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Objectives. Identification of the mechanism of chemical coupling of a phosphate ester

monomer to zirconia via a computational modeling approach enables materials scien-

tists  to design new coupling agents that can resist hydrolytic degradation of bonds made

by methacrylate resins to zirconia. We investigated the possibility of chemical bonding

between 10-methacryloyloxydecyldihydrogenphosphate (MDP) and tetragonal zirconia, and

the  effect of pH reaction conditions on such prospective chemical bonds.

Methods. A tetragonal zirconia crystal model was created. An “Our-own N-layered integrated

molecular orbital and molecular mechanics” (ONIOM) method was used to simulate two

potential configurations of the MDP–ZrO2 system: double-coordinate and single-coordinate.

Thermodynamic calculations were used to ascertain if the reaction could proceed sponta-

neously and to compare the stability of the two possible configurations. Short-term testing

of  shear bond strength (SBS) was done to evaluate bonding improvement of MDP to alumina-

sandblasted zirconia surfaces in neutral, acidic or alkaline environments.

Results. Digital models of coordinate bonds between MDP and tetragonal zirconia were

constructed. Thermodynamic calculations indicated that the Gibbs free energy for

forming double-coordinate and single-coordinate configurations were −461.2 kJ/mol and

−450.9 kJ/mol, respectively. Equilibrium constants for the double-coordinate and single-

coordinate configurations were 6.4 × 1080 and 9.8 × 1078, respectively. Application of MDP

in  alkaline conditions showed the highest SBS, whereas acid conditions resulted in lower

SBS.
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Significance. MDP can establish a “true” chemical bond with zirconia spontaneously. The

double-coordinate configuration was identified to be more energetically favorable than the

single-coordinate configuration for the coupling of MDP to zirconia. Alkaline conditions may

positively affect formation of MDP–ZrO2 coordination bonds.

© 2015 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1.  Introduction

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) have
attracted appreciable attention in dental restorations and
implants because of their fracture resistance and esthetic
properties [1,2]. A strong bond between the dental structure
and ceramic is critical for optimal clinical performance of all-
ceramic restorations. The clinical protocol most frequently
used for luting silica-based ceramic restorations involves etch-
ing with hydrofluoric acid followed by silanization [3]. Due
to the non-polar nature and inertness of zirconia, neither
acid etching nor formation of a siloxane network between
silane and the substrate can be achieved in Y-TZP [3–5]. Thus,
alternative strategies for surface treatment to improve the
bonding of Y-TZP to resin materials have been developed.
These strategies are based predominantly on micromechan-
ical interlocking, and primer conditioning for improving
chemical bonding. Examples of these strategies include alu-
mina sandblasting, tribochemical silica coating, selective
infiltration etching, laser etching, glazing, and application
of acidic adhesive monomers [5–7]. Among these strate-
gies, use of a 10-methacryloyloxydecyldihydrogenphosphate
(MDP)-containing primer for conditioning surface-roughened
Y-TZP is rapidly gaining acceptance among clinicians [5–11].

The MDP  monomer was developed to achieve bifunctional
adhesion between metal/metallic oxide and bisphenol-A
diglycidyl dimethacrylate (bis-GMA)-containing resin matri-
ces [12,13]. Chemical conditioning with MDP aims to create
a “reactive” Y-TZP surface that facilitates chemical bonding
between phosphate groups in the MDP  and oxide groups on
the Y-TZP surface. Explanation of the exact mechanism of
this chemical reaction is extremely beneficial for designing
more  and better novel phosphate monomers. Hence, scho-
lars have employed different analytical methods to examine
what occurs between MDP  and zirconia. These methods, such
as X-ray photoelectron spectroscopy (XPS), Fourier-transform
infrared spectroscopy (FTIR), and Raman spectroscopy, aim
to characterize the reaction between MDP  and Y-TZP [14–16].
Unfortunately, they can reflect only the possible changes of
the hydroxyl group in the phosphate functional groups dur-
ing this reaction, rather than identify the exact newly formed
chemical bonds. It was not until 2012 that a –P–O–Zr bond on
the Y-TZP surface conditioned with a MDP-containing zirco-
nia primer (Z-Prime Plus; Bisco, Schaumburg, IL, USA) was
detected by time-of-flight secondary ion mass spectrometry
[17]. Detection of the chemical bonds between MDP and zirco-
nia is difficult, so the strength of the evidence provided by only
one study is not robust. Does this reaction actually occur, or
is the alleged “–P–O–Zr” bond detected only by chance? There
are insufficient data about the actual mechanism of reaction
of MDP  and whether it establishes a “true” chemical bond

with zirconia. Furthermore, if the reaction between MDP  and
zirconia occurs spontaneously then, during this reaction, H+

ions dissociate from the phosphate groups of MDP molecules
and coordinate with oxygen atoms in zirconia. Therefore,
increasing numbers of OH− ions in the reaction environment
would promote dissociation of H+ ions, which would lead to
strengthening of the chemical bonds between MDP  and zirco-
nium oxide. Conversely, increasing numbers of H+ ions would
lead to the opposite effect. These theoretical predictions sug-
gest that conditioning a Y-TZP bonding surface to alkaline
pH before application of a MDP-containing primer would pro-
mote bonding improvements between MDP  and zirconia. If
such predictions are correct, it would be useful information
for clinical application of MDP.

To clarify the issues mentioned above, we  designed a series
of tests to identify the possibility of a reaction between MDP
and zirconia through computational chemistry. Then, a short-
term shear bond strength (SBS) test was carried out to address
the theoretical prediction that environmental pH can influ-
ence the resin bond strength of MDP-conditioned Y-TZP. The
null hypothesis was: (i) MDP can establish a true chemical
bond with Y-TZP; (ii) improvement in the bonding between
MDP and Y-TZP is not influenced by the pH of the Y-TZP sur-
face.

2.  Materials  and  methods

2.1.  Modeling  of  a  MDP–ZrO2 system

A tetragonal zirconia crystal model was created using Mate-
rials Studio v4.0 (Accelrys, San Diego, CA, USA) according
to the Inorganic Crystal Structure Database (Fachinforma-
tionszentrum Karlsruhe Information Services, Eggenstein-
Leopoldshafen, Germany). After building the crystal model,
faces with low indices were cleaved to evaluate the atomic
arrangement, as well as the possible interaction sites, between
the MDP  molecules with those crystalline faces [18]. To build
a viable zirconia cluster for subsequent calculations, a small,
neutral repetitive unit in a tetragonal unit cell was cleaved
from the tetragonal zirconia crystal model. The “ideal” ZrO2

cluster possessed the following characteristics: (i) an elec-
trically neutral ZrO2 cluster; (ii) a cluster size appropriate
for high-level ab initio calculation; (iii) the structure of the
ZrO2 cluster did not change considerably after geometric
optimization using revised Gaussian 09 software (Gaussian,
Wallingford, CT, USA).

Phosphate groups in the MDP molecule can react with
one or two zirconium atoms in zirconia crystals. Therefore,
theoretically two bonding configurations are possible: “dou-
ble coordinate” and “single coordinate” (Fig. 1A). These two
theoretically possible bonding configurations between the
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