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ABSTRACT: We report the guest-anion-induced photoluminescence enhancement of metal-organic frameworks (UiO-66-NH2),
firstly based upon diffraction and computational evidence. We found that only limited anions, namely carbonate and fluoride, can
lead to a significant enhancement in photoluminescence whereas their related anions, such as acetate and chloride, cannot. The op-
timized crystal structures reveal that the guest carbonate and fluoride ions interact with four framework amino-functional groups
through hydrogen bonding (ca. 1.6-1.7 A) that ultimately forms a quaternary (-N(H))s...X" molecular bridge around the nodal cen-
ter. Hence, the hydrogen-bonded molecular bridge not only restricts the intermolecular C-C rotation of the linker molecules, but
also greatly perturbs the electronic densities between the guest anions and the framework amino groups.

Introduction

Metal-organic frameworks (MOFs) are a relatively new
class of micro/mesoporous solid-state materials constructed by
the reticular assembly of numerous periodically connected
metal/metal-cluster nodal centers and multifunctional linker
molecules. Interesting optical properties have been reported in
different MOFs.1? Researchers have widely utilized the lumi-
nescent properties of MOFs in various applications, such as
gas sensing, anion/cation detection, amino acid sensing, and
temperature probing.® The intrinsic luminescent property of a
typical MOF originates from charge transfer transitions be-
tween the atomic/molecular moieties, such as metal-to-ligand
charge transfer, ligand-to-metal charge transfer, and ligand-to-
cluster charge transfer. The luminescent property can be al-
tered by incorporating guest species, leading to extensive sens-
ing applications. Notably, by post-synthetic modification, lan-
thanide ions (such as Eu?* and Tb®") can be incorporated into
the MOF structures.*® Lanthanide ions are inherently lumines-
cent due to f-f transition, resulting in highly long-lived excited
states. The organic linkers can hereby act as an ‘antenna’ to
amplify the luminescent signal. Incorporating other guest mol-
ecules/ions can also affect the luminescent property, for in-
stance, the addition of Fe3* that can quench the fluorescence of
UiO-66-NH:5, etc.” ! Thonhauser et al. recently discussed the
guest-induced structural change in a Zn-based MOF based on
theoretical findings, which is the primary reason causing the
‘turn-on’ PL enhancement.!? Besides the guest-induced effect,
external factors, such as temperature®®, pressure*, and solvent

polarity®®, can also alter the fluorescence property. Moggach et
al. recently reported the linker molecules
(1,4-phenylene-bis(4-ethynylbenzoate)) in a Hf-based MOF
that can rotate from a coplanar to a twisted arrangement as
induced by external pressure, whereas Tsang et al. have re-
ported the ammonia induced intramolecular linker rotation in a
UiO-67-derivative's, The change in the linker conformation
leads to bathochromic shifts in both fluorescence emission and
ultra-violet/visible light absorption spectra.

Indeed, many atomic-scale processes can modify the fluo-
rescence property in MOFs, which includes antenna effect!’,
rotation-restricted emission (RRE)Y, exact guest—host interac-
tion'®, electron charge transfer'®, ionic vibrations'?, etc.101220-25
Among them, RRE is an interesting factor that can extend the
lifetime of electrons in the excited states when the intramolec-
ular rotation of molecules is hindered.? Although progress has
been made to utilize this interesting optical phenomenon par-
ticularly for sensing, the fundamental reason for the alterna-
tion of luminescence still remains vague. As RRE is highly
related to the structural chemistry between the molecular ana-
lytes and the MOF frameworks, a systematic structural study
can provide realizable findings to unveil the mysteries.

Thanks to the ultra-high crystallinity of many MOFs, the
crystallographic and atomic information of the encapsulated
extra-framework species (with long-range order) can be re-
vealed with high reliability using scattering- and diffraction-
based methods. For instance, Xu et al. have reported the cap-



ture of Hg?* and Pd?* in thiol-functionalized UiO-derivatives
and studied the adsorption chemistry using single-crystal X-
ray diffraction.?®?” However, growing single crystals of many
MOFs can be challenging because of various inherent struc-
tural problems, such as pseudosymmetry, intergrowth, and
disordered structures.?® Our group has recently developed a
reliable methodology to elucidate the adsorbate structures of
small organic molecules (such as ammonia and methanol)
within microporous materials.?*® The slight-but-subtle alter-
nation in the scattering factors (Fnx) upon the incorporation of
adsorbed guest species with long-range order in the MOF
structures can greatly affect the intensity of Bragg’s reflec-
tions.®! In this work, we utilize the unique chemical and struc-
tural functionalities of UiO-66-NH> to investigate how specific
guest anions, namely COz% and F-, can enhance the PL signals.
The combined Rietveld refinement and first-principle calcula-
tion results infer specific binding modes that restrict linker
rotation in UiO-66-NH2 by forming quaternary (-N(H))a...X
molecular bridges via hydrogen bonding. This work reveals
the tertiary structures of MOF with guest anions, which effec-
tively restricts the rotational order of the linker species. A
rational structure-function relation between the adsorbate
structures and optical properties is consequently established
from an atomistic perspective.

Results and Discussion

A highly crystalline UiO-66-NH2 powder sample has been
prepared and characterized (see Figures S1-S5 in Supporting
Information). As determined by synchrotron X-ray powder
diffraction, the sample has a space group of Fm-3m and the
lattice parameter of a = 20.78902(45) A . Based on the method
reported by Lamberti et al., the extent of ligand defect in
MOFs can be estimated by thermogravimetric analysis.®
Hence, the structural formula is calculated to be
Zrs04(OH)4(ATA)ss  (ATA = 2-aminoterephthalic acid,;
Zr:ATA = 1:0.96), and the sample is almost perfectly crystal-
line.

The PL spectra of UiO-66-NH2 with the addition of differ-
ent anions are presented in Figure 1(a). Note that the PL of
pristine UiO-66-NHz can be ascribed to the n>=* ligand-to-
cluster charge transfer from the lone pair of the amino group
on the linker to the ZrsO4 nodal center (see Figure S6).%° Excit-
ingly, we discovered that COs* can increase the PL signal by
1210%. The addition of F* to UiO-66-NH2 increases the PL
intensity by 444%, consistent with a related finding by Zhu et
al.” It is important to note that the PL enhancement effect is
only observed when COs* and F- are applied (see Figure S7),
but the addition of their related anions (CH3COO™ and CI")
does not affect the PL signal. From our binding comparative
study, UiO-66-NH- can selectively uptake COs? from a mix-
ture of (COs? and CHsCOO") and F~ from a mixture of (F" and
CI') as the PL increments match with the addition of a single
anion (COs% or F). It agrees with previous studies that UiO-
66-NH: can selectively uptake F from a halide mixture that
contains F,, Cl- and Br,*° due to the strong interactions be-
tween F and the binding sites in the UiO-66 channels based on
molecular dynamics simulation.*! This can be attributed to the
low activation energy for adsorption for F by UiO-66-NH:
and a relatively strong surface physisorption binding.“° In our
control experiments using UiO-66 (see Figure 1(b)), the PL
signal is unchanged upon the addition of these anions. Figure
S8 shows that the substitution effect by the linker without the

amino group substituent, i.e., by replacing ATA with tereph-
thalic acid. It is found that the PL enhancement upon the addi-
tion of COs? falls in a linear function with the concentration of
ATA linkers.
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Figure 1. Photoluminescence intensities of (a) UiO-66-NH2
and (b) UiO-66, with the addition of COs*, CH3COO", F, and
CI- anions. Plotting PL of UiO-66-NH2 as a function of the
concentrations of (c) COs* and (d) F. Plotting PL of UiO-66-
NH2 upon adding (e) COs? and (f) F- as a function of pH val-
ues.

We have subsequently studied the concentration dependence
of COs* and F with respect to UiO-66-NH2. As presented in
Figure 1(c) and (d), the increments of the PL signal are linear
at low COs* and F concentrations. The linear plots can be
extrapolated to the limit of detection.*? The limits of detection
of COs* and F were determined as 0.63 mg L and 0.12 mg
L, respectively (see Figure S9). According to the guidelines
of the World Health Organization, the level of F in drinking
water should not exceed 1.5 mg L1.*® The COs* in typical
drinking water however range between 10 to 100 mg L7, in-
ferring that UiO-66-NH. may not be an appropriate F~ sensor
for drinking water due to the interference by COs*. The anion-
concentration linearities were discontinued after the stoichio-
metric ratios of COs? and F~ to the ATA linker, inferring stoi-
chiometric bindings.

To investigate the binding preference of the anions in UiO-
66-NH: (direct or indirect binding with the framework), the
PL properties have been compared with UiO-66-NH> modified
with 3d transition metal ions. 3d metal ions, such as Cu?*, can
be grafted onto the Lewis basic linker -NHz moieties to form
acid-base adducts by simple chemical exchange. We have
therefore selected Cu?*-modified UiO-66-NH: (‘Cu?*-UiO-66-
NH2’) as a model to verify our postulations, where we have
extensively characterized the crystal structure of Cu?*-UiO-66-
NH: in our recent work, see Figures S10-S11 for the diffrac-



tion and spectroscopic evidence.** According to elemental
analysis, the Cu-incorporated sample contains 0.10 Cu per Zr,
which approximately equals 0.10 Cu per -NH2. As shown in
Figure S12, the PL signal increases by ca. 60% upon incorpo-
rating Cu?* due to the potential extended charge transfer path-
way. As the Cu?" species are simply grafted onto the -NH:
group through Lewis acid-base interaction, the enhancement in
PL signal can be ascribed as a general ‘antenna effect’. By
loading the Cu2*-UiO-66-NH2 sample with different anions,
the PL signals display percentage changes in perfect agree-
ment with UiO-66-NH2 (see Figure S13). For the samples with
COs* and F, the PL intensity increases noticeably, akin to
those of UiO-66-NH: that increase by 460% and 1080%, re-
spectively. Likewise, the PL signals stay unchanged upon the
addition of CI and CH3COO". Thus, it can be concluded that
the grafted Cu?* plays no active role for PL enhancement be-
sides a sheer antenna effect. This experiment has offered solid
evidence on the direct binding preference of the anions with
the parent MOF structure.

Since the ZreO4 nodes and amino groups on UiO-66-NH:
are sensitive to pH, we employed a set of pH-dependent exper-
iments to investigate the selective bindings of COs* and F by
UiO-66-NH>. As seen in Figure 1(e) and (f), the PL intensities
of Ui0-66-NH: with COs* and F at different pH values (pH
1-11) show a clear pattern. At pH 1, the PL intensities have
not increased when compared with pristine UiO-66-NH2. At
pH 2-3, the PL intensities surge noticeably. It can be attributed
to the direct protonation of the amino group to form ammoni-
um ion -NHzs* and the protonation of the anionic substrate spe-
cies to form their corresponding molecules (H2COs and HF) at
low pH. Consequently, the resultant protonated species cannot
be held together. The gradual increase in PL intensity in COs*
versus the sudden increase in F~ can be ascribed to the differ-
ence in pKa, where the pKa of HF (3.2) is notably lower than
that of H2COs (pKa: = 6.4). Whereas, at increasing pH, the
number of protonated amino groups reduces, which subse-
quently increases their interactions with the Lewis basic sub-
strate ions.”> We also noted reversible pH-dependent PL be-
havior, where the pH was first tuned to about 1 for 30 min
before increasing the pH (see Figure S14). It suggests that the
guest anions are retained at the adsorbed states during the pH
adjustment. When the pH of the solution increases, we ob-
served an apparent blueshift of the peak from 456 nm to 422
nm in both COs* and F substrates. The blueshift can be as-
cribed to the optoelectronic property of the parent UiO-66-
NH: structure due to the deprotonation of the ZrsOs nodes,
where the pKa values of the pus-OH, Zr-OHz, and Zr—-OH
groups are 3.52, 6.79, and 8.30, respectively.* The electronic
states of the nodes can directly affect the n>=n* ligand-to-
cluster charge transfer behavior.
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Figure 2. High-resolution PXRD patterns using Mo X-ray
anode (A = 0.7107 A; E = 17.4 keV) and the corresponding
Rietveld refinement profiles using TOPAS v6.0 of UiO-66-
NH: loaded with (a) COs%, (b) CHsCOO-" (c) F, and (d) CI-.
The crystallographic parameters are summarized in Table
S1.

The influence of COs? and F on PL is believed to be be-
yond simply an electron charge transfer (from direct acid-base
binding) as we do not note any alternation of PL upon adding
CH3COO" and CI'. It implies that the presence of other critical
factors, such as structural change. The structural chemistry of
UiO-66-NH2 has been well-studied, where the ZreOs nodal
centers are coordinated with six ATA linkers in an octahedral
arrangement. Herein, we employed a highly optimized capil-
lary geometry using Mo anode as the X-ray source to study the
structural information and atomic parameters. Fine powder
samples were loaded in 0.5-mm borosilicate capillaries to re-
duce the packing issues with preferred orientation. An ultra-
high angular resolution was achieved at 1 mdeg per step. The
high-resolution PXRD patterns and the corresponding Rietveld
refinement profiles of UiO-66-NH. loaded with different ani-
ons are shown in Figure 2. The crystal type remains cubic. The
lattice parameters from Rietveld refinements are summarized
in Table 1. Interestingly, the unit cell expands by 0.67% and
0.48% upon the addition of COs* and F, but contracts by
0.29% and 0.51% with CHsCOO™ and CI". These structural
findings coincide with our earlier observation that only the
additions of COs* and F~ can noticeably enhance the PL inten-
sities. Also, as the PL properties are pH-dependent, we have
accordingly treated the samples with 0.5 M HCI or 0.5 M
NaOH prior to PXRD measurements. The Bragg’s peaks are
less defined because of the interference with the solution (see
Figures S15-S17). The crystal system remains at cubic with
the space group of Pnma. Interestingly, the lattice parameters
are found to be dependent on pH (see Table S2), with those at
acidic conditions greater than those at basic conditions (be-
tween 1.0%-1.3%). There is only a slight difference between
pristine UiO-66-NH and those loaded with COs* and F. It
suggests that although pH can notably affect the PL property,
it only induces a slight structural change.

Table 1. Lattice parameters and cell volumes derived from
Rietveld refinements of PXRD data of UiO-66-NH2 sam-
ples loaded with different anions.



Sample Crystal Unit cell | Volume Change
type; parameter a | (A3) in vol-
space *) ume
group (%)

UiO-66- Cubic; 20.78902(45) | 8984.66(59) | N.A.

NH2 Pnma

UiO-66- Cubic; 20.8354(18) | 9044.91(24) | +0.67%

NH2 + | Pnma

COz*

UiO-66- Cubic; 20.76891(41) | 8958.62(53) | 0.29%

NH2 + | Pnma

CHsCOOr

UiO-66- Cubic; 20.8221(65) | 9027.68(84) | +0.48%

NH2+ F Pnma

UiO-66- Cubic; 20.75337(55) | 8938.53(72) | 0.51%

NHz+ ClI- | Pnma
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Figure 3. The refined crystal structures of UiO-66-NH:
loaded with (a) COs%, and (b) F, from combined Rietveld
refinement and density functional theory calculations. The
corresponding refined crystal structures UiO-66-NH2 load-
ed with CH3COO" and CI are presented in Figure S19.
Specific directions are selected to show the molecular
pocket. The symmetry of the guest species is disregarded,
and no hydrogens are plotted for clarity.

Given the high crystallinity of the UiO-66-NHz sample, the
Rietveld refinements of high-resolution PXRD data can be
applied to identify the atomic locations of the anionic sites.
The derived crystal structures have been optimized using den-
sity functional theory calculations (see Figure 3 and the com-
putational details in Sl). The adsorbate interactions with re-
spect to the host framework have been subsequently elucidated
in terms of bond/molecular angles and distances. The Fourier

maps showing the electron difference are shown in Figure S18;

the atomic parameters are summarized in Tables S3-S6. As
seen in the refined crystal structure of UiO-66-NH: loaded
with COs%, the atomic location of the COs* species (Wyckoff
letter of 24e) is similar to that of F in UiO-66-NH.. The inter-
atomic distances between Niinker and Ocosz- are determined as
2.699(11) A, in which each of the terminal O" moieties of
COs? species interacts with two neighboring linker amino

groups. The interatomic angles are determined as < O-N-C =
103.8(15)°. By considering the hydrogen atom of the amine
with the typical bond length of N-H of about 1.0 A, the result-
ant H...O" distance becomes about 1.7 A, which falls in the
range of medium hydrogen bonding.*® The bridging coordina-
tion can be hereby understood as (-N(H))4...COs%. It should
also be noted that the possible presence of the electrostatic
stabilization of COs? by the Zr(IV) moiety at the nodal center
where an interatomic distance of 3.244(9) A was determined.

As seen in the refined crystal structures, the binding site of
F is located between four neighboring linker amino groups,
with the interatomic distances between Niinker and F~of 2.591(8)
A (generated from mirror symmetry; Wyckoff letter of 24e).
The interatomic angles are determined as <F-N-C =
171.6(10)°. Similarly, the resultant H...F~ distances become
about 1.6 A%, which suggests that the F~ also binds with the
four neighboring amines with relatively strong hydrogen
bonding interactions.*” As this guest F~ species is located be-
tween four neighboring framework amine groups, a quaternary
amine-fluoride ((-N(H))s...F") bridge is therefore formed at
molecular distances. The hydrogen bonding can thus restrict
the four neighboring ATA linkers from thermal rotation under
thermodynamic equilibrium. On the other hand, the interatom-
ic distance between F and Zr was determined as 3.675(15) A
which suggests a weak electrostatic stabilization when com-
pared with the case of COs%.

Evidently, the linkers are locked at this statistical orientation
to achieve the most stable binding geometry with COs* and F
under thermodynamic equilibrium. The four-fold symmetry
operation of the space group of Fm-3m has facilitated the sta-
bilization of the guest anions by the four surrounding amino
groups of the UiO-66-NH2 framework. Hence, it is evident
that the formation of these hydrogen-bonded molecular bridg-
es restricts the rotation of the linkers (as illustrated in Scheme
1), consequently enhancing the PL signals through the RRE
effect.
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Scheme 1. Schematic illustration on the proposed mecha-
nism of the restricted rotational freedom of C-C bond in
the linker of UiO-66-NH: by the formation of quaternary
hydrogen-bonded (-N(H))4...X" molecular bridge.

We have further investigated the crystal structures of UiO-
66-NH: loaded with CH3sCOO™ and CI" (see Figure S19). The
site occupancy factor of CI- is low at 0.03(1), suggesting that

Ui0-66-NH: can only marginally adsorb CI- from the substrate.

It is in agreement with the work by Lin et al. about the low
uptake of CI- amongst a solution mixture of halides.*’ In the
case of CH3COO, the closest interatomic distance between the
guest CHsCOO" and the linker species is found at 2.71(2) A.
However, other interatomic distances are found at much long-
er values, suggesting the absence of a secondary bonding. As
CH3COO only possesses one formal negative charge, suggest-
ing that it is unlikely to bridge the linker amino groups in the
same manner as that of CO3? in UiO-66-NH.

In general, the resonance structures of ATA offer thermo-
dynamic stabilization to offer rotational rigidity along the axis
of the C-C bond (see Figure S20). However, it is possible to
perturb the rigidity of the linker species in some metal-
modified UiO structures, by the incorporation of guest species,
at the thermodynamic ground state.?® We have therefore ana-
lyzed the rotational order by placing two rigid bodies Z-
matrices, where matrix 1 describes the ATA linker with O and
N atoms not on the same plane and matrix 2 with relaxed di-
hedral angles between O and N atoms. It is ultimately found
that the site occupancy factor of matrix 2 tends to zero. This
suggests that the coordination geometry remains at perfect
octahedral at the nodal center. Therefore, the additional ther-
modynamic contribution from the coordination through hy-
drogen bonding with bridging F~ and COs? is insufficient to
perturb the resonance stabilization from electron delocaliza-
tion.

It has been noted that the PL increment for loading COs% on
UiO-66-NH2 is much higher than loading F- (cf. 1210% vs.
444%). When guest COs? and F ions adsorb on the UiO-66-
NH2, they not only affect the structural and atomic parameters
as discussed above but also the electronic structures. As seen
in Figure 4, our induced charge calculations show substantial
changes in the electron densities between the guest anions and
the framework -NHz groups, which are caused by the resultant
hydrogen bonding interactions. The electron density increases
much more significantly at the terminal O ends upon binding
with COs? when compared with that of F, which can be corre-
lated with the optical properties as discussed. Meanwhile, the
electronic perturbation from the Zr-based nodal center is weak
due to the relatively longer interatomic distances between the
guest anions and the Zr atom (> 3.2 A). It indicates that the
hydrogen bonds play an important role in the adsorption be-
havior, which can further the RRE effect.

Figure 4. Induced charge rearrangement upon loading (a)
COs?* and (b) F on UiO-66-NH: at an iso-surface value of 2
x 10~ e/A3. The blue zones indicate a decrease in electron
density, whereas the yellow zones indicate an increase in
electron density. Atoms are colored as follows: C (gray), N
(blue), O (red), F (purple), Zr (green), and H (white). The
experimental techniques can be found in the Methods sec-
tion in SI.

Conclusions

In summary, this work has investigated the fundamental
reasons for guest-anion-induced PL enhancement of UiO-66-
NH: from the structural, electronic, and optical perspectives.
Whereas the PL property in pristine UiO-66-NH: can be as-
cribed to n>n* charge transfer from the linker amino -NH:
group to the ZrsO4 nodal center, the significantly enhanced PL
signals can be attributed to the restricted rotation of the ATA
linker via the formation of quaternary hydrogen-bonded (-
N(H))a...X" molecular bridges, which subsequently perturbs
the electronic structures. Akin to the chemistry of rotation-
restricted emission as widely studied in related materials, the
formation of these molecular bridges in UiO-66-NH2 has hin-
dered the rotational freedom of the single C-C bond in the
ATA linkers. This work will shed light on the design of MOF-
related materials for anion sensing and afford substantial pro-
gress in the fundamental reasoning of related luminescent ma-
terials.

Methods
Rietveld refinement of powder X-ray diffraction

High-solution powder X-ray diffraction data were collected
at synchrotron beamline BL02B2 (energy = 18 keV; A =
0.689556(2) A), at SPring-8, Japan and in a highly optimized
laboratory diffractometer equipped with Mo-anode X-ray tube
(AL =0.7107 A). The samples were loaded in 0.5-mm borosili-
cate capillaries to reduce issues from sample textile and pre-
ferred orientation.

In total, there are more than 140 independent hkl reflections
measured (within the region of refinement (26 = 2-30°). From
a mathematical perspective, the number of variables should
not exceed the number of observables. In the Rietveld refine-
ments performed in this work, the number of structural param-
eters has not exceeded 30. The lattice parameters were ob-
tained using Pawley and Rietveld refinement methods. Analy-
sis of the diffraction patterns was performed using the TOPAS
v6.0 software. The background curve was fitted by a Cheby-
shev polynomial with an average of 12 coefficients. The
Thompson-Cox-Hastings (pseudo-Voigt) function was applied
to describe the diffraction peaks®. The scale factor and lattice
parameters were allowed to vary for all the histograms.



The atomic locations of the framework atoms may change
slightly — a small deviation from the starting model. Therefore,
before the refinement of the entire structure with guest anions,
the framework atoms and the positions of atoms were first
refined. This was performed to avoid a miscalculation of the
structure that reaches the global minimum of the refinement
by changing the entire framework. Next, the Fourier analysis
was used to identify the positions with the highest remaining
electron density in the framework, once the positions of the
host atoms have been determined.

Based on Fourier analysis, a Monte Carlo-based simulated
annealing technique in which the guest anions as rigid bodies
were used to locate their positions within the UiO-66-NH:
framework. The rigid-body Z-matrices of the guest anions
were refined while keeping the fractional coordinates of the
framework atoms fixed. The relevant structural and atomic
parameters were relaxed to be refined by simulated annealing
repeatedly for an hour to ensure the global minimum has been
reached. The global minimum is indicated by the lowest Rwp
and gof values.

The Beq Were constrained in the following way: (i) all the
framework Zr-sites share the same value as 0.6 A2, and the
values for the framework O-sites as 2 A2, and (ii) the Beg Of
the extra-framework atoms were all arbitrary fixed at 8 A 2,333
The position errors of the guest species were estimated from
the percentage errors of the translation and rotation axes of the
rigid bodies.
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