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Exact determination of multifunctional MOFs composition through TGA
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Key Topic: Determination of MOFs’ composition through thermal analysis.

Summary: The literature-reported methods to characterise the composition of MOF materials are
revised, and a new multi-faceted TGA methodology to determine the exact composition of MOFs is
presented. An example applicable to any defective MOF is provided, with specific examples for the
most common MOFs. This methodology is applied to multicomponent MOFs, mixtures of MOFs
and MOF composites using UiO-66 as an example.



Abstract

Thermogravimetric analysis (TGA) has been widely used as a tool to characterise the composition of
materials such as Metal-Organic Frameworks (MOFs). However, given their multifunctionality and
structural complexity, examples of detailed methodology for the exact calculation of the composition
of complex MOF structures and MOF composites, are lacking in the literature.

Herein, we introduce a new straightforward methodology - based on the experimental ratio between
the mass of a structure and its residue - for the exact calculation of the composition of almost any
MOF material. We provide a detailed guide for the application of our methodology to different MOF
materials, including MOFs in which multiple components fully or partially decompose during the
same temperature range as the ligand, and diverse MOF composites, alongside with theoretical
calculations demonstrating the exact mathematical determination. The methodology here presented
can be also applied to many materials beyond MOFs.



Introduction

Metal-Organic Frameworks (MOFs)* have garnered a tremendous amount of interest over the past
20 years due to their intrinsic properties such as high thermal and chemical stabilities, high porosity
and readily tuneable structure, which have made them attractive for a variety of applications related
to porous and/or functional materials.>®

The almost unlimited variety of metal-linker combinations has resulted in a rich landscape of
functional materials,>!® with ca. 85,000 MOF structures being reported in the Cambridge
Crystallographic Data Base as of 2020,> whereas some MOFs have only been synthesised as
powders, resulting in an even higher number of MOF structures. Their ease of tunability has resulted
in the introduction of functionality to the linkers!! and to the surfaces,'?2 with efforts being put into
the development of accessible post-synthetic,'* and synthetic surface modification protocols.’® Due
to MOFs’ porosity different moieties have been loaded into their pores, such as drugs, metal
nanoparticles or catalytical species to name a few, increasing the number of MOF-related
structures.>°

The structural complexity and multifunctionality of MOF structures are rapidly evolving as interest
in their application increases. The development of multivariate MOFs (MTV MOFs) — frameworks
comprised of multiple different linkers — has yielded a range of frameworks demonstrating properties
otherwise unobtainable through single linker incorporation.'®*® Similarly, heterometallic MOFs can
have properties absent in the homometallic MOFs.'°2° Mixed MOF materials have been synthesised
sequentially and directly, the first resulting in core-shell MOF on MOFs materials of tuneable
properties.?s2 By combining MOFs with a second material such as silica, metal-oxides, proteins,
polymers, cellulose, polyoxometalates, active carbon or graphene oxide among many other
possibilities, the performance of MOFs for diverse applications has been enhanced.??’

MOF tailorable chemistry has also increased from the introduction of monotopic modulators to MOF
synthesis during a process referred to as coordination modulation.'®> The modulator competes with
the linker for the metal nucleation sites?® and can be attached to the metal clusters of the resultant
structure as capping?® and/or defect-compensating ligands.®32 The introduction of multiple
modulators to MOFs synthesis - multivariate modulation, MTVM - has also been studied resulting in
multifunctional defective structures.®® Defects often lead to changes in MOFs mechanical and
physical properties,® porosity®> and density of open metal sites (chemical reactivity),> which are
strictly related to applications such as gas storage®® and catalysis,>’=° among others.*®*2 However,
defects result in non-stoichiometric compositions that hinder the exact determination of MOF
structures using common laboratory techniques.34344

The performance of MOFs towards diverse applications is related to their composition. However,
due to their structural complexity, characterising the exact composition of defective and/or
multifunctional MOF structures is challenging.

The use of high-resolution techniques has resulted in an impressive molecular level of visualisation
of MOF surfaces and defects,**' providing unaccountable knowledge to the scientific community,
but unfortunately, these techniques are still not easily accessible and cannot be used in a day-to-day
basis. Thermogravimetric analysis (TGA) is a common laboratory technique that monitors weight
changes as a function of temperature and has been used as a tool to quantify the structural
composition of materials.*®>* TGA is a valuable characterisation tool to determine the thermal
stability of MOFs, their activation conditions and porosity,>®°” and it has been widely applied to the
quantification of the composition of MOFs, 3234345862 |y fact, the first evidence of defects in MOFs
was reported by determining a linker-deficiency by examination of their thermal decomposition
profiles.®® Different methods have been employed to calculate MOF structures based on their thermal
degradation profiles,232%3 although it is difficult to find detailed methodology in the literature given
the complexity and multifunctionality of the materials, which hinders analysis due to the overlapping



of different decomposition events. A common approach is to compare the theoretical mass
decomposition steps for pristine and defective MOF structures to the experimental values to find
matching structures.®*%Alternative methods calculate the mass per cent corresponding to each
decomposition step to calculate the number of linkers and/or modulators,32°86366 pyt difficulty
increases with multifunctionality and defectivity, with reports often providing qualitative TGA
analysis or estimations of MOF composition. In fact, it is common to find comparisons between the
experimental and theoretical thermal residues as a validation of MOF composition.

During this manuscript we revise the most common TGA methodology reported in the literature,
showing that the TGA-based calculation of MOF composition performed using different methods
results in similar trends, but composition values differ depending on the calculation approach,
leading to inconsistency in the literature and hindering the high potential of this technique. Hence,
we propose new and straightforward TGA methodology, which in combination with the molar ratio
of the components — often calculated by other techniques such as Proton Nuclear Magnetic
Resonance (*HNMR) analysis for organic components and Inductively coupled plasma mass
spectrometry (ICP-MS) or Energy Dispersive X-Ray (EDX) for metals - enables the exact structural
determination of almost any MOF structure: pristine and defective MOFs, MTV MOFs, MTVM
MOFs, MOFs on MOFs, surface-modified MOFs, MOF composites and loaded MOFs among many
other possibilities and combinations of the mentioned examples. It is important to remark that
thermal decomposition profiles must be performed under oxidative conditions (air) to achieve full
combustion instead of carbonisation of the organic part of the framework and that the nature of the
residue (typically metal oxides or salts) has to be identified by other techniques.

Results and discussion

In this manuscript, we will discuss a comprehensive TGA methodology using UiO-66 (UiO stand for
University i Oslo)®” - one of the most greatly studied MOFs - as an example. However, the
methodology here discussed can be applied to other MOF systems by changing the MOF structure,
the residue, and the charge balance equations accordingly, which will be further detailed. Figure 1
shows the theoretical thermal decomposition profile of pristine UiO-66 — in which benzene
dicarboxylate (BDC) links the metal nodes - alongside its structure at each decomposition step and
its mass per cent using the two most common representations of the thermal profiles, either
normalising the structure (method 1) or the residue (method 2) to 100% (See Section S.1 for general
remarks, Table S.1), alongside with the equations applied to calculate the composition of MOFs with
both literature methods. Although both literature-reported methods can be applied to either
normalisation, it is common to see their application as it is exemplified in this publication.

One of the first things to take into account is whether at the time of linker’s decomposition - once the
MOF has been desolvated, dehydroxylated, dehydrated and modulators have been decomposed,
resulting in the (dehydrated) DH MOF - the structure’s charge is balanced by oxygen atoms (coming
from the decomposition of defect compensating species) as in ZrsOs(L)xOsx2 or not as in
ZrsOs(L)x.®* Having found examples of both structures in the literature, we have analysed the
theoretical thermal decomposition profiles of ZrsOe(L)xOs-x and ZrsOe(L)x DH MOF theoretical
structures with literature-reported and the proposed methodology.

Table 1 shows the MOF and DH MOF structures for a series of pristine and defective MOFs,
alongside their theoretical molecular weight, which is used to calculate the mass per cent of the MOF
and the DH MOF in the different stages of their thermal decomposition profiles. Calculations of the
MOFs composition based on the theoretical decomposition profiles using TGA reported methods
(Section S.2 and S.3) are summarised in Table 2, in comparison with the method proposed during
this manuscript (Section S.4).




We have used the theoretical decomposition profiles of model structures to unequivocally study the
mathematical accuracy of the different methods. Proving the methods’ precision with TGA traces of
synthesised MOFs will be nearly impossible, with only a close estimation using single-crystal
characterisation in parallel — modelling solvent in single crystals can be ambiguous, and the
measurements are performed from the mother solvent where the crystals grew, differing from the
work-up procedures that are used prior to TGA characterisation.
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Figure 1: Representation of the theoretical thermal decomposition profiles of pristine UiO-66 (with DH
MOFs ZrsOs(L)xOs.x), either normalising the MOF structure (left) or the metal residue (right) to 100%,
alongside with the TGA calculations based on each literature method.

The elder method for the determination of MOF composition through TGA is detailed on the left-
hand side of Figure 1. We have used the most commonly reported representation for this method,
normalising the start of the decomposition profile to 100% (method 1), represented in Figure 2a.
(S.2. for detailed methodology and calculations).

Table 1: Theoretical pristine and defective UiO-66 structures before and after modulator decomposition and
dehydroxylation (DH MOF) with and without charge compensation, alongside with the calculation of their
molecular weights that will be used to calculate their theoretical thermal decomposition profiles.

Theoretical Structures

Zr604(OH)4(L)x(MOD)Y
MOF My MOF | DHMOF1 | My DH MOF 1 | DH MOF2 | My DH MOF 2
Zre0s(OH)u(L)s | 1664.164 | ZrsOs(L)s 1628.13 Zrs06(L)s 1628.13

Zre04(OH)4(L)s(FA) | 1590.092 | ZreOs(L)s(O): |  1479.997 ZrsO6(L)s 1463.998
Zre0s(OH)a(L)s(FA)s | 1516.02 | ZreOs(L)a(O)2 |  1331.864 ZrsO6(L)s 1299.866
Zre04(OH)s(L)s(FA)s | 1441.948 | ZreOs(L)s(0)s |  1183.731 Zre0s(L)s 1135.734
Zre04(OH)4(L)2(FA)s | 1277.816 | ZreOs(L)2(O)s |  1035.598 ZreOs(L)> 971.602




In method 1 (Figure 1, Left-hand side), the number of moles of the individual components is
calculated based on the mass per cent of the structure at each decomposition step. By dividing the
moles of linkers by the moles of metal, the linker-metal ratio is obtained, which is then multiplied by
the number of metals in the molecular formula. The number of modulators can be calculated by
multiplying the number of linkers by the modulator-linker molar ratio (denominated as NMR in
further equations) obtained by other techniques, such as *HNMR (Tables S.2-5).

Shearer et. al.>>>® recently reported a detailed methodology based on the analysis previously reported
by Valenzano et. al,.%® represented in the right-hand side of Figure 1. To apply this methodology
(method 2), the authors normalised the residue to 100%, as represented in Figure 2b, which enables
the direct comparison of the decomposition steps (S.3. for detailed methodology and calculations).
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Figure 2: Representation of theoretical thermal decomposition profiles of pristine and defective UiO-66 with
DH MOFs Zr606(L)x06-x structures, a) normalising the MOF structure before decomposition to 100% and
b) normalising the residue to 100%. d) Representation of the number of calculated linkers with literature
reported and our method, using for the decomposition profiles represented in b and c. Method 2
Zr606(L)x06-x matches with our method with minimal error, overlapping in the representation.

In method 2 (Figure 1, Right-hand side), the theoretical mass ratio between the pristine MOF
before the linker decomposition step (DH MOF) and its residue, (Rtheopn) is used to calculate the
theoretical mass contribution of a linker in the pristine structure (R theors L), Which is then used to
calculate the number of linkers (nL) in the defective structure. Once the number of linkers has been
calculated, the molar ratio between modulator and linker (often calculated by *HNMR) is used to
calculate the number of modulators, providing very close structural determinations (Tables S.6-7).

By looking at the DH MOF structures (Table 2) one can notice that the oxygen needed to form the
metal oxides that remain in the residue (6 ZrO., 12 oxygen atoms) is not accounted in the Zr-Oxo
SBU (ZrsOsLs in the pristine structure) and a part of it is taken from the linker carboxylates (one per
linker for the pristine structure). This contribution will differ depending on the number of linkers in
the structure and on the DH MOF structure (the oxygen contribution from the linker is lower for
ZrsOs(L)x(O)sx than for ZrsOs(L)x structures, Table S.8). Thus, calculations based on the
theoretical thermal decomposition profiles of given structures result in different composition values
depending on both the method and on the DH MOF structure, as summarised in Table 2 and
represented Figure 2c. The errors are more pronounced if calculations are performed with method 1
(Section S.2) than with method 2 (Section S.3). This is further supported by the fact that subtracting
the molecular weight of one oxygen to the molecular weight of the linker results in similar errors to
method 2. The new methodology presented in this manuscript (Section S.4) provides exact structural
determination for both DH MOF structures due to its mathematic rigour.

Method 2 for ZrsOe(L)xOs-x DH MOFs gives an exact determination of the pristine composition and
almost exact determination for defective samples (ca. -0.005% error for ZrgO4(OH)(L)s(Mod)2 and
ca. -0.05% error for ZrsO4(OH)4(L)2(Mod)g) although oxygen compensation is not considered for
each specific case during the calculations as such (See Supporting Information for tabulated errors).
The calculations are based on the theoretical mass contribution of 1 BDC (R theor%s L) t0 the pristine



structure ZreOs(L)s,%? which is very similar in DH MOF ZrsOs(L)xOs.x defective structures, but in
contrast decreases with defectivity in DH MOF ZreOs(L)x Structures (Table S.8), leading to a ca.
21.6% error the linker determination for ZrsO4(OH)a(L)2(FA)g), reinforcing our postulation about the
effect of oxygen contribution from the linker to the residue in the calculations (See S.3 for a detailed
discussion). This contribution will be more significant for MOF structures in which the defect-free
material does not have stoichiometric metal-linker ratios.

Table 2: Structural calculations from theoretical thermal decomposition profiles for given pristine and
defective structures. TGA calculations based on the two most common literature methods, for different DH
MOF structures (charge-compensated or not), compared to the structural calculations performed with our
methodology. (See S.2, S.3 and S.4 for detailed calculations).

Theoretical Structures DH Method 1- 100% MOF DH Method 2- 100 % Residue DH Our method

Zrs04(OH)4(L)x(MOD)y | ZreOs(L)x(0)s- | ZrsOs(L)x | ZrsOs(L)x(O)e-x ZrsOs(L)x ZrsO0s(L)x(O)6-x
x or ZreOs(L)x

MOF nL nMod | nL | nMod nL nMod nL nMod nL nMod

Zrs04(OH)a(L)s 5.42 0.00 | 5.42 | 0.00 | 6.0000 0.0000 | 6.0000 0.0000 | 6.0000 0.0000

Zre04(OH)4(L)s(FA), = 451 | 181 442 177 50000 2.0000 4.8920  1.9568 @ 5.0000  2.0000
Zre0s(OH)a(L)a(FA)s | 361 | 361 | 3.42 342 | 4.0001 4.0001  3.7841 | 3.7841 | 4.0000  4.0000
Zre04(OH)4(L)s(FA)s | 2.71 | 542 | 242 | 483 | 3.0001 6.0002 2.6761 5.3522 | 3.0000  6.0000
Zre04(OH)4(L)2(FA)s | 1.81 | 7.22 | 142 | 566  2.0001 8.0004 1.5681  6.2724 K 2.0000  8.0000

Since ZrsOs(L)xOs-x Neutral structures have been reported in the literature as the DH MOF,%® both
method 2 and method 1 (oxygen-corrected) are appropriate TGA-based structural composition
methods that provide an almost exact determination. However, these methods are only possible for
MOFs with a clear decomposition of linkers and modulators at different temperatures, since
overlapping of the decomposition steps does not allow for the use of the theoretical mass
contribution of the linker (R teor% L) Or to accurately calculate the composition of multiple species
with method 1 without the oxygen contribution misinterpretation. In fact, detailed TGA
determination of UiO-66 structures derived from the modulation with benzoic acid derivatives
(which decomposition overlaps with the linker in the MOF structure) is rare in the literature,®® and
the Powder X-Ray Diffraction (PXRD) broad reflection observed as a consequence of the reo phase
formation is used as an indicator of more defective structures.®

Our methodology

Inspired by Valenzano, Shearer et. al.,>*%%% we have normalised the metal residues of thermal
decomposition profiles to 100%, although the method could be applied with either normalisation of
the mass weight. Instead of using the theoretical mass contribution of the linker, we have used the
experimental MOF/Residue ratio (Rexpor), generally expressed as in Equation 1, before the linker
decomposition step to calculate the MOF’s composition.

M,, [DH structure] Mass% T450°C
M, [Residue] ~ Mass% Residue (= 100)

Equation 1: General expression of the experimental ratio between the DH structure, which often decomposes
at ca. 450 °C, and its residue after thermal decomposition, which is normalised to 100%.

RexpDH =

This methodology can also be performed based on the ratio between the structure at the start of the
decomposition profiles and its residue (Rexp) in combination with the molar ratio of components
determined by other characterisation techniques, which avoids incorrect determination as a
consequence of the exact determination of the decomposition temperatures (See Section S.4 for
detailed calculations).



To simplify calculations with our methodology, we have calculated the structures as a function of the
metal (calculating the number of moieties — linker, modulators etc — per metal). This is then
multiplied for the number of metals in the molecular formula to obtain the molecular formula unit
(Section S.4).

During this manuscript, we propose a multi-faceted TGA methodology for the determination of
almost any MOF and MOF composite. Hence, we have classified the thermal decomposition profiles
of MOF structures depending on both their composition and the decomposition of their species.

Single MOF species are classified as MOFs composed of one linker, one linker and one or multiple
modulators, and multiple linkers and/or modulators, which is related to the decomposition
temperature of their components: Only linker in the DH MOF (i.e. ZrsOs(L)xOs-x) and multiple
components in the DH MOF (i.e. ZrsOs(L1)sx(L2)sy(L3)s:O6-ex+6y+62)), Which fully or partially
decompose during the studied temperature range (Figure 3). MOF composites are classified as
MOFs on MOFs or multiple MOF phases, MOFs and inorganic material (i.e. metal oxide or metal
nanoparticles), MOFs and organic material (i.e. polymers) and MOFs and hybrid material (i.e. metal
complexes), which lead to a classification based on their thermal decomposition extent: 1) inorganic
matter which does not thermally decompose, 2) full decomposition of the organic moieties and 3)
partial decomposition of organic or hybrid moieties (Figure 4), before, during or after the DH MOF
decomposition.

Although we have used derivatives of UiO-66 to exemplify the methodology here proposed, we
provide general expression applicable to any defective MOF system and examples of the application
of this method to other defective MOF systems - MOF-5%° MIL-125 (Materials of Institute
Lavoisier),”” MIL100,"* HKUST-1 (Hong Kong University of Science and Technology-1)"? and ZIF-
8 (Zeolitic Imidazole Framework-8)"3 — in Section S.4 of the Supporting Information.

Calculation of MOF composition

Thermal degradation profiles of the individual MOF components will provide information about the
thermal decomposition steps of the components to identify their degradation temperature and extent.
Information provided by other techniques will be needed to determine the molar ratio of the MOF
components (introduced as NMR in further equations for simplification) to introduce them as a
function of the same variable (for example linker). When multiple modulators and/or linkers are
present in the structure, *HNMR is often a suitable technique to calculate the molar ratio of the
components (See S.1 for general remarks), although other techniques such as ICP, UV-Vis or HPLC
can be used. A schematic representation of the MOF types and the expression of their Rexp and
RexppH IS given in Figure 3.

As MOFs are composed of secondary building units (SBUs) — typically metal-oxo clusters - linked
by multidentate ligands, a general example of the calculation of the composition of a defective MOF
in which OH" ligands and modulators compensate the charge arising from missing linkers is given in
Equation 2 (See S.4 for detailed methodology). The combination of the molar ratios between
organic components and the charge balance equations, with the experimental ratio between the
molecular weight of the structure prior to decomposition and its residue (Rexp), results in the exact
mathematical determination of the composition.

Including the specifics of a defective MOF system (i.e SBU, linker, modulator and so on) in
Equation 2 leads to the direct determination of its composition avoiding incorrect calculations
raising from the incorrect assignment of the different decomposition steps. Note that when
monotopic monodentate ligands (such as OH™ or CI") are introduced as defect-compensating ligands
for charge balance instead of bidentate monotopic ligands (i.e.monocarboxylates), a paired neutral



molecule (water or solvent) is attached to maintain the coordination number of the metals, (i.e.
H>O/OH") pair.

. My [(SBU) (Linker)x(MOd)Xnmr(OH/HZO) (SBU charge—x(linker charge+modulator charge*nmr))]
M,, [Metal — oxide residue]

exp

(Rexp*My, [Residue] )—M,, [SBU]-SBU charge*M,, [OH/H,0]
M,, [Linker]+nmr+M,, [Mod]-(Linker charge+modulator charge* nmr)+ M, [OH/H,0]
Equation 2: Expression of the experimental ratio between a defective MOF prior to its decomposition, and its

thermal residue. SBU encloses the metal, oxo, hydro, and water molecules. used to calculate the number of
linkers in the structure.

X Linker =

An example of the calculation of the number of linkers in a defective UiO-66 MOF compensated by
modulators and chlorine, based on its Rexp, is given in Equation 3. Note that the nature of the defect
compensating species will have to be determined by other characterisation techniques such as
elemental analysis, ICP, EDX or FT-IR.

(Rexp * M [ 210,]) = My [20(0)5(OHD:| — 2+ My, [€/H,0]
M., [L] + NMR * M,, [Mod] — (2 + NMR) * M,, [Cl/H,0]

X Ligands =

Equation 3: Example of the use of the charge balance equation and the molar ratios to calculate the number
of linkers based on the start of the decomposition profile.

If modulators decompose prior to the DH MOF structure, the Rexpor is expressed as in Equation
4, which is used to calculate the components of the structure. We have performed calculations with
ZrO(L)xO1x as the DH MOF (Table S.9) but calculations for ZrO(L)x DH structures for pristine and
defective MOFs are also given in Section S.4, (Table S.10), showing also exact structural
determination due to the mathematical exactitude of the method. Once the number of linkers per
metal (X) has been calculated, the molar ratio between modulator and linker is used to calculate the
number of each modulator per metal 536

My [DH MOF] My [Zr6X06—6X] _ My [ZrO(L)xol—x]

R = = -
expDH ™ M [Residue] ~ 6 * My, [ZrO,] M,, [ZrO,]

(RexpDH * Mw [Zroz]) - Mw [ZI‘O] - Mw [O]
My [L] — My, [O]

X Ligands =

Equation 4: Determination of the number of linkers in MOF structures in which modulators decompose prior
to the DH MOF, which is composed of only one linker.

These mathematical principles can be applied to determine the structure of almost any MOF, as
summarised in Figure 3 and Table S.11, by changing the MOF structure, its residue and the charge
balance equations accordingly in the experimental mass ratios.
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Figure 3: Classification of MOF types depending on their structure composition. Top/Grey: MOF
representation alongside with the MOF and DH MOF structure. Orange/Middle: General expressions of the
experimental ratio between the MOF structure and its residue (Rexp) and between the DH MOF and its residue
(Rexpor). Green/Middle: TGA methodology for the calculation of the MOFs composition when the linkers
fully decompose. Bottom/Blue: TGA methodology for the calculation of MOF structures with multiple
linkers, in which one of them partially decomposes.

For example, this methodology can be applied to calculate the composition of DH MOFs with
multiple organic species, in which the modulators or surface functionality decomposes during the
same temperature range as the linker in the structure, or of MTV MOFs which are composed of
multiple linkers (See S.5 for detailed methodology). Equation 5 exemplifies the calculation of the
composition of MTV MOFs in which the linkers fully decompose together during the same
temperature range. In order to calculate the number of each ligand, the molar ratios (NMR) are used
to introduce L2 and L3 as a function of L1. Once L1 (X) has been obtained, the number of L2 and L3

is calculated by multiplying X per the E and E NMR molar ratios, respectively. If modulators are

also present in the structure, their incorporation can be calculated based on the molar ratios, and the
incorporation of other defect compensating species can be calculated by the charge balance equation.
Calculations of MTV MOF structures based on their theoretical thermal decomposition profiles — as
for defective MOFs — are given in Section S.5 (Tables S.12 and S.13), showing exact structural
determination.

M,, [ZrO(L1)x(L2)xnmr(L3)xNmMRr(0)1-(xL1+YL2+713)]
lv[w [ZrOZ]

((RexpDH*Mw [ZFOZ])—MW [ZrO]-My, [O])
L2 L3 L2 L3
(MW [L1]+NMR;2+M,y [L2]+NMRZHM,, [L3])— (1+NMRH+NMRH)*MW [0]

RexpDH =

Equation 5: Determination of the number of linkers in MTV MOF structures in which the DH MOF’s linkers
fully decompose during the same temperature range.
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If one of the linkers does not fully decompose (partial decomposition), a decomposition ratio can be
introduced into the Rexporn and/or Rexp equations and similar methodology can be applied to obtain the
number of each component in the MOF structure (See S.6 for detailed calculations). Equation 6
shows the calculations based on the general expression of Rexppr for an MTV MOF in which one of
the linkers decomposition is partial (50%) and Tables S.14 and S.15 show exact compositional
determination based on the theoretical thermal decomposition profiles.

M,, [ZrO(L1)x(L2)xnmr(L3)xNMR (0)1_(X+XNMR(%)+XNMR(E))]
L L1

RexpDH = 2
M,, [ZrO,] + 0.5 * x * NMR(E) * M, [L2]

. ((RexppH * My [Zr0,])~My[ Zro]-M,, [0])
- L2 L3 L2 L3 L2
(My [L1]+NMREZs Myy [L2]+NMR €My [L3])~Myy [0]+(1+ NMREE+NMRLS ) -My, [L2]<(0.5+RexpDH+NMRL- )

Equation 6: Determination of the number of linkers in MTV MOF structure in which one of the linkers
decomposition is partial.

These principles can also be successfully applied to MOFs with multiple decomposition steps (i.e.
linkers and/or modulators decomposing at different temperature ranges) using the experimental ratios
between the structure at each of the decomposition steps and the residue as in the examples detailed
These principles can also be applied to the mass ratio between the structure before its decomposition
and the residue.

Calculation of MOF composites

The experimental ratio between the structure and its residue can also be applied to calculate the
composition of MOF composites. Figure 4 and Table S.16 summarise the MOF composites to
which our TGA methodology is applied during this manuscript, using the same principles described
above. The experimental mass ratios (Rexp and RexppH) can be generally expressed as a function of
the mass fraction of each structure in the MOF composite (S% Structure) and as a function of the
mass fraction of each structure in the residue of the MOF composite (R% Structure), as in
Equation 7. Both S% Structure and R% Structure can be calculated from the molar fraction of the
components, which can be calculated by various techniques (See S.7 for general remarks and
detailed equations of molar and mass fractions). Typically, R% will be used for composites which do
not decompose or which decomposition is partial, thus having a contribution to the mass of the
residue, while S% is used when R% is not available or when the composite fully decomposes and
hence does not contribute to the residue.

If the MOF and the composite are formed of different metals, ICP or EDX can be used to calculate
the mass contribution of each of them to the residue (See S.7 for detailed methodology). The
individual thermal decomposition profiles of the different MOFs and composites can be used to
identify decomposition steps, the residue weight, and the experimental mass ratios of the different
components. If the molar ratio of the components is not available through other techniques (i.e.
'HNMR, UV-Vis, ICP-MS, HPLC, FT-IR. EDX etc.) it can be assumed that the MOF is unaltered
after the composite formation or inclusion.
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M,, [MOF] * S%MOF + M,, [Composite] * S%Composite

R... =
P M,, [MOF Residue] * S%MOF + M,, [Composite Residue] * S%Composite
M,, [MOF M,, [Composite
Rexp = wl ] * R%HMOF + wl .p ] * R%Composite
M,, [MOF Residue] M,, [Composite Residue]

Equation 7: General expression of the experimental ratio between the MOF composite and its residue, which
can be used to determine its composition as a function of the mass fraction of a structure in the MOF
composite (i.e. S% MOF and S% Comp) and as a function of the mass fraction of each structure in the residue
(i.e. R %MOF and R %Comp).

A particular example of MOF composites is the case of MOFs on MOFs or a mixture of MOF
phases. Their composition can be calculated based on the ratio between the structures and their
residue, generally expressed as in Equation 8, in combination with other techniques depending on
the MOFs’ components: different linker and metal (Section S.8.1), different metal same linker
(Section S.8.2), and same metal different linker (Section S.8.3).

N ( M,, [DHMOF1] M,, [DHMOF2]
expDH ™\ 'M,, [Residue1] M,, [Residue2]

Equation 8: General expression of the experimental ratio between the DH structure of MOF on MOFs
composed of different metal and linker.

* R%MOFl) + < * R%MOFZ)

If the MOFs are composed of different metals and linkers, knowing the molar ratio between
metals (ICP) and between linkers (*HNMR), the mass ratio between the structures and the residue
can be expressed as a function of one of the linkers, from which the rest of the components can be
determined (See Section S.8.1 for detailed methodology). Tables S.17 and S.18 show that the
simultaneous determination of the exact composition of both MOFs is possible with this
methodology.

If the species (metal and/or linker) are the same in both MOF phases the calculations increase in
difficulty, given the number of unknowns in the equation. Isotope labelling and other techniques can
be used to identify the molar ratios to be introduced in Equation 8. If this is not possible or available
to the research team, different assumptions can be introduced into the method, resulting in
estimations probably not as close as the exact structural determination. For example, the thermal
degradation profile of MOF1 can be used to determine its composition before the growth of MOF2.
Introducing MOF1 composition into the MOFs on MOFs Rexppn equation can lead to the estimation
of the composition of MOF2 (See S.8 for detailed calculations). Tables S.19-21 show that this
methodology results in exact compositional determination using the theoretical thermal
decomposition profiles of MOF on MOF structures, assuming the structural integrity of the first
MOF upon the growth of the second.

To apply this methodology to MOF composites formed of MOF and other material (Figure 4), the
decomposition of the composing material (further denominated composite for simplification) must
be determined. Detailed methodology for all the cases is given in the supporting information,
alongside with the pertinent theoretical calculations, showing the exact determination of the MOF
composites composition in all cases.
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MOF MOF MOF

MOX mixtures Inorganic composite Organic composite Hybrid composite

Mw{Totalstructure] _ ( M,, [MOF]

M,, [Composite] % . ) _ M, [MOF] = S%MOF + M,, [Composite] *S%Composite
Mw([Totalresidue]  \M,, [Residue MOF] 2; =

«RY
B AMOF) u (M“.[Residuc composite] Mw Residue MOF = S%MOF + M,, [Composite] *S%Composite

Rexp =

Metal oxides, metal

No decomposition i
nanoparticles, silica

5 (MWIMOF] ) B (
= | ———— *R%MOF | + R%Composite ; =
exp M, 2r02 P expDH

M,,[DH MOF]

* R%MOF) + R%Composite;
M,, [Zr02]

Organiccoatings,

Full decomposition
polymers, graphene

1. Before the DH MOF
R _ [(M,,[MOF]+5% MOF)+(M,,/Composite]|+S%Composite) R __ (M,, [DH MOF]\ |
exp M, [2Zr02] +5%MOF #expDH = "y~ 7r02]1 /)

w W

2. During the DH MOF

R M,, [ MOF] * S%MOF + Mw [Composite] * S%Composite ‘R _ (M, [DH MOF] * S%MOF + M,, [Composite] * $%Composite
P o M,, [Zr0,] , S%MOF Lt M,, [ZrO,]+ S%MOF
3.After the DH MOF
o _ (Mw [DHMOF] * $%MOF + M,, [Composite] * S%Composite) _ (Mero2 * S%MOF + M,, [Composite] * S%Composite)
axpOES M,, [Zr02] « S%MOF e SIEROsDEL M,, [Zr02] * S%MOF

MOF on MOFs or MOF mixtures

Partial decomposition
Polymers, metal complexes, Graphene oxide

1. Before DH MOF decomposition
e M,,[MOF] * S%MOF + M, [Composite] * S%Composite g _ (Mw[DH MOF]  S%MOF + n * M,, [Composite] * $%Composite
&P~ \ M,, [Zr02] « S%MOF + n » M,, [Composite] * S%Composite /' =*P°H ~ \ "M, [Zr02] * S%MOF + n * M,, [Composite] * S%Composite

2. During DH MOF decomposition
I ( M,, [MOF] « S%MOF + M,, [Composite] * S%Composite ) B (Mw [DH MOF] » S%MOF + M,, [Composite] * S%Composite)
#<P — \ M,, [2r02] *S%MOF + n + M,, [Composite] + S%Compositene /' =P°H ~ \ M [Zr02] « S%MOF + n « M,, [Composite] * $%Composite
3. After DH MOF decomposition

% 0 M,, [MOF] * S%MOF + M,, [Composite] * S%Composite K Mw ZrO, * S%MOF + M,, [Composite] * S%Composite
expDH ™\ M, [Zr02] * S%MOF + n * M, [Composite] + S%Composite )’ =PPtPH = \ M_[7r02] * S%MOF + n *+ M, [Composite] * S%Composite

Figure 4: Classification of MOF composites depending on their structure composition. Top/Grey: Types of
MOF composites discussed during this manuscript. Orange/Middle: General expressions of the experimental
ratio between the MOF composite and its residue (Rexp) as a function of the mass fraction of MOF and
composite in the structure or the residue. Green/Middle: TGA methodology for the calculation of the MOF
composite in which the composite does not decompose. Middle/purple: TGA methodology for the calculation
of MOF composite in which the composite fully decomposes. Bottom/Blue: TGA methodology for the
calculation of MOF composite in which the composite partially decomposes.

Note that for composites which fully or partially decompose, the expression of the Rexp and the
calculations derived from it are similar. However, depending on the composite’s decomposition
temperature, RexppH OF RexprostoH Can be applied to calculate the mass fraction of composite.

An example of MOF composite in which the composite material does not decompose during the
temperature ranges studied — typically metal oxides, or metal nanoparticles — is given in Equation 9
for a TiO,@UiO-66 MOF composite, (See S.9. for detailed methodology), whereas detailed
calculations for theoretical thermal decomposition profiles of TiO@UiO-66 defective composites
are given in Tables S.22 and S.23, showing exact determination of the composition.
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R = (M * R%MOF) + (R%Composite)
exp M,, [ZrO,]

(Rexp—R%Composite)* My, [ Zr0;] B
RY5MOF M,y ZI‘(O)%(OH)E

(M, [L] + NMR * M, [Mod])

Equation 9: Expression of the experimental ratio between MOF composites in which the second
material does not decompose and their residue, used to obtain the number of linkers in the MOF
structure (X).

If the composite material fully decomposes prior to the DH MOF decomposition, since the
composite does not contribute to the residue, the Rexppn correspond only to the MOF structure, which
can be calculated with the methodology previously discussed for MOF systems. The calculated
structure can then be introduced into the experimental ratio prior to decomposition (Rexp), Which can
be used to calculate the mass fraction of composite in the structure, as exemplified in Equation 10
(See S.10.1. for detailed methodology). Detailed structural determination of a series of defective
composites where the composite material decomposes before the DH MOF is given in Tables S.24
and S.25, revealing exact compositional determination. If the S% of the composite is known by other
techniques, the composition of the MOF can be directly calculated based on the Rexp.

X =

M,, [Composite
S%MOF =< w [Composite] )

Rexp * My [ZrO;] — M,, [ MOF] + Mw [Composite]

Equation 10: Expression for the calculation of the mass fraction of MOF in a MOF composite in which the
second material decomposes prior to the DH MOF.

For a composite that fully decomposes during the decomposition range of the DH MOF, the Rexp
can be expressed as in Equation 11. Knowing the mass fraction of the structures (often through
ICP), the number of linkers in the DH MOF structure can be determined through calculation of the
MOFs molecular weight (See S.10.2 for detailed methodology). Detailed exact determination of the
composition of a series MOF composites where the composite material decomposes during the DH
MOF is given in Tables S.26 and S.27.

R - (MW [MOF] * S%MOF + M,, [Composite] * S%Composite)
exp M,y [ZrO,] * S%MOF

Rexp * My, [ZrO;] * S%MOF + M, [Composite] * S%Composite
M,, [MOF] = ( exp ~ Tw S%M“(;F

Equation 11: Expression of the experimental ratio between MOF composites in which the second material
fully decomposes during the DH MOF decomposition, used to obtain the molecular weight of the MOF, from
which the molecular structure can be obtained.

If the mass fraction of the material cannot be calculated, the thermal decomposition profiles of the
MOF before the composite formation can be used to calculate the MOFs molecular weight -
assuming structural integrity upon composite formation — which is used to calculate the mass fraction
of composite in the structure, expressed in Equation 12 (See 10.2 for detailed methodology).
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M,, [Composite]

SMOF% =
% Rexppu * My [Zr0,] — M,, [DH MOF] + M,, [Composite]

Equation 12: Expression of the calculation of the mass fraction of a MOF in a MOF composite in which the
second material fully decomposes together with the DH MOF, assuming structural integrity of the MOF upon
composite formation.

In the case of a composite which fully decomposes after the DH MOF decomposition the ratio
between the structure after DH MOF decomposition (postDH and the residue can be used to
determine the mass fraction of the composite, leading to Equation 13, which is then used to calculate
the molecular weight of the DH MOF and the subsequent number of linkers through the application
of the principles introduced above, (See S.10.3 for detailed methodology). Exact compositional
determination of a series of defective MOF composites where the composite material decomposes
after to the DH MOF is given in Tables S.28 and S.29.

M,, [Composite
$% MOF =< w [Composite] >

(RexpPostDH — 1) * M, [ZrO;] + My, [Composite]

Equation 13: Calculation of the mass fraction of the MOF in a MOF composite in which the composite fully
decomposes after the DH MOF.

If the composite material decomposes partially, a decomposition ratio is included in the mass ratios
equations as previously described in Section S.6 for MTV MOFs. Although the Rexp expression and
the approach to calculate the MOF composition based on it will be the same regardless of the
decomposition temperature of the composite, methodology based on the RexppH and RexprotpH Can be
applied to obtain further information depending on the temperature range of decomposition of the
species.

The Rexpon 0f @ MOF composite in which the composite material partially decomposes before the
DH MOF decomposition is generally expressed as Equation 14, which is used to calculate the
molecular weight of the MOF, and subsequently the number of linkers if the mass fraction of the
structures is known, as tabulated in Tables S.30 and S.31. The assumption of the structural integrity
of the MOF upon the composite formation can be performed to calculate the mass fraction (See
S.11.1. for detailed methodology).

R _ (M, [DH MOF] * S%MOF + n * M, [Composite] * S%Composite
expDH ™\ "M, [Zr0,] * S%MOF + n * M, [Composite] * S%Composite

RexpDH*(Mw [ZrO4]+S%MOF+n*M,y, [Composite] *S%Composite) —n+Myy [Composite]«S%Composite
MW [DH MOF] = SoMOF
(]

Equation 14: Expression of the experimental mass ratio of MOF composites in which the second material
partially decomposes before DH MOF decomposition, used to obtain the molecular weight of the MOF.

For a MOF composite in which the composite material partially decomposes during the DH
MOF decomposition, the molecular weight of the MOF can be calculated as in Equation 15, with
similar methodology being used to calculate the number of linkers (Tables S.32 and S.33) or the
mass fraction of the structures depending on the information provided by other techniques. (detailed
in Section S.11.2).
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M,, [MOF] = (

Rexp*(My [ ZrO;]+S%MOF+n+M,, [Composite]+S%Composite) —My, [Composite]*S%Composite)
S%MOF

Equation 15: Calculation of the molecular weight of the MOF using the expression of the experimental mass
ratio between the MOF composite and its residue.

If the composite material partially decomposes after the DH MOF decomposition, the RexppostoH
(generally expressed as Equation 16) can be used to calculate the mass fraction of the structures,
which is then used to calculate the structure of the MOF using the Rexppn (detailed in Section S.11.3,
Tables S.34 and S.35).

M,, [ZrO,] * S%MOF + M,, [Composite] * S%Composite)

R =
expPostDH < M,, ZrO, * S%MOF + n * M,, [Comp] * S%Comp

S%Composite = ( RexpPostDH * Mw [ Z802]-My[ Zr02] )

(M,, [Composite]— M,, [ ZrOz])—Rexppostpu*n*(M,, [Composite] - My, [ ZrO,])

Equation 16: Expression of the experimental ratio between MOF composites in which the second material
partially decomposes before DH MOF decomposition, used to obtain the mass fraction of the MOF and
subsequently its structure.

Table 3 summarises the approaches used to calculate the composition of different MOF composites
depending on the extent of their thermal decomposition (no decomposition, full decomposition and
partial decomposition) and their degradation temperature (before, during or after the DH MOF),
highlighting the information needed from other techniques to complete the approach, apart from the
molar ratio between linkers and modulators. This table shows that less information is needed to
calculate the composition of MOF composites when the composite does not decompose or when the
decomposition (total or partial) occurs before or after the DH MOF.

Table 3. Methodology applied to calculate the structures of different multicomponent MOF materials,
summarising the approach used depending on the information obtained by other techniques, which is
underlined after each approach.

MOF COMPOSITE

Composite with no thermal decomposition: Knowing %R direct MOF structural determination with RexpoH (%R)

Composite with full thermal decomposition

Before DH MOF During DH MOF After DH MOF
Direct MOF structural determination with -Knowing %S direct MOF structural Direct determination of S%
RexppnH. Then, calculation of S% Composite determination with RexpDH (S% and Mw through RexppostoH.
through Rexp composite) Then, direct MOF structural
(Mw_composite) -Calculation of S% through assumption of determination with RexppH
MOF integrity through composite formation (M. composite)

(Mw MOF, Mw Composite)

Composite with partial thermal decomposition

Before DH MOF During DH MOF After DH MOF
-Knowing %R or S% and Rexpcomp direct MOF | -Knowing %R or S% direct MOF structural Direct determination of S%
structural determination with Rexppr (R%, Mw | determination with RexppH (R%, Mw through RexppostbH.
composite, Rexpcomp) composite, Rexpcomp) Then, direct MOF structural
-Calculation of S% through assumption of -Calculation of S% through assumption of determination with RexppH (Mw
MOF integrity (Mw MOF, Rexpcomp) MOF integrity through composite formation composite, Rexpcomp)

j Mw MOF Rengomgl
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Conclusions

This comprehensive multi-faceted TGA methodology is an improvement for the characterisation of
MOFs, as it enables the determination of the composition of almost any MOF composite based on
the analysis of the thermal decomposition profiles, in combination with the molar ratio between
components, which can be obtained by other easily accessible characterisation techniques.

Performing an analysis based on the experimental ratio between the structure and its residue enables
the exact determination of the number of linkers in any MOF structure without misinterpreting the
oxygen contribution from the linkers to the residue. Calculations based on the theoretical thermal
decomposition profiles for given samples results in exact structural determination for either of the
DH MOF structures analysed, while different composition values are obtained with literature
reported methods.

Given the mathematical rigour of the method, the structural composition of MOFs in which multiple
organic moieties decompose together with the linker (i.e. modulator, surface functionality, loaded
MOFs or MOFs with multiple linkers) can be determined using the mass ratios between structures
and residues and the molar ratio between the species.

Going beyond structural complexity and multifunctionality of MOFs, this method also enables the
structural determination of MOF composites and we believe that the principles discussed during this
manuscript can be applied to virtually almost any MOF material. Additionally, TGA could be
coupled to other techniques, such Fourier-Transform Infrared Spectroscopy (FT-IR) or Mass
Spectrometry, which in combination with this methodology could provide extensive of knowledge of
the composition of MOFs through common and accessible laboratory techniques.
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