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While synthesis-properties-performance correlations are being
studied for organophosphonic acid grafted TiO2, their stability
and the impact of the exposure conditions on possible changes
in the interfacial surface chemistry remain unexplored. Here, the
impact of different ageing conditions on the evolution of the
surface properties of propyl- and 3-aminopropylphosphonic
acid grafted mesoporous TiO2 over a period of 2 years is
reported, using solid-state 31P and 13C NMR, ToF-SIMS and EPR
as main techniques. In humid conditions under ambient light

exposure, PA grafted TiO2 surfaces initiate and facilitate photo-
induced oxidative reactions, resulting in the formation of
phosphate species and degradation of the grafted organic
group with a loss of carbon content ranging from 40 to
60 wt%. By revealing its mechanism, solutions were provided to
prevent degradation. This work provides valuable insights for
the broad community in choosing optimal exposure/storage
conditions that extend the lifetime and improve the materials’
performance, positively impacting sustainability.
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Introduction

The introduction of organic molecules onto the surface of metal
oxides (e.g., TiO2, ZrO2, Al2O3, ZnO) through surface grafting
provides the ability to tailor the surface properties towards an
increased specificity and control of interactions. Such hybrid
organic-inorganic materials are of importance in applications in
which the performance is governed by interactions at the
surface. In this context, the surface grafting of metal oxides
with organophosphonic acids (PAs) and their derivatives is a
promising method to tailor the surface properties relevant to a
particular application.[1,2] Moreover, it allows (sub)monolayer
coverages and control of the number and distribution of
grafted organic groups, depending on the applied synthesis
conditions such as the type of PA, the solvent, the temperature
and the concentration.[3–6] Given the versatility of this grafting
method, organophosphonic acid modified titania materials are
of interest in a large variety of emerging applications and
research domains such as membrane separation,[7,8] supported
metal catalysis,[9,10] CO2 conversion and adsorption,[11–13] hybrid
(photo)electric devices,[14,15] biosensing[16,17] and selective metal
sorption, [18,19]

Grafting of PAs comprises a complex set of reactions
including the formation of Ti� O� P bonds via coordination of
phosphoryl oxygen (P=O) to Lewis acidic sites, while P-OH
groups are involved in condensation reactions with surface
hydroxyl groups,[20] forming mono-, bi-, or tridentate binding
modes. In reality, however, unravelling the precise surface
chemistry of PA grafted titania materials is challenging, as
multiple binding modes were found to coexist on the
surface.[21,22] This is further influenced by the presence of
hydrogen bonding and other non-covalent interactions within
and between grafted PA groups, as well as with surface
water.[21,23,24] Recent systematic studies on aliphatic and aromatic
phosphonic acids[5,22,25] and aminopropylphosphonic acid[24]

grafted TiO2 demonstrate that a combination of experimental
techniques and DFT calculations provides insights into the
binding modes and surface conformations, as well as the
interactions involved in their formation.

In the framework of materials performance and applicability,
the stability and lifetime of the grafted organic layer are vital
aspects to assess. Previous studies have already demonstrated
the high hydrolytic stability of PA grafted metal oxides
compared to organosilane-grafted groups.[26–28] These studies
give a systematic overview of the impact of the alkyl chain
length and type of PA on the hydrolytic stability of the grafted
PAs in function of the pH by monitoring the loss of grafted
organic groups upon increasing immersion time in aqueous
conditions. However, only averaged macroscopic changes of
the surface properties were determined, while in-depth post-
mortem analysis was missing.

Only a few publications exist that report a more in-depth
study of changes in the surface chemistry of PA modified TiO2

surfaces upon ageing. These studies are limited to stability
experiments under photocatalytic conditions via illumination of
PA modified TiO2 with UV light. Guerrero et al.[29] studied the
stability of phenylphosphonic acid modified P25 towards UV

irradiation using 31P-MAS NMR spectroscopy. They found that
upon UV illumination in water, the initial 31P resonance signals
between 28–13 ppm decreased in intensity and a new signal
appeared near 0 ppm. In toluene, however, only minor changes
were observed in the 31P-MAS spectra after UV illumination.
While they assigned the newly formed phosphorus environ-
ment near 0 ppm to phosphate species, based on the 31P-MAS
spectra of orthophosphoric acid modified P25, further exper-
imental proof and characterization of the illuminated samples
were not provided.

Further systematic insights were provided by Kickelbick
et al.[30] who compared the photocatalytic stability of TiO2

modified with phenylphosphonic acid (PhPA) and dodecylphos-
phonic acid (DDPA). Monitoring the CH stretching and bending
vibrations of DDPA and PhPA in FT-IR revealed a gradual
decrease in intensity upon increasing exposure time to UV
illumination, while the broad Ti� O� P absorption band practi-
cally remained unchanged. Hence, a degradation of the grafted
organic groups was revealed while phosphate species remained
present at the surface, as supported by 31P-MAS NMR. Signals
related to C� OH, C=O and O� C=O moieties were found in 13C-
CPMAS spectra after illumination. An oxidative degradation
mechanism was put forward, which proceeds sequentially
rather than via direct breakage of the P� C bond. However, the
authors’ assignment of 13C NMR signals correlated to oxidized
species originating from PA grafted groups might be question-
able as modifications were performed in a methanol/water
mixture (3 : 1) followed by washing with ethanol. Since alcohols
are reported to adsorb both molecularly and dissociatively on
TiO2,

[31] these can potentially adversely contribute to the
observed 13C NMR signals.

Up to date, no in-depth studies are reported on the long-
term stability of PA modified TiO2 while exposed to ambient
conditions (moist, ambient light) and general storage condi-
tions of samples. Yet, in the many applications wherein PA
modified TiO2 materials are involved, such conditions are more
frequently found rather than harsh exposure to UV light. Thus,
since the performance of these materials is governed by specific
surface interactions, changes in the interfacial surface chemistry
have a possible influence on their performance in applications.
Therefore, this work systematically elucidated the impact of
short and long-term ageing conditions (humid versus dry, inert
atmosphere) on the evolution of the surface properties of PA
grafted TiO2 (Hombikat M311). Using 3-aminopropylphosphonic
acid (3APPA) and propylphosphonic acid (3PPA) as its amine-
free analogue, and through grafting at two concentrations (20
and 150 mM), insights are provided on the impact of the amine
group and the concentration on the ageing properties.
Throughout a timeframe of 495 days, the surface properties of
the grafted samples were monitored and characterized, in
discrete time intervals, via a combination of complementary
analytical techniques. Possible changes in the surface chemistry
at the level of the phosphonate moiety and the carbon chain
were investigated using solid-state 31P-MAS NMR, ToF-SIMS and
13C-CP-MAS NMR, providing detailed insights on the formed
phosphorus-and carbon-based structures, thereby unravelling
the corresponding ageing mechanism. Via Electron Paramag-
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netic Resonance (EPR) measurements on the modified powders,
experimental evidence was provided on how the charge-
transfer properties are subject to the underlying origin of
ageing. The peculiar role of water (in the form of moisture) and
ambient light are highlighted, since they predominantly
determined whether the original phosphonic acid-based
chemistry was preserved or not. Furthermore, the influence of
the titania support properties (e.g. crystal phase) on the ageing
stability is evaluated via exposure of 3APPA grafted samples to
different light sources in aqueous solution.

Results and discussion

First indications for ageing phenomena and structural
changes

Elemental analysis (Table 1) on 3APPA and 3PPA modified
Hombikat M311 showed a significant decrease in carbon
content of 40–60% after 495 days of ageing under a humid
atmosphere with 75% relative humidity. This is in agreement
with changes in their DRIFT spectra, where the intensities of the
signals in the stretching (3000–2800 cm� 1) and deformation
vibration (1470–1410 cm� 1) regions of the propyl and amino-
propyl chain decreased (Figure S.1). In contrast, no decrease in
the nitrogen content was found after ageing within the
experimental error (10%) of CHNS analysis. Similarly, the
phosphorus content, as measured by ICP-OES analysis, revealed
no changes after ageing with respect to the as-synthesized
contents.

These results indicate a significant loss of organic groups
from the surface. The absence of a concomitant decrease in
nitrogen content suggests that the amine groups remained
adsorbed at the surface via Lewis and/or Brønsted acid
interactions. The occurrence of such drastic changes in
elemental concentrations upon ageing under a humid atmos-
phere, without the presence of harsh degradation-promoting
sources (e.g. UV), has not yet been reported in literature. In the
next sections, the underlying possible changes in surface
chemistry at the level of the phosphonate moiety and the
carbon chain are discussed to elaborate on the ageing
mechanism and the controlling parameters governing this
ageing.

Insights into the ageing mechanism at the level of the
phosphonate moiety

Solid-state 31P-MAS NMR

Although elemental analysis indicates no changes in the
phosphorus content of the samples during ageing, insights into
possible changes in the phosphorus environment are missing.
Therefore, solid-state 31P MAS spectra were recorded at regular
time intervals of 3APPA and 3PPA modified Hombikat M311
upon ageing under a humid and dry-inert atmosphere. Pure
3APPA and 3PPA display sharp peaks at 25.1 and 37 ppm,
respectively, as shown in Figure 1 (black solid line). Upon
binding to the TiO2 surface, a wide broadening is observed
(spectra in blue), caused by the formation of different over-
lapping resonances. This can be assigned to the formation and
coexistence of different binding modes (i. e., mono-, bi- and
tridentate) and a wide variety of surface conformations and
weak, non-covalent interactions (e.g. via H-bonds) of the
organic groups, including interactions with bonded water.[24]

The NMR spectra of samples exposed for 4 days to a humid
atmosphere, show changes in the relative intensities and
chemical shifts of the overlapping resonance signals (spectra in
red). An intensification of the signals at 21.6 and 26.4 ppm was
observed for both 3APPA20 and 3PPA20, respectively. In
addition, the main resonance of 3APPA20 shifts downfield from
25 ppm to 27.3 ppm while the main resonance of 3PPA20 shifts
upfield from 32.5 ppm to 30.2 ppm. The same behavior could
be observed in the samples modified with a higher phosphonic
acid precursor concentration (150 mM), although in the case of
3PPA150 the effects were less pronounced because a sharp
resonance is already present at 26.7 ppm (Figure S.2). Since the
storage of the samples for 14 days under inert-dry conditions
does not result in peak shifts or intensity changes with respect
to the pristine 31P-NMR spectra (Figure S.3), the aforementioned
results reveal the sensitivity of the different phosphorus
environments towards water.

After longer exposure times to humid conditions, gradual
changes could be observed for all samples (Figure 2). The
spectra are normalized to their total peak area to see the
contribution of newly formed peaks. Firstly, an asymmetric peak
with a main resonance around � 2 ppm started appearing. This
was accompanied by a small downfield signal at 7 ppm, a
downfield shoulder at 0 ppm and an upfield signal at � 15 ppm.
In parallel with the formation of these new signals, the intensity
of the main pristine peaks between 40–19 ppm decreased
gradually. This observed trend upon ageing was identical for all

Table 1. Overview of C, N and P concentrations of as-synthesized (0 days) and in 75% humidity aged (495 days) 3APPA and 3PPA modified Hombikat M311.
Experimental error of 110% and 25%.

Sample C [%]1 N [%]1 P [%]2

0 days 495 days % decrease 0 days 495 days 0 days 495 days

3APPA150 1.01 0.57 44 0.37 0.35 1.20 1.20
3PPA20 1.45 0.63 57 n.a. n.a. n.d. n.d.
3PPA150 1.70 0.97 43 n.a. n.a. 1.37 1.30

n.a.=not applicable, n.d.=not determined
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samples, and thus, irrespective of the used phosphonic acid
precursor and modification concentration. This suggests the
occurrence of similar changes in surface chemistry upon ageing
in a humid atmosphere for 3APPA and 3PPA grafted powders,
despite the differences in the 31P-NMR spectra of freshly grafted
3APPA and 3PPA. In addition, 3PPA grafted powders also
display prominent increasing peaks at 18 and 11 ppm upon
ageing which are less obvious for the 3APPA grafted powders.
In contrast, under dry-inert conditions, the formation of these
new phosphorus environments upon ageing was absent (Fig-

ure S.4 and S.5). Small changes only start to appear after
195 days of storage, compared to after 28 days under humid
conditions. To exclude the role of oxygen, ageing was
performed under dry air instead of a dry Ar/N2 atmosphere.
However, no changes were found during this long-term ageing
under dry air, as exemplified by 3APPA20 in Figure S.6,
suggesting that oxygen does not play a role in the ageing
process. Hence, these results clearly illustrate that humidity
plays a fundamental role in the ageing process.

Figure 1. Solid-state 31P MAS NMR of 3APPA20 and 3PPA20 after synthesis (blue spectra) and after 4 days of contact to a humid atmosphere (red spectra). The
spectra of the pure phosphonic acid precursors are also shown (grey solid lines). The influence of water on the spectra was apparent from the perceived
intensity changes and peak shifts.

Figure 2. Solid-state 31P-MAS NMR spectra of 3APPA20, 3APPA150, 3PPA20 and 3PPA150 at different exposure times (4–495 days) under a humid atmosphere.
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In order to investigate the rate of ageing, two different
regions were defined: region 1 encompasses the chemical shifts
that were present in the pristine grafted powders, while region
2 was indicative of the newly formed environments. Region 1
for 3APPA ranges from 40 to 10 ppm, and region 2 from 10 to
� 20 ppm. For 3PPA, regions 1 and 2 were taken from 40 to
20 ppm, and from 20 to � 20 ppm, respectively. Upon plotting
the ratio of the peak areas of region 2 and region 1 in function
of the ageing time, a linear change was observed, indicating a
systematic change with time (Figure S.7). The slope of the linear
fits can be used to estimate the rate of change in the grafted
powders. The rate of change in descending order was
3APPA20>3PPA20>3PPA150>3APPA150. Since the presence
and adsorption of water at the surface plays a role in the
ageing, differences in surface coverage of grafted groups
influenced the number of surface adsorption sites for water,[32]

and thus could be responsible for the difference in the
susceptibility towards ageing. For example, modification de-
grees of 0.6 and 0.8 groups/nm2 were obtained for 3APPA20
and 3APPA150, respectively. The authors would like to point
out that these values do not represent saturation-behavior, but
rather can be clarified by the selected modification conditions
and the presence of amine-surface interactions. For a detailed
discussion, the reader is referred to Table S.1. Experimental
evidence of an increased hydrophobicity with increasing
precursor concentration is revealed by water adsorption
measurements (Figure S.8). Between relative humidities from 0
to 35%, a relatively lower water uptake in the adsorption
branch was found for 3APPA150. Since this part of the isotherm
is specifically related to the surface chemistry, this indicated the
lower water affinity of 3APPA150 compared to 3APPA20. In
addition, as it was reported that 3APPA was involved in
conformations in which the aminopropyl chains were folded
back towards the surface,[24] these groups could sterically shield
or block adsorption sites for water. This shielding was illustrated
by quantum chemical calculations of 3APPA adsorption on the
anatase 101 facet (Figure S.9). The slower rate and inferior
ageing after 495 days for 3APPA150 might therefore also be
ascribed to the larger area of water adsorption sites that were
shielded.

Modification with phosphorus-based structures and associated
31P NMR spectra

The newly formed signals during ageing in a humid atmosphere
between � 15 and 7 ppm in the 31P-MAS NMR spectra, with a
predominant signal around � 2 ppm, indicated distinct struc-
tural changes at the level of the phosphonate anchor group.
Possible functionalities at this position include phosphates,
phosphate mono-, di-, and triesters (P� O� C bonds) and
pyrophosphonates (P� O� P bonds), as schematically shown in
Figure 3.

In order to identify the formed structures upon ageing that
could be allocated to the � 2 ppm signal, the studied TiO2

Hombikat M311 powder was modified with precursors repre-
senting different classes of phosphorus-based structures: i)
orthophosphoric acid (oPA, H3PO4), ii) potassium dihydrogen
phosphate (PDHP, KH2PO4) as phosphate, iii) a monomethyl-
dimethylphosphate mixture (MM-DMP) and trimethylphosphate
(TMP) as organophosphate derivatives and iv) dipropyldiphos-
phonic acid (DPDPA) as pyrophosphonate. Unfortunately, no
conclusive statements on the prevalence of either structure
upon ageing could be made. All results were compiled in the
supplementary information, including Figure S.10 and S.11.

Insights into the formed phosphorus structure(s) via ToF-SIMS

ToF-SIMS measurements were performed to gain further insight
into the changes induced during ageing, focusing on character-
istic ion fragments for 3APPA and 3PPA modified Hombikat
M311 that increased or decreased in relative intensity during
ageing. In the case of 3APPA20, CN� (m/z=26.02) and
C3H9NPO3

� (m/z=138.08) were characteristic ion fragments in
the negative ToF-SIMS spectra, while C3H7O

+, C2H4O2
+ and

C3H10N
+ were characteristic in the positive ToF-SIMS spectra.

C3H9NPO3
� was an interesting fragment because it corresponds

to the “molecular ion minus 1 hydrogen” (M� H)� . Figure 4A1
shows how this (M� H)� mass peak decreased from the as-
synthesized state to ageing for 257 and 495 days in humid
conditions, giving first indications on structural changes of the
3APPA grafted groups upon ageing which is in line with the
earlier presented NMR results. In addition, similar decreasing
trends were visible for the CN� and C3H10N

+ fragments, as

Figure 3. Non-limitative schematic overview of plausible phosphorus-based structures formed during ageing in a humid atmosphere via breakage of the P� C
bond in an organophosphonic acid bonded/adsorbed group, illustrated by monodentate 3APPA on anatase (101).
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shown in Figures 4A2 and 4A4, respectively. Although elemen-
tal analysis revealed no decrease in the nitrogen content upon
ageing, the decreasing CN� signal confirms changes at the level
of the amine functionality. This might be associated with the
breakage of the C� N bond in the aminopropyl chain, although
other factors resulting in such a decrease cannot be ruled out
(e.g. differences in fragmentation due to conformation changes
of 3APPA or interactions of the nitrogen atom with the surface).
Besides the decreasing relative intensities of C3H9NPO3

� , CN�

and C3H10N
+ fragments, an increasing relative intensity of

C3H7O
+ (Figure 4.A3) and C2H4O2

+ (Figure 4.A4) is found upon
ageing for 3APPA20.

Based on the trends in these characteristic fragments, ToF-
SIMS confirmed structural changes and fragmentation of the
3APPA grafted groups upon ageing, involving the oxidation of
the carbon chain. Similar results were obtained for 3PPA grafted
Hombikat M311 (Figure S.12), revealing a decrease in relative
intensities of the C3H8PO3

� (m/z=123.07) and C3H6PO2
� (m/z=

105.05) fragments. Similarly to 3APPA20, the occurrence of
oxidation reactions is confirmed by the appearance and

intensity increase of C3H7O
+ and C2H4O2

+ fragments upon
ageing. For a summarizing overlay of the negative ToF-SIMS
spectra in the mass range 0–200 m/z for native Hombikat M311
and as-synthesized 3APPA20 and 3PPA20, the reader is referred
to Figure S.13.

In order to identify the newly formed phosphorus
structure(s) upon ageing, as revealed by 31P NMR, characteristic
phosphorus-containing fragments in ToF-SIMS spectra of TiO2

modified with oPA, MM–DMP and DPDPA (Figure S.14) were
compared with the ToF-SIMS spectra of aged 3APPA20 and
3PPA20 (Figure S.13). Analysis of the DPDPA reference precursor
powder revealed characteristic P2O4

� (m/z=125.95) and P2O5H
�

(m/z=142.95) ion fragments assigned to P� O� P bonds, while
in the ToF-SIMS spectra of aged 3PPA20, these fragments were
not found (Figure S.15). Secondly, analysis of MM–DMP modi-
fied TiO2 showed CH4PO4

� (m/z=111.01) and CH3O
� (m/z=

31.03) as characteristic ion fragments (Figure S.16). However,
fragments in the form of CxHyPO4

� and CH3O
� were not present

in the spectra of aged 3PPA20. Hence, one can conclude that
pyrophosphonate (P� O� P) and organophosphate (P� O� C)

Figure 4. Evolution of characteristic ion fragments in ToF-SIMS for native Hombikat M311 (black) and 3APPA20 after synthesis (blue) and upon ageing under a
75% humid atmosphere for 257 days (green) and 495 days (red). (A1) C3H9NPO3

� ; (A2) CN� ; (A3) C3H7O
+; (A4) C2H4O2

+ and C3H10N
+. All overlays show 3

spectra per condition. Intensities were normalized to the total ion intensity.
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related structures were not formed upon ageing. Considering
the list of possible candidates accounting for the signal around
� 2 pm, this suggests that the ageing was likely to be
characterized by the formation of phosphate species.

Figure S.13 shows an overlay of mass spectra obtained for
aged 3APPA20 and 3PPA20 modified TiO2 powders in red, and
for oPA modified TiO2 powder in green. Evaluating changes in
the relative intensities of the PO2

� , PO3
� , TiPO4

� and TiPO5
� ion

fragments, which are characteristic of the interaction between
TiO2 and phosphorus-based structures, enables to deduce
possible changes at the phosphonate moiety during ageing.
oPA150 revealed relatively higher PO3

� /PO2
� and TiPO5

� /TiPO4
�

intensity ratios compared to the respective intensity ratios in
the aged 3APPA20 and 3PPA20 samples. However, if one
compares the aged samples (Figure S.13, red spectra) with as-
synthesized 3APPA20 and 3PPA20 modified samples (Fig-

ure S.13, blue spectra), increasing relative intensities of the PO3
�

and TiPO5
� fragments were found. In Figure 5, the intensity

ratios PO3
� /PO2

� (Figure 6A) and TiPO5
� /TiPO4

� (Figure 6B) were
plotted for 3APPA20 and 3PPA20. In both cases, an increase
was observed, indicating that oxidation of the phosphonic acid
group took place.

In conclusion, through a combination of ToF-SIMS and NMR
on a set of reference materials, it was possible to link aged
3APPA and 3PPA modified powders to the formation of
phosphate species. Further indications on the formation of
phosphate species were given by the O1s XPS spectra of
3APPA20 and 3APPA150 after 365 days of ageing. The reader is
referred to the appendix (Table S.2 and Figures S.17–S.18) for a
detailed discussion and interpretation of the spectra.

Figure 5. (A) Intensity ratio of PO3
� /PO2

� fragments in ToF-SIMS, plotted for as-synthesized powders (0 days) and 3APPA20 and 3PPA20 aged for 257 and
495 days. (B) Intensity ratio of TiPO5

� /TiPO4
� fragments in ToF-SIMS, plotted for as-synthesized powders (0 days) and 3APPA20 and 3PPA20 aged for 257 and

495 days.

Figure 6. Solid-state 13C-CPMAS NMR spectra of 3PPA150 (left) and 3APPA150 (right). The pure precursor (a), as-synthesized modified powders (b) and the
modified powders after exposure under a humid atmosphere for 371 days (c) and for 495 days (d) were recorded.
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Insights into the ageing mechanism at the level of the
aminopropyl- and propyl chain

Solid-state 31P-NMR and ToF-SIMS measurements already re-
vealed that the as-synthesized R-PO3 moieties were involved in
oxidation reactions during ageing in a humid atmosphere,
resulting in the transformation to PO4 structures. Insights into
the ageing mechanism and structural changes at the level of
the carbon chain were provided by 13C CPMAS NMR measure-
ments. Figure 6 compares the evolution of the 13C CPMAS
spectra for 3PPA150 and 3APPA150 during ageing. Based on a
liquid-state 13C-APT (attached proton test) spectrum of the pure
3PPA precursor (Figure S.19), the signals at 28, 17 and 15 ppm
could be assigned to carbon atoms C1, C2 and C3 of the propyl
chain, respectively. The APT spectrum of the pure 3APPA
precursor allowed to assign the signals at 43, 28 and 21 ppm to
the C3, C1 and C2 carbon atoms of the aminopropyl chain.
(Figure S.20).

After 371 days of ageing for 3PPA150 (Figure 6c), a distinct
peak appeared at 35–45 ppm together with minor peaks
between 85–60 ppm and 215–170 ppm. Strong similarities were
found with 3APPA150, where the 45–35 ppm signal was present
as a shoulder on the C3 signal and where the other newly
formed carbon signals were more visible. The 85–60 ppm
region could be assigned to the presence of alcohol or ether
groups, while the 215–170 ppm region was consistent with
carbonyl carbons in aldehydes and ketones (215–190 ppm) and
carboxylic acids (<190 ppm). In the case of 3APPA, the
coexistence of amides besides carboxylic acids cannot be
excluded. The assignment of the 45–35 ppm region was more
ambiguous as it could represent either branched hydrocarbons
or alpha carbon atoms in carbonyl moieties (C� C=O). Upon
further ageing up to 495 days for 3PPA150 (Figure 6d), the
changes became more pronounced. The 45–35 ppm signal
further increased in intensity, and, given the concomitant
increase with the 215–170 ppm signals, the former signal was
likely to be assigned to alpha carbon atoms. This assignment
was further supported by solid-state 1H wPMLG MAS spectra,
that revealed a new shoulder at 2.5 ppm on the broad band
between 2–0 ppm originating from the aliphatic hydrogen
atoms for 3PPA150 aged for 495 days (Figure S.21). This
chemical shift region could be assigned to hydrogens attached
to carbons that were bonded to sp2-hybridized carbons as in
carbonyl moieties (H� C� C=O).[33] Upon ageing, the signals of
the alcohol groups (85–60 ppm) also showed a significant
increase in intensity. Given the decrease in carbon content
observed from elemental analysis and the formation of
carboxylic acids during ageing for 3APPA and 3PPA, the release
of CO2 from decarboxylation reactions might be the origin of
this decrease.

The formation of oxidized carbon groups upon ageing is in
line with the ToF-SIMS results (Figure 4). This is further
supported through DRIFT spectra of modified 3APPA and 3PPA,
by the presence of new signals between 1730–1670 cm� 1

superimposed on the broad and intense absorption band of
molecularly adsorbed water (Figures S.22–S.23 and Table S.3).
These signals were characteristic for C=O stretching vibrations

of aldehydes, ketones and/or carboxylic acids,[34] which was in
agreement with the 13C-CPMAS NMR results. A detailed in-depth
discussion of the changes in the DRIFT spectra upon ageing is
beyond the scope of this work, and the reader is referred to the
SI.

In addition, the results of the water vapour sorption
isotherms (Figure S.8) also confirmed the oxidation of the
3APPA modified samples during their exposure to humidity.
This was deduced from the gradual increase in the slope of the
water adsorption branch at relative humidities between 0–35%
with the time of storage for both concentrations (20 and
150 mM). This trend indicated the formation of species with
higher affinity for water, such as hydroxyl, carbonyl and/or
carboxylic groups. A more detailed discussion is presented in
the SI. Remarkably, these phenomena only took place when the
samples were exposed to a humid atmosphere and not under
dry-inert conditions. When looking at possible underlying
mechanisms, photocatalytic reactions come to mind, as the
samples were exposed to ambient light. Indeed, the occurrence
of phosphate (PO4

3� ) formation, associated with the cleavage of
P� C bonds, coinciding with oxidation reactions and a decrease
in carbon content, in combination with the absence of changes
in the surface chemistry in air, indicates a radical mechanism
involving water which could be related to the photocatalytic
activity of TiO2. The higher activity of PA modified TiO2 in
interfacial charge-transfer reactions was experimentally evi-
denced by EPR measurements (Figure 7). Under high vacuum at
room temperature, 3APPA and 3PPA modified Hombikat M311
showed clear EPR signals between 341–347 mT, while a
reference sample (i. e. a blanc modification reaction of Hombikat
M311 under the same conditions without the addition of PA)
was EPR silent. The g-tensor components of these EPR signal
patterns, as derived from spectral simulations (Table 2), were
consistent with O2

� species adsorbed at the surface.[35] These
transient species were formed via electron transfer from surface
Ti3+ centers to adsorbed O2 molecules. These radicals are
formed and persist under vacuum. Under air, these signals are
usually quenched, due to different reasons: (i) the dipolar
interaction with the paramagnetic 3O2 leads to signal broad-
ening, and (ii) the highly reactive surface species will rapidly
react with other molecules, such as water (Figure S.24).

Similar results were obtained on a 3APPA and 3PPA
modified P25 support (Figure S.25). Although these Ti(IV)� OO�

radicals were only observed under high vacuum exposure,
these results provide experimental evidence that the PA
modification of TiO2 surfaces intrinsically resulted in an
activation of charge transfer reactions and the formation of
transient radical species, which was not present in the
unmodified supports.

Table 2. Principal g-tensor values of the paramagnetic Ti(IV)� OO� species
determined from the simulations of the EPR spectra of 3APPA and 3PPA
grafted M311 (Figure 7, dashed lines). Experimental error: �0.001

Parameters g1 g2 g3

M311_3APPA 2.023 2.009 2.002
M311_3PPA 2.022 2.009 2.003
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Influence of the support properties and illumination
conditions

The synergy between the photocatalytic active anatase phase,
the presence of water (both adsorbed and in vapour phase) and
ambient light are thought to be the cause for the degradation
and oxidation reactions. To unambiguously reveal this synergy,
ageing experiments were conducted under different illumina-
tion conditions for aqueous dispersions of 3APPA modified
samples at a concentration of 20 mM. The experiments in dark
conditions were conducted as reference experiments, since it
was previously reported that TiO2 was able to retain some
photocatalytic activity in the absence of illumination due to the
prior accumulation of reactive oxygen species (ROS) under
ambient light exposure.[36]

Two TiO2 supports were selected to evaluate if the ageing
was proportional to their photo-oxidation properties: Hombikat
M311 (anatase) and TiO2 rutile. Based on literature, anatase is

generally considered to have a distinctly higher photocatalytic
activity than rutile, even though the band gap of rutile (3.0 eV)
is smaller than that of anatase (3.2 eV).[37] Based on UV-VIS
measurements (Figure S.26), a bandgap of 3.24 and 3.27 eV was
found for native and 3APPA modified Hombikat M311,
respectively, indicating that PA grafting did not alter the
electronic band structure of the powder.

Stirring of the grafted materials in water under constant
illumination, resembling harsh ageing conditions, quickly led to
major changes in the 31P MAS spectra (Figure 8). The total peak
area of the spectra was normalized to evaluate the contribution
of newly formed peaks. Firstly, the 31P-NMR spectra of the
pristine 3APPA grafted supports were compared. As already
shown in Figure 2, the broad asymmetric band between 35 and
10 ppm of 3APPA grafted anatase consists of a main resonance
at 25 ppm and an upfield shoulder around 22 ppm. The main
resonance of pristine 3APPA grafted rutile resembled that of
pristine 3APPA grafted anatase. However, the signal was

Figure 7. X-band CW EPR spectra of 3APPA grafted Hombikat M311 (A) and 3PPA grafted Hombikat M311 (B), recorded under high vacuum (<10� 4 mbar) at
room temperature with a microwave power of 2 mW. Red: modified powder, black: blanc modification without the addition of phosphonic acid. Dashed line:
simulation using parameters in Table 2.

Figure 8. Solid-state 31P MAS NMR spectra of 3APPA modified anatase and rutile powder after stirring for 12 days in H2O under different (illumination)
conditions. Native (grey), dark (red), ambient light (blue) and UV-light (green).
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sharper (35–15 ppm) than that of anatase (35–10 ppm) and
lacks the upfield shoulder around 22 ppm which suggests a
more uniformly grafted layer. In addition, a broad band
consisting of multiple signals was present between 10 and
� 10 ppm for each support upon modification with 3APPA.

In the following paragraph, the impact of the different
illumination conditions and corresponding changes in the 31P-
NMR spectra are discussed and evaluated between the two
supports. Stirring in the dark (red spectra) results in negligible
changes compared to the 31P spectra of the pristine grafted
powder for each support, confirming the requirement of light
and thus photo-activation in the degradation mechanism. Upon
exposure of grafted anatase to ambient light (blue spectrum),
an asymmetric broad band appears in the region between 10
and � 10 ppm, composed of at least two overlapping signals at
0 and � 2 ppm and the appearance of a signal around 7 ppm.
This coincides with a decrease in intensity of the pristine peaks
between 35 and 10 ppm. A further increase and decrease in
intensity of both regions, respectively, was observed under UV
illumination (green spectrum). These chemical shifts were in
agreement with the long-term ageing under humid conditions
(Figure 2) and, combined with the stronger changes under UV
illumination, this supports the occurrence of oxidative degrada-
tion reactions via photochemical reactions.

Since 31P-NMR and 1H-NMR measurements showed that the
phosphonic acid precursors were themselves not sensitive to
UV degradation (Figure S.27–S.30), the support must play an
important role. Illumination of 3APPA grafted rutile revealed
similar changes as for anatase in the decrease of the pristine
signals (35–15 ppm) and the intensity increase between 10 and
� 10 ppm, characterized by a symmetric band centered at
� 2 ppm. Interestingly, rutile clearly displayed a relatively
stronger intensity increase in the latter region compared to
anatase for either ambient- and UV light illumination, since
there was no significant difference in their 31P spectra. Since
anatase is known to possess a higher photocatalytic activity
than rutile, this suggests that the degradation of the grafted
phosphonic acid moieties to phosphate groups is not directly
proportional to the intrinsic photocatalytic activity of the
unmodified support. It hints at distinct differences between
3APPA modified anatase and rutile in terms of interactions with
water and/or at differences in surface activation (energy) upon
modification.

The origin and peak assignment of the broad band between
10 and � 10 ppm upon grafting was challenging since the
contribution of species different from phosphate and formed
via other mechanisms than photocatalytic oxidative degrada-
tion could not be excluded. For example, besides photo-
chemical reactions, the formation of a layered aminopropyl-
phosphonate phase at the surface via a dissolution-
precipitation reaction could not be excluded. For the grafting of
titania, such a phase was typically formed when modifications
were performed in water where its presence increased with
increasing temperatures and PA concentrations.[3,6,29] Indeed,
this would also explain the higher intensity of the broad band
consisting of multiple signals between 10 and � 10 ppm
observed for pristine 3APPA150 (Figure S.2) compared to

3APPA20 (Figure 1). Moreover, the presence of the amine group
seems to enhance the formation of phosphorus environments
in this 10 and � 10 ppm region, since for neither 3PPA20
(Figure 1) nor 3PPA150 (Figure S.2), such signals were present
upon modification. Additionally, to assess the potential contri-
bution of ambient light during modification on the in-situ PO4

formation, 3APPA150 was synthesized in dark conditions.
However, this only resulted in a slightly lower intensity of the
10 to � 10 ppm environment (Figure S.31), illustrating that the
contribution of other structures (e.g. layered aminopropyl-
phosphonate) than phosphate species could not be excluded
or that other ageing mechanisms than the one reported are
contributing to the formation of phosphate species.

In order to evaluate the importance of the TiO2 photo-
catalytic properties on the oxidative degradation, the compar-
ison was made with 3APPA modified ZrO2 powder (CZE-G1,
ZirPro). It was hypothesized that ZrO2, possessing a wider
bandgap of 5.07 eV (Figure S.26), would be less sensitive to
photo-oxidative degradation compared to TiO2. However, 31P
MAS NMR of pristine 3APPA modified zirconia already revealed
an intense broad band between 10 and � 10 ppm (Figure S.32),
complicating the origin and peak assignments of this region
since the formation of other species, different from phosphate
or other degradation mechanisms besides photo-oxidative
reactions, could not be excluded, as discussed earlier. It would
require a further systematic and in-depth study to unravel the
origin of the additional contribution(s) of other phosphorus
structures or ageing mechanisms on this 31P chemical shift
region, which was beyond the scope of this work.

Underlying properties and mechanism governing
degradation

The results obtained in this study are intriguing in the sense
that P� C bonds were known for their high stability under
ambient conditions in the absence of enzymatic or microbial
activity. The formation of a PO4 structure at the surface upon
ageing in a humid environment, either in the vapour- or liquid
phase, implies the incorporation of an oxygen atom during
cleavage of the P� C bond. Of the many reactive oxygen species
that could be formed at the titania surface during photo-
catalytic reactions, such as *OH, O2

� , H2O2, Ti� O*, hydroxyl
radicals have been regarded as the most active species that
govern photocatalytic reactions.[38,39] Surface hydroxyl groups
(Ti-OH) have been reported to play an important role in the
separation and surface diffusion of electron-hole (e� /h+) pairs.
Especially, the formation of hydroxyl radicals has commonly
been regarded to be initiated through the oxidation of Ti� OH
groups or/and surface adsorbed H2O by photogenerated holes
(h+), resulting in surface bonded *OH or mobile *OH radicals.[40]

Interestingly, PA modification seems to have a negligible impact
on the band gap energy, as revealed by the comparison
between native and 3APPA modified Hombikat M311 (anatase)
in UV-VIS measurements (Figure S.26). Therefore, other surface
properties introduced upon grafting should be governing the
observed photo-induced ageing phenomena.
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Previous studies, combining the use of experimental and
computational techniques, revealed that the first layer of
surface adsorbed water was essential in facilitating the hole-
trapping ability of titania surfaces, thereby promoting the
charge transfer between h+ and H2O.

[41–43] It was shown that an
enhancement of the photocatalytic reaction rate was directly
correlated to the number of hydrated surface Ti� OH groups by
hydrogen bonding with water. Moreover, the photocatalytic
activity of TiO2 was reported to be enhanced via surface
modification with phosphates or orthophosphoric acid, which
can be ascribed to the introduction of Brønsted acid/base sites
that enable the formation of strong hydrogen bonds with
water.[41,44] One could rationalize that this is different in the case
of organophosphonic acid modified TiO2, where, due to the
presence of organic groups, an increased hydrophobicity was
observed in water sorption measurements compared to native
TiO2 (Figure S.8A).

An explanation for this relatively high photocatalytic activity
could thus be found in studies evaluating the interaction
between water and organophosphonic acid modified TiO2

surface at the molecular level. Recently, Van Dijck et al.[32]

studied the water desorption behaviour of propyl- and phenyl-
phosphonic acid P25 via an in-depth IR study at different
hydration degrees to reveal the nature and strength of
interaction between water and the modified surface. Their
results showed that polymeric water chains interact more
weakly on a modified surface compared to native P25, which
was in line with the decrease in hydrophilicity. However, the
signals related to molecularly adsorbed water and surface
hydroxyl groups on the modified surfaces persisted upon
progressive heating, while these signals already disappeared for
P25 at the same conditions. Supported by DFT calculations of
the water adsorption on unmodified and modified anatase
(101), this indicated that the first water layer interacts more
strongly with a modified surface, owing to the presence of
hydrogen-bonded networks between water, surface hydroxyl
groups and P-OH groups. Hence, this could rationalize the
ageing mechanism and the initiation of photo-induced oxida-
tion reactions already under ambient light. These oxidation
reactions result in the observed progressive degradation of the
propyl- and aminopropyl chain of 3PPA and 3APPA, respec-
tively, characterized by the formation of alcohol groups as
intermediary products followed by a subsequent increase in
oxidation state by the formation of ketone, aldehyde and
carboxylic acid groups. Lastly, first indications were obtained
that the observed ageing phenomena could be extended to
other TiO2 supports and types of PAs. For 3-aminopropyl and 6-
aminohexylphosphonic acid modified TiO2 P25, similar changes
were observed in 31P NMR in the appearance of an intense band
between 10 and � 10 ppm upon ageing for 300 days (Fig-
ure S.33). Also the solvent used during modification seemed to
influence the ageing mechanism, since 3PPA modified sol-gel
TiO2 revealed that the relative intensities of the newly formed
signals in DRFT upon ageing, depending on whether water or
toluene was used as solvent (Figure S.34).

Conclusions

This study reports the unexpected phenomenon of irreversible
changes in the surface chemistry of organophosphonic acid
(PA) grafted TiO2 and the role of water and ambient light
herein. It highlights the importance of storage conditions to
preserve the surface properties of phosphonic acid modified
titania. Throughout a timespan of two years of storage under
humid and dry conditions, the surface chemistry of PA grafted
TiO2 (Hombikat M311) samples was monitored and character-
ized by a combination of analytical techniques. Under humid
conditions, the initial phosphonate chemistry was gradually
converted to phosphate species via progressive oxidation
reactions, while oxidation reactions at the carbon chain resulted
in the formation of alcohol groups and carbonylic/carboxylic
moieties. This was accompanied by a strong decrease in the
carbon content, and hence, loss of organic functionality.
However, the Ti� O� P bonds remain unaffected, confirming its
reported high hydrolytic stability. Interestingly, exposure to
inert and/or dry conditions maximizes the stability of the
material in preserving the initial surface chemistry upon
grafting. The results revealed that only a combination of
exposure to humid conditions and ambient light was limiting to
the lifetime of the materials. Combination of the results with
previous reports gives us strong indications that PA grafted
TiO2 catalyzes its photo-induced oxidative degradation by
promoting the formation of reactive oxygen species upon
exposure to humid conditions and ambient light. These insights
have implications for applications where humid conditions are
applied while being exposed to ambient light. Furthermore, this
knowledge can be valuable when discrepancies are found
between the predicted and actual performance of PA grafted
TiO2 materials. Further research is required towards the
exploration of how the TiO2 support properties, in synergy with
the grafted organophosphonic acid, influence the ageing
kinetics, mechanism and specific interactions with water. Finally,
this work provides new insights on the storage and photo-
stability of PA grafted TiO2 in the presence of moist, creating
critical awareness in the research community working on hybrid
titania materials and other possible photo-active materials to
evaluate changes in photo-activity and stability after surface
grafting.

Experimental

Materials

3-Aminopropylphosphonic acid hydrochloride salt (3APPA) and
propylphosphonic acid (3PPA) were purchased from Sikémia.
Monomethyl-dimethylphosphate mixture (MP-DMP) and trimeth-
ylphosphate (TMP, 98%) were purchased from abcr GmbH.
Orthophosphoric acid (oPA, 85%) and potassium dihydrogen
phosphate (PDHP) were purchased from Sigma-Aldrich. Dipropyldi-
phosphonic acid (DPDPA) was purchased from SelectLab Chemicals
GmbH. Different commercially available TiO2 oxide powders were
studied as support :mesoporous TiO2 Hombikat M311 (Sachtleben
Chemie GmbH, Venator) and high surface area rutile TIHSR (Flew
Solutions).
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Surface modifications

Surface modifications with 3APPA and 3PPA

Hombikat M311 or TIHSR was added to an aqueous 3APPA or 3PPA
solution in a 2 g/50 mL solid/liquid ratio and stirred for 4 h under
reflux at 50 °C. Concentrations of 20 and 150 mM were used for
3APPA and 3PPA. After modification, the samples were washed by
pressure filtration (Sterlitech) to remove unreacted and physisorbed
PA. During this process, the reactant solution was removed,
followed by batch pressure filtration with 400 mL H2O for each
washing step. After ten consecutive washing steps (i. e., a total
volume of 4 L), the samples were dried overnight in an oven at
60 °C. All samples received structural names indicating the mod-
ification conditions, e.g., 3APPA20 which represents a sample
modified with 20 mM of 3APPA, or 3PPA150 which represents a
sample modified with 150 mM of 3PPA.

Surface modifications with phosphate derivatives

2.0 g of Hombikat M311 was added to 50 mL of a 150 mM aqueous
solution of MM-DMP, TMP, PDHP or oPA and stirred for 4 h under
reflux at 50 °C. After modification, the samples were washed and
dried as described previously for the 3APPA and 3PPA modifica-
tions.

Surface modification with DPDPA

1.0 g of Hombikat M311 was added to 20 mL of a 25 mM aqueous
solution of dipropyldiphosphonic acid (DPDPA) and stirred for 4 h
under reflux at 90 °C. After modification, the sample was washed on
a filter with 30 mL of water, and this washing procedure was
repeated 3 times. Afterwards, the sample was dried overnight in an
oven at 60 °C.

Experimental set-up, ageing conditions and research strategy

Impact of humidity during ageing

Two different atmospheric conditions were used to study the
impact of humidity during storage on the surface properties of
3APPA and 3PPA modified Hombikat M311. On the one hand, the
modified samples were placed in a desiccator, containing an
oversaturated NaCl solution to generate and maintain a humid
atmosphere with a relative humidity of 75% (wet atmosphere). On
the other hand, the modified samples were sealed under argon
inside a glovebox and placed in a desiccator which was being
purged under a constant flow of N2 (dry atmosphere). During a
storage time of 495 days at ambient temperature and exposure to
ambient light, samples were taken after certain time intervals to
characterize possible changes in the surface properties (Table 3).

Impact of bulk (liquid) water and different illumination
conditions

Hombikat M311 and TIHSR modified with 3APPA at a concentration
of 20 mM were stirred for 12 days in water at room temperature
while being exposed to different illumination conditions. The UVA
illumination experiments were conducted using a 18 W UVA black
light lamp (TL-D 18 W BLB, Philips) at a distance of 10 cm from the
aqueous dispersions. Jacketed glass cells with cooling liquid were
used to avoid evaporation and to maintain the temperature of the
aqueous dispersions at 20 °C. After 12 days, the samples were
washed by pressure filtration and dried overnight in an oven at

60 °C. As control experiments, aqueous solutions of pure 3APPA
and 3PPA with a concentration of 150 mM were also stirred for
12 days under the same irradiation conditions as for the modified
samples. Samples with exposure to ambient light and samples
without exposure to light were prepared as references.

Characterization of the starting support powders

Hombikat M311 and TIHSR were characterized via nitrogen
sorption, SEM and XRD analyses to determine the specific surface
area and pore size distribution, the particle morphology and crystal
phases, respectively. The N2 adsorption/desorption isotherms and
pore size distributions are shown in Figure S.35. SEM images and
XRD spectra are shown in Figure S.36 and Figure S.37–S.38,
respectively. A summary of the determined physicochemical
properties for both supports can be found in Table S.4.

Instrumentation

Inductively Coupled Plasma Optical Emission Spectroscopy (Agilent
Technologies 5100 ICP-OES) was performed to determine the
phosphorus content of the grafted samples. Samples were digested
in a mixture of 1.5 mL HNO3 (67-69%), 1.5 mL HF (48%) and 3 mL
H2SO4 (96%) for 24 hours at 250 °C. After digestion, 16 mL H3BO3

(4%) was added to neutralize the HF. The modification degree in
number of grafted groups per nm2 (#groups/nm2) was calculated
from the weight percentage of phosphorus using the following
formula:

mod: degr:
#

nm2

� �

¼
wt % Pð Þ � NA

MM Pð Þ � SBET � 100

in which wt%(P) is the weight percentage of phosphorus in the
sample, MM (P) is the molar mass of P (g/mol), SBET (nm2/g) is the
surface area of the unmodified support and NA is Avogadro’s
constant (molecules/mol). The experimental error is estimated to be
0.1 groups/nm2 based on four repeated modifications at fixed
synthesis conditions. An overview of the modification degrees for
Hombikat M311 grafted with 3APPA and 3PPA and the different
phosphate derivatives are given in Table S.2.

Elemental analyses on carbon and nitrogen were performed on a
Vario EL Cube CHNS elemental analyzer (Elementar), equipped with

Table 3. Overview of measurement campaigns for each characterization
technique. (1) refers to the start of the study.

Days 31P
NMR

13C
NMR

DRIFT XPS ToF
SIMS

Water
sorption

Elemental
analysis

0 (1)

4

14

28

62

104

140

195

257

313

371

495
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a TCD detector. A sample intake of 15–20 mg was used for each
measurement, using tin boats (4×4×11 mm) as sample cup. The
samples were burned in an oxygen-rich environment and the
combustion tube was set at a temperature of 1150 °C. Before each
measurement, calibration and control measurements were per-
formed with sulfanilamide and sulfanilic acid, respectively.

To study the impact of ageing at the level of the phosphonate
moiety of 3APPA and 3PPA grafted TiO2,

31P-MAS (Magic Angle
Spinning) solid-state NMR spectra were acquired at ambient
temperature on an Agilent V NMRS DirectDrive 400 MHz spectrom-
eter (9.4 Tesla wide bore magnet) equipped with a T3HX 3.2 mm VT
probe. Magic angle spinning was performed at 15 kHz using
ceramic zirconia rotors of 3.2 mm in diameter (22 μL rotors). The
phosphorus chemical shift scale was calibrated to KH2PO4 at
3.9 ppm. Other acquisition parameters used were: a spectral width
of 60 kHz, a 90° pulse length of 3.2 μs, an acquisition time of 15 ms,
a recycle delay time of 204 s and around 512 accumulations. High
power proton dipolar decoupling during the acquisition time was
set at 80 kHz.

To study the impact of ageing at the level of the carbon chain of
3APPA and 3PPA grafted TiO2,

13C-CPMAS solid-state NMR spectra
were acquired on a Bruker 400 MHz spectrometer (9.4 Tesla wide
bore magnet) with a 4 mm MASVT BL4 X/Y/H probe. Magic angle
spinning was performed at 10 kHz. The aromatic signal of
hexamethylbenzene was used to calibrate the Hartmann-Hahn
condition for CP and the carbon chemical shift scale (132.1 ppm).
Acquisition parameters used were: a spectral width of 50 kHz, a 90°
pulse length of 4.0 μs, an acquisition time of 20 ms, a recycle delay
time of 2.5 s, a spin-lock field of 50 kHz, a contact time of 1.0 ms
and 30000–150000 accumulations. High power proton dipolar
decoupling during acquisition was set to 80 kHz.

Detailed molecular and elemental insights into possible changes in
the chemical composition and surface interactions were obtained
by ToF-SIMS measurements. These were acquired with a TOF.SIMS
5 system from ION-TOF GmbH (Münster, Germany), using a 30 keV
Bi3+ primary ion beam in high current bunched mode for a high
mass resolution (0.70 pA target current, 3 μm lateral resolution).
Analysis areas of 100 μm×100 μm were raster-scanned (128×128
pixels) to obtain either positive or negative secondary ion mass
spectra. The primary ion dose was kept below the static limit of 1×
1013 ions cm� 2 analysis� 1. The pressure in the ToF-SIMS main
chamber was ~3.5×10� 8 mbar during measurements. In the over-
lays presented within the main text and SI, the C2H2O4Ti

� , C2HO2Ti
�

and SiCH3O2Ti
� fragments were surface contaminants since they

were already present on the native support.

To investigate the impact of phosphonic acid grafting on the
intrinsic reactivity of the surface towards the formation of radical
species and intermediates, X-band continuous wave (CW)-EPR
measurements were performed on a Bruker Elexsys E580 spectrom-
eter at a microwave frequency of ~9.68 GHz, with a microwave
power of 2 mW. The modulation frequency is 100 kHz and the
modulation amplitude is 0.1 mT. The measurements were first
performed in air. Subsequently, the samples were degassed under a
high vacuum (<10� 4 mbar) for a second series of measurements.
Spectra were simulated using EasySpin, an open-source MATLAB
toolbox (MathWorks, Natick, Mass., USA).[45]
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