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ABSTRACT: Titanium dioxide (TiO2) has long been employed as (photo)electrodes for reactions relevant to energy storage 
and renewable energy synthesis. Proton-coupled electron transfer (PCET) reactions with equimolar amounts of protons and 
electrons at the TiO2 surface or within the bulk structure lie at the center of these reactions. Because a proton and an elec-
tron are thermochemically equivalent to an H-atom, these reactions are essentially H-atom transfer reactions. Thermody-
namics of H-atom transfer has a complex dependence on the synthetic protocol and chemical history of the electrode, the 
reaction medium, and many others; together, these complications preclude the understanding of the H-atom transfer ther-
mochemistry with atomic-level structural knowledge. Herein, we report our success in employing open-circuit potential 
(EOCP) measurements to quantitatively determine the H-atom transfer thermochemistry at structurally well-defined Ti-oxo 
clusters within a colloidally stabilized metal–organic framework (MOFs), Ti-MIL-125. The free energy to transfer H-atom, 
Ti3+O–H bond dissociation free energy (BDFE), was measured to be 68 ± 2 kcal mol-1. To the best of our understanding, this 
is the first report on using EOCP measurements on any MOFs. The proton topology, the structural change upon the redox re-
action, and BDFE values were further quantitatively corroborated using computational simulations. Furthermore, compari-
sons of the EOCP-derived BDFEs of Ti-MIL-125 to similar parameters in the literature suggest that EOCP should be the pre-
ferred method for quantitatively accurate BDFE calculations. The reported success in employing EOCP for nanosized Ti-MIL-
125 should lay the ground for thermochemical measurements of other colloidal systems, which are otherwise challenging. 
Implications of these measurements on Ti-MIL-125 as an H-atom acceptor in chemical reactions and comparisons with oth-
er MOFs/metal oxides are discussed.   

INTRODUCTION 

Redox reactions at the interface of the catalyst and the sur-
rounding solution are prevalent in nearly all chemical 
transformations relevant to the energy and chemical sec-
tors.1-3 Many of these reactions involve a transfer of hydro-
gen atoms (H-atoms) between the substrate/product and 
the catalyst surface.4-8 In thermal catalysis like hydrogena-
tion, for example, the initial step involves a homolytic 
cleavage of H2 to form a reactive surface H-atom (eq. 1). 
Surface adsorption process is emphasized by the explicit 
denotation of the adsorption site (S) as the reaction sub-
strate. The catalyst-adsorbed H-atom, S–H, can react with a 
generic substrate, X, to form the product, X−H (eq. 2); the 
reverse is the case for a dehydrogenation reaction.8-10 In 
photo- and electrocatalysis, the surface-bound H-atoms are 
often a product of interfacial proton-coupled electron 
transfer (PCET) reactions involving equal amounts of pro-
tons and electrons (eq. 3). The surface-bound H-atoms are 
critical intermediates for the reactions of H2, O2, CO2, N2, 
and many others (eqs. 4-7).1,3,4,11,12 Intercalation of H-atom 
to its bulk structure, chemically related to eq. 3, is the fun-
damental reaction in energy storage literature.13  

 H2 + 2S  2S–H (1) 
 X + S–H  X–H + S (2) 
 S + H+ + e-  S–H (3) 
 2H+ + 2e-  H2 (4) 

 2H2O  O2 + 4H+ + 4e- (5) 
 CO2 + 2H+ +2e-  CO + H2O (6) 
 N2 + 6H+ + 6e-  2NH3 (7) 
Titanium dioxide (TiO2) has long been known for its PCET 
reactivity. In 1972, Fujishima and Honda first discovered 
that TiO2 can photoelectrochemically generate H2 and O2 

from H2O.14 Classically, the TiO2 reactivity has been de-
scribed using the electronic band structure.15,16 Formally a 
wide bandgap semiconductor, photoexcitation of TiO2 un-
der UV irradiation generates an electron-hole pair where 
the excited electrons are the source of reducing equiva-
lences needed for the reduction of H2O to H2. The ‘hole’ 
remaining can serve as an oxidant to generate O2 from 
H2O.17 

More recently, this model has been elaborated to incorpo-
rate the energetics of protons in overall reaction thermo-
dynamics.4,18-21 The catalytic activity towards H2O splitting 
suggests that the surface sites undergo PCET reactions 
with the same number of protons and electrons, as evident 
from eqs. 4 and 5. For binary materials like TiO2, the inner 
sphere PCET reaction with equimolar protons/electrons is 
thermochemically equivalent to a homolytic O−H bond 
formation and cleavage.7 This thermochemical equivalence 
is illustrated using eqs. 8-10, involving a generic metal ox-
ide, Mn+Ox. Thus, the O−H bond dissociation free energy 
(BDFE) that inherently integrates the thermodynamics of 
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electrons and protons can be considered a representative 
descriptor for an H-atom transfer reaction.11 BDFEs are 
thermochemically related to the more general H-atom 
binding energy (ΔG°H) that is commonly referred to as the 
descriptor in catalysis literature as it scales with the activi-
ty (the Sabatier Principle).3  

 Mn+Ox + H+ + e-  M(n-1)+Ox-1(OH) (8) 
 H∙  H+ + e- (9) 
 Mn+Ox + H∙  M(n-1)+Ox-1(OH) (10) 
H-atom transfer thermochemistry of binary materials is 
highly dependent on their synthesis, morphologies, lattice 
structure, chemical history, and many others.11,20,22-24 Sur-
faces of TiO2 and many other metal oxides present multiple 
sites that can bind to H-atom(s) and are dynamically evolv-
ing when in contact with the reaction medium.25-27 Chemi-
cally identical adsorption sites can laterally interact with 
each other to alter BDFEs.11,28,29 H-atom intercalation with-
in its lattice can cause the subsequent intercalation to be 
energetically favorable or unfavorable.30,31 The structural 
ambiguity and heterogeneity between each H-atom ad-
sorption site, and between each sample preclude funda-
mental understanding behind such stark differences in the 
exact chemistry of H-atom transfer reactions.  

To attain structural precision and uniformity that enables 
atomic-level structural understanding of a reaction that 
further facilitates the integration of experimental and 
computational efforts, chemists have turned to metal–
organic frameworks (MOFs) as candidate materials for the 
past few decades.32-34 Particularly attractive amongst all 
MOFs are those with redox-active inorganic nodes dis-
persed throughout their porous structures that can under-
go PCET reactions. This includes the MOF focused on this 
work, Ti-MIL-125 (Figure 1).35,36 The Ti-oxo-based nodes 
(Ti8(μ2-O)8(μ2-OH)4) separated by terephthalate linkers are 
known to undergo PCET reactions with equimolar 
amounts of protons and electrons, i.e., the nodes undergo 
net H-atom transfer reactions. Through chemical titrations, 
the Ti3+O−H BDFE was estimated to be <75 kcal mol-1, but 
to the best of our understanding, the exact value is yet to 
be determined.37 Quantification of BDFEs using a series of 
cyclic voltammogram (CV) measurements has been proven 
successful for many metal oxides,11,20,21,38-41 and recently by 
us for the Ce-based MOF, Ce-MOF-808.42 The low electron 
mobility within many MOFs, however, often leads to diffu-
sive/kinetic complications.43,44 In fact, the CVs of Ti-MIL-
125 were quite ill-defined, with no obvious Faradaic fea-
ture that can be ascribed to the Ti4+/3+ redox, altogether 
precluding this approach (vide infra).  

 

Figure 1. Structures of Ti-MIL-125, and its node and linker.  

To this end, we employed open-circuit potential (EOCP) 
measurement to quantitatively determine the Ti3+O–H 
BDFE of Ti-MIL-125. Previously, EOCP measurement has 

been applied to determine the equilibrium potentials of 
soluble and heterogenized redox couples in a given elec-
trolyte.41,45-48 In general, for a redox couple that undergoes 
mH+/ne- PCET reaction (eq. 11), the EOCP values with dif-
ferent concentrations of reduced (red) vs. oxidized (ox) 
species and proton activity (which is pH in an aqueous 
solution) should follow the Nernst equation (eq. 11). EOCP 
measurements over these reaction conditions should con-
struct the Pourbaix diagram, which can be used to extract 
the thermodynamic potential (E°).49,50 Because each meas-
urement is conducted under equilibrium conditions with 
no net current, kinetic/diffusive complications are mini-
mal; thus EOCP-derived BDFEs are generally more accurate 
than those using CVs.45 This has proven a powerful tool to 
measure BDFEs of molecular species, including those that 
exhibit irreversible Faradaic features in CVs.45 These en-
couraged our application to measure BDFEs using EOCP by 
exploiting the long-term colloidal stability of nanosized Ti-
MIL-125, reported by Brozek and co-workers.51  

 X + mH+ + ne-  XHm(m-n)+ (11) 

 𝐸𝑂𝐶𝑃 = 𝐸° −
0.059

𝑛
log (

[red]

[ox]
) − 0.059 (

𝑚

𝑛
)  𝑝𝐻  (12) 

We demonstrate here the EOCP-derived Ti3+O–H BDFE of Ti-
MIL-125 in a wide range of aqueous electrolytes. The de-
termined BDFEs were further corroborated through the 
integration of computational calculations; these were 
eased due to the atomic-level structural understanding of 
the redox-active sites. To the best of our understanding, 
this represents the first report of EOCP-derived thermo-
chemistry of any MOF-based systems or colloidal suspen-
sion of redox-active species. The derived BDFEs are con-
trasted to those of other redox-active MOFs and metal ox-
ides to highlight their implications in the catalysis field and 
beyond.  

RESULTS 

Ti-MIL-125 Synthesis and Electrochemical Measurements 

Colloidally stable Ti-MIL-125 was synthesized using the 
modified procedure reported previously (see the Support-
ing Information (SI) for details).51 The resulting MOF was 
characterized through N2-adsorption-desorption isotherm 
and powder X-ray diffraction (PXRD) pattern. From the 
full-width-half-maximum (FWHM) of the PXRD patterns, 
the average particle size of Ti-MIL-125 was estimated to be 
ca. 15 nm; see Figures S1 and S2.  

Ti-MIL-125 was suspended in neat methanol for photo-
reduction under UV light, as reported previously.37,51 The 
exact ‘concentration’ of Ti-MIL-125 has batch-to-batch 
differences (1H NMR was used to estimate the concentra-
tion; see Figure S4). The use of the identical colloidal solu-
tion to prepare both the oxidized and reduced Ti-MIL-125 
for each electrochemical measurement prevented any con-
volutions related to the concentration uncertainty; see the 
SI for details. Excessive photo-reduction can result in MOF 
degradation.37 Indeed, with the reported nanosized Ti-
MIL-125, reduction for 45 minutes under UV irradiation 
resulted in the maximum optical density, attributed to the 
presence of Ti3+. A significant decrease in optical density 
was observed when the sample was further exposed to UV 
light (Figure S3). With an optimal photo-reduction, the  
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Figure 2. (A) Representative plot of EOCP vs. normal hydrogen electrode (NHE) against reaction time in pH 7-adjusted Tris buffer. 
After 600 seconds, the EOCP values stabilized; the average of the last 60 s was used for further analysis. The plot of EOCP vs. NHE (B) 
against log([Ti3+]/[Ti4+]) and (C) against pH. (B) is a compilation of two separate measurements, with different concentrations of  
Ti3+ and Ti4+; the error bars represent 1σ of EOCP at the last 60 s or that of duplicate measurements, respectively. These errors are  
propagated in determining E°’, which the errors from linear fits are shown as error bars in (C).  

PXRD pattern of the reduced Ti3+-MIL-125 was essentially 
identical to that of the oxidized Ti4+-MIL-125 (Figure S2). 
The FWHM values of the two PXRD patterns were essen-
tially identical. Together, these indicate that photo-
reduction did not result in ordered structural changes or 
deformation.  

All electrochemical measurements were conducted under 
the N2 atmosphere using the standard Schlenk line. Three 
aqueous buffers, 2-(N-morpholino) ethane sulfonic acid 
(MES), tris(hydroxymethyl)aminomethane (Tris), and bo-
ric acid, were adjusted to 100 mM concentration, unless 
otherwise noted, and their pH values were adjusted be-
tween 6 to 9. At all times, the electrochemical system was 
under N2 atmosphere; aqueous electrolytes were degassed 
before any measurements by N2 bubbling for at least 10 
minutes. For most measurements, glassy carbon (GC) was 
used as the working electrode. CVs of colloidal Ti-MIL-125 
resulted in an irreversible Faradaic feature (Figure S6), 
which precluded any accurate thermochemical analysis. 
EOCP measurements instead were employed to determine 
the thermochemistry of the Ti4+/3+ redox reaction, as de-
scribed in the next sections. 

Zeta-potential measurements revealed the non-linear 
trend in surface charges of colloidal Ti-MIL-125 with re-
spect to the electrolyte pH (Figure S5). Implications of 
these surface charges in the PCET reactivity of Ti-MIL-125 
are elaborated in the Discussion section.  

EOCP Measurement of Ti-MIL-125 in pH 7-Adjusted Aqueous 

Electrolyte 

We begin this section with the EOCP measurement of Ti-
MIL-125 using pH 7-adjusted Tris buffer as a case study. 
Prior to the injection of photo-reduced Ti3+-MIL-125, the 
electrolyte only contained the known amount of oxidized 
Ti4+-MIL-125. The introduction of the photo-reduced Ti3+-
MIL-125 resulted in a cathodic shift in EOCP; the measured 
potential equilibrated after 300-600 seconds, where the 
duration needed for equilibration seemingly depended on 
the amount of Ti4+ vs. Ti3+ in the electrolyte. Figure 2A is a 
representative plot showing how EOCP changes as a func-
tion of time. After reaching equilibrium (i.e., after ~600 s in 
Figure 2A), EOCP varied less than 5 mV per minute, which 

corresponds to the change of <0.1 kcal mol-1 min-1. The 
known volume of Ti3+-MIL-125 was added to the electro-
lyte multiple times, which constantly led to a cathodic shift 
in EOCP as a function of an increase in the nominal content 
of Ti3+ regardless of the initial electrolyte compositions 
(Figure 2B). The change in EOCP with an increase in the 
‘concentration’ of Ti3+ suggests that EOCP is likely probing 
the equilibrium involving the Faradaic reaction near the 
electrode as described in eq. 12. For all concentrations, the 
average values of the last 60 seconds of measurements 
were used for further calculations. Our error analysis alter-
ing this range between 60 to 300 seconds indicates that 
the derived EOCP values are largely independent of this time 
frame; see Figure S15 and the relevant section in the SI for 
details.  

Over more than an order of magnitude of a change in Ti3+ 
vs. Ti4+ ratio, the measured EOCP scaled in a single linear 
function with the slope of 51 mV per unit change in 
log([Ti3+]/[Ti4+]); see Figure 2B. According to the Nernst 
equation (eq. 12), this slope indicates that one electron is 
involved in the redox reaction.  

The EOCP measurements implicitly assume that (A) the 
working electrode surface is not directly participating in 
any inner-sphere electrochemical reactions and (B) for-
mally redox-active species other than those of interest 
within the electrolyte are electrochemically innocent dur-
ing the measurement. The first assumption was validated 
by measuring the EOCP of an electrochemical cell with the 
same amount of reduced and oxidized Ti-MIL-125 using GC 
vs. gold electrode; see Figure S7. Regardless of the nature 
of the electrode, EOCP values were identical.  

Besides Ti-MIL-125, the electrolyte contains Tris and oxi-
dized products of methanol, like formaldehyde; the latter is 
introduced during the injection of reduced Ti3+-MIL-125. 
Both species can affect the EOCP as they are redox-
active.52,53 Adding controlled amounts of 1 M Tris buffer 
while retaining the electrolyte pH at 7 resulted in minimal 
change in EOCP (Figure S8). Thus, Tris buffers can be con-
sidered ‘redox-innocent’ in the reaction condition. 

We have separately measured the role of methanol and 
formaldehyde by measuring EOCP in pH 7-adjusted Tris 
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Scheme 1. Schematic illustration of Ti3+O–H BDFE Derivation  

 
buffer (with no colloidal MOFs). The addition of degassed 
methanol to this electrolyte led to no change in EOCP (Fig-
ure S9). However, the subsequent addition of formalde-
hyde resulted in an anodic shift in EOCP (Figure S10), which 
is expected from the Nernst equation (eq. 12) given that 
formaldehyde is an oxidized product of methanol.45 This is 
quite distinct from the cathodic shift in EOCP upon the in-
troduction of reduced Ti3+-MIL-125 to the electrolyte with 
some amount of Ti4+-MIL-125. Thus, the EOCP values de-
scribed in Figures 2A and B are largely unperturbed by 
formaldehyde/methanol, perhaps due to their fast evapo-
ration under constant N2 bubbling.  

Together, the EOCP measurements were conducted over a 
wide range of log([Ti3+]/[Ti4+]). The formal potential (E°’) 
is defined when the concentrations of the reduced and 
oxidized species are equal, determined from the linear fit. 
In this case, the E°’ vs. normal hydrogen electrode (NHE) of 
Ti-MIL-125 at pH 7 is 0.239 ± 0.004 V.  

EOCP Measurements of Ti-MIL-125 at Various Proton Activi-
ties and with Different Buffers 

With the above measurements established, we have ex-
tended the EOCP measurement in different aqueous buffers 
with pH ranging between 6 to 9. At all pHs, the slopes of 
EOCP scaled roughly Nernstian with respect to the logarithm 
of the ratio, [Ti3+]/[Ti4+], though sometimes the deviations 
were relatively large compared to that in Figure 2B; we 
note, however, that the measured slopes are still consid-
ered to be ‘Nernstian’ in the literature, including those us-
ing EOCP of molecular species and soluble polyoxometalates 
(cf. 11,19,45,54). The addition of methanol to the electrolyte 
may also obscure the proton activity, though as reported 
previously, this ambiguity was minimized by keeping the 
buffer concentration orders of magnitude higher than the 
redox-active species. We have conducted the error analysis 
associated with these complications in the SI to demon-
strate that the associated errors are insignificant, particu-
larly in deriving the thermochemistry of H-atom transfer, 
as detailed in the next section.  

The observed slopes being more-or-less consistent with the 
expected 59 mV per log([Ti3+]/[Ti4+]) suggest that in all pH 
values with distinct buffers, Ti-MIL-125 undergoes a redox 
reaction involving one electron.55 As compared to those 
measured at pH 7 and 8, the run-to-run variations with 
different concentrations of Ti-MIL-125 were larger for 
those measurements at pH 6, 6.6, and 9 (see the SI for de-
tails). Notably, large variations were observed when the 
MOF crystallites had a negative surface charge, based on 
the zeta-potential measurements (Figures S11-14); impli-
cations of these two measurements are further elaborated 
in the Discussion section. E°’ values determined at pH = 6 – 
9 are listed in Table 1.  

The derived E°’ values scaled in a single linear function 
with respect to pH with a slope of 61 ± 1 mV/pH (Figure 
2C). Fitting this value to the Nernst equation (eq. 12), the 
redox process involves an equal number of protons and 
electrons, and in this case, 1H+/1e-. This stoichiometry is 
explicitly stated in the revised Nernst equation below (eq. 
13). Here, we prefer to use ‘concentrations’ in the equation 
instead of surface coverages; while the latter is more 
common for Nernst equations of heterogenized, redox-
active MOFs and metal oxides,11,20,42 the use of concentra-
tion accurately reflects that the colloidal Ti-MIL-125 is 
treated as a ‘homogeneous’ species.   

Table 1. EOCP Measurement-Derived E°’ values of Ti-
MIL-125 at Various Buffers and pHs 

pH Buffer E°’ vs. NHE (V)a 

6 MES 0.296(6) 

6.6 MES 0.27(1) 

7 Tris 0.239(4) 

8 Tris 0.179(4) 

9 Boric Acid 0.114(4) 

aThe errors of E°’ values represent 1σ of linear regressions 
with different ratios of Ti3+ vs. Ti4+; see the SI for details. 

 𝐸𝑂𝐶𝑃 = 𝐸° − 0.059 log (
[Ti3+]

[Ti4+]
) − 0.059 𝑝𝐻  (13) 

EOCP-Derived Free Energy of H-atom Transfer Reactions 

With the proton-to-electron stoichiometry established, the 
standard potential (E°) derived from Figure 2C and the 
Nernst equation (eq. 13) can be applied to determine the 
free energy of the H-atom transfer reaction. Previous re-
ports on PCET reactions using Ti-MIL-125 suggest that 
every node can accept up to two H-atoms – i.e., in Scheme 1, 
n = 1 or 2. Dividing the total free energy of H-atom transfer 
by n gives the average Ti3+O–H BDFE.7 The E° values were 
derived using two methods outlined previously;42 first, the 
linear fit with 61 ± 1 mV/pH slope in Figure 2C was ex-
trapolated to the standard state (pH = 0). Second, the slope 
of the linear fit was forced to be the ideal 59 mV/pH, and 
subsequently, E° values were derived from extrapolation.42 
The average of the two E° values are used here onwards 
(see the SI for more details). 

As shown in Scheme 1, the free energy of nH+/ne- PCET 
reaction (eq. 14) and the homolytic cleavage of Ti3+O–H 
bond n times (eq. 16) are thermochemically equivalent, 
simply by using the formation free energy of H-atom (H∙) 
from n number of proton and an electron; this has been 
determined to be 53 kcal mol-1 per nH+/ne- in H2O and is 
often denoted as CG (eq. 15).7 Scheme 1 is essentially a der-
ivation of the Bordwell equation (eq. 17), which was used 
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to derive the average Ti3+O–H BDFE to be 68 ± 2 kcal mol-1. 
Because the nodes of Ti-MIL-125 have multiple sites at 
which Ti3+O–H bonds can form, and EOCP solely reports the 
average BDFE, the proton topology of the nodes in Scheme 
1 is not explicitly stated. The error analysis related to this 
BDFE value can be found in Figure S16 and the related 
sections in the SI.  

Computational Calculations on H-atom Adsorbed, Ti8 Nodes 
of Ti-MIL-125  

To examine the proton topologies and the H-atom transfer 
thermochemistry of Ti-MIL-125 during the redox reaction, 
the PBE0 functional56 and the def2-SVP basis set in Q-
Chem 6.1 was employed to computationally model the 
structure.57 The Ti8 nodes were terminated with 12 for-
mate linkers, following the standard procedure in the liter-
ature.42,58 All structures were optimized using Baker’s par-
titioned rational-function optimization (R-PFO)59 and the 
self-consistent field (SCF) energy was converged to a cutoff 
of 1x10-6 a.u. using the geometric direct minimization algo-
rithm (GDM).60 Nodes with two added H-atoms were mod-
elled in the triplet spin state. For all calculations, the en-
thalpic components were calculated and thus should tech-
nically be denoted bond dissociation enthalpy (BDE). We 
note, however, that for H-atom addition, entropic changes 
are minimal, and thus BDE is a good approximation for 
BDFE;7 Our attempts to compute accurate BDFE with en-
tropic components were unsuccessful with details and our 
speculations outlined in the Discussion section and the SI. 
The XYZ coordinates of the models can also be found in the 
SI. 

First, we modelled the formate-terminated Ti8 node with 
one extra H-atom; the proton was added to one μ2–O, 
which mimics the previous reports (Figure 3A).51 The spin 
density was localized on a single Ti cation adjacent to the 
μ2–O(H), suggesting the reduction of that Ti4+ to Ti3+ (Fig-
ure S18). Compared to the fully oxidized node, an H-atom 
addition resulted in an increase in the Ti3+–O(H) bond by 
0.34 Å.  The bond distance between the adjacent Ti4+ and 
the protonated μ2–O(H) also increased by <0.1 Å. The 
computed Ti3+O–H BDE was ~62 kcal mol-1, closely agree-
ing with the experimentally derived BDFE value. Because 
of the centro-symmetry of the Ti8 nodes, the predicted BDE 
is independent of the position of Ti3+ and the adjacent μ2–
OH (which was originally μ2–O).   

The addition of one extra H-atom breaks the centro-
symmetry of the Ti8 node. Thus, the relative position of the 
second H-atom (i.e., the spatial distribution of Ti3+ and a 
proton) with respect to the first must be considered. First, 
we considered the remaining μ2–O groups as the Brønsted 
base sites. In this case, there are four proton topologies 
after two H-atom additions. Two of the four representative 
structures are shown in Figures 3B and C and the rest can 
be found in the SI. Similar to the first H-atom addition, this 
resulted in an increase in the Ti3+–O(H) bond distance, 
ranging between 0.1 to 0.34 Å (see the SI for details), and 
the Ti3+O–H BDFE values were quite similar to the first 
BDFE, ranging between 61-63 kcal mol-1. If instead the two 
protons are added to the same O-atom, resulting in μ2–OH2 
(Figure 3D), the calculated BDFE was 41.0 kcal mol-1, sig-
nificantly deviating from the experimentally measured 
value. The Ti3+–O(H2) bond distance increased by more 

than 0.6 Å. Together, these results suggest that each μ2–O 
sites can accept only up to one proton during the PCET 
reaction.  

 

Figure 3. Computationally modelled Ti8 nodes with (A) one H-
atom, (B-C) two H-atoms with distinct proton topologies, and  
(D) μ2–OH2 between two Ti3+ cations. The calculated BDE val-
ues are shown under each node, in units of kcal mol-1. Other 
proton topologies and bond distances can be found in the SI.  
Spin density colors: spin up = yellow, spin down = blue.  Atom 
colors: added H-atoms = green, Ti = blue, O = red, C = brown, H  
= white.  

DISCUSSION 

Elaboration on Using EOCP for Colloidal MOFs 

Colloidally stable suspensions of Ti-MIL-125 in oxidized 
and photo-reduced states were prepared to measure the 
H-atom transfer thermochemistry on their Ti8 nodes. CVs 
of colloidally suspended Ti-MIL-125 did not exhibit re-
versible Faradaic features; though estimations of thermo-
chemistry can still be achieved with irreversible 
features,61,62 its accuracy is far below that of using electro-
chemically reversible features. Instead, we turned to EOCP 
measurements, in which the experimentally measured 
values were predictable by the Nernst equation (eq. 
13).45,46  

EOCP measurements have been applied to determine the 
proton-to-electron stoichiometry and thermochemistry of 
molecular redox couples in aqueous and non-aqueous elec-
trolytes.45 In more recent years, this has been applied to 
polyoxovanadates.41 In all cases, the reduced and oxidized 
species were completely soluble in the electrolyte. Thus, it 
was surprising that even for colloidal systems that are not 
formally solubilized, like the reported Ti-MIL-125, this 
method is still applicable. We note that the change in EOCP 
of Ti-MIL-125 suspension in methanol-dimethylformamide 
(DMF) mixture upon photo-reduction has been reported 
previously,51 though due to the lack of information on the 
proton activity, the measured EOCP cannot be connected to 
the thermodynamics of the PCET reactions like those re-
ported here.    

The irreversible Faradaic feature in the CV of Ti-MIL-125 
resembles those of molecular H-atom donors and accep-
tors with slow electron transfer kinetics. The redox reac-
tion between (2,2,6,6-tetramethylpiperidin-1-yl)oxyl radi-
cal (TEMPO∙) and its hydrogenated form, TEMPO-H, is the 
seminal example highlighting this phenomenon; even us-
ing the controlled potential electrolysis (CPE), the TEMPO-
H formed via an electrochemical reduction of TEMPO∙ can-
not be re-oxidized.63,64 Thus, its O–H BDFE was instead 
measured using EOCP.45 The sluggish electron transfer 
should impact even further for colloidal crystallites like Ti-
MIL-125. In fact, in general, CVs of nanoparticles (NPs) and 
other colloidally suspended substrates are often quasi-
reversible, or totally irreversible. On top of slow electron 
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transfer kinetics, their diffusion to the electrode surface is 
slow, leading to CVs being ‘non-ideal’ for thermochemical 
analysis.65-67  

Complications due to the slow diffusion of buffers and oth-
er electrolytes within the pores of MOFs often obscure the 
measured thermodynamics.7  CVs of MOF-based electrodes 
typically exhibit large peak-to-peak separations (ΔEp). This 
raises questions about the accuracy of the derived half-
wave potential (E½) needed for the Pourbaix diagram and 
the H-atom transfer thermodynamics.68-70 We have previ-
ously employed Ce-MOF-808 and measured CVs over a 
wide pH range to determine the H-atom transfer thermo-
chemistry. While this has proven successful, the standard 
errors of the linear fits used in the Pourbaix diagram were 
inevitably larger than those reported here.42 In EOCP meas-
urements, these complications are nearly absent due to the 
longer experimental timescale allowing the system to 
reach equilibrium for every single reaction condition.45,46 
We will later return to the limitations of EOCP measure-
ments specific to Ti-MIL-125 and other MOFs.  

This report demonstrates the feasibility of measuring the 
EOCP of colloidal MOFs. Even though they are not ‘homoge-
neous,’ they can be treated much like soluble species. This 
enabled the determination of proton-to-electron stoichi-
ometry and the associated H-atom transfer thermochemis-
try as described below.  

PCET Reaction Mechanism of Ti-MIL-125 

The EOCP values of electrolytes containing reduced and oxi-
dized Ti-MIL-125 scaled in a roughly Nernstian fashion 
with a unit change in log([Ti3+]/[Ti4+]) and pH. Together, 
these established the proton-to-electron stoichiometry in 
the redox reaction to be 1:1.55  

Within the pH range of 6–9, three buffers with distinct pro-
tic groups were deliberately chosen to examine their roles 
in the EOCP measurement. The E°’ values at various pHs all 
scaled in a single linear function with each data point devi-
ating <5 mV (or <0.1 kcal mol-1) from the linear fit (Figure 
2C). This is strong evidence that the buffers within the 
electrolytes are simply acting as proton donors and accep-
tors with no explicit role in the PCET reaction. While we 
recently observed similar buffer independence in the H-
atom transfer thermochemistry of Ce-MOF-808,42 we em-
phasize that this is rarely observed for metal oxides and 
other binary materials. Nickel and cobalt-layered double 
hydroxides (LDHs) are well-known to have buffer-
dependent E½ values at the same pH, suggesting that buff-
ers play an active role in the PCET reaction. In fact, strong-
ly coordinating buffers like borate and phosphate anions 
have explicit roles in nickel/cobalt oxide-catalyzed, 
4H+/4e- oxidation of H2O to O2.22-24 Even for TiO2, Fortu-
nato et al. reported a drastic change in the Faradaic fea-
tures of layered hydrogen titanate in the presence of phos-
phate vs. sulfate anions.20 Compared to the bulk metal ox-
ides, Ti-MIL-125 has relatively lower chemical stability, 
which precluded measurements in these acidic electrolytes 
with highly coordinating anions.71,72 Still, we expect buffers 
like borate anions will interact much stronger than MES 
with weakly coordinating sulfonate groups. The independ-
ence of EOCP with respect to the buffer concentration and 
the identity of the electrode (GC vs. Au) further highlights 

that the measured EOCP is probing the 1H+/1e- PCET reac-
tions on the nodes of Ti-MIL-125.  

The observed Nernstian dependence of EOCP vs. pH can be 
explained by (A) Ti8 nodes undergoing the inner-sphere 
1H+/1e- PCET reaction or (B) difference in electron trans-
fer thermodynamics that is strongly correlated with sur-
face charges due to protonation/deprotonation; Scheme 2 
illustrates these two mechanisms using part of the Ti8 node 
with one H-atom adsorbed for simplicity. Change in sur-
face charge due to (de)protonation has been the common 
explanation of why band energies of semiconductors like Si 
or GaP with a thin layer of surface SiO2/GaPOx exhibit a 
Nernstian dependence with respect to pH. The surface 
acidic groups such as SiO–H/GaPO–H protonate or depro-
tonate, and their surface populations are dependent on the 
difference between the electrolyte pH and their pKa values. 
Hence, electron transfer to a de-protonated surface, for 
example, is less favorable due to a negative charge; in 
Scheme 2B, that would be the bottom reaction.73,74 While 
EOCP scaled in a single linear function with respect to pH, 
zeta-potentials of the crystallites exhibited a complex, non-
linear dependence. The surface charges of Ti-MIL-125 
were more negative in MES and borate buffer, i.e., those 
that are anionic upon deprotonation. These stark differ-
ences in EOCP/zeta-potential vs. pH trends suggest that the 
observed change in EOCP is not due to surface charg-
ing/discharging.18 The previously measured pKa of Ti-MIL-
125 also lies well outside the employed pH range.75 Thus, 
our experimental efforts corroborate the previous notion 
that the Ti8 nodes undergo an inner-sphere PCET reaction 
leading to bond formation/cleavage of the Ti3+O–H bond 
(labeled A in Scheme 2). This parallels many other reports 
examining the PCET reaction of TiO2,18,37,76 including the 
report by Hupp and co-workers; they demonstrated the 
conduction band energy of TiO2 scaled in a Nernstian fash-
ion over >26 orders of magnitude change in proton activi-
ty.77 This simply cannot be explained by the surface 
(de)protonation mechanism.  

Scheme 2. Schematic Illustration of (A) Homolytic O–H 
Bond Formation of (B) O–H Group De-protonation on 
the Ti8 Nodes of Ti-MIL-125  

 
Each node of Ti-MIL-125 has been reported to accept up to 
2H+/2e- (or two H-atoms).37,51 If both H-atoms are trans-
ferred in the redox reaction, we expect EOCP values to shift 
by 30 mV per unit change in log([Ti3+]/[Ti4+]),55 which con-
tradicts the experimental observations. Our computational 
calculations have suggested that the first and the second H-
atoms are bound to the Ti8 nodes with very similar binding 
energies (vide infra). These suggest that Ti-MIL-125 with 
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one or two H-atoms can donate just one H-atom to a fully 
oxidized Ti-MIL-125 like those outlined in Schemes 3A and 
B. At the same time, nodes with one and two H-atoms can 
undergo an H-atom transfer reaction with each other, and 
the free energy of this reaction should be nearly ther-
moneutral; see Scheme 3C. We note that reactions illus-
trated in Schemes 3A and C are essentially a self-exchange 
reaction, involving H-atom transfer. All three reactions in 
Scheme 3 involve two distinct nodes, labeled Nodes 1 and 
2; these nodes can be within one or multiple crystallites, 
and H-atoms can migrate between nodes through the 
mechanism speculated previously.37 In all cases, the total 
number of protons/electrons involved in the reaction is 
one, agreeing with the experimentally observed value.  

Scheme 3. Schematic Illustration of Three Possible 
PCET Reactions within Ti-MIL-125-Containing Electro-
lytea 

 

aIn B and C, we used one of many proton topologies of Ti8  
nodes with two H-atoms; because Ti3+O–H BDFE of the second  
H-atom was very similar as long as the protonation upon the  
PCET reaction occurs at μ2–O, this scheme should hold for all  
proton topologies shown in Figures 3 and S18. 

EOCP-Derived Ti3+O–H BDFE of Ti-MIL-125 and Compari-
sons with Other Literature Values 

The Pourbaix diagram plotting E°’ of Ti4+/3+ redox vs. pH 
(Figure 2C) was used to determine the average Ti3+O–H 
BDFE of Ti-MIL-125 to be 68 ± 2 kcal mol-1. To the best of 
our understanding, this is the first report on using EOCP to 
derive any thermochemical value of MOFs. 

The BDFE measurements reported here were minimally 
hindered by the presence of other redox-active species 
which can otherwise obscure the values. As noted in the 
Results section, an increase in the concentration of redox-
active Tris buffer resulted in minimal change in EOCP. On 
the other hand, the addition of formaldehyde solution into 
methanol-containing pH 7-adjusted Tris buffer did result 
in a drastic change in EOCP, but in an anodic direction. For-
maldehyde is inevitably introduced during the addition of 
Ti3+ as it is the oxidized product of methanol. This anodic 
shift is expected from the Nernst equation (eq. 11) and if 
the observed EOCP values were ‘dominated’ by the presence 
of formaldehyde, the EOCP upon injection of Ti3+ suspension 
into the mixture of Ti4+/3+-containing electrolytes should 
also shift anodically. Instead, at all MOF concentrations and 
buffers, we constantly observed a cathodic shift. The 
measured BDFE value significantly deviates from the aver-
age BDFE of the C/O–H bonds of methanol cleaved during 
the oxidation,7 or the individual BDFEs estimated from 

BDEs;78,79 in both cases, the differences in free energy are 
at least >30 kcal mol-1 (or >1.3 V). Thus, we conclude that 
the observed EOCP values are instead probing the H-atom 
transfer thermochemistry of the Ti8 nodes of Ti-MIL-125. 

The measured Ti3+O–H BDFE agrees with the previously 
reported reactivity of reduced Ti3+-MIL-125 towards 2,4,6-
tri-t-butylphenoxyl radical (2,4,6-t-Bu-BuO∙).37 2,4,6-tri-t-
butylphenol (2,4,6-t-Bu-BuOH) has an O–H BDFE of 75 kcal 
mol-1, and thus the H-atom transfer from the reduced Ti3+-
MIL-125 to 2,4,6-t-Bu-BuO∙ is a thermodynamically down-
hill reaction by ca. 8 kcal mol-1.7 The same report mentions 
the similar reactivity between reduced Ti3+-MIL-125 and 
TEMPO∙, apparent from the color change of MOF crystals.37 
Given that TEMPO–H has a BDFE similar to the value we 
determined for Ti-MIL-125 of 66 kcal mol-1,7 this seemingly 
complete reactivity disagrees with our measurements. We 
note, however, that for TEMPO∙, the reactivity study was 
convoluted due to its ready diffusion into the lattice as its 
molecular size is well below the pores of Ti-MIL-125. This 
convolution was absent for sterically bulky 2,4,6-t-Bu-
BuOH. ‘H-atom migration’ from the bulk of the crystals to 
the surface has been observed for Ti-MIL-125, where the 
necessary protons are transferred between nodes through 
protic solvents like H2O;37,80 this may suggest that there is a 
driving force for bulk H-atoms to migrate to the surface – 
i.e., at least the apparent Ti3+O–H BDFE is higher at the sur-
face than in bulk. In the EOCP measurements, the reduced 
and oxidized Ti-MIL-125 crystallites can exchange H-
atoms, but only to Ti8 nodes at the surfaces. Thus, EOCP may 
be more sensitive to surface Ti3+O–H BDFE. The kinetics 
and fundamental reason for such bulk-to-surface H-atom 
migration is convoluted and thus, we prefer to focus on 
thermodynamics. Nevertheless, the Ti3+O–H BDFE meas-
ured here infers that there may be a thermodynamic rea-
son behind this migration. 

Mancuso et al. previously determined the steady-state po-
tential of Ti4+/3+ through spectroscopic observation of fer-
rocene (Fc) and ferrocenium (Fc+) in acetonitrile (MeCN), 
using ethanol (EtOH) as a proton donor.81 Fc+ and ethanol 
were introduced to Ti3+-MIL-125 to measure the Fc/Fc+ 
ratio under equilibrium. The Ti4+/3+ redox potential was 
estimated to be roughly –0.59 V vs. Fc+/0, which was 
claimed to be just +36 mV more anodic of the 2H+/H2 cou-
ple. This disagrees with our Ti3+O–H BDFE measurements 
being >10 kcal mol-1 (or >0.4 V) higher than the H–H BDFE 
of roughly 52 kcal mol-1.7 We speculate three reasons for 
this discrepancy. First, it must be noted that the reaction 
conditions between the above report and our EOCP meas-
urements are vastly different, and the two batches of Ti-
MIL-125 were synthesized in a distinct manner. We cannot 
rule out differences arising from different reaction condi-
tions. Nevertheless, mathematical conversion between E 
vs. Fc+/0 to vs. 2H+/H2 (which is NHE in aqueous electro-
lytes) simply using a ‘constant’ value has been highly dis-
couraged for accurate thermochemical analysis (cf. 29,82,83). 
This value to convert between the two reference potentials 
ranges between 0.53 to 0.64 V vs. NHE.83-88 Furthermore, 
the exact proton activity in the MeCN/EtOH mixture is un-
known and this uncertainty has been suggested as the po-
tential source of error by Mancuso et al.81 Below, we elabo-
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rate on this through error analysis to rationalize the ap-
parent differences in the measured Ti3+O–H BDFE. 

Scheme 4 illustrates the thermochemical conversion of the 
PCET reaction in the MeCN/EtOH mixture (eq. 18) to ho-
molytic O–H bond formation (eq. 16’). For simplicity, only 
the ‘Ti–O’ moiety within the node and one H-atom are con-
sidered. The O–H bond formation reaction in MeCN is 
closely related to that in H2O, and hence are denoted as 
eqs. 16’ and 16 in Schemes 4 and 2, respectively.7,11,89 The 
pKa of EtOH in MeCN is not reported but is expected to be 
above that of phenol (which is ~27).90 Using the reported 
empirical method that converts the pKa in H2O to that in 
MeCN, the pKa of EtOH in MeCN was calculated to be ~29;91 
this value was used in Scheme 4. We note that this is still 
an estimation of the ‘true’ proton activity. In aprotic sol-
vents, acids and bases can undergo homo-conjugation.92  

The resulting estimated Ti3+O–H BDFE is ~79 kcal mol-1; 
while we reframe from excessive, quantitative compari-
sons of this value to others given many estimations used 
here, it is clear that this value is well above the H–H BDFE 
of 52 kcal mol-1.7 If the Ti3+O–H BDFE is close to 52 kcal 
mol-1, Scheme 4 suggests that the pKa of EtOH has to be 
~10. The thermodynamic potential of 2H+/H2 vs. Fc+/0 in 
MeCN is –0.028(4) – 0.059×pKa V.45,46 In order for the 
2H+/H2 couple to be –0.55 V vs. Fc+/0 (i.e., –0.59 + 0.036 V) 
noted above,81 the pKa of EtOH again has to be ~9. Regard-
less of the two methods, it is unlikely that the pKa of EtOH 
is comparable to strong acids like HCl or p-toluenesulfonic 
acid with pKa of 10 and 8.5, respectively.90 Homoconjuga-
tions and other artifacts should not lead to ~20 pKa unit 
differences. Significant errors in thermochemical calcula-
tions due to the lack of knowledge of proton activity have 
been reported multiple times in the literature (cf. 29,46,82). 

Scheme 4. Schematic Illustration of Ti3+O–H BDFE Der-
ivation in MeCN/EtOH Mixture 

The above error analysis highlights the advantages of using 
EOCP instead to measure H-atom thermochemistry. All EOCP 
measurements were conducted with known proton activi-
ty and the amounts of Ti3+ vs. Ti4+, and the measured EOCP 
were all predictable by the Nernst equation (eq. 13). We 
argue here that much like how EOCP-derived BDFEs are 
preferred for molecular species due to their enhanced 
quantitative accuracy,45 EOCP should be the preferred 
method to determine the H-atom transfer thermochemis-
try of colloidal MOFs.  

Computational Corroboration of Ti8 Node Structural Changes 
upon Redox Reaction 

Ti3+O–H BDFE derived from EOCP measurements and in-
silico simulations were quantitatively similar, with a small 
difference of up to 7 kcal mol-1. This slight disagreement 
may be due to the entropic component that is not consid-
ered in the computational model. Our attempts to compute 
entropic components were largely impeded by the arbi-
trarily high translational entropy of an isolated H-atom in 
vacuo prior to its binding to the Ti8 node. Because in the 

actual experiment, the H-atoms are bound to the node and 
are exchanged, this entropic component does not reflect 
the actual chemistry. Computed BDE values were still 
quantitatively close to the experimental BDFE value fol-
lowing our previous success in computing BDE of Ce-MOF-
808.42  

Localization of spin densities regardless of the number of 
H-atoms or the node proton topologies parallels previous 
reports on H-atom addition to Ti-MIL-125 and TiO2. Fab-
rizio et al. reported a similar localization of H-atoms using 
the Vienna ab initio Simulation Package (VASP).51,93-95 The 
migration of H-atoms at the surface or bulk of TiO2 is kinet-
ically slow – in other words, the H+/e- are not delocalized 
(see below for more details).96,97 Our computational efforts 
have further elucidated that while Ti3+–O bonds within the 
eight-membered ring changed up to 0.34 Å, the Ti3+–
O(linker) bonds were minimally altered even upon two H-
atom addition; this suggests that the terephthalate linkers 
are minimally congested. The PXRD patterns of oxidized 
and photo-reduced Ti-MIL-125 were identical, corroborat-
ing the preservation of bulk MOF topology.  

Overall, the close agreement between electrochemical and 
in-silico calculations proves the presented work to be accu-
rately probing the H-atom transfer thermochemistry of Ti-
MIL-125.   

Comparisons of H-atom Transfer Thermochemistry between 
Ti-MIL-125 and TiO2 

The computational calculations of Ti8 nodes have alluded 
that the measured Ti3+O–H BDFE of ca. 68 kcal mol-1 is like-
ly probing the thermochemistry of both the first and sec-
ond H-atoms adsorbed on the Ti8 node, as long as μ2–O 
serves as the Brønsted base. The above independence of 
BDFE to the number of adjacent H-atoms essentially sug-
gests that the adsorbed H-atom follows the ideal Langmuir 
isotherm. In other words, the adsorbed H-atoms do not 
laterally interact with each other to alter their BDFEs.98,99  

We speculate such H-atom coverage independence to rela-
tively small changes to the ionic radii of Ti cation upon 
reduction and their interactions with carboxylates. Ti3+ 
cations are less than 0.1 Å larger than Ti4+.100 The Ti3+O–H 
BDFE of citrate-capped vs. uncapped TiO2 NPs are quanti-
tatively identical, suggesting that Ti-carboxylate interac-
tions have minimal effect on H-atom transfer reactions.18 
As noted above, the bond distance changes were quite lo-
calized near Ti3+ cations even after two H-atom additions, 
and thus lattice strain-induced BDFE distribution is unlike-
ly. Indeed, for all proton topologies we examined computa-
tionally, the Ti3+–O(linker) bond changed by less than 0.1 
Å. The band energies upon redox reactions have been 
demonstrated to be independent of the number of H-atoms 
per node by Mancuso et al., which supports our observa-
tion;81 we note, however, that their absolute BDFE value 
estimated from the calculated band energies contradicts 
our report and we discussed the reasons for this difference 
above.   

To the best of our knowledge, amongst all heterogeneous 
systems with Ti-oxo moieties, TiO2 NP is the only material 
that exhibits the Langmuir isotherm.18 Even at reasonably 
high H-atom coverage with up to one H-atom per 10 Ti 
cations, the Ti3+O–H BDFE values were more similar than 
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different.18 Compared to TiO2 NPs, bulk TiO2 can often ex-
hibit a wide range of BDFE. Balland and co-workers have 
shown that amorphous TiO2 exhibits > 10 kcal mol-1 width 
in BDFE distribution.30 On the other hand, anatase TiO2 
exhibits a distribution narrower than the ideal Langmuir 
isotherm, suggesting that H-atom adsorption (and inser-
tion) are thermodynamically more favorable when anatase 
TiO2 already has H-atoms. In the Semiconductor Electrodes, 
Finklea has demonstrated that the flat-band potentials of 
TiO2 can have ~0.5 eV (or >10 kcal mol-1) deviations from 
each other at a given pH, depending on the synthetic pro-
tocol and chemical history.101 This surface-coverage-
dependent BDFE has been ascribed to lateral interactions 
between adsorbates and/or chemical heterogeneity, com-
bined most likely in a complex manner.98,102,103  

Implications of Ti3+O–H BDFE on Reactions of H2 

Under UV irradiation, TiO2 evolves H2 from H2O, but only 
after a certain irradiation period.27,104 This induction peri-
od has been classically ascribed to the kinetic reason. H-
atoms on the surface of TiO2 have O–H BDFEs typically 
ranging between 40 to 49 kcal mol-1.7,12,18 Thus, H2 for-
mation should be thermodynamically downhill. However, 
the slow diffusion of these H-atoms through the lattice 
prevents the release of H2.96,97  

The Ti3+O–H BDFE of Ti-MIL-125 is well above that of H2 
regardless of the number of H-atoms per node as long as 
μ2–O is protonated – in other words, for Ti-MIL-125, the H2 
evolution reaction (HER) is thermodynamically uphill. 
Perhaps, this explains why co-catalysts (e.g., Pt NPs) are 
commonly employed in many reports of Ti-MIL-125-
catalyzed H2 evolution reaction (HER), where in these cas-
es the MOF simply acts as a photosensitizer.105-107 This rel-
atively high Ti3+O–H BDFE is tentatively ascribed to the 
rather unique ring-like structure of Ti8 nodes that are 
‘locked’ within the MOF network. If similar Ti-oxo moieties 
exist on surfaces of TiO2, this can explain the observed in-
duction period in TiO2-catalyzed HER; H-atoms adsorbed 
at the initial stage of the reaction are on these moieties and 
are not released as H2. HER only happens at other distinct 
sites with significantly weaker Ti3+O–H BDFE. As noted 
above, the surfaces of TiO2 are known to undergo a dynam-
ic structural transformation during HER,27 and thus, it is 
experimentally challenging to probe the presence of a Ti8 
node-like structure on the TiO2 surface. Our measurements 
simply infer an alternative thermodynamic explanation 
behind the observed induction period in TiO2-catalyzed 
HER. In practice, it is likely that kinetic, thermodynamic, 
and perhaps other reasons have complex contributions.  

The reported findings on the thermochemistry of Ti-MIL-
125 cannot determine the exact reason behind the differ-
ences in BDFEs of Ti-MIL-125 and TiO2. These remain a 
fundamental challenge in the field of surface science and 
electrocatalysis, even for crystalline materials like 
MOFs.11,28,29,108 Nevertheless, our electrochemical and 
computational efforts on Ti-MIL-125 suggest that the Ti8 
node is a stronger H-atom acceptor than TiO2 even though 
locally, their compositions are similar.  

Limitations in EOCP Measurements of Ti-MIL-125 

While EOCP measurements have proven successful in the 
reported buffers and pH, many attempts beyond the re-

ported reaction conditions led to MOF decomposition. In 
general, Ti-based MOFs have lower chemical stability than 
MOFs with the other Group IV transition metal cations, i.e, 
Zr- and Hf-based MOFs;72 the latter two are largely redox-
innocent, so without functionalization, their MOFs are elec-
trochemically inert.44 The lack of suitable and stable buff-
ers also precluded exploration beyond the reported pH 
range. We have attempted to use acetic acid/acetate buffer 
for the pH range of 4–5, but instead led to an immediate 
decomposition of Ti-MIL-125; this is likely due to the dis-
placement of terephthalate linkers by acetate anions. This 
attempt was largely prompted because of the reported pKa 
of Ti-MIL-125 being ~4.5.75 The buffer concentration must 
be orders of magnitude higher than that of Ti-MIL-125 for 
accurate EOCP measurements, which precludes the dilution 
of buffers.45 In general, there lacks a buffer at pH <5, which 
does not strongly coordinate to Ti8 nodes to prevent MOF 
decomposition.  

The sample-to-sample variation was seemingly dependent 
on the zeta-potential of the Ti-MIL-125 crystallites in the 
buffer. At pH 6, 6.6, and 9, the zeta-potentials were highly 
negative, around –20 mV. While we are unsure of the exact 
role or reasoning behind such negative surface charges, it 
is conceivable that this can decrease the electron transfer 
reactions between crystallites during the equilibration, 
which are known to hinder electrochemical measurements 
(see above). The previous report on using EOCP to deter-
mine BDFEs of non-polar C–H bonds using molecules like 
anthracene/dihydroanthracene was proven unsuccessful, 
also due to the slow electron transfer kinetics. In fact, tet-
rahydrofuran (THF) was used as a solvent for many mo-
lecular species, indicating that its 4H+/4e- oxidation to fu-
ran involving two C–H bond cleavages is not perturbing 
the EOCP measurements.45 This parallels the apparent elec-
trochemical inertness of Tris buffer in our work. Even for 
more polar O–H bonds, redox couples like 2,4,6-t-Bu-
BuOH/2,4,6-t-Bu-BuO∙ had significantly high sample-to-
sample/day-to-day variation and many times, the linear 
fits had slopes quite distinct from the ideal 59 mV per 
log([red]/[ox]); this is qualitatively similar to our observa-
tions at pH 6 and 6.6.45 This inconsistency is reported to be 
even more pronounced for polyoxovanadates.41 The kinet-
ics of (proton-coupled) electron transfer between two col-
loidal MOF crystallites must be slower than molecular spe-
cies or polyoxometalates. Thus, this explanation seems to 
agree with the batch-to-batch dependence and some devia-
tions from the Nernstian slope observed in some of the 
buffers in this report. We note, however, that even if E°’ 
derived from these ‘less ideal’ measurements were re-
moved, the linear fit in the Pourbaix diagram and the de-
rived Ti3+O–H BDFE is minimally altered, and thus the con-
clusions stated here are not dependent on these limita-
tions.  

We acknowledge many challenges associated with EOCP 
measurements of MOFs. The reported success in deriving 
Ti3+O–H BDFE, however, should still prove as powerful 
evidence that this technique can be applied for accurate 
BDFE measurements of colloidal MOFs, and perhaps other 
colloidal systems with limited methods for accurate ther-
mochemical analysis.   

CONCLUSIONS AND FUTURE OUTLOOK 
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H-atom binding energy on the Ti8 nodes of the MOF, Ti-
MIL-125 was experimentally determined using a series of 
EOCP measurements. The colloidal stability of nanosized Ti-
MIL-125 enabled EOCP measurements, where the crystal-
lites were treated as ‘homogeneous’ species . The experi-
mentally derived free energy of H-atom transfer, Ti3+O–H 
BDFE, was more accurate than previously reported meth-
ods. The enhanced accuracy of calculated BDFE using EOCP 
vs. other electrochemical/spectroscopic techniques has 
been elaborated for molecular species45 and we argue this 
is true even for Ti-MIL-125.  

Our BDFE measurements were corroborated using compu-
tational simulations. Atomically precise structural 
knowledge of the Ti8 nodes ensured that the simulations 
were representative of the actual system. We emphasize 
that to the best of our understanding, this is the first report 
on using EOCP to derive the thermochemistry of any MOF-
based system. Given this success, it is tempting to claim 
that EOCP measurements may be a viable method to meas-
ure the H-atom transfer thermochemistry of other colloidal 
systems beyond MOFs.  

The experimentally derived Ti3+O–H BDFE of roughly 68 
kcal mol-1 is larger by ca. 20 kcal mol-1 than those experi-
mentally/computationally derived for bulk TiO2.18,76 We 
tentatively ascribe such stark differences in BDFEs to the 
somewhat unique Ti-oxo ring-like structure that cannot re-
organize even after H-atom adsorption without MOF deg-
radation. A similar structure may be present on TiO2 sur-
faces, at least initially, but would likely evolve in its struc-
ture as more H-atoms get adsorbed. This structural evolu-
tion is minimized in Ti-MIL-125 as the node structure is 
critical to retaining the porous structure.  

Whatever the reason for such a difference in BDFE is, we 
advocate that this drastic difference suggests that Ti-oxo 
moieties with similar local structures can have drastically 
different reactivity in H-atom transfer reactions. Unlike 
bulk TiO2, Ti-MIL-125 has a >20 kcal mol-1 thermodynamic 
driving force to accept H-atoms; thus even though the two 
materials contain a similar structural motif, their reactivity 
in PCET/H-atom transfer reactions is quite distinct. These 
uniquely high BDFE values can be useful for chemical 
transformations involving H-atom transfer that TiO2 can-
not otherwise catalyze, and this is our current research 
focus. We are further exploring other Ti-based MOFs with 
distinct node structures and MOF topologies that may alter 
the BDFE. The presented work should become the corner-
stone of the accurate determination of BDFEs of nanosized 
MOFs and other colloidal systems, which are critical to 
electrocatalyst design for renewable energy transfor-
mation and many others.  
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