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The widespread application of metal—organic frameworks (MOFs) is seriously hindered by their structural
instability and it is still very challenging to probe the stability of MOFs during application by current
techniques. Here, we report a novel structure-responsive mass spectrometry (SRMS) imaging technique
to probe the stability of MOFs. We discovered that intact CuBTC (as a model of MOFs) could generate
the characteristic peaks of organic ligands and carbon cluster anions in laser desorption/ionization mass
spectrometry, but these peaks were significantly changed when the structure of CuBTC was dissociated,
thus enabling a label-free probing of the stability. Furthermore, SRMS can be performed in imaging
mode to visualize the degradation kinetics and reveal the spatial heterogeneity of the stability of CuBTC.
This technique was successfully applied in different application scenarios (in water, moist air, and CO5)
and also validated with different MOFs. It thus provides a versatile new tool for better design and

rsc.li/chemical-science

Introduction

Metal-organic frameworks (MOFs) are formed with metal ions
as coordination centers and organic linkers and have been
proposed as alternatives and even better materials over tradi-
tional materials in various fields including catalysts, gas
absorption, separation, and biomedicine.’” Some exceptional
properties such as high porosity, ultralarge surface areas, and
chemically tunable structures of MOFs make them easy and
efficient for gas storage and capture.'*> However, many gases
such as water vapor, NO,, NH;, H,S, and SO, are very likely to
destroy the structures of MOFs by binding with metal clusters
when the metal centers are not sufficiently inert."*'® Especially
for water vapor, quantum mechanical calculations based on
cluster models have predicted that water molecules could insert
into the metal-ligand bonds to induce ligand displacement and
hydrolysis."”” Thus, the performance of MOFs usually
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application of environment-sensitive materials.

deteriorates during a long-term use because water vapor is
ubiquitous in industrial flue gas (~10%) and ambient air.'®
Although many strategies have been developed to improve the
stability of MOFs,"*° techniques for probing the performance
and structural intactness of MOFs in complex media are still
lacking.

Current techniques for MOF characterization are mainly
based on electron microscopy,'®*"** X-ray diffraction (XRD),>***
and Fourier transform infrared spectroscopy (FTIR).>>*®
However, these techniques are less tolerable to complex media
and give insufficient chemical information for structural iden-
tification. The technical bottlenecks seriously limit the moni-
toring of MOFs' stability during their applications, and new
methods are imperative for probing the degradation of MOFs to
ensure the application efficiency. In this regard, mass spec-
trometry (MS) emerges as a tool to fill such a technical gap.
Compared with other characterization techniques, MS can
provide multi-dimensional information including precise
molecular weight and plenty of molecular structural informa-
tion,* enabling its use as a powerful tool for characterization of
nanomaterials.”®** Moreover, in the last decade, the develop-
ment of MS imaging technology has greatly improved the in situ
analytical capability of spatial resolution.?” It is noteworthy that
MS is capable of simultaneously analyzing organic and inor-
ganic species, which well meets the characterization demand of
metal ions and organic linkers in MOFs.

Herein, we report a novel structure-responsive mass spec-
trometry (SRMS) technique for characterization and stability
monitoring of MOFs under different conditions (Fig. 1A).

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc00021h&domain=pdf&date_stamp=2024-02-29
http://orcid.org/0000-0001-7890-6812
http://orcid.org/0000-0001-8525-7961
https://doi.org/10.1039/d4sc00021h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00021h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015010

Open Access Article. Published on 06 February 2024. Downloaded on 10/16/2025 1:29:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
A
0 100 200 300 400
m/z .
Imaging
LDI-SRMS
0 100 200 300 400
m/z
B D
20000 5
_ 20000 BTeCo0NT _ 00 _5
516000 7185 3 2400 34
s : 8 &
BTC-H]
%.12000 c‘-\ gos ] %. 1800 %.3
c 8000{ c 1200 c2
2 s g 2
£ 4000 £ 600 £1
04 0 L Lo 0 .
50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
m/z m/z m/z
E F G
3
E
s
o 2
Q
<
S
2
[~}
2
< 0
200 400 600 800 1000
wavelength (nm)
H |
3000 40
i) Laser carbonized CuBTC - c.
€ 2400{—Background G-band S 32 s
> ——CuBTC A © 720
S 1800 Bband 24 [BTC-COOH]
£ oo Al £ 165
s A R < 16 '
£ /\ £ [BTC-H]
@ 600 / / - 209
o o ‘ ! / {"\{ £ 38 J o
0 oL ol |
400 800 1200 1600 2000 60 120 180 240 300

Raman shift (cm™)

m/z

Fig. 1 LDI-SRMS and multi-chemical characterization of CuBTC. (A) Schematic diagram of the LDI-SRMS imaging technique for CuBTC
characterization. LDI-SRMS results of (B) CuBTC (1 mg mL™Y), (C) BTC (1 mg mL™%) and (D) Cu(NOs), (1 mg mL™Y). (E) UV-vis spectra of CuBTC,
Cu(NOs), and BTC. SEM images of (F) CuBTC and (G) laser carbonized CuBTC. (H) Raman spectroscopy of CuBTC and laser carbonized CuBTC
(the background spectrum is from the ITO glass). (1) Characterization of CuBTC at 1 mg mL™ . The left column shows the LDI-SRMS imaging
result and the original image color of each ion is generated by the primary colors red (m/z 165), green (m/z 72.0) and blue (m/z 209). The middle
column shows the corresponding LDI-SRMS result, and the right column shows the laser ablation inductively coupled plasma mass spectrometer
(LA-ICP-MS) imaging result. The spatial resolution of MS imaging is 50 um and the scale bar is 500 pm.

CuBTC (BTC = benzene-1,3,5-tricarboxylic acid) was chosen as
a model MOF that was formed with Cu as the coordination
center and BTC as the organic linker. It is one of the most
frequently studied MOFs as well as the first commercially
available MOF, but its practical application was hindered
primarily due to the limited stability of the MOF towards
moisture.***® We found that strong laser desorption/ionization
mass spectrometry (LDI-MS) signals from BTC are only present
in nanostructured CuBTC but absent in pure BTC solution.
Thus, if the structure of CuBTC decays (e.g., upon hydrolysis),
the LDI-MS signals and imaging results would change sensi-
tively and synchronously. Meanwhile, the signal of Cu in CuBTC
can be simultaneously monitored by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) imaging, which
is not structure-responsive and thus can be used as a control for

© 2024 The Author(s). Published by the Royal Society of Chemistry

CuBTC. In this way, SRMS provides a versatile tool for charac-
terization, quantification, and stability probing of MOFs.

Results and discussion
LDI-SRMS and multi-chemical characterization of CuBTC

To demonstrate this concept, we first tested the specific frag-
ment peaks of CuBTC, BTC, and Cu** generated in LDI-SRMS.
Fig. 1B shows that several characteristic fragment ions con-
sisting of carbon cluster anions (C, -Cy, ), [BTC-COOH] ™ (m/z
165) and [BTC-H]™ (m/z 209) of CuBTC were observed in LDI-
SRMS, but these were absent for pure BTC (Fig. 1C). When we
mixed the BTC standard with a-cyano-4-hydroxycinnamic acid
(CHCA) as an ionization-assisted matrix, two characteristic
peaks at m/z 165 and 209 in LDI-TOF MS were also obtained.
According to the secondary MS information, the fragment ions
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from the two characteristic precursor ions for CuBTC and BTC +
CHCA were consistent (Fig. S11), indicating that the character-
istic peak signals of CuBTC were produced from BTC. In addi-
tion, Cu(NOj3), did not produce any MS signal (Fig. 1D). The
specific response of LDI-SRMS to CuBTC can be attributed to its
unique physico-chemical properties. CuBTC exhibited strong
light absorption ability in 350-400 nm (Fig. 1E and S21t), which
well matches the wavelength (355 nm) of the laser used in LDI-
MS and could greatly facilitate efficient laser energy absorption
and transfer to target molecules for ionization. It is noteworthy
that the MS peaks of carbon clusters ([C,]”) were usually
specifically generated by inorganic carbon materials, such as
graphene, black carbon, and carbon nanotubes.***” To the best
of our knowledge, this is also the first report that MOFs can also
generate [C,]” peaks in LDI-MS. According to the SEM results,
the morphologies of MOFs changed from an irregular blocky
structure to a network structure under the laser (Fig. 1F and G).
Raman results showed that the network material presented the
G-peak signal at ~1600 cm™ ' and the D-peak signal at
~1330 cm™ ' belonging to the specific signals of carbon mate-
rials (Fig. 1H). So, the generation of [C,]” peaks of CuBTC can
be attributed to the rapid transformation of MOFs into carbon
structures by laser-induced carbonization.*®**® Overall, the
characteristic peaks of BTC (m/z 165 and 209) and [C,]” were
only present in CuBTC MOFs but absent in pure BTC.

Furthermore, SRMS can be performed in imaging mode to
spatially probe the stability of CuBTC. The traditional point-to-
point sampling model in LDI-MS usually suffers from poor
reproducibility, especially considering the heterogeneous
distribution of nanostructures on the target. Thus, MS imaging
covering a certain spatial region could probe the MOFs with
higher accuracy and reproducibility. We chose three charac-
teristics peaks (m/z 72.0, 165, and 209) for LDI-SRMS imaging of
CuBTC and the content of Cu was also detected by LA-ICP-MS as
a control. As shown in Fig. 1I and S3,} the color intensity of the
MS images faded in both LDI-SRMS and LA-ICP-MS imaging.
The characteristic fragment (m/z at 165) generated by the loss of
a carboxyl group of BTC in negative-ion mode was used as
a marker for quantification of CuBTC (Fig. S47).

The phenomenon that the MS signals of CuBTC are depen-
dent on the formation of its unique spatial structure inspired us
to monitor the stability of CuBTC by SRMS. CuBTC is capable of
absorbing laser energy and transferring it to its organic ligands,
facilitating ionization and generating signals at m/z 165. Upon
the collapse of the CuBTC structure, there is a concurrent
decrease in its capacity to absorb laser energy and promote
ionization, leading to a reduced peak intensity at m/z 165. This
structural collapse also results in a diminished [C,]” peak.
However, the m/z 165 peak, which relies on the MOF structure
for energy absorption and subsequent ligand ionization, is
more significantly impacted by the structural disintegration. To
verify our hypothesis, we compared the LDI-SRMS results of
newly synthesized CuBTC (CuBTC-1) and aged CuBTC (CuBTC-
2, aged for two months after synthesis) (Fig. S5A and Bt). The
two materials showed similar LDI-SRMS patterns, but the peaks
ratio of m/z 165 to m/z 72.0 (I 165/Lnsz 72.0) of CuBTC-1 was
higher than that of CuBTC-2, indicating that the structure of
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aged CuBTC has slightly changed compared with that of fresh
CuBTC. In many application scenarios, water vapor was sus-
pected to be the main factor to affect the performance and
stability of CuBTC, since it is ubiquitous in air and various
industrial emissions.**** Previous studies have showed that
under long-time exposure with high water content, the crystal
lattice, porosity, and surface area of MOFs could be changed or
completely destroyed.*>** Thus, to explore the stability of MOFs
(i.e., CuBTC) in the aquatic environment, we also dispersed
CuBTC-1 in distilled water instead of ethyl alcohol. The results
showed that CuBTC-1 in distilled water had a remarkably lower
peak intensity at m/z 165 than m/z 72.0 (Fig. S5C¥), indicating
that water could greatly induce the degradation of CuBTC and
that the change of the intensity ratio of characteristic peaks in
LDI-SRMS (In/; 165/Imiz 72.0) Provides a sensitive indicator for
stability probing of CuBTC.

Probing the stability of CuBTC in water

Next, when CuBTC-1 was dispersed in water for 4 h, the appear-
ance changed greatly during the degradation process. As shown in
Fig. 2A and B, the color of CuBTC changed from blue to light blue,
indicating some complex or copper hydroxide formation, and the
morphology changed from nanoaggregates into micro-belts.*** I,,,,
2z 165/Lmz 72.0 was further applied to describe the water stability of
CuBTC. As shown in Fig. 2C, the ratio dropped rapidly in 120 min
and tended to be steady in 120-240 min and the L, 165/In/z 72.0
ratio stabilized below 0.2, indicating that CuBTC would be
completely degraded within 120 min in the aquatic environment.
Previous research has shown the strong affinity of water molecules
to Cu centers in the CuBTC framework.***” So, as a result of the
attack of water molecules on the Cu centers and the substitution
ligands, BTC peaks gradually disappeared during the degradation
process. The degradation followed a kinetic process (y = 0.742e
315 4 0.188, R> = 0.9806). To investigate the significant decrease in
the characteristic signals of degraded CuBTC observed in LDI-MS,
we tested the light absorption capacity of CuBTC both before and
after degradation. The UV absorption of degraded CuBTC at 350-
400 nm is much lower than that of non-degraded CuBTC at the
same concentration (Fig. 2D), indicating a diminished efficiency
in laser absorption and more difficulty for ionization.

To explore the spatial difference of CuBTC stability, we per-
formed SRMS imaging to monitor the stability of CuBTC in the
aquatic environment with a spatial resolution of 50 pm (Fig. 2E).
The characteristic fragment ions of CuBTC consisting of C~ (m/
z 72.0, in green), [BTC-COOH]" (m/z 165, in red) and [BTC-H]~
(m/z 209, in blue) were chosen for MS imaging and the results
are shown in Fig. 2F-T and S6.7 CuBTC exhibited a tendency to
aggregate at the periphery of the droplet, a phenomenon known
as the coffee-ring effect. Consequently, the imaging intensity of
m/z 165 and 209 from the outer layer of the dried droplet was
higher than those at the center. This can be attributed to the
more rapid evaporation rate of water in the MOFs at the edge
during the drip drying process, compared to those at the center,
resulting in a lower degree of degradation induced by water
exposure. Additionally, the imaging intensity of m/z 165 and 209
further decreased, indicating that the CuBTC was degraded

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Characterization of CuBTC in water. SEM and optical images of CuBTC in water for (A) 5 min and (B) 240 min. (C) The relationship between
the intensity ratio of m/z 165 and 72.0 (/)7 165/Im/z 72.0) and the standing time in water. (D) UV-vis spectra of CuBTC and degraded CuBTC (CuBTC
underwent degradation by exposing to water for 120 minutes). (E) Schematic diagram of the degradation process for CuBTC. MS characterization
of CuBTC in water for different periods of time. Standing time: (F) 5 min, (G) 40 min, (H) 120 min and (l) 180 min. For each standing time, the left
column shows the LDI-SRMS imaging result and the originalimage color of each ion is generated by the primary colors red (m/z 165), green (m/z
72.0) and blue (m/z 209). The middle column shows the corresponding LDI-SRMS result, and the right column shows the LA-ICP-MS imaging
result. The spatial resolution of imaging is 50 pm and the scale bar is 500 pm. The slight difference in Cu?* concentration was irregular and might
come from the slightly different mass of CuBTC in each drop sample, because MOFs are difficult to disperse and drop uniformly.

gradually as the exposure time prolonged (Fig. 2F-1 and S6,} the
left and middle columns). In addition, the concentration of
Cu”* was independent of the structure of CuBTC, and thus it
was monitored by LA-ICP-MS for control to assess the difference
of the initial amount of CuBTC in different samples. The results
showed that the distribution of Cu®* obtained by LA-ICP-MS
imaging overlapped with that of CuBTC obtained by LDI-
SRMS imaging, but the signal intensity of Cu** showed no
time-dependence, indicating that the initial amount of the
added CuBTC for different exposure times was consistent
(Fig. 2F-I and S6,} the right column). Moreover, the consistent
concentration of the Cu®** center throughout the process indi-
cated that the metal center's influence on LDI-MS should
remain constant, thereby not affecting our characterization
outcomes. During this process, the morphology of CuBTC
changed significantly as the exposure time was prolonged and
finally transformed into micro-size particles (Fig. S71). The XRD
and FTIR spectra and N, absorption results showed that the
crystallographic plane, chemical structure, Brunauer-Emmett-
Teller (BET) surface area, pore volume and pore size also
changed (Fig. S8-510 and Table S2, see the ESI} for detailed
discussion), which may be the reason for the decrease of soft
desorption/ionization efficiency in MS. Overall, the SRMS
imaging can reflect the spatial difference of the stability of
MOFs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Spatial heterogeneity of the stability of CuBTC in complex air
medium

Besides water, other substances in air may also contribute to the
degradation of CuBTC. We placed CuBTC in moist air with
a relative humidity (RH) of 80% to monitor the stability of
CuBTC (dispersed in ethanol to avoid the influence of aqueous
solvents). During the degradation process of CuBTC, the
complex species in the air may attack the metal centers result-
ing the slow dissociation of the CuBTC nanostructure. So, the
Lz 165/Tms2 72.0 Tatio decreased as the exposure time increased
and the BTC-associated peaks were lost (Fig. 3A). Finally, under
the erosion of complex substances mainly due to water vapor in
the air, the degradation degree of CuBTC tends to be stable
within 720 h, and the I,,,/; 165/Ln/; 72.0 ratio is stable below 0.15 (it
is not excluded that new degradation phenomena may occur
with the extension of time).

The MS imaging suggested the high production amounts of
[BTC-COOH]  and [BTC-H| in the beginning of exposure.
Then, the overlayed image turned green with the exposure time
prolonging, indicating the decrease of the MS signals of [BTC-
COOH]™ and [BTC-H]™  (Fig. 3B-H, the left and middle
columns). Meanwhile, LA-ICP-MS imaging was also used to
monitor the Cu concentration along with the SRMS imaging for
comparison and verified that the variation of SRMS imaging was
derived from the degradation of CuBTC (see Fig. S12}). In

Chem. Sci., 2024, 15, 3698-3706 | 3701
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Fig.3 Characterization of CuBTC after exposed to air for different periods of time. (A) The relationship between the intensity ratio of m/z 165 and
72.0 (I;myz 165/ lmysz 72.0) and the exposure time in air. LDI-SRMS and SEM results of different exposure times: (B) 10 min, (C) 30 min, (D) 24 h, (E)
168 h, (F) 336 h, (G) 504 h, and (H) 720 h. For each exposure time, the left column shows the LDI-SRMS imaging result and the original image color
of each ion is generated by the primary colors red (m/z 165), green (m/z 72.0) and blue (m/z 209). The middle column shows the corresponding
LDI-SRMS result, and the right column shows the SEM pictures of CuBTC. (I) Characterization ability of spatial stability for CuBTC by the SRMS
imaging technique. The spatial resolution of MS imaging is 50 um and the scale bar is 1 mm.

addition, during the degradation process in the air, we also
observed the morphological change and the production of
degenerative CuBTC microparticles at an exposure time of up to
30 days (Fig. 3B-H, the right column, Fig. S137).

It is worth mentioning that SRMS can probe the degradation
of CuBTC with high sensitivity within 30 min in complex air
medium (Fig. 3B and C). However, when using the traditional
SEM technique, the morphology only presented a little differ-
ence with some micro-belts being observed until 24 h (Fig. 3C
and D). In addition, thermogravimetric (TG) analysis was
unable to provide any information changed within 240 min in
the aquatic environment (Fig. S117). XRD and FTIR results also
showed no observable change of the crystal structure even
within 150 min (Fig. S8 and S97). Similarly, BET measurements
displayed no observable change of N, uptake capacities, BET
surface area, pore volume and pore size within 40 min
(Fig. S107). In contrast to these traditional methods, SRMS can
give molecular information of the materials during the degra-
dation process to enable the selective detection of MOFs in
complex media. Moreover, the SRMS method only requires
a very low quantity of sample (i.e., ~1 pg CuBTC), with which

3702 | Chem. Sci, 2024, 15, 3698-3706

XRD, FTIR or BET techniques are difficult to process. Therefore,
the SRMS technique has shown advantages including higher
sensitivity, lower sample dosage required, and stronger capa-
bility for CuBTC identification than traditional microscopic and
spectroscopic techniques.

Besides, in various applications of MOFs, they are usually
coated at the surface of substrates to form a MOF film to provide
the desired functionality such as catalysis, gas separation,
storage, or sensor applications.*®*** When a MOF film encounter
interfering molecules during the application process (either
from the ambient environment or from the target), its stability
may differ spatially. So, here we applied the SRMS imaging
technique to characterize the spatial difference of CuBTC
stability. As shown in Fig. 31, CuBTC was coated on the surface
of ITO glass and a patterned shield was put on the top of the ITO
glass with a predesigned pattern (letters of “RCEES”). After 12 h
exposure of moist air, the CuBTC coating was characterized by
SRMS, and the pattern caused by the water-induced CuBTC
degradation could be clearly visualized. This result showed that
the SRMS imaging can sensitively and spatially visualize the
stability of Cu-MOFs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Spatial heterogeneity and degradation kinetics of the stability
of MOFs in the process of CO, capture

To demonstrate the real applicability of this technique, we
further used it to monitor the stability of MOFs during the CO,
adsorption application. MOFs are excellent adsorbents for CO,
capture from air because of their porous nature, large surface
areas, and high affinity for gas molecules.® They show great
potential in reducing carbon emission and curbing global
warming. In the process of CO, capture, the stability and
behavior of MOFs in humid environments are extremely
important.*»** Many technical routes have been developed to
improve the performance and stability of MOFs but challenges
retain in characterization and monitoring of the structural
intactness of MOFs during the process of CO, capture. In this
regard, SRMS provides a feasible approach to address this
challenge.

To this end, CuBTC was placed in a CO, airflow with
a humidity of 80% RH for the subsequent test. Such a level of
humidity is typical in humid climate or industrial exhaust
scenarios. As shown in Fig. 4, CuBTC in CO, presented a char-
acteristic peak at m/z 254 assigned to the absorption of CO, (M,
44) to BTC (M,, 210), which was absent for CuBTC in air. In
addition, the 1,,, 165/In/z 72.0 Of the CO, (2.68) group was notably
higher than the I,/ 165/Ln/; 72.0 Of air (1.16), indicating that CO,
was very likely to be able to protect CuBTC from degradation to
some extent. In the stability monitoring process of CuBTC in
CO,, the concentration ratio of [BTC-COOH] ™ and [BTC-H]~ (m/
z 165 and 209) was high at the beginning stage and then
decreased (Fig. S147). The I/, 165/Im/z 72.0 Tatio also decreased as
the adsorption time increased, indicating the slow degradation
of CuBTC in CO, (Fig. S151). The degradation kinetics of CuBTC
in CO, of high concentration was overall similar to that in moist
air and the I,,,/; 165/ 72.0 Tatio was finally stable below 0.15.

Universality of SRMS imaging techniques

The proposed technique of SRMS imaging is achieved based on
the variations in LDI-MS signals caused only by changes in the
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Fig. 4 LDI-SRMS of CuBTC in (A) air and (B) the corresponding
enlarged drawing of (A), m/z 240-270, (C) CO, and (D) the corre-
sponding enlarged drawing of (C), m/z 240-270.
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intactness of the structure (and its associated laser energy
absorption capability). Based on this, SRMS can be applied to
more types of MOFs. The universality of the proposed tech-
niques was firstly demonstrated by using other types of Cu-
MOFs that may be less stable (ie., Cu(QC),, SIFSIX-1-Cu,
SIFSIX-2-Cu-i, SIFSIX-3-Cu, CPL-1, CPL-2, and CPL-5). After the
Cu-MOFs were placed in water for different periods of time
(5 min, 1.5 h, 3 days and 7 days), the relative intensities of the
characteristic peaks for some Cu-MOFs changed accordingly,
indicating that their stability and structure were deteriorated in
water. Meanwhile, the corresponding SRMS imaging results
also changed significantly (see Fig. 5, S16-S18 and Table S57).
Take Cu(QC), as an example, the peaks at m/z 114, 127, 143, 169,
212, 220, 246 and 287 were chosen for the SRMS imaging
because the changes of the relative MS intensities were mainly
located between m/z 50 and m/z 300 (Fig. S147). The peak at m/z
169 was chosen as a reference. The ratios of I,,;; 114/Ln/z 1695 Ln/z
127/ sz 1695 Lz 143/ Lnsz 160 A0 Ly 212/, 160 Showed increasing
trends but the ratios of I, 200/In/z 1695 Imiz 2a6/Imiz 160 A0 Iz 287/
L,z 160 declined as the exposure time in water was prolonged.
Both the increasing or decreasing ratios of signal peak inten-
sities could be used to characterize the degradation process of
Cu(QC),. Similarly, the MS signals for the SIXSIF series (1,2-
bis(4-pyridyl)ethyne as the ligand) exhibited changes as the
exposure time in water increased (Table S5, Fig. S17 and S187).
In contrast, SEM results showed little morphological change
during the first 3 days (Fig. S19A and Bf). This result again
demonstrated the sensitivity of the SRMS method. For the CPL
series (2,3-pyrazinedicarboxylic acid as the ligand), the MS
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Fig. 5 Characterization of Cu(QC), in water for different periods of
time (standing time: 5 min, 1.5 h, 3 days and 7 days). (A) LDI-SRMS
results of Cu(QC),. The main characteristic peaks of change are in the
red box and Fig. S117 (inset shows the corresponding imaging results).
The spatial resolution of imaging is 50 pm and the scale bar is 500 pm.
(B) Heat map of the intensity ratio for the characteristic peaks of
Cu(QQ)s.
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signals remained relatively stable, and the SEM results also
showed no significant changes (Fig. S19C-Ef). Thus, the
stability of different components and synthesis methods for
MOFs could be reflected by the SRMS method.

Notably, several non-copper MOFs including MIL-101(Cr),
Ni-containing MOFs, ZIF-8(Zn), and MOF-74(Zn) also pre-
sented SRMS signals in LDI-MS, indicating that the proposed
technique can be extended to characterization and stability
monitoring of more types of MOFs (Fig. S201). Most of these
materials had some UV absorption at 355 nm, which could
explain why they were able to absorb laser energy and produced
characteristic ions in LDI-SRMS (Fig. S21t1). More detailed
discussion is presented in the ESI{ Therefore, the proposed
SRMS technique is applicable for different types of MOFs.

Conclusions

In summary, this work developed a novel and efficient SRMS
imaging technique based on the discovery that MOFs could
generate structure-specific signals in LDI-MS. With CuBTC as
a MOFs model, the MS signals at m/z 72.0, 165 and 209 showed
high dependence of the nanostructure of CuBTC in multiple
media including water, air and CO,, and the peak ratio of I,
165/Imiz 72.0 can be used as an indicator to accurately monitor the
stability of CuBTC with high spatial resolution. In addition, the
degradation kinetics and spatial heterogeneity of the stability of
CuBTC were visualized further by SRMS imaging. It has great
potential to characterize and monitor the synthetic process,
stability and degradation mechanisms of MOFs with different
metal centers. Compared with traditional characterization
techniques, SRMS shows the advantages of high sensitivity,
good precision, low sample consumption, rapidity, and capa-
bility of in situ analysis. At the same time, the SRMS method also
has some limitations, e.g., it is not able to directly reflect the
morphological change of the material and needs expensive
instrument, so it is better to use it together with traditional
techniques such as SEM to obtain multi-dimensional informa-
tion about the degradation process of materials. Overall, it
provides an efficient tool for stability monitoring for MOFs or
other nanomaterials in a variety of complex environments and
application processes, thus opening a new avenue for better
design and application of environment-sensitive new materials.
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