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ABSTRACT: Assigning optical band gaps to MOFs is paramount for
understanding their optical, electronic, and reactivity properties, but
literature reports have produced a wide range of values for even the
same MOF. Despite the molecular nature of MOF electronic
structures, experimental assignments employ Tauc analysis, a method
applied to semiconductors. Here, we report optical band gaps of
common MOFs and demonstrate that Gaussian fitting is more
appropriate for assigning accurate gap energies. We further support
this claim with DFT simulation, providing a reliable method for
estimating optical band gaps from ground-state hybrid-GGA. MOFs
that require Tauc analysis exhibit overlapping optical transitions
uncommon for typical carboxylate-based MOFs and more akin to
narrow-gap semiconductors. Taken together, these results provide a simple roadmap for assigning MOF optical band gaps.

Electronic fundamental gaps (or electronic band gaps in
solids, HOCO-LUCO gaps in molecular crystals, and
HOMO−LUMO gaps in molecules, Eg) define the

difference in energy between the highest filled orbital (valence
band) and lowest empty orbital (conduction band) of a
material. Measuring the electronic band gap of a material is
important for understanding its redox, optical, and electronic
properties.1−4 Optical band gaps (Eopt), hereafter termed
optical gaps, on the other hand, refer to the photon energy
required to access the lowest-energy optically excited state.5 In
comparison to the electronic band gap, the energy of the
optical gap is reduced due to the stabilizing interaction
between the photogenerated hole and electron, termed the
exciton binding energy (Eb). When exciton binding energies
are small in comparison to the band gap, Eopt serves as a useful
approximation for the Eg, for example as in bulk CdSe Eb = 15
meV, with Eg = 1.66 eV.6−8 However, Eopt becomes
comparable to Eb in chemical systems with more localized
binding, such as organic polymers and molecules. For example,
polythiophene has an Eb of 0.6 eV, anthracene exhibits an Eb of
1.0 eV, and MOF-5 was recently estimated to have Eb = 3.5
eV.9−11 In such molecular-type systems, the Eopt substantially
underestimates the band gap, but Eg may be obtained by
photoelectron spectroscopy, or estimated using a DFT-based
quasiparticle perturbation theory (e.g., G0W0),

12,13 instead.
Knowing the optical gaps of materials, on the other hand, is
critical for harnessing the photophysical properties of materials
to design devices for photocatalysis, solar energy conversion,
optical sensors, and display technologies, where excitonic
interactions become relevant. Assigning optical gaps poses
significant challenges, however, especially for materials with
localized, molecular-type bonding.

In general, optical gaps of materials are determined from
optical absorption spectroscopy, but data analysis depends on
the electronic structures and, hence, the bonding character-
istics of the material. Methods generally fall into two
categories: (1) peak fitting or (2) Tauc analysis. In the former,
the peak position of the lowest-energy optical transition is
determined by fitting a spectrum to Gaussian band-shapes or
by locating the zero-crossing-point of the derivative of the
spectrum. These methods find widespread use across spec-
troscopy involving well-resolved band-shapes, such as electron
paramagnetic resonance or photoluminescence spectroscop-
ies.14−16 Accordingly, optical absorption spectra of materials
with molecular-type electronic structures are amenable to these
methods because the discrete transitions between a sparse
density of states (DOS) produce spectra with well-resolved
peak positions. For example, analysis of quantum dot and
perovskite spectra relies on Gaussian fittings due to the
quantum-confined electronics of quantum dots and the highly
ionic bonding of perovskites.17−19 On the other hand, in
typical semiconductors and amorphous materials, numerous
overlapping transitions complicate Gaussian fitting.20 In such
cases, spectra are interpreted by Tauc analysis, with the spectra
replotted as (αhν)1/n versus photon energy, where α refers to
the absorption coefficient of the material, hν is the photon
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energy, and the exponent 1/n denotes the nature of the optical
transition, with n = 1/2 for direct allowed transitions, n = 3/2
for direct forbidden transitions, n = 2 for indirect allowed
transitions, and n = 3 for indirect forbidden transitions.20

Typically, the region with the highest slope is fitted to a line
and the intersection of the line with the abscissa (i.e., photon
energy) is taken as the optical gap. Conventional semi-
conductors, such as Si and Ge, and defective materials with a
high concentration of midgap states, require Tauc analysis.20,21

Unlike in molecular-type systems where a well-resolved band
clearly defines the optical gap, the onset of absorption defines
the optical gap because defects and covalent bonding
(dispersive bands) give rise to numerous transitions with
comparable intensities. Figure 1 compares hypothetical sets of
data where, on one hand, flat band curvature permits facile
Gaussian fitting, while the other example involves numerous
overlapping Gaussian peaks due to dispersive electronic bands,
necessitating Tauc analysis.
Metal−organic frameworks (MOFs) pose a fundamental

challenge to assigning optical gaps because, despite being
extended solids, the vast majority of examples comprise of
molecular-building blocks with highly localized bonding
interactions. To our knowledge, few, if any, photoelectron
experiments have been reported for common MOFs as direct
experimental measurement of MOF electronic band gaps. In
other words, estimating Eb remains elusive. Yet, computational
studies of common MOFs, such as MOF-5, suggest the optical
gap to be nearly half of the electronic band gap,10 implying that
optical gaps obtained from spectroscopy vastly underestimate
electronic band gaps. While knowing Eg facilitates the
understanding of MOF reactivity and electrochemical proper-
ties, harnessing their photophysical properties and gaining
insight into their excitonic interactions requires proper
assignment of MOF optical gaps.
Yet, even for common MOFs, optical gaps remain disputed

in the literature. In general, literature reports employ Tauc
analysis to analyze the optical absorption spectra of MOFs,
giving rise to optical gaps that vary by more than 1 eV, likely

because of discrepancies between linear fits. For example,
reported “band gaps” (used interchangeably with optical gap)
of ZIF-8 (Zn-(imidazolate)2) vary between 3.87 and 5.45
eV,22−24 UiO-66 (Zr6O4(OH)4(terephthalate)12) vary between
2 . 5 0 a n d 4 . 0 7 e V , 2 5 − 2 7 a n d M I L - 1 2 5
(Ti8O8(OH)4(terephthalate)6) range from 3.1 to 4.62
eV.28−31 Furthermore, calculated electronic band structures
indicate most MOFs possess localized bonding, with discrete,
nonoverlapping states.32 Given their molecular, rather than
band-type, nature as well as the empirical observation that
experimental spectra bear well-resolved peaks, suggests that
MOFs should be well-suited to Gaussian peak-fitting, not Tauc
analysis, to obtain optical gaps.
Here, we report experimental optical spectra of common

MOF materials and propose a standard procedure for assigning
MOF optical gaps using experiment and/or computation.
Specifically, we propose that Gaussian fittings serve as the
appropriate method to assign optical gaps to the vast majority
of MOFs unless the MOF possesses numerous overlapping
transitions bands, as in systems with open-shell transition
metals and dispersive bands, such as materials with strongly
covalent metal−ligand bonds. Furthermore, we present a
reliable ground-state DFT approach to examine the DOS at
the band edges and predict the optical gaps of common MOFs.
Comparison of experiment and theory suggests that assigning
gaps with Gaussians serves as a simple approach that requires
the least insight into the electronic structure and consistently
shows agreement with DFT-computed gaps within 30 meV, on
average. These guidelines radically alter the conventional
approach to understanding MOF electronic structures and
serve as quick methods for ascertaining optical, not electronic
band gaps.
To determine the appropriate method for assigning MOF

optical gaps, UV−vis−NIR diffuse reflectance spectra were
collected on a representative collection of common MOFs.
These include materials with open d-shell transition metal ions,
such as Cu3(benzenetricarboxylate)2 (Cu-HKUST-1) and
Cu(1,2,3-triazolate)2 (Cu(ta)2), materials with closed d-shell
transition metal ions, such as Zn(imidazolate)2 (ZIF-8), and
materials with nontransition metals, such as Mg2(2,5-dioxido-
1,4-benzenedicarboxylate) (Mg-MOF-74). The spectra of all
MOFs were transformed as the Kubelka−Munk function and
are shown in Figures S13−25. To assign the optical gaps, all
spectra were analyzed by three methods: Gaussian fitting,
derivative analysis, and from Tauc plots. Details of these
methods are described in the Supporting Information. In short,
Gaussian analysis involved an initial guess of the absorption
maximum prior to algorithmic fitting and Gaussians were
allowed to shift in location, height, and width. The final
number of Gaussians was chosen to minimize residuals and the
optical gap was determined as the peak position of the lowest-
energy Gaussian. In derivative analysis, a derivative was taken
of the spectra and the optical gap was chosen as the lowest-
energy photon energy where the derivative crosses zero. In
Tauc analysis, the reflectance values plotted as the Kubelka−
Munk function (F(R)) were treated as the absorption
coefficient, and all spectra were plotted with both n = 2 and
n = 1/2 to evaluate them as either indirect- or direct-gap
materials. The Tauc analysis of several MOF materials, such as
in MIL-53(Fe) and Cu-HKUST-1, required multiple linear fits
to distinct linear regions. In such cases, the optical gaps derived
from all linear fits were considered in comparison to theory.

Figure 1. Hypothetical absorption spectra with Gaussian fits and
state diagrams for (a) a material with flat band curvature and (b) a
material with high band curvature requiring Tauc analysis.
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To determine the nature of the optical transitions, that is,
direct or indirect, we employed hybrid density functional
theory (DFT) calculations because many hybrid functions
(e.g., HSE06, B3LYP, M06, etc.) tend to underestimate the
true electronic band gap and instead match experimental
optical gaps by design. Specifically, unlike Hartree−Fock
methods, DFT computes the energies of LUMOs (conduction
bands) in the presence of n−1 electrons and, when combined

with a portion of exact exchange, the functionals approximate
the electron−hole attraction, that is, the exciton binding
energy.33 Because the vast majority of MOFs are thought to
possess localized electronic states,32 hybrid DFT serves as an
accurate estimate of MOF optical gaps, and should fail to
recover the true electronic band gap if Eb is large. Indeed,
Poloni and colleagues calculated a gap of ∼4.5 eV for MOF-5
from hybrid DFT, which matched the experimentally

Table 1. Summary of MOFs with Optical Gaps Determined by Experiment and DFT Simulationsa

MOF name organic ligand metals direct/indirect DFT Eopt Gaussian Eopt Tauc direct Eopt Tauc indirect Eopt

MOF-5 terephthalate Zn indirect 4.64 4.71 5.26 3.71
MIL-125 terephthalate Ti direct 3.87 3.88 4.02 3.68
UiO-66 terephthalate Zr direct 4.14 4.26 4.01 3.91
Mg-MOF-74 terephthalate Mg indirect 2.89 2.86 2.75 2.60
MIL-53(Fe) terephthalate Fe indirect 2.28 2.35 2.93 2.01
PCN-415 terephthalate Ti, Zr direct 3.15 3.76 3.51 3.25
Cu-HKUST-1 trimesate Cu direct AFM 3.82 3.17 3.38 2.24
MUV-10(Ca) trimesate Ca direct 4.22 4.23 4.06 3.70
MUV-10(Mn) trimesate Mn indirect 2.98 4.52 3.91 3.04
Cu(ta)2 1,2,3-triazolate Cu indirect AFM 3.20 4.06 3.69 3.35
ZIF-8 1-methylimidazolate Zn direct 5.32 5.35 5.36 5.17
MFM-300(Sc) biphenyl-3,3′,5,5′′-tetracarboxylate Sc indirect 3.95 4.00 3.83 3.69
SU-101(Bi) ellagate Bi indirect 2.34 2.45 2.76 2.39

aEopt reported in eV, and values highlighted in bold indicate the Eopt with the lowest % difference. All spectra, subsequent fittings, and residuals are
shown in S13−25. AFM signifies that the antiferromagnetically coupled configuration was simulated.

Table 2. Comparison of Optical Gaps Determined from Experiment and DFTa

MOF name ΔEopt Tauc direct ΔEopt Tauc indirect ΔEopt Gaussian % difference Tauc direct % difference Tauc indirect % difference Gaussian

MOF-5 0.62 0.93 0.07 13.4 20.0 1.51
MIL-125 0.15 0.19 0.005 3.88 4.91 0.13
UiO-66 0.13 0.230 0.12 3.14 5.56 2.90
Mg-MOF-74 0.20 0.29 0.03 4.84 10.0 1.04
MIL-53(Fe) 0.65 0.27 0.07 28.5 11.8 3.07
PCN-415 0.36 0.10 0.61 11.4 3.17 19.4
Cu-HKUST-1 0.44 1.58 0.65 11.5 41.3 17.0
MUV-10(Ca) 0.16 0.52 0.01 3.79 12.3 0.24
MUV-10(Mn) 0.93 0.06 1.54 31.2 2.01 51.7
Cu(ta)2 0.49 0.15 0.86 13.3 4.48 21.1
ZIF-8 0.04 0.15 0.02 0.75 2.82 0.36
MFM-300(Sc) 0.12 0.26 0.05 3.04 6.58 1.27
SU-101(Bi) 0.42 0.05 0.11 17.9 2.14 4.70

aΔEopt reported in eV and calculated as the difference between Eopt (DFT) and Eopt (experimental). % Difference is calculated as |1 − Eopt (DFT)/
Eopt(experimental)|. Values highlighted in bold indicate the Eopt with the lowest % difference.

Figure 2. Analysis of UiO-66 optical spectra. (a) Diffuse reflectance UV−vis data with Gaussian fits and (b) computed DOS aligned to the
vacuum level using the method detailed in ref 31.
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determined optical gap, but estimated the exciton binding
energy to be ∼3.5 eV from GW perturbation theory, suggesting
the true electronic band gap of MOF-5 to be ∼8 eV.10 Because
of the great expense of GW-methods and because of the
practical utility of estimating Eopt for understanding MOF
photophysical properties, we employed relatively inexpensive
hybrid-GGA approaches, in particular the tightly converged
HSE06/HSEsol06 functional (see Supporting Information for
computational methods) because of its broad implementation
in standard quantum chemical software packages. Furthermore,
this level of DFT theory has been shown to yield remarkable
agreement with experimental optical gaps,34 especially in
MOFs.32,35

Table 1 summarizes optical gaps and the nature of the
optical transitions determined by DFT, and experimental
optical gaps determined from Tauc, Gaussian, and derivative
analysis for a set of common MOFs. Although the vast
majority of MOFs involve closed-shell metal ions, such as Mg2+

or Zn2+,36−38 this collection overrepresents the share of open-
shell systems because we deliberately sought MOFs that would
test the limits of Gaussian analysis. Table 2 shows the absolute
difference between the experimental and DFT-computed
values (Ediff), and as the percentage difference (E%), defined
as |1 − (experimental gap/DFT gap)|. For most MOFs,
Gaussian fitting shows good agreement with DFT, with Ediff of
150 meV or less and E% of 5% or less for most systems. In
general, the MOFs most suited to analysis by Gaussian fittings
contained alkali Earth metals, such as Mg2+, as in Mg-MOF-74,
closed-shell metal ions, such as Zn2+, as in ZIF-8, or d0 metal
ions, such as Zr4+ in UiO-66. Derivative analysis, overall,
showed worse agreement with DFT than Gaussian fits,
suggesting it is less accurate at determining the position of
individual transitions. Figure 2a shows the experimental
spectrum for UiO-66 analyzed by Gaussian fits that provide
a clear peak maxima in good agreement with DFT (both the
fundamental gap Eg 4.14 eV matches the Eopt = 4.26 eV, and
the second absorption feature measured at 4.96 eV
corresponds to the DOS at ∼2.25 eV below the vacuum
level), despite prior literature reporting a range of UiO-66
band gaps extracted from Tauc plots.25−27,39−41

As reflected in the conduction band DOS of UiO-66, Figure
2b, most MOFs exhibit discretely spaced frontier orbitals,
making them better suited to Gaussian peak fitting. To
examine the applicability of Gaussian analysis to experimental
spectra reported elsewhere and to compare our Eopt values to
literature reports, we applied Gaussian band-shapes to several

previously reported spectra of UiO-66, MOF-5, and MIL-
125.27,42−46 Figure 3 shows data digitized from three distinct
reports of UiO-66 with our fits. Gaussian fits in panels a, b, and
c give Eopt of 4.22, 4.22, and 4.13 eV, all in excellent agreement
with the DFT-predicted value of 4.14 eV, and our measured
value of 4.26 eV shown in Figure 2. In comparison, the
reported Tauc analysis gave values of 3.82, 3.91, and 3.45 eV,
respectively.27,45,46 These results suggest that even for MOFs,
such as UiO-66, prone to midgap states (attributed to surface-
bound or missing-linker defects) that lead to significant
Urbach tailing, Gaussian fitting provides a facile technique
for identifying absorption maxima in MOFs that can be
attributed to the optical gap. Similar analysis of data digitized
for MOF-5 and MIL-125 (Figures S26−27) gave Eopt values
agree with our DFT-computed values, suggesting this
technique is generally applicable to MOFs with distinct
absorption features.
This analysis indicates that a subset of MOFs shows better

agreement with Tauc analysis if they possess closely spaced
excited states due to dispersive band curvatures, partially filled
d-orbitals giving rise to multiple d−d transitions, as in Cu(ta)2,
covalent metal−ligand bonding, as in SU-101(Bi), or over-
lapping ligand-field transitions, as in MUV-10(Mn). For
example, Figure 4a shows the experimental spectrum of
MUV-10(Mn) and the attempted Gaussian fitting. Because of
the numerous overlapping transitions, as corroborated by the
DOS diagram shown in Figure 4c, Tauc analysis is more
appropriate, as shown in Figure 4b. Similarly, Tauc should be
considered for conductive MOFs because of the curvature of
their band structures, which produce numerous overlapping
optical transitions.47 Although PCN-415 is computed to be a
direct-gap material, its spectra showed better agreement with
an indirect-gap (E% of 3.14% vs 11.4%, respectively, Figure
S23). Because calculations predict a valence band dispersion of
only ∼2 meV for PCN-415, we suspect this discrepancy arises
from numerous indirect-gap transitions becoming thermally
activated at room temperature. Therefore, while Gaussian
fitting is appropriate for typical MOF materials, the onset of
absorption determined by Tauc analysis might still prove useful
for investigations into the presence of midgap states that give
rise to absorption “tails” and to the limited set of MOFs with
dispersive band-type electronic structures. For example,
Gaussian analysis of UiO-66 materials with varying defect
concentrations still permits identification of the optical band
gap, whereas the onset of absorption can be independently
determined by Tauc fitting, and additional Gaussian bands can

Figure 3. Gaussian-fitted diffuse-reflectance UV−vis data for UiO-66 digitized from (a) Wang et al. (ref 27), (b) Mu, X (ref 45), and (c)
Wang et al. (ref 46).
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be used to identify the position of discrete midgap states
(Figure S28).
On the basis of these comparisons, we offer the following

recommendations for assigning optical gaps to MOFs:
1. From the computed electronic band structure and

corresponding DOS, determine the nature of the
transition, use the appropriate Tauc fitting, and compare
the results to values from Gaussian fits, as demonstrated
here.

2. If full band diagram calculations of a MOF are not
available, fit experimental data to Gaussians.

3. If working with MOFs that contain highly covalent
metal-linker bonds, as in MOFs with nitrogen, sulfur,
carbon-containing atoms bound to the metal, consider
Tauc, but compare to Gaussian fits. If a peak maximum
is clearly seen at the lowest-energy portion of the
spectrum, likely use Gaussian fits.

4. If working with MOFs that contain transition metal ions
with partially filled d-blocks, consider Tauc. If a peak
maximum is clearly seen at the lowest-energy portion of
the spectrum, likely use Gaussian fittings.

5. If working with MOFs that contain a high concentration
of missing metal/linker defects, structural disorder, or
midgap states, consider Tauc to identify the onset of
absorption. Gaussian fitting, however, can still prove
useful in independently determining the position of
discrete midgap states and the position of Eopt of the
pristine material.

In conclusion, this combined experimental-computational
study reports the optical gaps of common MOFs through
several experimental methods and by DFT calculations. In
general, Gaussian fits to experimental reflectance spectra show
greatest agreement with DFT-derived optical gaps, owing to
the localized bonding found in most MOFs. For a subset of
MOFs, such as systems with partially filled d-orbitals, Tauc
analysis produced greater agreement, which we attribute to the
greater number of overlapping optical transitions that impede
Gaussian fitting. Overall, these results justify a set of
recommendations for using simple methods to report the
optical band gaps of MOFs.
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