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Organophosphonate Bridged Anatase Mesocrystals: Low 
Temperature Crystallization, Thermal Growth and Hydrogen 
Photo-Evolution 

Younes Brahmi,b Nadia Katir,a Juan Antonio Macia Agullo,c Ana Primo,c Mosto Bousmina,a Jean 
Pierre Majoral,d Hermenegildo Garcia,c and Abdelkrim El Kadib*a 

The sol-gel co-condensation of organo-phosphonate to titanium alkoxide enables access to novel organic-inorganic hybrids 

based on phosphonate-bridged titanium dioxide. In this contribution, we bring new perspectives to the long established sol-

gel mineralization of titanium alkoxide species, by harnessing the virtues of the well-designed phosphonate-terminated 

phosphorus dendrimers as reactive amphiphilic nanoreactor, confined medium and cross-linked template to generate at 

low temperature synthesis (T = 60°C), discrete crystalline anatase nanoparticles. An accurate investigation on several 

parameters (dendrimer generation, dendrimer-to-titanium alkoxide ratio, precursor reactivity, temperature, solvent nature, 

salt effect) allows a correlation between the network condensation, the opening porous framework and the crystalline phase 

formation. The evolution of the dendrimer skeletal upon heat treatment has been deeply monitored by means of 31P NMR, 

XPS and RAMAN spectroscopies. Increasing the heteroatom content within titania network provides the driving force for 

enhancing their photocatalytic water splitting ability for hydrogen production. 

 

Introduction 

The successful coupling of the self-assembly of soft-matter and the 

sol-gel polymerization of inorganic species, which allow the tight 
incorporation of organic and inorganic precursors into well-

organized tectonic nanostructures, has been recognized as an 

historical milestone in the field of functional material synthesis.1 

Resolving the discrepancy paradigm of soft- and hard- matter 
chemistry enabled access to stable, texturally-tunable, surface-

reactive, multi-functional porous materials.1,2 These porous hybrid 

materials become staple tools in a broad range of applications 

spanning from adsorption, sensing, catalysis to drug-delivery vehicles 
and theranostic agents in advanced nanomedicine.2,3 Although 

organosiliceous materials are ubiquitous in this topic, their limited 

stability issue under hydrothermal or aqueous basic conditions – 

mainly attributed to the intrinsic properties of the silica itself –4 

raised strong motivations to design more stable hybrid alternatives.5 

In this framework, the recent trend in hybrid material synthesis 

marked a substantial shift toward organophosphonate-bridged 

metal oxides, owing to the greatest stability of P-O-M bonds at the 

organic-inorganic interface.6,7 There are abundant examples 
concerning the grafting of phosphonic or phosphonate derivatives on 

metal oxide surface (most of time on TiO2)6 and to a less extent, the 

co-condensation of phosphonate-terminated molecules with soluble 

titanium alkoxides (Ti(OR)4).7 However, these wall-embedded 
phosphonate-metal oxides are commonly built from amorphous 

titanium dioxide and only few organic-bridged crystalline titania 

materials have been hitherto disclosed.8 This inaccessible class of 

hybrid crystalline materials obviously outperform its analogue built 
from amorphous phase as the crystallinity imparts these materials 

with interesting photo-, opto- and electro-chromic properties.9 

However, coupling “organophilicity, crystallinity and mesoporosity” 

within the same tectonic structure is not straightforward and the 
seeking task faces many difficulties. At low temperature for which 

the organic part cannot be altered, the inorganic phase is routinely 

obtained in its amorphous state.10 The crystallization - generally 

operating under thermal treatment - takes place at the expense of 
the organophilicity and simultaneously induces a dramatic collapse 

of the opening-framework as a result of the crystal growth.11 

Recently, various strategies were attempted to reconcile the delicate 

coupling of “crystallinity-organophilicity” and “crystallinity-
mesoporosity”. For instance, considerable efforts were focused on in 

situ crystallization of titanium dioxide particles in synthetic liquid 

medium with the aid of ionic liquids,12 benzyl-alcohol13or microwave 

heating,14 using reactive metal chloride or metal fluoride under acidic 
catalysis (HCl or even HF catalyst). While these routes proved to be 

to some extent effective, the use of metal halides and highly 

corrosive acid catalysts raises questions concerning the protocol 

safety and its sustainability.15 Moreover, residual halides - strongly 
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adsorbed to the material surface- have additional drawbacks in 

electronic and biomedical applications with undesirable effects, 

pitfalls and misleading results. The simultaneous engineering of the 

crystallinity and mesoporosity, which is another challenging issue in 
the chemistry of metal oxides compared to silicates, has been 

attempted by several approaches. Among the most successful ones, 

one might cite: i) reinforcing the material walls by carbon-coating 

and graphitization during thermal treatment to prevent the pore 
collapsing,16 ii) using alternate reactive building-blocks, mainly the 

so-called “brick and mortar strategy”17 and “nanocrystal-glass 

approach”18 to adjust the balance between the self-assembly and the 

wall crystallinity, iii) by charge matching during the early stage of the 
self-assembly either by heteroatom stabilization19 or acid-base 

pairing20 and iv) recently by two-step assembling tectonic 

nanocrystals in mesoporous network.21  

In this direction, we recently initiated a research program aimed at 
investigating the beneficial effect of phosphorus-dendrimers to 

create novel structured mesoporous crystalline materials.7c-d Our 

strategy is dictated by several features: i) dendrimers are well-

organized macromolecular species with very intriguing sub-
structure.22 ii) They can act as structure directing agents,23 confined 

medium for restricting growth of reactive nano-objects24 and as a 

source of porosity.25 All these roles depend on the dendrimer 

supramolecular chemistry which, in turn, can be engineered on 
demand. iii) Phosphonate-terminated phosphorus dendrimers are 

excellent candidates for co-condensation with titanium alkoxide 

species, thereby ensuring a great stability at the hybrid interface.6-8 

iv) Besides, the robustness of these functional dendrimers25,26 and 
the presence of a high ratio of nitrogen and phosphorus in their 

framework make them excellent precursors for heteroatom doping 

of the resulting titanium dioxide materials. Notably, titania doping 

with hetero-elements (N, P, S) results in stabilization of the anatase 
phase and enhancement of its photo-catalytic activity.27  

In light of these facts, we engaged in-depth studies to rationalize the 

early crystallization of anatase nanocrystals within the initial tectonic 

hybrid mesostructures and to accurately assess the consequence of 
thermal treatment on the crystal growth of the resulting titanium 

dioxide. On the whole, these materials are discussed on the basis of 

the i) low temperature crystallization of titanium oxide species, ii) the 

porosity-type of the as-obtained organic-inorganic tectonic networks 
and iii) the crystal growth resulting from the thermal annealing 

treatment. iv) Preliminary results have been also reported 

concerning the potential use of these materials for hydrogen 

production. 
 

Results and discussion 
General description of the as-synthesized materials. 

Phosphonate-terminated phosphorus dendrimers were designed by 

a multistep divergent synthesis starting from the multifunctional 

hexachlorocyclotriphosphazene (P3N3Cl6) that allow the growth of 

several branching units from the core to the surface (see S1a-b in 
Supporting Information for experimental details). For the sake of 

comparison, a phosphonate branch-mimicking dendrimer (referred 

as branch) has been obtained from a multistep synthesis procedure 

(S1a-b, Supporting Information). The chemical structure of the fourth 
generation phosphonate-terminated dendrimer (DG4) is shown in 

Figure 1.  

The sol-gel mineralization of titanium alkoxides is a common way to 

access amorphous titanium dioxide mineral phase.28 However, the 
sol-to-gel transition of titanium-oxo- species is not easy to tune, a 

fact related to the higher reactivity of hydrolysable titania monomers 

compared to that of the silica species.4,28 Considering this difference, 

many efforts were oriented to design novel condensable precursors 
with moderate hydrolysis-condensation reactivity.29 For instance, 

the coordination of titanium to acetylacetonate, carboxylate, 

phosphonate and pegylated ligands affords novel kinetically-

controlled, titanium-based processable sol-gel building-blocks.30 
Herein, we revealed that these phosphorus dendrimers play 

additional roles, first as i) kinetically-modulating precursors that 

allow to modify the sol-gel polymerization of the initial Ti(OiPr)4 sol-

gel precursor, ii) as porous cross-linker reagents that allow to 
generate a three-dimensional ordered mesoporous network. iii) as 

reinforcing agents to prevent the collapse of the porosity after 

thermal annealing treatment and lastly iv) as well-designed 

precursors for heteroatom (N, P and S) doping of titanium dioxide.  
The general approach adopted in this work is schematized 

bellow, illustrating the factors assessed for this mineralization 

(Scheme 1). Systematically, the sol-gel mineralization is studied 

as a function of the dendrimer generation, the dendrimer-to-
metal alkoxide ratio, the solvent nature, the temperature, the 

precursor reactivity, the salt effect and the reactive-surface 

located at the dendrimer surface (Table 1). 

Herein, the standard reaction of the titanium alkoxide 
mineralization is considered to be: fourth generation 

phosphonate terminated-phosphorus dendrimers (DG4), 

ethanol as solvent, water as co-solvent and catalyst, 

temperature of 60°C, Ti(OiPr)4 as a titania source and a 
dendrimer-to-metal alkoxide ratio of 1:20 (M1 in Table 1). 

Unless specified, these parameters are kept constant. For 

example, if the solvent is changed to THF or acetone, the other 

parameters are those indicated in the standard reaction (DG4, 
THF or acetone as solvent, water as co-solvent and catalyst, 

temperature of 60°C, Ti(OiPr)4 as a titania source and a 

dendrimer-to-metal alkoxide ratio of 1:20).
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Fig. 1. Structure of the fourth generation phosphonate-terminated dendrimer DG4 

Structural composition of the resulting dendrimer-titania solid 

materials has been systematically elucidated by means of 13C 
and 31P MAS NMR and DRIFT analysis. In all cases, 13C MAS NMR 

display signals typical of the parent dendrimers (CH=NH, N-CH3 

and CH-OH resonates at ~ 137, 30 and 71 ppm, respectively and 

the aromatic rings at 121, 131 and 150 ppm) indicating the 
preservation of the dendrimer skeletal during titanium alkoxide 

mineralization (Figure S2, Supporting Information). Of particular 

interest is the 31P MAS NMR that allows to probe separately the 

signal of the core (P at 6 to 8 ppm), the branches (at around 62 
ppm) and those of the surface (at ~ 16 ppm) (Figure S2, 

Supporting Information). Compared to native dendrimers, a 

slight broadening of the signals assignable to peripheral 

phosphonates is observed indicating a significant reduction of 
the molecular mobility at the dendrimer surface because of the 

expected covalent bonding to the titania network.
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Scheme 1. Multistep synthesis of phosphonate-bridged-anatase mesocrystals. a) The first step consists in the sol-gel chemistry of a titanium precursor (generally Ti(OiPr)4) in the 

presence of a phosphonate-terminated dendrimer, ethanol as a solvent and water as a co-catalyst at T = 60°C. The dendrimer used is built from a repetitive units consisting on an 

hydrophobic core (cyclophosphazene ring). In each phosphorus of the core grows a branching unit of O-Ph-C=N-N. The terminal groups located at the surface consists on -P(O)-(OH)-

O-Na+. b) The first stage of the sol-gel consists on covalent linkage of phosphonate-terminated dendrimers to titanium alkoxides via P-O-Ti bonds.  c) Further nucleation of titanium 

oxide clusters provides discrete crystalline anatase particles (phosphorus dendrimer plays a role of template to direct the crystal growth of titania nanoparticles). d) Partial destruction 

of the dendrimer skeletal by ring opening of the core and carbon-heteroatom bond cleavage at the branching points. e) Complete removal of the carbons of the starting dendrimer 

with the simultaneous heteroatom migration (N, P, S) to the titania surface. Adjacent anatase particles are connected either via P=N- linkage or Ti-O-Ti bridges. 

Table 1. General conditions for the preparation of hybrid dendrimer-titanium dioxide M1 to M15 by sol-gel mineralization process. 

Material 
Titanium  
alkoxide 

Phosphonatea Ratio (P:Ti) Solvent T (°C) 
SBET

b  
(m2.g-1) 

Sizec  
(nm) 

  M17c Ti(OiPr)4 DG4  1 :20 EtOH 60 203 4.8 
  M27c Ti(OiPr)4 DG3  1 :20 EtOH 60 291 5.8 
  M37c Ti(OiPr)4 DG2 1 :20 EtOH 60 386 6 

M4 Ti(OiPr)4 Branch 1 :20 EtOH 60 376 -d 
M5 Ti(OiPr)4 ------ ----- EtOH 60 384 -d 
M6 Ti(OiPr)4 DG4  1 :5 EtOH 60 456 5.7 
M7 Ti(OiPr)4 DG4  1 :10 EtOH 60 361 6.5 
M8 Ti(OtBu)4 DG4  1 :20 EtOH 60 172 4.5 
M9 Ti(OiPr)2(acac)2 DG4 1 :20 EtOH 60 158 -d 
M10 Ti(OiPr)4 DG4 1 :20 EtOH 100 232 5.8 
M11 Ti(OiPr)4 DG4 1 :20 EtOH 25 28 -d 
M12 Ti(OiPr)4 DG4 1 :20 EtOH U-sound 382 -d 
M13 Ti(OiPr)4 DG4 1 :20 Acetone 60 159 4.6 
M14 Ti(OiPr)4 DG4 1 :20 THF 60 32 4.9 
M15 Ti(OiPr)4 D-G2POOMef 1 :20 EtOH 60 127 4.7 

a the organo-terminated phosphonate additives introduced in the medium. DG4, DG3 and DG2 are respectively the fourth, third and second generation phosphonate-
terminated dendrimers ((P(O)(OH)(O-Na+)). The branch is referred to a single molecule with similar external surface of the used dendrimers (the chemical structure of 
each building-block is shown in the supplementary information). b Specific surface areas of the as-synthesized hybrid materials as determined by nitrogen sorption 
analysis. c the particle size of the crystalline anatase calculated from X-ray diffraction analysis (for the as-synthesized materials). d Titanium dioxide is obtained in its 
amorphous state and no crystalline peaks have been detected. e Ultrasonication for 2 hours where the starting temperature is 25°C and reaches 45°C within the two 
hours. f The terminal phosphonate of this second generation dendrimer is P(O)(OMe)2 rather than P(O)(OH) (O-Na+). 
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SEM analysis reveals the presence of homogeneous 

microspheres built from the co-condensation of various 

elementary dendritic building blocks and titanium oxide clusters 

with no over-aggregated, phase-separation or uncontrolled 
growth of the reactive titanium oxide-based oligomeric species 

(Figure 2a). 

 

Fig. 2. Microscopic characterization of the as-synthesized dendrimer-titanium dioxide 
hybrid materials. a,b) SEM photos of a) M3 and b) M14. c,d) HRTEM of M1 showing discrete 
anatase (inside of the cerles) entangled in a mesoporous network. e) Lattice fringe of the 
crystal showing the typical 101 plan of the anatase phase. f) SAED of M3 showing 
crystalline plane of anatase nanoparticles. 

Low temperature crystallization, mesoporosity and stability 

Influence of the dendrimer generation on titanium alkoxide 

mineralization: 

“Dendrimer effect”, the specific behavior of a given generation 

compared to its sisters or even to the parent, isolated monomer 

is a well-known phenomenon that has been elucidated in 
catalysis and biology.31 Following our involvement in material 

design by dendrimer approach,7,25,32 the first question raised is: 

is there any difference in templating the mineralization of 

titanium alkoxide with different dendrimer’s generation? To 
address this question, second, third and fourth generation 

phosphonate-terminated phosphorus dendrimers (DGn, n = 2, 3 

and 4) were co-condensed with Ti(OiPr)4 (DGn:Ti ratio = 1:20) in 

EtOH/H2O for 10 hours at 60°C to afford M3, M2 and M1, 
respectively (See Table 1 and the Experimental section for 

details). Whatever the generation used, X-ray diffraction shows 

delightedly the successful formation of crystalline peaks 

unambiguously assignable to the anatase phase of titanium 
dioxide (Figure S3, Supporting Information). The average size of 

the nanocrystals calculated from the half-height width of the 

[101] peak using the Scherrer formula ranges from 4.8 to 6 nm 

(Figure 3a and Table 1). HRTEM and SAED corroborated these 
results as small, discrete nanoparticles are shown to be well-

entangled within the dendritic-titania networks. At high 

magnification, individual crystals of ~ 5 nm with interplanar 

distance of 3.5 Å are observed, in superb accordance with X-ray 
diffraction analysis (Figure 2b-f and Figure S4, Supporting 

Information). In parallel, nitrogen sorption analysis evidenced 

an open, mesoporous network with specific surface areas 

ranging from 203 to 386 m2.g-1 (Figure 3b and Table 1). Notably, 

increasing the dendrimer generation induces significant 
decrease of both the crystal size and the specific surface area. 

In contrast, when single branch terminated phosphonate co-

condense to metal alkoxide in similar way to dendrimer-metal 

alkoxide (preparation of M4), the mineralization affords only 
amorphous titanium dioxide (Figure 3a). Similarly to this 

branch-mimicking dendrimer, the blank experiment - 

conducted for the preparation of M5 in the absence of any 

phosphonate additive - failed also to afford crystalline phase 
(Figure 3a and Table 1). These results unambiguously 

substantiate the “particularism” of the phosphorus dendrimers 

(versus monomers) during titanium alkoxide sol-gel 

mineralization. 

 

Fig. 3. Sol-gel mineralization of titanium tetra-isopropoxide in ethanol-water mixture at 

60°C performed in the presence of, from left to right: DG2, DG3, DG4, the branch-

mimicking dendrimer and lastly, without any phosphorus additive. a) Crystal size 

estimation by X-ray diffraction (from Scherrer formula). b) Specific surface area 

measurements by nitrogen physisorption. 

Influence of the dendrimer: titanium alkoxide ratio: 

Having substantiated the pivotal role of phosphonate-

terminated phosphorus dendrimers in the formation of 
crystalline particles at low temperature, we turned our 

attention to examine the influence of the functional 

phosphonate-to-metal alkoxide ratio. With this aim, three 
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experiments were conducted for each dendrimer generation 

with a dendrimer-to-metal alkoxide ratio of 1:5, 1:10 and 1:20 

(the ratio is calculated basing on the number of the functional 

group located at the periphery) to afford in the case of the 
fourth generation M6, M7 and M1, respectively (Table 1). While 

the dendrimer-to-metal alkoxide ratio does not seem to disrupt 

neither the crystalline phase formation, nor the crystal size (the 

anatase size varies from 4.5 to 8 nm with no clear trend), 
nitrogen sorption reveals a certain dependency on the used 

ratio (Figure 4 and Figure S5, Supporting Information). Indeed, 

the dendrimer-anatase hybrids synthesized with a 1:5 ratio 

display an isotherm profile typical of super-microporous 
materials with a significant amount of microporosity and 

specific surface areas ranging from 456 to 511 m2.g-1. In 

contrast, rising the ratio to 1:10 and then to 1:20 seems to be 

beneficial for the creation of a disordered porous network as 
evidenced by the appearance of hysteresis loop that is 

indicative of capillary condensation within the mesopores. The 

dendrimer-to-metal alkoxide ratio has indeed an effect of the 

textural properties, allowing the adjustment of the micro-, 
meso- and interporosity of the resulting hybrid dendrimer-

titanium dioxide materials.  

 

Fig. 4. Nitrogen sorption isotherm profile of the as-synthesized dendrimer-titanium 
dioxide with different phosphonate-to-Ti ratio (1:5, 1:10 and 1:20). These materials are 
respectively referred in table 1 as M6, M7 and M1. 

Moreover, substantial difference in their stability has been 

revealed by thermo-gravimetric analysis (TGA). Expectedly, the 

amount of degraded materials (at 800°C) decreases with 

increasing the dendrimer-to-metal alkoxide ratio (from 1:5 to 
1:20) (Figure S6, Supporting Information). As exemplified for the 

second generation (DG2), 30% of the weight loss is observed for 

the material prepared with 1:5 ratio, 20% for 1:10 and 15% 

when using a ratio of 1:20. Similar trend is observed for the third 
(DG3) and the fifth generation (DG4) dendrimers, respectively 

(22% and 28% for 1:5; 17% and 19% for 1:10 and only 15% for 

1:5). The weight loss occurs mainly at temperatures below 

200°C, indicating the presence of a significant amount of water 

as well as strongly physisorbed ethanol and residual alkoxides 
from the incomplete condensation of titanium species. The 

densification of the network occurs above 200°C by reacting Ti-

OH (and Ti-OR) to each other to create more robust Ti-O-Ti 

network. 
Influence of the monomer hydrolysis-condensation kinetics: 

To gain a better understanding of the kinetically controlled sol-
gel process in presence of these phosphonate-terminated 

dendrimers, mineralisation of titanium species has been 

accomplished using three different alkoxides, namely : Ti(OiPr)4, 

Ti(OtBu)4 and Ti(OiPr)2(acac)2. While the three precursors are 
prone to hydrolysis-condensation under sol-gel polymerization 

chemistry, their ability to form -(Ti-O-Ti)-n nano-sized clusters is 

ligand-dependent, with decreasing the nucleation kinetics from 

iso-propoxide to tert-butoxide to the more persistent 
acetylacetonate groups.33 We were therefore interrogated if 

low temperature crystallization, observed at 60°C, is a specific 

phenomenon induced by the dendrimer environment (possible 

confinement effect, specific interface properties, ect) or a 
kinetically controlled process that require an energy input to 

provide crystalline phase upon hydrolysis-condensation. After 

10 hours at 60°C, the isolated solid materials were analyzed by 

XRD. Interestingly, the two materials (M1 and M8) obtained 
from Ti(OiPr)4 and Ti(OtBu)4 as titania sources afford crystalline 

anatase with an average size of 4.8 and 4.5 nm, respectively. By 

sharp contrast, the less-reactive Ti(OiPr)2(acac)2 failed to 

generate crystalline anatase and only amorphous, mineral 
titanium dioxide were obtained in M9. Indeed, while the 

presence of phosphonate-terminated phosphorus dendrimers 

is mandatory for the formation of discrete crystalline particles, 

an activation energy barrier has to be surmounted (most 
probably using kinetically reactive sol-gel species) for providing 

crystalline phase.  

This precursor variation has also a dramatic influence on the 

material stability as illustrated during thermal degradation. 
Although the same dendrimer: metal alkoxide ratio (1:20) is 

used for the three materials, their weight loss varies 

significantly. The material degradation profile seems in perfect 

accordance with the predictable sol-gel kinetics; the increased 
amount of weight loss being attributed to residual 

incondensable fragments (acac)OiPr>OtBu>OiPr (Figure S7, 

Supporting Information). The highest specific surface area is 

obtained for the hybrid starting from Ti(OiPr)4 as precursor, 

 
Fig. 5. Sol-gel mineralization of Ti(OiPr)4 assisted by DG4  in an ethanol-water mixture performed at, from left to right: 25°C, 60°C, 100°C (for t = 10h) and lastly under sonication for 
2h. These materials are respectively referred in Table 1 as M11, M1, M10 and M12: a) Crystal size estimation by X-ray diffraction (from Scherrer formula). b) Specific surface area 
measurements by nitrogen physisorption. c) Percents of weight loss calculated by TGA at 800°C. 
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whereas the bulky Ti(OtBu)4 slightly reduces the open porous 

network. Ti(acac)2(OiPr)2 in consistency with its weak 

condensation exhibits the lowest specific surface area with an 

isotherm profile being more characteristic of polymeric, 
microporous network. 
Influence of the Temperature (T = 25°C, 60°C and 100°C): 

We further investigated the consequence of varying the sol-gel 

temperature on the resulting mineral phase, the framework 

mesoporosity and the stability at the organic-inorganic 

interface (M1 and M10 to M12, Table 1). The two hybrid materials 
M1 and M10 prepared at 60°C and 100°C reveal similar specific 

surface areas (respectively 203 and 232 m2.g-1) and a slight 

difference in terms of the crystal size (4.8 nm at 60°C versus 5.8 

nm at 100°C) (Figure 5 and Table 1). In contrast, the sol-gel 
mineralization performed at 25°C for the preparation of M11 

reveals two striking difference. First, no crystalline anatase is 

observed at room temperature, pointing again to the request 

for a minimum energy input, even though Ti(OiPr)4 is generally 
considered as a reactive hydrolysable monomer. Second, the 

resulting material features only a marginal specific surface area 

of 28 m2.g-1. The dendrimer topology is slightly temperature-

sensitive (in terms of swelling-subsiding) being even at the basis 
of their use as hosts for smaller objects and for the 

encapsulation of biomolecules.34 This characteristic may explain 

to some extent the discrimination seen herein for the resulting 

porous network. Extended reaction time is also revealed of 
importance (t = 10h), since the ultra-sonication for only two 

hours - supposed to bring the necessary energy for 

crystallization - did not induce the expected anatase formation 

(preparation of M12). Thermal properties of these hybrid 
materials were found to be temperature-dependent; a fact 

attributed to the weakness of the cross-linked network both at 

25°C and under sonication compared to the significant 

condensation occurring for the materials prepared at 60°C and 
100°C (Figure S8, Supporting Information). 
Solvent effect: 

The solvent nature (polarity, lipophilicity, hydrophobicity…) is 

well known to affect the textural properties of the kinetically 

controlled sol-gel of siliceous materials.35 No report has 

addressed, however, its probable implication on selective 
crystalline-phase formation for non-siliceous metal oxide. 

Accordingly, we decided to devise answers for the involvement 

of at least three different solvents in promoting crystalline 

anatase versus amorphous titania. For reasons of dendrimer 
solubility (thereby assessing only crystallization occurring under 

homogeneous conditions), the choice of the solvents was 

limited to ethanol, acetone and tetrahydrofurane (THF) 

(preparation of M1, M13 and M14, Table 1). Whatever the solvent 
used, Ti(OiPr)4 mineralization enabled to obtain, at 60°C, 

discrete crystalline anatase with crystal size ranging from 4.6 to 

4.9 nm. The openness of their framework seems, however, 

solvent-sensitive with THF leading to a marginal specific surface 

area of 32 m2.g-1, compared to that observed for acetone and 

ethanol (159 and 203 m2.g-1 respectively). The highest 

condensation degree seems to be attained with ethanol; a fact 

that is attributed to the fast alkoxy- exchange at the titania 
center, while less cross-linked network is induced by the use of 

bulky THF solvent (TGA profile, See Figure S9, Supporting 

Information). 
Salt’s effect: 

To glean a broad understanding on the global parameters 

suspected to be involved in the crystal formation at relatively 
low temperature and its stability at high temperature, the role 

of the functional groups located at the dendrimers surface has 

been accurately examined. Notably, the external function on 

the dendrimer-surface governs the early stage of the dendrimer 
---> titanium alkoxide interactions to provide novel modified 

sol-gel precursors (kinetic effect) and influences the stability at 

the organic-inorganic interface (thermodynamic effect).7d We 

therefore decided to enlarge the library of the reactive-surface 
dendrimers for titanium dioxide mineralization (M3 and M15, 

Table 1). Hence, phosphonate salt -PO(OH)O-,Na+ versus 

phosphonate diesters -PO(OMe)2 decorated second generation 

phosphorus dendrimers (G2) were compared for Ti(OiPr)4 
mineralization. This slight modification has been motivated by 

the beneficial role of the salt-effect on tuning the silica 

mesostructure36 and for its inhibitory action against the crystal 

growth.37 In principle, no difference in the crystallization 
phenomenon was observed since the two materials provide 

discrete crystalline anatase (4.7 and 6 nm in size). However, the 

salt-effect is found to be useful to enhance the specific surface 

area, being 386 m2.g-1 for M3 obtained from -PO(OH)O-,Na+ 
compared to 127 m2.g-1 for M15 obtained from -PO(OMe)2 

terminated phosphorus dendrimer. 

Evolution of the chemical structure by thermal annealing of the 

hybrids 

With these novel nanostructures in hand, the issues to be next 

addressed were: how the mineral phase responds to the 

thermal activation? and what will be the destiny of these robust 
dendrimers within the material framework? Crystallization of 

the amorphous phase and expansion of the crystal size are the 

most frequent scenarios induced in the bulk by thermal 

annealing.11 To get more insight, thermal evolution of these 
microstructures has been first monitored by solid-state NMR 

spectroscopy. 13C and 31P MAS NMR of the materials resulting 

from calcination at 180, 350 and 500°C were recorded (Figure 

6a,b). As expected, carbon-carbon and carbon-heteroatom 
bonds cleavage (C=N; N-Me and CH-OH) take place upon heat 

treatment at 180°C, slight graphitization (persistence of the 

aromatics) is observed at 350°C and lastly, complete loss of the 

carbon signal occurs at 500°C (Figure 6a). In parallel, significant 
reduction of the phosphorus signal located at the periphery is 

observed upon heat treatment at 180°C with consequent 

apparition of a new one at -6 ppm (Figure 6b). Thermal 
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annealing at 350 °C resulted in complete loss of the phosphorus 

located at the branching position as well as those of the core, 

whereas only one broad signal is observed at around -6 ppm 

(Figure 6b). The latter can be tentatively attributed to a 
tetrahedral phosphorus environment bridged to the titania 

center (Ti-O-P)x.38 This seems to indicate a migration of the 

phosphorus units (those of the surface first and then, those of 

the branch and the core) to the anatase particle surface 
probably by reaction with residual Ti-OH to form Ti-O-P. This can 

explain to some extent the presence of a unique broad 

phosphorus signal within the thermally-annealed material. CHN 

elemental analysis indicated that 98% of C atoms and up to 85% 
H atoms are removed at 500°C while N, S and P remains 

unaltered after calcination. Considering the high portion of P, N 

and S heteroatoms in the starting dendrimers, this further 

explains the lower weight loss (less than 15 to 20%) observed 
for most of these hybrid materials. 

 

Fig. 6. Solid state NMR of the hybrid dendrimer-titania materials recorded at 
60°C, 180°C, 350°C and at 500°C. a) 13C MAS NMR and b) 31P MAS NMR. 

Further understanding has been gained from XPS analysis by 

comparing hybrid dendritic-titania materials before and after 

thermal annealing. The as-synthesized dendrimer-titania hybrid 

exhibits signals with binding energy characteristic of titanium 
dioxide (461.48 for Ti2p3/2 and 467.38 eV for Ti2p1/2) (figure 7a). 

One broad signal is observed for P2p at 136.12 eV due to the 

overlap of the binding energy of phosphorus belonging to the 

surface (phosphonate) and the one located at the core 
(cyclophosphazene) (figure 7b).  

Three different nitrogen species are also detected at 394.23, 

397.93 and 402.63 eV (figure 7c). Exceeding a binding energy 

value of 401 eV indicates the quaternization of nitrogen 

element probably by donation to the acidic titania centers (N---
>Ti).33d Upon calcination, the persistence of phosphorus and 

nitrogen within the microstructure has been corroborated by 

the observation of a broad signal at a binding energy of 136.9 

eV for phosphorus and at 394.42, 398.42 and 403.72 eV for 
nitrogen species (figure 7e,f). The signal of titanium dioxide 

appears at 462.88 and 468.38 eV (figure 7d). Similar chemical 

shifts to higher binding energy upon thermal annealing has 

been already reported in the case of hypophosphorus doped 
titania and has been attributed to the formation of Ti-O-P within 

the anatase lattice.39 Taking also into account the possibility for 

cyclotriphosphazene ring opening upon heat treatment,7d,38c 

end-capping of residual titanols (Ti-OH) and lastly, the fusion 
and migratory insertion of the heteroatoms within the surface 

of anatase nanocrystals, a variety of heteroatom doping 

molecular species can be suggested (-Ti-O-P-, -Ti-O-N-, -N=P-O-

Ti-) in consistency with the conclusions drawn from solid state 
NMR analysis.  

While discrete crystalline anatase particles are observed at 60°C 

for most of these dendrimer-titania materials (except those 

performed with Ti(acac)2(OiPr)2 or at a lower temperature of 
25°C) (See M9, M11 and M12 in Table 1), this fact does not 

exclude the presence of amorphous titanium oxide units, 

specifically those directly bridged to the dendrimer surface. To 

get insight on this and to further assess the evolution of the 
mineral phase after thermal treatment, RAMAN spectroscopic 

studies were performed on a presentative materials before and 

after calcination. To avoid any misleading interpretation, fully 

amorphous materials were first assessed. Indeed, the material 
M9 drived from the mineralization of Ti(acac)2(OiPr)2 and M4 

performed by branch-mimicking dendrimers do not reveal any 

characteristic signal of crystalline anatase phase (Figure S10, 

Supporting Information).  

 

Fig. 7. XPS analysis of the isolated dendrimer-titanium dioxide hybrid materials a-c) before and d-f) after thermal annealing. From right to left: the binding energy of 

Ti, P and N. 
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In contrast, standard materials (M1 as an example) display four 

peaks at values of 144, 395, 514 and 639 cm-1, characteristic of 

crystalline anatase39,40 (Figure 8a). However, mapping in various 

regions reveals in some cases the predominance of amorphous 
titania species and/or the scarcity of crystalline anatase. Upon 

calcination, homogeneous, well-resolved, crystalline anatase is 

obtained as illustrated in Figure 8b. This result indicates that the 

as-synthesized material are built from a mixture of amorphous 
titanium dioxide and discrete crystalline anatase phase. 

Thermal treatment improves the crystallinity of the material 

framework much probably by converting those initially 

obtained as amorphous phase to their crystalline state.  
UV-visible spectroscopic studies performed on the solid 

materials (before and after thermal treatment) indicate the 

presence of a large band with a maximum at ~ 324 nm which is 

consistent with an incipient oligomerization of Ti(IV) species 
(Figure 8c). However, the as-synthesized materials adsorb in the 

visible region (solids with beige color), while the thermally 

annealed ones (white color) show their adsorption only in UV-

region. This difference can be attributed to the presence of 
aromatic rings with the electronic delocalization within the 

starting dendrimers acting probably as sensitizer for anatase 

particles. This plasmonic effect is suppressed upon heat 

treatment because of the dendrimer skeletal destruction. 
As stable, mesoporous titania-based materials are highly 

desirable,28c we turned our attention to the evaluation of the 

porosity change upon thermal annealing. As illustrated in Figure 

8d, nitrogen sorption isotherms substantiate a mesoporous 
network with a specific surface area of 144 cm3.g-1 for the 

annealed material compared to 203 cm3.g-1 for its parent, as-

prepared one. An expansion of the pore diameter is further 

observed (d ≈ 5.8 nm) compared to only 3.5 nm for the as-

prepared material. This pore enlargement can be explained by 

the partial destruction of the dendrimer framework, with the 
residues acting as a glue during the improved crystallization of 

the material network.18 The delivery of heteroatoms to the 

boundaries of the crystal grains constitutes the driving force to 

prevent the pore collapsing of the walls commonly encountered 
during titanium dioxide crystallization. The retention of the 

mesoporosity after thermal treatment clearly indicates the 

extremely high stability of these interpenetrating networks. 

Stability and crystal growth of anatase nanocrystals. 

Having elucidated the chemical structure and the stability of the 
mesostructure, the remaining question to be addressed was the 

evaluation of the crystal growth of anatase particles. In the 

whole and as expected, an increase in the crystal size is 

observed upon thermal treatment. However, compared to the 
literature results, the average size remains below 13 nm, which 

is extremely interesting: the average particle size at 500°C is 

estimated to be 7 nm and up to 800°C, the particle size does not 

exceed 11 nm. In addition, no additional phase (brookite, rutile, 
titania phosphate) commonly obtained at 800°C can be 

detected herein witnessing the highest stability of this single 

phase heteroatom doped anatase (Figure 9 and Figure S11, 

Supporting information). Figure 10 clearly illustrates the virtues 
of these dendrimers in limiting the crystal growth of titanium 

dioxide particles, as the anatase generated with branch-

mimicking dendrimers (case of M4) reaches already 12 nm at 

500°C and even 24 nm at 800°C (Figure 10). 

 

Fig. 8. a and b) RAMAN spectroscopic studies of the obtained materials a) before and d) after thermal annealing. After calcination, the anatase peaks become narrow and well 
resolved.c) UV-visible spectra of the tectonic materials before (in black) and after (in red) thermal annealing treatment. d) Nitrogen sorption analysis of the tectonic materials 
before (in black) and after (in red) thermal annealing treatment. Onset: The pore diameter distribution before and after thermal annealing treatment.  
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Fig. 9. Crystal size estimation of the generated anatase nanoparticles by X-ray diffraction (from Scherrer formula) as a function of several parameters. The maximum of the blue color 
corresponds to the crystal size at liquid temperature synthesis (unless specified at T = 60°C). The maximum of the red one corresponds to the size of the crystal obtained at 500°C. 
The green level reflects the size of the crystal after thermal annealing at 800°C. From left to right: dendrimer generation (DG2, DG3 and DG4), respectively referred in Table 1 as M3, 
M2 and M1. Ratio DG4:Ti(OiPr)4 of 1:5, 1:10 and 1:20, respectively referred in Table 1 as M6, M7 and M10. Precursor reactivity [Ti(OiPr)4, Ti(OtBu)4 and Ti(acac)2(OiPr)2], respectively 
referred in Table 1 as M1, M8 and M9. The Temperature (25°C, 60°C, 100°C and under ultrasonication for 2h), respectively referred in Table 1 as M11, M1, M10 and M12. The solvent 
nature (THF, acetone and ethanol), respectively referred in Table 1 as M14, M13 and M1. 

Thermal annealing of the blank mineralization (preparation of 

M5), performed without any phosphorus additive, affords large 
anatase crystals (27 nm). Importantly, the co-condensation of 

branch-mimicking phosphonate (preparation of M4), although 

less efficient in limiting the crystal size, proved however to be 

of interest to preserve the anatase phase up to 800°C. In the 
absence any of phosphorus additives (preparation of M5), the 

concomitant presence of rutile at T = 800°C has been confirmed. 

 

Fig. 10. Crystal growth of the anatase particles as a function of the phosphorus 

additive used. From left to right: second generation, third generation, fourth 
generation, branch-mimicking dendrimer and lastly the crystal growth without any 
phosphorus additive. The star indicates the presence of rutile at 800°C. The 
maximum of the blue color corresponds to the size at 60°C, the red level indicates 
the crystal size at 500°C and the green reflects the size of the crystal at 800°C 

Aiming to further elucidate the impact of the dendrimer 

medium on the expansion of the nanocrystals, the 

temperature-induced crystallization of the crystal grain size has 

been investigated for M1, M4 and M5, obtained in presence of i) 
the fourth generation phosphorus dendrimer DG4, ii) the 

mimicked branch and iii) in native medium, without any 

phosphorus additive, respectively.  

The following equation (Equation. 1) was used: 
D2(t, T) = D2

0 + k.t. exp (-Ea/RT)                   (Equation. 1) 

Where D0 is the initial grain size, k is a temperature-

independent constant, R is the gas constant and Ea is the 

activation energy.41 In the presence of phosphorus dendrimer 
DG4, a lowest Ea of 15.38 kJ.mol-1 was obtained (Figure S12, 

Supporting Information). The activation energies calculated for 

titanium alkoxide mineralization using a branch-mimicking 

dendrimer (M4) or in the absence of any phosphorus additive 
(M5), both of them have led to an amorphous titanium dioxide 

at 60°C, were found to be respectively equal to 47.72 and 49.22 

kJ.mol-1 (Figure S12, Supporting Information). The dramatic 

difference between the parent dendrimer and its branch 
fragment can be tentatively attributed to the presence of the 

crystal nucleus in the former solution synthesis, which acts 

probably as seeds for converting the remaining amorphous 

titania cross-linked to the dendrimer framework. Kohn et al. 
recently reported similar results.41 The value obtained herein 

15.38 kJ.mol-1 is much lower than that reported for anatase 

crystallization by Ostwald-ripening (78 kJ.mol-1).42 Owing to the 

sterical hindrance of the giant dendrimer, merging several 
amorphous particles to trigger conversion from amorphous 

titania to crystalline anatase must be also ruled out. The 

improved crystallization, implying marginal crystal growth, 

could be better explained by the crystallization of amorphous 
titania that are tightly connected to the anatase particles. The 

observed inhibition of the crystal expansion, naturally foreseen 

in the solid state, can be attributed to the formation of a 

phosphorus-rich glass phase that result from the thermal 
conversion of the dendrimer skeletal. This formed glass-like 

phase prevents the random coarsening of the nanocrystals and 

acts as a stabilizer for both crystal size and crystal phase.43  

Photo-activity for hydrogen generation 

Hydrogen production by water splitting is certainly one of the 
most exciting photo-catalytic reactions, principally for 

sustainable energy production from solar fuel.44 Considerable 

efforts were oriented to execute this reaction by means of non-

metallic activation, the most solicited catalyst being modified 
titania anatase.45 Considering the above-mentioned results in 

terms of heteroatom doping, improved crystallinity and 

mesoporosity, these materials seem to be ideal candidates. 

Beside our curiosity to assess their photo-catalytic activity, we 
were primarily interested to rationalize the effect of improving 

crystallinity (in as synthesized versus thermally annealed 

materials) as well as the effect of increasing heteroatom 

content (P, N) by increasing the dendrimer generation.31 With 
these two goals in mind, we embarked for hydrogen production 

using for titanium dioxide-based catalysts: the hybrid material 

M2 obtained from the third generation DG3 (Table 1), its 

thermally-annealed version referred as M2-500 and two other 
calcined materials drived from DG2 and DG4 phosphorus 
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dendrimers (namely M3-500 and M1-500, respectively) (See S1e 

in SI). Indeed, while the non-calcined material M2 showed the 

highest adsorption in the visible region, hydrogen generated by 

its use remains poor. In contrast, its thermally treated analogue 
M2-500, although absorbing only in UV-region, displayed 

greatest catalytic activity (Figure 11, right). Thermal treatment 

converts inactive amorphous titania to highly reactive anatase 

without significant expansion of the crystal size (crystal size of 
the anatase is 5.8 nm for the as-synthesized material versus 8 

nm for the calcined one). This comparison indicates the 

importance of improving the crystallinity of the material 

framework. Excitingly, the comparison of thermally annealed 
materials with increasing content of heteroatoms indicates an 

increase of the photo-catalytic activity with increasing 

dendrimer generation, with the material M1-500 drived from 

the use of DG4 being the most active one (Figure 11, left). 
Hydrogen production increases linearly with time, meaning that 

no significant deactivation of the catalyst occurs. 

 

Fig. 11. Photo-catalytic hydrogen evolution by water splitting. Left: effect of dendrimer 
generation heteroatom doping. Right: effect of thermal treatment. 

Conclusion 

Because of the abundance of the literature reporting the 

isolation of amorphous titanium dioxide under sol-gel 

mineralisation processes, the older scheme described in 

classical textbooks (amorphous state ---> crystalline anatase ---
> rutile and/or brookite) has been believed to be 

thermodynamically unavoidable. For classical synthetic 

conditions, the requested crystalline anatase was often 

generated under thermal annealing treatment at high 
temperatures, generally exceeding 500°C. The ability to 

generate crystalline anatase at lower temperature, thereby 

escaping the harsh thermal treatment, is of paramount interest 

in the field of hybrid material synthesis. With the progress 
gained in the sol-gel kinetics of titanium-oxo-species, their 

questionable ability to undergo crystallization at low 

temperature synthesis has been validated under non-

conventional synthetic route: ex. Ionic liquids, benzyl alcohol 
and microwave heating.12-14 Chemical modification of the 

starting titanium alkoxide precursors by the introduction of 

some chelating ligands, mainly acetylacetonate derivatives 

under acidic conditions, has proven its efficiency to ensure the 
crystal growth of smaller anatase nanoparticles from the 

colloidal sol-gel solution medium.30e,f These achievements 

constitute the basis for revisiting the sol-gel chemistry of 

titanium-oxo-species under soft conditions. For instance, 
processing at lower temperature can keep intact the organic 

part of the material (for instance, photosensitizers in DSSC) and 

allow depositing the crystalline material on less-expensive, 

organic (flexible or rigid) substrates. Hitherto, the 

implementation of these cost-effective substrates in the 

conception of energetic devices is hindered by their limited 

stability, being non-suitable for processing above 180°C at most. 

Boosted by the above-mentioned precedents,12-14,30e-f 
mineralization of titanium alkoxide was performed herein in the 

presence of phosphonate-terminated dendrimers. This strategy 

affords discrete crystalline anatase nanoparticles. The 

“particularism” of the used phosphorus-dendrimers is 
illustrated by their marked difference to their branch analogues, 

which led only amorphous titanium dioxide. The mandatory 

presence of phosphorus dendrimers in the sol-gel medium 

originates from their unique architecture: beside their swelling 
behavior that generate an open porous framework, the 

presence of two antagonisitic functions within the dendrimer 

skeletal (hydrophobic cyclotriphosphazene core and polar ionic 

phosphonic surface) are at the basis of their amphiphilic 
character. This allows to drive water and polar 

solvent/monomers to the interface periphery and thus to 

increase the concentration of the sol-gel reactants by 

compartmentalization. The contrasted behavior of the 
phosphorus dendrimers versus their branch-mimicking 

analogues is reminiscent to the difference in the 

supramolecular assembly encountered depending on the 

critical micelle concentration (isolated single molecules below 
CMC versus self-assembled nanoreactors above CMC). Herein, 

an exhaustive investigation on diverse sol-gel parameters 

(solvent nature, temperature, dendrimer-to-metal ratio, sol-gel 

precursor reactivity) reveals many informative results in terms 
of the crystallinity and the mesoporosity. For instance, the sol-

gel mineralization performed using the less-reactive 

Ti(acac)2(OiPr)2 (synthesis of M9) as well as the sol-gel 

performed at a lowest temperature of 25°C (synthesis of M11 
and M12) failed to generate crystalline anatase. In these two 

cases, the network is found to be less condensed as revealed by 

TGA. Indeed, while the presence of phosphonate-terminated 

dendrimers is mandatory for low temperature crystallization, an 
energy input is required to allow sufficient nucleation and thus 

a critical matter condensation. This last point is revealed herein 

of paramount interest; the low condensation of the nucleated 

network constitutes an impediment for titanium dioxide 
crystallization. The diversity of heteroatoms in the dendrimer 

skeletal (from the core to the branch to those in the external 

surface) allows a temperature-dependent, continuous 

delivering of heteroatoms to the boundaries of the growing 
crystal upon heat treatment. The complexing ability of the 

terminal phosphonate groups occuring at the initial stage of the 

sol-gel process7,8 and the heteroatom doping to the titania 

surfaces taking place at higher temperatures are the basis for 
restricting the crystal growth to 7 nm up to 500°C and 13 nm at 

up to 800°C and accounts for preserving its mesoporosity. The 

unusual properties of the used phosphonate-terminated 

phosphorus dendrimers allows for extending the broad 
temperature stability of the generated anatase phase (from 

60°C to 800°C) with no formation of brookite or rutile. 

Increasing the dendrimer generation (thereby increasing the 

percent of heteroatom doping within the mineral phase) 
provides the driving force for enhancing their photo-catalytic 

water-splitting. Work is in progress to gain better understanding 

on their structure-reactivity relationship. 
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Tuning P-doping: phosphorus dendrimers enabled access, at 60°C, to ultra-stable organophosphonate-bridged-anatase 
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