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The reaction of octylphosphonic acid with the surface of alumina nanoparticles has been

investigated in order to prepare a close packing of grafted-alkyl chains. This goal was attained

through a fitting selection of the experimental conditions in terms of pH, reactant amount,

reaction time and temperature. DRX, TEM and 31P MAS NMR spectroscopy are all consistent

with an efficient covalent anchorage of the alkylphosphonate chains without degradation of the

support, demonstrated by the morphology and texture preservation during the modification.

In addition to the textural analysis, nitrogen adsorption isotherms provide additional pieces of

information on the interaction energy between the nitrogen molecule and the surface. These data,

combined with those supplied by the empirical test of floatability of powders (methanol number

test), as well as the adsorption properties of the differently functionalized alumina samples using

other probes, such as hexane and water, as a function of the chain loading, provided converging

information about surface coverage and the hydrophilic/hydrophobic properties of the various

materials. Different conformations are proposed to take into account the different results obtained

from vapor adsorption measurements.

Introduction

Hybrid organic–inorganic composites have played a prominent

role in materials chemistry during the two last decades, even

though their design has been sought after for a long time.

Actually, the field of hybrid organic–inorganic materials has

witnessed tremendous growth due to the potential applications

of these tailor-made materials through synthetic sophistication

and depth of characterization.1–3 This is particularly signifi-

cant in their use as advanced materials for technological

applications regarding several fields such as catalysis,4,5

sorption and separation,6 optics,7,8 reinforcement, adhesion

and lubrication.9 They can be also used as sensors,10 electrodes,11

or as integrated active nanodevices for clinical testing and

model systems for biomembranes.12

The different routes to prepare hybrid materials involve the

immobilization of organic components into or onto an

inorganic support either (i) by trapping in the solid pores,

(ii) by tethering to the mineral surface, or (iii) by incorporation

in the framework. Among the various designed hybrid

organic–inorganic materials,13 most of them are currently

prepared from organosilane and silica precursors.14 They

can be associated by sol–gel processes from organosilane

and silica precursors, which allows a high degree of

inter-penetration between the two dissimilar phases until

intimate mixing at a molecular level.7,15 Organosilanes as main

functionalizing agents for silica have also been used to

functionalize other mineral oxide surfaces, such as alumina,

on one side,16 and on the other side, the grafting of silica has

been investigated using organophosphonic acid.17 In the first

case, the silane attachment on the AlOH surface has been

shown by Pinnavaia and Johnson to be less stable towards

hydrolysis than on a SiOH-type surface.18 That prompted Caro

et al. to first conceal the alumina surface with a top silica layer,

in order to obtain stable hydrophobic ceramic membranes by

further silylation treatment with octadecyltrichlorosilane.19

Moreover, concerning both cases, the covalent attachment

of organic moieties on either alumina or silica using either

organosilane or organophosphonate, was firstly achieved by

two types of anchorage through Al–O–Si–C or Si–O–P–C

bonds, respectively, which require non-hydrolytic conditions

because of their instability towards hydrolysis.20 That explains

the absence of Si–O–P bond observation during the treatment

of silica with organophosphates.21 On the contrary, alkyl-

phosphonates formed a permanent hydrophobic layer on

titania and zirconia, when these mineral surfaces were treated

with an aqueous solution of alkylphosphonic acid,22 the latter

revealing the best ability to produce an ordered monolayer.23
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Santé-Ecole Nationale Supérieure de Chimie de Montpellier,
8 rue de l0Ecole Normale, 34296 Montpellier Cedex 5, France.
E-mail: philippe.trens@enscm.fr; Fax: +33 467163470;
Tel: +33 467163484

b Institut Charles Gerhardt Montpellier-UMR 5253 CNRS/ENSCM/
UM2/UM1 Equipe Chimie Moléculaire et Organisation du
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That prompted many researchers to investigate the surface

coverage of both titania and zirconia by alkylphosphonate

chains since the last decade, with the aim to study the

mechanism of the chain anchorage as a function of the

phosphonate precursor and the experimental conditions.23–25

In this field, Mutin et al. have investigated the mechanism

of the alkylphosphonate anchorage on titania (anatase) using
17O-enriched organophosphonic acid, demonstrating

the bonding mode of the phosphonate anchorage being

predominantly tridentate.26 On the other hand, particular

attention was paid to the chain orientation and packing

density and to the stability of the Ti–O–P–C or Zr–O–P–C

linkage type towards hydrolysis or solvolysis. The most

important factor is the formation of different phases coming

from dissolution/precipitation processes.23,25,27–29 In order

to overcome this phenomenon, Vioux et al. have investigated

the alumina functionalization with phenylphosphonate

in a two-step process: the first one in an organic medium,

using alternative organic-soluble coupling agents such as

bis(trimethylsilyl) phosphonate and dialkylphosphonate,

and in a second step they add water to increase Al–O–P

bond formation.30 In the case of dialkylphosphonate,

this method favored the alumina surface functionalization

without the formation of bulk aluminium phosphonate

phases. Moreover, the use of dialkylphosphonate in organic

media not only excluded the formation of bulk aluminium

phosphonate phases, but also allowed control of the surface

grafting. In the case of phenylphosphonic acid, they used a

mixture of water and methanol at pH 6 to avoid the formation

of an aluminium phosphonate phase at room temperature,

and reach a density of 4.5 phenylphosphonates per nm2.

At lower pH (pH 4) or higher temperature (reflux), the

formation of the aluminium phosphonate phase could not be

avoided. No study in pure water has been performed.

Although Ramsier et al.31 have shown that methylphosphonic

acid in aqueous solution was reacting on an alumina surface,

Randon et al. have further mentioned that the functionaliza-

tion of Al2O3 membranes with alkylphosphonic acids was

unachievable under the conditions used for titanium or

zirconium oxide supports, i.e., by using a refluxing aqueous

solution of alkylphosphonic acid at 0.1 M for 4 h.22 Under

these conditions, they concluded that the strong reaction of

g-alumina with alkylphosphonic acid probably lead to bulk

aluminium phosphonate phase formation instead of simple

grafting. However, this behavior is not absolutely clear, as

suggested by Öhman et al.32

The goal of this present work is understand this discre-

pancy and, therefore, to study in a systematic way the

reaction between alkylphosphonic acid and the alumina

surface in water at room temperature and to find the

best conditions under which the alumina surface can be

covered by a self-assembled monolayer of alkylphospho-

nate without the formation of bulk aluminium phosphonate

phases. The alkylphosphonic acid amount, the pH range

and the reaction time have been investigated to control the

grafting of alkylphosphonic acid on the alumina surface.

The resulting materials have been analyzed by various

physico-chemical methods to characterize the alumina surface

coverage.

Experimental section

Materials

Octylphosphonic acid was obtained as a gift from Rhodia and

recrystallized in toluene before use. d-Alumina—Al2O3 C

(13 nm particle size; 90 m2 g�1)—was purchased from Degussa

and used directly without any treatment. Dichloromethane

(Fluka puriss 499.9%) was distilled over calcium hydride.

Water was deionised before use.

Grafting of octylphosphonate chains on alumina in aqueous

solution

An aqueous solution (70 mL) of octylphosphonic acid was

prepared and the pH of the solution was adjusted to pH 6.5 by

adding sodium hydroxide 1 M. This solution was then added

to a suspension of 2 g of alumina in 80 mL of water in a

propylene beaker. The amount of octylphosphonic acid in

the first solution corresponded to a defined total loading

expressed in density of octylphosphonic molecules per surface

unit of alumina (P/nm2) ranging from 1.1 to 22.9 P/nm2

(corresponding to 0.06–1.33 g, respectively). The resulting

concentration of alumina was adjusted to 50 g L�1 by addition

of water. The suspension was then stirred at 500 rpm at room

temperature for 24 h before centrifugation, except when a

specific duration is specified in the kinetic study. The separated

solid was washed three times by re-dispersion in 75 mL of

deionised water, stirred 20 min each time with centrifugation,

then dried under vacuum at 80 1C for 15 h.

Additional grafting was performed without the initial

addition of sodium hydroxide to the reaction solution,

leading to the natural pH of octylphosphonic acid in water,

i.e. pH = 2.3, in order to determine the occurrence of any

precipitation–dissolution process.

Characterization

Thermogravimetric analyses were performed under dry air

from room temperature up to 800 1C at 10 1C min�1 on a

Netzsch STA 409 PC Luxx thermobalance.

The elemental chemical analyses of the materials were

performed by the Service Central d’Analyses CNRS

(Vernaison, France). The grafting density of octylphosphonate

chains on alumina (P/nm2) was calculated from the carbon

weight content C%, and taking into account the water loss

from ATG (xH2O wt%) by eqn (1):

P
�
nm2

¼ C%� LA

8� 12� C%� SBET � 1020 � 100� X%� C%�MC8H17
8�12

� �h i

ð1Þ

where LA is the Avogadro number, MC8H17
is the molar mass

of octyl chains, SBET the surface area (m2 g�1) of the alumina,

with 71 g mol�1 being the molar mass of 1/2 P2O5.

The uncertainty in the grafting density has been calculated

using the uncertainty of elemental analyses and thermo-

gravimetric determination of mass losses.
31P solid-state NMR spectra were obtained with a Bruker

Advanced DPX 300 spectrometer, using magic angle spinning

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010 New J. Chem., 2010, 34, 1424–1435 | 1425
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(MAS, spinning rate 10 kHz) and high power proton decoupling;

the flip angle was 451 and the recycling delay 10 s. The 31P

chemical shifts were referenced to H3PO4 (85% in water).

The materials have been labeled according to their content

of octylphosphate per nm2. For instance, P0 stands for the

pristine d-alumina, P47 stands for the d-alumina grafted with

4.7 octylphosphonate groups per nm2.

Transmission electron microscopy (TEM) was performed

on a Jeol 1200 EX instrument. X-Ray diffraction (XRD)

experiments were performed on a Philips X’pert Pro MPD

diffractometer used in y/y mode with l(CuKa1) = 1.5406 Å.

Zeta potentials were evaluated on a Malvern 3000 Zetasizer

(50 mW laser at 644 nm). An aqueous suspension of alumina

(1 g L�1) was firstly prepared, and aliquots of 20 mL of this

suspension were analyzed after pH adjustment in a pH range

4 o pH o 10 by adding either HCl or NaOH.

The nitrogen sorption isotherms at 77 K were obtained on a

Micromeritics Gemini 2360 apparatus. The solids were dried

overnight under vacuum at 120 1C before being analyzed.

Surface area and CBET parameter were determined from the

BET equation in the range 0.1 o p/p1 o 0.3. The surface

coverage of nitrogen molecules was taken as 0.135 nm2 for a

pure alumina surface and as 0.162 nm2 for organic functionalized

alumina, according to Jelinek and Kovátz.33

The hexane and water adsorption isotherms at 25 1C were

obtained using a home-made apparatus.34,35 n-Hexane, used

as sorbate, was provided by Aldrich (purity 499.9%). Water

used as sorbate was milliQ water.

The empirical test for the floatability of powders called the

‘‘methanol number’’ (MN) is widely used in the industry.36,37

MN values can be determined from powder immersion into

methanol–water solutions with variable methanol weight

percentages from 0 to 70 wt%, after vigorous shaking and

examination of the powder floatation after 2 min. MNmini

corresponds to the minimum methanol wt% for which some

particles start to dive (although most of them are still floating).

MNmax corresponds to the minimum methanol wt% for which

all the particles have drowned. Only MNmax will be used in

this work.

Results and discussion

Preparation and characterization of the materials

d-Alumina was chosen in the present work for its physico-

chemical characteristics: particle size, particle morphology and

surface chemical properties, conferring to it a better chemical

stability as compared with other alumina supports. d-Alumina is

one of the most crystalline aluminas, with a relatively high

surface area (90 m2 g�1). Concerning the grafting agent, two

advantages of using alkylphosphonic acid instead of silicon

derivatives can be detailed. First, the hetero-condensation of

alkylphosphonate derivatives with metal oxides is thermo-

dynamically favored, as reflected by the large number of

reported crystalline metal (M)-phosphonate phases built from

M–O–P bonds. Second, the formation of P–O–Ps bond by

homocondensation should not occur in aqueous sol–gel proces-

sing through nucleophilic substitution, which arises with silicon

derivatives under high temperature dehydrating conditions.23,29a

Another advantage of using long chain alkylphosphonic

acid, i.e. octylphosphonic acid, as coupling molecules instead

of alkyl or trimethylsilyl phosphonic ester derivatives is the

possibly easier quantitative control of the surface coverage,

due to the higher solubility in water of acids compared to

esters. Hence, an excess of octylphosphonic acid grafting agent

can be used in order to improve the surface coverage of

alumina. Furthermore, the advantage of octylphosphonic acid

grafting agent compared to other organic functions is the

ability of alkyl chains to associate by van der Waals inter-

action, which generally occurs for alkyl chain lengths greater

than eight carbon atoms, and form a self-assembled

monolayer (SAM). Octyl chains combine both advantages of

high aqueous solubility and lateral chain interaction, which

could promote the grafting density. In the case of the surface

modification of alumina with alkylphosphonic acids, the

literature reports the existence of a balance between the

grafting process and the formation of the bulk aluminium

phosphonate phases.19–32 In order to control and to under-

stand the formation of either reaction, we investigated the

influence of several parameters such as pH, reaction time and

octylphosphonic acid amount.

The XRD of the material shows an intense peak at y = 2.11

with two other weaker peaks at y = 4.21 and 6.41, as depicted

in Fig. 1. This pattern is characteristic of a lamellar aluminium

octylphosphonate structure. Indeed, the interlamellar distance

d(100) determined from the peak hkl 100 by means of the

formula d = l/2siny (with l = 1.5406) is 21 Å, and the other

d values d(200) = 10.5 Å and d(300) = 6.9 Å, are character-

istic of a lamellar structure with the sequence d(100) =

2 d(200) = 3 d(300). This spacing is consistent with an

octylphosphonate bilayer arrangement in the intergallery

region of the alumina oxide depicted in Fig. 1.

In a first experiment (sample P62), the alumina particle

suspension was simply treated with octylphosphonic acid in

aqueous solution for 24 h at room temperature (without pH

adjustment). The pH of the solution obtained was pH = 2.1.

The solution was containing a large excess of octylphosphonic

acid molecules corresponding to 22 molecules per nm2 of

alumina surface. Under these conditions, the resulting

material was featuring, after washing and drying, an amount

of octyl chains corresponding to 6.2 octylphosphonate

molecules per nm2 (Table 1).

Fig. 1
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This spacing is consistent with an octylphosphonate bilayer

arrangement in the intergallery region of the alumina oxide

(depicted in Fig. 1). The 31P CP-MAS NMR spectrum of the

sample P62 is displayed in Fig. 2.

The presence of sharp resonance peaks at 14.5 and 16 ppm

exhibited on the spectrum of P62 shown in Fig. 2 is also

characteristic of an organized metal–phosphonate phase, in

accordance with the lamellar octylphosphonate–aluminium

structure previously suggested from XRD analysis (Fig. 1).

The TEM pictures of the aluminic phases depicted in Fig. 3

before (nanoparticles of Al2O3) and after treatment with

octylphosphonic acid (without pH adjustment, sample P62,

Fig. 3) reveal a strong solid modification with the appearance

of large pellets characteristic of a lamellar phase formation,

which confirms the phase transformation. The dissolution/

reprecipitation process leading to the formation of the aluminium

phosphonate phase with a lamellar structure should very likely

be favored by the low pH of the initial octylphosphonic acid

solution, which could contribute to alumina dissolution.

Hence, we have examined the influence of pH on the reaction.

The solubility of polycrystalline alumina with high structural

order, such as cubic close-packed lattice g- or d-Al2O3, or

hexagonal close-packed lattice a-Al2O3, determined from the

curves of the solubility versus pH, has been reported as

negligible in the range 4.7 o pH o 8, except at high ionic

strength.38 However, Carrier et al. have shown more recently

that g-Al2O3 is thermodynamically unstable in aqueous suspen-

sions, leading to another more stable phase by dissolution/

precipitation: gibbsite in acid conditions and/or bayerite in

basic conditions.39 However, this process has been found to

proceed at a very slow rate (reaction time greater than 10 h),

with a minimum in the solubility profiles at pH = 6.4.

Consequently, in this present work, the alumina was further

treated with an octylphosphonic acid solution with the same

amount of grafting agent for the same reaction time as

previously used, but in which the pH had been adjusted to

pH = 6.5 by adding sodium hydroxide. The zeta potential

curve versus pH of the d-Al2O3 used in this work, determined

by electrophoresis, features a positive charge of the surface for

4 o pH o 9, and an inversion of the polarization sign

(I.E.P.S.) at pH B 9.5 (see ESI Fig. S1w), which is slightly

higher than that of different types of alumina, typical of

amphoteric solids, which are in the range of 7 o pH o 9.40

At pH = 6.5, the alumina surface develops a positive charge

and the octylphosphonic species are mostly under an anionic

Table 1 Effect of initial pH on the octylphosphonic loadings. Contacting amounts are related to the amount of octylphosphonic acid grafting
agent present in the initial solutions. With the specific surface area of alumina and the mass of sample used, these amounts have been expressed in
octylphosphonic acid molecules per nm2

Sample Initial pH
Contacting
amount P/nm2

Elemental
analysis, %C

H2O wt
loss % (TGA)

Suface loading
P/nm2 (�0.2)

P62 2.3 22.1 7.16 9.0 6.2
P47 6.5 22.9 5.99 3.8 4.7

Fig. 2

Fig. 3
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monocharged form C8H17PO3H
�; the pKa1

and pKa2
of octyl-

phosphonic acid being 2.1 and 8.1, respectively. Thus, this pH

condition should minimize alumina solubilization and favor

Coulombic interaction by the opposite charges developed by

each component of the couple grafting agent/solid surface.

The resulting material (P47), obtained by pH adjustment

to pH = 6.5, exhibits a grafting density of 4.7 P/nm2

(in accordance with what was found before for phenyl-

phosphonate grafting on alumina in methanol–aqueous media

with a density of 4.5 P/nm2)30 and did not reveal a noticeable

modification of the particle morphology, as shown by the

TEM image in Fig. 3.

The XRD pattern of the sample (not shown) did not present

any peaks at small diffraction angles, characteristic of a

lamellar phase. The 31P CP-MAS NMR spectrum of this

sample (Fig. 2) did not exhibit sharp resonance peaks

characteristic of an organized aluminium phase, but shows a

broad signal with a maximum at 24 ppm. All of these character-

istics confirm the grafting reaction of octylphosphonate chains

on the alumina surface anchored by different binding modes, and

the absence of a bulk alumina phosphonate phase.30

Influence of octylphosphonate chain loading on the grafting on

alumina

In order to understand the grafting reaction, we have investi-

gated the variation of the surface coverage as a function of the

amount of octylphosphonic acid grafting agent present in the

initial solution. The surface loadings in octylphosphonate

molecules per nm2 of alumina versus octylphosphonic acid

amount in the contacting solution (expressed in octyl-

phosphonic acid molecules per nm2) are reported in Table 2,

and the variation of these surface loadings is displayed in

Fig. 4. It must be precise that the initial pH of the phosphonic

acid solutions was adjusted to pH = 6.5, the final pHs being

reported in Table 2. The loading profile shows an increase in

the octylphosphonate loading up to a plateau corresponding

to B5 P/nm2 reached for an amount of octylphosphonic acid

in the solution greater than 15 P/nm2.

This maximum grafted molecule density is in accordance with

an alkylphosphonate density found in more drastic conditions

(organic solvent, reflux, temperature) for other oxides such as

silica, zirconia or titania, and suggests full surface coverage.41

For all of the materials, the solid-state characterization

confirms the presence of anchored octylphosphonate species

on the alumina surface: no XRD peaks have been observed

and broad 31P MAS NMR resonance peaks are present. The

evolution pattern of the solid-state 31P MAS NMR spectra of

materials with different octylphosphonate loadings is shown in

Fig. 5. The signal maximum is shifted to lower chemical shift

from 25 to 22 ppm upon increasing loading, and the signal is

broadening due to the enhancement of a shoulder at 16 ppm.

This variation suggests a variation in the anchoring mode of

the octylphosphonate onto the alumina surface as a function

of the loading. In the literature, the 31P MAS NMR signal

pattern of interacting phosphonates of SAMs on mineral

oxides (ZrO2, TiO2, Al2O3, Ta2O5) has been shown to be the

result of a relative proportion of three binding modes: mono-

dentate, bidentate and tridentate.29a,42,43 For instance, it has

been shown that phenylphosphonic acid is bound to the

zirconia particles through one, two and three Zr–O–P covalent

bonds identified by 31P MAS NMR signals, and are denoted

T1, T2 and T3, respectively.42 The chemical shifts of Ti in

Fig. 5 are consistent with those published in many other

Fig. 4

Fig. 5

Table 2 Density of octylphosphonate grafted onto the alumina surface as a function of the initial density of octylphosphonic acid in aqueous
solution, obtained by adjusting the initial solution of phosphonic acid to pH = 6.5

Materials
Contacting
solution Pintro/nm

2
Elemental
analysis, %C

wt%
H2O (TGA)

Grafting density
P/nm2 (�0.2) Final pH

P0 0.0 0.30 2.0 0.0
P10 1.1 1.59 2.9 1.0 8.5
P22 4.4 3.11 3.1 2.2 8.3
P33 9.2 4.45 2.8 3.3 7.7
P47 22.9 5.99 3.8 4.7 7.4
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studies.26,29a,40,41,45 Likewise, the attachment of self-assembled

monolayers of phosphonic acids deposited on titania through

several binding modes was argued from the 31P MAS NMR

spectrum pattern.25

On the other hand, in the case of the anchorage of

phosphates onto a titania surface, the monodentate mode

has been considered as a likely kinetic intermediate to

bi- and tridentate forms and may remain in a certain

proportion due to its stabilizing ability via hydrogen-bonding

with neighbouring bidentate groups.44–46 However, this

assumption, as well as the exact mechanism of binding, is still

debated, and likely depends on the nature of the metal

oxide.31,47 Some authors suggest from 31P MAS NMR spectra

a preference for a mixed regime of both bi- and tridentate

states for alkylphosphonates in SAMs on TiO2, due to residual

detection of PQO and P–OH groups.20 However, Mutin et al.

have pointed out the impossible identification of the different

phosphorous sites by spectra simulation if only the 31P

chemical shifts are considered. The 31P chemical shifts of

dodecylphosphonate on a titania surface are at 13 ppm, with

shoulders at around 18 and 6 ppm, and would be ascribed to

tridentate phosphonate species with different geometries

rather than to different modes.26 In fact, these chemical shifts

are sensitive not only to the number of Ti–O–P bonds, each

supplementary condensation between P–OH and Ti–OH

leading to an upfield shift (displacement towards lower

chemical shift), but also to the interaction of the PQO groups

with surface Lewis or Brønsted acid sites, which leads to

downfield shifts (displacement towards higher chemical shift)

and to the variations of the O–P–O bond angles. Nevertheless,

by using 17O MAS NMR spectroscopy of enriched 17O

phosphonic acid on titania, the authors have demonstrated

that the bonding mode, as previously suggested on titania or

zirconia,47 is predominantly tridentate. In our case, from 31P

spectra only, we can only suggest that octylphosphonate

chains are grafted on alumina, and that the grafting modes

of the O–P–O bonds are progressively changing by increasing

chain density. The upfield displacement (lower chemical shift)

of the signal and the appearance of a shoulder at lower

chemical shift could be the result of a higher bonding of

octylphosphonate groups on the surface (from mono- to

bi- or tridentate), but could also be due inversely to a lower

binding from tri- to bidentate due to the removal of the PQO

interaction with the surface to give space to the additional

molecules approaching the surface.

More recently, a revisited work dealing with high-field 17O

MAS NMR spectroscopy associated with simulation enabled

the authors to distinguish between Ti–O–P, PQO and P–OH

bonds, and to quantify them.48 They found for dodecyl-

phosphonate chains on titania: 60% Ti–O–P, 20% PQO

and 20% P–OH, which would be consistent with a mixture

of binding modes of 40% tridentate, 40% bidentate and 20%

monodentate species. However, no correlation could be found

between the 31P and the 17O MAS NMR spectra. In Table 2,

we notice that the pH of the solution increased during grafting

from pH 6.5 to 8.5 (for a grafting density on alumina of

2.2 P/nm2, corresponding to an initial grafting agent amount

of 4.4 P/nm2), as a result of the liberation of OH� species due

to the binding of P–O� with Al–OH or P–OH with Al–O�.

This grafting density is very close to the maximum found

for silica grafted by coating with trimethoxyoctylsilane

(2.5 octyl chains/nm2) leading to a majority of tridentate

species.49 For higher loading (3–5 P/nm2), the resulting pH

after grafting is lower, pH= 7.4, and could be the result of less

bindings between P–O� with Al–OH or P–OH with Al–O�.

This would be in favor of the second hypothesis: with a

majority of tridentate species at grafting density up to

2 P/nm2 and the progressive increase in bidentate species for

grafting density greater than 3 P/nm2. Nevertheless, the lower

pH after grafting for higher grafted density could also be the

result of the use of a larger amount of octylphosphonic acid,

which in this range of pH acts as a buffer solution. In any case,

as demonstrated for titania,48 a mixture of the different kinds

of bindings is expected. The study of adsorption of different

molecular probes (nitrogen, n-hexane and water vapour) on

the grafted material’s surface might give us an idea of the

surface polarity of the materials as a function of the grafting

density and, therefore, bring some light about the remaining

OH groups on the surface due to residual P–OH of the mono-

or bidentate type of grafting.

Kinetic study of octylphosphonate chains grafting on alumina

Before that, to understand the process of grafting, we have

examined the evolution of grafting density as a function of

reaction time for a starting solution of octylphosphonic acid of

4.6 P/nm2 (Fig. 6a and b).

Two regimes proceeded during the octylphosphonate

loading. The first one was a very fast process, and a plateau

corresponding to a number of grafted octylphosphonate

molecules of B1.5 P/nm2 was reached after a few minutes.

Then, the second one was very slow, and an additional

grafting corresponding to B2 P/nm2 molecules were linearly

added over a period of 21 days.

The 31P MAS NMR spectra (Fig. 7) show no sharp

resonances at 14.5 and 16 ppm, and XRD reveals no diffrac-

tion peaks (not shown), those results demonstrate that in our

conditions of grafting (pH = 6.5, room temperature) no

dissolution/reprecipitation process occurs even over three

weeks of reaction.

The evolution of the 31P NMR spectra as a function of

reaction time is very similar to the previous study as a function

of the amount of grafting agent, the maximum of the peak

(B25 ppm) is slightly shifted towards lower chemical shift and

the peak is broadening by the appearance of a shoulder at

lower chemical shift (B17 ppm). The anchorage modes of

O–P–O bonds are changing as a function of reaction time,

which is also corresponding to an increase in octyl-

phosphonate chain density, as in the previous study. The

existence of the two regimes of grafting process suggests that

the higher rate of the first regime would result from a higher

local concentration of octylphosphonic acid groups near the

alumina surface. An explanation could be, for the first regime,

the contact of a micellar organization of the octylphosphonic

acids with the surface, leading to the fast grafting of an

already interacting molecular assembly. Indeed, the initial

concentration of the phosphonic acid is 3.8 � 10�2 mol L�1,

which is higher than the critical micellar concentration
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(cmc B3.0 � 10�2 mol L�1 at pH 6.5). When 1.6 P/nm2 of

octylphosphonic acid were anchored after half an hour, the

reacting solution concentration decreases to 2.5 � 10�2 mol L�1,

which is below the cmc. Hence, the supplementary octyl-

phosphonate chains loading during the second regime would

require the addition of single molecules, which is difficult due

to both the steric hindrance of the octylphosphonate chains

already present on the surface, and the fact that the surface

charge becomes less and less positive due to the charge

compensation occurring during the grafting process.

As revealed by the evolution of the 31P NMR spectra, the

addition of molecules in the second process on the alumina

surface lead to some restructuring of the binding modes of the

already grafted species by shifting the peak maximum to lower

chemical shift (Fig. 7). As a hypothesis, we can suggest that

tridentate species are first adsorbed and react with the surface

and could further break a bond, or displace the interaction

of the PQO bond with the surface. This would allow a

supplementary octylphosphonic molecule to graft onto the

surface, leading to the development of bidentate species. In

order to check the remaining polarity of the surface, and

therefore, the surface coverage, different probes (nitrogen,

hexane and water) have been adsorbed on the different

materials (see below). Another way to test the surface coverage

by octyl chains is to determine its hydrophobicity. As the

materials are constituted of non-porous nanoparticles, a test

named the ‘‘Methanol Number’’ has been performed, which

quantifies the floatability of powders in aqueous solutions

containing different amounts of methanol.

Methanol number test

The contact angle made by a liquid with a solid surface in the

presence of a fluid generally characterizes the wetting/

non-wetting properties of the system. Thus, the contact angle

between a water drop and an ideal flat solid surface is related

to its hydrophilicity (YY o p/2) or hydrophobicity (YY 4 p/2)
by the value of its contact angle. YY is the Young

contact angle which is directly given by the equation

cos YY = (ssf � ssl)/slf where ssf, ssl and slf are the

interfacial tensions of the solid–fluid, solid–liquid and

liquid–fluid interfaces, respectively.50 Unfortunately, this

method leads to many misunderstandings, because the exact

calculation of the interfacial tensions is questionable in some

cases, and because deviation of the apparent contact angle

exists from the ideal Young contact angle by the hetero-

geneous wetting regime.51 This deviation originates from both

the roughness and the chemical heterogeneity of most solid

surfaces, as well as the presence of air bubbles trapped in the

roughness grooves, under the water drops.52,53 In order to

avoid the pitfalls in the field of measurement and interpreta-

tion of contact angles stressed by Marmur,54 we have chosen

to investigate the particle floating on a liquid–air interface

consisting of various water–methanol compositions. The

variation of the methanol number as a function of octyl-

phosphonate grafted on the alumina surface is reported in Table 3.

The determination of methanol numbers was made on a

series of samples prepared from the same pristine alumina

without noticeable modification of the texture and morphology

of the particle aggregates after surface modification. The

variation of their value can be seen as an estimation of the

modification of the chemical properties of their surface.

Indeed, the variation of the floatability mainly depends on

the wettability: the air pockets inside the microcavities of the

particles or the microcavities due to particle aggregation

Fig. 6

Fig. 7
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mainly depend on the hydrophobicity of the surface.55 On the

other hand, the penetration of liquids inside these cavities also

depends on the surface wettabilility.56 It has been

previously shown that contact angle, and thus, hydro-

phobicity, decreases with the increase of alkyl chains of linear

alcohols. Hence, the observed variation in the methanol

number as a function of the octyl chain loading can be related

by an increase in the hydrophobicity of the surface with the

increase of grafted chain density. From Table 3, the hydro-

phobicity of the material is noticeable for a grafting density of

2.2 P/nm2, and reaches its maximum for 4.7 P/nm2.

Nitrogen sorption isotherms at 77 K over octylphosphonate-

grafted alumina materials

The variation of the surface polarity of surface-modified

mineral oxides as a function of both surface loading and

anchorage mode has been particularly analyzed in the case

of silane grafted on silica.47 The CBET parameter, used as a

polarity indicator for polarisable adsorbed molecules, such as

nitrogen, was calculated from the BET equation, applied in the

0.1 o p/p1 o 0.3 relative pressure range of the nitrogen

adsorption isotherm. The CBET parameter is usually expressed

as in eqn (3)

CBETðN2Þ1 e
E1-EL
RT ð3Þ

where, E1 is the adsorption energy (J mol�1) for the first

monolayer on the surface and EL is the adsorption energy of

the following layers, which is close to the liquefaction enthalpy

of nitrogen (J mol�1). Hence, CBET could quantify the

adsorbent–surface interaction, and could be related to surface

polarity depending on the surface coverage.49 This assumption

has been further confirmed by the surface contact angle value

determined by water intrusion in porous silica, and by com-

parative adsorption of argon and nitrogen for hydrophobized

surface characterization.57,58 The polar surface of pristine

hydroxylated silica usually features a CBET parameter of

around 100–110 when adsorbing nitrogen at 77 K. However,

onto surfaces totally covered by octyl chains through trichloro-

octylsilane or chlorodimethoxyoctylsilane graftings, this CBET

value decreases down to 18–20. In the case of mesoporous

silica, this corresponds to contact angles of 126 and 1281,

respectively, characteristic of hydrophobic materials.49,57 In

the present work, the CBET parameter of the pristine alumina

is 126, slightly higher than the value mostly observed for polar

surfaces such as hydroxylated silica (Table 3). For a partial

surface coverage of alumina corresponding to 1.0 P/nm2, the

CBET value decreases down to 39 and further down to 25

for a higher octylphosphonate surface content of 2.2 P/nm2,

revealing a good coverage of the alumina surface and

a relatively high hydrophobicity, although lower than on

octylsilane/silica materials for which CBET values of 18–20

are usually found. For higher octylphosphonate chain

loadings on alumina (3.3–4.7 P/nm2), a small decrease of the

CBET value can be noticed. This slight difference observed

between the CBET parameters of the samples featuring

loadings in the range 2.2 and 4.7 P/nm2 suggests that fewer

hydroxyl groups are accessible for nitrogen species for higher

loading. This could be interpreted as a higher binding mode of

phosphonate at high grafting densities. However, at such high

grafting density, and at the very low temperature (77 K) used

for nitrogen physisorption, the grafted chains are probably

lying on the mineral surface and nitrogen molecules probably

cannot access the hydroxyl groups either originating from the

phosphonate groups or from the non-modified hydroxyl groups

of the surface. At maximum loading, i.e. 4.7 P/nm2 the outer-

most interface would consist of a dense packing of grafted

chains similar to self-assembled systems, such as Langmuir–

Blodgett films, even though this interface does not feature a

fully ordered system, as it could be expected for octyl chains.

Hence, there is a consistency between the probing of the

surface polarity with nitrogen adsorption and with methanol

number test, which are sensitive to the same loading ranges:

loading between 2.2 o P o 4.7 P/nm2 are non-polar and

hydrophobic, with a higher (and similar) character of hydro-

phobicity for materials featuring a grafting density of 3.3 and

4.7 P/nm2. Larger amounts of octylphosphonate chains on the

alumina surface increases the hydrophobicity of the material,

but no evidence of the binding type can be deduced from

nitrogen adsorption.

Adsorption of n-hexane on the phosphonate-modified alumina

The adsorption isotherms for the various phosphonate-

loaded aluminas containing phosphonate chains in the range

1–4.7 P/nm2 are plotted in Fig. 8.

n-Hexane adsorption isotherms at 25 1C over alumina

recovered with different densities of octyl chains have quite

moderated slopes at the origin, relating to a low heat of

adsorption, suggesting a mild n-hexane/alumina surface

affinity. However, the occurrence of the knees of the sorption

isotherms depends on the graft loading. Stronger interaction

with n-hexane is observed in the case of the pristine alumina

surface, while this interaction decreases as the density of octyl

chains increases. In the case of the highest grafting studied in

Table 3 Methanol number maximum (MNmax), nitrogen CBET, hexane CBET, number of hexane and water molecules adsorbed at monolayer
coverage

Materials
Grafting density
P/nm2 (�0.2) MNmax CBET (nitrogen) CBET (n-hexane)

Adsorbed molecules/nm2 at Vm
a

n-Hexane Water

P0 0.0 0 126 18.4 1.8 3.3
P10 1.0 0 39 10.1 1.3 1.6
P22 2.2 40 25 7.9 1.1 1.1
P33 3.3 55 23 6.8 1.2 1.1
P47 4.7 60 23 5.5 1.0 1.1

a Vm represents the volume of the physisorbed sorbate monolayer.
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this work (4.7 P/nm2), it is almost a linear relationship that can

be derived from the sorption isotherm. In other words, the

n-hexane vapor, used as sorbate, is proportional to the

adsorbed amount. This Henry’s law type of behavior suggests

that the octyl chains act as a solvent for the n-hexane species,

with the n-hexane/octyl chain interaction being very close to

the n-hexane/n-hexane interaction. It is therefore important to

distinguish between sorbate/surface interaction and sorbate/

surface affinity to understand the results obtained. No

saturation plateaus can be obtained, which is not surprising

for these absorption processes. In the case of non-grafted

alumina, even if no plateau can be observed, a strong inflexion

of the sorption isotherm after the knee can be seen. This

suggests different sorption processes, the first one being the

interaction between n-hexane species and the alumina surface

with a rather high interaction energy involved, the second one

being the sorption of n-hexane in a multimolecular fashion.

This difference in terms of sorbate/surface interaction can be

ever better seen by plotting the BET transform of the

adsorption isotherm in the relative pressure region corres-

ponding to the adsorption through a monolayer/multilayer

process (usually 0.15 o p/p1 o 0.25). This may characterize

the affinity of a sorbate on a solid surface, as shown using

nitrogen. As shown in the past, this determination can prove

accurate in the case of n-hexane adsorption, even though

n-hexane is a larger molecule having moreover different

possible conformations.34 Indeed, it was reported that, at

low adsorbed amounts, long alkyl chains or polymers first

lie down to the surface, and adopt a brush-like structure when

reaching the saturation plateau.59 From these measurements,

the mean value of the molecular cross section s of hexane of

0.514 nm2 could be derived, allowing the successful determi-

nation of textural and surface properties of MCM-41 silica.60

As reported in Table 3, the n-hexane CBET coefficient of 18.4

for the pristine alumina reveals a higher interaction energy

between the hydroxylated alumina surface and n-hexane

as compared to the n-hexane/MCM-41 silica interaction

(hexane CBET coefficient of 4–5). With a grafting density of

1 P/nm2, the CBET coefficient value abruptly falls from 18.4 to

10.1. This suggests that the grafted octyl chains lie on the

surface to minimize the surface energy. However, it is

not dense enough to cover the whole surface: when the

octylphosphonate loading increases, the CBET parameter

further decreases (for P22, CBET = 7.9). For higher grafting

densities, the CBET parameter does not vary much, which

suggests that the hexane molecules mostly interact with the

grafted alkyl chains, no longer with the mineral surface. In

other words, this suggests the solvation of n-hexane species in

octyl chains rather than sorption on the alumina surface: when

octylphosphonate grafting increases the adsorption process

could be replaced by an absorption process.

Scheme 1 illustrates the possible different chain conforma-

tions depending on the grafted chain loading. At low loadings

(1–2 P/nm2) the grafted chains/surface interaction could lead

to surface coverage by the layered alkyl chain, whereas at high

loading (B4 P/nm2) the potential adsorption sites of the surface

could be involved in the phosphonate anchoring bonds.

The number of hexane molecules per nm2 at the monolayer

volume has been determined from the BET theory and eqn (4):

nhexane ¼
Vmono

ads � La

SBET � Vm
� 10�21 ð4Þ

nhexane is the number of hexane molecules per nm2 at the

monolayer volume, SBET is the specific surface area determined

by nitrogen adsorption (m2 g�1), Vm is the gas molar volume

(L mol�1), Vmono
ads is the adsorbed hexane volume at

the monolayer determined by the BET equation, La is the

Avogadro number (mol�1). The values of nhexane versus graft

loading are reported in Table 3.

It is noteworthy that the number of adsorbed hexane molecules

per nm2 at the monolayer volume decreases down to half the

value of the pristine alumina from 0 up to 2 P/nm2. This suggests

that the grafted alkyl chains shared in the flat surface-

monolayered coverage. From 2 to 4.5 P/nm2, the number of

hexane molecules required for making up the total surface

coverage is nearly constant and equal to 1.2 molecules per nm2,

confirming that most of the solid surface is recovered by the alkyl

grafted chains. Hence, during n-hexane adsorptionmeasurements,

the non-grafted alumina surface would be totally hidden by the

grafted octyl chains, which themselves are interacting with the

original alumina surface with similar sorption energy.

Water adsorption on the phosphonate-modified alumina

Water adsorption isotherms at 25 1C have been analyzed to

characterize the hydrophilic properties of the grafted alumina.

The adsorption isotherms shown in Fig. 9 present a sharp

initial slope indicating a strong interaction of water with the

surface, particularly for the pure alumina surface, followed by

clearly defined saturation plateaus. At the same relative water

pressure p/p1 = 0.2, the adsorbed volume which corresponds

to a monolayer coverage strongly decreases from 10 to 4 mL g�1

when the surface loading by the octanephosphonate chain

coverage increases from 0 to 2.2 P/nm2. For higher graftings,

there is no noticeable change in the water adsorption.

The adsorption isotherms exhibit the same general shape,

indicating similar water adsorption processes regardless of the

octylphosphonate surface density. This suggests that water

species only interact with the free d-alumina surface, which

decreases in amplitude as grafting increases.

The number of water molecules per nm2 at the monolayer

volume was determined using the same equation as shown

previously (eqn (4)) and reported in Table 3. This number falls

Fig. 8
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from 3.3 down to 1.1 H2O molecules per nm2 when the

grafting of octylphosphonate chains increases from 0 up to

2.2 P/nm2. This suggests a balance effect between the surface

sites for water adsorption and the phosphonate anchoring

sites. The water molecules are therefore likely adsorbed on the

potential sites for phosphonate grafting. The number of water

adsorption sites remains constant at 1.1 per nm2, even when

the grafting density increases from 2.2 to 4.7 P/nm2. Taking

into account this balance effect and the stronger adsorption

enthalpy of the water compared to that of n-hexane, this

suggests that the grafting process at higher loading involves

surface Al–OH as well as P–OH or/and PQO non-linked to

the surface. This is in line with a modification of the anchoring

mode to complete a dense chain loading as suggested

previously from the two kinetic regimes of the grafting process.

n-Hexane can interact with the grafted materials in different

ways: either with the pristine alumina surface, or with the grafted

alumina surface through remaining Al–OH surface sites or even

through solvation in the grafted octyl chains. In contrast with

n-hexane adsorption, the water molecules are able to compete

with the alkyl chains flattened on the unmodified surface due

their higher interaction energy with the surface adsorption sites.

Conclusion

We have investigated the reaction of octylphosphonic acid

with the surface of alumina nanoparticles. The main objective

of this study was the hydrophobization of alumina in aqueous

Scheme 1

Fig. 9
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conditions by producing a close packing of grafted-alkyl

chains. Although alumina was considered as a not so suitable

substrate compared to TiO2 or ZrO2, due to the easier

formation of bulk alumino-alkylphosphonate phases occur-

ring by dissolution/precipitation processes, this goal was

attained through a fitting selection of the experimental condi-

tions in terms of pH, reactant amount, reaction time and

temperature. Different methods have been used to characterize

the surface modifications of alumina nanoparticles. DRX,

TEM and 31P MAS NMR spectroscopy are all consistent with

an efficient covalent anchorage of the alkylphosphonate chains

with no impairment of the support demonstrated by the

morphology and the texture preservation during the modifica-

tion. In addition with the texture analysis, nitrogen adsorption

isotherms provide additional pieces of information on the

interaction energy between the nitrogen molecule and

the surface. These data, combined with those supplied by the

floating test and adsorption properties of the differently

functionalized alumina samples using other probes, such as

hexane and water, as a function of the chain loading, provided

gathering information useful for the surface coverage level and

the determination of the hydrophilic/hydrophobic properties

of the various materials. In particular, for the highest

coverage, the exposed surface is only composed of dense alkyl

chains plausibly adopting a brush-like structure. For inter-

mediate coverage, the exposed surface is also hydro-

carbonated, which suggests that octyl chains are flattened on

the surface due to their interactions with the polar support as

driving forces. In contrast to hexane, that cannot compete

with the grafted alkyl chains, water molecules are able to

substitute the alkyl chain thanks to its stronger adsorption

enthalpy. In the case of highest surface coverage of 4.7 P/nm2,

dense monolayered organic chains anchored on alumina

provide a chemically stable hydrophobic surface.

Acknowledgements

This work was supported by Rhodia. S. L. also wishes to

thank the CNRS and Rhodia for support in the form of a

PhD grant.

References

1 B. M. Novak, Adv. Mater., 1993, 5, 422–433.
2 (a) C. Sanchez, B. Julián, P. Belleville and M. Popall, J. Mater.
Chem., 2005, 15, 3559–3592; (b) L. Nicole, C. Boissière, D. Grosso,
A. Quach and C. Sanchez, J. Mater. Chem., 2005, 15, 3598–3627.

3 F. Hoffmann, M. Cornelius, J. Morell and M. Fröba, Angew.
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