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Abstract 

Recently, interest has been directed towards the grafting of metal oxides with 

organophosphonic acids bearing terminal amine groups to extend the functionality and 

applicability of these materials. Previous reports mainly focus on the application perspective, 

while a detailed characterization of the surface properties at the molecular level and the 

correlation with the synthesis conditions are missing. In this work, mesoporous TiO2 powder 

is grafted with 3-aminopropylphosphonic acid (3APPA) under different concentrations (20, 

75, 150 mM) and temperatures (50, 90 °C) and compared with propylphosphonic acid 

(3PPA) grafting to unambiguously reveal the impact of the amine group on the surface 

properties. A combination of complementary spectroscopic techniques and Density 

Functional Theory - Periodic Boundary Conditions (DFT/PBC) calculations are used. At 90 

°C and high concentrations, lower modification degrees are obtained for 3APPA compared to 
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3PPA, due to amine-induced surface interactions. Both X-ray Photoelectron Spectroscopy 

(XPS) and Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy reveal that 

both NH2 and NH3
+ groups are present, with also contributions of NH2 groups involved in 

hydrogen bonding interactions. A similar ratio of NH2/NH3
+ (65:35) is obtained irrespective 

of the modification conditions, suggesting similar relative contributions of different surface 

conformations. Calculated adsorption energies from DFT calculations on 3APPA adsorption 

on anatase (101) in relation to the water coverage reveals a coexistence of various structures 

with the amine group involved in intra-adsorbate, inter-adsorbate and adsorbate-surface 

interactions. Further validation is obtained from the strong overlap of different 31P 

environments represented by the broad band (35-12 ppm) in experimental 31P Nuclear 

Magnetic Resonance (NMR) spectra and calculated 31P chemical shifts of all modelled 

monodentate and bidentate structures. Structures related to the tridentate binding mode are 

not formed due to geometric restrictions of the anatase (101) facet applied as model support 

in the calculations. Nevertheless, they could be present in the experimental samples as they 

are composed of anatase (representing multiple crystal facets) and an amorphous titania 

fraction.   

 

Keywords: titanium dioxide, 3-aminopropylphosphonic acid, surface modification, 

synthesis-properties correlation 

 

1. Introduction 

Tailoring and altering the surface properties of metal oxides is relevant to a large variety of 

research domains such as heterogenous catalysis1,2, selective metal sorption3–5, separation 

processes6,7, cancer therapy8,9,10 and controlled drug delivery.11,12,13 The surface of metal 

oxides mainly consists of M–O–M (in which M is a metal) bonds and surface M–OH groups 

of different bond strengths and configurations that highly depend on the material 
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composition, synthesis and post-treatments. Although the surface M–OH chemistry (number, 

distribution, coordination) can be varied to some extent during (post-)synthesis, the diversity 

of possible and specific interactions with the environment is limited. Therefore, organic 

molecules are introduced onto the surface of metal oxides through grafting, to combine the 

large versatility of functional properties of organic molecules with the structural and chemical 

properties and mechanical stability of metal oxides. Such hybrid organic-inorganic materials 

provide the ability to specifically tune the surface properties for an increased control and 

selectivity of interactions relevant to a particular application.  

 

Although the synthesis and grafting of mesostructured SiO2 materials is by far the best 

documented in literature14,15, non-siliceous mesoporous transition metal oxides (e.g. TiO2, 

ZrO2, Al2O3, ZnO, ITO) are gaining interest as well as their use in a wide variety of solvents 

and pH ranges.16,17,18 Especially TiO2 is extensively studied due to the possibilities it offers 

for the synthesis of a large variety of nano-morphologies and its applications in a wide range 

of fields.19–22 Different precursors can be used for grafting transition metal oxides such as 

organosilanes, organophosphonic acids, carboxylic acids, alcohols and Grignard 

reagents.23,24,25,26 Whereas organosilanes are the most applied precursors for surface grafting, 

in particular for SiO2, they are less applicable to TiO2 and ZrO2, as the poor hydrolytic 

stability of Ti-O-Si and Zr-O-Si bonds results in a rapid leaching of the organic layer.27 

Grafting long, hydrophobic functional groups and ensuring full surface coverage increases 

the stability, but reduces to some extent the tailoring of the surface properties relative to other 

grafting methodologies and limits the applicability of such materials.  

 

Organophosphonic acids (PAs) are a promising alternative for the grafting of metal oxide 

surfaces, as discussed in various reviews28–30 and by the study of PA-modified materials in a 
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variety of technological domains such as membrane separation6,7,31, supported metal 

catalysis32–34,35, hybrid (photo)electric devices36, implant materials10,13 and 

chromatography.37–40 In contrast to organosilanes, PAs are much less susceptible towards 

self-condensation (i.e. P–O–P formation) making grafting in water possible, enabling sub-

monolayer surface coverage and avoiding the formation of disordered multilayers.41,42 

Grafting of PAs to the surface involves the formation of M–O–P bonds via condensation 

between P–OH groups and surface M–OH groups, while the phosphoryl oxygen (P=O) can 

coordinate to Lewis acidic sites. Different bonding types can be envisaged, being mono- , bi- 

and tridentate. In practice, however, many bonding variants can coexist depending on which 

and how many reactive groups (P–OH or P=O) bind to the surface and whether the binding is 

bridging or chelating.23 Furthermore, unbound P–OH or P=O groups can be involved in 

hydrogen bonding with adjacent PA groups or with surface hydroxyl groups. 

 

Infrared spectroscopy and 31P solid state NMR are powerful experimental techniques to 

characterize the grafting of PAs on TiO2. However, to elucidate the precise binding modes at 

the surface remains difficult. This is due to the absence of a proper reference set for the 

vibrational frequencies associated with the Ti–O–P bonds and the strong overlapping 

absorption band of TiO2. In a number of occasions this has led to questionable assignments of 

bands associated with particular binding modes. Moreover, the presence of a broad 

asymmetric resonance signal in 31P Cross Polarization Magic Angle Spinning (CP/MAS) 

NMR upon grafting of alkyl PAs suggests that multiple binding modes can coexist with 

minor differences in P environment. Here, the 31P resonance is also affected by variations in 

O–P–O bond angles or hydrogen bonding and other non-covalent interactions.43 Therefore, 

without reference data, such as those obtained from computations, the identification of the 

most stable binding modes and structures at the surface and the associated peak assignments 
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in both 31P NMR and IR is challenging. The strength of computational approaches to support 

experimental observations has been illustrated by the work of Geldof et al.44 on the grafting 

of alkyl PAs on pristine anatase (101) and (001). Irrespective of the alkyl chain length, only a 

small difference in adsorption energy between mono- and bidentate (i.e. the most stable 

binding modes) was found, suggesting that both binding modes coexist on the surface. 

Although their model was limited to pristine ideal surfaces, the results were in good 

agreement with the broad peaks observed in experimental 31P CP/MAS NMR spectra of 

alkylphosphonic acid grafted titania. Furthermore, the calculated 31P chemical shifts were in 

line with the experimental values. A similar study was also reported for the adsorption of 

phosphate species on anatase.45  

 

Previous experimental43,46–54 and computational55–58 studies of the PA grafting on TiO2 have 

been largely devoted to aliphatic and aromatic PAs. It is known that the modification 

conditions (temperature, concentration, solvent), type of PA and support properties (crystal 

phases and facets) strongly affect the properties of the modified surface.59,60 Guerrero et al.61 

modified P25 with an aqueous solution of phenylphosphonic acid (PhPA) and observed an 

increase in phosphorus content with increasing temperature. They also described a 

dissolution-precipitation reaction at the surface (i.e. titanium phenylphosphonate formation) 

above 100 °C. Following Kickelbick et al.62, a higher grafting density and  alkyl-chain 

ordering was found for the grafting of ZrO2 with increasing concentration of 

dodecylphosphonic acid (DDPA). In a more elaborate study on Al2O3
49

, an increasing 

broadening of the 31P NMR resonance signals was observed upon higher octylphosphonic 

acid loading, indicating relative changes in the binding modes. More recently, the work of 

Roevens et al.59,60  provided systematic insight into the role of the modification conditions on 

the grafting of TiO2 (P25) with propyl- and phenylphosphonic acid in water and toluene. 
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They concluded that the synthesis conditions allow the control of the number and distribution 

of grafted organic groups and possibly the formation of titanium phosphonate.  

To extend the functionality and applicability of phosphonic acids, interest has been directed 

towards the grafting of PAs bearing terminal NH2 groups on various metal oxides: Fe3O4
63–65, 

TiO2
66–69, Al2O3

70,71, BaTiO3
72 and ZnO.73 Caruso et al.66 studied the CO2 adsorption 

performance of amine-modified mesoporous TiO2 beads, using aminomethylphosphonic acid 

(AMPA), 2-aminoethylphosphonic acid (2AEPA) and 3-aminopropylphosphonic acid 

(3APPA). Successful grafting was confirmed by an analysis of the P–O region of the 

vibrational spectra (1300-900 cm-1), but modification degrees were below the detection limit 

of elemental analysis. In the field of drug delivery and multimodal theranostic applications, 

Tudisco et al.64,65 modified magnetic Fe3O4 nanoparticles with 3APPA. Based on XPS N1s 

spectra, NH2 groups were found in at least two different chemical environments suggesting 

the presence of different conformations at the surface. The group of Kessler et al.67, on the 

other hand, performed a more detailed analysis to determine the presence of grafted groups 

and the binding mode of 2AEPA on modified titania nanofibers using 31P NMR spectra, in 

which they identified a broad band at around 20 ppm. However, all the aforementioned 

studies tend to focus primarily on the application perspective while a detailed and systematic 

characterization of the modified surface and its correlation to the synthesis conditions is 

missing. Moreover, further insights and evidence of specific conformations of the grafted 

amine-bearing groups at the molecular level is lacking in literature. 

 

This article aims to elucidate the impact of the amine group on the grafting of 3APPA on 

mesoporous TiO2 (Hombikat M311) and the obtained surface properties. Using 

propylphosphonic acid (3PPA) as amine-free analogue and, through grafting at different 

concentrations (20, 75, 150 mM) and temperatures (50, 90 °C) in combination with 
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characterization and computation, insights are provided on the impact of the amine group on 

the modification degree, chemical state(s) of NH2, the aminopropyl conformations and the 

presence of grafting vs. phosphonate formation. The surface properties of the grafted samples 

are characterized via a combination of complementary analysis techniques, including DRIFT, 

XPS and 31P-CP/MAS NMR. This is supported by DFT/PBC calculations to gain insights 

into the different surface conformations, based on calculated adsorption energies and a 

structural analysis, and calculated 31P chemical shifts that are correlated to the experimental 

findings. This work contributes to a better understanding of amine-containing 

organophosphonic acid modified TiO2 materials. Since material synthesis and application are 

highly correlated, insights into surface properties and their correlation to synthesis conditions,  

provide important know-how towards their use and performance in applications. 

 

2. Experimental Section 

2.1  Materials 

3-Aminopropylphosphonic acid hydrochloride salt (3APPA) and propylphosphonic acid 

(3PPA) were purchased from Sikémia. Mesoporous TiO2 Hombikat M311 (crystal 

phase:100% anatase, BET surface of 300-350m²/g) was supplied by Sachtleben Chemie 

GmbH (now VENATOR) and used without pre-treatment.  

 

2.2  Surface modification 

2.0 g of Hombikat M311 was stirred under reflux for 4 hours in a heated aqueous solution of 

50 ml 3APPA or 3PPA. Both the concentration (20, 75 and 150 mM) and temperature (50 

and 90 °C) were varied. After modification, the samples were washed by pressure filtration 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 

five consecutive washing steps (i.e. total volume of 2 L), the samples were dried overnight in 
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an oven at 60 °C. The nitrogen and phosphorus concentration in the collected washing eluates 

were analyzed to evaluate the extent of washing (Figure S1). All samples received structural 

names indicating the modification conditions, e.g. 3APPA20mM50 representing a sample 

modified with 20 mM of 3APPA at 50 °C; 3PPA150mM90 represents a sample modified 

with 150mM of 3PPA at 90 °C.  

 

2.3  Instrumentation 

DRIFT measurements were performed on a Nicolet 6700 Fourier Transform IR spectrometer, 

equipped with an electromagnetic source in the mid-IR region (4000-400 cm-1) and liquid N2 

cooled MCT-B detector. A resolution of 4 cm-1 was used and for each spectrum 200 scans 

were accumulated. Measurements were performed at room temperature under vacuum (30 

mbar) after 30 minutes of stabilization time. The sample holder contained a 2 wt% diluted 

sample in KBr. 

 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, Agilent 

Technologies 5100 ICP-OES) was performed to determine the P content of the 3APPA and 

PPA modified samples. Samples were digested in a solution 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) is calculated from the weight percentage of P using the following 

formula: 

𝑚𝑜𝑑. 𝑑𝑒𝑔𝑟. ( #𝑛𝑚2) = 𝑤𝑡 %(𝑃) × 𝑁𝐴𝑀𝑀(𝑃) × 𝑆𝐵𝐸𝑇 

in which wt%(P) is the weight percentage of P, MM (P) is the molar mass of P, SBET is the 

surface area of the unmodified TiO2 powder and NA is Avogadro’s constant. The 
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experimental error is estimated to be 0.1 groups/nm² based on four repeated modifications at 

fixed synthesis conditions.  

N2 sorption measurements were performed at -196 °C using a Quantachrome Quadrasorb SI 

automated gas adsorption system. Prior to the measurements, the samples were degassed for 

16 hours under high vacuum at 200 °C. The specific surface area was calculated by the BET 

(Brunauer-Emmett-Teller) method. The measured apparent BET surface area is 300 m²/g (± 

30 m²/g) based upon three measurements. For the sorption isotherm and pore size 

distribution, the reader is referred to the supplementary information (Figure S2). 

 

XPS spectra were collected using a VersaProbe II photoelectron spectroscope (Physical 

Electronics) with an Al Kα monochromatic X-ray source (1486.71 eV of photons). The 

vacuum in the analysis chamber was approximately 510-7 Pa during measurements. High-

resolution scans of the Ti2p, O1s, C1s, P2p and N1s photoelectron peaks were recorded from 

a spot diameter of 100 µm using a pass energy of 23.4 eV and a step size of 0.1 eV. 

Measurements were performed with a takeoff angle of 45° with respect to the sample surface. 

The powders were applied on indium foil. Data was analyzed with PHI Multipak software. 

Prior to curve fitting, the energy scale of the XPS spectra was calibrated relative to the 

binding energy of Ti 2p3/2 (458.5 eV) for 3APPA and 3PPA grafted samples, and to 

advantageous hydrocarbons (C-C/C-H) in the C1s peak at 284.7 eV for the 3APPA and 3PPA 

precursors. Curve fitting was done after a Shirley type background removal, using mixed 

Gaussian (80–100%) – Lorentzian shapes. For relative quantification of the different 

components in the N1s spectra, the area of the fitted peaks was used.  

 

Phosphorus-31 solid-state CP/MAS NMR spectra were acquired at ambient temperature on 

an Agilent VNMRS DirectDrive 400 MHz spectrometer (9.4 T wide bore magnet) equipped 
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with a T3HX 3.2 mm VT probe dedicated for small sample volumes and high decoupling 

powers. Magic angle spinning (MAS) 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 

orthophosphoric acid (H3PO4) at 0 ppm. Other acquisition parameters used were: a spectral 

width of 60 kHz, a 90° pulse length of 3.2 μs, a spin-lock field for CP of 80 kHz, a contact 

time for CP of 0.9 ms, an acquisition time of 15 ms, a recycle delay time of 4 s and 512 

accumulations. High power proton dipolar decoupling during the acquisition time was set at 

80 kHz. The Hartmann-Hahn condition for CP was calibrated accurately on the samples 

themselves. 

 

2.4 Quantum chemical calculations 

All calculations were performed under Periodic Boundary Conditions (PBC) with the 

Quantum Espresso (QE) software package74 using plane waves as basis sets. The Wu & 

Cohen (WC) modification of the PBE functional75 was used since it allows for a high-quality 

description of solid-state materials.76 Treatment of the core electrons is based on the Projector 

Augmented Wave (PAW) method.77 The 1s² electrons are treated as core electrons for C, O 

and N, whereas the 1s²2s²2p6 electrons are treated as core electrons for Ti and P. An energy 

cutoff of 60 Ry and a k-point grid of 2  2  1 were used. Dispersion interactions were taken 

into account by adding an additional term to the DFT total energy based on the DFT-D2 

method by Grimme.78,79 The anatase (101) facet was selected in the model since this is the 

most exposed facet in the anatase crystal phase of Hombikat M311 titania powder (Figure S3, 

Table S1). A 3-layer slab with a 20 Å vacuum width was constructed using the cif2cell 

software package80 and functionalized with 3-aminopropyl phosphonic acid. Taken into 

account the dimensions of the slab, the presence of one 3APPA molecule corresponds to a 

surface coverage of about 0.9 groups/nm². The atoms in the lowest layer of the slab were 

constrained to their initial bulk positions, while all other atoms were allowed to relax. 
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Calculations of the 31P chemical shifts were performed using the Gauge-Including Projector 

Augmented Wave (GIPAW) method81, as implemented in the QE software package. The 

isotropic chemical shift δiso is defined as δiso = –(σ–σref), but in order to compare experimental 

and calculated chemical shifts, the isotropic shielding of the reference needs to be carefully 

selected. Berlinite (AlPO4) with δiso(31P) = –25.6 ppm82 referenced to H3PO4 was chosen to 

define σref,calc(31P). 

 

3. Results and discussion 

3.1 Evidence of the impact of the amine group on the modification degree and surface 

bonding  

Comparing the modification degree of 3APPA and 3PPA under the studied grafting 

conditions leads to the first insights into the impact of the NH2 group on the modification 

(Table 1). For 3PPA, modification degrees between 0.6 and 1.4 #/nm² are obtained. At both 

modification temperatures (50 and 90 °C), the modification degree increases with increasing 

3PPA concentration. This increase is more pronounced at 90 °C, evidenced by the two-fold 

increase in modification degree from 3PPA20mM90 (0.7 #/nm²) to 3PPA150mM90 (1.4 

#/nm²). In addition, for similar concentrations, modification at 90 °C results in a higher 

modification degree.  

 

For 3APPA, modification degrees between 0.6 and 1.1 #/nm² are obtained. Similarly to 

3PPA, the modification degree increases with increasing concentration and temperature. At 

50 °C, similar values of the increase in modification degree are observed as for 3PPA, i.e. 

ranging from 0.6 to 0.9 #/nm². At 90 °C, however, a first difference with 3PPA is observed. 

Indeed, a smaller increase in modification degree is observed with increasing concentration 

from 3APPA20mM90 (0.8 #/nm²) to 3APPA150mM90 (1.1 #/nm²).  
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Based on these findings, it can be concluded that elevating the concentration of 3APPA or 

3PPA and the temperature results in an increased modification degree. For 3PPA, the 

concomitant effect of a high temperature (90 °C) and a high concentration (75 and 150 mM) 

strongly promotes achieving higher modification degrees compared to the modifications at 50 

°C, where the concentration has less impact on increasing the modification degree. This is in 

accordance with the work of Roevens et al..59 Since water is used as solvent, having a high 

dielectric constant and strong polar interaction with the TiO2 surface, a competition for 

adsorption at the surface between the organophosphonic acid and water molecules occurs. 

Before surface bonding can occur, an organophosphonic acid has to displace water molecules 

from the surface. At 50 °C, this competition is stronger and thus makes it difficult to achieve 

high modification degrees, even if high concentrations are used. The effect of the temperature 

on the modification degree for 3APPA is, however, less pronounced which indicates that also 

other effects/mechanisms seem to occur next to the above mentioned competition with water.  

 

Table 1: Calculated modification degree from ICP-AES analysis for Hombikat M311 modified with 

different concentrations of 3APPA and PPA in water at 50 °C and 90 °C, expressed as number of 

grafted groups per nm² (#/nm²). 

 

 

 

 

 

 

 

 

 

 

 

T (°C) C (mM) 3APPA (#/nm²) 3PPA (#/nm²) 

50 

20 0.6 0.6 

75 0.7 0.8 

150 0.9 0.9 

90 

20 0.8 0.7 

75 0.9 1.1 

150 1.1 1.4 
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DRIFT analysis confirms the successful bonding and presence of 3APPA groups on the TiO2 

surface, as shown in Figure 1. Large similarities in the P–O regions (1300-900 cm-1) of 

3APPA20mM50 and 3APPA150mM50 are found, characterized by a superposition of at least 

three broad absorption bands at 1122, 1042 and 990 cm-1, although slight differences in the 

broadness/sharpness of the bands at 1122 and 990 cm-1 relative to the other signals can be 

observed. For 150 mM, these peaks seem broadened and less pronounced than for 20 mM. 

No visible impact of the temperature is observed, since a similar broadening is present at 90 

°C (Figure 2). Secondly, the comparison between the 3APPA and 3PPA modifications at 20 

and 150 mM reveals clear differences in surface bonding (Figure 1). For the sake of 

simplicity and without affecting the main conclusions, only the modifications at 50 °C are 

shown and discussed. Considering the P–O region of 3PPA20mM50 and 3PPA150mM50, 

not only the positions of the absorption bands are shifted compared to 3APPA, also the 

relative intensities and broadness of the bands are different. In the region of the band of 

3APPA centered at 990 cm-1, two (partly) overlapping absorption bands at around 1000 cm-1 

and 970 cm-1 are visible for 3PPA, while the relative intensity at 990 cm-1 seems to decrease. 

In addition, the band at 1122 cm-1 of 3APPA is shifted to a lower wavenumber for 3PPA and 

the broad undefined band at 1042 cm-1 becomes more pronounced and resolved for 3PPA.  

 

At higher wavenumbers, in the region between 1250 and 1200 cm-1, a clear peak is visible at 

1242 cm-1 with a similar intensity and broadness for both 3PPA20mM50 and 

3PPA150mM50. For the corresponding 3APPA samples, this signal is almost not visible. The 

assignment of this peak and the interpretation of its absence in terms of the binding modes of 

this peak, has been the subject of controversy in literature. In numerous studies, the tridentate 

binding mode is proposed as the predominant binding mode in the absence of this P=O 

absorption band.42,61,83–86 However, quantum chemical calculations point to the fact that 
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mono- and bidentate binding modes involve the coordination of the doubly-bound phosphoryl 

oxygen atom towards a surface Ti atom.44,55–57 This results in an increase in the P–O bond 

length which is reflected in a considerable shift of the P=O stretch to a lower wavenumber. 

Consequently, the assignment of the presence or absence of the signal at 1242 cm-1 remains 

uncertain. Despite this, the aforementioned differences in the P–O region between 3PPA and 

3APPA strongly suggest differences in interface chemistry for both type of modifications. 

This can be explained due to the fact that P–O peak positions are strongly affected by the 

degree of metal bonding and other non-covalent interactions such as hydrogen bonding.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: DRIFT spectra (1500-900 cm-1) of 3APPA and 3PPA grafted samples modified at 20 and 

150 mM at 50 °C. Offset has been used to visualize the spectra more clearly. 

 

In the alkyl deformation region (1500-1400 cm-1) of 3APPA20mM50 and 3APPA150mM50 

(Figure 1), three signals at 1467, 1448 and 1414 cm-1 are visible since each methylene group 

in the aminopropyl chain is in a different chemical environment. The two signals at 1467 and 

1448 cm-1 are commonly assigned to the methylene groups closest to the of NH2 moiety. 87,88 

The signal at 1414 cm-1 can then be assigned to the deformation vibration of the CH2– bound 

to P. 88A small shift of this signal to a lower wavenumber (1410 cm-1) is observed for 
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3PPA20mM50 and 3PPA150mM50. Since the positions of methylene deformation vibrations 

are susceptible to the conformational mobility within and/or between the organic chains, this 

possibly also highlights differences in this aspect between 3APPA and 3PPA.   

 

3.2 Chemical state(s) of the amine group  

To gain insight into the presence of the different possible chemical state(s) of the NH2 group, 

and the different surface conformations of 3APPA associated with those states, 

complementary information has been obtained via DRIFT and XPS. The 3APPA samples 

modified at the lowest (20 mM) and highest concentrations (150 mM) at both temperatures 

(50 and 90 °C) have been analyzed. Figure 2 shows the corresponding DRIFT spectra 

between 1800 and 900 cm-1, including the native support. The bending vibration of NH2 

(1582 cm-1) is only visible as a shoulder on the deformation mode of molecular adsorbed 

water89,90 at 1622 cm-1. In addition, a broad band between 1540 and 1490 cm-1, which is 

centered around 1525 cm-1, can be assigned to the asymmetric deformation vibration of NH3
+ 

groups.91–94 The position of the NH2 band is shifted to lower wavenumbers compared to those 

typical for these vibrations for aqueous solutions of primary amines (around 1600 cm-1).95 

This shift can be attributed to hydrogen bonding interactions of the NH2 group in which the 

nitrogen atom is involved as hydrogen acceptor. 91 Indeed, similar shifts (from 1600 to about 

1575 cm-1) have been typically reported for aminopropylsiloxane polymers and 3-

aminopropyltriethyoxysilane (APTES) grafted silica.95–98 This is a result of interactions 

between amine and silanol groups resulting in a variety of hydrogen-bonded surface 

conformations such as an intramolecular 6-membered ring structure.  

 

In this work, the presence of unbound P–OH groups in addition to surface hydroxyl groups 

(Ti–OH) available for hydrogen bonding and or acid/base interactions further complicates the 

unraveling of the possible interaction of the amine group on the surface. Clearly, 3APPA 
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forms a disordered surface chemistry with a variety of conformations upon bonding on 

Hombikat.  Unfortunately, the interference of adsorbed water on the surface hampers the 

determination of the relative contributions of the amine speciation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: DRIFT spectra (1800-800 cm-1) of the native and 3APPA grafted samples. 

Offset has been used to visualize the spectra more clearly. 

 

Semi-quantitative information on the amine speciation is obtained from the high resolution 

N1s XPS spectra of the precursor, the native and 3APPA grafted samples as shown in Figure 

3. For the native support (Figure 3B), a peak at 399.8 eV is observed which originates from 

traces of molecularly adsorbed N2.99–101 The N1s spectrum of 3APPA (Figure 3A) consists of 

a single peak at 401.0 eV. Since 3APPA is a HCl salt, this peak can be attributed to NH3
+ 

groups present as NH3
+Cl-. Upon grafting, the N1s spectra of all the modified samples consist 

of a broad asymmetric band composed of two contributions at 399.6 (±0.1) and 401.4 (±0.1) 

eV after peak deconvolution (Figure 3C). The complicating factor in N1s data interpretation 

is that different types of interactions can have a similar binding energy. 102,103,104 The 

component at low binding energy (399.6 eV) can be assigned to non-interacting NH2 groups 

or to Lewis acid-base interactions, in which there is a donation of the lone-pair electron 
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density of nitrogen to surface Ti sites.105 It is a general rule that, the higher the partial charge 

on nitrogen, the higher the binding energy. Hence, the component at high binding energy 

(401.4 eV) is commonly assigned to protonated NH3
+ groups, originating from proton 

transfer with hydroxyl groups (e.g. P–OH, Ti–OH, adsorbed water). Hydrogen bonded amine 

groups are experimentally difficult to observed by XPS, and although commonly assigned to 

similar binding energies as NH3
+, the precise binding energy and its contribution to the broad 

asymmetric N1s signal logically depends on its interaction strength.     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: N1s spectra of A) 3APPA precursor, B) Hombikat M311 support, C) grafted 3APPA 

samples at two concentrations (20 and 150 mM) and two temperatures (50 and 90 °C) and D) peak 

fitted spectrum of 3APPA150mM90. Red: 3APPA20mM50, blue: 3APPA150mM50, green: 

3APPA20mM90 and black: 3APPA150mM90 
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Peak fitting of the spectra results in a NH3
+/NH2 ratio of 35%/65% (±2%) irrespective of the 

concentration and temperature, and therefore, the peak fitted spectrum of one synthesis 

condition (i.e. 3APPA150mM90) is shown in Figure 3D. The N1s peak positions are 

sensitive to changes in surface energy such as changes in neighboring atoms and interaction 

strengths. Given the similar peak positions and ratio of NH2 and NH3
+ for all samples, this 

suggests that the relative contributions of specific surface arrangements of grafted 3APPA are 

quite similar for all samples, as far as they have sufficient difference in surface energy since 

different 3APPA conformations can result in similar N1s peak positions. Based on the above 

results, many possible surface conformations of 3APPA on Hombikat can be envisaged, 

including free NH2 groups accessible for interactions with their surroundings and NH2 groups 

involved in intra- and inter-adsorbate interactions and adsorbate-surface interactions, with the 

adsorbate being the 3APPA.   

 

3.3 Surface interactions and conformations of 3APPA  

Despite the experimental evidence that a 3APPA modified TiO2 surface is composed of 

different conformations, further details of these conformations at the molecular level are 

lacking. Therefore, DFT calculations have been performed to investigate the various 

interaction possibilities of the amine group, the different binding modes (mono-, bi- and 

tridentate) and the adsorption energy of each conformation. Modelling of 3APPA grafting is 

performed on the (101) anatase facet which is known to be the thermodynamically most 

stable and most abundant crystal facet in anatase.44 In the supplementary information, the 

peak fitting of the (101) and (004) XRD diffraction peaks of the Hombikat support can be 

found. The (004) signal is representative for the (001) facet, and resulted in a (101)/(001) 

ratio of 88/12. This supports the decision to perform the DFT calculations on the anatase 

(101) facet.  
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3.3.1 Clean anatase (101) 

Initially, DFT calculations were performed on a clean (101) surface, i.e. only the surface and 

3APPA are considered and calculated in vacuum. The adsorption energies (Eads) are 

calculated as Eads = E(adsorbate + surface) – (Eadsorbate + Esurface), where E(adsorbate + surface) is the energy 

of the adsorption complex, while Eadsorbate and Esurface are the energies of the isolated 3APPA 

molecule and the clean surface, respectively. First, the different binding modes of 3APPA 

with non-interacting NH2 groups were modelled: a monodentate structure with two hydrogen 

bonds involving the bridging oxygens of the anatase facet (-228.24 kJ/mol, structure 1 in 

Figure 4), and a bidentate structure (-235.82 kJ/mol, structure 2 in Figure 4) in which one P–

OH group is involved in a hydrogen bond while the other has lost its hydrogen atom to a 

neighboring bridging oxygen. The energy difference between both binding modes and 

structures is small (less than 10%) suggesting that both coexist on the surface. It should be 

noted that the tridentate structure was not considered in the calculations, since the particular 

geometry of the anatase (101) surface prevents its formation.  

 

 

 

 

 

 

 

Figure 4: Optimized calculated geometries of the monodentate (1) and bidentate structures (2) of 

3APPA adsorbed on anatase (101) with free, non-interacting NH2 groups. Red, cyan, pink, brown, 

white and gray represent oxygen, titanium, phosphorus, carbon, hydrogen and nitrogen atoms, 

respectively 
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In comparison, for the amine-free analogue (i.e. 3PPA), adsorption energies of -227.85 

kJ/mol and -236.17 kJ/mol are calculated for the monodentate (structure 1-3PPA) and 

bidentate (structure 2-3PPA) binding modes, respectively. The reader is referred to Figure S5 

for both structures. Based on the results, a co-existence of both structures on the surface is 

suggested given the small energy difference, similarly to 3APPA. In addition, for each 

binding mode (i.e. mono- or bidentate), there is a similar adsorption energy for 3APPA and 

3PPA. This suggests a negligible influence of the amine functionality on the adsorption 

energy, as far as the propyl chains of 3APPA are stretched with the amine group protruding 

to the environment.  

 

In a next step, the possibility of forming both intra- and inter-adsorbate interactions between 

the NH2 and P-OH moieties and inter-adsorbate interactions between two different NH2 

groups was evaluated, starting from monodentate 3APPA. The resulting optimized 

geometries are shown in Figure 5. Upon formation of an intra-adsorbate N–H…O interaction, 

the aminopropyl chain is folded towards the surface resulting in a 7-membered ring structure 

(3) in which the amine group acts as hydrogen donor. Alternatively, it can also act as an 

acceptor in an O–H…N hydrogen bond in 4. Their energies are -230.32 kJ/mol and -223.55 

kJ/mol, respectively. Although there is no proton transfer to form NH3
+ in either structure, the 

relatively small H…N distance (1.514 Å) in the latter isomer (4) implies the formation of a 

strong hydrogen bond. Next, when two adsorbates are considered in close proximity, the 

formation of an N–H…N hydrogen bond between their amine groups with a N–H…N 

distance of 2.099 Å leads to low-energy conformation 5 (-245.53 kJ/mol). An even more 

stable situation is found when an inter-adsorbate O–H…N interaction is formed which results 

in the formation of an NH3
+ moiety (-271.88 kJ/mol) in 6. For two adjacent 3PPA adsorbates 

(structure 5-3PPA), an adsorption energy of -234.62 kJ/mol is calculated and the structure is 
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shown in Figure S6. Given the lower adsorption energy of structure 5 of around 11 kJ/mol 

compared to 5-3PPA, one can regard this as a measure of the interaction strength between 

two 3APPA chains.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Optimized calculated geometries of 3APPA adsorbed on anatase (101) of the intra-adsorbate 

N–H…O interaction (3), the intra-adsorbate O–H…N interaction (4), the inter-adsorbate N–H…N 

interaction (5) and the inter-adsorbate O–H…N interaction (6).  

 

3.3.2 Impact of hydrated anatase (101) 

In reality, however, the TiO2 surface can be present in different hydration states depending on 

the atmospheric and/or measuring conditions. When hydrated, a monolayer of interacting 

water molecules is presumably always present at the surface. Therefore, the impact of a 

monolayer of adsorbed water molecules on the adsorption energy of 3APPA and the amine 

speciation was assessed. The fact that molecular adsorption of H2O is favored over 

dissociative adsorption on a defect-free anatase (101) facet has already been described in the 

literature.106–109 In a first step, the impact of a single H2O molecule (i.e. a monohydrated 
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surface) is evaluated. For all conformations, this results in an overall decrease of up to 20 

kJ/mol in adsorption energy and, therefore, stabilization of each calculated geometry. This 

stabilization is caused by the formation of hydrogen bonds from a neighboring water 

molecule; the hydrogen atom of a free P–OH group will migrate towards a bridged oxygen, 

leaving behind an oxygen anion stabilized by a hydrogen bridge with the surrounding water 

molecule. While no changes in the conformational folding of the aminopropyl chain or in the 

amine speciation are observed for the conformations already involved in inter- or intra-

adsorbate interactions, significant differences are observed for the structures with free, non-

interacting NH2 groups, i.e. those shown in Figure 4.  

 

For the monodentate structure, the presence of a H2O molecule coordinated to a Ti atom next 

to grafted 3APPA results in the dissociation of this H2O molecule in tandem with the 

formation of a surface hydroxyl group and a NH3
+ group (structure 7 in Figure 6), via the 

folding of the aminopropyl chain to the surface. The hydrogen atom of one of the P–OH 

groups has migrated towards a bridged surface oxygen leaving behind an oxygen anion. This 

P–O- anion is stabilized by hydrogen bonding with the resulting surface hydroxyl group 

which is also taking part in hydrogen bonding with the protonated amine. Although a similar 

folding occurs for the bidentate structure, an O–H…N hydrogen bond (1.461 Å) is observed 

between an undissociated H2O molecule and the amine moiety. The latter is not protonated 

but engages in an N–H…O hydrogen bond with one of the oxygen atoms of the phosphonic 

acid group (structure 8 in Figure 6). The adsorption energies of both geometries (-330.77 and 

-316.61 kJ/mol for 7 and 8, respectively) are about 35-100 kJ/mol lower than the adsorption 

energies of the other monohydrated geometries, as shown in Table 2, which gives an 

overview of the calculated adsorption energies for each geometry in function of water 
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coverage. This decrease is most likely due to the hydrogen bonding interactions formed 

which lead to a considerable stabilization of the overall structure.  

 

 

 

 

 

 

 

 

Figure 6: Optimized calculated geometries on monohydrated anatase (101) for the monodentate (7) 

and bidentate (8) structures.  

 

In a next step, the number of adsorbed H2O molecules was increased to full monolayer 

coverage (i.e., 5 water molecules for monodentate and 4 water molecules for bidentate), 

which resembles more closely the hydration state under real experimental conditions given 

the strong absorption band of water as observed in the DRIFT spectra (Figure 2). A further 

stabilization and consequent decrease in adsorption energy of 10 to 45 kJ/mol was observed 

for all conformations. For the modeled 3PPA structures without the amine functionality, a 

similar stabilization is observed, indicating that the presence of water on anatase 101 

intrinsically results in a stabilization of the organophosphonic acid adsorption complex, 

independent on the presence of the amine group. A detailed discussion on the differences in 

the extent of stabilization goes beyond the objective of this work, and the reader is referred to 

Figure S7 for a graphical representation on the trends in adsorption energies in function of the 

hydration degree. Although conformation 7 is slightly favored (-347.73 kJ/mol), a conclusive 

statement on a preferred conformation is not possible due to minor differences in adsorption 

energies between the modelled conformations. Both DFT calculations and the experimental 

results point to the coexistence of multiple conformations at the surface. A decisive 
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conclusion on the relative contribution of each structure to the surface chemistry of adsorbed 

3APPA cannot be drawn. 

  

Table 2: Calculated adsorption energies (kJ/mol) of the different 3APPA and 3PPA surface 

conformations on a clean, a mono and a fully hydrated anatase (101) facet. 

 

3.4 Binding modes of 3APPA and correlation between experimental and calculated 

31P chemical shifts  

Based on the calculated adsorption energies, DRIFT and XPS, a large variety of surface 

conformations can be formed and coexist on the surface depending on the hydration state. 

Solid-state 31P NMR spectroscopy has been applied and compared with calculated 31P 

chemical shifts, to gain further experimental insights into the prevalence of these 

conformations.  Figure 7A shows the 31P CP-MAS spectra of 3APPA20mM50 and 

Conformation 
Titania-PA 

interaction 

Adsorbate 

Interaction 

Eads clean 

(kJ/mol) 

Eads #1 

water 

(kJ/mol) 

Eads #5 

water 

(kJ/mol) 

1 Monodentate none (free NH2) -228.24 -248.39 -263.98 

2 Bidentate none (free  NH2) -235.82 -235.92 -245.46 

3  Monodentate intra N–H…O -230.32 -251.17 -274.14 

4 Monodentate intra O–H…N -223.55 -232.62 -277.59 

5 Monodentate inter N–H…N -245.53 -258.91 -274.71 

6 Monodentate inter O–H…N -271.88 -281.44 -296.36 

7 Monodentate adsorbate-surface  n.a. -330.77 -347.73 

8 Bidentate adsorbate-surface n.a. -316.61 -314.43 

1-3PPA Monodentate n.a. -227.85 n.d. -263.30 

2-3PPA Bidentate n.a. -236.17 n.d. -248.32 

5-3PPA Monodentate n.a. -234.62 n.d. -264.56 
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3APPA150mM50. Pure 3APPA has a sharp resonance signal at 25.1 ppm, in accordance with 

previous literature reports.110,111 Upon binding to the surface, both samples show a broad 

asymmetric peak between 35 and 12 ppm consisting of at least three overlapping resonances. 

A main resonance is found at 25.5 ppm with an upfield shoulder around 22 ppm and a less 

resolved downfield shoulder around 29 ppm. In comparison, the 31P CP-MAS spectra 

3PPA20mM50 and 3PPA150mM50 (Figure 7B) also reveal a broad asymmetric peak 

between 38 and 15 ppm, but with a different shape and pattern than for the 3APPA samples. 

A main resonance is found at 33 ppm with multiple upfield resonance signals, which become 

more prominent at 150 mM.  

 

It is clear that this broadening originates from the many small differences between the various 

electronic environments of the phosphorus atom associated with the many different binding 

modes and surface conformations present, which is in agreement with the results of the DFT 

calculations. To be able to correlate the resonance signals with specific 3APPA 

conformations and/or binding types, the 31P NMR chemical shifts associated with each of the 

previously optimized structures (clean, mono- and fully hydrated surfaces) were calculated 

and the results are given in Table 3. In general, increasing the number of adsorbed water 

molecules from a monohydrated to a fully hydrated surface results in a maximal upfield 31P 

shift of no more than 4 ppm. Considering the typical broad bands observed in the solid-state 

NMR spectra, the impact on the P-environment of water as surrounding medium is 

negligible. Large differences in the calculated 31P shifts between the different 3APPA 

conformations have been found. A first note should be made concerning the starting 

conformations of the mono- (1) and bidentate (2) structures. Although both geometries have a 

similar adsorption energy,  a difference of up to 9 ppm in their 31P chemical shift is found due 

to the extra bond made with the surface in case of the bidentate structure. The bidentate 
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structure (31-28 ppm) is shifted downfield with respect to the monodentate structure (24-20 

ppm). Compared with 3PPA, similar calculated chemical shifts and trends are found for the 

bidentate (30-28 ppm) and monodentate structure (23-20 ppm).  

 

Next, the sensitivity of the 31P shift towards subtle changes in the local P-environment can be 

clearly illustrated via the intra-adsorbate interactions. With respect to structure 1, the intra-

adsorbate N–H…O interaction (3) results in a downfield shift of 6 ppm while an upfield shift 

of 1-5 ppm is observed for 4.  As a result, one can note that intra-adsorbate interactions and 

the perturbation of one P-OH group towards the NH2 group has a strong influence on the 31P 

shift. In order to assess if a similar effect is observed for the bidentate structure (2) due to an 

intra-adsorbate interaction, an additional conformation was modelled (9, Figure S8). 

Peculiarly, a negligible downfield 31P shift of no more than 2 ppm is observed with respect to 

2. Lastly, the interaction between molecularly adsorbed H2O and NH2 in 7 induces a 9 ppm 

upfield 31P shift, most likely due to the multiple hydrogen bonding interactions in the vicinity 

of the P nucleus. For the inter-adsorbate interactions in structures 5 and 6, two different 31P 

chemical shifts are found since the P environment of each 3APPA group is perturbed upon 

interaction, due to changes in the electron density around the P nucleus (i.e. shielding or 

deshielding). For example, in structure 6, the formation of a P–O- anion upon migration of the 

hydrogen atom towards the amine group of the adjacent folded 3APPA group, results in 

shielding of the P atom which is reflected by an upfield shift of 8-14 ppm with respect to 

isolated monodentate bonded 3APPA (structure 1).  

 

The calculated 31P NMR chemical shifts of the different structures coincide with the broad 

band in the experimental spectra,  impeding an unambiguous assignment. This is in line with 

the observations in the calculated adsorption energies and the results obtained in the DRIFT 
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and XPS spectra. Nevertheless, the broad band is in agreement with the wide range of 

calculated 31P chemical shifts, indicating that different conformations will co-exist on the 

surface, all with energies closely related to each other and slightly different P environments. 

 

Table 3: Calculated 31P NMR shifts (ppm) of the different 3APPA and 3PPA surface conformations 

on a clean, mono- and fully hydrated anatase (101) facet. 

 

 

Conformation 
Titania-PA 

interaction 

Adsorbate 

Interaction 
Clean #1 H2O #5 H2O 

1 Monodentate none (Free NH2) 24 22 20 

2 Bidentate none (Free  NH2) 30 31 28 

3  Monodentate intra N–H…O 30 28 26 

4 Monodentate intra O–H…N 19 19 19 

5 Monodentate inter N–H…N 23 and 30 20 and 30 20 and 28 

6 Monodentate inter O–H…N 10 and 24 12 and 23 12 and 21 

7 Monodentate adsorbate-surface  n.a. 19 15 

8 Bidentate adsorbate-surface n.a. 23 19 

9 Bidentate intra N–H…O 32 n.d. 28 

1-3PPA Monodentate n.a. 23 n.d. 20 

2-3PPA Bidentate n.a. 30 n.d. 28 

5-3PPA Monodentate n.a. 23 and 23 n.d. 21 and 21 
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Figure 7: 31P CP-MAS NMR spectra of 3APPA grafted samples (A) and 3PPA grafted samples (B). 

 

In addition, also a broad band of multiple signals/shoulders is observed for sample 

3APPA150mM50 in the region between -10 and 10 ppm composed of different contributing 

resonances, but with a main resonance around 5 ppm. The large upfield shift of these 

resonance signals indicates the formation of P environments with an increased shielding and 

can possibly be assigned to the presence of layered (crystalline) titanium aminophosphonate 

based structures, formed by a dissolution-precipitation reaction at the surface. To the 

knowledge of the authors, such structures have not yet been described or reported in literature 

upon surface grafting with 3APPA. For the grafting of alkyl PAs, it is known that titanium 

phosphonate formation is enhanced under harsh synthesis conditions (combination of high 

temperature and concentration). The presence of such structures has already been evidenced 

by TEM and by the presence of a resonance signal between -4 and 8 ppm in 31P NMR 

depending on the nature of the organic group (i.e. aliphatic vs aromatic).59,113,114  However, 

such layered titanium propylphosphonate structures are absent for both 3PPA modifications, 

as shown in Figure 7B. 
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4. Conclusions 

This study provides in-depth knowledge on the impact of the amine group on the grafting of 

3-aminopropylphosphonic acid (3APPA) on Hombikat M311 by comparison with 

propylphosphonic acid (3PPA) as an amine-free structural analogue, via a combination of 

experimental- and computational work. Spectroscopic investigations (DRIFT, XPS and 31P 

CP-MAS NMR) on 3APPA and 3PPA grafted samples combined with DFT calculations on 

clean- and hydrated surfaces, reveal the peculiar behavior of 3APPA and the complexity and 

variety of conformational modes of the aminopropyl chain at the TiO2 surface.  

 

Modification degrees between 0.6 and 1.4 #/nm² and 0.6 and 1.1 #/nm² are obtained for 3PPA 

and 3APPA, respectively. Increasing the concentration and temperature results in an 

increased modification degree. At 50 °C, similar modification degrees for 3PPA and 3APPA 

are obtained for a given concentration, while at 90 °C, lower modification degrees are 

obtained for 3APPA compared to 3PPA. As the competitive adsorption with water is lower at 

90 °C than at 50 °C for both precursors, the lower modification degree of 3APPA already 

suggests that the amine group induces additional surface interactions that are absent for 

3PPA. This is supported by differences in peak position and relative intensities of the broad 

bands in the P–O region (1300-900 cm-1) in DRIFT.   

 

The different experimental techniques reveal the presence of different chemical states and 

conformations of the amine functional group. The interference of surface adsorbed water in 

DRIFT hampers the determination of the relative contributions of the amine speciation, 

impeding the correlation with the modification conditions. Semi-quantitative information on 

the amine speciation is obtained from XPS, where contributions of NH2 and NH3
+ chemical 

states were found in the N1s in a constant fraction of 65% and 35%, respectively, irrespective 
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of the modification conditions. However, these fractions only give averaged information on 

the chemical states of the amine functionality, since hydrogen bonded amine groups are also 

present, of which their binding energy strongly depends on the hydrogen bonding strength.  

 

Based on DFT calculations on the predominant anatase crystal facet (101), the presence of a 

intra – and inter adsorbate and adsorbate-surface interactions have been revealed for 3APPA, 

with a stabilization of each modelled structure with increasing number of adsorbed water 

molecules. The corresponding decrease in adsorption energy is independent on the presence 

of the amine group, given a similar stabilization observed for 3PPA, evidencing that the 

presence of water on anatase (101) intrinsically results in the stabilization of an 

organophosphonic acid adsorption complex. On a fully hydrated surface (i.e. reaching 

monolayer coverage of water), which approximates more closely the hydration state under 

real experimental conditions, the differences in adsorption energy between the 3APPA 

modelled structures are too small to make a decisive statement on the presence of preferred 

conformations. This is in line with the calculated 31P NMR chemical shifts associated with 

the studied structures, which coincide with the broad band (35-12 ppm) found in the 

experimental spectra.  

 

The complementary approach of experimental and computational techniques reveals a 

complex interaction of 3APPA with the titania surface involving multiple adsorption 

geometries but without the ability to differentiate between structures nor in their order of 

relative occurrence. The surface modification at a high 3APPA concentration (150mM) 

results in the presence of a second broad band in the 31P NMR spectra between -10 and 10 

ppm. Although this region can only be tentatively ascribed to the presence of layered titanium 

aminophosphonate-type structures, a different phosphorus environment is clearly present due 
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to a different nature of interaction between 3APPA and the titania surface in addition to 

surface grafting.  

 

The coexistence of multiple interaction sites and chemical states of the amine group might 

have consequences on their behavior in different applications. Moreover, a difference in 

conformation is to be expected depending on the solvent environment, here represented by 

the impact of water. As the amine group is (partly) involved in hydrogen bonding or other 

surface interactions, its accessibility for adsorption of molecules or subsequent conjugation 

reactions might be hindered or altered. Knowledge on the impact of this competitive 

interaction is of high interest for further research.  
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