
 1 

Size-Dependent Optical Band Gaps in 

 Metal-Organic Framework Nanoparticles 
Faiqa Khaliq,1 Ryan A. Beck,2 Erik Svensson Grape,1 Golnaz Navidi,1 Miles Griffith,1  

Checkers R. Marshall,1 Xiaosong Li,2 and Carl K. Brozek*1 
1Department of Chemistry and Biochemistry, 

 Materials Science Institute, Oregon Center for Electrochemistry 

University of Oregon, Eugene, OR 97403, United States 
2Department of Chemistry, University of Washington, Seattle, WA 98195, United States 

Email: cbrozek@uoregon.edu 

Abstract. Decades of research into size-dependent semiconductor optical gaps have focused on quantum confinement as 
the dominant mechanism. Emerging reports indicate that lattice strain—intentional or incidental—can impart optical shifts 
similar or greater in magnitude. Here, we report evidence of optical absorption and photoluminescence spectra of M(1,2,3-
triazolate)2 M = Mg, Cr, Mn, Fe, Co, Cu, Zn, Cd nanoparticles that blueshift from bulk values with decreasing particle sizes 
in a manner that defies explanation by conventional quantum confinement. The phenomenon persists for particle sizes as 
large as 200 nm, whereas quantum confinement generally ceases beyond 20-30 nm diameters, and follows a weaker 
dependence on particle radius. Computational simulations and crystallographic analysis suggest this behavior arises from 
size-dependent changes to metal-linker bonding that manifests in strain values comparable to literature reports of strain-
induced optical shifts in other classes of materials. This behavior appears beyond this family of materials in other notable 
examples of MOFs, including the well-studied Cu3(trimesate)2 (CuBTC), where smaller sizes correlate with blue-shifted 
optical gaps. Taken together, these results represent one of the few examples of size-dependent strain in crystalline materials 
and reinforce the emerging view that MOFs become softer materials when isolated as nanoparticles. 

Introduction 
Photochemistry exemplifies the structure-function 

relationships of chemical research. All aspects of atomic 
composition, molecular symmetry, and orbital 
interactions dictate the optical behavior of molecules, 
nanomaterials, and extended solids—their optical 
absorption and photoluminescence intensities, spectral 
band shapes, and excited-state lifetimes. Defects, 
interfaces, and surfaces, too, serve as key structural 
determinants of myriad photophysical processes, from 
exciton recombination at p-n junctions in light-emitting 
diodes to charge transfer across the semiconductor-liquid 
interface during photocatalytic generation of solar fuels. 
Beyond tuning the composition of molecules and 
crystalline solids, nanosizing materials has served for 
decades as an additional synthetic avenue for tuning 
optical behavior. Quantum confinement,1,2 plasmonic 
behavior, the quantum mechanical stark effect,3–5 and the 
ability to alter optical behavior through surface-based 
interfacial redox and molecular dipoles6,7 all arise from 
nanoscale structure. Optical band gaps, hereafter termed 
optical gaps, (Eopt), serve as useful metrics for evaluating 
these structure-function relationships.8–12 They refer to 
the photon energy required to reach the lowest-energy 

optically excited state for a molecule or material and 
relate to the fundamental or HOMO-LUMO gap Eg, 
through the relationship Eg = Eopt + Eb, where Eb is the 
exciton binding energy. For instance, careful 
functionalization of pyridyl iridium photosensitizers 
adjusts Eopt and the photoredox potentials needed for 
aminoalkylation of alkenes,13 while down-sizing CdSe 
diameters from 11 nm to 1.4 nm shifts Eopt and band-edge 
photoluminescence by > 1 eV.14 Novel synthetic 
approaches to controlling Eopt therefore attract 
widespread interest.  

 
 Recently, we reported that colloidal nanocrystals of 
the metal-organic framework (MOF) Fe(1,2,3-
triazolate)2 (Fe(TA)2) exhibit size-dependent optical 
behavior that eludes explanation by conventional models 
such as quantum confinement, or by unintentional effects 
such as Fe oxidation or change of spin state.15 Like 
quantum dots, the Eopt of Fe(TA)2 particles blueshift as 
diameters decrease from bulk sizes to just 6 nm, but Eopt 
follows a much weaker dependence on particle radius. 
Instead, the effect persists for sizes as large as 150 nm, 
whereas quantum dots generally reach bulk Eopt at 
diameters around 20 nm.1,2 Only materials with 
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exceptionally large dielectric constants and high charge 
mobilities, such as PbSe, retain size-dependent optical 
behavior at larger sizes.16–19 Unlike electrostatic or 
quantum mechanical interactions that diminish beyond 
10-20 nm, crystallite micro-strain is routinely extracted 
from X-ray scattering data for particles 20-200 nm in size 
and has been recently shown to shift Eopt by at least 100 
meV for each 1% increase in micro-strain for various 
perovskites,20 binary lattice semiconductors,21 and 2-D 
van der Waals sheets.22,23 To clarify, “micro-strain” refers 
to a distribution lattice parameters within a material, 
whereas “strain” typically refers to a set of lattice 
parameters deviating from a known crystallographic 
structure. Although long-range micro-strain or any 
localized geometrical distortion could account shifts to 
Eopt, few if any studies have reported that these effects 
depend on size.  
 
 Emerging evidence suggests that metal-linker 
bonding in MOFs becomes more labile and tolerant to 
structural distortion as particle sizes decrease. We have 
argued previously24 that this behavior may relate, at a 
fundamental level, to the observation that lattice 
constants generally increase while phase change critical 
temperatures decrease as semiconductor particle 
diameters diminish in size.25–27 Variable-temperature 
spectroscopy of common MOF materials indicates that 
MOF metal-linker bonds exist in dynamic equilibria28–31 
akin to those documented for metal-carboxylate and 

metal-azolate coordination complexes,32 and that these 
equilibria are sensitive to the presence of guest 
molecules,33 give rise to strongly temperature-dependent 
Eopt for MOFs in general,34 and that dynamic metal-linker 
bonds serve as the “soft-mode” vibrations35,36 that drive 
the microscopic mechanism of phase changes in MOFs.28 
This behavior also helps explain the ability of MOFs to 
undergo post-synthetic cation exchange37–42 and catalyze 
reactions at coordinatively saturated metal centers.43,44 
Recent studies of MOF nanoparticles (nanoMOFs) 
suggests that this behavior becomes size dependent.24 For 
instance, the magnetic spin-crossover temperatures of 
Fe(TA)2 decrease by ~80 K upon size reduction from 160 
nm to 6 nm. Similarly, the Eopt of 
Ti8O8(OH)4(terephthalate)6 (MIL-125) become more 
temperature-dependent when reducing particles sizes 
from 420 nm to 80 nm.34 In fact, Huang-Rhys parameters 
(S)45–47—a dimensionless metric describing the degree of 
nuclear rearrangement associated with electronic 
excitation—increase by an order of magnitude from ~8 to 
80 with size reduction. Given the widespread importance 
of metal-ligand bonding to various chemical properties, 
we expect that enhanced lability and structural flexibility 
would result in size-dependent behavior across diverse 
MOF behavior. Here, we describe a combined 
experimental-computational investigation into the size-
dependent Eopt of Fe(TA)2 and its family of structural 
analogs. 

 

  

Figure 1 Synthesis of nanoscale M(TA)2 metal-organic frameworks. (a) Schematic representation of the secondary building 
unit (SBU) for each material with metal-metal distances highlighted. (b) Powder X-ray diffraction patterns of as-synthesized 
M(TA)2 nanoparticles collected using Cu Kα radiation (λ = 0.15406 nm). Tick marks below each trace indicate the expected 
Bragg reflections positions based on reported crystal data. 
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Results and Discussion 
To explore the generality of this size-dependent 

optical behavior, we developed synthetic routes to a 
family of materials encompassing M(TA)2, M = Mg, Cr, 
Mn, Fe, Co, Cu, Zn, Cd.  Figure 1a highlights the range 
in pore sizes displayed by this otherwise isostructural 
MOF series. Recently, we demonstrated that differences 
in pore sizes between Fe(TA)2 and Cr(TA)2 nanoparticle-
functionalized electrodes caused redox intercalation 
potentials to shift by nearly 1 V.48,49 Although all 
materials were reported previously as bulk powder or 
single crystals,50,51 the nanoscale syntheses required 
optimization of concentration, temperature, time, metal 
salt precursor, stoichiometry, and “modulator” additives 
to achieve reproducible procedures that yield a range of 
particle sizes. Based on the “seesaw ” model of MOF 
growth developed52 and demonstrated15,53,54 by us 
previously, the overarching strategy was to create 
reaction conditions that favored off-stoichiometric ratios 
of metal ions and linkers in solution to deplete MOF 
growth of reagents and thereby yield nanoparticles. For 
Fe(TA)2, employing 1-methylimidazole (1-mIm) as a 
modulator furnished particle sizes between 5-180 nm, as 
reported previously. 15 Similarly, Cr(TA)2, Mn(TA)2, 
Co(TA)2, and Cd(TA)2 nanoparticles were synthesized 
using optimized 1-mIm equivalents detailed procedures 
are in method section of SI. For the Mg(TA)2 nanoparticle 
synthesis, however, 1-mIm proved ineffective at 
modulating particle sizes. Instead, the stronger Lewis 
base n-butylamine (0.5-0.75 mmol) reproducibly 
generated sizes between 26 - 200 nm (Fig S1-S15). 
Although the precise role of modulators in nanoMOF 
synthesis as both ligands and acids or bases remains 
unknown, it is notable that the molar quantity of 1-mIm 
equals roughly the approximate number surface Fe sites 
in each Fe(TA)2 synthesis, yet without evidence of 1-mIm 
incorporation by NMR15 or thermogravimetric analysis 
(Fig. S16). In certain cases, parameters other than 
modulator were most effective at controlling particle 
sizes. The Cu(TA)2 syntheses relied on the 
triazole:copper stoichiometry (1.5:1 to 3:1), with excess 
ligand favoring smaller particles. The synthesis of 
Zn(TA)2, on the other hand, required no modulator, with 
size control achieved solely by metal:ligand 
stoichiometry and the metal source selection. 
Specifically, ZnO produced smaller, well-defined 
nanoparticles compared to Zn(NO3)2. Metal ion precursor 
has been used previously to control MOF particle sizes.55–

57  Here, we propose that the poor solubility creates a 
sustained, low concentration of Zn2+ ions that favors 
excess ligand-to-metal ratios and arrested particle 
growth, in contrast to the highly soluble Zn(NO₃)₂ salt. In 
addition to these parameters, nanoscale M(TA)2 
nanocrystals were synthesized under more dilute 
conditions than the bulk syntheses. For example, 
compared to the reported bulk Mn(TA)2 synthesis, which 
uses 1 mmol of Mn(NO3)2×4H2O and 2.5 mmol 1H-1,2,3-
triazole in 10 mL of DEF (0.1 mmol/ml and 0.25 
mmol/ml, respectively), the nanoscale synthesis requires 

0.3 mmol Mn(NO3)2×4H2O  and 0.9 mmol of triazole in 
10 mL of DMF (0.03 mmol/mL and 0.09 mmol/mL, 
respectively). The powder X-ray diffraction (PXRD) 
patterns shown in Fig. 1(b) demonstrate the successful 
synthesis of highly crystalline M(TA)2 nanocrystals. The 
products are phase-pure, as indicated by the expected 
reflections presented as tick marks below each trace. 
However, it is noteworthy that the Cu(TA)2 peaks appear 
shifted compared to the expected crystal structure Bragg 
reflections as presented in Fig. 1(b) and S9, while the 
Cu(TA)2 XRD pattern shows peak positions slightly 
shifted from the simulated pattern, Rietveld refinement 
analysis confirms good agreement with the expected 
crystal structure (Figure S9(b)). The observed peak shift 
can be attributed to the unit cell parameter variations 
between the nanocrystalline material and the reported 
bulk material. Furthermore, materials prepared with 
greater modulator equivalents exhibit broader diffraction 
peaks, consistent with the formation of nanocrystals. 
According to the Scherrer equation, the width of 
diffraction peaks is inversely proportional to crystallite 
size; as the crystal domains become smaller, peak 
broadening increases due to limited coherence length 
within the crystal lattice (for additional PXRD patterns 
see Figures S1-S8). Scherrer analysis of these patterns 
provides an estimate of the coherently scattering domain 
sizes, with average diameters reproducibly spanning 5 
nm to >80 nm across the metal series. 

 
To assess the effective size of the prepared 

nanoparticles were characterized by complementary 
techniques, including scanning electron microscopy 
(SEM), dynamic light scattering (DLS), and Scherrer 
analysis. For all materials, a wide range of particle sizes 
could be prepared, with all Scherrer, SEM, and DLS 
characterization included in the Supporting Information 
(Fig.  S17h). As proof of the size control of the synthetic 
routes and to compare optical behavior of similarly sized 
particles, M(TA)2 materials were prepared with similar 
sizes in the range of 20-40 nm. Figure S17 (a-h) shows 
SEM images with particle size distribution histograms as 
insets for each sample.  These data reveal quasi-spherical 
particles roughly twice the corresponding Scherrer size 
with dispersity indices (Đ) between 0.01 – 0.05, but with 
most samples showing Đ ~ 0.01. This excellent 
monodispersity depends on stirring the reaction mixtures, 
whereas no stirring leads to Đ ~ 0.08. To improve the 
polydispersity index, it is crucial to fully dissolve the 
precursor and add the modulator before the linker, as the 
sequence of addition significantly affects the 
polydispersity index. DLS corroborates this size 
dispersity yet reveals hydrodynamic diameters that 
consistently exceed 5-6 times the particle sizes 
determined by SEM, suggesting large solvation shells 
surround the particle surfaces. We used cryo-EM to 
image small particles of Co(TA)2 (Fig. S4), as this 
technique minimizes radiation damage and preserves the 
intrinsic structure in solution without need for 
evacuation.58,59 Traditional electron microscopy 



 4 

techniques often induce rapid amorphization and 
degradation in beam sensitive materials due to high 
electron dosage, therefore limiting the resolution 
attainable for small particles. Leveraging cryo-EM, we 
successfully imaged Co(TA)2 particles with sizes as small 
as ~4 nm—the smallest nanoMOFs imaged by EM 
techniques to-date. Simultaneous measurement of zeta 
potential provides insight into surface charge 
characteristics. Values ranged from -22 to +102 mV 
depending on the metal identity, indicating a range of 
surface compositions and electrostatic interactions. As 

observed by us with other nanoMOF systems,53,60,61 all 
particles exhibit colloidal stability in the absence of 
deliberate surface-capping ligands. While nanoMOFs 
and other porous nanocrystal surfaces can be capped 
deliberately with ligands,62–65 sum-frequency scattering 
spectroscopy measurements sensitive specifically to the 
nanoparticle surfaces,66 suggest colloidal stability arises 
from a mixture of self-assembled solvation shells and 
energetically favorable interactions between linker and 
solvent molecules.

With the ability to control M(TA)2 sample diameters 
reproducibly, particles of roughly 20-30 nm were 
prepared to compare the impact of metal identity on 
optical behavior. Figure 2 shows the electronic 
absorption spectra in the UV-visible-near infrared region 
for a single particle size of each material. Due to the 
strong light absorption by solvent and light scattering by 
the colloidal particles, the spectra were collected in 
diffuse reflectance geometry on dried powders. Solution-
state spectra could also be measured for the Cr and Fe 
variants, which showed clearly resolved absorption 

bands. For comparison, solution-state and diffuse 
reflectance electronic absorption spectra of both the Cr 
and Fe materials are included in the Supporting 
Information (Fig 2b, S30). The solution and solid-state 
data are in good agreement. In the case of Fe(TA)2, 
absorption peak positions appear at 3.54 eV, 3.48 eV and 
3.45 eV for 16 nm, 84 nm and 130 nm particles 
respectively. Similarly, the d-d transitions in the Cr(TA)2 

Figure 2 Optical absorption data of M(TA)2 nanoparticles. The normalized Kubelka-Munk (KM) function plotted against 
photon energy (eV) for 20-30nm M(TA)2 nanoparticles. (a) open metal d-block (Cu(TA)2, Co(TA)2, Mn(TA)2 (b) open metal d-
block (solution state UV-Vis) for Fe(TA)2, Cr(TA)2 (c) closed shell (Zn(TA)2, Cd(TA)2, and Mg(TA)2.(d) charge-transfer energy 
for absorption and emission maxima plotted against theoretical electronegativity differences for each M(TA)2. 
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appear consistently at 2.65 and 2.23 eV in both solution- 
and solid-state spectra.  Figure 2a and 2b plot the spectra 
for the open-shell Cr, Mn, Fe, Co, and Cu ~30 nm 
nanoparticles in the 0.62 eV - 6.2 eV region, while Fig. 
3c shows the corresponding spectra for the closed-shell 
Mg, Zn, and Cd materials. All spectra reveal strong 

absorption features in the UV range between 3-6 eV. 
Whereas the closed-shell materials absorb only in this 
region, the open-shell variants display additional features 
throughout the visible and infrared. Based on this 
comparison, we assign the UV features to metal-to-ligand 
and ligand-to-metal charge transfer (MLCT and LMCT) 

Figure 3 Size-dependent optical properties of M(TA)2 nanoparticles. (a-g) Normalized diffuse reflectance and absorption 
UV-Vis spectra of all M(TA)2 nanoparticles of varying sizes. Spectra are presented as a normalized Kubelka-Munk function or 
normalized absorption. The inset shows the normalized intensities of the maximum absorption peak position of metal to ligand 
charge transfer as a function of particle size. (h) Optical gap as a function of particle size. For clarity, Mg(TA)2 values are 
omitted, the optical gap for the 25-nm, 37-nm, and 65-nm particle sizes are 5.74 eV, 5.65 eV and 5.63 eV, respectively. 
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events, and the lower-energy features to d-d transitions. 
The data therefore reveal key electronic differences 
arising from the coordination environments and other 
ligand field effects of the M(TA)2 nanoparticle family. In 
28-nm Cu(TA)2, the CT band appears at 5.61 eV, with 
multiple d-d transitions between 1.00–2.40 eV. Although 
perfectly octahedral Cu2+ possesses just a single allowed 
d-d transition, a lowering of symmetry, such as 
compression or elongation to the octahedron, produces 
three allowed d-d transitions that likely to contribute to 
these peaks. The spectrum of Co(TA)2 shows a CT band 
around 5.46 eV and multiple d-d transitions between 1–3 
eV. Although six-coordinate Co2+ is expected for bulk 
Co(TA)2, the bands between 1–3 eV resemble a 
convolution of both octahedral and tetrahedral Co2+ in a 
nitrogen ligand field.67 We propose that these additional 
features arise from low-coordinate Co2+ centers at the 
exterior surface of the particles, which remain the focus 
of ongoing investigations. As expected for Mn2+, the 
spectrum of 26-nm Mn(TA)2 lacks any spin-allowed d-d 
transitions. Figure 2b plots the solution-state spectra for 
the Fe and Cr variants. As reported previously, 24-nm 
Fe(TA)2 show CT bands at  3.53 eV, and 4.21 eV.15,68  By 
handling the particles air-free, the spectrum lacks the 
intervalence charge transfer (IVCT) band in the infrared 
expected for Fe2+-Fe3+ mixed valency. On the other hand, 
17-nm Cr(TA)2 shows prominent a IVCT at 0.89 eV, 
consistent with reports on the bulk material that Cr(TA)- 
arrives with Cr2+-Cr3+ mixed valency even when prepared 
air free.69 As a result, the spectrum shows several broad 
d-d transitions between 2 and 3 eV expected for 
octahedral Cr3+ as well as CT bands around 4.5 eV. All 
open-shell variants display a multitude of transitions 
between 3-5 eV less intense than the high-energy 
features, which we ascribe to various LMCT transitions.  

 
Assigning optical gaps to MOFs poses significant 

challenges due to the typically localized nature of their 
orbitals.8 Even in semiconductors such as Fe(TA)2 and 
Cr(TA)2, the various ligand field transitions complicate 
assignment of Eopt. Therefore, to compare optical 
behavior between the M(TA)2 family and understand the 
impact of the metal ion identity, we analyzed the highest-
energy CT bands that appear in all materials. As 
originally described by Jørgensen, 70 CT transitions may 
also be termed “redox transitions” because they are 
closely related to the redox properties of the donor and 
acceptor orbitals involved in the electronic excitation. As 
a result, CT energies should generally increase as the 
difference in electronegativity (Dc) between the donor 
and acceptor orbitals increases. Figure 2d plots the 
highest-energy CT band peak energies versus computed 
electronegativity differences between the corresponding 
metal cations and the nitrogen anion.71 The monotonic 
increase in CT peak energies with Dc strongly supports 
the assignment of these bands to CT transitions and 
illustrates that the optical behavior of these materials is 
more than the simple combination of the constituent 
parts. The solution-state photoluminescence (PL) spectra 

of all ~ 30 nm M(TA)2 in 5-mM DMF further highlights 
the importance of metal-linker interactions to the optical 
behavior, as shown in Fig. S18. Additional spectra of the 
absorption and PL profiles overlayed for each metal 
variant are included in Fig. S19. With the exception of 
the Cr variant, which does not fluoresce, and the Fe PL 
spectrum, the PL of all materials resemble the solution-
state fluorescence of 1,2,3-triazoale in DMF, with a few 
notable exceptions: 1) the PL peak maxima depend on the 
metal identity and follow the same trend with Dc as the 
absorption profiles, 2) the signal-to-noise is greatly 
improved, and 3) the PL profiles show well-resolved 
vibronic structure. Rather than a >3 eV Stokes shift, we 
interpret these PL profiles as arising from a combination 
of direct excitation of the linker followed by linker-based 
emission and excitation across the Eopt, followed by 
efficient energy transfer to the linker-based excited state 
akin to trap-based fluorescence. The excitation 
wavelength of 200 nm is sufficient for both forms of 
excitation. Nevertheless, the PL peak positions shifting 
by 110 meV with metal identity indicate significant 
interactions between the metal and linker orbitals. We 
attribute the greater signal-to-noise to the matrix isolation 
of the linkers in relatively rigid geometries. Rather than 
tumbling freely in solution as isolated molecules, the 
triazolate species exhibit improved PL intensity because 
the orbitals are held rigidly in place at angles less ideal 
for self-quenching. We attribute the lack of Cr emission 
and the unique PL profile of the Fe variant to the redox 
activity of the metal centers, which could act as hole or 
electron traps. Therefore, we tentatively assign to the Fe 
PL spectrum to trap-based emission involving hole 
migration to a Fe2+ center followed by recombination 
with electrons in the CT excited state. Few if any reports 
have demonstrated similar trap-based emission in MOF 
materials.72–74  

 
All M(TA)2 materials show size-dependent optical 

absorption and photoluminescence behavior. Figure 3 
includes representative absorption spectra for three sizes 
of each material with insets that highlight the size 
dependence of the highest-energy CT bands. The spectra 
consistently reveal that these UV absorption features 
blue-shift from the reported bulk values as the particle 
sizes decrease, regardless of whether they possess open-
shell or closed-shell electron configurations. For 
Mg(TA)2 the absorption maximum shifts from 5.80 eV 
(25 nm) to 5.68 eV (37 nm) and 5.63 eV (65nm), while 
for Cr(TA)2 it shifts from 4.5 eV (17nm) to 4.1 eV (70 
nm) and 3.9 eV (160 nm). The CT band of Mn(TA)2 
similarly redshifts from 5.74 eV (34 nm) to 5.60 eV (76 
nm) and for Co(TA)2 it redshifts from 5.46 eV (27 nm) to 
5.23 eV (84 nm). Cu(TA)2 exhibits an MLCT band that 
shifts from 5.61 eV for 25 nm to 5.40 eV for the largest 
particle sizes (84 nm). Fig. 3(f, g) shows that the Zn(TA)2 
and Cd(TA)2 follow a similar trend of optical shift with 
the change in size. In Zn the optical gap shifts from 5.68 
eV to 5.87 eV by increasing from 25 nm to 63 nm and in 
Cd(TA)2 the optical gap shifts from 5.55 eV to 5.57 eV 
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by increasing from 23 nm to 132 nm. Figure 3h collates 
the CT energies for all M(TA)2 nanoMOFs for a larger 
sample collection of sizes. Given the qualitative 
similarity between these trends and that they arise for a 
wide range of open- and closed-shell metal ions, these 
data strongly suggest a general size-dependence to the 
optical absorption that persists for particle sizes well 
beyond the typical regime for quantum confinement. The 
effect on the optical behavior is weaker, however, with a 
universal slope of roughly ~ 4.5 meV per nanometer 
whereas quantum confinement leads to blueshifts of > 1 
eV per nanometer change in diameter. In addition to 
electronic absorption, size reduction also impacts PL 
spectra for all materials. Figure 4 includes a few 
representative materials with the complete set of spectra 
that shows size dependent PL and absorption. Whether 
open-shell Co(TA)2 or closed-shell Cd(TA)2 or Mg(TA)2, 
the PL spectra, even though predominantly triazolate in 
character, blue-shift in the smaller nanoparticles. 
Interestingly, the slope in PL emission energy versus size 
mirror the slope from absorption spectra (Fig. 2d). These 
results indicate that size reduction involves a mechanism 
that influences even the localized orbitals of the linker as 
well as the more diffuse MLCT donor-acceptor orbitals. 
In order of increasing slope, we observe for the various 
M(TA)2 materials: Fe (1meV/nm), Cd (1.92 meV/nm), 
Cu (2.34 meV/nm), Mn (2.79 meV/nm), Cr (3.47 
meV/nm), Co (4.92 meV/nm), and Zn (6.47 meV/nm). 
Tentatively, we propose that this ordering arises from the 
strength and lability of the metal ligands bonds. Whereas 
the low-spin ferrous centers resist bond elongation, the 
zero crystal field stabilization energy of the zinc analog 
accommodates significant bond distortions. 
 

The size-dependent optical behavior of M(TA)2 
nanoparticles challenges conventional models based on 
quantum confinement or electrostatic interactions. 
Colloidal nanocrystals that exhibit quantum confinement 
typically possess binary semiconductor lattices such as 
CdSe or InAs with band-type charge transport. Quantum 
confinement arises from semiconductors being prepared 
as particles with diameters smaller than their 
characteristic Bohr excitonic diameter. Confining 
photogenerated electron-hole pairs to such constricted 
volumes causes the mobile charges to behave as particles 
in a finite well potential. As a result, electronic absorption 
occurs at discrete energies that become progressively 
blue-shifted as particle sizes decrease, according to the 
relationship Eopt µ 1/R2, R = radius. Ever-improving 
synthetic methods have enabled diverse semiconductor 
compositions, narrow particle dispersity, and numerous 
applications in fields such as bioimaging, light-emitting 
diodes (LEDs), and photovoltaics.75–77  The data in Fig. 
S20 show that CT band energies of M(TA)2 nanoparticles 
defy a 1/R2 relation from quantum confinement or a 1/R 

relation from electrostatic interactions. This finding was 
first reported for Fe(TA)2 particles,15 but was suspected to 
arise from features specific to the Fe variant. 
Furthermore, only the Fe and Cr variants exhibit 

semiconductor behavior, making it unlikely that all 
materials could display quantum confinement for 
particles larger than a few nanometers. Instead, the CT 
energies for all M(TA)2 nanoparticles linearly increase as 
particle sizes decrease. As shown in Fig. S20, plotting the 
CT energies against 1/R2 or 1/R produces non-linear 
trends, further arguing against quantum confinement. 
These plots suggest, however, that the mechanism of size-

Figure 4 Size-dependent photoluminescence and electronic 
absorption spectra of M(TA)2 for three different particle sizes. 
a) Cu(TA)2 b) Zn(TA)2 and c) for Mn(TA)2. Solid lines represent 
PL spectra and dashed lines represent absorption spectra. 
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dependent optical behavior alters depending on the 
particle size. A clear change in slope appears in these 
plots at diameters corresponding to roughly 20 nm, which 
was reported previously for Fe(TA)2. In other words, the 
mechanism of size dependent optical behavior may scale 
linearly with 1/R2 or 1/R but that the scaling relation 
changes drastically as surface-to-volume ratios become 
large. Quantum confinement and other optical changes 
due to electrostatic interactions are also typically relevant 
only to length scales below 20 nm. 

 
Surface chemistry was explored as a potential origin 

of size-dependent optical shifts because mid-gap orbitals 
and other surface-related effects would persist for 
particles as large as 200 nm. First, size-dependent 
oxidation was considered since the surface sites of 
smaller particles are expected to become more reactive. 
As shown previously for Fe(TA)2, however, the 
percentage of Fe3+ observed by Mössbauer was 
independent of particle size.15 Experiments were 
meticulously conducted under inert conditions to 
minimize oxidation, which resulted in the lack of an 
IVCT band for Fe(TA)2 and Co(TA)2, as shown in Fig. 2 
and 3. Although Cr(TA)2 exhibits an expected IVCT 
band in Fig. 3(b), which indicates the presence of Cr3+, 
the shift in MLCT was independent of IVCT intensity or 
position across all sample sizes. Importantly, the 
generality of this effect to redox-inactive materials such 
as the Mg, Zn and Cd variants further refutes metal 
oxidation as the origin of size-dependent optical 
behavior. Inspired by reports on the effect of surface 
dipoles causing Eopt shifts in colloidal quantum dots,78–80 
we examined whether solvent, as a dielectric, could 
modulate the electrostatic effect of potential surface 
charges and the resulting shift to MLCT bands. Solution-
state absorption spectra were collected on 48-nm 
particles suspended in dimethyl formamide, methanol, 
propylene carbonate, and benzonitrile (Fig. S21, Table 
S3). These solvents were chosen due to differences in 
their Gutmann donor numbers.81 We expected solvent 
molecules to stabilize the electronic ground state through 
coordinative binding to charged species at the surface or 
by acting as a dielectric to stabilize the charge-separated 
electronic excited state. The effect of solvent on the 
absorption spectra was minimal, however. Furthermore, 
the spectra in Fig. 2 and 3 corresponds to solid-state 
measurements performed on fully activated, solvent-free 
samples. In other words, these measurements consistently 
reproduced size-dependent optical shifts far larger than 
the minor effect of introducing solvent. Whatever the 
correct mechanism, it must operate across tens of 
hundreds of nanometer length scales, unlike quantum 
confinement.  

 
Because optical behavior arises from metal- and 

linker-based orbitals, we propose that the size-dependent 
optical shifts result from size-dependent metal-linker 
bonding. Recent evidence suggests that the size-
dependent spin crossover behavior of Fe(TA)2 

nanoparticles originates from iron-triazolate bonding 
becoming more dynamic as particle sizes decrease. This 
enhanced flexibility allows the metal-linker bonds to 
adopt a wide range of conformations similar in energy 
rather than the bonds simply becoming longer or shorter. 
Crystallographically, this effect should manifest in a 
change to unit cell parameters or as microstrain, which 
describes a distribution of bonding parameters about an 
average expected crystallographic value. Recent 
evidence from our lab using variable-temperature PXRD 
data suggests that indeed various crystallographic 
parameters vary strongly with nanoMOF size and that 
smaller particles display greater thermal displacement 
parameters and thermal expansion coefficients. 
Importantly, these size-dependent crystallographic 
parameters also manifested in microstrain that increased 
for smaller particles.82  Elastic strain fields in 
nanocrystals are known to propagate coherently across 
entire particles up to 30-50 nm, and in some cases even 
approach ~100-200 nm, without requiring inelastic 
relaxation. For instance, Li Et al. showed that 

Figure 5 The linear response time-dependent density 
functional theory UV-Vis absorption plot for the non-
perturbed Kuratowski clusters for Fe, Cd and Zn (A-C). In 
each plot the absorption spectrum is plotted as a black trace, in 
color is the molecular orbital (MO) decomposed absorption 
spectrum. Positive MO values correspond to the arriving 
orbitals, while negative values indicate the character of the 
leaving orbitals. Inset into each plot is leaving/hole (left) and 
arriving/electron (right) natural transition orbitals responsible 
for each absorption feature. 
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nanostructures can support elastic distortions up to ~10% 
over tens of nanometer length scales that directly impact 
optical and electronic behaviors.83A few isolated reports 
have documented size-dependent microstrain in 
nanoparticles as well.84–86  

 
Ample literature evidence would support size-

dependent microstrain as the origin of the size-dependent 
optical behavior of M(TA)2 nanoparticles. In 1950, 
Schockley and Bardeen introduced the fundamental 
concept of band gap modulation via lattice expansion or 
contraction.87 Recently, lattice strain—either through 
external stimuli or lattice mismatch in heterostructures—
has attracted widespread interest for tuning optical 
behavior. For instance, applying compressive strain to the 
inorganic cubic halide perovskite Sr3PBr3 reduces the 
band gap from 1.528 eV to 1.23 eV at −4% strain, while 
tensile strain increased it to 1.723 eV at +4% strain.88 
Similarly, density functional theory (DFT) studies have 
demonstrated that germanium, a prototypical indirect 
band gap material, can be transformed into a direct band 
gap semiconductor via uniaxial strain applied along the 
[111] crystallographic direction.89 Lattice mismatch in 
(Al/Ga)N-core shell heterostructures causes an optical 
blue-shift from 3.40 to 3.64 eV in the GaN layer. Strain 
engineering has also been used to modulate the electronic 
and optical properties of 2D materials, particularly 
transition metal dichalcogenides such as MoS2, WS2 and 
WSe2.90–92 In these systems, both uniaxial and biaxial 
tensile strain leads to redshifts in the optical absorption 
and photoluminescence peaks due to band gap 
narrowing.93 For instance, tensile strain in monolayer 

MoS2 induces the direct band gap red shift approximately 
70 meV per 1% strain.94 Conley et al. showed that the 
band gap of monolayer WSe2 decreases linearly under 
applied strain. These optical shifts were attributed to the 
changes in orbital overlap and symmetry breaking at the 
band edges, particularly between the transition metal d-
orbitals and chalcogen p-orbitals. The structural 
flexibility of MOFs is illustrated in their ability to 
accommodate epitaxial, uniaxial, hydrostatic, and 
thermally induced strain.95–98 This adaptability has 
opened new opportunities in strain engineering, 
especially for emerging applications in sensing and 
catalysis.99 The tunability of MOFs under mechanical 
stress has been further demonstrated through theoretical 
simulations. In one study, DFT-based lattice modification 
of UiO-66 (Zr and Ce) from −3% (compressive) to +3% 
(tensile) strain led to systematic tuning of the band gap, 
ranging from 2.50 eV under compressive strain to 1.45 
eV under tensile conditions, and band gap of 2.09 eV at 
−3% strain.100 In another case, defect engineering in 
zirconium-based MOFs was shown to induce internal 
strain, facilitating controlled structural distortions and 
resulting in band gap modulation.101  

 
To investigate the possibility of size-dependent 

metal-linker bonding as the origin of the optical shifts, 
time-dependent density functional theory calculations 
were performed on the so-called “Kuratowski clusters”102 
as discrete molecular models of M(TA)2. Numerous 
computational studies employ this family of clusters to 
model the catalytic, cation exchange, and other behavior 
of Zn5Cl4(bis(1,2,3-triazolato[4,5-b][4',5'-

Figure 6 Simulations of lattice strain. Linear-response time-dependent density functional theory (TD-DFT) absorption spectra 
for Fe(TA)2, Zn(TA)2, and Cd(TA)2 Kuratowski-type clusters. Spectra are calculated for clusters with metal-pseudo-hydrogen 
bond lengths modified from the geometry determined without constraints.  
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i])dibenzodioxin)3 (MFU-4l) and related MOFs.103,104 For 
a representative cross section of the different electronic 
structures, Fe(TA)2, Zn(TA)2, and Cd(TA)2 were targeted 
for this study due to their closed- and open-shell nature.  
This optimization resulted in M(TA)2 clusters with 
average M-H bonds of (2.26 Å, 2.17 Å, and 1.89 Å) for 
Fe, Cd, and Zn(TA)2 and average M-N distances of (1.94 
Å, 2.35 Å, and 2.06 Å) for Fe, Cd, and Zn(TA)2. 
Calculations were performed using the Stuttgart/Dresden 
pseudopotentials and associated basis at a B3LYP level 
of theory in the Gaussian software package.105–109 Fig. 5 
shows the simulated spectra for Fe, Cd, and Zn(TA)2 with 
insets representing natural transition orbitals responsible 
for each transition feature. Inspection of the molecular 
orbitals supports the assignment of transitions above 3 eV 
to involved various MLCT and LMCT bands, whereas 
transitions below involve predominantly d-d transitions. 

 
Given the good agreement between the simulated 

and experimental spectra, the effect of microstrain was 
studied in terms of differing metal-ligand covalency and 
bond length. By altering the distance between the metal 
centers and the TA ligands, the effects of compression and 
expansion could be modeled. Figure 6 shows that 
relatively small perturbations of 0.01 Å manifest in large 

shifts to peak positions and overall spectral shape. 
Analysis of the leaving and arriving orbitals involved in 
these transitions show similar character as the metal-
triazolate bond length is adjusted, indicating that these 
spectral shifts are caused by the changing electronic 
environment of the metal centers (Fig. 5).  There are two 
effects at play: the changing polarization of the metal and 
TA linkers, and the composition of the band edges.  As 
the distance between the metal and TA linker shrinks, the 
band gap decreases.  This decrease in band gap causes the 
optical features to red-shift, as observable in the PDOS 
plots (Fig. S22).  This band shrinking arises from the 
partial effective oxidation of the metal and reduction of 
the ligands causing the molecular orbitals (MOs) to shift.  
As the metal TA distance increases the band gaps widen. 
However, in the absorption plots they appear to redshift.  
This seeming contradiction arises because as the bands 
open the number of orbitals on the edges increase.  This 
orbital density increase leads to more responses near the 
band gap, giving rise to the observed red shifting. Since 
these changes to the absorption bands arise from the 
changing electronic environment of the metal and TA 
centers, similar responses can be observed when the 
charge of the pseudo-hydrogen is adjusted, which is 
provided in the SI (Fig. S23).  These simulations help 

Figure 7. Structural refinement and size-dependent strain analysis of Mn(TA)2 and Fe(TA)2 nanoparticles. High-resolution PXRD patterns 
and obtained Pawley fits, showing experimental (red circles) calculated intensities (black lines), difference curves (gray), and expected 
peak positions (green tick marks) for three distinct particle size regimes: small, medium, and large. The crystalline domain size (nm), unit 
cell volume (Å3), strain (ε, %), and microstrain (e, %) is given for each sample.  
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corroborate experimental findings for several classes of 
materials that microstrain as small as 1% may lead to Eopt 
shifts exceeding 100 meV. 

 
For experimental insight into whether the optical 

behavior arises from size-dependent metal-ligand 
bonding, the crystallographic microstrain parameters of 
M(TA)2 nanoparticles were evaluated. Experimentally, 
both Mn(TA)2 and Fe(TA)2 exhibit systematic changes in 
the unit cell parameters with decreasing domain size as 
presented in Fig. 7. Detailed analyses of the experimental 
patterns reveal an increase in both overall strain (ε) and 
the upper-limit microstrain (e) with decreasing domain 
sizes, elucidated using double-Voigt integral breadth 
methods,110,111 as implemented in TOPAS Academic 
V6112 with corrections to any instrument-dependent line 
broadening. For Mn(TA)2, the unit cell contracts from 
5993.76 Å3 (bulk) to 5961 Å3 (20.5 nm), accompanied by 
strain of up to -0.5% and microstrain of 0.08% with 
respect to reported bulk material. As shown in Fig. 3, the 
CT band energy increases from 5.6 eV to 5.74 eV in going 
from the larger (44 nm) to smaller size (20 nm) of 
Mn(TA)2. In contrast, Fe(TA)2 shows volume expansion 
from 4600.39 Å3 (bulk) to 4659.1 Å3 (31.3 nm) upon 
decreasing the size, with a strain of 1.3% and microstrain 
of 0.07% being observed for the smallest sample, and an 
optical blue shift in going from the large size to small size 
Fe(TA)2. In Cd(TA)2, Cr(TA)2 and Co(TA)2 the unit cell 
volume contracts and Zn(TA)2 show slight volume 
expansion with increase in microstrain for small size as 
presented in Fig. S24-27. M(TA)₂ nanoparticles exhibit 
optical shifts with 0.5-1.3% strain. For comparison, 
halide perovskites113 show 35-60 meV shifts with ~2.4% 
strain, 2D materials like MoS₂ exhibit ~70 meV per 1% 
strain,114 and III-V semiconductor heterostructures 
(GaAs/InP) display up to 260 meV.115 The blueshift with 
either compression or expansion is consistent with the 
foregoing computational results that spectral shifts arise 
from both metal-linker bond contraction or elongation, 
and with literature precedent of >100 meV optical shifts 
with ~1% strain. We recently reported preliminary 
observations of size-dependent microstrain in Fe(TA)2

116. 
The present work significantly extends beyond that initial 
report by systematically investigating an entire 
isostructural MOF family, performing rigorous 
quantitative strain analysis through refinements, 
employing comprehensive DFT calculations for 
mechanistic understanding, incorporating excitation-
dependent photoluminescence studies, and 
benchmarking our findings against established material 
classes. These substantial advancements transform 
preliminary observations into a comprehensive 
framework for understanding and rationally tuning 
optical properties in MOF nanoparticles. 
 

To evaluate whether size-dependent optical shifts 
extend beyond the M(TA)2 family, we examined 
structurally diverse MOF systems including the 
imidazolate-based ZIF-8, the carboxylate-based CuBTC 

(Cu3(trimesate)2, HKUST-1), as shown in Figure 8 and 
the heterometallic carboxylate MUV-10(Ca), MIL-125 
and UiO-66 and S41. These materials differ substantially 
in metal coordination (tetrahedral Zn-imidazolate, 
paddlewheel Cu-carboxylate, multinuclear Ca/Ti-
carboxylate clusters) and framework topology. 
Nevertheless, all three systems exhibit blue-shifted 
absorption edges with decreasing particle size: ZIF-8 
shifts from 5.46 eV (633 nm particles) to 5.64 eV (47 
nm), CuBTC from 4.33 eV (80 nm) to 4.73 eV (47 nm), 
and MUV-10(Ca) from 4.6 eV (71 nm) to 5.0 eV (24 nm).  

 
It is well established that the d-d transition of 

CuBTC is highly sensitive to its local environment, 
particularly the presence of coordinated solvent 
molecules.117–119 To eliminate the external effects and 
isolate the intrinsic optical response, we carefully 
removed the solvent under vacuum prior to measurement, 
ensuring that any variation in absorption energy arises 
solely from particle size. Under these controlled 
conditions, we observe systematic size-dependent shifts 
in the d-d transition energy consistent with literature 

Figure 8 Size dependent absorption response of a) ZIF-
8 b) CuBTC for three different sizes. Inset represents the 
energy of highest energy transition. 
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precedent. In bulk CuBTC or large single crystals (10-20 
um) the d-d transition appears at approximately 1.47 
eV.117 As particle size decreases to the nanoscale (~50 
nm) the transition shifts to ~1.77 eV.120 In thin-film or 
highly nanostructured CuBTC system with crystallite 
domains of 20-100 nm, the d-d absorption edge extends 
to 2.47 eV, further demonstrating the strong size 
dependence of Cu(II) electronic states.118 In our study, 
CuBTC nanoparticles exhibit this transition at 1.73 eV for 
80 nm, 1.75 eV for 59 nm and 1.91 eV for smallest 47 nm 
particles (Figure S46).  The shift magnitude of ~5 
meV/nm is consistent with the strain-optical coupling 
observed across M(TA)2 series (~4.5 meV/nm), 
demonstrating that this phenomenon extends beyond 
triazolate frameworks. Extensive previous analysis of so-
called copper paddlewheel clusters indicates that this 
band involves Cu-Cu electronic transitions with strong 
sensitivity to inter-copper distances. Therefore, the size-
dependence of the visible band of CuBTC suggests 
significant changes to bond distances upon size 
reduction.121 By contrast, the slopes of 0.3 meV/nm and 
11 meV/nm for the ZIF-8 and CuBTC charge transport 
bands indicates that this size effect likely depends on the 
metal-ligand bond lability, where the strong Zn-
imidazolate bonds of ZIF-8 lead to a shallow slope and 
the labile Cu-carboxylate exhibit strong sensitivity. 

  
The strain analysis reveals a clear correlation 

between particle size and lattice strain. For ZIF-8 (Figure 
S39), smaller nanocrystals (47 nm) exhibit higher 
microstrain (ε = 0.7%) compared to larger particles (633 
nm, ε = 0.5%). This trend is even more pronounced in 
CuBTC (Figure S40), where the smallest nanocrystals 
(47 nm) show ε = -0.3%, which becomes increasingly 
negative to ε = -0.7% for the 80 nm particles, reflecting 
systematic lattice contraction. Similarly, in MUV-10 (Ca) 
(Figure S42, the smallest nanocrystals (24 nm) display 
the highest microstrain (ε = 1.2%) and significant size 
broadening (e = 0.14%), while larger particles (200 nm) 
show reduced strain (ε = 1.0%). These observations 
demonstrate that size-dependent strain and optical 
modulation represent a general phenomenon in MOF 
nanoparticles. The universality of this effect suggests that 
rational control of particle size offers a broadly applicable 
strategy for tuning optical properties across diverse MOF 
families. 
 
Conclusion 
 This combined experimental-computational 
investigation provides an explanation for size-dependent 
optical behavior based in long-range crystallographic 
strain rather than conventional arguments of quantum 
confinement. Previous evidence of size-dependent Eopt in 
Fe(TA)2 opened the possibilities of size-dependent metal 
oxidation, surface-based midgap orbitals, or magnetic 
interactions as the origin, but this study excludes these 
explanations by demonstrating the generality of size-
dependent optical behavior to a wide range of M(TA)2 
materials and several notable examples of MOFs with 

dissimilar metal-linker compositions. These systematic 
studies required the synthesis of M(TA)2 with 
controllable sizes and narrow dispersities. Although 
conventional nanoMOF syntheses rely on modulator 
additives, our optimized protocols made use of metal 
precursor, concentration, and modulator identity. 
Nevertheless, the effect of these parameters is to 
minimize metal ion availability in solution, in line with 
the “Seesaw Model” of nanoMOF growth. 
Computational simulations employing the Kuratowski 
cluster suggest that relatively small changes to metal-
linker bond covalency and bond length could shift CT 
band positions so drastically as to alter the qualitative 
shape of the spectra entirely. Indeed, crystallographic 
analysis of the Fe(TA)2 and Mn(TA)2 nanoparticles reveal 
size-dependent microstrain exceeding 1% for the smallest 
particles. Optical absorption features in other MOFs 
similarly shift with particle size, suggesting size-
dependent bonding operates in them as well. Taken 
together, these results highlight the importance of 
delocalized mechanical properties, in addition to 
electronic interactions, in understanding the size-
dependent optical behavior of materials in general. 
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