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ABSTRACT: Photophysics tunability through alteration of framework aperture (metal-organic framework (MOF) = variable; guest
= constant) was probed for the first time in comparison with previously explored concepts (MOF = constant; guest = variable). In
particular, analysis of the confinement effect on a photophysical response of integrated CI-BI (5-(3-chlorobenzylidene)-2,3-
dimethyl-3,5-dihydro-4 H-imidazol-4-one) chromophore allowed us to establish a photophysics-aperture relationship. To shed light
on the observed correlation, the framework confined environment was replicated using a molecular cage, Pdg(TPT)4 (TPT = 2,4,6-
tri(pyridin-4-yl)-1,3,5-triazine); thus, allowing for utilization of crystallography, spectroscopy, and theoretical simulations to reveal
the effect a confined space has on the chromophore molecular conformation (including disruption of strong hydrogen bonding and
novel conformer formation) and any associated changes on a photophysical response. Furthermore, the chosen Cl-
oHBI@Pds(TPT), (Cl-oHBI = 5-(5-chloro-2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one, chromophore)
system was applied as a tool for targeted cargo delivery of a chromophore to the confined space of DNA, and resulted in promotion
of chromophore-DNA interactions through a well-established intercalation mechanism. Moreover, the developed principles were
applied towards utilizing a 5-(4-hydroxybenzylidene)-3,5-dihydro-4 H-imidazol-4-one (HBI) chromophore as a fluorescent probe on
the example of macrophage cells. For the first time, suppression of non-radiative decay pathways of a chromophore was tested by
anchoring the chromophore to a framework metal node, portending a potential avenue to develop an alternative to natural
biomarkers. Overall, these studies are among the first attempts to demonstrate the unrevealed potential of a confined scaffold
environment for tailoring material photophysical response.

with desirable properties or functionalization of the

INTRODUCTION framework), which can be labor- and time-demanding. In
Confined environment can impose significant constrictions on contrast, a strategy for photophysical response modulation as a
chromophore  behavior  resulting in  changes in function of framework topology is still unexplored.

structure/conformation, and as a result, photophysical
response.'”!3 Such confinement-dependent photophysics could induced changes on a molecular conformation and

be a complementary strategy to the known concept of photophysical response of a chromophore (a rigid scaffold
ﬂuorgscent response modulation through chromophore = MOF, COF, cage, and DNA studied in this work).
chemical modifications, and therefore, could potentially be

applied towards hierarchical luminophore development.*14-1° | =
Extended crystalline porous materials (e.g., metal- and A i ‘ / .
covalent-organic frameworks (MOFs and COFs)) could | = 1 )
influence guest chromophore emission through ! ' N\

transformations in molecular conformation or separating i g

h h ffectivel i If- i ' ) 4
chromophores, effectively preventing self-aggregation or TR Aes E s A A

quenching.?%?! Infiltration of guest molecules inside porous
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matrices could allow for access to properties that are not
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Scheme 1. Schematic representation of rigid scaffold

traditionally accessible in the solid state or solution.??">> Multi-
component integration can lead to desirable material
properties that are uncharacteristic of the individual parts, i.e.,
an unrestricted chromophore within a host matrix (Scheme 1).
Previously, most of the reported approaches focused on

modification of the photophysical response of a whole system MOF -

by utilizing a guest as a variable while the framework remains Therefore, in this work, we (1) elaborated on a novel concept
unchanged. This strategy very often requires precise chemical that relies on systematic investigation of framework topology
modification of components (i.e., synthesis of guest molecules with different pore apertures (MOF = variable) while the
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selected chromophore remains unchanged (guest = constant);
(i) performed the first attempt to establish a correlation
between porous framework geometry and photophysical
response of an embedded chromophore; (iii) shed light on the
relationship between possible molecular conformation of a
chromophore inside an artificial rigid scaffold and drastic
changes in the photophysical profile using a molecular cage as
a MOF truncated model; (iv) demonstrated that a confined
environment can disrupt strong intramolecular hydrogen
bonding leading to formation of novel conformers; (v) probed
the chromophore interactions inside the confined space of
DNA by utilizing a molecular cage as a tool for chromophore
delivery; (vi) elucidated the mechanism of chromophore-DNA
interactions; and finally, (viii) suppressed non-radiative decays
of a chromophore through coordination to a metal node for the
first time.

The discussion in this paper is organized in the following
order: modulation of photophysics as a function of framework
topology (MOF = variable, guest = constant, Figure 1);
utilization of a molecular cage (Pds(TPT),) as a model system
for establishing a correlation between the chromophore
molecular conformation and photophysical response by X-ray
studies and theoretical simulations; employment of the
developed chromophore@cage system for studies of
chromophore behavior within the confined space of DNA
including experiments performed on macrophages cells; and
investigation of metal node-chromophore interactions.

RESULTS AND DISCUSSION

For tuning the emission profile in host-guest systems (e.g.,
host = MOF, COF, or cage), a guest molecule is often used as
a variable, while the host is used as a constant; i.e., different
chromophores with distinct emission profiles immobilized in a
framework serving as a porous scaffold (Figures 1la,c).
Therefore, framework photoluminescence can be modulated as
a function of a guest.?>2* However, the concept of tailoring
photophysical properties of a material as a function of
chromophore molecular conformation imposed by the
topology of the porous framework, such as MOF or COF, is
still unexplored despite the great potential provided by
framework modularity.*** The presented work is the first step
to probing this hypothesis and studying a possible correlation
between the pore aperture and the photophysical response
inside the confined space of a framework.

To explore the possibility of tunable chromophore
conformation, we studied photophysical profiles of 5-(3-
chlorobenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-

one chromophore (CI-BI)*47 inside nine MOF motifs with
varying pore apertures (Figure 1b). One of the criteria for the
choice of a chromophore was the absence of functional
group(s) that could interfere with a metal salt or linker,
allowing for the chromophore incorporation during the
solvothermal synthesis. Presence of the chlorine atom in the
skeleton in the meta position on the phenyl ring promotes
formation of distinct chromophore conformations due to the
phenyl ring rotation. Moreover, Cl atom (with a relatively
large Z number in comparison with light elements such as C,
N, or H) will affect the scattering amplitude of X-rays that
could facilitate the structure elucidation of the guest molecules
inside the confined space of a framework. The choice of a
MOF as a rigid host was based on the following criteria: (i)
sufficient pore aperture for chromophore incorporation (from
11 to 19.5 A); (ii) ability to preserve scaffold crystallinity after

chromophore incorporation; (iii) presence of metal nodes
consisting of d° and d'° metals to avoid fluorescence
quenching, and (iv) absence of interference between host and
guest emission profiles with only one exception of
ZI'604(OH)4(TPDC-NH2)6 (10, TPDC-NH227 = 2'-amino-
terphenyl-4,4'-dicarboxylate) as discussed below.
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Figure 1. (top) Emission maxima of encapsulated chromophores
as a function of: (/eff) a guest chromophore (MOF = constant,
guest = variable), (right) a framework pore size (guest = constant,
MOF = variable).

Dependence of the guest@MOF emission maximum as a function
of the framework pore size:

(a) MOF = constant, guest = variable (literature analysis).?332:47:48
(b) MOF = variable, guest = constant (this work).

(c) MOF = constant, guest = variable (literature analysis).33-43

(d) MOF = variable, guest = constant (literature analysis).*

(e) Normalized emission spectra of CI-BI chromophore
incorporated inside rigid scaffolds (this work).

The solid blue and red lines correspond to normalized emission of
CI-BI in the solid state and CI-BI@9, respectively. Gray lines
represent the observed trend in changes in fluorescence response
of CI-BI@MOF: CI-BI@] (- - -), CI-BI@6 (-----), CI-BI@8 (---
---), and CI-BI@10 (---). Guest 1 = CI-BI; guest 2 = MeO-oHBI.
An excitation wavelength of 350 nm was used to acquire all
photoluminescence spectra in the solid state.

Integration of CI-BI occurred in parallel with the framework
synthesis itself, i.e., the corresponding metal salt, linker, and
chromophore were heated simultaneously, resulting in the
formation of Cl-BI@MOF, where MOF = Zn;(BTC), (1,
BTC3* = benzene-1,3,5-tricarboxylate),”® Zn,O(BTB), (2,
BTB?3- = benzene-1,3,5-tribenzoate),”! Zns(BTB)4(BP); (3, BP
= 44'-bipyridyl),’> ZrsO4(OH),(BDC)s (4, BDC*> =
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terephthalate), Zn,ONDC); (5, NDC?** = naphthalene-2,6-
dicarboxylate),>* ZrsO4(OH)4(BPDC); (6, BPDC?~ = biphenyl-
4,4'-dicarboxylate),” Zn,(DOBDC) (7, DOBDC?* = 2,5-
dihydroxyterephthalate), ZrsO4(OH),;((BTB), (8),¢ and
Zrs04(OH)4(TPDC-NH,); (10).>? Prepared Cl-BI@MOFs were
thoroughly washed with N,N-dimethylformamide (DMF) to
remove excess residual chromophore from the surface.
Crystallographic studies confirmed preparation of the hosts as
well as preservation of framework crystallinity (Figures S1-
S9).

The comprehensive analysis of photoluminescence data for
CI-BI@MOFs revealed tunability of the emission maximum
(Amax) of CI-BI incorporated inside a MOF (Figure le) in
comparison with that in the solid state (A, = 443 nm, A =
350 nm). Indeed, a drastic shift of 1., over 150 nm (0.7 eV)
was detected when CI-BI was integrated, for instance, inside
10 (Figure le) in comparison with that of the chromophore in
the solid state. Attempts to correlate the observed CI-
BI@MOF behavior to that in solution revealed that, in contrast
to changes in the Cl-BI@MOF emission maxima (A= 150
nm), photophysical studies of CI-BI in a variety of solvents
demonstrated that Algyen can be tuned only within 17 nm
(Figure S13). A plethora of control experiments were also
performed to confirm that the observed changes in emission
are associated only with guest behavior and are not attributed
to interactions with the solvent (Figures S10 and S13) or the
MOF organic linkers (Figures S14-S17). In all of these
experiments, no significant changes in emission profile of
chromophore were observed leading to the hypothesis that a
confined space of the framework could potentially affect
emission profile of the guest, and therefore, we studied the
possibility to correlate the ClI-BI@MOF emission maximum
and framework pore size. Emission of all frameworks, with
the exception of 10, does not interfere with the chromophore
emission maximum. In the latter case, our control experiments
demonstrated that we can deconvolute photophysical
properties of a chromophore molecule from a host (Figures
S11 and S12), and as a result, this strategy was applied
towards Cl-BI@10 as well (see more details in the Supporting
Information).

Analysis of photophysical data and framework geometry
revealed a possible correlation between A, and pore size, i.e.,
an increase in pore size led to a bathochromic shift in the
emission profile of the guest as shown in Figure 1b. Analysis
of literature verified that the observed tendency is in line with
the data previously reported for the 5-(2-hydroxy-5-
methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-imidazol-

4-one chromophore (MeO-oHBI) integrated in different MOFs
as shown in Figure 1d.*° Thus, the presented studies and
literature analysis demonstrate the great potential of the
proposed concept: emission response modulation of
encapsulated guests as a function of framework pore aperture.
Such a concept could potentially address issues associated
with chromophore core derivatization traditionally necessary
for emission tunability, especially in the near-infrared region.

To elucidate possible factors that led to the detected
bathochromic shift, we employed single-crystal X-ray
diffraction in combination with theoretical modeling. For the
structural analysis, we utilized a Pdg(TPT), cage®’ (9, TPT =
2,4,6-tri(pyridin-4-yl)-1,3,5-triazine) as a truncated model of
porous frameworks since our attempts to use the extended
structures themselves inlcuding the previously employed
(Znl,)5(TPT), framework’” were not successful due to
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extensive disorder of the incorporated chromophores (a well-
known problem in the MOF field).¥2 The choice of this
particular cage was determined by the fact that CI-BI@9
possesses the same A,,x in comparison with that of CI-BI@10
for which we detected the most drastic changes in emission.
Furthermore, 9 possesses the similar pore size (~19 A)
compared to that of 10. Thus, through utilization of 9, we
could probe the chromophore molecular conformation in the
extended system 10 with the most drastic changes in Ay
crystallographically with the possibility to correlate the
determined molecular conformation with an observed
photophysical response through theoretical modeling.

Integration of the chromophore inside the cage was performed
by simultaneously heating CIl-BI and Pd4(TPT), at 80 °C in
D,0. After cooling to room temperature and allowing the
solvent to evaporate, crystals of CIl-BI@Pds(TPT),; were
obtained that were suitable for single-crystal X-ray data
collection (Figure S19). The structural analysis revealed that
the chromophore conformation changed upon its incorporation
inside the cage cavity compared to that in the solid state (Cl-
BI*, Figure 2). The difference between immobilized CI-BI*
and CI-BI observed in the solid state is the position of the
chlorine atom relative to the oxygen atom, i.e., the oxygen and
chlorine atoms on the imidazolone and phenyl rings,
respectively, are pointing in opposite directions in the CI-BI*
molecule as shown in Figure 2. However, the isolated
molecular conformation (CI-BI*) is not predominant for 5-(4-
hydroxybenzylidene)-3,5-dihydro-4H-imidazol-4-one  (HBI)-
based chromophores. For instance, analysis of 163 known
crystal  structures  containing  HBI-based  molecules
demonstrated that less than 5% of them possess the unique
molecular conformation of CI-BI* (Figure S21). To shed light
on chromophore dynamics in the cavity of the cage, we
estimated the possibility of phenyl ring rotation (¢-rotation,
Figure 2) in CI-BI, and consequently, the transformation from
CI-BI to CI-BI*. We modeled the potential energy surfaces
(PESs) by varying the C,=C,—C;=C, dihedral angle in the Cl-
BI molecule (Figure 2). The calculated energy barrier was
found to be 34.2 kJ/mol, which is in line with previously
reported data for HBI-related chromophores. 5364

Based on photophysical measurements, which demonstrated
that C1-BI@9 (~19 A pore aperture) and Cl-BI@10 (~19 A
pore aperture) possess exactly the same emission maximum,
593 nm (Aex = 350 nm, Figure le), and aforementioned control
experiments, it is plausible to suggest that changes in the
photophysical response in comparison with that in the solid
state could be associated with a different molecular
conformation (Cl-BI*) promoted by the confined space of the
pore. In natural systems such as fluorescent proteins, changes
in emission profiles are also associated with the chromophore
molecular conformation. For instance, similar emission
switching associated with the difference in chromophore
molecular conformations was previously reported for the
photoactive yellow protein (PYP).> Another literature
example demonstrating the same trend is 3-fluorotyrosyl-green
fluorescent protein ((3-F)Tyr GFP, Figure 2),% in particular,
structural analysis of the meta-halogenated chromophore
revealed the presence of two conformers, which affected the
photophysical response of the protein. Our studies support the
abovementioned trend that emission profile changes can
correlate with chromophore conformer formation.

To further elaborate on the fact that changes in the molecular
conformations could result in a significant bathochromic shift

3
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in the emission profile, we have performed theoretical
analysis. In agreement with literature,®”"° our time-dependent
density-functional-theory =~ calculations  revealed  that
absorption/emission of the CI-BI chromophore is associated
with the electronic transitions between the ground and first
excited singlet states, and the largest contributions come from
the frontier molecular orbitals (Figure S39). According to
previous reports,’'~* BI-chromophores in tight (rigid) protein
environments exhibit rather small Stokes shifts (~10 nm),
while chromophores with large Stokes shifts (~50-70 nm) are
surrounded by a much lower number of protein atoms.”>73
This further agrees that within a rigid environment, the
chromophore absorption and emission occur at an essentially
fixed geometry associated with the ground electronic state. In
other words, the tight confined space may not allow the
chromophore molecule to change its geometry upon electronic
excitation. Indeed, in our calculations for CI-BI in the solid-
state geometry, the lowest excitation is at 355 nm (Figure
S42). Integration of the CI-BI chromophore into larger pores
(> 14 A) could allow the molecule to change its geometry in
the excited electronic state.

0]
C c 5 601
_N)lc,,//yzﬁ:s\ B TN /)
);N Ca./ 240{ | \
CI-BI =] /
2 220] /\\-
o 2]
54 21/ \
=N 0
)( e 0 100 200 300
Cl-oHBI dihedral angle y, deg
@ rotation
¢ _Ioaas
7 -~ <Y =- O
R0®- g T
solid state protein cage

Figure 2. (top, left) Molecular structures of CI-BI and Cl-oHBI
chromophores. The dihedral angle (C;=C,—C;=C4, y) used for
potential energy surface (PES) modeling is shown in red. (top,
right) PESs constructed for C,—C; single bond dynamics in CI-BI
(black) and Cl-oHBI (gray). (bottom) A schematic representation
of changes in molecular conformation of CI-BI during
chromophore incorporation inside a cage (Cl-BI*). The formation
of different conformer occurs through ¢-rotation around the C,—
C; single bond (green arrow). The red and green spheres
emphasize the change in relative position of the oxygen atom and
meta-substituent on the phenyl ring before and after chromophore
incorporation inside a cage. The bottom section represents
chromophore molecular conformations: (leff) in the solid state,
(middle) inside a (3-F)Tyr GFP,% and (right) inside a cage.

For the CI-BI* conformer, crystallographically detected in 9
and relaxed towards equilibrium in the first excited singlet
state, such dynamics noticeably shifts the emission profile by
84 nm (Figure S42). To explore the geometry relaxation
pathway, the emission maxima of a Cl-BI molecule were
calculated as a function of tilt () and twist (¢) angles (Figure

S40) for the chromophore in the excited state (Figure S41).
We found that even small changes in the dihedral angle 7 led
to a bathochromic shift. Carrying out a hula twist
(simultaneous twist and tilt) to the chromophore in the excited
state, similar to that experimentally observed for BI-
chromophores,>’ the theoretical maximum emission of the
excited state conformer (479 nm, Figure S42) red-shifts by an
additional 40 nm for a total shift of 124 nm. Notably, the
tremendous shift of the emission maximum was found to be
150 nm for CI-Bl@10. Thus, combining theoretical,
crystallographic data, and photophysical data, it is plausible to
hypothesize that changes in photophysical properties of the CI-
BI chromophore is a result of the confinement character of its
molecular environment, which could not only influence the
ground state chromophore geometry, but also restrict its
relaxation in the excited electronic state.

In order to further examine host-guest interactions, we propose
that the presence of strong intramolecular bonds in the
chromophore structure could also affect its photoluminescent
properties. To test this hypothesis, we prepared the 5-(5-
chloro-2-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4 H-
imidazol-4-one chromophore (Cl-oHBI).#” The chosen
chromophore structure possesses a hydroxyl group as a
substituent on the phenyl ring (Figure 2), which promotes the
formation of a seven-membered-ring through OH--*N
intramolecular hydrogen bonding and fosters the bathochromic
shift of chromophore emission in comparison with a
chromophore that is not decorated with a hydroxyl-group on
the phenyl ring.*’ As expected, the estimated rotational barrier
confirms that formation of an intramolecular hydrogen bond
caused an increase in the energy barrier from 34.2 kJ/mol to
64.2 kJ/mol for CI-BI and Cl-oHBI, respectively (Figure 2).
Despite the enhanced activation barrier for the C,—C; bond
rotation, integration of Cl-oHBI inside the cage still resulted in
formation of Cl-oHBI* with a distinct molecular conformation
in comparison with Cl-oHBI observed in the solid state
(Figure S20). Indeed, the crystallographic analysis revealed
that in the Cl-oHBI* structure, the chlorine and oxygen atoms
are pointing in opposite directions (Figure 3). As in the case of
CI-BI*, the confined environment of the cage dictates the
changes in Cl-oHBI* molecular conformation despite the
requirement of breaking very strong intramolecular
interactions such as hydrogen bonding. The chromophore
conformation modifications resulted in changes of
chromophore photophysical properties. The Cl-
oHBI@Pdy(TPT), emission maximum was found to be 607
nm in contrast to 627 nm observed for Cl-oHBI chromophore
in the solid state (Figure S24). We speculated that the
observed changes in chromophore photophysical behavior (a
hypsochromic shift) are associated with the confined space of
the cage and can be potentially explained by disruption of
hydrogen bonding, i.e., a seven-membered-ring breaking, from
which an excited-state intramolecular proton transfer can take
place.” Interestingly, the chromophore isolated inside the
cage, Cl-oHBI*, does not have any structural analogues
among the ortho-hydroxy-derivatives of HBI-chromophores
(X-0HBYI), i.e., all reported chromophore structures of X-oHBI
contain the OH:--N hydrogen bond.

Confined environment of DNA: a cage as a shuttle for
chromophore transportation. Integration of the chromophore
inside the water-soluble cage (9) not only allowed us to
employ X-ray crystallography to reveal the chromophore
conformation but also provided a unique opportunity to
investigate the effect of the confined space of DNA on a
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photophysical response of the chromophore. As previously
reported, DNA fosters control over chromophore geometry
through a series of weak interactions, such as m-n stacking,
hydrogen bonding, and/or van der Waals interactions.”
Although there are a number of requirements including size,
planarity, and ability to participate in hydrogen bonding,
imposed on the chromophore molecule to promote successful
chromophore-DNA interactions;’677 the Cl-oHBI
chromophore satisfies the listed criteria. In this case, the
chromophore-DNA interactions are limited due to the
hydrophobic nature of Cl-oHBI chromophore but this
challenge can be overcome through utilization of a water-
soluble cage (9) as a chromophore carrier.

Prior to chromophore integration into the confined space of
DNA, we explored the possibility of the cage to release the Cl-
oHBI chromophore in aqueous media through photophysical
studies (more details in the Supporting Information).

solid state

¢

solid state Cl-oHBI@Pd,(TPT),

Figure 3. (fop) A schematic representation of changes in the
molecular conformation of Cl-oHBI during incorporation inside
the Pd¢(TPT), cage. The green and red spheres demonstrate the
changes in relative positions of chlorine and oxygen atoms,
respectively. (middle and bottom) Single-crystal X-ray structures
of CI-BI and Cl-oHBI in the solid state and incorporated inside
the Pd¢(TPT), cage. The corresponding changes are depicted by
the green arrow. Thermal ellipsoids are shown at the 40%
probability level. Blue, red, gray, green, and white spheres
represent N, O, C, Cl, and H atoms, respectively.

As expected, Cl-oHBI release is accompanied by a decrease of
Cl-oHBI@Pdg(TPT), emission intensity (Aya. = 625 nm; Aex =
300 nm), while the emission signal at 430 nm (4, = 300 nm)
corresponding to the empty cage increased (Figure S25).
Moreover, the addition of the DNA aqueous solution to either
Cl-oHBI chromophore or empty cage Pds(TPT), solutions in
water did not reveal any emission enhancement (Figure 4a). In
contrast, after addition of aqueous DNA solution (10 mg/mL
in water) to aqueous Cl-oHBI@Pdg(TPT), solution, intensity
of the emission maximum at 625 nm increased (Figure 4a). In
particular, the intensity of the Cl-oHBI@Pd«(TPT),-DNA
solution was almost 100 times higher than that of the Cl-oHBI
solution (Figure 4a). Therefore, we hypothesized that such
photoluminescent enhancement occurs due to inhibition of

Journal of the American Chemical Society

non-radiative decay pathways in the confined environment of
DNA. The observed tendency is in line with recent literature
studies which describe a similar enhancement of emission
response observed for HBI-based chromophores encapsulated
between nucleic acids of fluorogenic RNAs.”® To shed light
on the possible mechanism of interactions between Cl-oHBI
and DNA, we performed several control experiments. Based

(a) emission enhancement
:: p
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| = CloHBI@cage
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Figure 4. (a) Emission spectra of DNA (black), Cl-oHBI (light
blue), Cl-oHBI-DNA (blue), Cl-oHBI@Pdg(TPT)4 (pink), and Cl-
oHBI@Pd¢(TPT)s-DNA (red). The black arrow shows the
emission enhancement from pink to red spectra upon addition of
DNA to Cl-oHBI@Pds(TPT)4 aqueous solution. (b) A schematic
representation of small molecules interaction with DNA through
an intercalation mechanism. Blue and red rods represent ethidium
bromide (EB) and Cl-oHBI chromophore, respectively.
Fluorescence titration of EB with Cl-oHBI@Pd¢(TPT), is shown.
The black arrow shows a decrease of emission intensity upon an
increase of Cl-oHBI@Pd«(TPT), concentration. (¢) A schematic
representation of small molecules interaction with DNA through a
minor groove binding mechanism. Blue and red rods indicate
Hoechst 33258 and Cl-oHBI@Pds(TPT)4, respectively.
Fluorescence titration of Cl-oHBI@Pd¢(TPT), with Hoechst
33258 is shown. The black arrow shows the appearance of the
emission maxima corresponding to the DNA-Hoechst 33258
complex. A 300 nm-excitation wavelength was used to acquire all
fluorescence spectra.
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on literature reports,”” we hypothesized that initial interactions
between Cl-oHBI@Pd4(TPT), and DNA were facilitated by
electrostatic interactions between the positively charged cage
and the partially negatively charged DNA.”” Delving deeper,
chromophore-DNA interactions could occur through two main
mechanisms: intercalation or minor groove binding (Figure
4).”7 These mechanisms of guest-DNA interactions are usually
probed by utilization of distinct dyes: ethidium bromide (EB,
intercalation mechanism) and Hoechst 33258 (groove binding
mechanism).”” Therefore, we investigated the possible
mechanism of interactions between Cl-oHBI and DNA by
performing a competitive binding test between CI-
oHBI@Pd4(TPT), and dyes (EB or Hoechst 33258).

To probe the possibility of Cl-oHBI intercalation between two
base pairs of DNA as shown in Figure 4b, we utilized
photoluminescence spectroscopy and monitored changes in the
emission response of an EB-DNA complex (590 nm)¥ by
adding an aqueous solution of Cl-oHBI@Pd«(TPT),. The
increase of Cl-oHBI@Pd¢(TPT), concentration in aqueous
solution resulted in a decrease in the fluorescence intensity of
the EB-DNA complex (Figure 4b), indicating that intercalated
EB molecules were displaced by competing Cl-oHBI.

To address the possibility of minor groove binding,
competitive studies between the Cl-oHBI-DNA complex and
the Hoechst 33258 dye were also performed. The slow
addition of Hoechst 33258 water solution to the Cl-oHBI-
DNA complex did not result in the expected decrease in
fluorescence intensity of the Cl-oHBI-DNA complex. Instead,
it led to the appearance of an emission maxima at 510 nm,
corresponding to the Hoechst 33258-DNA complex (Figure
4¢).81  Therefore, we suggest that the most plausible
mechanism for Cl-oHBI interaction with DNA is based on
intercalation of chromophore molecules between two base
pairs of DNA. To summarize, these studies demonstrate the
possibility to deliver the chromophore by using a cage in
aqueous media and shed light on some mechanistic aspects of
chromophore interactions promoted by the confined
environment of DNA.

To further survey the idea of chromophore delivery to
biological systems, we applied a similar approach as
previously mentioned relative to testing the uptake and release
of fluorescent Cl-oHBI from Pdy(TPT), to cells, specifically
macrophages, with broad physiological functions. As shown in
a number of literature reports,3>-%* attention towards bio-
optical imaging is driven by the opportunity to image cellular
activity of tagged biomolecules including proteins and nucleic
acids (DNA/RNA) in real time. For instance, the development
of novel fluorescent probes, emitting signal only after contact
with specific target cells, are essential for dynamic
visualization with direct applications in medical diagnostics
and drug discovery.®> Macrophages, which are phagocytic
cells with essential roles in inflammation, immunity, and
pathologies, were used to probe the possibility of uptake of
such fluorescent probes. In particular, we investigated the
uptake of Cl-oHBI by RAW264.7 macrophages using
fluorescence microscopy.

For initial uptake screening, we incubated RAW264.7
macrophages in a water solution of Cl-oHBI@Pd¢(TPT), at 37
°C (physiological temperature) for 4 h. The acquired
fluorescent images showed that Cl-oHBI released from the
cage and stained the cells with a visible fluorescence response
(Figure 5). The performed control experiments which include
incubation of RAW264.7 macrophages with water solutions of

either Cl-oHBI or Pds(TPT), did not show any fluorescence
response under the same experimental and imaging conditions
(Figure 5). Thus, our preliminary studies spur the application
of a self-assembled coordination cage as a water-soluble cargo
carrier for potential delivery of small fluorescent probes to
biological objects with the possibility to extend such
applications to real-time imaging in the future.

In addition to one-pot delivery of the chromophore to
biological systems as shown above, a strategy of in situ
chromophore formation has been reported. This approach was
used to study the kinetics of intracellular processes on the
example of GFP-related chromophore preparation directly
inside the HeLa cells.?

In our work, we decided to probe the feasibility of in situ
chromophore formation, i.e., carry out the reaction for
chromophore formation in the confined space of a framework.

Pd(TPT), Cl-oHBI
YR N OIS ¢

S ad

Phase

GFP

Figure 5. Fluorescence images of RAW 264.7 macrophage cells
treated with water solutions of: (leff) Pdg(TPT)4, (middle) Cl-
oHBI, and (right) Cl-oHBI@Pds(TPT),4. Scale bar represents 125
pm.

As a model system, we selected a framework that possesses:
(i) sufficient pore size to accommodate reagents and resulting
products; (ii) stability necessary to preserve structural integrity
during reaction process; and (iii) an emission profile that does
not interfere with the photophysical response of the
incorporated chromophore. The covalent-organic scaffold 11
(Figure 6) made of 2,5-dimethoxyterephthalaldehyde and tri-
(4-aminophenyl)benzene satisfies all of the mentioned
criteria.’” As a model reaction, we chose the formation of
methyl 2-(4-(4-hydroxybenzylidene)-2-methyl-5-0x0-4,5-
dihydro-1H-imidazol-1-yl)acetate (»OH-BI-CH,COOCHj3)
(Figure 6), which can be performed in one step by addition of
methyl-2-((1-ethoxyethylidene)amino)acetate to an ethanol
solution of 4-hydroxybenzaldehyde with a catalytic amount of
acetic acid (Figure 6). Besides a facile synthetic route, this
reaction could be considered as a model reaction for future
bioimaging studies since hydroxybenzaldehydes are present in
several cell cultures.’®

We monitored the reaction progress inside 11 (Figure S38)
through changes in the emission maximum of the reaction
mixture (Figure 6). A gradual 70 nm bathochromic-shift in the
emission profile was detected after the chromophore
formation.**%° We envision that this concept may not only
foreshadow the use of extended rigid frameworks and their
confined environments for the development of fluorescent
indicators, but also could open a new chapter in bioimaging,
sensing, or designing materials with tunable emissive profiles.

Coordinatively immobilized chromophores inside a rigid
scaffold. Up to this point in the manuscript, we focused on
photophysics ~ modulation and  structure-photophysics
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relationship of chromophores incorporated inside scaffolds as
guest molecules. Our focus now turns to tethering and
immobilizing a chromophore. A chromophore could
potentially coordinate to any part of the MOF skeleton;
however, all previous attempts at post-synthetic modifications
or direct synthesis were exclusively focused on integration of
the BI core as a part of the MOF linker*%°! while, for
instance, direct coordination of a HBI-based chromophore to a
metal node is still a completely unexplored concept. In this
work, we attempted to bridge this gap and study for the first
time, the effect of short order interactions between a
chromophore and the metal node of a MOF, as well as explore
the subsequent influence on chromophore photophysics.
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Figure 6. (top) Synthesis of pOH-BI-CH,COOCH3. (bottom)
Normalized emission spectra of starting (blue) and final reaction
mixture inside the confined environment of 11 (red). Gray dashed
lines represent the emission profile over time. An excitation
wavelength of 350 nm was used to acquire all photoluminescence
spectra of reaction mixture aliquots.

For this purpose, a mnovel chromophore, 4-((1-
(carboxymethyl)-2-methyl-5-o0xo0-1,5-dihydro-4H-imidazol-4-

ylidene)methyl)benzoic acid (pCOOH-BI-CH,COOH), was
synthesized (Figure S26). This chromophore core was
derivatized with carboxylate groups rendering it possible to
coordinate to a metal node. As a scaffold for chromophore
immobilization, we chose Zrs04(OH)g(Me,BPDC),
(Zr(Me,BPDC),)  framework  (Me,BPDC* = 22'-
dimethylbiphenyl-4,4'-dicarboxylate),’? in which terminal —
OH7/H,0 groups on the metal nodes can be replaced by
performing capping linker installation.”? In addition, the
emission profile of the chosen MOF does not interfere with the
chromophore emission profile, allowing us to shift the focus of
our studies to solely the metal node binding effect.

Post-synthetic immobilization of the pCOOH-BI-CH,COOH
linker was achieved by heating the Zrgs(Me,BPDC),
framework in a saturated DMF solution of pCOOH-BI-
CH,COOH at 75 °C for 24 h and resulted in the formation of
Zr¢(Me,BPDC),(pCOOH-BI-CH,COO0), (Figure 7b).
Chromophore binding to the metal node was confirmed by
single-crystal X-ray analysis. Crystallographic studies also
revealed that pCOOH-BI-CH,COO™ is covalently bound to the
Zr-metal nodes and is oriented in a similar fashion to how the
chromophore lies in a S-barrel cavity of a fluorescent protein,
Clover (Figure 7a). Thus, these studies are the first example of
HBI-chromophore coordination to a metal node as well as the
first example of MOF immobilization of a HBI-chromophore
through a derivatized imidazolone core, similarly to
integration of HBI derivatives in natural proteins.®

Journal of the American Chemical Society

As a result of coordinative immobilization of pCOOH-BI-
CH,COO™ to the MOF, Zrs(Me,BPDC),(pCOOH-BI-
CH,COO), became emissive compared to the non-emissive
parent framework (Figure 7c). The emission maximum of
Zrs(Me,BPDC),(pCOOH-BI-CH,COO), is 510 nm (4 = 350
nm) and is hypsochromically-shifted compared to the 550-nm-
centered emission (Aey 350 nm) detected for the
chromophore in the solid state (Figure 7c). Interestingly, the
observed emission of Zr¢(Me,BPDC),(pCOOH-BI-CH,COO),
falls in the range of emission maxima for natural proteins with
a HBI core (Figure 7c). The structural analysis of different
fluorescent proteins presented in the Protein Data Bank
(PDB)** showed that there is one common chromophore, (Z)-
2-(2-(aminomethyl)-4-(4-hydroxybenzylidene)-5-0x0-4,5-
dihydro-1H-imidazol-1-yl)acetic acid (CR2), for more than 85
PDB entries of different fluorescent proteins. In all these
structures, the HBI-based ligand is attached to the a-helix of a
protein through the bond between the imidazolone ring and the
amino acid residues.” In Figure 7d, emission maxima as a
function of an excitation maximum for fluorescent proteins
(with a unique CR2 ligand) and pCOOH-BI-CH,COOH
chromophore bound to MOF metal node are shown. The
presented approach could provide a model for mechanistic
studies for development of novel protein mimics emissive in a
wide spectral range.
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Figure 7. (a) A part of the X-ray crystal structure of a fluorescent
protein, Clover, highlighting chromophore orientation inside the
[-barrel cavity. (b) A part of the X-ray crystal structure of
Zr¢(Me,BPDC)4(pCOOH-BI-CH,COO), highlighting pCOOH-
BI-CH,COOH anchoring to the Zr-based metal node. (c)
Normalized emission spectra of Zrs(Me,BPDC), (gray), pCOOH-
BI-CH,COOH (light green), and Zrs(Me,BPDC),(pCOOH-BI-
CH,COO), (dark green). (d) Emission maxima of fluorescent
proteins with the unique CR2 ligand as a function of an excitation
maximum. The red dot represents the synthesized
Zrs(Me,BPDC)4(pCOOH-BI-CH,COO), framework.

To further elucidate the results of “fastening” a HBI-
chromophore to a metal node on photophysical profile,
theoretical modeling was implemented. Our preliminary PES
simulations for C,—C; single bond dynamics (Figure S27)
performed by density functional theory calculations showed
that a chromophore coordinated to the metal node possessed a
slightly higher energy barrier, 39.6 kJ/mol, in comparison with
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34.8 kJ/mol found for the unconstrained chromophore (Figure
S27). Therefore, coordinative immobilization of the
chromophore to the metal node could potentially lead to
additional suppression of non-radiative pathways attributed to
the confined space of a framework, and therefore, result in
changes in the emission profile. Interestingly, pCOOH-BI-
CH,COO~ bound to the metal node is a new conformer and
differs from pCOOH-BI-CH,COOH observed in the solid state
relative to the carboxyl group adjacent to the imidazolone ring
(Figure S27). One of the possible pathways for a Cs—N bond
“flip” (i.e., single bond C¢—N rotation) should go through an
energy barrier of 51.0 kJ/mol. However, there is an alternative
route associated with a much lower energy barrier (20.1
kJ/mol). The latter pathway is possibly stabilized by a
hydrogen bond between the carbonyl oxygen on the
imidazolone ring and the carboxyl group adjacent to the
imidazolone ring and is likely more favorable taking into
account the energetics associated with the processes (Figure
S27). We envision that further elaboration of the described
approach of “fasten immobilization” achieved through
covalent bond formation between a chromophore and a metal
node could provide a platform for more detailed studies of
metal-to-ligand charge transfer, ligand-to-metal charge
transfer, and ligand-to-ligand charge transfer processes.

CONCLUSION

To summarize, these studies shed light on the unrevealed
potential of a confined environment for tailoring
photophysical properties of hierarchical extended materials.
For instance, a concept in which a MOF was used as a variable
while the guest molecule remains unchanged to achieve
tunability of photophysical profiles, was explored for the first
time. Prior studies exclusively focused on the approach in
which different chromophores (guest = variable) were
integrated inside a framework (MOF = constant) promoting
changes in material photoluminescent properties.

Furthermore, we utilized a molecular cage as a truncated
model for a MOF to provide the first mechanistic insights as to
how a confined environment affects molecular reorganization
and intramolecular hydrogen bonding using X-ray diffraction
and theoretical calculations. We extended our studies beyond
supramolecular assemblies or hierarchical materials by
providing the first mechanistic insights on HBI-chromophore
behavior inside the confined space of DNA.

The first attempts to use the metal nodes of a framework for
suppression of non-radiative pathways were demonstrated,
such a strategy provides a blueprint to discovering structural
and photophysical similarities between the chromophore
immobilized inside an artificial MOF matrix and natural
proteins. To conclude, the presented studies not only illustrate
mechanistic insights of chromophore photophysics in a
confined space, but also provide general guidelines for precise
tailoring of the photophysical response of solid-state
photoluminescent materials.

EXPERIMENTAL SECTION

Materials. Zinc(II) nitrate hexahydrate (technical grade, Ward’s
Science), zirconium(IV) chloride (99.5%, Alfa Aesar), cesium
fluoride (99%, Oakwood Chemical), silver nitrate (>99%, Sigma
Aldrich), potassium hydroxide (ACS grade, Fisher Chemical), sodium
hydroxide (ACS grade, Macron Fine Chemicals), lithium hydroxide
monohydrate (99%, Oakwood Chemical), potassium carbonate (ACS
grade, BDH), sodium nitrite (ACS grade, Fisher Scientific), sodium
azide (reagent grade, Oakwood Chemical), palladium(II) chloride

(>99%, Oakwood Chemical), bis(triphenylphosphine)palladium(Il)
dichloride (96%, Oakwood Chemical), palladium(II) acetate (>95%,
Oxchem), palladium on carbon (10% on carbon, Alfa Aesar),
ammonium formate (98%, Chem-Impex International Inc.), 3-
chlorobenzaldehyde (95%, Oxchem), 5-chloro-2-
hydroxybenzaldehyde (97%, Ark Pharm), 4-hydroxybenzaldehyde
(99.8%, Chem-Impex International Inc.), 4-carboxybenzaldehyde
(99%, Chem-Impex International Inc.), terephthalaldehyde (95%,
Oxchem), 4,4'-dipyridyl (99.29%, Chem-Impex International Inc.),
2,6-naphthalene-dicarboxylic acid (>98%, TCI America), 2,5-
dihydroxyterephthalic  acid (98%, TCI  America), 1,3,5-
benzenetricarboxylic acid (98%, Alfa Aesar), 4.,4'-
biphenyldicarboxylic acid (97%, Oakwood Chemical), terephthalic
acid (>99%, TCI America), benzoic acid (99%, BeanTown
Chemical), 1,3,5-tribromobenzene (>95%, Matrix Scientific), glycine
methyl ester hydrochloride (98%, Acros Organics), ethyl acetimidate
hydrochloride (97%, Alfa Aesar), methylamine (33% weight in
absolute ethanol, 99%, Sigma-Aldrich), 2,5-dibromoaniline (97%,
Oakwood Chemical), 4-methoxycarbonyl phenylboronic acid (>97%,
Boronic Molecular), 4-aminophenyl boronic ester (reagent grade,
Oakwood Chemical), triphenylphosphine (99%, Sigma-Aldrich),
N,N,N',N'-tetramethylethylenediamine (99%, Oakwood Chemical),
2,4,6-tris(4-pyridyl)-1,3,5-triazine (>97%, TCI America), methyl 4-
iodo-3-methylbenzoate (98%, BeanTown Chemical),
4,4,4',4'5,5,5'"5"-octamethyl-2,2"-bi~(1,3,2-dioxaborolane) (>98%,
Ark Pharm), sonicated salmon sperm DNA (10 mg/mL) Agilent
Technologies, #201190), macrophage cells RAW 264.7 (ATCC®),
phosphate buffered saline tablet (Sigma-Aldrich), ethidium bromide
solution (reagent grade, Bio-Rad), Hoechst 33258, pentahydrate (bis-
benzimide) (reagent grade, Fisher Scientific), rhodamine 6G (99%,
Acros Organics), acridine yellow (98%, Acros Organics),
polyethylene glycol 400 (lab grade, Merck Millipore), glacial acetic
acid (ACS grade, BDH), trifluoroacetic acid (99%, Sigma-Aldrich),
hydrochloric acid (ACS grade, Fisher Scientific), ethanol (200 proof,
Decon Laboratories, Inc.), tetrahydrofuran (ACS grade, Macron Fine
Chemicals), methanol (ACS grade, Fisher Scientific), N,N-
dimethylformamide (ACS grade, BDH), acetonitrile (ACS grade,
Fisher Scientific), diethyl ether (ACS grade, J. T. Baker® Chemicals),
dimethyl sulfoxide (ACS grade, Fisher Scientific), hexane (ACS
grade, Macron Fine Chemicals), chloroform (ACS grade, Macron),
Aliquat 336 (reagent grade, Beantown chemical), chloroform-d
(99.8%, Cambridge Isotope Laboratories, Inc.), deuterium oxide
(99.8%, Cambridge Isotope Laboratories, Inc.), and dimethyl
sulfoxide-ds (99.9%, Cambridge Isotope Laboratories, Inc.) were used
as received.

The compounds  5-(3-chlorobenzylidene)-2,3-dimethyl-3,5-
dihydro-4H-imidazol-4-one (CI-BI),% 5-(5-chloro-2-
hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one
(Cl-oHBI),*” 4-((1-(2-methoxy-2-oxoethyl)-2-methyl-5-oxo0-1,5-
dihydro-4H-imidazol-4-ylidene)methyl)benzoic acid (pCOOH-BI-
CH,COOCHj;),% methyl-2-((1-ethoxyethylidene)amino)acetate,®
Zny(BTC), (BTC* = benzene-1,3,5-tricarboxylate),® Zn,O(BTB),
(BTB?* = benzene-1,3,5-tribenzoate),”' Zng(BTB)4(BP); (BP = 4,4'-
bipyridyl),”2  ZrsO4(OH)4(BDC)s (BDC* = terephthalate),”
Zn,O(NDC); (NDC? = naphthalene-2,6-dicarboxylate),>
Zn,(DOBDC) (DOBDC* = 2,5-dihydroxyterephthalate),*”
ZrsO4(OH)4(BPDC)s (BPDC* = biphenyl-4,4'-dicarboxylate),>
Zrs04(OH)4(TPDC-NH,)s (TPDC-NH,>~ = 2’-amino-terphenyl-4,4'-
dicarboxylate), ZrsO4(OH),o(BTB),,% Pdg(TPT), (TPT = 2,4,6-
tri(pyridin-4-yl)-1,3,5-triazine),” Zrs04(OH)g(Me,BPDC),
(Zrs(Me,BPDC)y, Me,BPDC> = 2,2'-dimethylbiphenyl-4,4'-
dicarboxylate),”? and 11% were prepared according to the reported
procedures.

General procedure for preparation of CI-BI@MOF. Incorporation
of CI-BI inside MOFs was performed during solvothermal synthesis
of the corresponding framework. Initially, metal salt, linkers, and acid
were combined according to each reported literature procedure to
prepare  MOFs: (Zn3(BTC),,* Zn,O(BTB),,>' Zng(BTB)4(BP)3,*

Zr604(OH)4(BDC)6,53 ZH4O(NDC)3,54 ZI’lz(DOB])C),S5
Zrs04(OH)4(BPDC)g,> Z1504(OH)4(TPDC-NH,)g,> and
Z104(OH);o(BTB),)*®. For example, to prepare Zn3(BTC),,
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Zn(NOs),6H,0 (0.074 g, 0.25 mmol) and H;BTC (0.053 g, 0.25
mmol), were mixed in 10 mL of DMF. To each vial, 0.050 g of CI-BI
was added, and the resulting solutions underwent solvothermal
treatment to prepare the corresponding frameworks. The obtained
crystals were thoroughly washed with N N-dimethylformamide
(DMF) to remove residual chromophore molecules from MOF
surface. To quantify the amount of incorporated chromophore, Cl-
BI@MOF samples were sonicated in DMF to extract the
chromophore from the pores. The amount of chromophore inclusion
was quantified using calibration curves obtained from solutions with
known concentrations by UV-vis spectroscopy. Loadings of the
chromophores after incorporation in Zn3(BTC),, Zn;O(BTB),,
Zng(BTB)4(BP)3, ZrsO4(OH)4(BDC)s, ZnsO(NDC);, Zny(DOBDC),
Zr604(OH)4(BPDC)6, Zr604(OH)4(TPDC-NH2)(,, and
Zrs04(OH),o(BTB), were found to be 0.013, 0.015, 0.047, 0.019,
0.026, 0.021, 0.071, 0.0031, and 0.047 wt%, respectively. The PXRD
patterns  of  the prepared CIl-BI@MOF  materials, ClI-
BI@ZT6O4(OH)4(BDC)6, C]-BI@ZI’GO4(OH)4(BPDC)6, Cl-
BI@Zr604(OH)4(TPDC-NH2)6, CI-BI@ZH6(BTB)4(BP)3, CI-BI@
Zn,O(BTB),, Cl-BI@Zn3(BTC),, Cl-BI@ZrsO4(OH),o(BTB),, Cl-
BI@Zny(DOBDC), and Cl-Bl@Zn,O(NDC); are shown in Figures
S1-S9.

Solvent exchange procedure. To estimate the effect of incorporated
solvent molecules on the emission profile of the prepared
frameworks, we performed solvent exchange experiments. The
prepared ZrsO4(OH)4(TPDC-NH,)s framework underwent solvent
exchange procedures with three different solvents (ethanol,
chloroform, and ethyl acetate). After synthesis, a powder of
Zrs04(OH)4(TPDC-NH,)s was thoroughly washed with DMF to
remove any unreacted materials. After washing with DMF, the MOF
was soaked in the corresponding solvent at room temperature for 72 h
to displace any DMF with a different solvent. The solvent was
refreshed twice a day over three days before photophysical
characterization to ensure complete solvent exchange (Figure S10).
Solvent exchange of ZrgO4(OH)4(TPDC-NH,)s did not result in
changes in the framework emission profile. Thus, the observed
changes in the photophysical response of CI-BI@MOF systems
cannot be attributed to emission from the host.

Preparation of dye@MOF. To test the effect of the framework on
the emission profile of incorporated guest molecules, we performed
photoluminescence measurements using different dye molecules with
the known photophysical profiles which were encapsulated in
Zr04(OH)4(TPDC-NH,)s. Generally, the emission profile of dyes
changes upon inclusion inside a porous framework replicates the dye
emission in solution rather than in the solid state. Rhodamine 6G and
acridine yellow have been chosen as model dyes due to their distinct
difference in photophysical response in solution and in the solid state,
thus allowing for monitoring of the encapsulation process. In a 1-
dram vial, ZrO4(OH),(TPDC-NH,)s (5.0 mg, 0.14 umol) was added
to a DMF solution of one of the corresponding dyes (rthodamine 6G or
acridine yellow, C = 14 pM, 1.0 mL,). After 72 h, the resulting
powder was washed with DMF to remove excess dye from MOF
surface before photoluminescence measurements were performed
(Figures S11 and S12).

Photoluminescent studies of CI-BI chromophore in solvents. To
estimate the solvent effect, we performed photoluminescent studies of
CI-BI in different solvents such as polar protic (methanol), polar
aprotic (DMF, dimethyl sulfoxide), and nonpolar (toluene,
dichloromethane). Fluorescence spectra of the corresponding
solutions of CI-BI (C = 0.5 mM) were measured at an excitation
wavelength of 390 nm (Figure S13). For instance, the emission
maxima of CI-BI in DMF solution is slightly blue shifted (A = 6 nm)
compared to that in the solid state (443 nm, A, = 350 nm, Figure le).
Furthermore, there is very little variation in the emission profile of CI-
BI chromophore in different solvents; Adgyent = 17 nm as evidenced
in Figure S13.

Fluorescent studies of CI-BI in the presence of MOF linkers. To
investigate the possibility of CI-BI interacting with the MOF linkers, a
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comparison among emission profiles of C1-BI chromophore, linker, a
mixture of linkers, and chromophore in both solid state and DMF
solution, and CI-BI@MOF were performed. An excitation wavelength
of 350 nm was used to acquire all photoluminescence spectra.
Fluorescence spectra of CI-BI (C = 0.5 mM), MOF linker (C = 0.5
mM), and a mixture containing C = 0.5 mM of CI-BI and MOF linker
in DMF solutions were measured. Interactions between CI-BI and
MOF linkers did not result in significant changes in emission profile
(Figures S14-17).

Preparation of Cl-BI@Pd¢(TPT), and Cl-oHBI@Pd¢(TPT),. In a
20 mL vial, Pd¢(TPT), (50.0 mg, 16.8 umol) and the CI-BI or CI-
oHBI chromophore (20.0 mg) were suspended in 1.00 mL of D,0O.
The resulting suspension was stirred at 80 °C for 20 h. After heating,
the obtained suspension was filtered and allowed to evaporate at room
temperature to produce crystals of CI-BI@Pd¢(TPT); and CI-
oHBI@Pd4(TPT),s, which were suitable for single-crystal X-ray
diffraction. The detailed description of data collection and refinement
details are given in the Supporting Information (SI) and Table S1
contains the crystallographic refinement data. To quantify the amount
of incorporated chromophore, CI-BI@Pd¢(TPT); and CI-
oHBI@Pd4(TPT), samples were sonicated in dichloromethane to
extract the chromophore from the pores. The amount of chromophore
inclusion was quantified spectrophotometrically as 1.2 wt% for Cl-
BI@Pde(TPT), and 3.3 wt% Cl-oHBI@Pds(TPT), using calibration
curves obtained from solutions with known concentrations by UV-vis
spectroscopy. FTIR spectra are shown in Figures S22 and S23,
respectively.

Release of Cl-oHBI chromophore from the cage. The difference in
emission maxima between Cl-oHBI@Pds(TPT), and the cage itself
allowed us to monitor the release process of the chromophore from
the cage. In particular, the emission profile of a water solution of CI-
oHBI@Pd¢(TPT), exhibits a maximum intensity at 625 nm (1 = 300
nm), while an aqueous solution of Pd¢(TPT), emits at 430 nm (Aex =
300 nm). The chromophore release process was monitored by changes
in emission intensity after dissolution of Cl-oHBI@Pd¢(TPT),. Figure
S25 shows that the emission intensity significantly decreases during
the first hour after the solution was prepared. The change in emission
intensity can be explained by the release of the insoluble
chromophore from the cage and its precipitation from the water
media. Based on this experiment, we established a timeline for
chromophore release, which was applied to study the interactions with
DNA as the next step.

Fluorescent studies of chromophore-DNA interactions. To
investigate the possibility of DNA interactions with Cl-oHBI after its
release from Pdg(TPT),, a solution of double-stranded DNA (18 pL,
Agilent Technologies Sonicated Salmon Sperm DNA, #201190) was
added to a freshly prepared water solution of Cl-oHBI@Pd4(TPT), (C
=90.0 pM, 175 pL) at room temperature. Fluorescence spectra from
the mixture containing Cl-oHBI@Pd¢(TPT); and DNA were
measured at an excitation wavelength of 300 nm in a 5 mm micro
quartz fluorometer cell (Starna Cell, Inc.). The solution in the quartz
cell was placed in the fluorometer and unperturbed during the course
of the experiment (24 h) and spectra were collected every 2 h (Figure
4a). As shown in Figure 4a, the emission intensity of Cl-oHBI
increased after the addition of DNA.

As a control experiment, interactions of DNA with Cl-oHBI
solution (not inside of the cage) were studied. The concentration of
Cl-oHBI solution was estimated to match the concentration of Cl-
oHBI inside Pd¢(TPT), in the initial experiment (C = 16.0 uM). To
prepare Cl-oHBI solution, a concentrated stock solution of Cl-oHBI
in DMSO (C = 4.00 mM) was diluted to 16.0 uM with water. The
final solution of Cl-oHBI (C = 6.85 pM, 175 pL) was mixed with
DNA (18 pL) and fluorescence spectra were collected over time in a
similar way as described above (Figure 4a).

Competitive binding studies with DNA. Competitive binding
studies were performed to study the possibility to replace ethidium
bromide (EB) from the EB-DNA complex with Cl-oHBI. An EB-
DNA complex was prepared by combining EB in water (C = 2.4 uM,
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10 pL) and 18 pL of DNA in water (0.10 mL). The binding effect of
Cl-oHBI released from Pdg(TPT), was studied by adding 2 uL of Cl-
oHBI@Pd4(TPT)4 solution (C = 16 uM, 10 pL) successively to a
solution of EB-DNA complex (total number of additions was 5). The
total amount of added Cl-oHBI was calculated to be slightly higher
than the total amount of EB with the assumption that all added EB
molecules intercalated. The influence of the addition of Cl-
oHBI@Pd4(TPT), to the EB-DNA complex solution was determined
by recording fluorescence emission spectra after each addition (Figure
4b).

In addition, we performed competitive binding studies with
Hoechst 33258 in order to address the possibility of chromophore
minor-groove binding. To a prepared solution of ClI-
oHBI@Pd4(TPT), in water (C = 90.0 uM, 175 pL) with DNA (C = 10
mg/mL, 18 pL), 2 puL of a solution of Hoechst 33258 in water (C =
2.35 uM) was added successively (total number of additions was 3).
Changes in the emission profile caused by interaction of Hoechst
33258 with DNA were monitored after each addition (Figure 4c). As
shown in Figure 4c, the addition of Hoechst 33258 solution does not
change the emission intensity of Cl-oHBI-DNA; however, the
appearance of a new emission band at 485 nm was observed,
corresponding to emission of the Hoechst 33258-DNA complex.
Subsequent addition of Hoechst 33258 resulted in a shift of emission
maxima to 510 nm due to saturation of DNA with Hoechst 33258 and
the appearance of free Hoechst 33258 dye molecules in solution.

Synthesis of 4-((1-(carboxymethyl)-2-methyl-5-0xo0-1,5-dihydro-
4H-imidazol-4-ylidene)methyl)benzoic acid (C14H 2N, 05,
pCOOH-BI-CH,COOH). A lithium hydroxide solution in water (C =
1.00 M, 662 pL) was added to a solution of pCOOH-BI-
CH,COOCH;* (0.100 g, 35.0 mmol) in 15.0 mL of methanol, and the
resulting solution was stirred for 24 h at room temperature. A
precipitate formed and was collected by filtration, then washed with
water and cold methanol. After drying under vacuum overnight,
pCOOH-BI-CH,COOH was isolated in 37% yield. '"H NMR (DMSO-
ds, 300 MHz): 6 = 2.34 (3H, s), 4.43 (2H, s), 7.08 (1H, s), 7.99 (2H, d,
J = 8.63 Hz), 832 (2H, d, J = 8.50 Hz), and 13.20 (1H, s) ppm
(Figure S28). 13C NMR (DMSO-ds, 101 MHz): § = 15.79, 41.85,
124.32, 129.93, 131.83, 132.30, 138.45, 140.24, 165.49, 167.37,
169.89, and 169.91 ppm (Figure S28). FTIR (neat, cm™): 3467, 1704,
1681, 1646, 1616, 1565, 1554, 1442, 1416, 1394, 1367, 1320, 1286,
1253, 1215, 1179, 1144, 1126, 1112, 911, 816, 775, 708, 693, and 662
(Figure S29). HRMS (ESI, m/z) calculated for C4H,N,Os [M+H]*
289.0819, found 289.0816. Single-crystal X-ray data for the pCOOH-
BI-CH,COOH chromophore are shown in Table S2 and Figure S26.

Preparation of Zrg(Me,BPDC),(pCOOH-BI-CH,COQ),. In order
to merge pCOOH-BI-CH,COOH with a MOF, a linker installation
procedure was performed. In a 1-dram vial, crystals of
Zrg(Me,BPDC), (15 mg, 8.0 pmol) were added to a DMF solution of
pCOOH-BI-CH,COOH (C = 30 mM, 4.0 mL). The vial was heated at
75 °C for 24 h, then cooled to room temperature. The obtained
crystals were collected by filtration and washed with an excess of
DMF to remove any unreacted materials. PXRD studies were used to
confirm preservation of framework integrity after linker installation
(Figure S30). FTIR spectrum is shown in Figure S31. The obtained
crystals were suitable for single-crystal X-ray analysis. The detailed
description of data collection and refinement details are shown in
Figure 7b and Table S2.

Digestion procedure for Zrs(Me,BPDC),(pCOOH-BI-CH,COO);.
To study the composition of the prepared Zrs(Me,BPDC)4(pCOOH-
BI-CH,COO), MOF by 'H NMR spectroscopy, a solution of 500 pL
of DMSO-dg and 3 pL of concentrated HCI was added to 5 mg of the
material, followed by sonication until complete sample dissolution.
The percentage of the installed linker was calculated based on linker
ratios found in the "H NMR spectrum of the digested sample (Figure
S32).

Synthesis of methyl 2-(4-(4-hydroxybenzylidene)-2-methyl-5-oxo-
4,5-dihydro-1H-imidazol-1-yl)acetate  (C;;H;4N,O,;, pOH-BI-
CH,COOCH,;). Prepared methyl-2-((1-

ethoxyethylidene)amino)acetate (0.68 g, 4.3 mmol) was added to 4-
hydroxybenzaldehyde (0.50 g, 4.1 mmol) in 5.0 mL of ethanol and 2
pL of acetic acid. After the resulting mixture was stirred vigorously
for 4 h at room temperature, 15 mL of water was added, and the
solution was stirred for an additional hour. The obtained yellow
powder was collected by filtration and washed with water and hexane.
After drying under vacuum, pOH-BI-CH,COOCHj; (0.39 g, 1.4 mol)
was isolated in 34% yield. '"H NMR (DMSO-ds, 300 MHz): J = 2.29
(3H, s), 3.71 (3H, s), 4.51 (2H, s), 6.85 (2H, d, J = 8.73 Hz), 6.96 (1H,
s), 8.10 (2H, d, J = 8.73 Hz) and 10.18 (1H, s) ppm (Figure S34). 13C
NMR (DMSO-dg, 101 MHz): 6 = 15.48, 41.53, 52.99, 116.26, 125.53,
127.13, 134.84, 135.78, 160.32, 161.54, 169.15, and 169.87 ppm
(Figure S34). FTIR (neat, cm™'): 2954, 1741, 1712, 1642, 1598, 1552,
1516, 1444, 1364, 1302, 1276, 1214, 1169, 1149, 1086, 984, 911,
894, 841, 811, 786, 765, and 716 (Figure S35). HRMS (ESI, m/z)
calculated for C4H4N,O4 [M+H]* 275.1026, found 275.1025. Single-
crystal X-ray data for pOH-BI-CH,COOCHj; are shown in Table S3
and Figure S33.

Synthesis of pOH-BI-CH,COOCH; inside of 11. In a 20 mL vial,
11 (15 mg, 5.4 umol) was soaked in ethanol solution (10 mL) of 4-
hydroxybenzaldehyde (0.010 g, 0.82 mmol) for 1 h. Then methyl-2-
((1-ethoxyethylidene)amino)acetate (0.83 g, 5.2 mol) and 2 pL of
acetic acid was added to the solution to initiate the reaction. The
reaction process was monitored by solution photoluminescence
studies by taking aliquots of the reaction mixture after 1.5 and 2.5 h
(Figure 6). After 4 h of stirring at room temperature, 10 mL of water
was added to the resulting suspension, followed by the formation of a
white precipitate. The resulting suspension was stirred vigorously for
an additional 2 h at room temperature. The obtained powder was
collected by filtration and washed with DMF to remove any
chromophore molecules on the COF surface. PXRD studies were
employed to check framework crystallinity after the reaction (Figure
S37).

Chromophore Delivery to RAW264.7 macrophages. RAW264.7
macrophage cells were seeded onto a Lab-Tek™ II Chamber Slide™
System and incubated in 37 °C until 70 % confluency. The prepared
RAW264.7 cells were treated with water solutions of ClI-
oHBI@Pd4(TPT)4, Cl-oHBI, or Pd¢(TPT), (C = 5 mg/mL) and
incubated for 4 h, then the cells were rinsed with phosphate buffered
saline (PBS) to remove any unbound molecules. Finally, fluorescent
images were acquired using the EVOS™ M7000 Imaging System at
20x magnification.

Fluorescence Spectroscopy. Steady-state emission spectra were
acquired on an Edinburgh FS5 fluorescence spectrometer equipped
with a 150 W Continuous Wave Xenon Lamp source for excitation.
Emission measurements on solid samples and suspensions were
collected using the front-facing module. For solid samples, powders
of the appropriate materials were placed inside of a 0.5 mm quartz
sample holder. Emission measurements on solutions were collected in
quartz cuvettes in the appropriate solvent.

Other Physical Measurements. FTIR spectra were obtained on a
Perkin-Elmer Spectrum 100. NMR spectra were collected on Bruker
Avance III-HD 300 and Bruker Avance III 400 MHz NMR
spectrometers. *C and '"H NMR spectra were referenced to natural
abundance 3C peaks and residual 'H peaks of deuterated solvents,
respectively. Powder X-ray diffraction patterns were recorded on a
Rigaku Miniflex II diffractometer with accelerating voltage and
current of 30 kV and 15 mA, respectively. Solution UV-vis spectra
were obtained at room temperature in the appropriate solvent in micro
quartz cuvettes on a Perkin Elmer Lambda 35 spectrophotometer.

Computational Details. The electronic structure calculations have
been performed using density functional theory (DFT), specifically
the B3LYP functional paired with the 6-31G* basis to generate
potential energy surface (PES) and with 6-31+G* to obtain excited
electronic states. For the latter, the Grimme’s dispersion correction
has been invoked and the electronic excitations analysis is based on
the time-dependent density functional theory (TDDFT) with the
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random phase approximation (RPA).°® The electronic structure
method has been selected after additional calculations, including the
ground state geometry optimization at the MP2 level using 6-31G*
and 6-311+G** bases, which have yielded marginal differences in
geometry compared to the DFT results. Selected excited state
calculations were performed using LRC-wPBEh density functional
and yielded electronic excitations at slightly higher energies (by about
0.2 eV or 7%), and larger dipole moments (by ~ 0.15 D or 3-7%). As
shown previously,”” the accuracy of the dipole moments is rather
insensitive to the DFT, thus our analysis is based on the B3LYP
density functional. All calculations were performed using Spartanl6
and Q-chem 5.2 software.”®%

The PESs illustrate single bond dynamics of CI-Bl, Cl-oHBI,
and the unbound and confined pCOOH-BI-CH,COOH chromophore
inside of the engineered scaffold. To model chromophore behavior
inside of the framework, oxygen atoms were fixed to mimic the
rigidity imposed by the scaffold. PESs were constructed by varying
the dihedral angles C,=C,—C;=C, and Cs—CsN-C; as shown in
Figures 2 and S27.

In relation to the current experiments, we have examined the
optical transitions corresponding to the ground and first excited
singlet states of the CI-BI chromophore.®”° A diagram of the
electronic transitions pathway, presented in Figure S39, is shown for
the molecular model of the CI-BI chromophore in the solid state; S,
and S, refer to the structures optimized in the ground electronic state,
and Sy'and S," refer to the geometry optimized in the first excited
singlet state. Absorption is associated with the optical transition from
Sy — S;, with the largest contributions coming from the highest
occupied natural transition orbital (HONTO) and lowest unoccupied
natural transition orbital (LUNTO) of the ground state. Emission
involves the S;" — Sy’ transition represented primarily by the LUNTO
and HONTO of the first excited singlet state at the optimized
geometry. According to the electronic structure calculations, the two
conformers — experimentally determined in the solid state and in the
cage — are essentially degenerate in energy (the conformer in the cage
is lower by less than 1 kJ/mol as computed with the B3LYP-D3/6-
31+G* and MP2/6-311+G** methods) and the two conformers are
separated by a small barrier of 34.2 kJ/mol (Figure 2). The benzene
and imidazolone rings of the two experimental conformers are nearly
in-plane: the twist (C,;=C,—C3;=Cy, )/ the tilt (N-C,=C,—C;, 7) angles
(Figure S40) are 0.6°/0.7° and 178.4°/-8.2° for the conformer in the
solid state and in the cage, respectively, while their excitation
energies (So — S; and S;" — Sy’ transitions) are quite similar — the
excitation from the ground state is different by 4 nm and emission
from the first excited singlet state by 15 nm as computed with the
B3LYP-D3/6-31+G* method. We also note that the two CI-BI
conformers show significant differences in their dipole moments: 5.25
and 2.53 D for the ground state of the conformer in the solid state and
in the molecular cage, respectively, and both slightly reduced (5.10
and 2.16 D) in respect to the excited state.

Using the structural data available for the C1-BI chromophore in
the solid state and in the cage, we argue that the observed shift in
emission can be attributed to the cage cavity (confinement effect).
During geometry relaxation of the first excited singlet state twisting
and tilting occur e.g., the twist angles for chromophore in the solid
state and in the cage are 4.7° and 8.8°, respectively. Based on the cage
cavity size (18.5 A), it can ‘freely’ accommodate the CI-BI
chromophore with a size of ~14.4 A (10.4 A + 2.2 A, which is the
sum of the cage cavity size and two typical O---H distances). In
contrast, the chromophore in the solid state and in the cavity of the
MOFs with a small aperture (e.g., 1 = 11.0 A and 2 = 12.0 A) do not
allow ‘free’ rotation of the chromophore. Therefore, we speculate that
MOFs with a smaller pore size do not allow changes in twist and tilt
angles, i.e., the geometry during absorption/emission remains
stationary and their emission is similar to the photophysical profile of
the absorption (S; — Sj). On the contrary, MOFs with larger pore
apertures can allow for the relaxation of the first excited singlet state
geometry and their emission can be red-shifted compared to the solid
state emission (S;" — Sy’).

Analysis of the electronic excitations obtained with
TDDFT/RPA method based on B3LYP-D3/6-31+G* excited state
optimization, yielded a shift in emission (S, — Sy', 439 nm, Figure
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S42) of 84 nm, respectively, compared to the emission in the solid
state (S; — Sy, 355 nm, Figure S42). Calculations using B3LYP/6-
31+G*, CAM-B3LYP-D3/6-31+G*, and LRC-wPBEh/6-311+G**
resulted in similar values of emission shift (82, 76, and 80 nm).
Allowing for the hula twist (simultaneous twist and tilt) of the
molecule in the excited state, similar to that experimentally observed
for BI-chromophore,>¢’ the theoretical maximum in emission from the
excited state conformer (479 nm, Figure S42) red-shifted by
additional 40 nm for a total shift of 124 nm compared to chromophore
in the solid state. The trend in computed emission profile is
qualitatively similar to the experimental emission as shown in Figure
le. Compared to the solid state, the nonrigid confined environment
may allow additional tilting and twisting of the CI-BI chromophore in
the excited state. The optical transitions are sensitive to such changes
in geometry as illustrated in the optical transition profiles in Figure
S41. An increase in ¢ angle from 0° to 50° resulted in a
hypsochromic shift of 18 nm for the emission maxima, while an
increase in T angle from 0° to 50° leads to a bathochromic shift of 94
nm for the emission (Figure S41).
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