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Semiconductor materials are crucial components in current and upcoming green industrial sectors, such
as electric vehicles. As supply chain issues loom with sources of semiconductor materials, there is an
emerging need for alternative and environmentally friendly semiconducting materials. One of the
potential candidates is (Fe-MOFs) which have been used as
photocatalysts. Studying the bandgap modulation trends in Fe-MOFs thus will be beneficial for future

iron metal-organic frameworks

applications in semiconductor technologies. With a response surface method, here we examine the
bandgap, HOMO, and LUMO energy level trends in MOF-5 fully transmetalated with iron (i.e., Fe-MOF-
5), as a function of the substituent effect (in the term of Hammett constant o,,,) and solvent effect (in the
term of dielectric constant ¢). The bandgap, HOMO, and LUMO energy levels all decrease with
decreasing ¢ and increasing o, However, the dominating influence for the bandgap switches from o,
and ¢ to just ¢ as the value of ¢ increases. This result along with the polynomial equations of fit from
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statistical analysis suggest that the bandgap in these transmetalated models is significantly influenced by
the dipole—induced dipole interactions. These results provide insight into the impact of shifting interac-
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Introduction

Metal-organic frameworks (MOFs) have been studied exten-
sively for various applications, such as gas absorption/storage,
chemical sensing, and catalysis."® In recent years, transmeta-
lation reaction has been applied to MOFs to enhance and
control their various applications.’®"” Transmetalation is a
fundamental reaction in organometallic chemistry in which
organic ligands are transferred between metal groups.'® This
reaction has long been used in the photocatalysis research
community as a facile avenue to control reduction oxidation
reactions.'>'972° As a result, transmetalated MOFs have been of
keen interest in the search for new photocatalysts that are
environmentally stable and friendly. This has progressed into
photocatalytic MOF research focusing on the reduction of CO,,
solar powered water splitting, and environmental remediation
within the range of visible light.**” Photocatalytic perfor-
mance of MOFs can be tuned with the ligand via modifications
to the ligand functional group or using a ligand with an active
site.* Additionally, the metal node can be modified with the
specific interest in mixed valence metals that can increase the
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tions of o, and ¢ on the bandgap of Fe-MOF-5.

efficiency of photocatalytic reduction reations.>* Iron based
MOFs (Fe-MOFs) show great promise as environmentally
friendly photocatalysts due to their thermal stability, chemical
stability, water stability, and low toxicity.>**” These advances
suggest that Fe-MOFs may also be used as environmentally
friendly semiconductor materials.

MOFs have only recently been studied as potential semi-
conductor materials, but their design space is promising
for new materials in fields ranging from electronics to
electrochemistry.®®**' This expansion has included computa-
tional studies to assess the roles of the metal nodes and ligands
in relation to the bandgaps of MOFs.'*'"*>™8 Both experi-
mental and computational reports of large changes in the
bandgap resulting from ligand modifications have stimulated
more studies in this direction. For instance, Gascon et al
reported an inverse linear relationship between band gap
values and the Hammett ¢ values of the different substituents
of the linker.?® From the foundational physical organic chem-
istry, the Hammett plot is a scale in which negative Hammett ¢
meta (on,) values indicate electron donation, and positive
Hammett ¢, values correspond to electron withdrawal.*>>°
The role of electron donating and withdrawing groups on
bandgap has been studied on several MOFs, including MOF-5
and Ui0-66.2%*%°1"2 In contrast, the role of metal centers on
the bandgap of MOFs has been little addressed.

In terms of bandgap, cobalt transmetalation of MOF-5 was
reported in a previous computational study by Choi et al’?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Varying the amount of cobalt from 0-100% resulted in the
bandgap decreasing, reaching zero, then increasing again.
Yasin et al. modeled the electronic structure properties of MOFs
while varying the metal atoms down the same column in the
periodic table.>® A major finding from this study was that the
smallest bandgap occurred for the metal at the top of the same
group. While insightful, these previous works do not include
solvents in the computational models. Considering the porosity
of MOFs, the environmental effect may considerably influence
bandgaps. Thus, this work focuses on the impacts of both
substituent groups and solvents on the bandgap of MOF-5 fully
transmetalated with iron (Fe-MOF-5).

We seek to understand potential interaction trends between
ligand modification via substituent groups and solvent environ-
ment on the bandgap of Fe-MOF-5. We achieved this by using a
quadratic response surface experimental design to create var-
ious Fe-MOF-5 models that were fully transmetalated with iron.
Previously we used a similar strategy to study the Zn-MOFs.>
Modelling the full transmetalation was chosen to ensure there
would be a bandgap to monitor, given the results of previous
studies.”® Likewise, iron was chosen as the transmetalated
metal due to the promising properties and potential of
Fe-MOFs as a green semiconductor.’®*® The input responses
in the statistical analysis were substituent groups (in the term
of Hammett constant o,,) and solvents (in the term of dielectric
constant ¢), and the output responses were bandgap, the high-
est occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) energy levels. The impact of
solvents on MOFs is usually detrimental, leading to structural
degradation.>®>® However, as MOFs are porous materials likely
to come into contact with solvents in the environment, it is
prudent to study solvent effects on the bandgap in Fe-MOF-5
models. From literature results, the expectation is that the
lowest bandgap value will result from the combination of the
lowest dielectric solvent and an electron donating substituent
group such as NH,.

Methods

This work utilizes a response surface method (RSM) design to
study changes in the bandgap, HOMO energy level, and LUMO
energy level of Fe-MOF-5 models that vary based on the ligand
substituents and solvent. Generally, RSM methods are used to
estimate interactions and quadratic effects, which inform
the local shape of the response surface.”® While RSM methods
have several applications, including finding optimal process
settings, our goal in using a RSM design is to generate fitted
curves from the simulated results to find trends in bandgap
modulation of Fe-MOF-5. For our numerical inputs, we utilized
Hammet’s ¢, values to represents the electron donating and
electron withdrawing capability of the substituent groups on
the ligands and solvent dielectric (¢) values to represent the
solvent polarity from the environment in the MOF pore. Doing
so allows us to interpret the resulting response surface trends
using fundamental physical chemistry principles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Trial numbers and related Hammett constant (¢,,), dielectric
constant (¢), bandgap, HOMO, LUMO from successful model jobs. The
values were pulled from the classic Hansch et al. reference. The values
were taken from the ORCA manual as these were the values used in the
program?>%6t

Bandgap HOMO LUMO

Trial op, Substituent ¢ Solvent (eV) (eV) (eV)

10 0.71 NO, 47.2 DMSO  0.23 —4.61 —4.38
4 0.71 NO, 80.4 Water 0.23 —4.59 —4.37
1 —0.16 NH, 80.4 Water 0.23 —4.26 —4.03
3 0.25 SH 80.4 Water 0.23 —4.39 —4.16
9 0.71 NO, 24.3 Ethanol 0.23 —4.61 —4.38
11 0.12 OH 47.2 DMSO  0.23 —4.33 —4.09
4 0.71 NO, 80.4 Water 0.23 —4.59 —4.37
5 0.71 NO, 1.89 Hexane 0.22 —4.78 —4.56
8 0.12 OH 1.89 Hexane 0.22 —4.01 -3.79
3 0.25 SH 80.4 Water 0.23 —4.39 —4.16
1 —0.16 NH, 80.4 Water 0.23 —4.26 —4.03
7 0.43 CF; 1.89 Hexane 0.22 —4.55 —4.33
5 0.71 NO, 1.89 Hexane 0.22 —4.78 —4.56
22 —0.07 CHj; 80.4 Water 0.23 —4.3 —4.07
2 —0.07 CH; 38.3 DMF 0.23 —4.29 —4.06
23 0.35 CHO 80.4 Water 0.23 —4.49 —4.26
24 0.62 NO 80.4 Water 0.23 —4.58 —4.36
25 0.62 NO 1.89 Hexane 0.22 —4.73 —4.51
2 —0.07 CHj; 38.3 DMF 0.23 —4.29 —4.06
12 0.71 NO, 47.2 DMSO  0.23 —4.6 —4.37
13 0.56 CN 1.89 Hexane 0.22 —4.77 —4.55
14 0.25 SH 47.2  DMSO 0.23 —4.37 —4.14
15 0.35 CHO 47.2 DMSO  0.23 —4.49 —4.27
16 0.25 SH 1.89 Hexane 0.23 —4.18 —-3.95
17 0.35 CHO 1.89 Hexane 0.22 —4.54 —4.31
18 0 H 80.4 Water 0.23 —4.33 —4.1

19 0 H 38.3 DMF 0.23 —4.33 —4.09
20 0 H 1.89 Hexane 0.23 —4.1 —3.88
6 —0.07 CH; 47.2 DMSO  0.23 —4.29 —4.06
21 0.62 NO 2.4 Toluene 0.22 —4.7 —4.48
22 —0.07 CH; 80.4 Water 0.23 —4.3 —4.07
23 0.35 CHO 80.4 Water 0.23 —4.49 —4.26
24 0.62 NO 80.4 Water 0.23 —4.58 —4.36
25 0.62 NO 1.89 Hexane 0.22 —4.73 —4.51

The response surfaces were created and analyzed using the
standard quadratic response design in the EChip software.®
In experimental design, a minimal number of trials under
different conditions are performed to generate data to fit a
response surface. A certain number of replicates, or repeats of
trials under the same conditions, is always needed to verify the
fit, or lack of fit, of the response surface to the resulting data.
Determining fit is usually accomplished using the replicate
standard deviation from the data from the initial trials.®® The
total number of trials is listed in Table 1 in the Results and
discussion section, and goes beyond the original number 11 for
trials and 5 for replicates suggested by the software. Note that
the replicate trials (Trial 1-5) resulted in the same values due to
the accuracy of the computational chemistry program. While
this would not result in sufficient variability for the EChip
software to account for replicate variations, the residual varia-
tions reported are low. Residual standard deviation, or the
residual variation, is the root mean squared values between
the reported data points and the fitted curve.®® While a poorer
estimate of true error than replicate standard deviation, resi-
dual standard deviation can still be used to determine signifi-
cance of effects of the substituent groups and solvent on the
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response factors (bandgap, HOMO, and LUMO). This lowers
the statistical rigor of this analysis, but extra trials beyond the
initially suggested number of trials bolsters the reliability of our
results.

GaussView was utilized to build the cluster model struc-
tures, which include the metal node of MOF-5 with zinc
replaced with iron and connected to the six ligands with
substituent groups based on Hammett oy, values.®* Given the
large number of atoms in MOF structures, many studies,
including those using periodic DFT methods, treat the metal
nodes and ligands separately.>"*>**%® The rationale behind
choosing a cluster model for the Fe-MOF-5 systems was to
holistically represent the main building block of the MOF-5
structure.'®® As can be seen in Table 1, each Hammett o,
value corresponds to one substituent group and each ¢ value
corresponds to a solvent. Each trial has a unique combination
of 6, and ¢ values. The substituent group indicated by the 7.,
value was placed at the meta position on each cyclic ring on the
six ligands. Thus, the values are not summed for the Fe-MOF-5
systems, but are numerical stand ins for substituent groups
that can be processed by the EChip program. In this way, Fe-
MOF-5 models with the same substituent group were optimized
under different implicit solvent conditions. There was no
mixing of substituent groups on the six ligands in the cluster
model so the results would align with the experimental design
discussed previously.

The quantum chemistry program ORCA 5.0 was used to run
simulations in parallel due to the large size of the models.®>®
For each trial both geometry optimization and frequency cal-
culation were run using Grimme’s B97-3C composite density
functional theory (DFT) method and the CPCM implicit solvation
method with the appropriate solvent from the experimental
design.’®®” Once each geometry optimization and frequency cal-
culation were completed the final structures were reviewed
to ensure no irregular bending in the metal nodes or ligands.
As we did not restrict the ligands during geometry optimization,
this process ensured that the final geometries aligned with the
assumption that MOF-5 transmetalated with iron maintains the
same lattice structure of MOF-5. Following this criteria, three
simulation results were thrown out of the data set for being
unphysical. These results are not included in Table 1, but the
representative final geometries of the models in this study and of
the three results excluded are in the Fig. S4 and S5 (ESIt).

The B97-3C composite method was chosen because the
bandgap value for MOF-5 after the geometry optimization and
frequency calculation was 4.23 eV, which is between the values
determined experimentally (3.4-4.0 eV) and computationally
(~4.6 eV).2**%3%58 The bandgap value discussed was calculated
by subtracting the LUMO energy level value by the HOMO
energy level value. Note the computing the transition energies
from the ground state to the excited state with TD-DFT calcula-
tions would provide a more accurate representation of
this energy difference.®*®® Unfortunately, performing TD-DFT
calculations on these Fe-MOF-5 cluster models was beyond the
capabilities of the available computational resources, even
when the calculations were parallelized.

6844 | Mater. Adv, 2024, 5, 6842-6852
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Based off our previous work, we determined that adding
solvent molecules in the calculation was feasible, but did not
result in a major change in bandgap, HOMO energy level, or
LUMO energy level when compared with the implicit solvent
models.>® With this knowledge, we chose to use implicit CPCM
solvent models to study the influence of solvent polarity on the
bandgap of Fe-MOF-5. A caveat of adding solvent molecules or
using implicit solvent models is that a limited number of
solvent molecules would enter the pores of Fe-MOF-5. This
means that some of the solvents applied in this study with the
CPCM model are unlikely to enter the pores of a MOF with the
structure of MOF-5. However, design of pore size is a major
strength of MOF materials, and many MOFs with larger pores
than MOF-5 exist.*”**%%7%71 Therefore, we believe that inter-
actions between environmental solvent polarity and the band-
gap of Fe-MOF-5 in this study might inform future studies of
bandgaps in MOFs with larger pore sizes. Table 1 lists the
solvents used corresponding to their respective solvent dielec-
tric (¢) values and substituent group identities corresponding to
the Hammett ¢, values. The specific values of ¢ were pulled
from the ORCA handbook and the ¢, values were taken from
tables in the classic work of Hansch et al.>>®

All molecular orbital diagrams were generated using the
orca_plot function in ORCA 5.0 and VMD for visualization.®*"?
In addition, the MultiWFN program” was used to generate
ORCA input files from the Protein Data Bank (PDB) structural
files outputted by GaussView. The total density of state (TDOS)
and partial density of state (PDOS) data sets were generated
using the Becke atomic space method and density of state
approximation methods in the MultiWFN program.”*”® The
TDOS, PDOS, and discrete energy levels of the data sets were
plotted using Excel. It is important to discuss the caveats of
using this method in MultiWFN. From the stand point of solid-
state physics, density of state (DOS) represents the number of
energy states or levels as contiguous, and thus is plotted as a
curve.”® For isolated systems such as molecules and the cluster
models used in this study, energy levels are discrete.®® The
MultiWFN program replacing the Dirac delta function (9) in the
following equation with a broadening function F(x) dependent
on the full width half maximum (FWHM).”*>”"

TDOS(E) = Y " S(E — &)

where ¢; represents the eigenvalue set of a single-particle
Hamiltonian. The broadening function F(x) could be a Gaus-
sian, Lorentzian, or a pseudo-Voigt function. In this study, we
used a normalized Gaussian function with a FWHM of 0.5 eV.
The normalized Gaussian function, G(x), used by the MultiWFN

program is described below.”*”>
1 22 FWHM
G(x) =—=e 22 where c = ———
= 222

This artificially broadens the discrete energy levels to a
curve, allowing analysis of the electron structure across the
different Fe-MOF-5 models. We understand that this method is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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debated among the computational chemistry community due
to the inherent limitations and assumptions of the broadening
function in the above equation. However, we make no claim
that the approximated DOS plots in this work are quantitative
at the scale of larger periodic structures, which is the domain of
periodic DFT calculations. Rather, we use these approximated
DOS plots to inform changes in the nature of the electron
structure across the various Fe-MOF-5 models in this study.
In doing so, our work attempts intimate why the trends, or lack
thereof, between bandgap, substituent group, and solvent
occur in Fe-MOF-5.

Results and discussion

Following previous work,*>*>* the Hammett ¢,, and solvent

dielectric ¢ values were used as the variables in the quadratic
response surface design as these have been empirically deter-
mined. An issue with the original set of trials was the presence
of three outlying outcomes, as shown in the chart in Fig. 1 and
Fig. S5 (ESIt). Note that two of the trials had the same values,
resulting in only two stars being visible in the chart. Also, this
chart was generated with the EChip program from bandgap
results.’® These three outcomes had geometries with twisted
metal nodes, which would be unlikely in the actual extended
MOF structure. Following the criteria discussed in the Methods
section, these three trials were excluded from Table 1 and
further analysis in this design due to being unphysical. Note
that this limits the boundaries of the response as seen in Fig. 2
and 3, meaning that any interpretation of results in these
regions is an extrapolation.

It also should be noted that we did not use the nearest
neighbor substituent group method used in our previous
work®® to approximate replicate standard deviations. The sta-
tistical analysis software used in this study assumes variability
from performing the same experiment twice, which is not the
case for computational modelling. The decision to change the

Bandgap (eV —
005 gap ( )'
L¥
‘s
33
0004 -
S "
=]
]
-4
-0.05
O
-0.10 T . .
0.10 0.15 0.20 0.25

Observations

Fig.1 Comparison of observations to residuals in the original set of trials.
For the structures of the bandgap observations at 0.11 eV, there was
significant twisting of the metal node as shown. This occurred for the
original trial 6, shown in this figure, and trial 2 and trial 2 replicate, in the
Fig. S5 (ESIt). As this twisting is expected not to exist in the fully extended
MOF, these results were determined as unphysical and excluded from the
data set for subsequent analyses.
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Fig. 2 3D response surfaces of bandgap behaviors in regards to meta (o)
and solvent dielectric (¢). The 3D response surfaces for the HOMO and
LUMO response are in the ESI, T Fig. S6. Note the red and black lines on the
left side of each graph. These intersections with the surfaces indicate that
anything plotted to the left of that line is an extrapolation and no
conclusion should be drawn based on this portion of the surface.
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Fig. 3 2D response surfaces of bandgap, with the red triangle correlates
with the red and black intersecting lines in the 3D response surfaces
in Fig. 2 The 2D response surfaces for HOMO and LUMO are in the ESI,{
Fig. S7. Note that lower solvent dielectric (¢) leads to meta (o,,) having a
larger impact on bandgap, whereas at higher ¢ values the a,, term is not
important. The distance between each colored line is 20 significance.

method of analysis was reached due to the lower residual
standard deviation of the bandgap (0.002), HOMO energy level
(0.06), and LUMO energy level (0.06). Further discussion of this
can be found in ESL{ The takeaway from this information is

Mater. Adv,, 2024, 5, 6842-6852 | 6845
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that the following trends follow the data closely, but any
relationship like eqn (1)-(3) are not statistically significant.

A result of this analysis is that substituent groups and
solvent molecules interact to impact the three response factors,
albeit in a minor way. This can be seen in the following
polynomial equations that describe the response surfaces seen
in Fig. 2.

Bandgap = 0.23 — 4.16 x 10 °gp, + 7.09 x 10 °¢ + 0.00020,,
X & — 4.34 x 10 %0 8° (1)

HOMO = —4.39 — 0.376y, — 0.001¢ + 0.0090,, X & — 0.00020,, X &
(2)
LUMO = —4.17 — 0.396,, — 0.001¢ — 0.0097,,, X & — 0.00020,, X &

(3)

Note that these equations are reported to demonstrate the
varying model coefficients and the influence on the response
surface. Additionally, all the statistical significance and
error information from the software is not present in these
equations. Thus, these equations cannot be used simply to
extrapolate beyond the dataset.’® The significance levels
between bandgap and the variables are: ¢ (0.01%), ome
(0.01%), and o,e* (5%). For the HOMO and LUMO energy
levels, the significance levels are the same: o, (0.01%), ¢
(1%), ome (0.01%), and o,e” (0.01%). While these significance
levels are not statistical due to the design, these values quantify
the relationships seen in Fig. 2.

At high dielectric values, the slope of the bandgap response
surface barely changes as the Hammett o,,, goes from 0 to 0.71.
As the solvent dielectric decreases, the bandgap also decreases,
especially as the Hammett ¢, value increases. This curvature at
high ¢, values along the solvent dielectric axis for bandgap
appears to be due to the HOMO and LUMO. As seen in Fig. S6
(ESIt), the response surfaces for both HOMO and LUMO are
dominated by o, until at high ¢, values the solvent dielectric
curves down. The 2D topographies in Fig. S7 (ESIt) further
supports a shifting relationship between o,,, and &. The 2D
topography graphs for HOMO and LUMO in Fig. S7 (ESIT) show
both values bulge outward as the ¢ value increases. The first
conclusion of this bulging is that the substituent group is more
impactful in modulating HOMO and LUMO at lower ¢ values.
As ¢ values increase, the substituent groups diminish their
influence over HOMO and LUMO energy levels drastically.
This is seen in the bandgap trend, where the substituent
group becomes unimportant in changing the bandgap value
as ¢ values increase. This leads to the second, unexpected
conclusion in the bandgap trend, which is the switching of
modulation method as ¢ decreases. At and above the ¢ value
of ~45, bandgap is controlled by ¢ alone. Below the ¢ value
of ~45, bandgap is controlled by both ¢ and o,,.

From the polynomial equation used to generate the
response surface for bandgap, eqn (1), there is a second order
effect in ¢ that interacts with oy, in the last term. This is likely
why the 2D response surface for bandgap in Fig. 3 shifts
from curved lines to horizontal lines as ¢ increases. In terms
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of explaining the nature of the interaction behind this pheno-
menon, we believe that there is a dipole-induced dipole inter-
action between solvent (with a permanent dipole moment p)
and the modeled MOF molecule (with a polarizability «).”” The
rationale comes from the fundamental equation of the average
interaction energy V for the dipole-induced dipole interaction
(eqn (4)) where o is the polarizability volume proportional to
the polarizability o« of the MOF molecule (eqn (5)).

C i

[ = 4
7o’ 4me ()

of =— (5)

Experimentally, polarizability volume o’ increases as the
difference between LUMO and HOMO energy levels (the band-
gap) decreases.”” This suggest that polarizability volume of the
MOF increases as the substituent become more electron with-
drawing (o, value increases from 0 to 0.71 along Meta axis on
bandgap graph in Fig. 2). Ostensibly, this shift in o’ appears to
be due to the electron withdrawing group increasing the
polarizability o of the MOF. The second order effect for ¢ seen
in eqn (1) may be explained by the ¢ term appearing in both
eqn (4) and (5). Thus, even if the substituent group increases o/,
increasing the value of ¢ from 1.89 to 80.4 lowers both «’ and V.

This aligns with the bandgap trend seen in Fig. 3 where the ¢
term solely controls bandgap at high values, but interacts with
the oy, term at low values. While the models used in this study
are approximations, these results have interesting physical
implications. When the solvent is non-polar, or low ¢ value,
the increasing polarizability due to increasing electron with-
drawing ability of the substituent groups causes a stronger
average interaction between the solvent and MOF. As the solvent
become polar protic, or high ¢ value, the shifting polarizability
becomes an unimportant term. This interpretation reveals that
engineering bandgap in metal-organic frameworks may be feasi-
ble through interactions of electron structure changes (substituent
groups) and environmental factors (polarity of the solvent).

While interesting, the relationship we draw above between
the trend in Fe-MOF-5 bandgap and the fundamental equations
for dipole-induced dipole interactions is based on a minimal
change in bandgap between 0.22 eV to 0.23 eV. This is surpris-
ing, as our previous study using a similar method revealed that
changing substituent groups on the ligand was statistically
significant to modulating bandgap in MOF-5.°> To further
understand why substituent groups and solvents had such a
minimal impact on Fe-MOF-5 compared to MOF-5, we gener-
ated density of state graphs and discrete energy level graphs as
described in Methods. These graphs reveal the role of iron in
controlling the bandgap and keeping changes minimal.

While Fig. 2 and 3 show this shifting relationship, the
preceding approximate density of state and discrete energy
level graphs suggest why the bandgap shifts by a small degree
(Fig. 4 and Fig. S8, S9, ESIt). With iron completely replacing the
zinc in the MOF-5 structure, the bandgap barely shifts as
the substituent groups are changed in hexane. While the total

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) TDOS and PDOS maps of Fe-MOF-5 (Trial 20) across the
bandgap response surface at a ¢ value of 1.89 (hexane). (B) The discrete
energy levels of the ligand, comprised of carbon and hydrogen atoms, and
the metal node, comprised of the iron and oxygen atoms. The vertical
dashed line is the HOMO energy level (—4.104 eV) of the Fe-MOF-5
system. The y-axis represents the strength of the density of states and
discrete energy levels and are unitless.

density of state changes, the HOMO and LUMO energy levels are
dominated by the metal node, as seen by the red spectrum and
discrete energy levels in Fig. 4. The orbital plots (Fig. 5 and Fig. S10,
S11, ESIt) also show a high concentration around the metal node,
agreeing with the graphs in Fig. 4. This stabilization in bandgap
due to switching zinc with iron in the MOF-5 structure is expected,
but it is unclear if this is solely governed by the iron atom.

To determine if the iron atom is directly responsible for the
bandgap, we generated the density of state and discrete energy

HOMO LUMO

Fig. 5 The HOMO and LUMO molecular orbitals of Fe-MOF-5. The
positive orbital wave function is represented by the blue regions, while
the negative orbital wave function is represented by the yellow regions. In
both the HOMO and LUMO, the primary electron occupancy is around the
metal node comprise of iron and oxygen atoms.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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level graphs focusing solely on the iron and oxygen atoms
(Fig. 6). In Fig. 6, the HOMO energy level (vertical dashed line
at —4.104 eV) and LUMO energy level are firmly in the energy
levels of the iron atoms, as seen in the approximated PDOS
spectrum and the red discrete energy levels. Therefore, the
bandgap in Trial 20 is determined by the energy levels of iron
atoms in the model. To see if this trend holds across the study,
we generated approximate density of state graphs and discrete
energy level graphs at different substituent and solvent condi-
tions in this study. In Fig. S12-S14 (ESIY), the substituent
groups vary from o, values of 0 to 0.71 while keeping the
solvent the, hexane (¢ = 1.89), the same. In Fig. S14-5S16 (ESIf),
the ¢ values vary from 80.4 to 1.89 while the substituent group,
NO, (o = 0.71), is kept the same. Across all these conditions,
the bandgap, or HOMO-LUMO energy difference, is within the
energy levels of the iron atoms.

These figures show that the tight control of bandgap across
different substituent groups and solvents appears to be due
to the minimal shifting in the electron density in iron in the
Fe-MOF-5 frameworks. As seen in Table 1, the bandgap for
these models varies between 0.22-0.23 eV, which is why the
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Fig. 6 (A) TDOS and PDOS maps of the iron and oxygen atoms in Trial 20
of Fe-MOF-5 with a ¢ value of 1.89 (hexane). (B) The discrete energy levels
of the iron (red) and oxygen (blue) atoms in the Fe-MOF-5 model. These
graphs, along with those in the ESI,i show that the HOMO and LUMO
energy levels are within the energy levels of the iron atoms. The vertical
dashed line is the HOMO energy level at —4.104 eV. The y-axis represents
the strength of the density of states and discrete energy levels and are
unitless.
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approximated density of state graphs appear to have no band-
gap in the HOMO-LUMO region. As explained in the Methods
section, this is a limitation of the approximation method used
to generate the density of state graphs. The important take
aways from these results is that the energy levels of the iron
atoms determine the bandgap in the Fe-MOF-5 models and
that these iron energy levels are not drastically impacted by
changing substituent groups or solvents. Another result sup-
ported by literature, but not captured in this response surface
design alone, is that changing the metal in MOFs, i.e. changing
the d-shell valency in the structure, drastically impacts
bandgap."'® This suggest that the bandgap stabilization see
in this study may be related to iron atoms having more open
energy levels in the valent d-shell as compared to zinc atoms.

The behavior seen in the approximate density of state graphs
above reveals a sharp difference between the electron structure
of Fe-MOF-5 and MOF-5. From the electron structure of MOF-5
in our previous study revealed the HOMO-LUMO transition was
focused around the ligands and substituent groups.”® Given the
dominant impact of the substituent group in modulating
bandgap in MOF-5, we were unable to determine the dipole-
induced dipole relationship. Using eqn (4) and (5) as a frame of
reference, the previous behavior of MOF-5 bandgap may be
explained by the zinc atoms creating an environment for the
electron structure of MOF-5 to shift drastically across different
substituents. This drastic change in electron structure due to
the substituent groups resulted in larger changes in polariz-
ability of MOF-5 that overtook the influence of solvent polarity.

Thus, this set of data suggests the following as a guiding
principle in modulating bandgap in MOFs. Decreasing the
d-shell vacancy of the metal atoms in the MOF node decreases
the polarizability shift from substituent groups, allowing the
solvent dielectric, or solvent polarity, to influence the bandgap.
This solvent influence on bandgap seems to occur via a dipole-
induced dipole interaction between the solvent and Fe-MOF-5
models. Again, the bandgap shifts seen in the Fe-MOF-5 models
in this work are very small, indicating that MOF-5 fully trans-
metalated with iron has a very stable electron structure. This is
supported by other work in iron MOFs, which have shown that
iron MOFs are incredibly stable in the environment.***” While
studying the stability of the Fe-MOF-5 models was outside the
scope of this work, these results suggest that stabilizing MOFs
via transmetalation with iron may decrease the efficacy of
bandgap modulation strategies. From these results, the solvent
in pore environment of MOFs need to be further studied to
determine tradeoffs between environmental stability and band-
gap modulation in MOFs via transmetalation.

Conclusion

This work used a quadratic response surface experimental
design to computationally map out the influences of substituent
groups and solvents on the bandgap, HOMO, and LUMO energy
levels in MOF-5 fully transmetalated with iron atoms. While the
resulting models are qualitative, the low residual standard
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deviation values suggest that the trends in this study are
still informative. The results indicate that the substituent group
(in o1,) and solvent (in ¢) interact to change the bandgap, HOMO,
and LUMO energy levels. For the bandgap, the interaction
between substituent group and solvent decreases as the ¢
increases until the solvent alone influences the bandgap value.
For the HOMO and LUMO energy levels, the substituent is the
most impactful variable at low values of ¢. However, when &
increases, the influence of the substituent on HOMO and LUMO
energy levels decreases (Fig. 3). Given the second order effect of ¢
seen in eqn (1)—(3), the likely physical or molecular interaction is
a dipole-induced dipole electrostatic interaction. The interaction
between oy, and ¢ seemingly originates from the full transmeta-
lation of MOF-5 from zinc to iron. From the molecular orbital
diagrams of the HOMO and LUMO energy levels, the electron
density centers around the metal node. Specifically, the density
of state graphs in Fig. 5 and 6 shows that HOMO and LUMO
both lie in the electron density of the iron atoms in the models.
Ostensibly, this is all due to the lower d-shell valency of the iron
atoms as compared to the full d-shell valency of the zinc atoms.

In conclusion, this study reveals a few guiding principles for
bandgap modulation in MOF-5 fully transmetalated with iron.
First, in solvents with high ¢ values, changing the substituent
group have little to no impact on bandgap values. As the solvent
¢ values decrease to low values, the substituent interacts with
the solvent to lower bandgap as the substituent becomes more
electron withdrawing. Second, while the above results are shown
in this study, the actual changes to bandgap, HOMO, and LUMO
energy levels is small. This is due the HOMO and LUMO energy
level being in the electron density of the iron atoms, which are
not strongly influenced by the substituent groups or solvents.
This suggest that using a metal between iron and zinc (cobalt,
nickel, and copper) may allow for shifting substituent groups and
solvents to more significantly influence the response factors
through a dipole-induced dipole interaction.

While this work focused specifically on engineering bandgap
in MOFs, these results have implications for using MOFs as
photo-catalyst.”>****7 In terms of future work, this method
and results indicate fruitful ground to explore in terms of other
stable metal ions (such as Al, Ti, and Zr), mixed metal system
(bimetallic and trimetallic), and ligand systems capable of captur-
ing metal ions.>**””®7® Another area for future investigations is
Fe-MOF-5 systems where the substituent groups were mixed
across the ligands. The expectation is that such systems will align
with the results of this study, however uncaptured influences like
steric and inductive interactions may influence such systems.
Lastly, further computational and experimental investigations of
the tradeoffs between environmental stability and bandgap mod-
ulation in MOFs is critical as the field continues to develop MOFs
as components in applied sensor technologies.”*"%*

Data availability

The data that support the findings of this study are available in
the ESL.¥
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