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Phosphonate-functionalised dyes have been shown to bind
strongly to aluminium oxides and to form stable 1 : 1
complexes with cyclodextrins at the surface.

The rapid development of digital imaging has been accom-
panied by a need to generate high quality hard-copy output.
Papers which give photorealistic images by inkjet printing are
generally coated with oxides such as alumina and silica to
improve the print quality and durability, and titanium dioxide to
increase brightness.1,2 In principle it should be possible to
improve the performance of water-soluble dyes on metal oxide-
treated papers, particularly with regard to wet fastness, by
attaching good surface ligating functionalities. Previous work
with iron(III) oxides has shown3,4 that surface binding can be
greatly enhanced by using donor sets which are capable of
‘multisite attachment’ via a combination of conventional metal–
donor coordinate bonds and ligand–surface and ligand–ligand
hydrogen bonding. With this in mind we have compared the
uptakes on aluminium oxides of simple azo-dyes‡ 1–5 contain-
ing a potentially polynucleating phosphonic acid substituent§
with those of carboxylic and sulfonic acid analogues and related
the results to their performance when inkjet printed onto
alumina and silica-treated papers.

Adsorption isotherms (Fig. 1)¶ were used to determine the
uptake of the azo dyes from water onto high surface area
Al(OH)3. The phosphonic acid substituted dyes 3 and 4 show
stronger binding and higher surface coverage than do the
sulfonic and carboxylic acid substituted compounds 1 and 2,
respectively. Incorporation of the phosphonic acid group in the
meta-position in 5 gives rise to similarly strong uptake, but a
lower surface coverage than does para substitution. Presumably
the para-isomer binds with its molcular backbone almost
perpendicular to the surface, giving rise to a more efficient

packing than can be achieved by the meta-isomer. Strong
surface binding of phosphonates to titania particles has also
been reported recently.7

The phosphonate functionalised dye 3 performs significantly
better in standard wet fastness tests∑ than its sulfonic and
carboxylic analogues (1 and 2, respectively) after inkjet printing
onto aluminium oxide or silica-treated papers, supporting the
hypothesis that attaching oxide-anchoring groups provides an
effective way of enhancing the performance of inkjet dyes.

Recently it has been shown that enclosing the azo group of a
“reactive” dye in the cavity of a-cyclodextrin (a-CD) sig-
nificantly improves its resistance to reductive, oxidative and
photo-bleaching when used on textiles.8 In order to establish
whether this approach can be used to protect inkjet dyes at oxide
surfaces it is necessary to show that the surface ligating dyes
form strong inclusion complexes with cyclodextrins, and that
the resulting assemblies are strongly bound to the oxide surface
through the pendant phosphonate group.

The formation of 1 : 1 complexes of 3 with a-cyclodextrin
was confirmed by making 1H NMR measurements on solutions
in D2O, with various values of cyclodextrin concentration and a
fixed total dye concentration.** The resulting fit of 1H NMR
data (Fig. 2) gave the values K = (2 ± 1) 3 103, dfree = 7.77 ±
0.02 ppm, and dcomplex = 7.48 ± 0.01 ppm.

Adsorption isotherm measurments showed that the phospho-
nate groups in 3, 4 and 5 allow the 1 : 1 dye : cyclodextrin
complexes to be firmly tethered to the surface of Al(OH)3. The
initial slopes of the plots (Fig. 3) of the uptake of 3 in the
presence of a- or b-cyclodextrin are very similar to that of the
dye alone, indicating similar binding strengths. The increased
bulk of the cyclodextrin complexes leads to a significant
decrease in surface coverage from (20.0 ± 0.8) 3 1026, to (6.3
± 0.3) 3 1026 and (4.8 ± 0.3) 3 1026 mol g21 for 3 and its a-
and b-cyclodextrin complexes, respectively. These data corre-
spond to coverages of 58 ± 2, 185 ± 9 and 242 ± 15 Å2

molecule21, respectively, based on the surface area (7 m2 g21)
for the Al(OH)3 used and suggest almost complete close
packing of both the a- and b-cyclodextrin complexes, assuming
these complexes have the same diameters (13.7 and 15.3 Å
respectively) as those reported for the free cyclodextrins.9

† Electronic supplementary information (ESI) available: ROESY NMR
spectrum of 1 and a-cyclodextrin. See http://www.rsc.org/suppdata/cc/b3/
b303608c/ Fig. 1 Adsorption isotherms¶ showing uptake of 3–5 onto Al(OH)3.
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The model sulfonate and carboxylate dyes 1 and 2 also form
inclusion complexes and show similar decreases in surface
coverage in the presence of cyclodextrins, consistent with the
formation of stable ternary, Al(OH)3/dye/CD complexes. The
assembly of such complexes could enhance light fastness by
shielding the azo groups from attack by photo-bleaching agents.
In solution, the ROESY 1H NMR spectrum of a 1 : 1 mixture of
1 and a-cyclodextrin in D2O indicates that the four H-atoms
ortho to the azo group form close contacts with protons of the a-
cyclodextrin pointing towards the cavity (H3 and H5 protons)
and suggests that a major part of the dye is enclosed in the
cyclodextrin and should be screened from attack by photo-
bleaching agents. Preliminary lightfastness tests support this
proposition. After printing an ink containing the sulfonate
model dye 1 (8.0 3 1022 mol dm23) onto an alumina-treated
paper (HG 201), the optical density loss after exposure for
14000 lux h is reduced from 85 to 50% when the ink contains a
0.9 molar ratio of a-cyclodextrin. In these inkjet/light fastness
tests on paper the solubility of the cyclodextrins is not high
enough to allow them to be used in equimolar quantities at the
concentrations needed in the test for the model dyes 1–5 which
have relatively weak chromophores.†† Despite this, the results
to date suggest that using a surface ligating dye in an ink
containing organic host molecules provides a useful approach to
improving both the wet and light fastness after printing on
oxide-treated papers.
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Notes and references
‡ Azo-compounds 1 and 2 were prepared by coupling of the appropriate
diazonium salts with phenol under basic conditions.10 p-Aminophenylphos-
phonic acid 6 was produced from p-bromoacetanilide (0.08 moles) and
triethyl phosphite (0.05 moles) in the presence of NiCl2 (0.04 moles) at
145–180 °C. The resulting grey solid was recrystallised from ethyl acetate
then hydrolysed with conc. HCl to give 6 (41% overall); mp 253–254 °C
(lit.,11 254–256 °C). Azo coupling was carried out as above10 to give 3 mp
277–280 °C (dec). dH (360 MHz, DMSO-d6) 6.98 (d, 2H), 7.89 (d, 2H) and
7.76–7.84 (m, 4H); dC (63 MHz, DMSO-d6) 116.2, 121.6, 125.2, 131.8,
140.5, 145.3, 153.5 and 161.7; dP (101 MHz, DMSO-d6) 11.47; m/z (ES,
negative ion), 277 (M 2 H)2. (Found: C, 51.8; H, 3.9; N, 10.0.
C12H11N2O4P requires: C, 51.8; H, 4.0; N, 10.1%). Azo-dyes 4 and 5 were
prepared from the appropriate anilines by standard methods10 and were
characterised as above.
§ Three dimensional zeolite-like structures are observed for metal phospho-
nates containing multiple bridging RPO3

22 units,5,6 suggesting that
phosphonate ligands will show multisite attachment3,4 and hence strong
binding to the surface of aluminium oxy/hydroxides.
¶ Accurately weighed samples of Al(OH)3 (ca. 0.4 g) in polycarbonate
centrifuge tubes were stirred with the desired concentration of dye in water
(10 cm3) for 2 h (25 °C, pH 8). The suspensions were centrifuged and
filtered, and the phosphorus concentration was measured by ICP-OES to
determine the concentration of dye remaining in solution and hence the
amounts adsorbed. The data for each dye were fitted to the Langmuir
adsorption equation for the plots in Figs. 1 and 3.
∑Wet fastness tests were performed 1 and 24 h after printing, and were
compared against the results obtained for control inks.
** The total dye concentration [D]0 and the total cyclodextrin concentration
[C]0 were sufficiently low that the respective activity coefficients could be
taken as equal to unity. With this approximation, the mole fraction of ‘free’
(uncomplexed) dye molecules, xfree, is given by,

(1)

where K is the equilibrium constant, D = ([C]02 [D]0)/c∆, and c∆ = 1 mol
dm23. In the NMR experiments, the total dye concentration was held fixed
at [D]0 = 0.0552 mol dm23, and [C]0 was varied between 0.4[D]0 and
2.0[D]0. The variation of the peak position of a well resolved signal in the
region of dH = 7–8 ppm with [C]0 was attributed to an average of the signals
from the ‘free’ dye with d = dfree, and the complexed dye with d = dcomplex,
i.e.,

d([C]0) = xfreedfree + (1 2 xfree)dcomplex (2)
where xfree is given by eqn. (1).
†† A new test protocol involving direct application to oxide treated papers
of solutions of dyes + cyclodextrins is being used to compare light fastness
with the stability of ternary Al(OH)3/dye/CD complexes of 1–5 and related
systems.

1 J. F. Suthers, Annu. Tech. Conf. – Soc. Plast. Eng., 58th, 2000, 3,
2593.

2 R. A. Gill, Applications of Wet-End Paper Chemistry, eds. O. C. Au and
I. Thorn, Blackie, Glasgow, 1995, pp. 54–75.

3 M. Frey, S. G. Harris, J. M. Holmes, D. A. Nation, S. Parsons, P. A.
Tasker, S. J. Teat and R. E. P. Winpenny, Angew. Chem., Int. Ed., 1998,
37, 3246.

4 M. Frey, S. G. Harris, J. M. Holmes, D. A. Nation, S. Parsons, P. A.
Tasker, S. J. Teat and R. E. P. Winpenny, Chem. Eur. J., 2000, 6,
1407.

5 G. Alberti, M. Casciola, U. Costantino and R. Vivani, Adv. Mater.
(Weinheim, Ger.), 1996, 8, 291.

6 A. Clearfield, Prog. Inorg. Chem., 1998, 47, 371.
7 G. Guerrero, P. H. Mutin and A. Vioux, Chem. Mater., 2001, 13,

4367.
8 M. R. Craig, M. G. Hutchings, T. D. W. Claridge and H. L. Anderson,

Angew. Chem., Int. Ed., 2001, 40, 1071.
9 S. Li and W. C. Purdy, Chem. Rev., 1992, 92, 1457.

10 Cf. J. Suh and W. J. Kwon, Bioorg. Chem., 1998, 26, 103.
11 A. Williams, R. A. Naylor and S. G. Collyer, J. Chem. Soc., Perkin

Trans. 2, 1973, 25.

Fig. 2 Variation of the chemical shift of the 1H (7.4 ppm) signal of 3 (0.0552
mol dm23) in D2O with concentration of a-cyclodextrin.

Fig. 3 Adsorption isotherms showing the uptake of 3 and its complexes with
a- and b-cyclodextrins on Al(OH)3.
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