ = 1.10(4) mm s−1; ΔEQ = 2.60(1) mm s−1; 
A = 27%] correspond to high-spin (HS) 
FeII ions. The LS/HS FeII ratio is 29 : 71%. 
Similar parameters can be found in other FeII 
complexes with N6 donor sets. After sensing 
NH3 molecules, the 57Fe Mössbauer spectrum 
of 7@NH3 also exhibits three quadrupole 

Figure 12. 57Fe Mössbauer spectra of 7 (a), 7@NH3 (b) and regenerated 7 (d) recorded at 298 K. The red, magenta 
and blue quadrupole doublets correspond to HS-1, HS-2 and LS FeII ions, respectively. (c) Temperature-dependent χmT 
vs. T plots for cage 7 and 7@NH3 [48]. 

doublets: [δ = 0.27(1) mm s−1; ΔEQ = 0.66(1) 
mm s−1; A = 60%]; [δ = 0.96(1) mm s−1; ΔEQ 
= 1.45(2) mm s−1; A = 20%]; [δ = 1.29(4) 
mm s−1; ΔEQ = 2.19(1) mm s−1; A = 20%], 
corresponding to LS, HS-1 and HS-2 FeII 
ions, respectively (Figure 12b). The LS/HS 
ratio changed significantly to 60 : 40%. No 
traces of oxidation or oxides were detected 
up to 10 mm s-1 in our spectra. Therefore, 
the sensing mechanism of cage 7 was 
ascribed to the transition of the spin state of 
FeII ions after intrusion of NH3(g) molecules. 
On cooling, cage 7 exhibits gradual spin 
crossover and thermochromic property 
(Figure 12c), which means the ligand 
field strength can be modified by external 
stimuli on this system. The χmT undergoes a 
decrease from 11.92 cm3•mol−1•K for cage 
7 to 8.43 cm3•mol−1•K for 7@NH3 at 298 
K, indicating a loss of HS state, which is 
consistent with the 57Fe Mössbauer spectrum 
data. The imine linker and triazine ring 
in the ligands can serve as active sites for 
NH3 adsorption, resulting in a change in the 
electronic structure of the sensor [46, 47]. 
Thus, we infer that the cause of the spin 
state transition is caused by the formation 
of hydrogen bonds between NH3 molecules 
and N-rich ligands. PXRD of 7@NH3 was 
not modified confirming the structural 
integrity. In addition, 57Fe Mössbauer 
spectroscopy for the regenerated 7 also 
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exhibited three quadrupole doublets for LS, 
HS-1 and HS-2 and the LS/HS FeII ratio is 
33 : 67%, which is almost the same as that 
of 7 (29 : 71%) (Figure 12d). The different 
sensing mechanisms between cage 1 and 
7  may be related to the cage conformations 
and ligand structures. Cage 7 features a 
Fe4L4 face-capped configuration, whereas 1 
presents a Fe4L6 edge-bridged configuration. 
The ligands in 7 are enriched in triazine 
functional groups, while 1 is enriched in 
ketone groups. Notably, triazine or nitrogen-
enriched ligands can act as adsorption sites 
for ammonia [46, 47], and alter the electronic 
structure of the sensor. Therefore, we infer 
that the interaction of triazine ligands with 
ammonia could be stronger than that of 
ketones with ammonia. 

Due to the remarkable sensitivity of cage 
7, we thought to use it as an indicator to 
monitor the spoilage of pork at 4 °C, a typical 
storage temperature for fresh meat on the 
shelf. The detailed methodology is provided 
in the experiment section. At specific time 
intervals, photographs of the sensor were 
taken, and these data were treated by HCA. 
As shown in the dendrogram (Figure 13), 
the data were categorized into two clusters 
(12–72 h and 84–96 h), indicating that cage 
7 presents two different colors on sensing. 
The results suggest that the meat would be 
best eaten within 72 h, and starts to spoil at 
84 h and is best discarded. A commercial 
ammonia sensor (AR8500) was used to 
detect the concentration at each time interval. 
Considering that there is no clear reference 
standard for the NH3(g) concentration at 
each stage of spoilage, the time of rapid 
concentration increase can be considered 

Figure 13. HCA dendrogram for pork spoilage experiment at different time intervals [48]. 

as the beginning of the decay process [49]. 
Before 72 h, no ammonia release was 
detected by the sensor, indicating that the 
food was fresh [28]. However, at 84 h and 
96 h the concentration of NH3(g) appeared to 
increase rapidly from 7.8 ppm to 16.4 ppm, 
indicating that the pork was starting to spoil 
and was not recommended for consumption, 
which is consistent with the HCA results [28]. 
Thus, cage 7 shows great potential in meat 
safety assessment, be it for food transport or 
in food storage in household fridges, after 
opening of the meat packaging.

In this section, a FeII
4L4 metal organic 

cage (7) with N-rich ligands was successfully 
prepared for NH3(g) sensing under ambient 
conditions. The discolouration mechanism 
is ascribed to the change of the spin state 
ratio of FeII ions after adsorption of NH3 
molecules, which possibly are connected 
to N-rich ligands via hydrogen bonds. 
Furthermore, we combined colorimetric 
sensor detection with a smartphone-based 
analytical method to develop cage 7 as an 
indicator for monitoring pork meat spoilage 
at 4 °C, which showed great potential in the 
field of meat storage and transportation.

General conclusions
Weiyang Li’s thesis has reached its 

two main objectives. The first one was to 
develop a new coordination mode (pyridyl-
hydrazone) to induce SCO behaviour 
in FeII tetranuclear cages, without being 
limited to the conventional coordination 
modes (imidazole-imine and thiazole-
imine) (section 1 and 2). The second 
one was to develop SCO FeII cages as 
colorimetric ammonia sensors in the solid 
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state, not limited to only being porous 
adsorbents (Scheme 5) (section 3 and 
4) .  The next research should expand 
more new coordination modes to induce 
SCO behaviour, thus diversifying the 
cage structures. Meanwhile, the sensing 
performance and mechanism of SCO cages 
for other toxic and hazardous gas analyses 
are also worthy of further study.
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