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1D Zn(n)/2D Cu(i) halogen pyridyl coordination
polymers. Band gap engineering by DFT for
predicting more efficient photocatalysts in water
treatmenty

Andrea Garcia-Hernan,® Fernando Aguilar-Galindo, (iDRs
Oscar Castillo @9 and Pilar Amo-Ochoa @ *2©

One of the key factors determining the photocatalytic capacity of a compound is its optical band gap, which,
within an optimal range, maximizes the absorption and utilization of solar light. Recent research shows that
modifying organic ligands and metal centers in metal-organic frameworks (MOFs) plays a crucial role in
tailoring specific band gap characteristics. Many research articles use different structural MOF motives for
photocatalysis, but few delve into band gap engineering using quantum chemistry calculations. Density
functional theory (DFT) has been widely used to understand the possible mechanisms of action of some
photocatalysts, but few studies directly relate the band gap to the ligands present in the compounds. In our
study, DFT calculations are used to get a deeper understanding of the relationship between crystal and band
structures aimed at predicting and enhancing the photocatalytic properties of new isostructural coordination
polymers (CPs) with the general formula [ZnX,(L),l, or [CuxX,(L)], from X = Cl and Br to X = |, and from
1,2-bis(4-pyridyl) ethane (BPE) to 1,2-bis(4-pyridyl)ethylene (BPEE) offering significant time and cost savings by
enabling predictions. Despite the good band gap value of [Znl»(BPEE),],, all members of the Zn/BPEE family
show partial hydrolysis in water, which limits their use as photocatalysts. However, the 2D [Cu,X,(BPEE)],, (X=
Cl, Br, and I) CPs are more insoluble and stable in water. Following the DFT results, the study of [Cu,l,(BPEE)],
as photocatalysts with water-persistent organic dyes (methylene blue (MB), methyl orange (MO), and
tartrazine (Trz)) has been done. This approach allows us to assess whether the experimental synthesis of novel
compounds with improved optical properties is worthwhile for their potential use as heterogeneous
photocatalysts for water remediation.

semiconductor directly influences its ability to absorb light
efficiently. Consequently, the generation of charge carriers,

Among the key factors determining the capacity of a compound
to act as a photocatalyst, the optical band gap stands out." The
semiconducting character of materials used in photocatalysis is
crucial, as it involves the absorption of light and the generation
of electron-hole pairs, which is a fundamental process for
promoting chemical reactions. The band gap of the
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DFT calculations to explore theoretical band gaps and correlation with the
experimental ones. Calculation of atomic economy (AE) and E-factor in
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including reactive oxygen species (ROS), plays an essential role
in photocatalytic reactions, particularly in the degradation of
organic pollutants.”> High-performance photocatalysts typically
exhibit an appropriate band gap ranging from 1.23 €V to 3.0
eV.’> This optimal range maximizes the absorption and
utilization of solar light, whose maximum is located at 2.4 eV

compounds using the optimizing methodologies employing environmentally
friendly procedures. Studies of the particle size of the compounds.
Crystallographic data and structure analysis. Analysis of the coordination
bonds distances distribution. Water and thermal stability of the study
compounds. Study of the photocatalytic efficiency of [Cu,X,(BPEE)], in the
degradation of methyl blue (MB), methyl orange (MO), and tartrazine (Trz).
Study of the mechanism of photocatalysis via ROS species traps in CPs (PDF).
CIFs and checkcifs (PDF). CCDC 2350813-2350819. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
10.1039/d4cy00969j
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approximately. The positions of the valence band maximum
(VBM) and conduction band minimum (CBM) are also critical,
as they must cover the redox potentials of water.*

The pursuit of improved photocatalytic activity remains a
constant goal in the search for more efficient photocatalysts
than those commonly used in industrial applications (such as
titanium dioxide, TiOZ).S’8 Scientists seek other alternatives,
such as using different compounds with better properties. In
this search, MOFs (metal-organic frameworks), a sub-family of
coordination polymers (CPs), appear.’” These MOFs have
undergone extensive experimental study. Researchers have
diligently focused on controlling the structure and size of MOFs
to achieve the desired physical properties. Indeed, there are
many research articles using MOFs for photocatalysis,'®™"” and
although is clear that the modification of the organic linkers
and metal centers plays a crucial role in tailoring specific band
gap characteristics within MOFs, only a few of them delve into
band gap engineering.""'* These types of investigations
generally use the principles of quantum chemistry calculations
in predicting the electronic structure of materials, including
their electronically excited states, and mainly focus on density
functional theory (DFT) due to its relatively low computational
cost (especially when compared to ab initio methods like
Moller-Plesset or coupled cluster), its ability to predict material
properties with good accuracy, and the ability to impose
periodic boundary conditions (PBC). These conditions allow to
simulate “infinite” systems, effectively avoiding spurious
boundary effects. While generalized gradient approximation
(GGA) functionals are computationally efficient and provide
excellent agreement with experimental geometry values, more
expensive hybrid functionals have been successfully employed
to study band gaps. Hybrid functionals are particularly useful
because the HOMO-LUMO energy differences are typically close
to experimentally measured values. Through computational
modeling, we not only replicate experimental observations but
also gain insights into various factors that can modify electron
density. These factors include the electronegativity of link
atoms, ligand flexibility, and the crystal structure of the
materials, among others. Although DFT has been used to
understand the possible mechanism of action of some
photocatalysts,"” or to corroborate the results of the theoretical
band gap with the experimental one,'®"” there are very few
studies that relate the band-gap with the ligands that are part of
the compound.'®'® Indeed, recently Lu et al proposed that
band gaps in MOFs for electronic applications can be decreased
by increasing the degree of conjugation of linkers, or by
choosing electron-rich metal nodes and organic molecules.** In
this study, we employ DFT calculations as a tool to predict the
band gap of new compounds. This approach allows us to assess
whether the experimental synthesis of novel compounds with
improved optical properties is worthwhile for their potential use
as heterogeneous photocatalysts in treating persistent water
pollutants. The use of DFT calculations offers significant time
and cost savings by enabling predictions. Researchers can then
focus their efforts on compounds that are genuinely of
experimental interest.
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In this work, we focus on CPs because they can present some
advantages over MOFs. Indeed, the practical implementation of
MOFs faces challenges. One significant hurdle is the complexity
of their synthesis, often requiring solvothermal conditions.
These conditions lead to substantial costs and limit scalability.
CPs offer other compelling compounds with similar chemical
stability, but they stand out due to their more direct and
economical synthesis process.”’>* Many CPs can be synthesized
under mild, single-step, and even solventfree conditions.*®
These accessible and scalable synthesis capabilities position
CPs as a promising option for heterogeneous photocatalytic
applications.*®*™*® Our CP selection criteria prioritize compounds
with potential semiconducting properties, which are easily
obtainable using commercial and non-toxic ligands. We follow
the proposal of Lu et al.,* trying to control the band gap using
isostructural CPs in which the electronegativity of the halogen
will be decreased (increase in size) (1) and the degree of linker
conjugation will be increased (2). Additionally, we study the
band gap behavior of similar tetrahedral coordination
environments by comparing 1D Zn(u) and 2D Cu(i) CPs (3).

To do this we start with two 1D [ZnX,(BPE)], CPs (X = Cl, Br,
BPE = 1,2-bis(4-pyridyl)ethane) where the Cl and Br halides have
already been synthesized.>>*® Building on theoretical and
experimental results, we extend our study to the iodine analog
for the first time, and explore a new family of 1D [ZnX,(BPEE)],
compounds (X = Cl, Br, and BPEE = 1,2-bis(4-pyridyl)ethylene),
where the BPEE has a higher degree of conjugation. Once again,
theoretical data, supported by experimental evidence, guide our
synthesis efforts. As a result, we successfully synthesized the
new iodine [ZnI,(BPEE)],, validating the theoretical calculations.
Despite the good band gap value of [ZnI,(BPEE),],, all this
family shows partial hydrolysis in water, which limits their use
as photocatalysts. For this reason, the study is extended with
new 2D CPs [Cu,X,(BPEE)], (X = Cl, Br, and I) that are more
insoluble and stable in water than the Zn(u) analogs. Following
the DFT results, and considering that currently, up to 80% of
industrial wastewater containing dyes generated in low- and
middle-income countries is dumped untreated into waterways
or used directly for irrigation, which represents a wide range of
direct and indirect threats to human, animal and plant health,**
the study of [Cu,l,(BPEE)], as photocatalysts of water-persistent
organic dyes (methylene blue (MB), methyl orange (MO) and
tartrazine (Trz)) has been done.

Experimental details

Materials

All reagents were used as obtained from the suppliers. Ethanol
(299.9%) and acetonitrile (99.93%) were purchased from
Scharlau. The supplier for 1,2-di(4-pyridyl)ethylene (=97%),
1,2-bis(4-pyridyl)ethane (>=99%), zinc iodide (=99.95%), zinc
chloride (=99.95%), copper(i) chloride (=99%), copper(i)
bromide (=98%), copper(i) iodide (=99%), methyl orange,
methyl blue and tartrazine is Sigma Aldrich. Zinc bromide
(=98%) and was supplied by TCIL.

This journal is © The Royal Society of Chemistry 2024
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[ZnX,(BPE)],,, and [ZnX,(BPEE)],, polycrystals (X = Cl (1a,*
1b (ref. 32)), Br (2a,>° 2b ref. 33), I (3a, 3b)). Solutions of ZnCl,
(14.0 mg, 0.1 mmol), ZnBr, (22.5 mg, 0.1 mmol), or ZnI, (34.0
mg, 0.1 mmol) in H,O (2 mL) are prepared under magnetic
stirring (700 rpm) at room temperature. After that, and
according to the compound being prepared, solutions of BPE
(21.1 mg, 0.1 mmol), or BPEE (22.5 mg, 1 mmol) in CH;CN (2
mL) are added. White precipitates are formed always
immediately, and the reactions are stirried at 25 °C for 5
minutes. The obtained precipitates are filtered off under
vacuum and washed with CH;CN (3 mL x 2) and H,O (3 mL x
2) respectively. Finally, the precipitates are dried under vacuum
for 24 h. Yields: (1a) 27 mg, yield: 87%, (1b) 28.5 mg, yield:
93%; (2a) 37 mg, yield: 93% (2b) 38 mg, yield: 96%, (3a) 48 mg,
yield: 98%, and (3b) 47 mg, yield: 96%, based on ZnX,.

(1a) Elemental analysis (%) calculated for [ZnCl,y(Ci,Hy,-
No)l.: C, 44.97; H, 3.77; N, 8.74. Experimental: C, 44.85;
H,3.70; N, 8.69. (2a) Elemental analysis (%) calculated for
[ZnBry(C1,H1,N,) ] C, 35.2; H, 2.95; N, 6.84. Experimental: C,
35.1; H, 2.90; N, 6.86. (3a) Elemental analysis (%) calculated
for [ZnI,(C1,H1,Ny)]: C, 28.63; H,2.40; N, 5.56. Experimental:
C, 28.58; H, 2.60; N, 5.53.

IR (1a-3a): 3050 (w), 2958 (W), 2930 (W), 1937 (W), 1842 (W),
1616 (s), 1561 (m), 1509 (m), 1451 (m), 1430 (s), 1225 (m),
1219 (m), 1072 (m), 1075 (m), 1027 (s), 827 (s). P-XRD and IR
(Fig. S1 and S27).

(1b) Elemental analysis (%) calculated for [ZnCl,(Ci,H;0-
No)].: C, 45.25; H, 3.16; N, 8.88. Experimental: C, 45.15;
H,3.21; N, 8.82. (2b) Elemental analysis (%) calculated for
[ZnBry(Cy,H4oNy) ] C, 35.4; H, 2.47; N, 6.88. Experimental: C,
35.1; H, 2.53; N, 6.91. (3b) Elemental analysis (%) calculated
for [ZnI,(Cy,H oN,) 2 C, 29.75; H, 2.23; N, 5.66. Experimental:
C, 29.82; H, 2.32; N, 5.78.

IR (1b-3b): 2969 (W), 1611 (s), 1556 (w), 1505 (m), 1451 (m),
1428 (s), 1350 (w), 1298 (w), 1202 (m), 1067 (w), 1023 (m), 967
(m), 954 (m), 827 (s). P-XRD and IR (Fig. S3 and S47).

[ZnI,(BPE)], (3a), and [ZnI,(BPEE)], (3b) single-crystals.
Single crystals of compounds 3a and 3b were obtained by
slow diffusion or layering technique at room temperature
(Fig. S5 and S6t). For this purpose, three phases were
prepared and carefully deposited one on top of the other in a
test tube. The upper phase is a solution of BPE (21.1 mg, 0.1
mmol) or BPEE (22.5 mg, 0.1 mmol) dissolved in 2 ml of
ethanol, the middle phase is pure ethanol (3 ml) and the
lower phase is a solution of ZnI, (34 mg, 0.1 mmol) in 2 mL
of H,0. Both test tubes were sealed with Parafilm© and
allowed to stand in a vertical position. After 24 hours,
suitable colorless crystals prism-shaped were obtained at the
interface between the EtOH layer and the water layer. These
crystals were useful for single-crystal X-ray diffraction studies.

[Cu,X,(BPEE)]n (X = Cl (4b), Br (5b), and I (6b)). This
family of CPs was obtained by sustainably modifying the
previously published syntheses,**° following the procedures
described below.

This journal is © The Royal Society of Chemistry 2024
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Solutions of CuX (X = Cl, Br, and I) 0.1 mmol (9 mg, 14.3
mg, and 19.0 mg respectively) in CH3CN (2 mL), and BPEE
(22.0 mg, 0.1 mmol) in CH3CN (2 mL) are mixed for 5
minutes at room temperature, under magnetic stirring (700
rpm). Reddish-colored precipitates are formed immediately.
The obtained precipitates are filtered off under vacuum and
washed with CH3CN (3 mL x 2). Finally, the precipitates are
dried under vacuum for 24 h with yields of 93% (47 mg, 4b),
97% (53 mg, 5b), and 98% (55 mg, 6b), based on Cu.

(4b) Elemental analysis (%) calculated for [Cu,Cl,(Cy,H;0-
N,)].: C, 33.25; H,3.16; N, 7.33. Experimental: C, 33.02; H, 3.22;
N, 7.27. (5b) Elemental analysis (%) calculated for [Cu,Br,(C,-
HyoN,)]: C, 30.72; H, 2.15; N, 5.97. Experimental: C, 31.02; H,
2.30; N, 6.06. (6b) Elemental analysis (%) calculated for [Cu,-
1,(C1,H;oN,)]: C, 25.59; H, 1.79; N, 4.97. Experimental: C, 25.65;
H, 1.85; N, 5.01.

IR (4-6b): 3048 (w), 1605 (s), 1545 (m), 1502 (m), 1425 (m),
1352 (m), 1303 (w), 1207 (w), 1016 (m), 974 (s), 828 (s). P-
XRD, and IR (Fig. S7 and S87).

Methods and equipment’s

Infrared (IR). The infrared spectra were obtained using a
PerkinElmer spectrophotometer with the MIRacle Universal
Attenuated Total Reflectance (ATR). Elemental analysis (EA) is
performed using an elemental analyzer LECO CHNS-93217. The
Powder X-ray diffraction (P-XRD) data were colleted using a
PANalytical X'Pert PRO diffractometer equipped with a primary
0/20 monochromator and a X'Celerator fast detector and
monochromator with 1° for K,;. Samples were analyzed with a
0/20 sweep from 5° to 35° with an angular increase of 0.0167
and a time of 1 s per increment. Single-crystal X-ray diffraction
(SC-XRD) single-crystal diffraction X-ray diffraction data for
structure determination were collected on Bruker Kappa Apex II
diffractometers (1 CuK, = 1.54184 A at 200 K for 3a and 3b; 2
MoK, = 0.71073 A at 298 K under inert atmosphere for 3a and
3b). Crystal structures were solved by direct methods using
SUPERFLIP*” and refined by full-matrix least-squares on F”
including all reflections (SHELXL).*® All calculations for these
structures were performed using the OLEX2 crystallographic
software package programs.”® Details of the structure
determination and refinement of all compounds are
summarized in Table S5 of the ESL}

Diffuse reflectance (DRS), by using a VARIAN model CARY
500 spectrophotometer equipped with an integrating sphere
accessory, the Kubelka-Munk function can be plotted versus
wavelength. This function depends on diffuse reflectance and
relates to the transformation of the diffuse reflectance
spectrum to its equivalent in absorbance units. Efficiency
studies of the CPs in the degradation of the different organic
dyes were carried out by measuring the loss of absorbance
using an Ultraviolet-visible (UV-vis) Agilent 8453 ultraviolet-
visible spectrophotometer in the range of 300 to 800 nm ().

The photocatalytic studies were carried out with light
irradiation using a photoreactor with a 15 W purple LED at
20 °C temperature. To measure the emission of the LED

Catal. Sci. Technol., 2024, 14, 6573-6583 | 6575
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(range A = 300-600 nm, integration time CR2-AP + 200 ms,
and intensity 20.5674 W m™?), a Stellarnet spectroradiometer
model Blue-Wave UVNB50 was used. To conduct the study, 2
mg of each compound is placed in a vial along with 2 ml of a
10~ M dilution of the dye. A blank vial containing 2 mL of
the same 10> M dye is also prepared for comparison. These
vials are then introduced into a white light photoreactor
equipped with a stirring plate. After allowing a moderate
amount of time to elapse, any changes in the blank are
observed. The CPs are subsequently removed from the
photoreactor, and the degradation of the dye is measured
using UV-vis equipment.

Thermogravimetric analysis coupled with differential
thermal analysis (TGA-DTA) was carried out on a TA
Instruments Q500 thermobalance oven with a Pt sample holder.
The particle size is measured using the scanning electron
microscopy (SEM) Philips XL 30 S-FEG electron microscope,
applying an electron beam of 10.0 kV of potential and 300 pA of
intensity, at a pressure of 10~/ Pa. Compounds were metalized
with a 10 nm thick Cr layer, at a pressure of 10> Pa. Theoretical
calculations have been performed using density functional
theory (DFT), a fundamental tool for understanding and
predicting molecular and material properties, focusing on the
application of periodic boundary conditions and full structure
optimization using the Vienna Ab initio Simulation Package
(VASP)." In this process, a meticulous methodology is
employed, expanding the electron density on a plane-wave basis
up to a cutoff value of 420 eV, setting a threshold for the
electronic energies of 10 eV, and using the projected
augmented wave (PAW) pseudopotentials, from the VASP
database. The complete optimization of the structures,
encompassing both atomic positions and lattice vectors, has
been carried out with precision, ensuring that all Hellmann-
Feynman forces were below 0.01 eV A™. The OPTPBE
functional®® has been used, which allows us to include weak
interactions, such as van der Waals forces, in our calculations.
On the top of the optimized structures, single point calculations
with the HSE06 functional*> were performed, since the use of
hybrid functionals allows for a reduction of the self-interaction
error, thus leading to more accurate band gap energies.
Reciprocal spaces were sampled using the Monkhorst-Pack
scheme, assuring convergence with respect of the number of
K-points. Atomic charges were obtained with the quantum
theory of atoms in molecules (QTAIM)* using the code
developed by Henkelman et al** Proton nuclear magnetic
resonance (1H-NMR) spectra were recorded, at room
temperature on two-channel 300 MHz spectrometer Bruker
Avance III-HD Nanobay 300 MHz equipped with 5 mm BBO 'H/
X probe, equipped with Z gradients. A D,O "H-NMR spectrums
are studied with 2 mg of the CPs in 10~ M of organic dyes. The
"H-NMR tubes of CPs and dyes are compared at the initial time
(to) and complete degradation time (¢) in the photoreactor.
Finally, the CPs are isolated and dried for 24 h and dissolved in
DMSO-d;; and two drops of DCl; in the Cu(i) CPs. The "H-NMR
spectra were compared with the 'H-NMR of CPs before the
photocatalytic process.
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(a) (b)
— N —
N N\ % 7 N\
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Fig. 1 Employed ligands: a) 1,2-bis(4-pyridyl)ethane (BPE) and b)
1,2-bis(4-pyridyl)ethylene (BPEE).

N

Results and discussion

DFT calculations to explore [ZnX,(BPE)], theoretical band
gaps and correlation with the experimental ones

In our quest for potential CPs, we focused on candidates that
are easily synthesizable and feature accessible, with non-toxic
metallic centers capable of exhibiting semiconductor
behavior.*> With the idea of seeing how electronegativity and
the size of the halogen affect the band gap we investigated
two isostructural 1D-CPs previously synthethized***° with the
formula [ZnX,(BPE)],, where X represents either chloride (1a)
or bromide (2a), and BPE stands for 1,2-bis(4-pyridyl)ethane
(Fig. 1a).

By employing DFT calculations to explore their theoretical
band gaps, we observed an intriguing correlation: as the
halogen size increases (and electronegativity decreases), the
optical bandgap decreases. Specifically, the bandgap decreased
from 4.95 eV (1a) to 4.66 €V (2a) (as indicated in Table 1) and
there is a good correlation with the experimental band-gap
(Table 1 and Fig. S97). The character of the band gap is mainly
“ZnX, — ligands”, as shown by the projected density of states
(PDOS, Fig. S10-S12t). This phenomenon can be explained by
the different energies of the p orbital of the halogen: along the
series Cl-Br-1, this orbital has less negative energy, reducing the
gap with the first empty orbital of the Zn (4s orbital). Also, due
to the lower gap, both 4s and np orbitals can hybridize,
increasing the covalent character of the interaction, as
corroborated by the reduction of the absolute values of the
atomic charges (Table S17).

Consistent with these findings, we anticipated that the
isostructural [ZnlI,(BPE)], CP would exhibit an even lower
band gap, following the rules of Lu et al,”® and our
theoretical reasoning. To verify this trend, we successfully
synthesized it using a rapid and easily scalable chimie douce
approach (Table S2t). The synthesis involved mixing ZnI, and
BPE ligand at room temperature in a water/CH;CN solvent
mixture. We applied the same synthetic procedure to the

Table 1 Theoretical and experimental band gap values in the [ZnX,(L)], L
= BPE, and BPEE

Theoretical
band gap (eV)

Experimental
band gap (eV)

(1a) [ZnCl,(BPE)], 4.95 4.50
(1b) [ZnCL,(BPEE)], 3.36 3.15
(2a) [ZnBr,(BPE)], 4.66 4.40
(2b) [ZnBr,(BPEE)], 3.43 3.40
(3a) [ZnI,(BPE)], 4.08 4.12
(3b) [ZnI,(BPEE)], 3.08 2.90

This journal is © The Royal Society of Chemistry 2024
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chloride and bromide analogs, obtaining sufficient samples
for comparative studies on their photocatalytic behavior.

Remarkably, both the experimentally measured optical
band-gap (4.12 eV) and the DFT calculated band-gap (4.08 eV)
values align with this trend (Table 1).

The crystal structure of 3a was solved by employing SC-XRD
on single crystals obtained through diffusion techniques (Fig.
S57). 3a shows the same structural features within the 1D chain
observed for the rest of the members of this family of
compounds: tetrahedral ZnX,N, coordination geometry
(4-coordinate geometry index 7,: 0.89 (Cl), 0.90 (Br), 0.93 (I)), the
halides acting as terminal ligands and BPE ligands bridging
adjacent metal centers through its two pyridinic nitrogen atoms
(Fig. 2). Interestingly, 3a shows a different arrangement of the
chains because of the presence of different supramolecular
interactions. In the chloride and bromide analogs C-H---X
hydrogen bonding interactions took a predominant role in
directing the arrangement of the chains, but in the iodide-
based compound the dispersive forces take this role, and
iodide:--n-cloud interactions are observable (Fig. 2b).**"*® In this
sense, one of the iodide anions is involved in an intrachain
hydrogen bonding with an aromatic C-H donor group of the
BPE bridging ligand. The second iodide provides these I---7-
cloud interactions connecting the chains, by locating between
two BPE ligands coordinated to the same metal center
establishing I---N/C distances in the range 3.9-4.2 A. The
conformation of the BPE also differs being planar for the
chloride and bromide analogs, but for the iodide compound
the two pyridinic rings are no longer coplanar (dihedral angle:
40°). The angle between three consecutive copper atoms within
the chain changes from 116° (Cl) and 114° (Br) to 99° (I), in the
search for a better conformation to maximize the I---m-cloud
interactions. This different supramolecular arrangement of the
otherwise quite similar chains leads to completely different unit
cell parameters and space groups (P1 for chloride and bromide
analogs and C2/c for the iodide one).

This structural change could be attributed to the flexibility
of the BPE ligand, which can adopt different conformations
to accommodate the structural requirements of both a crystal

(a) ) ) () ¥

m%m%m%m |
ke ¥

Fig. 2 Crystal

packing (a) of
supramolecular |---n-cloud interactions (b) holding the 1D coordination
polymer chains (c) together.

compound 3a showing the
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structure directed by C-H---X hydrogen bonding or X:--m-
cloud interactions.

DFT calculations to explore [ZnX,(BPEE)], theoretical band
gaps and correlation with the experimental ones

In addition, the use of BPEE ligand, with a higher degree of
conjugation, may potentially reduce the CPs band-gap
making them more optically interesting for their potential
application as photocatalysts, due to the greater electronic
delocalization of their n-systems.*® Consequently, we decided
to conduct a similar study using the related but more rigid
BPEE ligand (Fig. 1b).

We found that a higher degree of conjugation of the organic
ligand (BPE—BPEE) drastically decreases the band-gap value,
making the compounds more interesting as semiconductors
with possible photocatalytic activity (Table 1). This is explained
based on the electronic structure of the ligand and the chemical
nature of the fundamental (HOMO-LUMO) transition, thanks
to the analysis of the PDOS (Fig. S13-S157). For BPEE, the
presence of the double C—=C bond allows for greater electronic
delocalization, which lowers the energy of the LUMO orbital,
thus reducing the band-gap of the material. This higher
conjugation also generates an occupied state with less negative
energy, which is above in energy than the orbitals of the ZnX,
for X = Cl, Br (Table S37). In the case of X = I, due to the lower
electronegativity of I, the states located around the Znl, are less
stabilized and their energies become like the HOMO of BPEE.

Based on their possible interest and future applications,
we have increased the efficiency and sustainability of the
previously reported synthesis (Table S21),*** developing and
optimizing the methodology employing a less toxic solvent
and environmentally friendly procedures. In this improved
approach, acetonitrile serves as the sole solvent, completely
replacing the use of dimethylformamide (DMF). Additionally,
we have adjusted the reaction conditions, resulting in a one-
step synthesis with instantaneous precipitation at ambient
temperature. This modification aims to minimize energy
consumption, in contrast to the previously published method
that required a reaction at 100 °C for 96 hours. Under these
synthesis conditions, the particle size varies between 0.8 and
2.5 microns in length and 0.4 and 0.9 microns in width (Fig.
S16 and Table S4+).

Remarkably, all the structures of both the previously
published chloride and bromide compounds®>*° and the newly
reported iodide-based compound are isostructural. These
structures rely on underlying supramolecular interactions that
connect the chains, with X:--m-cloud interactions playing a
significant role (Fig. 3). The 1D CP shares features with BPE-
based compounds: ZnX,N, tetrahedral coordination geometry
(z4: 0.88 for Cl and Br, 0.89 for I) involving terminal halides and
bridging BPEE ligands. Interestingly, in these compounds, while
the planarity of the BPEE ligands is maintained, the angle
between three consecutive zinc atoms within the chain is
approximately 90° (94° for Cl, 93° for Br, and 91° for I) this
phenomenon is also observed in [ZnI,(BPE)],, (91°). Additionally,
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Fig. 3 Crystal packing (a) of 3b showing the supramolecular I---zn-
cloud interactions (b) holding the 1D CP chains (c) together.

the unit cell parameters of [ZnX,(BPEE)], and [ZnI,(BPE)],
exhibit a striking similarity, suggesting an isostructural
relationship (Tables S5t). Notably, the more rigid [ZnX,(BPEE)],
compounds are seen to be less soluble in water than their BPE
analogs, which opens up opportunities for water-based
applications.

However, these supramolecular arrangements should not
have directly a significant impact on the band-gap value of the
material as it is most dependent on the direct bonds
established between the zinc(u), iodide, and BPE/BPEE ligands.
In this sense, Table 2 shows how the coordination bond
distances and angles evolve along the halide series for each
family of compounds. These experimental data agree with the
theoretical calculations (Table 1). However, it is known that
strong supramolecular interactions can modify to some extent
the coordination bond features (distance and angles). Among
these compounds, the strongest supramolecular interactions
are expected to be those between the chloride anions and the
aromatic C-H groups of the BPEE ligand. Additionally, when
analyzing the theoretical and experimental gap values along the
BPE and BPEE-based compounds there is a change in the trend
for 1b (3.36 eV theoretical/3.15 eV experimental), 2b (3.43 eV
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theoretical, 3.40 eV experimental), and 3b (3.08 eV theoretical,
2.9 eV experimental) (Table 1 and Fig. S177). Usually for full
shell cations, the weaker the metal-to-ligand interaction, as
happens along the Cl, Br, and I series, the smaller the band
gap. Simultaneously, the steric hindrance of the big iodide
anions leads to longer Zn-N coordination bond distances which
reinforces this trend. Therefore, BPE-based compounds show
band-gap values that completely agree with this tendency.
However, this is not true for the BPEE-based compounds as the
Zn-N bond distances are unusually longer in the case of 1b
probably because the strength of its supramolecular
interactions is forcing them to adopt slightly unusual
coordination bond distances. Fig. 4 shows a distribution of the
Zn-N coordination bond distances in the context of similar
ZnX,N, compounds found in the CSD database (Fig. S18-
$201).>° These longer coordination bond distances create such a
reduction of the band-gap value that 1b provides a smaller
band-gap value than its analogous 2b (Table 2).

Water and thermal stability of [ZnX,(BPEE)],,

The studied compounds show reasonable thermal stability
up to 250 °C as can be seen in the TGA studies (Fig. S217).
Additionally, it is well known that Zn(u) in water undergoes
significant hydrolysis forming several mononuclear and
polynuclear species.’™>> Although Zn(u) CPs with BPEE are
much more insoluble in water than the BPE analogs, we
studied their behavior in water and at different pHs.>® For
this purpose, [ZnX,(BPEE)], (1b, 2b, and 3b) are suspended
in water at room temperature (pH = 6.58). Small amounts of
diluted 0.01 M of HCl and NaOH are added to the
suspensions to assess their stability. At pH < 4.2
[ZnX,(BPEE)], solubilize in water. P-XRD and IR analysis of
the solids after base treatment reveal that 1b, 2b, and 3b
remain stable within the pH range of 4 to 8.4 (Fig. S22 and
$231). Moreover, the IR, P-XRD, and "H-NMR studies of 3b in
D,O at 25 °C and pH = 6.6, conducted at different times after
irradiation in the photoreactor (from ¢, = 0 minutes to ¢ = 20
minutes) indicates that the compound partially dissolves

Table 2 Coordination bond distances and angles for [ZnX,(BPE)],, and [ZnX,(BPEE)], compounds (X = CL, Br, and )

2a

3a

la
Zn-X (A) 2.2400(7); 2.2244(7)
Zn-N (A) 2.043(2); 2.047(2)
X-Zn-X (°) 123.60
N-Zn-N (°) 110.64
Zn geometry, 7, 0.89
Zn---Zn---Zn (°) 115.88
BPE torsion (°) 0

1b
Zn-X (A) 2.216(2); 2.245(2)
Zn-N (A) 2.062(4); 2.064(4)
X-Zn-X (°) 128.98
N-Zn-N (°) 106.87
Zn geometry, T4 0.88
Zn---Zn---Zn (°) 93.74
BPEE torsion (°) 0

6578 | Catal Sci Technol, 2024, 14, 6573-6583

2.3634(7); 2.3779(7)
2.040(5); 2.044(4)
122.99

109.85

0.90

113.77

0

2b

2.3501(5); 2.3886(5)
2.047(3); 2.054(3)
127.39

106.32

0.88

92.92

0

2.5527(7); 2.5883(6)
2.049(3); 2.056(3)
121.62

103.46

0.93

90.96

37.99

3b

2.5430(5); 2.5890(5)
2.064(3); 2.064(4)
124.69

105.11

0.89

91.38

0

This journal is © The Royal Society of Chemistry 2024
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2 % % %
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Fig. 4 Zn-N coordination bond distances found in compounds: (a)
[ZnX2(BPE)], and (b) [ZnX.(BPEE)], placed within the distribution found
in the CSD database for analogous ZnX,;N, coordination environments.

(Fig. S247). The observed signals correspond to BPEE ligand
shifting relative to the initial ligand position, suggesting the
presence of an alternative coordination environment for the
Zn(un) compound with BPEE. This phenomenon may be
attributed to the ingress of water molecules into the Zn(u)
coordination sphere, leading to the displacement of the
coordinated ligand and the formation of other species (Table
S8 and Fig. S257).

DFT calculations to explore 2D [Cu,X,(BPEE)], (X = Cl, Br, I)
theoretical band gaps and correlation with the experimental
ones

The partial hydrolysis of Zn(n) compounds with BPEE in
water, leads us to focus the study using CPs that can be
chemically more inert but that may have an appropriate band
gap. Cu(1) bipyridine-type ligands CPs have been extensively
studied for their optical properties, with many of them
exhibiting semiconductor characteristics.>* Additionally, this
broad family of CPs tends to be stable and insoluble in
water.”> Moreover, Cu(1) typically adopts a tetrahedral
coordination environment analogous to Zn(u) compounds.
Based on these principles, we have selected an isostructural
family of 2D CPs with the formula [Cu,X,(BPEE)], (where X =
Cl (4b), Br (5b), I (6b)). These related [Cu,(u-I),(uw-BPEE)],
compounds, which have been previously reported,>*> differ
from the previously described zinc analogous in many
different aspects: (i) the amount of BPEE ligand is reduced to
half; (ii) the copper(i) coordination environment is also
tetrahedral but with a NI; donor set instead of N,I,; (iii) the
halides behave as bridging ligands leading to ladder like
[Cul], chains which are connected by bridging BPEE ligands

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Crystal packing of compound 5b showing the hydrogen
bonding interactions holding together the 2D planar sheets. (b and c)
Detail of the 2D planar sheet showing the CuBr ladder-like chain
connected by bridging BPEE ligands.

to generate 2D planar sheets (Fig. 5); (iv) there is no
polymorphism within this family. The coordination bond
distances show relatively similar values for chloride and
bromide analogs (Cu-Cl: 2.338(1), 2.410(1), 2.557(1) A and
Cu-N: 2.004(3) A vs. Cu-Br: 2.472(1), 2.520(1), 2.564(1) A and
Cu-N: 2.009 A) but significantly longer for the iodide analog
(Cu-I: 2.6199(3), 2.6563(4), 2.6582(4) A and Cu-N: 2.040(2) A).
Another distinctive feature of these compounds is the
presence of relatively short Cu---Cu distances within the
ladder-like chain (2.985(3) A for chloride, 2.885(2) A for
bromide, and 2.7851(5) A for iodide). The latter value implies
some kind of copper:--copper contact as this distance is just
below double the copper van der Waals radii. These 2D
sheets are held together employing weak hydrogen bonding
interactions in which every halide receives a double C-H:--X
from a BPEE ligand from the adjacent sheet.

The employed syntheses have been sustainably modified
compared to the initially published ones (Table S21). They now
occur in a single step, using water, and with high yields. Their
particle size varies between 0.9 and 1.1 microns in length and
0.2 and 0.5 microns in width (Fig. S26 and Table S9t).

DFT calculations have allowed us to understand the
influence of the halogen on the band gap value. In the case
of the Cu-based, the observed trends in the calculations are
consistent with the Zn analogs: a reduction of the band gap
from Cl and Br (which DFT predicts to be almost degenerate)
to I, showing the effect of the electronegativity (and energy of
the p orbital) of the halogen atom (Fig. S27-S29%). The
covalent character of the Cu-X bond is also affected by the
chemical nature of the halogen, in a similar way to the Zn-
based compounds, as pointed out by the atomic charges
(Table S10t). Additionally, the experimental band-gap study
reveals a strong correlation with the theoretical values (Fig.
S30t). These results enable us to select the potentially most
efficient compound as a heterogeneous photocatalyst, namely
6b (Table 1).
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Fig. 6 MB dye degradation: a) UV-vis degradation 0 to 100 min for
[Cuyl>(BPEE)], and b) plots of MB absorbance intensity loss as a
function of exposure time under photoreactor 6b (black), 5b (red), and
4b (blue).

Water and thermal stability of [Cu,X,(BPEE)],

TGA studies show that this family of compounds is stable up
to values of 200 °C (Fig. S311). Compound 4b shows a slight
increase in mass at this temperature which may be due to a
possible partial oxidation of CuCl since it is quite unstable.

The stability study in water at different pHs has been
conducted for the three compounds (4-6b) by creating
dispersions of each one in water within the pH range of 2 to
11. IR spectra of the solids separated from the suspensions
indicate that the original structure remains unchanged
within this pH range (Fig. S32}). Additionally, compound 6b
was suspended in D,O. After 24 hours its 'H-NMR spectrum
was obtained (Fig. S33 upt), and it was compared with the
BPEE spectrum in D,O (Fig. S33 downt). The absence of
signals corresponding to the ligand confirms the compound's
insolubility under these conditions.

Study of the photocatalytic efficiency of compounds
[Cu,X,(BPEE)], (X = Cl, Br, and I) in the degradation of
organic dyes methyl blue (MB), methyl orange (MO) and
tetrazine (Trz)

The band gap values, and stability in water, along with their
resistance to change in pH, enable the study of this family of
CPs as photocatalysts for water-persistent organic dyes. The
experiments were performed mixeding 2 mg of CPs with 107°
M aqueous solutions of MB, MO, and Trz inside a white light
photoreactor (Fig. S34t). After the degradation experiment,
the dye is separated from the catalyst, and its absorbance
loss is analyzed using UV-vis spectroscopy (Fig. 6, S35 and
S371). As anticipated, the 6b compound exhibits greater
efficiency in degrading these dyes (Table 3).

The '"H NMR spectra of compound 6b, along with MB, MO,
and Trz under photoirradiation, reveal that at time 0 minutes,

Table 3 Summary of optical and photocatalytic properties of [Cu,X,(BPEE)],
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free MB, MO, and Trz signals in the solution can be observed
(Fig. 7d, S36b and S38bf). However, after the final
photodegradation time (#) for each dye (Fig. 7a, S36a and
S38at) there are no signals from either MB/MO/Trz or BPEE in
the solutions. These results confirm the effectiveness of
compound 6b as a heterogeneous photocatalyst. Furthermore,
the solid separated from the solution after the final
photodegradation time was dissolved in DMSO-ds with two
drops of DCl and its "H-NMR spectrum exclusively shows
signals from BPEE (Fig. S397). This finding rules out MB/MO/
Trz adsorption processes and supports their photodegradation.

Finally, the kinetics of the reaction have been studied in the
case of compound 6b, being of order 1 for each of the dyes (Fig.
S401). Likewise, the degradation mechanisms of dyes in the
presence of compounds 4-6b have been studied, using trappers
such as benzoquinone (BQ), tert-butanol (t-but), and
ammonium oxalate (AO) (Fig. S41f). The degradation
mechanism was found to occur via the formation of OH" type
radicals (Fig. S427). Hydroxyl radicals are generated when holes
in the valence band interact with adsorbed OH ions or water
molecules. These radicals can react with molecules on the
surface of the photocatalyst or move into solution. Since ¢but
reacts with hydroxyl radicals at a rate almost equal to the
diffusion limit, it acts as an excellent trapping agent for these
radicals. On the other hand, the superoxide anion radical is
formed when oxygen molecules on the catalyst surface capture
electrons from the CBM.>®

Conclusions

This work represents a detailed study that demonstrates the
advantages of using DFT calculations for selecting and
designing new coordination compounds with optimal band-
gaps for use as heterogeneous photocatalysts. The study
highlights how employing these calculations can save time,
resources, and energy by allowing researchers to focus solely
on compounds whose theoretical calculations exhibit optimal
band gaps.

Our theoretical calculations allow us to correlate how the
increase of size and decrease of electronegativity of the halogens
affects the energies of their p orbitals concerning the 4s Zn(u)/
Cu(i) orbital, increasing the covalent character and the M-X
bond distances, weakening its strength by hybridizing, favoring
a reduction in the gap. Notably, strong supramolecular
interactions can alter the coordination bond distances (M-X),
thereby modifying the band-gap value. The decrease in band-
gap values due to halogen size ranges from 0.6 to 0.3 eV.
However, the energies of the p orbitals concerning the 4s Zn(u)/

2D [Cu,X,(BPEE)], Theoretical band-gap (eV) Experimental band-gap (eV) MO min (n° cycles) MB Trz (min) (n° cyles)
4b 1.89 2.45 90 130 120

5b 1.89 2.38 80 120 110

6b 1.66 2.04 60 (5) 110 90 (3)
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(a)

(b)

(c)

(d)

Fig. 7 'H-NMR study with 6b and MB 10> M in D,O: a) 6b + MB (t =
100 min.), b) 6b + MB (t = 0 min) and c) BPEE and d) MB 60 min in
D,0 respectively.

Cu(1) orbital, and the M-N distances do not significantly affect
the band-gap reduction; rather, it is the enhanced conjugation
of the organic ligand resulting from structural rigidity and
facilitated electronic delocalization along the chain (in this case,
the band gap reduction is approximately 1.6-1.0 eV).
Theoretical data is compared with experimental results,
allowing us to predict which compound will have a lower
band-gap value and, consequently, initially exhibit better
photocatalytic properties within these CPs families.
Moreover, while the study of band-gap value is essential,
the stability of compounds in water is paramount. This study
demonstrates that such stability is enhanced by an increase
in structural rigidity facilitated by the presence of conjugated
ligands. The increase in conjugation of the organic ligand
(from BPE to BPEE) not only contributes to a drastic
reduction in the band gap value but also allows the creation
of more water-stable compounds. However, although the
stability of Zn(u) CPs has increased with the use of BPEE,
partial hydrolysis of these compounds continues to hinder
their use as heterogeneous photocatalysts. This leads us to
replace the metal center with Cu(1), which is richer in
electrons and has the same tetrahedral environment. The
theoretical calculations for the new CPs family ([Cu,X,(L)],,)
have corroborated the results from the Zn(u) family, further
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improving the compounds' stability in water. This work is
complemented by an investigation into the photocatalytic
efficiency of the studied compounds against persistent dyes
in water. This subject can be of great international interest
considering that currently, up to 80% of industrial
wastewater containing dyes generated in low- and middle-
income countries is dumped untreated into waterways or
used directly for irrigation, which represents a wide range of
direct and indirect threats to human, animal and plant
health.

[Cu,I,(BPEE)],, the compound with the lowest band-gap
and highest stability, exhibits the shortest dye degradation
times and a greater number of useful cycles without
generated byproducts. Additionally, it shows a comparable
and/or superior degradation efficiency with respect of well-
studied semiconductors such as TiO,. (Table 4). Moreover,
the study modifies the synthetic conditions of the
compounds to make them more sustainable, achieving one-
step synthesis at room temperature with reduced reaction
times.
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Cu(1/m) MOF,>** 20 10/10 90 (3) 1.07
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[Cu,I,(BPEE)],” 3 2/2 60 (6) 2.04

“ Solvothermal. ” Magnetic stirring.
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