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Functionalized Donor-m—Acceptor (D-m-A) Organic Linkers
for Metal-Organic Frameworks with Extended Visible-Light

Absorption

Giorgia Salerno, Claudia Favia, Aurelia Falcicchio, Rocco Caliandro, Norberto Manfredi,

Alessandro Abbotto, and Ottavia Bettucci*

Metal-organic frameworks (MOFs) are promising materials for
photocatalytic hydrogen production. However, their efficiency
is often limited by the optical properties of conventional organic
linkers, such as terephthalic acid (TA). In this work, the synthesis of
two novel triphenylamine-based organic dyes (LO-TA and L1-TA)
featuring a donor-z—acceptor (D-z—A) structure is reported.
These dyes are functionalized with a terminal moiety analogous

1. Introduction

Metal-organic frameworks (MOFs) are an emerging class of crys-
talline porous materials built via coordination of metal ions or
clusters with organic linkers."? Due to their high surface area,
tunable pore sizes, and versatile chemical functionalities, MOFs
have shown great potential in a wide range of applications,
including gas storage, separation, sensing, and catalysis.>™
Among these, their potential as photocatalysts in several fields,
especially in hydrogen production through water splitting, has
attracted growing interest over the last decade.'*'¥

The photocatalytic performance of MOFs strongly depends on
the electronic properties and light absorption capabilities of the
organic linkers comprising their framework. Conventional linkers,
such as terephthalic acid (TA) and its amino derivatives, are well-
established building blocks that confer structural stability but often
limit visible-(vis)light absorption, which is critical for solar-driven
catalysis.!"*'®! To overcome this limitation, recent studies have
explored the design of novel linkers with extended z-conjugation
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to aminoterephthalic acid, which serves as visible-light-absorbing
linkers. These dyes retain the coordination ability required for
MOF assembly while enhancing light-harvesting properties.
Crystallographic simulations confirm the structural compatibility
of these colinkers in hybrid MOFs, providing a viable strategy to
maintain MOF crystallinity while improving photocatalytic
performance.

and tailored functional groups to enhance vis-light harvesting and
charge transfer efficiency."”

In this context, postsynthetic modification of free functional
groups of MOFs is an explored strategy to improve the light-
harvesting properties of the MOFs.'®?? |n particular, the amino
group of the commonly used MOF NH,MIL125 could be a relevant
functionalization strategy to improve light absorption and photo-
catalytic activity in MOFs.'>%>-2%1 However, problems related to the
quantification of the functionalization rate, as well as the complexity
of functionalizing the resulting material, remain significant. For this
reason, the synthesis of new linkers that combine the favorable
structural features of aminoterephthalic acid with additional chro-
mophore or electron-rich moieties remains a compelling approach
to further push the boundaries of MOF-based photocatalysts.

The use of chromophores is widespread in catalysis and pho-
tocatalysis, where they play a key role in enhancing reaction
efficiency.”®?° However, an unexplored and promising strategy
may involve the use of organic dyes as potential linkers in MOF
structures. As potential chromophores, dyes with a D-7-A
architecture represent an interesting option due to their high var-
iability, low cost, high electron transfer efficiency, and good pho-
tochemical stability.2°? These molecules, already employed in
fields such as dye-sensitized solar cells and photocatalytic hydro-
gen generation,">**% have demonstrated strong vis-light
absorption and efficient intramolecular charge transfer (ICT)
properties, making them attractive candidates for integration into
MOF structures to enhance solar light harvesting and, in turn,
photocatalytic performance.

In this work, the synthesis of two novel triphenylamine-based
dyes, LO-TA and L1-TA (Figure 1), featuring a terminal moiety struc-
turally analogous to aminoterephthalic acid, is reported. These dyes
were designed to absorb strongly in the Vis range and serve as
organic linkers for MOF synthesis, retaining the robust coordination
chemistry typical of TA, essential for effective MOF assembly, while
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Figure 1. Structure of the novel dyes, LO-TA and L1-TA, synthesized in this work.

introducing enhanced photophysical properties to improve light
harvesting and hydrogen evolution performance. Successful incor-
poration of these linkers into MOFs is expected to contribute to the
development of more efficient, vis-light-active photocatalysts.
Although the relatively large size and steric bulk of these dyes
may hinder the formation of highly crystalline MOFs when used
as sole linkers, their implementation as colinkers in hybrid MOFs
represents a promising alternative. Indeed, LO-TA and L1-TA can
be combined with conventional linkers, such as TA, to maintain
structural order while enhancing light-harvesting capabilities and
photocatalytic efficiency. Crystallographic simulations support
their potential integration into MOFs, confirming that the molec-
ular dimensions and coordination geometry of both dyes are
compatible with a successful colinker incorporation. These results
suggest that the dyes can be accommodated without significant
steric hindrance, maintaining structural integrity of the 3D net-
work and enabling cosite substitution of conventional linkers.

2. Results and Discussion
2.1. Synthesis of Novel Dyes LO-TA and L1-TA
The two novel organic linkers, LO-TA and L1-TA, were obtained by

introducing a TA terminal moiety into two dye structures commonly
reported in the literature of molecular solar devices (LO and L1).
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Scheme 1. Synthetic pathway for the synthesis of dyes LO-TA and L1-TA.
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Reference organic dyes LO and L1 have been synthesized, optimiz-
ing literature procedures Scheme 1.7 To obtain dye LO, the bro-
minated triphenylamine 2 was subjected to a selective formylation
using n-BuLi and DMF, yielding the aldehyde 3, which was then
subjected to a Knoevenagel condensation with cyanoacetic acid
to give dye LO. Similarly, the preparation of dye L1 started with
a Suzuki-Miyaura cross-coupling between the brominated triphe-
nylamine 2 and 5-formyl-2-thiopheneboronic acid (4) to afford
the aldehyde 5, which was then subjected to a Knoevenagel con-
densation in presence of cyanoacetic acid (6) to afford dye L1.
Subsequently, both dye LO and L1 were submitted to a peptide-like
coupling with 2-aminoterephthalic acid (7) using 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) and
N-methylmorpholine (NMM) as coupling agents to afford the
desired products LO-TA and L1-TA. All the intermediates have been
investigated by "H-NMR spectroscopy (Figures S1-S4, Supporting
Information), while the two novel dyes LO-TA and L1-TA have been
fully characterized through 'H-NMR, *C-NMR spectroscopy, and
ESI-Mass spectrometry. The synthesis and characterization details
are provided in the Experimental Section and in Figures S5-5S10,
Supporting Information.

2.2. Optical and Electrochemical Characterization of Dyes

To validate the suitability of the new dyes in MOF systems, a
detailed spectroscopic and electrochemical characterization
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Figure 2. a) Normalized UV—vis absorption spectra of dyes LO-TA (orange solid line), L1-TA (red solid line), in a 0.05 M acetone solution. b) CV of LO-TA

and L1-TA, 10—5 M solution in DMF with 0.1 M N (n-Bu),ClO,.

was carried out. The UV-vis spectra of both dyes recorded
in acetone present an intense ICT band in the 350-550 nm
region and a molar extinction coefficient (¢) in the range of
12,000-14,000 (M~' cm™") (Table S1, Supporting Information,
Figure 2a). Optical bandgap has been evaluated by means of
Tauc plots. The cyclic voltammetry (CV) of the dyes, recorded
in DMF (Figure 2b), showed a partially reversible behavior at oxi-
dative potentials (potential >0 V vs. Fc/Fc+). Differential pulse
voltammetry (DPV) (Figure S11, Supporting Information) was pre-
ferred to determine the oxidation potentials (E,,) and, thus, to
calculate the HOMO energy levels. The calculated LUMO level
for all dyes has been estimated from the corresponding
HOMO energy and energy gaps assuming negligible exciton-
binding effects, a common approximation when the reduction
process is not experimentally observed. All calculated values
are listed in Table S1, Supporting Information.

The combination of UV spectra and calculated HOMO and
LUMO energy levels of LO-TA and L1-TA (well aligned with the
redox potentials for proton reduction and water oxidation) dem-
onstrates the suitability of both dyes to act as photosensitizing
linkers in MOF-based photocatalytic systems.

2.3. Crystallographic Simulations

The feasibility of incorporating LO-TA and L1-TA as organic linkers
within the MIL-125 framework was assessed by crystallographic
simulations through simulated annealing (SA) calculations. This
stochastic optimization method is usually applied to determine
the crystal structure from X-ray powder diffraction (XRPD) pro-
files. An initial structural model is described in terms of internal
and external degrees of freedom and the position and configu-
ration in best agreement with experimental data is found by
applying a SA procedure. Here we have applied the same proce-
dure to explore the configurational space of the dye molecules
once covalently bound to the aromatic ring of the MOF linker,
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thus reproducing their role as pendant functional units. By sam-
pling different orientations and conformations of the pendant
dyes, the SA procedure provided a set of low-energy solutions
that reflect the steric compatibility of each dye with the surround-
ing framework. In this new procedure, the XRPD profile of the
MOF was used considering only the first peaks (green line in
Figure 3a), to introduce a low-resolution constraint and stereo-
chemical restraints were used to predict the possible spatial ori-
entation of the guest molecules within the MIL-125 porous
framework. Therefore, they can also assess the compatibility of
the dye molecules with the MOF. Results showed that both dyes
can be incorporated as pendant groups in the MIL-125 frame-
work, extending into the porous space and retaining structural
flexibility even when covalently bound to a linker molecule.
Results of SA simulations are shown in Figures 3 and 4.
Figure 3b shows the best nine solutions ranked according to
the final cost function values, revealing non-negligible differen-
ces among different solutions, which are greater for L1-TA
(orange bars) than for LO-TA (blue bars). This can be interpreted
by considering that the incorporation of both dyes leads to ener-
getically stable solutions, with noticeable differences in the cost
function values. The more complex structure of L1-TA with
respect to LO-TA gives more sensitivity to the conformational
sampling to this compound. Moreover, L1-TA reaches the overall
lowest-cost solution (rank 1), indicating a better steric compati-
bility with the MIL-125 framework compared to LO-TA. The dis-
tribution of cost function values, confined to a narrow range
(493.4-494.5), suggests that both molecules can be incorporated
as pendant groups within the MOF structure without compromis-
ing overall stability. However, the differences observed among
the solutions highlight the non-negligible influence of dye orien-
tation and conformation on structural accommodation. The pres-
ence of multiple energetically close solutions further emphasizes
the conformational flexibility of the system, which can place the
pendant substituents in different spatial arrangements while
remaining compatible with the MIL-125 framework.
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Figure 3. a) Screenshot of the graphic user interface of the EXPO program,“? showing the measured (blue line), calculated (green line) and difference
(gray line) X-ray diffraction profiles and the structural model obtained at the end of the first SA run horizontal bars along the 2J axis indicate the position
of the MIL-125 reflections. b) Cost function values for the first nine SA solutions obtained by adding LO-TA and L1-TA to the MIL-125.

Figure 4. Best solutions obtained by SA for the dye molecule LO-TA a) and L1-TA b) to the MIL-125 MOF. Dye molecules and MOF are shown in Ball and
Stick and Wireframe representation, respectively. Titanium, sulfur, oxygen, nitrogen, carbon, and hydrogen atoms are shown in green, yellow, red, purple,

gray, and light gray, respectively.

The best SA configurations of LO-TA (a) and L1-TA (b) when
covalently attached as pendant linkers to the MIL-125 frame-
work are depicted in Figure 4. Both dyes can be accommodated
without any atomic clashes, maintaining a realistic binding
geometry with the aromatic linker. The comparison highlights
that, despite its larger size, L1-TA also fits within the steric envi-
ronment of the MOF, confirming the structural feasibility of both
functionalization. A structural comparison among the best

Chemistry—Methods 2026, 6, 202500124 (4 of 8)

nine solutions of each SA simulation (Figures S12 and 513,
Supporting Information) highlights that the difference among
solutions of the same MOF-dye system lies in the diverse con-
figuration of the dye molecule within the MOF, and that all sam-
pled configurations have no clash with the MOF atoms. Thus,
the differences observed for the values of the cost function
(Figure 3b) are determined by different arrangements of the
dye molecules.
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In summary, SA results show that LO-TA and even the longer
L1-TA are both able to bind to the MOF linker according to the
imposed constraint and have enough space within the MOF voids
to sample their internal flexibility, by adopting different confor-
mations. Besides the conformational heterogeneity showed by the
dye with a fixed bond to the MOF, a further structural heteroge-
neity should be considered by assuming that the dye can equiva-
lently bound to each the four C atoms of the benzene ring of the
organic linker of the MOF bound to a hydrogen atom. Based on
these arguments, it can envisage that the real crystals of both the
MIL-125 + LO-TA and MIL-125 + L1-TA systems can be affected by
static (other than dynamic) disorder related to the dye molecule. In
other words, this latter can occupy the crystal unit cells in a differ-
ent conformation and bound to a different MOF atom. In these
conditions, it is very likely that the diffraction signal from the
dye molecule is too weak to be detected. Referring to the structural
solutions obtained, the expected molecular mass of MIL-125 +
LO-TA and MIL-125 + L1-TA is respectively 8.2% and 9.4% higher
than that of the MOF. These values represent the doping level that
can be reached for the dye in the MOF, which should correlate to
the photophysical properties expected for the material.

3. Conclusion

In this work, two novel functionalized organic linkers, LO-TA and
L1-TA, based on D-z-A structures, were successfully synthesized
to integrate vis-light absorption capabilities into MOFs.
Spectroscopic and electrochemical studies confirmed that both
compounds exhibit intense ICT bands and energy levels suitable
for efficient electron transfer, making them promising candidates
for photocatalytic hydrogen production. Crystallographic simula-
tions demonstrated the structural compatibility of the new linkers
with the MIL-125 framework, showing that both LO-TA and L1-TA
can be incorporated as colinkers without inducing significant ste-
ric hindrance.

Despite the relatively large size of these chromophores, their
combination with conventional TA linkers can preserve MOF crys-
tallinity while enhancing light-harvesting properties. Overall, this
study highlights that the design of functionalized D-z-A linkers
represents an effective strategy to expand MOF functionality and
improve the performance of vis-light-driven photocatalysis, pav-
ing the way for new hybrid materials for sustainable and efficient
hydrogen production via solar energy.

Experimental Section
General Information

The starting reagents, obtained from commercial suppliers at the
highest purity grade, were used without further purification.
Anhydrous solvents, sourced from Sigma-Aldrich, were also used
as received. NMR spectra were recorded with a Bruker Avance
Neo spectrometer operating at 400 MHz ('H) and 101 MHz (*3C).
Coupling constants are given in Hz. Flash chromatography was per-
formed with Merck grade 9385 silica gel 230-400 mesh (60 A).

Chemistry—Methods 2026, 6, €202500124 (5 of 8)

Reactions performed under an inert atmosphere were performed
in oven-dried glassware, and a nitrogen atmosphere was generated
with the Schlenk technique. The conversion was monitored by thin-
layer chromatography using UV light (254 and 365 nm) as a visualiz-
ing agent. Absorption spectra were recorded with a V-570 Jasco
spectrophotometer.

Synthesis of 4-(N,N-Diphenylamino)benzaldehyde (3)

To a solution of 4-bromotriphenylamine (2) (0.634 g; 1.96 mmol; 1 eq)
in anhydrous THF (10 mL), at —78 °C, under inert atmosphere, n-BuLi
(1.6 M in hexane) (1.83 mL; 293 mmol; 1.5 eq) was added. After
30min of vigorous stirring, anhydrous DMF (0.214 g; 2.93 mmol;
1.5 eq) was added. The reaction mixture was left warming to rt over-
night. The mixture was then quenched with H,O and diluted with
AcOEt. The organic phase was washed with H,0 (2 x 100 mL). The com-
bined organic phase was dried over Na,SO, and filtered. Concentration
under reduced pressure of the solvent gave the crude product that was
purified through flash column chromatography (silica gel heptane:-
dichloromethane ((DCM) 10:1) to obtain the desired product 3 as a yel-
low solid in 43% yield (0.228 g; 0.83 mmol). "H NMR (400 MHz, CDCls)
0981 (s, 1H), 7.67 (d, J=88Hz, 2H), 734 (t, J=7.7 Hz 4H), 7.18-7.16
(m, H), 7.00 (d, J = 8.8 Hz, 2H).*7*¥

Synthesis of 4-thiophene-2-carbaldehyde Triphenylamine (5)

In a Schlenk tube under an inert atmosphere, an anhydrous solution
of 4-bromotriphenylamine (2) (1.282 g, 3.95 mmol, 0.75 eq) in a mixed
solvent of MeOH/PhMe (1:1, 40mL) was prepared. 5-Formyl-2-
thiopheneboronic acid (4) (0.822 g, 5.27 mmol, 1.33 eq), Pd(dppf)
Cl, (0.039 g, 0.055 mmol, 0.014 eq), and K,CO; (2.80 g, 20.25 mmol,
5.13 eq) were then added to the tube. The mixture was maintained at
75 °C overnight under an inert atmosphere (N,). After 16 h, the reac-
tion mixture was diluted with AcOEt and extracted with water
(3 x 20 mL). The organic phase was isolated, dried over Na,SO,, fil-
tered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (from heptane and followed
by a gradient of AcOEt:DCM 10:1, 5:1, 1:1). The fractions containing
the desired product were combined and concentrated to give a light-
yellow solid (5) in 52% yield (0.732 g; 2.06 mmol). "H NMR (400 MHz,
CDCl3) 6 9.85 (s, 1H), 7.70 (d, J=4.0Hz, 1H), 7.5 (d, J=8.7 Hz, 2H),
7.32-7.28 (m, 5H), 7.12-7.05 (m, 8H).B%

Synthesis of LO

To a solution of 4-(N,N-Diphenylamino)benzaldehyde (3) (0.228 g;
0.83 mmol; 1 eq) in 30 mL of anhydrous ACN under inert atmosphere,
piperidine (0.49 mL; 4.98 mmol; 6 eq) and cyanoacetic acid (6) (0.353
g;4.15 mmol; 5 eq) were added. The reaction mixture was refluxed for
1 h. The mixture was then diluted with DCM, and the organic phase
was washed with H,O (2 x 50 mL). The combined organic phase was
dried over Na,SO, and filtered. Concentration under reduced pres-
sure of the solvent gave the crude product that was purified through
flash column chromatography (silica gel AcOEt) to obtain the desired
product LO as an orange solid in 98% vyield (0.265 g; 0.78 mmol).
'H NMR (400 MHz, CDCl;) 6 8.13 (s, TH), 7.87 (d, J=9.00 Hz, 2H),
7.37 (t, J=7.5Hz, 4H), 7.23-7.19 (m, 6H), 6.96 (d, J = 9.00 Hz, 2H).B%

Synthesis of L1

To a solution of 4-thiophene-2-carbaldehyde triphenylamine (4)
(0.670 g; 1.89 mmol; 1 eq) in 50 mL of anhydrous ACN under inert
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atmosphere, piperidine (1.3 mL; 13.16 mmol; 7 eq) and cyanoacetic
acid (6) (0.970 g; 11.41 mmol; 6 eq) were added. The reaction mixture
was refluxed overnight. The mixture was then diluted with DCM, and
the organic phase was washed with H,O (2 x 100 mL). The combined
organic phase was dried over Na,SO, and filtered. Concentration
under reduced pressure of the solvent gave the crude product that
was purified through flash column chromatography (silica gel
DCM:MeOH 10:1) to obtain the desired product L1 as an orange
solid in 79% yield (0.634 g; 1.50 mmol). "H NMR (400 MHz, DMSO-dj)
0 8.16 (s, 1H), 7.74 (d, J=4.0Hz, 1H), 7.62 (d, J=8.7 Hz, 2H), 7.52
(d, J=4.0Hz, 1H), 735 (t, J=7.7Hz, 4H), 7.14-7.08 (m, 6H), 6.97
(d, J=8.7 Hz, 2H).B%

Synthesis of LO-TA

To a solution of dye LO (0.488 g; 1.49 mmol; 1 eq) in anhydrous DCM
(50 mL), under inert atmosphere, DMTMM (0.494 g; 1.78 mmol; 1.2 eq)
and NMM (0.25 mL; 0.226 g; 2.22 mmol; 1.5 eq) were added. After
15 min of stirring, 2-aminoterephthalic acid (7) (0.810 g; 447 mmol;
3 eq) was added. The reaction mixture was stirred at 50 °C overnight.
The mixture was then diluted with DCM, and the organic phase was
washed with an aqueous solution of Na,COs (pH ~ 10) (5 x 100 mL)
and an aqueous HCl solution (pH =~ 3). The combined organic phase
was dried over Na,SO, and filtered. Concentration under reduced
pressure of the solvent gave the crude product that was purified
through flash column chromatography (silica gel AcOEt:AcOH 400:1)
to obtain the desired product LO-TA as an orange solid in 70% yield
(0.708 g; 1.41 mmol). '"H NMR (400 MHz, DMSO-d,) § 9.21 (s, 1H), 8.25
(s, TH), 8.11 (d, J=8.2Hz, 1H), 793 (d, J=9Hz 2H), 7.72 (d, /= 9.5 Hz,
1H), 743 (t, J=7.9Hz, 4H), 7.26-7.22 (m, 7H), 6.88 (d, /= 8.9 Hz, 2H).
3C NMR (101 MHz, DMSO-d,) 6 169.5, 167.0, 160.5, 153.8, 152.2, 145.7,
1409, 1334, 133.3,131.9,130.5,127.0, 126.2, 124.2,123.6, 1234, 1215,
118.7, 118.6, 117.2. Elemental analysis calculated (%) for C3oH,;N3Os:
C, 71.56; H, 4.20; N, 8.35; found C 71.87; H 4.9; N 7.83 m/z: [M+ H]~
calculated for C30H20N305 502.1403, found 502.1405.

Synthesis of L1-TA

To a solution of dye L1 (0.450 g; 1.06 mmol; 1 eq) in anhydrous DCM
(50 mL) under inert atmosphere, NMM (0.35 mL; 3.20 mmol; 3 eq) and
DMTMM (0.588 g; 2.12 mmol; 2.0 eq) were added. After 15 min of stir-
ring, 2-aminoterephthalic acid (7) (0.967 g; 5.32 mmol; 5 eq) was added.
The reaction mixture was stirred at 50 °C overnight. The mixture was
then diluted with DCM, and the organic phase was washed with a
solution of Na,CO; (pH =~ 10) (5 x 100 mL). The combined organic
phase was dried over Na,SO, and filtered. Concentration under reduced
pressure of the solvent gave the crude product that was purified
through flash column chromatography (silica gel AcOEt:AcOH 200:1)
to obtain the desired product L1-TA as a red solid in 18% yield
(0.112 g; 0.19 mmol). '"H NMR (400 MHz, DMSO-d,) § 9.17 (s, TH),
850 (s, TH), 811 (d, J=8.1Hz, 1H), 798 (d, J=4.0Hz, 1H), 7.67
(d, J=87Hz, 3H), 763 (d, J=4.0Hz, 1H), 736 (t, J=7.6Hz 4H),
7.15-7.09 (m, 7H), 6.96 (d, J = 8.7 Hz, 2H). *C NMR (101 MHz, DMSO-d)
0169.5,167.2,160.1, 153.3; 149.2, 146.8, 145.2, 141.8, 140.8, 134.3, 131.8,
1304, 127.9, 125.8, 125.5, 124.7, 1245, 124.0, 122.1, 121.1, 116.8, 100.2.
Elemental analysis calculated (%) for C34H»3N30sS C, 69.73; H, 3.96; N,
7.18; found C 70.1; H 3.69; N 7.95 m/z: [M+H]™ calculated for
C34H22N305S 584.1280, found 584.1285.

Methods: Electrochemical Characterization

CV was carried out at a scan rate of 50mV s, using a Bio-logic SP-240
potentiostat in a three-electrode electrochemical cell under nitrogen.
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The working, counter, and pseudo reference electrodes were a glassy
carbon working electrode (surface area = 0.08 cm?), Pt wire and an
Ag/Agt TBAP in CH;CN (0.1 M tetrabutylammonium perchlorate
and 0.01 M AgNO; in acetonitrile) in a 0.1 M TBACIO, solution in
DMF. The same setup was used for DPV, recorded at a pulse width
of 50.0 ms, a stop height of 10 mV, a step time of 500 ms of 20 mV s,
and a pulse height of 2.5 mV. The Pt wire was sonicated for 15 min in
deionized water, washed with 2-propanol, and cycled for 50 times in
0.5 M H,SO, before use. The Ag/Ag* pseudoreference electrode was
calibrated by adding ferrocene (107> M, Fc) to the test solution after
each measurement.

Methods: ESI Mass Spectrometry

Samples were dissolved in acetonitrile at a concentration of
1 mg/mL, then diluted 1:1000 in 50% ACN containing 0.1% formic
acid, centrifuged, and analyzed. Spectra were acquired on a hybrid
quadrupole time-of-flight mass spectrometer (Xevo G2-XS, Waters
Corporation, Milford, MA, USA). Full scan analyses were performed
over the m/z range 50-1200 at a scan rate of 0.1 spectra/s in nega-
tive ionization mode. Additional MS settings were as follows: capil-
lary voltage 3 kV; sampling cone 40V; source temperature 120 °C,
desolvation temperature 350 °C, desolvation gas at 1000 L h™' at
550°C; cone gas flow at 30Lh~". Data were acquired with
MassLynx software (version 4.2, Waters Corporation, Milford, MA,
USA). Leucine enkephalin 200 pg ml™' dissolved in 50% ACN in
water containing 0.1% formic acid was acquired at 10s intervals
during runs for lock mass correction of data.

Methods: Preparation of Structural Models

The CIF file of the structural model of the MOF MIL-125
(CCDC 751,157) was preliminarily processed using Mercury soft-
ware.B? First any solvent molecule was deleted, then the full unit cell
was populated by applying the crystallographic symmetry (I 4/m m
m) and finally the structure was converted to the P 1 space group. The
original symmetry of the MOF was not applied during the simulation,
as the dye molecule accommodate in a preformed MOF structure,
and the high number of symmetry operators would require the simul-
taneous addition of multiple molecules in each unit cell, often result-
ing in overlapping configurations. A further structural modification
involved the removal of a hydrogen atom bonded to a carbon atom
on the benzene ring of TA, which is the organic linker in the MOF
framework. This modification was applied to allow the covalent bond
between the nitrogen atom of the amide group of the dye molecule
(LO-TA or L1-TA) with a given carbon of the TA, which constitutes the
framework linker. This procedure is crucial for studying the orienta-
tion of the dye within the structure and the availability of porous
space. The dye molecules were drawn using ChemSketch™ and then
converted into CIF format. Both are asymmetric.

Metehods: X-Ray Diffraction Data Collection

The high-resolution X-ray powder diffraction pattern of MIL-125 was
collected at the synchrotron European Synchrotron Radiation Facility
on beamline BM31. It was equipped by a PILATUS3 X CdTe 2 M detec-
tor, which was positioned 889 mm from the sample, put in a glass
capillary of 0.5mm diameter. Two consecutive measurements
of 30 s each were carried out. They were performed in transmission
mode at room temperature, with an energy of 48.7keV
(A=0.25448 A). A Si standard was also measured for calibration.
The two diffraction images acquired were merged, masked, and inte-
grated azimuthally by using the software Bubble.*"
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Methods: Simulated Annealing Procedure

Powder diffraction data measured for MIL-125"? and the preprocessed
structural files of the MOF and the two dye molecules LO and L1 were
used as input files for SA runs performed by using EXPO,”® a software
dedicated to the structure determination from powder diffraction data.
Two simulations were performed with the same protocol, by using the
following input files: the MIL-125 powder diffraction profile and CIF file
and the CIF files for LO-TA and L1-TA, respectively. In each simulation,
the initial SA temperature was set to 10 (arbitrary units), then progres-
sively decreased to facilitate exploration of the solution space and
avoid local minima. The MOF structure was considered fixed, while
the dye molecule was treated as free to move and flexible. The number
of internal degrees of freedom identified for LO-TA and for L1-TA was
31 and 32, respectively. The crystallographic weighted profile agree-
ment factor (R,,) was chosen as cost function, which measured the
similarity between observed and calculated profile. Antibump
restraints were applied to prevent the molecule from overlapping with
itself or with the MOF. In addition, a distance restraint was applied
between two selected atoms of the fragments. Specifically, 1.42 +
0.03A (weight 10,000) was imposed between the N atom of the
dye amide group and one of the four C atoms of the benzene ring
of the organic linker of the MOF bound to a hydrogen atom. The over-
all formula of the cost function is the following

Zwi (y;)bs _ yi(alc)z
! (min _ gmodel)2
Zwi (y;)bs) 2 + ;W'J (dU le ) (1)

ref model ) 2
+ Wio (ch —dye )

where y°* and y©° are the intensities of the observed and calculated
XRPD profile at i-th experimental step, respectively, and w; = 1/y™ is
the statistical weight. The second and third terms correspond to
geometric restraints, which penalize unrealistically short interatomic
distances and maintain a covalent bond distance among between
a selected atoms of the guest molecule and the MOF framework,
respectively. In the antibump term, di" and dj**, with the condition
di™ > d7°*®, are the minimum ideal distances and the model distan-
ces, respectively, between pairs of atoms i and j, and summation is over
all the possible contacts between atoms of the molecule and one atom
of the molecule and one atom of the MOF. d"™ is the sum of the
atomic radii of atoms j and j multiplied by a scale factor. In the distance
term di<f and die®® are the reference (1.42 A) and current values of the
distance between the above-described N and C atoms, and wy, is the
associated weight (1000). The SA algorithm explores the configu-
rational space by minimizing this cost function through stochastic sam-
pling governed by Metropolis acceptance criteria.

To improve the reliability of the simulation process, a resolution limit
of 8.8 A, corresponding to 26 = 2.0°, was applied to the X-ray powder
diffraction profile to calculate the cost function, thus only selecting
three low-resolution peaks, corresponding to reflections (110), (300),
and (421). In direct space, this strategy results in using a molecular
envelope defined by a low-resolution view of the MOF to drive more
efficiently the SA algorithm toward minima. On the other hand,
the exclusion of high-resolution reflections avoids bias due to the
absence of any dye molecule in the measured sample, and at the
same time minimizes the impact of experimental noise. A total of
30 SA cycles were performed, each of them with different initial con-
ditions, to increase the probability of finding the final solution. At the
end of the simulation, the nine best structural models were
selected.™
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