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The straightforward identification of enantiomers is of large importance to applications in the pharma-
ceutical, food and agricultural industries. We report the incorporation of two ligands containing the 1,1'-
binaphthyl (BINOL) core with axial chirality and p-camphoric acid containing point chirality into Zn(i)
metal—-organic framework (MOF) chiral fluorescence sensors. The Zn(1) MOFs displayed outstanding
enantioselectivity as chiral fluorescent sensors with an exceptional enantiomeric ratio (ER) of 3.92 which
is amongst the highest values reported, along with excellent accuracy for the determination of enantio-
meric excess in unknown samples. The role of complementary void shapes, a chiral co-ligand and hydro-
gen bonding interactions between the guest and sensors are explored.
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Introduction

The detection of chirality in biological and chemical systems is
of fundamental importance given its prevalence in nature.'
The determination of chirality and enantiopurity in molecules
is particularly important for the pharmaceutical, agricultural
and food industries due to the possible adverse effects of the
wrong enantiomer upon biological systems. The ratios and/or
presence of specific enantiomers are additionally useful for
the detection of diseases including cancer, renal disorders,
and brain injuries.” The detection of chirality is difficult due
to the very similar physical properties of a pair of enantiomers
which only differ in their 3D orientation in space; an enantio-
mer can only be detected in the presence of other chiral
systems or in the presence of plane-polarised light.
Techniques involving column chromatography, in particu-
lar HPLC with a chiral stationary phase, have dominated the
detection of chiral molecules.> HPLC however has several
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drawbacks including the cost and the need for specialised
instrumentation requiring careful optimisation with different
chiral analytes. A faster, more accessible, and simpler method
for differentiating between a pair of enantiomers is the use of
optical techniques including fluorescence which provide faster
data acquisition, require simpler instrumentation and are
more user friendly.*

Supramolecular systems including metal-organic frame-
works (MOFs) and coordination polymers (CPs) are particularly
amenable as fluorescent chiral sensors due to their tuneable
nature and potential chiral voids.>” The chiral voids may be
engineered to ensure shape complementarity with non-
covalent interactions to ensure strong binding of the target
chiral analyte to the sensor.® The voids may facilitate precon-
centration of the chiral analyte, enabling detection at very low
analyte concentrations.” Despite the large potential for the
development of MOFs as fluorescent chiral sensors, only a
handful of studies have been reported.>®™*® A challenge facing
MOF-based fluorescent chiral sensors is engendering a high
degree of enantioselectivity in interactions with enantiomeric
pairs.

One of the most versatile systems that have emerged for
application as chiral fluorescent sensors is 1,1-binaphthyl
(BINOL) which contains axial chirality due to hindered
rotation of its naphthyl rings about the aryl-aryl bond.'**°
The aromatic naphthyl rings bestow fluorescent properties
that can be tuned by variation of the substituents on the
BINOL core.?’ To the best of our knowledge, only two examples
of BINOL CPs and MOFs as fluorescent chiral sensors exist.”"*
The first report on [Cd,(tbtb)(H,0),]-6.5DMF-3EtOH [tbtb-H, =
(R)-2,2"-dihydroxy-1,1"-binaphthyl-4,4',6,6-tetrakis(4-benzoic acid);
DMF = N,N-dimethylformamide] was effective as an enantio-
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selective fluorescence sensor for amino alcohols, with a high
enantiomeric ratio (ER) of 3.12 obtained for 2-amino-3-methyl-1-
butanol.’

The second example was a Zn(u) MOF previously reported
from our group, [Zn;((S)-L,)(tma),(DMF);]-2DMF ((S)-L; = (S)-
4,4"-dipyridyl-2,2'"-diethoxy-1,1"-binaphthalene, Hztma = trime-
sic acid) as a fluorescent chiroptical sensor effective towards a
range of carboxylic acids, amino alcohols, amines and amino
acids, with particular enantioselectivity towards Mosher’s acid
with an ER of 2.23."> The Zn(i1) MOF was successfully used to
determine the enantiomeric excess (ee) of unknown solutions
- albeit with a large error at higher ee’s. We rationalised that
changing the achiral trimesic acid co-ligand for a chiral co-
ligand such as p-camphoric acid (which contains point chiral-
ity) may induce higher enantioselectivity in our Zn(u) MOF
fluorescence sensor due to the additional source of chirality.

Herein, we present the synthesis of two isostructural
BINOL-containing Zn(u) MOFs, [Zn((S)-L,)(p-cam),]-4.9DMF-
2.8H,0 (1-OEt) ((S)-L; = (S5)-4,4'-(2,2"-diethoxy-[1,1-binaphtha-
lene]-4,4"-diyl)dipyridine) and [Zn((S)-L,)(p-cam),] (1-OH) ((S)-
L, = (S)-4,4"-(2,2"-dialcohol-[1,1-binaphthalene]-4,4"-diyl)dipyri-
dine), and assess their ability as chiroptical fluorescent
sensors towards Mosher’s acid. Both 1-OH and 1-OEt exhibit
outstanding ERs which are among the highest values currently
known for MOF-based chiral fluorescent sensors. The role of
hydrogen bonding, the additional point chirality of the
p-camphoric co-ligand and the hourglass shape of the void will
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be discussed in terms of their impact upon the enantio-
selectivity of the MOF. The ability of 1-OH to determine the ee
of unknown solutions was quantified through the construction
of a calibration curve.

Results and discussion

Synthesis and structure

[Zn((S)-L1)(p-cam),]-4.9DMF-2.8H,0 (1-OEt) ((S)-L; = (S)-4,4-
(2,2"-diethoxy-[1,1"-binaphthalene]-4,4'-diyl)dipyridine, p-cam =
p-camphoric acid) and [Zn((S)-L,)(p-cam),] (1-OH) ((S)-L, =
(S)-4,4'-(2,2'-dialcohol-[1,1-binaphthalene]-4,4'-diyl)dipyridine)
were synthesised by heating (S)-L; or (S)-L, with p-camphoric
acid in DMF at 80 °C overnight to yield the isostructural frame-
works of 1-OEt and 1-OH, respectively as pale yellow crystals.
1-OEt contains a zinc paddlewheel node where two Zn(u)
ions are each linked by four dicarboxylate ligands in a mono-
dentate manner (Fig. 1a). The Zn(u) ion features a square pyra-
midal coordination sphere containing four equatorial
O-donors from four distinct dicarboxylate ligands and one
axial N-donor from (S)-L;. Typical bond distances of 2.012(4)-
2.034(4) A for Zn(un)-N and 2.012(2)-2.097(2) A for Zn(u)-O are
observed. The axial chirality in (S)-L; is clearly shown through
the orthogonal orientation of the two naphthyl rings in the
ligand (Fig. 1b). The chiral (S)-L, ligand is coordinated
through the axial position of the Zn(u) paddlewheel enabling

Fig. 1 Structure of the Zn(i) paddlewheel framework 1-OEt in this study, depicting (a) the Zn(i) paddlewheel node, (b) structure of (S)-L; showing
the axial chirality of the BINOL moiety, (c) the pcu 3D structure where the b-cam co-ligands are shown as yellow rods and (d) the hourglass shaped
pores formed by the Zn(i) paddlewheels and p-cam co-ligands, as viewed from the c axis. Atom depictions are as follows: carbon = black, oxygen =
red, nitrogen = blue, zinc = purple. Hydrogens have been omitted for clarity.
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the square grid 2D sheet containing Zn(u) paddlewheels and
dicarboxylate ligands to be extended into three dimensions,
forming a framework with pcu topology (Fig. 1c). The neigh-
bouring 2D sheets are separated by approximately ~19 A; a dis-
tance that approximately corresponds to the length of the
(S)-L; ligand (free ligand length is 15.772 A) coordinated to the
Zn(u) centres. 1-OEt does not exhibit any structural interpene-
tration due to the hourglass shape of the channels formed by
the p-cam co-ligands where the distance at the central waist of
the hourglass channels (2.127 A) is too short to allow the (S)-L,
ligand to pass through (Fig. 1d).

Strong intermolecular interactions must be engendered to
ensure effective association between the BINOL core of the
ligand and potential chemical analytes in sensing. The 1-OH
framework contains the (S)-L, ligand featuring unprotected
hydroxyl groups that should enable hydrogen bonding inter-
actions between the framework and chiral guests. Despite our
best efforts, a satisfactory single crystal structure solution was
unable to be resolved due to the poor diffraction quality of the
crystals. However, the powder XRD of 1-OH indicates that it is
isostructural to 1-OEt (ESI, Fig. S37). The (S)-L, ligand there-
fore links the 2D sheets containing zinc paddlewheel nodes
and p-cam together through coordination in the axial position
in an analogous manner to (S)-L; in 1-OEt. Most importantly,
the hydroxy binding sites from (S)-L, will be pointing into the
pores of 1-OH, analogous to the ethoxy groups from (S)-L, in 1-
OEt, which will allow interaction of guest molecules with the
1,1"-binapthyl moiety. The FT-IR spectrum of 1-OH is similar
to 1-OEt, with the notable difference of a broad absorption at
3332 em™ ", indicative of the voy stretch (ESI, Fig. S5 and 67).

The lack of interpenetration in 1-OEt enables an overall
accessible void space of 43.8%. The thermal gravimetric ana-
lysis (TGA) of 1-OEt and 1-OH are similar, displaying a moder-
ate mass loss below 140 °C (1-OEt: 14%, 1-OH: 22%) corres-
ponding to the liberation of DMF and water molecules present
in the framework voids before decomposition occurs above
350 °C (ESI, Fig. S7-97). The larger mass loss for 1-OH may be
attributed to the lower steric bulk of the hydroxy group in 1-
OH when compared to the ethoxy group in 1-OEt resulting in a
larger accessible volume.

Photophysical properties

The photophysical properties of 1-OH and 1-OEt were charac-
terised by UV/vis absorption spectroscopy and fluorescence
spectrophotometry to evaluate their suitability for fluo-
rescence-based sensing experiments. Crystals of both com-
pounds were soaked in acetonitrile overnight, then filtered,
washed, and manually crushed before being suspended in
acetonitrile to prepare stock suspensions with the frameworks
at effective concentrations of 10 pM. These framework suspen-
sions absorb strongly in the UV region: 1-OH displays three
absorption maxima at 229 nm, 302 nm, and 344 nm (ESI,
Fig. S10%), while 1-OEt absorbs at 233 nm, 305 nm, and
349 nm (ESI, Fig. S11}). The three-band absorption profile
common to both frameworks matches those of similar BINOL-
based structures,">*' and is assigned to organic m-m* tran-

This journal is © the Partner Organisations 2024
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sitions. The isostructural frameworks of 1-OH (ESI,
Fig. S12-1471) when excited at 229 nm, 302 nm, and 344 nm
and 1-OEt (ESI, Fig. S15-171) when excited at 229 nm, 305 nm
and 349 nm feature similar emission spectra. 1-OH emits at
415 nm, with a second, weaker emission band at 780 nm while
1-OEt emits at 428 nm and 800 nm. The emission of both 1-
OH and 1-OEt correspond to the strong emissions of BINOL-
based systems in the range of 350-450 nm."*?°

Fluorescence quenching experiments

Mosher’s acid was chosen as a chiral analyte to test the
sensing ability of 1-OH and 1-OEt towards chiral guest species
via fluorescence quenching studies (Fig. 2a). Mosher’s acid is
commonly used as a chiral derivatising agent for the NMR elu-
cidation of chiral species.**** This analyte is ideal for enantio-
selective sensing studies,'” as the compound possesses mul-
tiple binding sites capable of non-covalent interactions with a
host framework, such as carboxylic acid and trifluoromethyl
functionalities suitable for hydrogenbonding and a phenyl
ring for n—x stacking. The CF; moiety adds considerable steric
bulk about the compound’s chiral centre, which can be
exploited to enforce greater enantioselectivity within the con-
fines of a porous material.

Solutions of the (R)-enantiomer of Mosher’s acid were
added to suspensions of 1-OH to probe the framework’s fluo-
rescence response. The resulting changes in fluorescence
intensity of the 415 nm emission peak were measured via fluo-
rescence spectrophotometry. Unexpectedly, the emission of 1-
OH was enhanced upon addition of the analyte (Fig. 2b). The
fluorescence intensity continued increasing until the analyte
reached a critical concentration of 0.1-0.2 mM, after which the
intensity decreased again, then followed linear Stern-Volmer
quenching behaviour up to 0.6 mM. The Mosher’s acid guest
was likely exchanging with the small amount of residual DMF
solvent molecules inside the framework which was quenching
the fluorescence of 1-OH. The emission intensity of 1-OH
decreased once the concentration of Mosher’s acid was high
enough to have exchanged out most DMF solvent molecules.

The crystals of 1-OH were heated at 60 °C to verify the role
of DMF in quenching the fluorescence of 1-OH prior to sus-
pension in acetonitrile. Heating of 1-OH successfully removed
residual DMF solvent molecules as observed through FT-IR
spectroscopy (ESI, Fig. S18t) and fluorescence spectropho-
tometry (Fig. 2c). DMF was reintroduced to the suspension
after heating of 1-OH resulting in fluorescence quenching,
confirming the role of DMF in the fluorescence behaviour of
the system (Fig. 2d). The upward trend in the Stern-Volmer
plot is suggestive of combined static and dynamic quenching
mechanisms.

Enantioselective sensing studies

Both enantiomers of Mosher’s acid were used in fluorescence
quenching experiments to assess the enantiomeric recognition
ability of 1-OH and 1-OEt. Enantiopure solutions of either (R)-
Mosher’s acid or (S)-Mosher’s acid were added incrementally

Inorg. Chem. Front,, 2024, 11, 3877-3888 | 3879
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(a) Exchange of residual N,N-dimethylformamide (DMF) solvent with chiral guest Mosher’s acid; (b) Stern—Volmer plot showing the fluor-

escence enhancement, then quenching, by (R)-Mosher’s acid of 1-OH without heating to remove residual DMF (linear fit shown for 0.2-0.5 mM); (c)
fluorescence spectra of 1-OH as a suspension in acetonitrile before and after heating at 60 °C for 1 hour; (d) Stern—Volmer plot of the fluorescence

quenching of 1-OH by DMF. In all cases, lex = 229 nm.

to suspensions of 1-OH and 1-OEt following heating of the
framework to eliminate as much residual DMF as possible.

A marked difference was observed in the quenching
response of 1-OH towards the enantiomers of Mosher’s acid,
where the response was over four times stronger for (R)-
Mosher’s acid than that of (S)-Mosher’s acid at the same con-
centration (Fig. 3a). A higher population of (R)-Mosher’s acid
may be present within the channels of 1-OH, due to comple-
mentarity between the orientation of the analyte and the
stereospecific pore environments of the MOF resulting in the
differences in fluorescence quenching.

The quenching behaviour of (R) and (S)-Mosher’s acid on
1-OH was approximately linear in the analyte concentration
range of 0.2-0.6 mM (Fig. 3b). The linearity of the quenching
response allowed each quenching response to be mapped to
the linear Stern-Volmer equation: Iy/I = Ksy[Q] + 1 (where I, is
the initial fluorescence intensity of 1-OH; I is the intensity
after addition of the quencher; Kgy is the Stern-Volmer con-
stant; and [Q] is the concentration of the quencher).”* The gra-
dient of the linear fit for each enantiomer could be approxi-
mated as the Stern-Volmer constant, Ksy, relating to the

3880 | /norg. Chem. Front, 2024, 11, 3877-3888

quenching strength of the analyte. The average Kgy constant
for (R)-Mosher’s acid was 1.21 x 10° M™", while (S)-Mosher’s
acid was 0.32 x 10> M. The enantioselectivity ratio (ER) can
then be calculated using the two Ksy constants, representing
the enantioselectivity of the quenching process. The average
ER value for the quenching of 1-OH by Mosher’s acid was cal-
culated to be 3.92 + 0.38. To our knowledge, this is the highest
of such values reported in the literature to date for MOF-based
fluorescent sensing systems (Table 1).

A suspension of 1-OEt in acetonitrile was also treated with
solutions of Mosher’s acid to assess the role of hydrogenbond-
ing upon fluorescence quenching (Fig. 3c). The presence of the
ethoxy group in 1-OEt precludes hydrogen bonding from
occurring between the BINOL moiety and the Mosher’s acid
guest. A direct comparison of the impact of hydrogen bonding
can be made between 1-OEt and 1-OH as these frameworks are
isostructural. 1-OEt showed similar quenching behaviour to 1-
OH, including the initial enhancement by Mosher’s acid up to
0.20-0.35 mM and subsequent quenching. This was unex-
pected as 1-OEt is unable to form hydrogenbonds with
residual DMF solvent molecules. The similar behaviour of 1-

This journal is © the Partner Organisations 2024
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Fig. 3 (a) Fluorescence spectra of 1-OH (e, = 229 nm) before and after the addition of the enantiomers of Mosher’s acid at quencher concentration
of 0.57 mM; Stern—Volmer plots following the quenching of (b) 1-OH (lex = 229 nm) and (c) 1-OEt (lex = 233 nm) by the enantiomers of Mosher’s
acid; (d) calibration plot for the quenching of 1-OH by racemic mixtures of Mosher's acid at different enantiomeric excess values with respect to the
(R)-enantiomer (lex = 229 nm). (S)-Mosher’s acid is represented by red lines, and (R)-Mosher’s acid by blue lines in all figures.

Table 1 A list of selected CPs and MOFs with enantioselective fluorescence-based sensing functions with the enantioselectivity ratio (ER) values

for given chiral analytes

Framework” Chiral analyte(s) ER Ref.
[Zny(S-L,)(p-cam),]-0.5DMF-10H,0 (1-OH) Mosher’s acid 3.92 This work
[Zn,(S-Ly)(p-cam),]-4.9DMF-2.8H,0 (1-OEt) Mosher’s acid 3.72 This work
[Cd(L)(4,4"-bpy)]-DMA-5H,0 Penicillamine 3.60 10
[Zn4(L),(us-H,0)(TBSC)]- 3SDMF-MeOH-6H,0 Alaninol 3.27 11
MIL-53-C1 Quinine/quinidine 3.26 17
Hydroquinidine/hydroquinine 1.57 17
Cinchonine/cinchonidine 1.16 17
[Cd,(L)(H,0),]-6.5DMF-3EtOH 2-Amino-3-methyl-1-butanol 3.12 9
MIL-53-C2 Quinine/quinidine 2.51 17
Hydroquinidine/hydroquinine 1.84 17
Cinchonine/cinchonidine 1.93 17
[Zn;(S-Ly)(tma),(DMF);]-2DMF Mosher’s acid 2.23 12
[Cuy(p-cam),(4,4"-bpy)] a-Ethylbenzylamine 2.02 11
Ui0-66-C Quinine/quinidine 2.01 17
Hydroquinidine/hydroquinine 1.69 17
Cinchonine/cinchonidine 1.21 17
[Zrs04(OH)5(BTC),(HCOO)s(H,0)] Tryptophan 1.53 13
[(CH;),NH,],/5[Zn,(adenine)(TATAB)O;4]-6.5DMF-4H,0 Cinchonine/cinchonidine 1.40 14
MIL-125-NH,-C Quinine/quinidine 1.36 17
Hydroquinidine/hydroquinine 1.18 17
Cinchonine/cinchonidine 1.13 17
[(CH;),NH,][Cd(bpdc);/,]-2DMA Quinine/quinidine 1.20 15

“See cited references for detailed framework and ligand structures.

This journal is © the Partner Organisations 2024
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OEt to 1-OH suggests fluorescence quenching primarily occurs
due to the complementary shape and size of the pore environ-
ment towards DMF rather than hydrogen-bonding ability. 1-
OEt did, however, display weaker enhancement upon the
addition of Mosher’s acid than 1-OH, suggesting hydrogen
bonding does have a minor impact on the interaction of the
chiral analyte with the framework.

As with 1-OH, the quenching responses for 1-OEt and the
enantiomers of Mosher’s acid were mapped to the linear Stern—
Volmer equation in applicable concentration ranges (0.4-0.6 mM)
(Fig. 3c). For 1-OEt, the Kgy, constants of (R)-Mosher’s acid and
(S)-Mosher’s acid were 0.39 x 10> M~" and 0.11 x 10> M, respect-
ively. The ER value for the quenching of 1-OEt by Mosher’s acid
is calculated to be 3.72 — a lower value than that of 1-OH, but still
an impressive result as an enantioselective chiral MOF-based
sensor, with 1-OEt only second to 1-OH.

While 1-OH does boast higher enantioselectivity than 1-OFt,
the enhancement of the ER value attributed to the increased
hydrogen-bonding ability of (S)-L, is slight. This suggests that the
strength of the hydrogenbonds formed with an analyte needs to
be considered together with the shape and size complementarity
between the pore environment and the chiral guest. The total
network accessible surface area was calculated to be 957.48 mA?/
cmA® using a nitrogen probe radius of 3.314 A with the “Pore ana-
lysis” function in Mercury (ESI, Table S3+). The pore limiting dia-
meter was determined to be 4.15 A and the maximum pore dia-
meter to be 7.25 A. Mosher’s acid is approximately 6.1 A along its
longest axis, and ~3.0 A along the short axis, which are highly
complementary in size to the calculated pore dimensions,
enabling a perfect fit between host and guest and thus resulting
in heightened stereospecificity in sensing.

The framework 1-OH was investigated as a quantitative
chiral sensor due to its higher ER value. The ability of 1-OH to
determine the ee from an unknown mixture was evaluated by
initially constructing a calibration curve from —100% ee to
+100% ee (Fig. 3d). The calibration curve was constructed
using six different (R) and (S) ratios, and each measurement
repeated three times. Two randomly selected racemic ratios
were tested to validate the calibration; the fluorescence
responses of ee at —50% and 0% with respect to the (R)-enan-
tiomer were obtained from the calibration curve with values of
—51.5% and —1.6%, respectively. The excellent similarity of the
ee values determined from the calibration curve demonstrate
the ability of 1-OH to discriminate between the enantiomers of
Mosher’s acid. Of particular note is the higher accuracy
achieved by 1-OH for the determination of the ee value for an
unknown mixture when compared to the previously reported
Zn(u) BINOL MOF, [Znj(S-L,)(tma),(DMF);]-2DMF"* which
shows more than a 20% deviation. The increased accuracy of
1-OH may be attributed to the greater enantioselectivity of the
framework where the higher ER value enables a larger gradient
in the calibration curve and thus greater accuracy.

Time-resolved fluorescence measurements

Time-resolved fluorescence experiments were conducted to
study the quenching mechanism of 1-OH in more detail (Fig. 4

3882 | Inorg. Chem. Front., 2024, 11, 3877-3888
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and ESI, Tables S4, 5t). The capacity of both (R) and (S)-
Mosher’s Acid to quench the fluorescence of the BINOL fluoro-
phore in framework 1-OH was determined by comparing the
fluorescence decay time of the fluorophore alone to the fluoro-
phore in the presence of increasing concentrations of (R) and
(S)-Mosher’s acid (Fig. 5). In both cases, the fluorescence decay
timescale of the fluorophore slightly decreases as the concen-
tration of the enantiomer increases. However, double exponen-
tial global analyses of the decay curves (ESI, Tables S4 and 5%)
reveal that for both (R) and (S)-Mosher’s Acid, any decrease in
the average emission decay time is due to a change in the
weighting (a) of the two separate lifetimes associated with the
fluorophore rather than a decrease in the actual lifetimes (7).
This indicates that the quenching of the BINOL fluorophore by
Mosher’s Acid is not dynamic, but rather a static process.”®
The differences in the strength of interaction between the
enantiomers of Mosher’s acid and frameworks 1-OH and
1-OEt may therefore be due to the formation of a weaker emis-
sive host-guest complex for the (S)-enantiomer.

Previous studies of the fluorescence decays of MOF chiral
sensors in the presence of analytes have elucidated a static
quenching process for 1- and p-penicilliamine,'® dynamic
quenching for - and p-tryptophan'® and multiple quenching
(both dynamic and static) for quinine and quinidine.'® The
mechanism of fluorescence quenching therefore appears to be
highly variable and dependent upon the chiral MOF sensor
and the analytes used.

Computational studies — host-guest interactions and the
position of guests in voids

Density Functional Theory (DFT) simulations with cluster
models were used to study the interactions between Mosher’s
acid and 1-OH. Details of the calculations including the devel-
opment of the cluster models are provided in Computational
approach. Across our tests of Mosher’s acid with the four
cluster models used to simulate 1-OH, the most stable struc-
tures for both (R) and (S) isomers of Mosher’s acid are found
for cluster model 1 (Fig. 5). In this cluster, the OH in the
BINOL groups of (S)-L; are in closest proximity to the void
space that Mosher’s acid occupies in our simulations. As a
result, these alcohol groups provide potential hydrogen
bonding sites between 1-OH and Mosher’s acid. In addition,
n-n stacking interactions between the aromatic BINOL groups
and Mosher’s acid are also possible. (S)-Mosher’s acid has a
more favourable exchange reaction free energy with the aceto-
nitrile solvent (Fig. 5b, Gexchange = —2.2 keal mol ™) than (R)-
Mosher’s acid (Fig. 53, Gexchange = 0.3 keal mol ™). This differ-
ence can be attributed to the formation of hydrogen bonds
between the carboxylic group of (S)-Mosher’s acid and the OH
group of the BINOL ligand (hydrogen bond length = 1.8 A,
Fig. 5b). (R)-Mosher’s acid does not form these hydrogen
bonds. Interestingly, neither isomer shows n-n stacking inter-
actions in its most stable structure. As discussed in the ESIL,
we trialled initial configurations that favoured n-n stacking; in
the case of (R)-Mosher’s acid all structures optimised to give
geometries with no such interactions; for (S)-Mosher’s acid we
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Fig. 4 Fluorescence decay curves for the BINOL fluorophore in acetonitrile alone (10 mM) and in the presence of an increasing concentration of (a)
(R)-Mosher’s Acid or (b) (S)-Mosher's Acid. The fluorescence was recorded using le, = 300 nm and Ao, = 416 nm. The solid black line is the fit and

the black data points the instrument response function (IRF).

found optimised structures with n-n stacking but these were
not as stable as the structure in Fig. 5b which has a hydrogen
bonding interaction. Overall, our results show that (S)-
Mosher’s acid forms a stronger interaction with 1-OH when
compared to (R)-Mosher’s acid. This is in contrast with experi-
mental results showing that (R)-Mosher’s acid exhibits greater
quenching behaviour. This leads to the conclusion that the
quenching behaviour of the 1-OH is driven more by the chiral-
ity and complementary fit of the pore channels for the enantio-

This journal is © the Partner Organisations 2024

mers of Mosher’s acid than the strength of the interactions
between Mosher’s acid and 1-OH.

Discussion

Two major factors are believed to contribute to the high
enantioselectivity of 1-OH; the confined hourglass void
environment and hydrogen bonding in the framework. The
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Gexchange = 0-3 keal/mol

Gexchange = -2-2 kcal/mol

Fig. 5 Optimised geometries of the most stable structures for (a) (R)- and (b) (S)-Moshers acid interacting with 1-OH. In this structure, 1-OH is rep-
resented using cluster model 1 which is vertically aligned with the z axis relative to the periodic structure (refer to Fig. Slat). Hydrogen bonds are
shown in dotted grey, where atom depictions are as follows: carbon = grey, hydrogen = white, oxygen = red, nitrogen = teal, fluorine = green.

observations from experimental results and computational cal-
culations indicate that the enantioselectivity of 1-OH and 1-
OEt is predominantly driven by the complementary and con-
fined void environments within the framework structure.
While hydrogen bonding does play a role in enhancing the
enantioselectivity of 1-OH, the increase is slight when com-
pared to 1-OEt. The enantioselectivity in 1-OH and 1-OEt
arises due to the complementary void size and chemistry with
the Mosher’s acid guest, which contrasts with previous MOF
chiral sensors whose function was predominately attributed to
non-covalent interactions between the MOF and the chiral
analyte. These non-covalent interactions included hydrogen
bonding and n-n stacking for the sensing of enantiomers of
quinine and quinidine,"” cinchonine and cinchonidine,"
1~ and p-penicillamine'® and 1- and p-tryptophan.*?

The two sources of chirality inside the voids of 1-OH and
1-OEt - axial chirality from the BINOL-based (S)-L; or (S)-L,
ligands and point chirality from the bp-cam co-ligands
- together generate inner-framework channels with enhanced
stereospecificity. The chiral centres in the p-cam co-ligand do
not possess functional groups likely to form hydrogenbonds or
undergo other non-covalent interactions with a chiral analyte.
As a result, p-cam is unlikely to compete with (S)-L; or (S)-L,
for guest binding and would only complement the enantio-
selectivity of these interactions.

The role of the additional source of point chirality from the
p-cam co-ligands in enhancing the enantioselectivity of the
system was explored by conducting Stern-Volmer fluorescence
quenching experiments with 1-OH containing a racemic L,
(rac-L,) (ESI, Fig. S20 and 21%). [Zny(rac-L,)(p-cam),]:

3884 | /norg. Chem. Front,, 2024, 11, 3877-3888

0.5DMF-10H,0 (rac-1-OH) was treated with (R)- or (S)-Mosher’s
acid to reveal that even in the absence of enantiopure BINOL,
rac-1-OH exhibited enantioselectivity (ESI, Fig. S20t). The
Stern Volmer plots of rac-1-OH yielded Ksy constants of 1.68 x
10° M™" for (R)-Mosher’s acid and 0.90 x 10> M~ for (S)-
Mosher’s acid to obtain an ER of 1.86 (ESI, Fig. S211). When
compared to 1-OH (ER = 3.92), rac-1-OH showed a significant
decrease in enantioselective efficiency in the absence of enan-
tiopure BINOL, implying that the chirality of BINOL and p-cam
constructively influence the enantiomeric response toward
Mosher’s acid. Including secondary sources of chirality in a
framework may therefore be a beneficial strategy to consider
in the design of future chiral materials.

Conclusion

The introduction of additional sources of chirality to yield con-
fined voids with high enantioselectivity is a powerful design
strategy in the development of MOF-based chiral sensors. 1-
OEt and 1-OH are Zn(n)-based MOFs containing both axial
chirality from BINOL and point chirality from the p-cam co-
ligand resulting in exceptional ERs of 3.72 and 3.92, respect-
ively. The 1-OH framework is an effective and accurate quanti-
tative chiral fluorescence sensor with excellent agreement
between the actual and calculated ee values. The accuracy
achieved for 1-OH can be attributed to its high ER, which
enables a greater differential between ee values to be achieved
in the construction of the calibration curve. The confined and
complementary voids in 1-OH had a larger effect when com-
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pared with hydrogen bonding interactions upon fluorescence
quenching with the enantiomers of Mosher’s acid.

Experimental
General experimental

All chemicals commercially obtained were used without
further purification unless otherwise stated. Rac-4,4'-dibromo-
2,2"-binaphthol,*® (S5)-4,4'-dibromo-2,2"-binaphthol®® and Pd
(PPh;),*” were synthesised according to literature procedures.
Fourier Transform Infrared spectra were measured on an ATR
Bruker Alpha spectrometer between 4000-400 cm™" with
4 cm™ resolution and 32 scans and normalised as absorbance
spectra. Thermal gravimetric analysis (TGA) was conducted on
a Mettler Toledo TGA/SDTA851 instrument using aluminium
crucibles as sample holders under high purity nitrogen.
Typical analysis involved heating the sample up to 450 °C with
a temperature increment of 5 °C min~'. Microanalysis was
carried out at the Chemical Analysis Facility - Elemental
Analysis Service in the Department of Chemistry and
Biomolecular Science at Macquarie University, Australia.
Powder diffraction data were collected on an XtaLAB Synergy
diffractometer employing CuKo at A = 1.5418 A. PXRD patterns
from single crystal structures were calculated using Mercury
v.4.0. Absorption and emission experiments were performed
with quartz cuvettes containing suspensions in acetonitrile;
UV/vis absorption spectra were recorded on an Agilent Cary 60
UV-Vis spectrophotometer, and fluorescence spectra were
recorded on an Agilent Cary Eclipse Fluorescence
spectrophotometer.

Synthesis of frameworks

[Zn((S)-L,)(p-cam),]-4.9DMF-2.8H,0 (1-OEt). A solution
of  4,4-(2,2"-diethoxy-[1,1"-binaphthalene]-4,4"-diyl)dipyridine
((S)Ly) (7.4 mg, 0.015 mmol), p-camphoric acid (6.5 mg,
0.03 mmol) and Zn(NOj3),-6H,O (8.9 mg, 0.03 mmol) in DMF
(3 mL) was heated at 85 °C for 10 hours. The reaction mixture
was cooled to room temperature, filtered, and washed with
DMF (5.0 mL) to obtain pale yellow plate crystals (8.7 mg,
42%). IR (ATR): 3065, 2929, 1669, 1632, 1589, 1385, 1342, 1219,
1088, 1030, 845, 767, 658, 509, 443 cm™ . Elemental analysis
(%): cale’d for [Zn,Cs4Hs6N,040)-4.9DMF-2.8H,0: C 57.77, H
6.76, N 6.74; found: C 57.78, H 6.55, N 6.74.

[Zn((S)-L,)(p-cam),]-6DMF (1-OH). A mixture of 4,4'-(2,2"-dia-
lcohol-[1,1"-binaphthalene]-4,4"-diyl)dipyridine ((S)-L,) (3.3 mg,
0.0075 mmol), Zn(NO3),-6H,0 (3.9 mg, 0.013 mmol), and
p-camphoric acid (2.6 mg, 0.013 mmol) in DMF (1.5 mL) was
heated at 85 °C for three days. The reaction mixture was cooled
to room temperature before being washed with DMF, then fil-
tered and dried to afford brown plate crystals of 1-OH (2.3 mg,
26%). IR (ATR): 3332, 3066, 2966, 1611, 1579, 1545, 1459, 1403,
1366, 1321, 1220, 1067, 1030, 950, 841, 785, 765, 680, 610, 517,
443 cm™'. Elemental analysis (%): cale’d  for
[Zn,C50H45N,0,,]-0.5DMF-10H,0: C 52.16, H 6.14, N 2.98;
found: C 52.41, H 5.20, N 2.95.
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Crystallography

Single crystal X-ray diffraction data was collected on a Rigaku
Oxford Diffraction Synergy-S diffractometer equipped with
CuKoa radiation. In general, single crystals were transferred
directly from the mother liquor into immersion oil and placed
under a stream of nitrogen at 100 K or 240 K. Crystal structures
were solved by direct methods using the program SHELXT>®
and refined using a full matrix least-squares procedure based
on F° (SHEXL),>® within the Olex2?® GUI program. In structures
containing disordered solvent molecules that could not be sat-
isfactorily modelled, the solvent mask routine in Olex2 was
used.*

Fluorescence quenching experiments

Crystals of the framework (1-OH or 1-OEt) were washed with
acetonitrile and dried under vacuum with heating at 60 °C,
manually crushed in a mortar and pestle and suspended in
acetonitrile (10 mL) at an effective concentration of 5 x 10™* M.
Acetonitrile was chosen as the MOF structure was stable in
acetonitrile (Fig. S4t), whilst the Mosher’s acid analyte dis-
played good solubility in the solvent. Small 0.5 mL aliquots of
the 5 x 107 M stock solution were then further diluted with
acetonitrile (24.5 mL) to yield stock suspensions at an effective
concentration of 1 x 107> M. All suspensions were sonicated
for a minimum of 10 minutes to ensure even dispersion of par-
ticulates. Stock suspensions were stored away from direct
sources of light.

The 5 x 107" M stock suspension was used for UV/vis
absorption experiments. For recording of fluorescence spectra,
3 mL of the 1 x 107> M stock suspension of 1-OH or 1-OEt was
dispensed into a quartz cuvette. The fluorescence spectrometer
excitation wavelength was set to 229 nm, with a UV29 filter
inserted to eliminate second and third harmonic scattered
light signals. Chiral analytes were prepared as acetonitrile
solutions at 3 mM, then added to the cuvette in increments of
10-500 pL until total analyte concentration in the cell reached
0.5 mM. Fluorescence spectra were recorded after each incre-
mental addition of the analyte, with measurements consist-
ently taken four minutes apart. Samples in the cuvette were
shaken between fluorescence measurements to maintain an
even dispersion of the framework within the suspension.

Stern-Volmer analysis was conducted by plotting the fluo-
rescence intensity of the 415 nm peak in each emission spec-
trum against the increasing concentration of chiral analytes.
Enantioselectivity ratios were calculated by approximating the
gradient of the linear fit for each quenching plot to the Stern-
Volmer constant Kgy. Calibration experiments with Mosher’s
acid were conducted with racemic samples of the analyte at a
total concentration of 0.3 mM within the cuvette. Three linear
calibration plots were generated, then averaged by calculating
the mean fluorescence intensity at each ee value. Error bars
represent the highest standard deviation observed for the
mean fluorescence intensity. ‘Unknown’ samples of Mosher’s
acid were prepared at a known ee, then added to suspensions
of the framework as normal so that the resulting fluorescence
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intensity could be inserted into the equation of the linear fit
for the calibration plot to determine the ee value.

Steady-state photophysical measurements

UV-vis absorption spectra were acquired using a UV-visible
spectrophotometer (CARY 50 Bio, Varian). Steady-state fluo-
rescence spectra were acquired on a spectrofluorimeter (Varian
Eclipse) using an excitation wavelength of 300 nm.

Time-correlated single-photon counting (TCSPC)
measurements

Solution samples were excited with a mode-locked and cavity-
dumped Ti/sapphire laser (Coherent Mira 900F/APE
PulseSwitch) pumped by a Coherent Verdi-10 DPSS Nd:YVO4
laser. The laser output (900 nm, 5.4 MHz repetition rate) was
frequency-tripled to provide an excitation wavelength of
300 nm. The fluorescence was collected using a lens after first
passing through an emission polarisation analyser set at the
magic angle, then a monochromator (Andor Kymera 193i) and
detected using a hybrid photomultiplier tube (Becker & Hickl,
HPM-100-07-C). The individual fluorescence decay curves were
recorded using the time-correlated single-photon counting
technique. Synchronization of the laser pulses was achieved by
feeding the detector output through a nanosecond delay box
and constant fraction discriminator (Tennelec TC455) as the
stop signal for the time-to amplitude converter (Ortec model
457). The fluorescence decay parameters were extracted from
the decay profiles using nonlinear least square iterative recon-
volution software (FAST, Edinburgh Instruments Ltd) and a
global analysis.

Computational approach

All calculations with the 1-OH cluster models and the chiral
isomers of Moshers acid were carried out using the ORCA soft-
ware package (version 5.0.3)*> and Kohn-Sham DFT**?* with
the RIJCOSX approximation.>®> Geometry optimisations were
performed using the PBE functional®® with D3BJ*”® dis-
persion corrections with the def2-SVP***° basis set on all
atoms. A GGA functional was a necessary choice due to the
large number of atoms. Frequency calculations were per-
formed to verify that optimized structures are true minima
and the results of these calculations were also used to calculate
thermochemical corrections and calculate free energies.
Energies were refined via single point energy calculations
using the ®B97x-D3BJ*"**> hybrid functional with the def2-
TZVP*® basis set on all atoms. Solvation effects due to the
acetonitrile solvent were accounted for using the implicit SMD
solvation model.”* Solvation corrections were calculated by
reoptimizing the structures with implicit solvation and per-
forming single point energy refinement calculations.

We modelled 1-OH using cluster models. The use of cluster
models is common for the study of MOFs with quantum chem-
istry tools® as this reduces the computational time required
for a calculation to run while allowing the use of more accurate
methods relative to periodic simulations. The use of cluster
models in this study is further justified given that the binding
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of the Moshers acid guests is likely localized on the BINOL
sites of the MOF and thus a full account of the periodic struc-
ture is not needed. Four different cluster models were
extracted from the 1-OEt crystal structure and the OEt moieties
were replaced with OH groups to model 1-OH. More details on
the cluster model design are provided in the ESL{ The inter-
action strength (Gexchange) between the Moshers acid guests
and the MOF was assessed based on the reaction free energy
for the exchange of a solvent molecule bound to the MOF with
a Moshers acid guest:

Gexchange - (Gmof+guest + Gacn) - (Gm0f+acn + Gguest) (1)

where Grofiguest Tefers to the Gibbs free energy of Moshers
acid bound to 1-OH, Gpof+acn efers to the Gibbs free energy of
acetonitrile bound to 1-OH, G,., refers to the Gibbs free
energy of an isolated acetonitrile solvent molecule, and Ggyest
refers to the Gibbs free energy of an isolated Moshers acid
guest molecule. Details on the free energy calculations are pro-
vided in the ESL ¥
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