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ABSTRACT: Luminescent metabrganic frameworks (MOFs)es a Rhigi';-” .
(e)

multifunctional platform for creating noninvasive sensors and tupgble =
optoelectronics. Howeveyorochromic materials that are photophysi——i_g'q>.<:»*§41—Z >
cally resilient and show high sensitivity towamtetit physical and $¢§?‘x: égt
chemical stimuli are scarce. We report a facileghest nanocone- Pi¥E. W D - - -
ment strategy to construct morescent hybrid material with multiple z@m T R

sensing capabilities. We design and fabricate a new Guest@MOF ngat,eii'ﬂff“?ﬁ’i K D GREEEEEE Falling temperature
comprising a zeolitic MOF (ZIF-71) as a nanoporous host Yor &

encapsulating rhodamine B (RhB dye) guest molecules, resulting in"an <"

RhB@ZIF-71 system with meadeiromic, thermochromic, and

solvatochromic sensing response. Tioeochromic sensing properties stem from the nanecoent eect that ZIF-71

imposes on RhB monomers, yielding the H- or J-type aggregates with tunable photophysical and photochemical properties. F
mechanochromism, the external pressure causes an emission red shift in a linear fashion, switching RhB guests from H-type to J:
aggregates through a shear deformation. For thermochromism, we demonstrate a linear scaling as a function of temperature du
the spatial restriction imposed on J-type aggregates incarcerated in ZIF-71 pores. Harnessing the solvatochromism of RhB@ZIF
we interrogated its photochemical response by employing three diverse groups of volatile organic compounds. The multimoc
sensing response paved the way to smart applications like photonic pressure sensors, noninvasive thermometers, and ultraser

chemosensors.
KEYWORDS:hybrid materials, metalganic frameworks, luminescencéyastiéisteractions, photonic sensors

¢ Rising pressure ---------

1. INTRODUCTION devices? ?° Notably, the aforementioned approach could

Research on the luminescent sensing abilities ofargaaic circumvent the need to rely on complex chemlcal designs to
framework (MOF) materials and their composite systems weld Iumlne.scent MOFs or_to .|ncorpo.rate expensive rare-earth
rapidly expanding because of their wide range of technologig§ments widely deployed in inorganic phosphors.

applications in nanophotonics, bio-imaging, and smart The existing Guest@MOF approach faces a number of
sensorS.* Compared to other luminescent sensing materialghallenges. For example, the vast majority of Guest@MOF
such as metal compléxasd dye-basediorescent prob@s, sensing mechanisms are based on the luminescence quenching
crystalline MOF exhibits long-range periodicity, nanosizeglect where the analytéswitch o” the emission of the
pores, combined with diverse chemical and structurguest?® ** However, this mechanism might be susceptible to
versatility for tuning its vast physicochemical propertiesmoisture exposure or temperaturetuation in the environ-
Among the many reported luminescent MQRe,study of  ment, giving inaccurate readotts There are other Guest@
Guest@MOF systein$' composed of an MOF structure MOF materials exhibiting luminescent sensing thréugh-a

(the “host) to a ord the encapsulation of luminescent or sensing or luminescence colomnrochromic) switching
molecules (théguest) has attracted considerable attention. mechanism, but they often require very spetiemical

This is because the Guest@MOF composite can be achieygfl actions to functidfi, thus limiting multimodal applica-

by an easy-to-synthesizémrthe-shelfMOF structure and
commonly availableiorophores (luminescent dyes) to yield ) ——
bespoke luminescent properties. Additionally, the MOF ~ Received: June 5, 2020 -
hosts will act as a shield, protecting the guest against possitfiecPted: July 23, 2020
sources of degradation, like in the case of the encapsulatiort gf/'shed: July 23, 2020
the unstable uorescent perovskite nanocrystals, which

enhanced their robustness when roeth within MOFs,

paving the way to their integration into functional photonic
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Figure 1.(a) SEM micrographs of the submicron-sized crystals of RhnB@ZIF-71 exhibiting a rhombic dodecahedron habit. (b) Illustration of the
Guest@MOF framework structure of RhnB@ZIF-71 where the pore of the ZIF-71 host is usedhie daminescent RhB guest (represented

by the molecule with a red surface). From the pore spatial constraint, it can be deduced that two RhB molecules could occupy a unit cell of ZIF-7
Color scheme: ZnNetrahedron in cyan, nitrogen in dark blue, carbon in gray, hydrogen in white, chlorine in green, and oxygen in red. (c) AFM
height topography and the corresponding cross-sectiotes pf@a representative RhB@ZIF-71 crystal.

tions. To address some of the foregoing challenges, we propsisaightforward one-step reaction, we observe that the mixed
that uorochromic sensing can be achieved by using MOs$olution was immediately converted from a transparent pink
pores to induce dérent caging ects on luminescent dye color to turbid, indicating the rapid formation of RhnB@ZIF-71.
monomers and their aggregates, thereby producing As shown irFigure 1 the crystal size of RhnB@ZIF-71 was
distinctive uorescent behavior when subject tcerdit found to be 800 nm by scanning electron microscopy (SEM)
physical and chemical stimuli. and atomic force microscopy (AFM). We also characterized
In this study, we demonstrate a facile method to synthesizgig morphology of RhnB@ZIF-71 atedént reaction times
multi-stimuli responsive Guest@MOF luminescent material Byigure S1Supporting Information) and found that, afted
embedding the well-knowruorescent dye rhodamine B min, a crystal size of800 nm has formed. The rapid
(RhB) into zeolitic imidazolate framework-71 (ZIF-71).formation of such submicron-sized crystals is consistent with
Although a number of RhB@MOF systems have beempe previous reports on pure ZIEE71.
reported,’” ** there are certain limitations, such as the need powder X-ray diaction (PXRD) was carried out to verify
to use complex synthesis steps, no control of RhB aggregaigs crystal structure. As showhiigure 2 andrFigure S2the
inadequate understanding of the underlying mechanisms, gndrp patterns of RhB@ZIF-71 withedént RhB concen-
single-mode sensing functionality (basically, only solvat@ations and pure ZIF-71 were consistent with the simulated
chromism). In contrast, our RhB@ZIF-71 not only showkRrp pattern of ZIF-71, indicating that the introduced guest
solvatochromic response with its_described mechanism {@hB) does not @ct the structure of ZIF-71 sigmintly.
surpassing all reported examiplé but also exhibits However, when a very high concentration of RhB (0.5 mmol)
intriguing mechanochromic and thermochromic sensingas ysed, we observed the appearance of the (001) peak at 2
properties that are unknown to date. We employed detaileds p (Figure 2, inset), while this peak was not obvious in the
photophysical characterization techniques to unravel thgmples whose RhB concentrations are relatively low (0.01 and
underpinning guesost mechanisms controlling the perform- 5 o5 mmol). Although the peak at=2 3. exists in the

ance of this new composite system. Our results alsgmyated pattern, its relative intensity is typically too low to be
demonstrate proof-of-conteRhB@ZIF-71 applications, opserved by XRD. Since a smalleraflie represents a larger
opening new pathways for the realization of multimodalyysial plane separation, the appearance of the (001) peak
uorochromic sensing platforms. suggests that many ZIF-71 pores may contain more than one
RhB molecule, thereby eating the preferred orientation
2. RESULT AND DISCUSSION during crystal growth. Because the size of one RhB molecule is
2.1. Synthesis and Structure of the RhB@zIF-71 around 16.1% 12.83x 6.97 A (including the van der Waals
System. The RhB@ZIF-71 system was synthesized througsurface) and the minimum/maximum distance inside the ZIF-
rapid mixing of a solution of zinc acetate with a solution of 4,91 pore is 16.58/22.59 A, it is conceivable that the crystal
dichloroimidazole (dcim) and RhB at room temperature; th@rowth preference will be irenced when more than one RhB
full details are given in tR&perimental Secticrhrough this molecule is stacked together. This is further supported by the
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Figure 2.(a) Comparison of the XRD patterns of the simulated/synthesized ZIF-71 and RhB@ZIF-71 featuring three RhB concentrations. Inset:
the (001) peak of simulated ZIF-71 is enlarged to compare wjt@RZHB71, while this peak is absent for both@HhE-71 and RhBYZIF-

71. The simulated pattern of ZIF-71 was generated from the crystallographic infeen(@tienobtained from the Cambridge Structural

Database (CCDC code: GITVIP). (b) TGA and (c) ATR-FTIR results for ZIF-71, RhB, and RhB@ZIF-71. Subscripts I, 1, and Il designate the
concentration of RhB used in the synthesis to be 0.01, 0.05, and 0.5 mmol, respectively. The method to determine the chemical formulae deri
from TGA data is presented in Section S1.

results of thermogravimetric analysis (TGA)ufe b) from 3a,b. It can be seenfigure S4hat the dcim linker displays
which the determined chemical formula shows there was an intense and broadband emission in the solid state with an
average more than one RhB per pore. emission maximum at468 nm (under a 360 nm UV
Although we did not see the trace of RhB in the PXRDexcitation), which can be attributed to the transition’®
patterns Figure SR it was successfully detected by FourierFrom the emission mapifgure 8) and the emission spectra
transform infrared spectroscopy with attenuated tetetioa (Figure Sylof ZIF-71, we established that ZIF-71 exhibits two
(ATR-FTIR) (Figure B), TGA (Figure B), and Raman emission peaks at around 456 and 559 nm. Because neither
vibrational spectroscopyiqure SB Figure B,c demonstrates dclm nor Zn(ll) has an emission at 559 nm, the 559 nm
that the concentration of RhB inside the RhnB@ZIF-71 systeemission of ZIF-71 could be from the ligandtal charge
gradually increases as the amount of RhB used in the synthésissfer (LMCT), and the 456 nm emission comes from the
was increased, as evidenced in the systematic risel&@bie  linker itself in ZIF-71. Previous literatlneentioned that the
cm ! mode shown in the left insetfifure 2. Intriguingly, ~ LMCT process is usually expressed in MOF containing Zn(ll),
from the right inset dfigure 2, we established that the peak especially when the linker contains benzene derivatives, and
at 1710 cm? attributing to the C O vibrational mode of MOFs often emit a green colarorescence (50865 nm)
RhB has completely disappeared afteneorent. Likewise, when LMCT occurs. Clearly, the structure and performance of
we detected similar phenomena in the Raman sppégtne(  ZIF-71 almost completely conform to this commonality, which
S3. Vibrational spectroscopic data revealed that th@ & supports our reasoning.
RhB could interact with the zinc atoms of ZIF-71 or with its To conrm the aforementioned phenomena, we measured
dclm linkers. The TGA resultsdure B) not only enabled us  the emission lifetimes of dclirable ) and ZIF-71 Table 3
to derive the chemical formula of RhB@ZIF-71 but alsemploying the time-correldtesingle-photon-counting
revealed the enhanced thermal stability of RhB wheredon (TCSPC) technique. The most noticeable variation is when
in the system; thisnding supports the notion that RhB gueststhe observed wavelength changed from 450 to 558 nm (in
are residing in the pores of ZIF-71. Table 2; the g of ZIF-71 dramatically increased, which we
2.2. Luminescent Properties of the RhB@ZIF-71 attribute to the eect of LMCT. However, it is not certain that
System and Its Constituents. We begin by investigating ;is the lifetime of LMCT because thef dcim itself is 4.44
the emission properties of the pristine crystals of ZIF-71 ant (in Table ), and after forming the ZIF-71 framework
its dclm linker under room temperature, as depictedure structure, theoretically, it will increase due to the caging
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Figure 3.(a) RhB, ZIF-71, and RhB@ZIF-71 witredént RhB concentrations seen in the visible light and (b) their luminescence under the 365

nm UV excitation. (c) Emission map of the ZIF-71 powder. (d) Kubik& (KM) function for estimating the band gaps based on the photon

energy intercepts. (e) Normalized excitation spectra (measured under em@650 nm) and (f) the normalized emission spectra (measured unc
ex@515 nm). (g) Lifetime data of RnB@ZIF-71 obtained using tlereatdRhB concentrations.

e ect’® The increase in, of dcim itself may be very close to all the RhB@ZIF-71 powders is dominated by the guest itself

the lifetime of the LMCT, which may cause the two to becomg@ather than simultaneously manifested by emissions of the
indistinguishable. Thus, we consider that;tbedcim itself  guest and the LMCT of ZIF-71). The other possible
and the lifetime of LMCT together constitute W ZIP-71. interactions involving CO with the zinc atoms or the linkers
Subsequently, we characterized the band-gape( 8), : . : .
or the possible interaction between nitrogen atoms/the

solid-state excitation and emission speélguré 8,f), ) _
absorption Figure Spof RhB@ZIF-71, and the emission X@nthene ring of RhB and the open metal sites/fimkey

spectra Figure Sp of pure RhB solution with dirent interrupt the LMCT process causing the single emission peak
concentrations at room temperature. However, the emissionafRhB@ZIF-71. Of course, we do not rule out the possibility

37480 https://dx.doi.org/10.1021/acsami.0c10257

ACS Appl. Mater. Interfac2620, 12, 3747737488


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10257/suppl_file/am0c10257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c10257/suppl_file/am0c10257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c10257?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c10257?ref=pdf

ACS Applied Materials & Interfaces WWW.acsami.org

Table 1. Values of Time Constants)( Normalized Pre-Exponential Facto)( and Fractional Contributionsq(= ; - &) of
the Emission Decay of the Pristine dclm Linker in a Solid State and in Methanol Solutions upon Excitation at 36R2.5 nm (
ael V) R is the Quantity/Counts at Time)

dcim obs[NM] 1[ns] 3 %] 2ns] 3 (%] ans] a3 &[%] 2
solid state 470 0.36 0.041 11.89 1.76 0.038 53.95 4.44 0.010 34.16 1.052
0.0365 M 442 0.36 0.057 17.57 1.76 0.033 49.49 4.44 0.009 32.94 1.115
05M 423 0.36 0.061 20.28 1.76 0.034 55.09 4.44 0.006 24.63 1.258
443 0.36 0.060 18.80 1.76 0.037 55.64 4.44 0.007 25.55 1.082
463 0.36 0.058 18.26 1.76 0.036 54.73 4.44 0.007 27.02 1.168
Table 2. Values of Time Constants)( Normalized Pre-Exponential Facto)( and Fractional Contributionsq= ; - &) of
the Emission Decay of the Pristine ZIF-71 Powder upon Excitation at 362.5 nm
ZIF-71 obs [NM] [ns] a a[%] 2ns] & (%] ans] Y (%] 2
solid state 450 0.58 0.049 26.43 211 0.029 57.24 5.61 0.003 16.32 1.150
558 0.58 0.041 14.74 211 0.026 34.50 5.61 0.015 50.76 1.215

that the emission of the ZIF-71 host could not be observed duing is 4.79 A), we suggest that part of the J-type aggregates
to its relatively low quantum yieltable S). may protrude out of the ZIF-71 window, which will strengthen
In terms of their emission spectfég(re B, it is shown  the interaction by bridging the pores. In contrast, the packing
that the bathochromic (red) shift was detected when thef H-type aggregates is tighter, and the occupied space is
concentration of RhB increased. We propose that one of thelatively smaif, allowing them to be better coed inside
reasons for this red shift is related to the formation of morthe pores and less likely to interact with guests in adjacent
RhB aggregates. Because of the relative dimensions of RloBes. Hence, when the concentration of RhB used in the
molecules and ZIF-71 pores, the XRD resuiisrgé 2) and synthesis was increased, it will cause more J-type aggregate-
the chemical composition derived from TGA redtilsire based interactions (bridging the pores) in the RhB@ZIF-71
2b) suggest that more than one RhB molecule may occupy thgstem, which leads to a smaller band-ggyoré€ 8). This is
pore of ZIF-71. It follows that more RhB introduced duringanother reason for the observed red shift in the emission and
synthesis will lead to more aggregates. In principle, both of Hie reason behind the declining intensity of the emission
type (head-to-head) and J-type (head-to-tail) aggregates s¥foulders (552590 nm inFigure 8).
RhB are able to form during the syntf&sisSince the To further study the formation of aggregates and analyze
emission of H-type aggregates is theoretically forbidden atiekir luminescent properties, the emission lifetimes of pure
the emission of J-type aggregates is allowed but with a long#B and RhB@ZIF-71 were measured by the TCSPC
wavelengtff. we could observe the red shift. This idea istechnique. For pure RhB in MeOH solution (0.0001 M), the
con rmed by the excitation spectr&igure 8. It can be seen lifetime is 2.93 ns, and for all the RhB@ZIF-71 powders, we
that there are three excitation areas: humps at around 495 nobtained three decay times, as summarizedure § (see
peaks at 531 nm, and shoulders located between 552 and 2@ Table S2 and Figure )SWe propose that, can be
nm. Using Kashsaexciton modéf,we assigned the humps to assigned to the H-type aggregatesrresponds to the J-type
H-type aggregates, peaks to RhB monomers, and the shoul@gygregates, angs due to the RhB monomers. First, it can be
to J-type aggregates. Compared with the pegis im), the seen that; is greater than 2.93 ns, which also is evidence that
intensity of the humps 495 nm) increased so it follows that RhB is residing inside the pore because the vibration of RhB
the amount of aggregates increased when a higher concer@nomers comed in the pore becomes restricted (i.e., caging
tration of RhB was used during synthesis. The reason why thect), greatly reducing their nonradiative decay and thus
shoulders (552590 nm) did not increase is explained below.increasing the lifetime. Second, it can also be seen that, as the
Comparing the variation of H-type and J-type aggregates, RRB concentration increases, the valagaidc, rose, while
found that the excitation peaks of the J-type aggregates showedndg; fell (Table S, which indicates an increase in the
a red shift as the concentration of RhB increases, while the ¢bntent of H-type aggregates and a relative decrease in the
type did not show a blue shift. Thisedénce arises because monomer content. Third, was found to decrease as the RhB
the J-type aggregates have a longer spatial dimension thancingcentration increases; this supports the notion that the J-
H-type aggregateswhich might allow the J-type aggregatestype aggregates could interact with each other across the
to interact with another J-type aggregate in adjacent pores. Quijacent pores. This kind of interaction can also be proven by
group has reported that perylene@ZIF-8 also showed a simdamparings, andc, (Table S As the observed wavelength
phenomenon in which perylene and 2-methylimidazole cgn,,) increases, the magnitude of the changg &md c,
form an energy transfer pathway through the adjaceriporesiecreases, which results in more interactions and hence
Likewise, other researchers have demonstrated the preparabiomadening of the emission component of the J-type
of long-range crystalline MOFs by mechanochemistry undaggregation. However, comparing the changgsdcin a,
solid condition§}*> which means that chemical reactions carandc,, we can see that the increase of J-type aggregates is not
occur between solid crystals. On this basis, weak interacti@sshigh as the H-type aggregates. Given the space limitation of
involving J-aggregate interaction across the pores are plausthieZIF-71 pore, the larger J-type aggregates are harder to form
Moreover, because the maximum size of the ZIF-71 winddwan the H-type. Herein, the lifetime data have substantiated
aperture is 5.08 A, which is spatially larger than some partstioeé previous inferences obtained from the emission and
the RhB molecules (e.g., the distance &f @ the xanthene excitation spectrum.
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The quantum vyields of RI@ZIF-71, RhB®ZIF-71, and  framework under stress. Therefore, we propose the reason why
RhB,@ZIF-71 were characterized, and the results arm@andgin Table S3tarted to drop sigrantly at a relatively

summarized ifable 3 low pressurey, andc, rose rst and then fell, arg andc,
continuously increased is that the pores containing monomers
Table 3. Quantum Yield of RNB@ZIF-71 with Brent are initially destroyed to form new H-type and J-type
RhB Concentrations aggregates at a relatively low pressure. Subsequently, as the
pressure keeps rising, the ZIF-71 crystals continue to deform
QY [%] QY [%] under shear deformatitrgausing the aggregates to transform
sample ex@485 nm ex@525 nm ex@485 nm ex@525 nifom H-type to J-typesEheme)l Moreover, in the excitation
RhB@ZIF-71 23.99 28.95 35.43 3953  spectra of the RRBZIF-71 pellets{gure 4), the intensity
RhB,@ZIF-71 13.74 14.15 17.51 18.30 of the H-type aggregateast rose and then fell, but the peak
RhB, @ZIF-71 1.68 1.85 232 331 position of H-type aggregates (4506 nm) is always blue-

agamples were directly measuPSamples (10 wt %) werest shifted with increasing pressure, which also supports this

mixed with BaSQ90 wt %) and then measured. hypothesis. _ _
2.4. Thermochromic Sensing ResponseRhB@ZIF-71

exhibits thermochromic behavior as a function of temperature;

2.3. Mechanochromic Sensing Responselo study the ~ here, we use Rp@®ZIF-71 as an example to explain the
mechanochromism of the RhB@ZIF-71 system, thé@RhB uno!erl_ylng mechanisirigure a,b shows the excitation and
ZIF-71 material was chosen and compressed into pellets un@gtission spectra from room temperature to D0
di erent pressuresigure 4,b depicts the color of the pellets respectively. As shown figure Sand Figure S13the
viewed under daylight and their emissions when subject tdw@ninescent intensity of RnB@ZIF-71 decreases, accompanied
365 nm UV excitation, respectively. Here, we focus on tH®/ @ red shift with increasing temperature. The decrease in
RhB,@ZIF-71 pellets because the RBEIF-71 has a intensity is very similar to the performance of pure RhB itself
relatively low quantum vyieldable 3, while the emission in solution at dierent temperaturé%!® which is due to the
of the RhRAZIF-71 pelletsFgure SBis not as linear as increase in a nonradiative decay rate. In the previous
RhB,@ZIF-71.Figure 4 and Figure SOtreveal that the researcf the temperature range of this kind of intensity
emission spectra of these pellets red-shifted as the pressuredggsease of RhB was generally from 5 &€ 8Bbove this
systematically increased up 850 MPa, demonstrating a temperature range, the luminescent intensity of RhB was too
very linear relationship that is highly desirable for stress sengiply to be detected accurately. Remarkably, we demonstrate
applicationsHigure #). that the nonradiative decay of RhB was greatly reduced due to

Combined with the excitation specka(re ¢ andFigure the caging ect of ZIF-71; not only overcoming the restriction
S93, the lifetime dataF(gure ¢ andFigure S10 and Table that thermochromism of RhB can only be achieved in
S3, and the PXRD patterngigure € and~igure S1)lof the solutions, but our solid-state system alsoagtly extends
pellets, we investigate the reason for the observed red shiftlie operational temperature range by at least a factor of 2
the emission. On the one hand, it can be seen that thg-igure 8). Figure S13ghows that, when the temperature
excitation peaks of J-type aggregates§905im) showed a  rises from 200 to 250C, RhB@ZIF-71 experienced a
red shift with increasing pressure, and in the PXRD patterglatively large red shift, which can be attributed to the
(Figure € andrigure S1)] it can be seen that the pressure hasthermal decomposition of RhB itself beyond 200
caused some amorphization of the ZIF-71 structure. The§eonsistent with TGA resultsfilgure B).
results suggest that the pelleting pressure leads to theBy analyzing the temperature range from room temperature
mechanical deformation of the ZIF-71 structure wheréo 200 °C, we established that there is a linear scaling
framework distortion will cause the tighter packing ofelationship between the red shift of the emission peak and the
aggregates and make the adjacent pores to come clotemperature incremenfFigure ), this eect is highly
causing stronger interactions inside the pores and promotiagjractive for photonics-based thermometry applications.
stronger interactions between the J-type aggregates acMdste that the red shift of RhB in the solid state observed
adjacent pores. Together, these factors result in a red shifthere is as yet unreported in the literature, unlike for pure RhB
principle, the stronger the interaction, the shorter thesolutions in which the increase in temperature has produced
luminescent lifetime becorfiésut the , in Figure 4 did  no red shift® The normalized excitation specEay(re 2)
not decrease. This is because RhB aggregates are present iretrgal that, in this linearly changing region (room temperature
pores of ZIF-71, and hence, the pore shrinkage fror® 200 °C), the relative intensity of H-type aggregates and
mechanical stress introduces a stronger cagawg, e monomers did not change much with the increase of
suppressing the nonradiative decay and preventing tkemperature, while the J-type aggregates showed a relatively
decrease of lifetime. Based on this hypothesis, it is easylacge intensity enhancement at high temperatures (i.e., 150 and
understand the increase of the monsniliéetime inside the 200 °C). Since the crystal structure of RhB@ZIF-71 can
pores (3), which is dependent only upon the cagiegte withstand a temperature of up to 26Qevidenced from the

On the other hand, we consider that the red shift of theXRD patterns ifrigure 8 andFigure S13ewe reason that
emission is also related to the increase in the relative contentloé di erent spatial sizes between the H- and J-type aggregates
the J-type aggregat€able S4shows that the RhB@ZIF-71 and its monomers determine the trend of their intensity and
pellets had a smaller FWHM (full width at half-maximum)wavelength change.
than the ZIF-71 pellets under pressure, which means that theAs discussed above, H-type aggregates and monomers
RhB@ZIF-71 pellets possess a higher crystallinity than ZIF{dssess smaller size than J-type aggregates, so the J-type
(Figure SIRand reveals that the encapsulated guests caaggregates will experience a stronger cagirty teerefore
mechanically enhance the structural stability of the overéécoming less sensitive to temperature variation. In other
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Figure 4.(a) RhB,@ZIF-71 pellets prepared usingiint pelleting pressures, their colors viewed in visible light, and (b) their luminescence
under the 365 nm UV excitation. (c) Normalized excitation spectra (measured under em@650 nm) and (d) normalized emission spectrz
(measured under ex@515 nm) of the,@BAF-71 pellets. (e) XRD of the RE&ZIF-71 pellets. (f) Linear relationship between the emission

peak wavelength and the applied pressure fp@RZIB71. (g) Lifetime data of RI@ZIF-71 pellets showing the contributions from the
monomer, H-aggregates, and J-aggregates.

words, when temperature rises, the excitation intensity of Wweakening the interactions within themselves. The absence
type aggregates decreases less than that of H-aggregatesofiady variation to the excitation peaks of monomers reveals
monomers. It is this ect that causes the red shift observed inthat the interactions between RhB and ZIF-71 are weak or
the emission peak. Additionally, at high temperatures, it can begligible. Likewise, in the mechanochromism studies, we note
seen that the excitation peaks of the H-type and J-tyghat the peak wavelength of the monomer also did not change
aggregates showed a very small degree of red and blue shiften subject to mechanical strésgufe ¢), which also
respectively, but the peaks associated with the monoménmsdicates that the interactions are weak or negligible.

remain unchanged. This indicates that both H-type and J-type2.5. Solvatochromic Sensing Response.Another
aggregates slightly expand at high temperatures, therghgmising property of RhB@ZIF-71 is its solvatochromic
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Scheme 1. Proposed Deformation of the RhB@ZIF-71

Subject to a Mechanical Pressture

a

RhB@ZIF-71 pores

Under pressure, R\B@ZIF-71
begins to deform

C

As pressure rises, monomers
become H-type and J-type
aggregates

At high pressure, shear
deformation transforms
H-type aggregates to J-type

aforementioned limitations. Conversely, we discovered that
the RhB@ZIF-71 crystals exhibit good dispersion and
luminescence~{gure S14ndFigure § in hexane and also

in cyclic hydrocarbons (e.g., toluene and cyclohexane), thereby

AN g St St oo demonstrating a sensing property previously not achievable by
l_l_l_l_l l7l=] _[7] pure RhB alone. To date, most of the RhnB@MOF $tutites

|| | 2|~ [ [2[~] have focused on theld of solvatochromism, and many of
Y YT f_[_f+f_[ these systems possess a similar sensing behavior. However,
|_1=12] | J ey . - i -
——e—o almost all the authors attributed this kind of sensing to

di erent solvents that ect the energy transfer between the
MOF they used and RhB and lack of in-depth understanding
of the emission wavelength change. Moreover, their theory is
also unable to satisfactorily explain the luminescence of RnB@
MOF systems in some highly polar aprotic solvents because no
matter how the energy transfer occurs, when RhB turns into

News ._f”_”L. R : 2 the lactone in strong polar aprotic solvents, in principle, the
A*’*”"*"”"i/--:‘ T =4 T A luminescence of the systems will be largely deteriorated.
Yy, /A:;g,,/ <z :’:Z'T/_"/ Here, our systematic analysis of RhnB@ZIF-71 based on the
eyt ey e WA o v new connement strategy provides new insight into the
$osTeT s e : B complex solvatochromism of RhnB@MOF systems, as can be
| seen inFigure @. All RhB@ZIF-71 samples in polar aprotic

solvents exhibit a longer wavelength accompanied by a reduced
intensity than in polar protic solvents. Remarkably, compared
with the poor luminescence of RhB in highly polar aprotic

solvents, the introduction of ZIF-71 greatly improves the
3Red nodes and blue rods represent the,Zmordination  luminescence of RhBigure SI¢ This phenomenon can be
environment and the dclm linker, respectively. Yellow ellipsexplainedriathe concept of aggregates we introduced above.
represent the RhB guest molecules within the pore of the ZIF-AWhen the pores of ZIF-71 contain monomers, there is enough
host. (a) Possible interactions between J-aggregates are denoted Rygin for the monomers to contact the aprotic solvent
pair of black arrows. (b, c¢) lllustration of how the structural distorti0%0|ecu|es to convert to |actone; when the pores contain
under pressure causes the formation of new H- and J-type aggreg T iallv the J- it is likelv that the remainin
The gray rods represent the broken linkers under pressure. (d) Due gcigiﬁt?;e(nggg c?axrsofa‘ljc?gﬁ%c}d;e teh)é ts;:/éni n?ole?cule%
shear deformation (denoted by antiparallel pink arrows), the majoriﬁ th ds. the ZIE-71 (host tect hield th )
of the H-type aggregates transform into the J-type. othéer words, he (host) can protect or shie €
aggregates from direct exposure to the solvent molecules. On
this basis, compared with the protic solvents, much more

response, as showrFigure GandFigure S14To understand ~ Monomers inside the ZIF-71 pores converts to the colorless
the subtle changes of emission due to solvatochromism, {getone in aprotic solvents, but the luminescence of aggregates
chose the Rh@®ZIF-71 system, which has the lowest RhBS better protected. Consequently, RhB@ZIF-71 in polar
concentration. We observed that the peak intensity and pe@Rrotic solvents can exhibit luminescence with a longer
position of RhEZIF-71 were distinctively eient when wavelength and relatively lower intensity. This is the reason
exposed to derent solvents. To explain this phenomenon, wd'hy RhB@ZIF-71 can show a better luminescence and sensing
propose that this solvatochromic response is linked to tRerformance than pure RhB alone. Additionally, our
nature of RhB itself. Because RhB can exist in theeendi  interpretation can also be comed by observing the
forms in the solution state (i.e., lactone, zwitterion, an#minescent response of the RhB@ZIF-71 subject to polar
cation)*® the lactone has no color under visible light or UV Protic solventsigure S14g¢e.g., methanol (MeOH), ethanol
while the zwitterion and cation have luminescence but thefftOH), and isopropanol (IPA) becausgure Sl4ceveals
emission wavelength and intensity arerafit. Generally, that the emission wavelength of RhB@ZIF-71 changes less
polar protic solvents can stabilize the zwitfériand ~ than pure RhB, especially for IPA, which again can be
therefore will give an intense luminescence. Meanwhile, #{ributed to the ZIF-74 protection of the RhB aggregates.
highly polar aprotic solvents, such as dimethylformamide
(DMF), RhB has no luminescence due to the complete?’- CONCLUSIONS
conversion to lactone, and in less polar aprotic solvents, suohsummary, through a facile gubest nanocomement
as acetonitrile (ACN), it can show luminescEritkereby, strategy performed under ambient conditions, we demonstrate
RhB is solvatochronfft,’ and we propose that this is also the the encapsulation aforescent RhB monomers (or switchable
basis for the solvatochromism observed in the RhB@ZIF-agjgregates) caged within the pores of ZIF-71. The new RhB@
system. ZIF-71 system not only allows RhB to easily yield
However, after conement within ZIF-71, we found that luminescence in the solid state but also provides remarkable
the luminescence of RhB@ZIF-71 is greatly enhancedechanochromism, thermochromism, and solvatochromism
compared with the pure RhBiqure S1¥4 Notably, pure  properties that are not achievable to date by a traditional use of
RhB has poor solubility or it is simply insoluble in manyRhB dispersion in the liquid state or indeed by any other
nonpolar solvents. For example, in this study, we testedeans of RhnB@MOF systems known thus far. Above all, in the
toluene, hexane, and cyclohexane anthoedhthat there was  process of analyzing mechanochromism, thermochromism, and
no luminescence in thesgdhocarbons due to the solvatochromism, we found several unique mechanisms
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Figure 5(a) Normalized excitation spectra (measured under em@650 nm) and (b) normalized emission spectra (measured under ex@365 nm) ¢
RhB@ZIF-71 at derent temperatures. (c) XRD patterns of RhB@ZIF-71 pellets after being tesadnattelinperatures. (d) Linear
relationship of the emission peak wavelength as a function of temperature for RhnB@ZIF-71.

summarized below. (i) Under mechanical stress, the RhB@ntrifugation) to remove the excess reactants and any RhB adhered
ZIF-71 crystals deform by shear causing the conversion of et the surface of ZIF-71. We observed that, for th@RHB71

type aggregates into J-type aggregates inside the MOF pof@§1 mmol) and RREZIF-71 (0.05 mmol) samples, the methanol
giving rise to pressure sensing. (i) The J-type aggregates game clear after the second washing cycle, indicating the negligible

less aected by temperature due to the strong cage e lIosS of RhB guest molecules from the ZIF-71 host. Conversely, the

. . . . hB, @ZIF-71 (0.5 mmol) sample has RhB molecules that remained
provided by the ZIF-71 pores, resulting in the red shift Ogn the surface after two or more washing cycles, as evidenced from

emission in a very Ilnglar fashion, giving rise to noninvasig pink color of the methanol solvent after multiple washes. The
temperature sensing. (iii) The protectieeeof ZIF-71 pores  |atter indicates surface adhesion of RhB molecules when a high
reduces the imience that solvents have on the RhB aggregatesincentration of the guest was being introduced during the synthesis
leading to solvatochromic sensing of volatile organistep.

compounds previously undetected by unaoed RhB dyes The procedu_re for preparing_ZIF-?l was the same, except no RhB
alone. was added during the synthesis process.

Our RhB@ZIF-71 nanocarement strategy demonstrates . 4.2. Sample Preparation for Fluorochromic Character-

- . ization. For mechanochromism, the powders were pressed into
the concept of a Guest@MOF system with multimod ellets by using manual hydraulic pressure equipment with a 1 cm

uorescent sensing response, presenting a new platform dpimeter die under forces of 1, 2, 3. and 4 tonnes. For
the design of smart luminescent sensors. Moreover, we sh@étmochromism, no extra preparation was required. For solvato-
that the exploitation of luminescent aggregatesecbiin chromism, a concentration of 1 mg of RhB@ZIF-71 in 20 mL of
MOF pores studied through the characterization of excitatiaolvents was chosen to avoid the negativenice of too intense
spectrum combined with the luminescent lifetime data is @mission. Then, to compare the performance of pure RhB and RhB@
powerful approach for understanding the mechanisms of no@&-?l in dierent solvents, severaledent concentrations of RhB-

uorochromic materials like the dye-encapsulated composi€OH solutions were tested, and a concentration &f 705 M
exemplied in this study was selected at which the emission peak wavelength of pure RhB was

identical to that of 1 mg of RhB@ZIF-71 in 20 mL of MeOH.
Subsequently, the solutions of pure RhB &redit solvents were
4. EXPERIMENTAL SECTION also formulated at this concentration.

4.1. Synthesis of RhnB@ZIF-7A 90 mL methanol clear solution 4.3. Materials Characterization.The structures and morphol-
of 2.40 mmol of zinc acetate was rapidly poured into a 90 mbgies were examined under scanning electron microscopy (SEM; Carl
methanol solution of 9.60 mmol of dcim an@réint amounts of  Zeiss EVO LS15) and atomic force microscopy (AFM; Veeco
RhB (I, 0.01 mmol; I, 0.05 mmol; Ill, 0.5 mmol) under stirring. The Dimension 3100). An FS-5 speatmometer (Edinburgh Instru-
mixed solution immediately changed from clear to turbid. After 24 ments) was used to characterize the steady-state emission, excitation
of stirring at room temperature, the sample was centrifuged at 80§0ectra, QY, CIE 1931, and lifetime measurements (more details are
rpm to remove the excess reactants and subsequently washed ta&seribed in th8upporting InformatipnFTIR and Raman results
with methanol (the sample wast put into methanol followed by were recorded by using a Nicolet iS10 FTIR spectrometer and a
sonication for 10 min, and then, the product was separated ultiRam FT-Raman spectrometer (Bruker), respectively. A UV-
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Figure 6.(a) Emission spectra (ex@525 nm) of |@BF-71 when exposed to atent volatile organic compounds (VOCSs). (b)
Solvatochromism observed under the 365 nm UV excitation where the concentration ratio used was@Ziie- 01 Ri#persed in 20 mL of

the solvent. (c) Color variation presented on the CIE 1931 chromaticity diagram. (d) Change in the emission wavelength and peak intensity c
RhB@ZIF-71 when tested in a wide range of polar protic, polar aprotic, and nonpolar solvents.

2600 UV vis spectrophotometer (Shimadzu) was used to measurkuthors

the absorption spectra and calculate the Kubdlkk (KM) Yang Zhang Multifunctional Mater&l€omposites (MMC)

function. The PXRD pattern was recorded using a Rigaku MiniFlex Laboratory, Department of Engineering Science, University of
with a Cu K source (1.541 A). TGA was performed using a TGA- Oxford, Oxford OX1 3PJ, U-Krcid.org/0000-0002-
Q50 machine (TA Instruments) equipped with a platinum sample 6433-3’643 ' T

holder under an Nnert atmosphere at a heating rate GiCifin - . . . . .
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