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Metal-organic framework (MOF) have been envisioned as an alternative to planar metallic catalysis for solar-to-fuel conversion.

This is a direct result of their porous structure and the ability to tailor their optical absorption properties. This study investigates

the band gap modulation of Zr-UiO-66 MOF from both a computational and experimental point of view for three linker designs

that include benzedicarboxylate (BDC), BDC-NO2, and BDC-NH2. Emphasis in this study was aimed at understanding the influ-

ence of the bonding between the aromatic ring and functional group. A ground state density functional theory (DFT) calculation

was implemented to investigate the projected density of states and the origins of the modulation. A time-dependent density func-

tional theory (TDDFT) calculation of the hydrogen terminated linkers confirmed the modulation and accounted for the electron

charge transfer providing comparable optical band gap predictions to experimental results. Computational results confirmed the

hybridization of the carbon-nitrogen bond in conjunction with the donor state resulting from the NH2 functionalization. The NO2

functionalization resulted in an acceptor configuration with marginal modification to the valence band maximum. The largest

modulation was BDC-NH2 with a band gap of 2.75eV, followed by BDC-NO2 with a band gap of 2.93eV and BDC with a band

gap of 3.76eV. The electron effective mass was predicted from the band structure to be 8.9me for all MOF designs.

1 Introduction

Recent development of new materials for advanced gas ad-

sorbents1–5 with applications in both hydrogen fuel storage

and hydrogen fuel conversion6 have been of growing inter-

est. These recent efforts have been aimed at developing and

synthesizing not only highly selective5 materials but also or-

ganic materials that are thermally stable7 and electrically con-

ductive8. In the application of these new materials for solar-

to-fuel catalytic conversion of hydrogen, there are currently

two major limitation that prevent traditional planar metallic

solutions. Those first limitation is the availability of reaction

centers, which is a function of surface area and the number

of activated catalytic ions. The second limitation is a broad

utilization of the visible region of the electromagnetic spec-

trum for carrier ionization. By tailoring the band gap of the

photocatalyst material, more specifically, decreasing the band

gap energy the second limitation can be addressed. Similarly,

if a porous medium can be utilized the areal density of re-

action sites can be significantly increased addressing the first

issue. In providing a solution to both of these issues in a sin-

gle material, the following study investigates a new type of

metal-organic frameworks (MOFs) that embody both of these

desirable material attributes.

Metal-organic frameworks have several advantageous at-

tributes for photocatalysis. The most advantageous being their
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Fig. 1 An illustration of the unit cell of a Zr-UiO66-BDC. Part (a) is

the 456 atom conventional unit cell and part (b) is the 114 atom

primitive unit cell. A large pore can be visualized in the body-center

of the conventional unit cell.

porous or open structure that results in increase surface area

for increased throughput of reactions. The second aspect is

the ability to modulate the band structure or optical absorp-

tion characteristics through a modification of the ligand co-

ordination, what will be referred to as the linker in the fol-

low study. These advantageous attributes come at a limita-

tion of sensible operational temperature and stability of the

MOF material. For this study the selection of the MOF struc-

ture has been limited to a zirconium based MOF that has been
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previously demonstrated to be stable up to 300-400◦C. The

following study will rely on a combination of first principle

density functional theory (DFT) and time-dependent density

functional theory (TDDFT) predictions that are verified and

validated with experimental results. The specific MOF struc-

ture selected for this structure will be a Zr-UiO66-BDC-R,

{R=H,NH2,NO2} MOF were the benzenedicarboxylate (BDC)

is modified with an amine group, NH2 and a nitro group NO2.

In photochemical conversion applications the band gap is

critical to providing a large enough over-potential to surpass

the potential of the reaction barrier. While at the same time,

not increasing the phonon production significantly such that

there is a large increase in material temperature. Granted a

significant phonon population will aid in the excitation of elec-

trons through electron-phonon scattering process, however, sub-

sequently the mobility of electrons is significantly diminished.

The significant decrease in mobility is directly related to the

conversion efficiency and is often a limitation of organic crys-

tal semiconductors. A means of avoid this limitation is to de-

crease the optical band gap of the material. In doing so, two

attributes are influenced, 1) a larger extend of the visible spec-

trum can be utilized, and 2) decreased operational tempera-

tures.

Previously, researchers have demonstrated from both an

experimental9–12 and a computational point of view13–15 that

the linker coordination can be used as a mechanism to mod-

ulate the band gap of these MOF material. It is interesting to

note that recent studies in the literature have suggested con-

flicting theories to the exact origins of the band gap mod-

ulation. Original research15 of these MOFs suggested that

the carbon atom in the aromatic ring are responsible for the

modulation of the band gap. More recent research14 suggests

that the oxygen near the metalloid cluster is responsible for

the modulation. Granted both of these studies do confirm the

apparent modulation of the optical properties. The following

study will clarify this discrepancy by investigating the origins

of the modulation by using first principle computational mod-

els to analyze the projected density of state of the orbitals,

which has not previously been investigated for these partic-

ular MOF designs. Additionally, this study will investigate

the optical absorption of the linkers and the effective band gap

from a time-dependent density functional theory point of view.

Validation of the computational prediction will be obtained

through the comparison to experimental results.

1.1 Material Design

The metal-organic structure of interest in this research has zir-

conium (Zr) incorporated metalloid at the corners and a single

length linker (UiO-66). The unit cell description of a Zr-UiO-

66 MOF is shown in Figure 1. Part a of Figure 1 is an illus-

tration of the conventional unit cell with 456 atoms. At the

body-centered position of the conventional unit cell is a void

or pore. The dimensions of this pore can be increased by in-

creasing the length of the linker. Part b of Figure 1 is the 114

atom primitive unit cell for the Zr-UiO-66 MOF. To alleviating

the computational expense of the first principle calculations

the primitive unit cell was used for this study.

In this study the linker was modified with two other func-

tional groups. Those groups were NH2 and NO2. An illus-

tration of the linkers taken from the optimized unit cell de-

scription are shown in Figure 2. Part a in the Figure 2 is the

BDC hydrogen terminated linker, part b is the BDC-NH2 at-

tachment in place of one of the hydrogen atoms. Note the

BDC-NH2 linker is planar with the benzene plane. The third

linker in part c is the BDC-NO2 that replaces one of the hy-

drogen atoms. In the optimized structure for BDC-NO2 there

is a slight rotation out of the benzene plane that can be related

to the bonding nature of this functional group.

Fig. 2 An illustration of the unit cell of a three linker design. Part (a)

is UiO-66-H, part (b) is UiO-66-NH2, and part (c) is UiO-66-NO2.

1.2 Computational Details

The density functional theory calculation were carried out us-

ing the Quantum Espresso package16. The ground state cal-

culation were calculated on a Monkhorst-Pack 4x4x4 k-point

grid with an half step offset of {1/4,1/4,1/4} in the primi-

tive unit cell. The density of state calculations were calculated

with a k-point grid of 4x4x4 and no offset. All structures were

relaxed to a stress less than 0.5kPa. A single super-cell size

of 2x1x1 primitives was also calculated for the BDC design to

confirm there were no discrepancies arising from neighboring

unit cells not explicitly modeled in the single primitive calcu-

lations.

Several functionals were investigated that included BLYP,

PBE, and their hybrid counterparts (B3LYP, PBE0), which in-

clude a fraction of the exact exchange. The BLYP functional

had evidence of over binding of the carbon atoms distorting

the internal pore structure towards a fullerene state. This dis-

tortion also proved to reduce the apparent band gap energy.
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Comparing B3LYP to BLYP for the BDC linker there was a

0.6eV decrease in the p-orbital band gap for the B3LYP func-

tional. In the case of BLYP to PBE there was increase in band

gap of the p-orbitals of approximately 0.5eV for PBE. This

favored the selection of PBE over BLYP. In the case of PBE0

compared to PBE there was no apparent change in band gap.

The PBE functional proved to be most well behaved and has

been successfully used in other studies14. Therefore, the PBE

functional was selected for the entirety of this study.

All pseudopotentials were non-relativistic RRJK3 ultra-

soft potentials. The carbon had a basis of 2s2 2p2. Hydrogen

basis was 1s1. Nitrogen basis was 2s2 2p3. Oxygen basis was

2s2 2p4. Zirconium basis was 4s2 2p6 4d2 5s2 5p0. A kinetic

energy cut-off of 50 Ry and a charge density cut-off of 200

Ry was used for all pseudopotentials. As highlighted in the

previous paragraph, there was no significant improvement of

the band gap when the exact exchange was added to the PBE

functional. Granted the inclusion of exact-exchange is often

necessary in molecular system to account for the non-locality

of the hole in gradient approaches, such as the generalized gra-

dient approach (GGA)17. However, the addition was not war-

ranted in this study. This can be attributed to the fact that the

system involves hydrides that are well treated with pure gradi-

ent approaches in the absence of exact exchange18. However,

the PBE functional is still susceptible to over-binding of the

hydrogen19 and is responsible for underestimate of the band

gap. The reader should be aware both density functional the-

ory with and without exact exchange is not a ideal technique to

describe absolute band gaps but provides a means for relative

comparison of band gaps.

The time-dependent density functional perturbation theory

(TDDFT) calculations were carried out in the similar manner

with the same PBE functional. The only exception was a sub-

set of the MOF structure was simulated to alleviate the com-

putational expense. The subset model included only the hy-

drogen terminated linkers in an isolated box. In modeling the

isolated linker, it is assumed that strong interaction between

neighboring linkers is negligible. The distance to the closest

neighboring distance is approximately 5.8Å. This is approx-

imately four times larger than a C-C bond. The assumption

of negligible long range interaction is also imposed when iso-

lating the linker. In addition to neglecting the neighboring in-

teraction, it is assumed that the metalloid at the corner of the

MOF does not influence the optical absorption. This is as-

sumed reasonable as the Zr atom has metallic bonding and d-

orbital interaction with oxygen. Thus having no influence on

the p-orbital of the benzene and the functional group, which

is responsible for the optical absorption. This cluster model-

ing approach of only the hydrogen terminated linkers has been

applied successfully in the literature20,21. In addition to mod-

eling only the linker, the k-point grid for the TDDFT were

limited to the Γ point. Again, the atomic positions were re-

laxed and the simulation were conducted with the optimized

structure. The full optical absorption spectrum was calculated

using a Liouville-Lanczos (LL) method to predict the polar-

izability (α(ω)). The LL method was employed within the

Quantum Expresso TDDFT solver22. The range of frequen-

cies (ω) was selected to be comparable to the experimental

UV-VIS region. Details of the LL method are beyond the

scope of this study but can be found in the literature23. The

reader should be aware that the imaginary part the of the po-

larizability is related to the optical absorption and there was a

user defined broadening term of 0.01Ry.

2 Experimental Details

A Zr-UiO-66-BDC-R family MOF materials were prepared

following the procedure in the literature with modifications10.

The same mole concentration for ZrCl4 and organic linker

BDC-R were dissolved in DMF, (1,4-benzenedicarboxylic acid

for H, 2-amino-1,4-benzenedicarboxylic acid for NH2 and 2-

nitro-1,4-benzenedicarboxylic acid for NO2, respectively). The

resulting solution was transferred in Teflon-lined autoclave

for 48 hours at 120◦C. The precipitants were collected with

centrifuge and washed with DMF and methanol, and then re-

dispersed in methanol for three days with gentle stirring. After

that, the solid was collected and dried at 120◦C under vacuum.

The UV-VIS absorption spectra for as-prepared MOF materi-

als were measured on a Shimadzu 2550 UV-VIS spectrometer

under the diffuse-reflection model using an integrating sphere

(UV 2401/2, Shimadzu) coated with BaSO4. FTIR and XRD

data is provided in Section 6.

3 Results and Discussion

The discussion will begin with a study of the ground state

prediction and their relative comparison. This will provide

a quantitative comparison between the linker designs and the

origins the modulations. Following this discussion will be a

time-dependent density functional analysis that will compare

the predicted UV-VIS spectrum to the experimentally obtained

spectrum.

3.1 Density Functional Theory (DFT) Predictions

The ground state density functional theory (DFT) calculation

were carried out on a optimized primitive unit cell. To aid in

determining the role of the modifications to the linker design

on the absorptive properties it was useful not only to inves-

tigate the total density of states (DOS) but also the projected

density of states (PDOS). To further aid in the investigation

the density of states, the states were projected back to the

atomic orbital as shown in Figure 3 and the molecular orbitals

as shown in Figure 4.
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In Figure 3 all three of the linker designs are shown where

each of the designs are grouped together by an arbitrarily shift

along the y-axis. The band gap region for all the design is

bound by the grayed region 1 and grayed region 3 in Fig-

ure 3. Within Figure 3 and Figure 4, an arbitrary displace-

ment is imposed along the y-axis to aid in discussion between

designs and orbitals. The top line in each design set is the to-

tal density of states and provides an collective perspective of

the band gap for each design. The predicted band gap values

for each of the designs are provided in the second column in

Table 1. The band gap energy predicted in this study were

commensurate with other studies14. The largest band gap for

these linker designs is associated with the unmodified BDC

linker, followed by the NO2, and finally the NH2. The DFT

predictions are useful for a quantitative comparison between

themselves, however, the absolute band gap energy is under-

estimated when compared to the experimental values, see last

column of Table 1. This discrepancy of the band gap is a clas-

sic occurrence in DFT ground state predictions and arises from

the approximations in the exchange-correlation.

In reference to the BDC-NO2 linker design in Figure 3,

there is a significant peak in the density of states between -

3eV and -2.5eV (grayed region 2 in Figure 3) when compared

to the original linker design (BDC). It is noted that this con-

tribution of states is originated due to the donor states of p-

orbitals as would be expected from the attached nitrogen atom

that has a 2p valance state. Referring to the plot of projected

molecular orbitals in Figure 4, it can be confirmed that both

the carbon atoms and the nitrogen atoms are contributing to

the state. It is reasoned that a hybridized sp2 bond between

the carbon and nitrogen is present but with limited s-orbital

content as noted by the negligible density of s-orbitals at that

energy level. To further confirm the C-N interaction the inte-

grated local density of states between -2eV and -1eV (grayed

region 2) was plotted within the unit cell as depicted in Fig-

ure 5. Here the nitrogen atoms form complementary π-bonds

with the carbon atoms in the aromatic ring. The DOS further

indicate that the nitrogen forms s-orbital hydrogen type bond-

ing with the outlying pair of hydrogen on the functional group

resulting in a donor site. The distance between the H-N is

1.0192Å and the N-C is 1.3591Å, which confirm this result of

H−N· · ·C hydrogen bonding between the H-N and the donor

state of their bond. The H-N donor site contribute a valance

state (grayed region 2) that can be seen in the DOS plots. This

mid-gap donor state results in a decrease in the band gap of

nearly 0.8eV when compared to the non-functionalized BDC

linker.

The decrease in band gap energy of the BDC-NO2 is less

significant in magnitude when compared to BDC-NH2 design

because of the bonding nature between the functional group’s

nitrogen and the aromatic carbon. The prediction of the BDC-

NO2 linker design resulted in absolute band gap of 2.8eV. The

slight decrease of 0.3eV when compared to non-functionalized

BDC linker is realized by the addition of states near the va-

lence band maximum (grayed region 1). From a ground state

perspective there was not a large difference from the BDC

case, as seen in Figure 3. However, experimental analysis re-

ported a decrease in the band gap energy of approximately

0.83eV. This was reasoned to arise from the charge-transfer

influences, which was not captured in the ground state calcu-

lation but were confirmed in the time-dependent calculation

(see Section 2.2). However, the ground state calculation pro-

vides insight into the bonding nature through investigation of

the partial density of states and the geometry of the functional

group. It is noted in part c of Figure 2 that the angle of the

NO2 pendent attached to the aromatic ring is slightly rotated

which was reasoned to arise from the directional nature of the

sp2 hybridized bond between the functional group and the aro-

matic carbons. The functional group in this configuration is

most likely an acceptor as the nature of the nitrogen-oxygen

bond is not fully satisfied and accepts p-orbital electrons from

the sp2 hybridized carbon atoms resulting in a slight modifi-

cation of the p-orbitals as seen in Figure 3 when comparing

BDC-NO2 to BDC. This slight modification of the p-orbital

and the acceptor nature of the functional group contribute a

valance state near the valance band maximum modulating the

band gap only slightly (0.3eV). In Figure 4 there is an obvious

change in the contribution of states from the carbon atoms at

the valence band maximum for BDC-NO2 that is not present

for BDC-NH2. There is also a change in the oxygen states that

is related to the oxygen on the NO2 functional group. There-

fore, the oxygen on the end of the functional group is inter-

acting with aromatic carbons by rotating out of plane of the

aromatic ring. In doing so the oxygen accepts electrons from

the carbon atoms resulting in a shift of the carbon states at the

valance maximum. A combination of nitrogen and oxygen in-

teracting with the carbon results in the decrease of the band

gap.

Linker Design DFT TDDFT Experiment UV-VIS

BDC 3.10 3.78 3.76

BDC-NO2 2.80 2.94 2.93

BDC-NH2 2.20 2.79 2.75

Table 1 Calculated and experimentally determined band gap

energies for three MOF linker designs. The DFT predictions were

determined based on the ground state DOS band gap. The TDDFT

prediction and the experimental results were determined from the

UV-VIS spectrum shown in Figure 7. The experimental data was

determined using a UV-VIS spectrometer.

A limiting aspect of organic semiconductor devices when

compared to their inorganic equivalents is the diminished car-
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Fig. 3 Plot of the projected density of states of the atomic orbitals

for the three MOF designs. The BDC-NH2 has an effective ground

state band gap of 2.2eV. The BDC-NH2 design has a mid-gap

valance state arising from the donor nature of the functional group.

The DOS of each set of linker designs were offset in the y-dir for

ease of comparison. The Fermi energy was also aligned for each of

the designs.
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Fig. 4 Plot of the projected density of states of the molecular

orbitals for the three MOF designs. The sp2 hybridized bonding

state of the aromatic carbon and the nitrogen in the BDC-NH2 are

responsible for the mid-band gap state. A band gap of 2.2eV was

realized BDC-NH2 MOF. The DOS of each design was offset in the

y-dir for ease of comparison.

rier mobility. To predict the mobility of the UiO-66 MOF the

band structure was predicted from the ground state DFT calcu-

lation along the linker direction between k-points (1,0,0) and

(0,1,1). It was assumed that the path of photoionized charge

carriers is along the length of the linker. The band structure

was determined from the single primitive unit cell, which in-

cluded the metalloid corners. Often the bands in organics are

Fig. 5 Plot of the integrated density of state for the BDC-NH2

design at an energy range between -2eV and -1eV that is associated

with the grayed area (2) in Figure 3.

governed by a hopping mechanism, however, along this di-

rection the bands were found to be smooth and on the same

energy scale (not a large difference in energy of conduction

band minima), therefore, a effective mass approach was im-

plemented. For all of the linker designs, the Fermi level was

closest to the conduction band minimum denoting a n-type

conductivity. Thus, the mobility in this study will be limited

to the lowest conduction band edge. However, the valance

band maximum were noted to be flat indicating low hole mo-

bility. This low hole mobility of the minority carriers will of-

ten be the limiting conduction mechanism. The reader should

be aware that DFT is not appropriate to calculate the absolute

conduction band edge but is used in a comparative manner in

this study.

Assuming band like mobility of electrons in the lowest

conduction band, a least squares fit of the band edge was cal-

culated to determine the reduced effective mass. A plot of

the band minima is shown in Figure 6 where the dashed lines

highlight the effective mass fit. There were two minima in the

band edge that were near the aromatic ring (0.5,0.5,0.5) and

near the metal clusters. Both of these minima had identical

effective mass of 8.9. This is reasoned to be a result of the sp2

bonding carbons atoms around the aromatic right and at the

metal cluster. This can be confirmed from Figure 3 by the p-

orbital contribution of the conduction band and in Figure 4 by

the carbon contribution closest to the conduction band edge.

3.2 Time-Dependent Density Functional Theory (TDDFT)

Predictions

As noted from the ground state calculation (see Section 2.1),

there was a moderate underestimation of the band gap for all

the linker design when compared to experimental UV-VIS re-

sults, see Table 1. It is well accepted that DFT predictions

often underestimate the band gap but it is also reasoned that

some additional discrepancy will arise when comparing to ex-
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Fig. 6 Plot of the band structure along the vector (1,0,0) to (0,1,1),

which corresponds to the length of the linker and is illustrated by

vector in Figure 5. Only the valance maximum and conduction

minimum are depicted. The dashed lines are a least square fit of the

effective mass to the conduction band minimum. The dashed arrows

illustrate the transition of electrons from the valance state to the

conduction states.

perimental results because of the charge-transfer influences.

Capturing the transient dipoles arising from a periodic per-

turbation are critical to actually predicting optical absorption

in molecular structure. Therefore, a time-dependent density

functional theory calculation was employed. To limit the com-

putational expense of the TDDFT calculation, only the hydro-

gen terminated linkers were studied.

The predictions of the TDDFT calculation are shown in

Figure 7 for all three linker designs. The corresponding band

gap values are provided in Table 1. The TDDFT predictions

of the band gap are in good agreement with experimental val-

ues. The TDDFT simulations slightly over-predicted the band

gap when compared to experimental values. Most notable is

the comparison of the TDDFT results of the BDC linker and

experimental values. Because there was only a single linker

simulated a user defined broadening term of 0.01Ry was as-

sociated with the line width of the TDDFT results. In both

the BDC-NO2 and BDC-NH2 design there were two appar-

ent peaks. The first peak at 250nm is associated with the sp2

bonds of the aromatic ring and is the sole peak in the BDC

case. The second peak at 390nm for BDC-NO2 and 410nm

for BDC-NH2 is associated with the functional group.

In providing an explanation of the time dependent response,

the assumption was made that the functional group acts like a

simple mass-spring system where the atomic masses of the

functional group can be lumped together and the spring con-

stant is related to the bonding between the functional group

and the aromatic carbon. From molecular resonance point of

view it is understood that when electromagnetic radiation is

absorbed by the molecular structure an instantaneous dipole

forms as an excited electrons moves from one region to an-

other leaving a positive center. The dipole consist of a electron

either transition from the aromatic carbon to the functional

group in the case of NO2 or from the functional group in the

case of NH2. This dipole across the aromatics and functional

group can be related to a force applied to the simple spring

mass system. If the frequency of the induced transient dipole

is an integer of the dipole resonance frequency of the structure

there will be strong absorption. This will be seen as a peak in

the UV-VIS data in Figure 7.

As reasoned in Section 3.1, the modulation of the absorp-

tion stems from the bonding nature between the functional

group and the aromatic carbon atoms. In the simple harmonic

system analogy, the resonance frequencies are proportional

the square root of the spring constant over the mass. Com-

paring NO2 and NH2 and assuming the mass is similar the rel-

ative bonding strength of the dipole can be approximated. The

mass in this case is the mass of the electrons resulting in the

dipole and not the atomic mass of the function group. From

Figure 7 the ratio of optical absorption edges is approximately

5% between NO2 and NH2. Taking the ratio of ground state

DFT prediction of the band gap is approximately 11%. The

difference in these ratio is a result of charge-transfer between

transition states. Therefore, the scattering cross-section and

the scattering rate can be assumed to be approximately 11%

larger for NH2 compared to NO2.

The ground state calculation the BDC-NO2 linker was rea-

soned to have less band gap modulation because the acceptor

nature of the O-C, which contributed states near the valence

band maximum as a result of the oxygen interacting with the

carbon. Opposed to the BDC-NH2 case where mid-gap state

was realized. In the time-dependent analysis the band gap

is improved with predicted absolute band gap of 2.94eV for

BDC-NO2. However, a more significant change in the band

gap was realized for the BDC-NH2 linker where the donor-

acceptor H-N bond influences the optical absorption response

of the aromatic ring and the sp2 bonding the carbon and nitro-

gen. This finding provides evidence that the band gap can be

further modulated if donor states from additional or improved

functionalization can be localized near the sp2 carbon atoms

or aromatic ring. It is suggested that large functionals groups

even though they may have donor contributions may prove to

be less significant if they are not localized around the aromatic

carbon. This means that the functional group should focus on

modifying the absorption properties of the sp2 carbon and less

the functional group itself.
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Fig. 7 Plot of the TDDFT predicted UV-VIS (dashed lines) and the

experimentally determined UV-VIS (solid lines). The TDDFT

predictions were based on only the linkers and the results were

scaled so the peak intensity was on the order of the experimental

data. The linear lines in the figure were used to extrapolate the

cut-off wavelength to the x-intercept, which define the band gap

energy.

4 Conclusion

A Zr-UiO-66 MOF structure with three linker design of BDC,

BDC-NO2, and BDC-NH2 were investigated from a computa-

tional and experimental perspective. A ground state DFT cal-

culation confirmed a decrease in the band gap energy, which

was smallest for the BDC-NH2 design. It was reasoned based

on projected density of state predictions that the band gap

modulation was a results of the p-orbital interactions of the

functional group’s nitrogen atom and the aromatic carbon atoms.

A less significant modulation of the band gap was predicted

from the ground state calculation of BDC-NO2. This decreased

modulation was reasoned based on the acceptor configuration

of the functional group. A slight out of plane rotation of the

BDC-NO2 pendent indicated increased sp2 directional bond-

ing between the nitrogen and carbon and additional interaction

between the functional group’s oxygen and carbon atoms. The

electron effective mass of the all the linkers was estimated to

be approximately 8.9me. Time-dependent density functional

calculations confirmed that the optical absorption peaks were

result of the bonding nature of the sp2 carbon of the aromatic

ring and the functional group. An 11% increase in the scatter-

ing cross-section was approximated for the NH2 compared to

NO2. In conclusion, the band gap modulation was determined

to be heavily influence by the bonding nature of the functional

group with the aromatic carbon ring. This finding provides

motivation for further study into new functionals that are not

independently good optical absorbers but are able to influence

the aromatic carbons role in optical absorption.
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6 Supplemental Material

Figure 8 a shows the FTIR spectra for MOF samples with dif-

ferent side groups. To clearly identify the groups in MOF, we

also provided the FTIR spectra for organic precursors BDC,

NO2-BDC and NH2-BDC in Figure 8b. The characteristics

peaks for N-O stretching at 1357cm−1 and 1540cm−1 (Fig. 8c)

can be observed in NO2-UIO-66-Zr (Fig. 9a), and peaks for

NH2 vibrations at 3505cm−1 and 3394cm−1 (Fig. 9d) appear

in NH2-UIO-66-Zr (Fig. 8a). These observations agree well

with the publication24.

XRD pattern shows that the as-prepared UIO-66-Zr MOF

powder is highly crystallized, which is in consistent with the

reported literature10. The substitution with different side groups

does not change MOFs crystalline structure.
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Fig. 10 XRD pattern for UIO-66-Zr with different side groups.
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