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Objective. To investigate the complex structural and dynamical conversion process of the

amorphous-calcium-phosphate (ACP)-to-apatite transition in ACP based dental composite

materials.

Methods. Composite disks were prepared using zirconia hybridized ACP fillers (0.4 mass frac-

tion) and photo-activated Bis-GMA/TEGDMA resin (0.6 mass fraction). We  performed an

investigation of the solution-mediated ACP-to-apatite conversion mechanism in controlled

acidic aqueous environment with in situ ultra-small angle X-ray scattering based coher-

ent  X-ray photon correlation spectroscopy and ex situ X-ray diffraction, as well as other

complementary techniques.

Results. We  established that the ACP-to-apatite conversion in ACP composites is a two-step

process, owing to the sensitivity to local structural changes provided by coherent X-rays.

Initially, ACP undergoes a local microstructural rearrangement without losing its amorphous

character. We established the catalytic role of the acid and found the time scale of this

rearrangement strongly depends on the pH of the solution, which agrees with previous
findings about ACP without the polymer matrix being present. In the second step, ACP is

converted to an apatitic form with the crystallinity of the formed crystallites being poor.

Separately, we also confirmed that in the regular Zr-modified ACP the rate of ACP conversion

to  hydroxyapatite is slowed significantly compared to unmodified ACP, which is beneficial

ase of functional calcium and phosphate ions from dental composite
for  targeted slow rele
materials.
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Significance. For the first time, we were able to follow the complete solution-mediated tran-

sition process from ACP to apatite in this class of dental composites in a controlled aqueous

environment. A two-step process, suggested previously, was conclusively identified.

© 2014 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.
1.  Introduction

Amorphous calcium phosphate (ACP) is a unique form of
calcium phosphate minerals in organisms [1]. As suggested
by its name, the atomic structure of ACP lacks the long-
range periodic order of crystalline calcium phosphates. ACP,
a metastable phase, is formed as the initial solid phase that
precipitates from a highly supersaturated calcium phosphate
solution [2,3], and is known to be capable of converting to more
stable crystalline hydroxyapatite (HAP) phases through a few
different transition pathways [4–6].

ACP has drawn much attention since its discovery [7] due
to its importance in biomineralization research. For example,
ACP has been identified as a component of bone along with
crystalline apatites [7]. The content of ACP in bone is found
to correlate with the age of bone [8,9]. More  recently, sev-
eral groups of authors have employed Raman spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), X-ray absorp-
tion near-edge structure micro-spectroscopy, and scanning
and transmission electron microscopy to present evidence for
ACP being a transient precursor phase to crystalline biomin-
erals in a wide variety of animal systems, including larval and
adult echinoderm skeletons [10,11], radular teeth of chitons
[12], larval mollusk shells [13], crustacean cuticles [14], and the
fin bones of (vertebrate) zebrafish [15,16]. Moreover, studies of
nucleation of apatite crystals in vitro suggest that transient
ACP is a required intermediate step for the formation of HAP
nanocrystal [17–19]. Despite all this progress, we  note that the
role of ACP as a precursor phase in biomineralization remains
inconclusive due to lack of unquestionable proof. Regardless
of this ambiguity, ACP is currently among the most widely
studied and used biomineralization agents.

It has long been recognized that HAP is the primary inor-
ganic component of mineralized tooth tissues [20]. Due to the
strong connection between ACP and HAP, ACP compounds
have been explored as restorative and adhesive dental materi-
als designed to promote remineralization of mineral deficient
teeth [21–24]. For dental applications, ACP has been shown
to possess benefits such as better in vivo osteoconductiv-
ity and biodegradability than tricalcium phosphate and HAP,
good bioactivity, and no cytotoxicity [25,26]. ACP has also
been shown to increase alkaline phosphatase activities of
mesoblasts, enhance cell proliferation and promote cell adhe-
sion [27]. The unique role of ACP during the formation of
mineralized tooth tissue makes it a promising candidate for
dental materials.

To assess these benefits of ACP and make it more  rele-

vant to general dentistry, ACP has been incorporated as a filler
phase in bioactive polymer composites [28–31]. In these pre-
ventive or restorative dental materials, ACP is encapsulated in
a polymer binder, and is capable of slowly releasing in aqueous
environments substantial amounts of calcium and phosphate
ions in a sustained manner through the transition from ACP
to apatitic phases [28,32], where the polymer resin serves to
slow down the transition, as well as providing the mechani-
cal integrity of the composite material. These composites have
been shown to promote the recovery of mineral deficient tooth
structure in in vitro situations such as remineralization of arti-
ficially produced, caries-like lesions in bovine enamel [33].
The bioactivity of these materials originates from the propen-
sity of ACP, once exposed to oral fluids with fluctuating pH,
which include those with acidic low pH, to release calcium and
phosphate ions in a sustained manner while spontaneously
converting to thermodynamically stable apatitic structures
such as HAP [34,35]. It has also been demonstrated that the
released calcium and phosphate ions in saliva milieus cre-
ate local calcium- and phosphate-enriched super-saturation
conditions favorable for the regeneration of tooth mineral lost
to decay or wear because these ions can be deposited into
tooth structures as apatitic mineral, which is similar to the
HAP found naturally in tooth and bone [36,37]. These features
of the ACP-based composite make them very attractive bioac-
tive dental restoration materials, but the detailed structural
aspects of this kinetic transformation have yet to be eluci-
dated.

Our previous studies of ACP-based dental materials have
been primarily focused on the design of bioactive, non-
degradable, biocompatible polymeric composites derived from
dental acrylic resins and ACP fillers rendered by photochem-
ical or chemically activated polymerization [38]. While the
unambiguous potential of this class of composite materials
has clearly been demonstrated through our efforts and the
efforts of others, unlike the transformation from ACP to HAP
where there is a reasonable understanding of the conversion
process, it still remains unclear how polymer encapsulated
ACP converts to crystalline calcium phosphate phases in these
composite materials. The objective of this work is to improve
the understanding of the structural evolution and the fun-
damental process that governs ACP stability. In particular,
we focus our study on the transition of ACP in acidic envi-
ronments where it is speculated that acidic oral fluids with
fluctuating pH values act to assist the conversion of ACP in
these composites materials. In practical terms, this is also
important because acidic oral challenges (lactic acid from
bacteria generated biofilms, citric acid from foods, etc.) are
generally accepted as the primary cause of tooth mineral loss
in humans [39].

To achieve this set of goals, we primarily employ X-ray

techniques including X-ray photon correlation spectroscopy
(XPCS), ultra-small angle X-ray scattering (USAXS), and X-ray
diffraction (XRD) to evaluate the effect of acidic challenges on

dx.doi.org/10.1016/j.dental.2014.07.003
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tructural changes that occur in ACP in both composites and as
 filler phase without the polymer matrix. These X-ray results
ere complemented by in situ Fourier transform infrared spec-

roscopy (FTIR) studies, where special attention was given to
 region between 630 cm−1 and 500 cm−1, where a peak asso-
iated with phosphate bending can be found. We  focused on
his region because it is most sensitive to the conversion. It is
ur hope that such “in-depth” structural studies performed
n the ACP polymer composite, ACP filler alone, and com-
osite thin films under identical experimental regimens will
rovide better understanding of the underlying mechanisms
hat govern demineralization/remineralization phenomena
ssociated with dental hard tissue structural decay and its
ealing.

In the next section, we will briefly introduce the details of
he material synthesis and the characterization techniques.

e will then discuss the data reduction and analysis proce-
ure, followed by a presentation of our detailed experimental
esults and finally provide some concluding remarks.

.  Materials  and  methods

.1.  Materials

irconia modified ACP fillers were synthesized following the
rotocol of Eanes [7]. Pyrophosphate-stabilized ACP was pre-
ipitated at room temperature during rapid mixing of equal
olumes of an 800 mmol/L Ca(NO3)2 solution and a solution
f 536 mmol/L Na2HPO4 incorporating 1.37 mmol/L fraction
a4P2O7 and an appropriate volume of a 250 mmol/L ZrOCl2

olution (0.1 mole fraction of ZrOCl2 based on the Ca reactant).
r was found to effectively hinder the transformation of ACP
o HAP [40]. For the purpose of comparison, pure ACP powders
ere also synthesized following the same protocol without the
ddition of ZrOCl2. We identify these unmodified ACP powders
s pure ACP.

The polymer matrix was formulated from commer-
ially available dental monomers and photo-initiators
sed for visible light polymerization. The monomers
,2-bis[(p-2′-hydroxy-3′-methacryloxypropoxy)phenyl]-
ropane (Bis-GMA) and triethyleneglycol dimethacrylate

TEGDMA) were used in a 50:50 mass ratio as base and
iluent monomer, respectively. In this formulation Bis-GMA
cts to reduce photopolymerization-induced volumetric
hrinkage and enhance resin reactivity, while TEGDMA
nables improved vinyl double bond conversion [41]. Bis-
MA/TEGDMA resin was photo-activated by the inclusion
f camphorquinone (mass fraction 0.002) and ethyl-4,4-N,N-
imethylaminobenzoate (mass fraction 0.008). The names,

cronyms, sources of the monomers, components of the
hoto-initiator system and fillers are listed in Table 1.1

1 Certain commercial materials and equipment are identified in
his paper only to specify adequately the experimental
rocedure. In no case does such identification imply
ecommendation by NIST nor does it imply that the material or
quipment identified is necessarily the best available for this
urpose.
 0 1 4 ) 1113–1125 1115

Composite pastes were formulated by hand-mixing photo-
activated Bis-GMA/TEGDMA resin (0.6 mass fraction) and filler
(0.4 mass fraction). The pastes were mixed until a uniform
consistency was achieved (with no remaining large aggregates
of the filler particles visible) and then kept under moderate
vacuum (2.7 kPa) overnight to remove air trapped inside the
pastes during mixing. The pastes were molded to form disks
(≈ 10 mm diameter, ≈ 1 mm in thickness) by filling the circular
openings of flat Teflon molds. The filled molds were covered
with MylarTM films and glass slides, and then clamped tightly
with spring clips. The composite disks were polymerized by
means of a 120 s photo-polymerization procedure, using a
commercial visible light source (Triad 2000, Dentsply Interna-
tional, York, PA, USA). A minimum of ten disks were made
for each type of specimen so that measurements performed
on samples from the same batch were directly comparable.
Pure Bis-GMA/TEGDMA resin disks (without fillers) were also
prepared following the same specimen preparation procedure.
The established synthesis protocol was described in detail
elsewhere. [29,42]

2.2.  Characterization  Methods

2.2.1.  Ultra-small  angle  X-ray  scattering  measurements
Ultra-small angle X-ray scattering studies were conducted
using the USAXS instrument at sector 15-ID at the Advanced
Photon Source (APS), Argonne National Laboratory, IL [43]. The
schematic of the USAXS instrument is shown in Fig. 1. This
instrument employs Bonse–Hart-type double-crystal optics
to extend the scattering vector q range of small-angle X-ray
scattering (SAXS) down to 1 × 10−4 Å−1 (where q = (4�/�)sin(�)),
where � is the X-ray wavelength, and 2� is the scattering angle.
We used collimated monochromatic X-rays in transmission
geometry to measure the scattering intensity as a function of
q. The X-ray energy was 10.5 keV, corresponding to an X-ray
wavelength of 1.18 Å. The instrument was operated in 2D col-
limated mode with beam-defining slits set at 0.5 mm × 0.5 mm
[43]. USAXS measurements were performed in the q range
from 10−4 Å−1 to 10−1 Å−1. The q resolution was approximately
1.5 × 10−4 Å−1 and the incident photon flux on the sample was
on the order of 1 × 1012 photons s−1. Data were collected at 150
points. Data points were logarithmically distributed through
the q range, and data collection time for each data point was
1 s.

For USAXS and subsequent ultra-small angle X-ray
scattering – X-ray photon correlation spectroscopy (USAXS-
XPCS) measurements, we cut a piece of sample from the
sample disk. The sample dimension was approximately
1 mm × 1 mm × 10 mm.  We placed this cut sample inside a
glass capillary with an outer diameter of 1.5 mm.  We  also filled
the capillary with HCl + H2O solution of chosen strength while
establishing that the sample was fully submerged inside the
acid. We  sealed the filled capillary with wax and placed it ver-
tically in the beam. We  further aligned the X-ray beam at the
center of the sample for our scattering measurements.
2.2.2.  USAXS-XPCS  measurements
We  conducted the USAXS-XPCS measurements with the
USAXS instrument at the APS. The instrumental configuration
for this type of coherent scattering experiment was described

dx.doi.org/10.1016/j.dental.2014.07.003
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Table 1 – Chemical names, acronyms, and sources of the composite components.

Acronym Name Source

Bis-GMA 2,2-bis[(p-2′-hydroxy-3′-methacryloxypropoxy)phenyl]-propane Esstech, Essington, PA, USA
TEGDMA Triethyleneglycol dimethacrylate Esstech, Essington, PA, USA
CQ Camphorquinone Sigma–Aldrich, St. Louis, MO, USA

4EDMAB Ethyl-4,4-N,N-dimethylaminobenzoate 

ACP Amorphous calcium phosphate
HAP Hydroxyapatite

previously [44]. Most notably, as illustrated in Fig. 1, we placed
a pair of 15 �m × 15 �m coherence-defining slits in front of
the collimating crystals as a secondary coherent source. Sam-
ples were loaded into the capillaries as described above. We
followed an established procedure to monitor the nonequilib-
rium dynamics of samples using a scan mode of USAXS-XPCS,
which is detailed in Supplementary Materials.

2.2.3.  X-ray  diffraction
The X-ray diffraction (XRD) measurements of the com-
posites were made using an X-ray diffractometer (D8,
Bruker, Woodlands, TX, USA) utilizing Cu K˛ radiation (X-
ray energy = 8.047 keV, wavelength = 1.541 Å) and incorporating
a 2D position-sensitive multiwire detector (Hi-Star, Bruker,
Woodlands, TX, USA). Zr-modified ACP/polymer resin com-
posite samples, in the form of thin disks, approximately 1 mm
thick and 10 mm in diameter, were soaked for a specified time
in a selected HCl acid molar concentration, rinsed with water
and dried, mounted and held on a glass slide by vacuum on
the D8 vertical sample stage. Measurements were made in
a reflection geometry optimized for a mean position sensi-
tive detector (PSD) scattering angle, 2� = 42.5◦, and with the
normal to the sample plane bisecting this angle. The PSD
collected data over the scattering angle range: 25◦ < 2� < 60◦

(q = 3.45–7.06 Å−1) over a 1 h count time for each sample run.
The incident slit collimation was a 1 mm pinhole, and each
sample was oscillated by ±2 mm within its own plane (per-
pendicular to q) in both the horizontal and vertical directions
to ensure a statistically representative volume was sampled
during each XRD measurement.
The XRD measurements of powder ACP samples were
made using a Siemens D500 X-ray diffractometer equipped
with a Johansson monochromator that eliminates the K˛2

component of the Cu K� radiation. We set the incident slit

Fig. 1 – Schematic of the USAXS and USAXS-XPCS configurations
use of the same set of Si (2 2 0) optics consisting of both vertical a
used four reflections off horizontal crystal pairs and two reflectio
the pre-optics slits. In the case of USAXS, the slits define the bea
coherent source which provides the partially coherent illuminati
Sigma–Aldrich, St. Louis, MO, USA
Volpe Research Center
Volpe Research Center

size at 0.68◦ and the receiving slit size at 0.15◦. For both the
pure ACP and Zr-modified ACP powders, 1 mL  of 0.10 M HCl
was added to (50 ± 1) mg  of powder and the mixture was left
overnight to react. We  chose the duration of this reaction to
be similar to the time span of the XPCS measurements. The
acid was syphoned off, and the residue was dried at 100 ◦C
overnight. The fractional mass loss caused by this processing
was similar (0.28 for pure ACP and 0.25 for Zr-ACP). The result-
ing powder was compacted into disk-shaped sample cells.
XRD measurements were conducted over the scattering angle
range of 20◦ < 2� < 70◦ (q = 1.42–4.68 Å−1) with a fixed step size
of 0.025◦, over a 1 h count time for each sample run. In addi-
tion, semi-quantitative energy dispersive spectroscopy (EDS)
was carried out on the treated powders.

3.  Results

We corrected the USAXS data with the intensity scattering pro-
file of capillaries filled with HCl whose acidic strength was
identical to that of the samples, as well as detector back-
grounds. Such normalization placed the reduced USAXS data
on an absolute scattering intensity scale [43,45] and allowed
differential scattering cross-sections to be extracted.

We applied a maximum entropy (MaxEnt) size distribu-
tion analysis method to the reduced 2D-collimated USAXS
data. We  conducted this analysis with the Irena SAS analy-
sis package [46]. Here, we note that the MaxEnt method does
not make a priori assumptions about the character of the
particle size distribution. We do assume, however, that the
ACP particles are spherical in shape, as suggested in previ-

ous work [15,47]. This shape information contributes to the
scattering form factors of the particles. The calculated scat-
tering length (X-ray form-factor) densities of the fillers and
the matrix are shown in Table 2, along with the scattering

 at the APS USAXS instrument. Both configurations make
nd horizontal collimating and analyzing crystal pairs. We
ns off vertical crystal pairs. The main difference resides in
m while for USAXS-XPCS, the slits serve as a secondary
on as received by the sample.

dx.doi.org/10.1016/j.dental.2014.07.003
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Table 2 – X-ray scattering length densities of ACP fillers
and the polymer resin matrix.

Density
(g cm−3)

Scattering
length
density

(1014 m−2)

Contrast against
50Bis-

GMA:50TEGDMA
(1028 m−4)
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ACP 2.04 17.40 42.38
BisGMA 1.20 10.89 0
TEGDMA 1.20 10.90 0

ontrast factors used in the MaxEnt analysis. To assess the
ncertainty of the results, we  varied the intensity data by
dding Gaussian noise that was scaled to the original inten-
ity uncertainty, producing 10 datasets for statistical analysis.
SAXS data and analysis results are shown in Fig. 2. Based on

he statistics of the results, we  found that the diameters of the
ller particles have a bimodal size distribution, with centers
f distributions located at ≈1000 Å and ≈3200 Å. We  attribute
he first, smaller population to the primary particles and the
econd, larger population to the aggregation of the primary
articles. These results are consistent with the findings of a
ide range of in vivo and in vitro ACP studies [12,16,17,47,48].
dditionally, with assistance from the contrast parameters in
able 2, we found that the total scattering volume fraction of
he ACP was about 0.26 ± 0.04, which yields a mass fraction
f ACP at 0.37 ± 0.04. This result agrees with the nominal 0.4
ass fraction of ACP incorporated with the composites during

ynthesis, which suggests that the fillers and the resin matrix
ere indeed well mixed.

We have previously established that for this type of
CP filled dental composite bulk characterization methods

re not adequately sensitive to detect the local and subtle
tructural changes in the amorphous fillers [48]. XPCS, on
he other hand, is an interferometric technique based on

ig. 2 – USAXS profile of ACP composite. The intensity is
laced on the absolute intensity scale. In this and following
gures, the vertical bars at each data point represent
omputed or estimated standard deviation uncertainties.
he inset shows the volume size distribution of the ACP
ller particles. The standard deviation uncertainties

vertical bars) on the volume size distribution were derived
rom 10 MaxEnt analyses of the USAXS data.
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monochromatic coherent X-rays. The coherent interference of
short-wavelength X-rays gives rise to a so-called speckle pat-
tern, which is directly related to the exact 3-D arrangement
of electron density within the illuminated volume [49]. This
leads to the unparalleled sensitivity of coherent X-ray scat-
tering and diffraction techniques [50], including USAXS-XPCS
[44,51]. Taking advantage of this coherent interference effect,
we were able to use USAXS-XPCS as a local structural probe
to establish the correlation between water loss and initial
structural change in the ACP composites under several heat-
ing conditions. Combining XPCS with XRD, we  determined
that crystallization did not occur during this initial period
and structural change is related to the local structural reor-
ganization in the amorphous materials. For the controlled
experiments reported in this article, we again employed this
USAXS based XPCS technique to examine the relationship
between the time scale of local structure change and the acid
concentration.

The data reduction and analysis procedure of USAXS-XPCS
scans were previously reported [44,52], and are included in the
Supplementary Materials of this manuscript. In essence, we
take advantage of the correlation coefficient �(i,j), a statistical
parameter that describes the degree of resemblance between
two datasets, to analyze the correlation behavior in all sets of
the USAXS-XPCS data.

Based on a 2D map  of the correlation coefficient, we  extract
the underlying time scale of the local structural change using
methods established elsewhere [44,48]. These maps, shown
in Fig. 3, were analyzed with data acquired at HCl concen-
trations of 0.07 M,  0.10 M,  0.25 M, and 0.75 M,  respectively. The
corresponding pH values of the HCl are 1.15, 1, 0.60, and 0.13,
respectively. The durations of these measurements range from
slightly over an hour to more  than 13 h.

Following the data analysis procedure mentioned above,
we extracted the time scales for the samples to reach a
microstructurally stable state as a function of HCl concen-
tration. The relationship between the time scale and the HCl
concentration is displayed in Fig. 4. It is clear that the mea-
sured time scale is inversely related to the HCl concentration,
i.e., the rate of structural reorganization is strongly dependent
on the acidic strength. A closer examination of the relation-
ship between time scales and the HCl concentration leads to
the inset of Fig. 4. This approximately linear behavior suggests
a power law relationship and a least-squares fitting gives this
equation, T = 4.10 × c−0.90 ± 0.07, where T refers to the time scale
and c is the HCl concentration. We  will discuss the implication
of this relationship later in this article.

The area detector XRD studies were carried out to investi-
gate the time dependence for the emergence of the crystalline
phase associated with ACP-to-apatite conversion within the
ACP/resin composite, as a function of the acid concentration.
In order to correlate the time scale for the emergence of the
crystalline phase with the changes measured by the USAXS-
XPCS scanning technique, the same acid concentrations were
used as in the USAXS-XPCS experiments (0.07 M,  010 M 0.25 M,
and 0.75 M HCl). However, while each of the USAXS-XPCS stud-

ies was made in situ with the composite sample immersed
in the selected HCl acid concentration, this was not possi-
ble for the XRD measurements for two reasons. Firstly, the
time scale for relevant XRD measurements extends out to

dx.doi.org/10.1016/j.dental.2014.07.003
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Fig. 3 – Correlation coefficient maps for ACP composites with HCl concentration at (a) 0.07 M,  (b) 0.10 M,  (c) 0.25 M, and (d)
0.75 M,  respectively.
several days from the time when the sample is first immersed
in acid. Secondly, the XRD instrument geometry precludes any
such arrangement, given the need for a well-defined sample
geometry with respect to the X-ray beam. Thus, for each acid
concentration, measurements were made ex situ on a series
of samples that had been immersed in the given HCl acid
concentration for times ranging from 30 min  to several days.

Additionally, other XRD measurements of composite sam-
ples were made in order to evaluate the degree to which
the acid, itself, affects ACP-to-apatite conversion within the
composites. Composite specimens were removed from acid
after various immersion times and immersed in water for
an extended period to determine the effect on ACP conver-
sion, when compared to samples immersed only in water for

extended times. Conversely, composites were removed from
water after various immersion times, and then immersed in
acid to determine how the transformation process is affected.
Finally, a series of composite samples immersed in HCl for
various times were studied where the ACP was not
Zr-modified, to determine how Zr-modification affects conver-
sion. These results will help the quantification of the phase
conversion between the amorphous materials to their cor-
responding crystalline phases. We note that the XRD peaks
for the composite materials after conversion were broad in
general, which strongly suggests that the crystallinity of the
converted materials was poor, i.e.,  the sizes of the crystallites
were small.

As a further aid to this investigation, we  measured several
ACP and apatite powders by powder XRD, some of which had
been subjected to acid and/or water immersion. The XRD pat-
terns and changes in them could then be compared with the
broad diffraction peaks seen for the composites with the area

detector.

The area detector XRD data were sector-averaged to provide
a 1D diffraction pattern of each composite sample. For analy-
sis, the “control” XRD pattern obtained for a composite sample

dx.doi.org/10.1016/j.dental.2014.07.003
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Fig. 4 – Dynamic time scales for structural change in the
ACP composites as a function of the HCl solution
concentrations (as well as pH values) in which the ACP
composite samples were  immersed. The inset shows that
the logarithmic of the time scale is linearly related to the
l
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way than by catalysis. In this connection, we  note that the
ogarithmic of the concentration of the HCl solution.

ept dry (hence no ACP conversion to crystalline phase), was
ubtracted from each composite pattern. The peak intensities
ntegrated across the peaks of interest were used as a measure
f the amount of amorphous-to-crystalline conversion within
ach sample.

Fig. 5a and 5b shows the sector-averaged data for the com-
lete sequence of composite samples immersed for various
imes in 0.25 M HCl. Clearly, the overall scattering intensity
ncreases with acid immersion time across all of the mea-
ured scattering angle range. It is likely that some of this may
e due to ingress of Cl− ions into the composite during the
cid immersion, where a connected porosity pathway is sug-
ested based on TGA measurements of the same composites
48]. What is also observed is a progressive emergence of 3
road peaks in the diffraction pattern. The integrated intensity
ithin each peak is determined with an average, interpolated
ackground count subtracted out. This subtraction is used to
eparate the increase in diffraction peak intensity from the
eneral rise in scattering with acid immersion time. While the
entral feature in the XRD pattern has the greatest integrated
ntensity, this feature appears to be complicated by effects in
he polymer resin and a general rise in intensity, likely asso-
iated with diffusion of Cl− ions into the composite resin. The
ain measure of the diffracted intensity was simply the sum

f the integrated intensities in the first and third diffracted
eaks observed. This is plotted in Fig. 6 as a function of sample
cid immersion time, and compared with corresponding in situ
tudies of the USAXS-XPCS correlation coefficient versus time.
he above procedures were repeated for the four acid concen-

rations used for the in situ USAXS/XPCS measurements. Fig. 6

hows the increase in integrated XRD peak intensity, based on

 h counting times versus HCl immersion time for the four acid
oncentrations used. The time scales over which speckles are
 0 1 4 ) 1113–1125 1119

seen to change in the in situ USAXS-XPCS measurements are
also indicated. It is immediately clear that, in every case, the
operative time scale for changing USAXS-XPCS speckle pat-
terns occurs mainly prior to the emergence of the diffraction
peaks in the XRD studies.

As Fig. 6 shows, the non-equilibrium dynamics measured
by USAXS-XPCS consistently precedes the onset and growth of
crystalline structure within these dental composites. Here, the
XPCS changing times correspond to the dynamic time scales
shown in Fig. 4. According to the literature [20,53], it is known
that a series of amorphous-to-amorphous phase transforma-
tions occur in the ACP/resin composite, in the presence of
H2O but actually progressively removing H2O from the solid
structure. Since removal of H2O is expected to densify the ACP
particles [54], we  surmise that the particle densification is the
underlying cause of the non-equilibrium dynamics observed
by USAXS-XPCS. We  note that in a closely related study where
H2O was removed through heating at temperatures above the
boiling point of H2O under ambient pressure, very similar
nonequilibrium behavior was observed [48]. In that study, it
was found that loss of water is directly correlated with the
dynamical microstructural change. Yet a comparison between
the XRD intensity profiles before and after heating showed
no change in atomic structure. In other words, loss of water
in ACP precedes its transformation toward crystalline phases
[6,55].

Eventually, when the particles have lost sufficient water,
an amorphous-to-crystalline phase transformation can occur,
converting the last in the sequence of amorphous phases
to apatite. This last transformation presents so little a den-
sity change that very small or no non-equilibrium dynamics
(changing speckles) are observed from this point on by USAXS-
XPCS. However, since apatite is crystalline, we  do expect
the XRD peak intensity to increase progressively as the
amorphous-to-crystalline conversion proceeds.

The conversion of ACP to HAP takes place in H2O over an
extended period, from several days to many  weeks/months.
Obviously, this time scale is too extended for practical in situ
USAXS-XPCS measurements; such extended beam time is not
available, and the changes in the XPCS speckles take place
too slowly for the USAXS-XPCS scanning method to measure
non-equilibrium dynamics to work reliably. In other words,
the reaction rate is increased by immersing the samples in
an acidic aqueous environment, which has the effect of sig-
nificantly increasing the rate at which H2O is extracted from
the ACP solid structure, hence accelerating the sequence of
amorphous transformations that effectively dehydrate and
densify successive solid particle phases within the polymer
composite. While dilute HCl has been used in our measure-
ments, other acids (e.g., lactic, citric) may be relevant for dental
applications.

It has been previously established that HAP is soluble in
acids with a strong pH dependence on the solubility at low
pH [56]. Therefore, it is relevant to consider the nature of the
crystalline phase produced here, how it relates to HAP, and
whether ACP-to-apatite conversion is affected in any other
XRD peaks in Fig. 5 are broad and weak. This suggests that
the amorphous-to-crystalline transformation results in poor
(perhaps partial) crystallinity involving nanoscale crystallites

dx.doi.org/10.1016/j.dental.2014.07.003
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Fig. 5 – Sequence of XRD diffraction patterns for samples immersed for various times in 0.25 M HCl. (a) Early immersion
times; (b) later times. Vertical lines define the 1st and 3rd broad diffraction peaks over which intensity is integrated after an

oint
average background subtraction. Vertical bars at each data p

[54]. Several additional XRD measurements were carried out
to investigate the situation further.

Fig. 7 compares the XRD pattern of ACP-to-HAP conversion
in H2O to both the HAP reference powder and the pow-
der obtained after post-conversion immersion in 0.07 M HCl
acid (the most dilute used in XRD work). Fig. 7a indicates
that purely aqueous conversion of ACP in the composite to
apatite (over 6 months) results in diffraction peaks at the
same scattering angles as found for a standard HAP refer-
ence powder. (For accurate comparison, no control data for
an unconverted ACP composite have been subtracted out.)
This solution-mediated conversion was previously observed
in ACP, and was found to be a function of only the pH of the
mediating solution at constant temperature [4,57]. This study
established that this transition also occurs in ACP composites,
although with a much longer transitional time scale (hours
versus months).

Clearly, the HAP XRD peaks do not occur in the same places
as the broad peaks that emerge (between the vertical lines) on
conversion of ACP composites in HCl, shown in Fig. 5. However,
as Fig. 7b shows, these “HAP” XRD peaks completely disappear
after just 24 h immersion of the composite in dilute HCl. The
HAP XRD peaks are replaced by a pattern with a similar overall
shape to that for the composites immersed in HCl, but with
only a hint of the XRD peak structure observed above for ACP
composite conversion in HCl. We conclude that true HAP is
highly soluble in dilute HCl, including that formed within a
composite, when there is fluid access from the surface.

Fig. 8 shows the effects of immersing the composite sam-
ples in H2O after various immersion times in 0.07 M HCl. These

results reveal that conversion to true HAP depends on how far
the conversion process has previously progressed in acid. For
limited immersion time in acid, significant HAP XRD peaks
develop. However, as the immersion time in acid is increased,
 indicate standard measurement uncertainties.

so the capacity for true HAP conversion in H2O diminishes.
For extended immersion times in dilute HCl that significantly
exceed the time during which changing USAXS-XPCS speck-
les are observed, the characteristic XRD pattern for conversion
in acid prevails. This pattern is not affected by subsequent
extended immersion of the sample in H2O. We  surmise that
while HCl promotes the amorphous-to-amorphous sequence
of changes, starting with ACP, the product of the final
amorphous-to-crystalline conversion, HAP, is dissolved in HCl
as it is formed. What remains is an insoluble acid mediated
phase. Dissolution studies of Zr-modified and unmodified ACP
powders in dilute HCl suggest that Zr-modified ACP (used in
the composites here) is significantly less soluble in HCl than
is the unmodified form of ACP. Certainly, XRD measurements
of unmodified ACP composites immersed in 0.1 M HCl reveal
a pattern similar to that for Zr-modified ACP composites, but
with even less prominent diffraction peaks (Supplementary
Materials). This observation is consistent with the conversion
product in the Zr-modified case being less inclined to con-
vert to HAP than that for the unmodified case due to ions
specifically blocking potential sites for HAP  nucleation and
growth [40]. Also apparent is that the presence of heavy ele-
ment Zr increases the XRD intensity of the Zr-modified ACP
composites.

To explore this point further XRD studies were made of Zr-
modified and unmodified ACP powders subjected to HCl acid
immersion, as detailed in the Characterization Method sec-
tion. Fig. 9 shows the XRD spectra of Zr-modified ACP and
unmodified ACP powders after the previously described HCl
treatment. We found that these XRD patterns show strong

similarities throughout the 2� range, particularly at 2� angles
above 45◦. The peaks common to both patterns are broad
with full widths at half maximum intensity (FWHM) of ≈0.5◦,
strongly suggestive of poor crystallinity for the predicted HAP

dx.doi.org/10.1016/j.dental.2014.07.003
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Fig. 6 – Integrated peak intensities for the 1st and 3rd diffraction peak, and their sum, versus HCl immersion time in (a)
0.07 M HCl; (b) 0.10 M HCl; (c) 0.25 M HCl; and (d) 0.75 M HCl. Vertical bars indicate counting standard uncertainties, but data
point scatter indicates greater stochastic uncertainties of HCl immersion and sample non-uniformity.
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hase (stick pattern in (a)). The unmodified ACP sample after
Cl immersion also features a number of extra peaks which
re all considerably sharper (FWHM ≈ 0.17◦). While the broad
eaks are all well fit by the PDF file that describes HAP in the
ormula of Ca5(PO4)3(OH), the additional sharp peaks from the
nmodified ACP powder are very well fit by monetite, which
as a formula of CaHPO4. The sharpness of such lines also

ndicates that the grain size of the monetite is considerably
arger than for the HAP present. These findings show that the
r modification, while slowing the ACP-HAP conversion, does

ot contribute to the final chemical state of the HAP. In other
ords, the kinetically stable HAP phase is the destination of

he ACP with or without the presence of Zr modification, which
s further demonstrated by a series of FTIR measurements
(Supplementary Materials) that show 1. Treatment in water
or dilute HCl solutions leads Zr modified ACP powders to the
formation of HAP; 2. HCl promotes the conversion from ACP
to HAP for Zr modified powders.

4.  Discussion

We  have conducted a structural study of the static and
dynamic structures of the ACP composites under controlled

conditions of various degrees of acidic challenge. The static
structural investigation was performed with conventional ex
situ XRD, and the dynamic investigation was conducted with
in situ USAXS-XPCS, which is a high-sensitivity interferometric

dx.doi.org/10.1016/j.dental.2014.07.003
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Fig. 7 – (a) Comparison of XRD patterns for ACP composite immersed for 6 months in H2O and HAP reference powder. For
convenient comparison, no subtraction of data from a control unconverted composite has been made. (b) Comparison of
XRD patterns for ACP composite converted to HAP in H2O, and the same composite subsequently immersed in 0.07 M HCl

self-repairing of dental structures. However, highly acidic con-
ditions, as shown by our data, can significantly accelerate this
process and make the application of this class of materials
for 24 h.

local structure probe based on coherent interference of short
wavelength, partially coherent X-rays.

Owing to the sensitivity to local structural changes pro-
vided by USAXS-XPCS, for this class of ACP-resin composite
dental materials, we  identified a two-step process that con-
trols the structural variation. In the first step, the dental
materials remain amorphous. However, we presented strong
evidence for local structure changes in the length scale
between approximately 100 nm and several �m.  We  found that
the time scale for this type of local structure change strongly
depends on the concentration of the acid in which the sample
was immersed – the higher the acid concentration, the shorter
the dynamic time scale, i.e.,  the amorphous conversion was
aided by the presence of acid. This dependence is analogous
to the one that was previously identified for ACP powders dur-
ing their conversions to HAP in various pH solutions [4], albeit
that the time scales for ACP composites are significantly longer
due to the presence of both polymer resin and Zr dopants.
We have previously linked this amorphous conversion to the
loss of water in ACPs, and identified an activation energy of
(54.34 ± 10.90) kJ mol−1 [48]. We  allude to the structure change
with the densification of the ACP particles accompanying the
loss of water. We also note that this activation energy was sim-
ilar to that found for the change in sub-micrometer grain size
in the ACPs [54].

To fulfill the potential offered by this type of dental mate-
rial, it is critical that the release of the calcium and phosphate
ions that accompanies the conversion between ACP and HAP
be a slow and gradual process [40]. In this work, we identi-

fied an empirical relationship between the acid concentration
and the time scale in the initial stage of this transition
T = 4.10 × c−0.90. Following this empirical relationship, we  draw
the following conclusion: alluding to the much lower acidic
concentration in the mouth, on average, this would imply
that many  months would be required for this conversion
to complete under physiological oral conditions. Therefore,
we suggest that this slow conversion enabled by both the
resin matrix and the Zr modification is beneficial to gradual
Fig. 8 – XRD patterns of ACP composites immersed in
0.07 M HCl for various times, then transferred to H2O for 3
months.

dx.doi.org/10.1016/j.dental.2014.07.003
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Fig. 9 – XRD patterns of (a) Zr-modified ACP powders and (b) unmodified ACP powders after a 0.1 M HCl treatment, together
with predicted HAP stick pattern shown for (a), and predicted monetite stick pattern shown for (b). While broad peaks,
roughly corresponding to the predicted HAP phase are present in both (a) and (b), narrow diffractions peaks corresponding
to monetite are present only in (b).
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ess than optimal, while having a significant adverse effect in
orroding the enamel [39]. Such conditions ought to be avoided
s shown by our data.

We  acquired information regarding the second step of this
onversion process via ex situ XRD measurements where we
ound ACP undergoes a slow conversion to its crystalline
hases. This conversion, however, does not start until the
oherent speckle variation observed by USAXS-XPCS comes
o a stop. This implies that during this step, variations in both
ensity and grain size are limited. We  found that emerged XRD
rystalline peaks are weak and broad. This result shows that
he crystallinity is poor, which is in agreement with previous
ndings about nanocrystallinity of such materials [18,58,59].
hese results also show that the resin and Zr modifica-

ion significantly impede the conversion between Zr-modified
CP and HAP, even under conditions highly favorable to H2O

emoval and its subsequent phase transition [4].
By adjusting the immersion time of the ACP composite in

cid, we  found that as the immersion time in acid increases
he capacity for true HAP conversion in H2O diminishes. This
uggests that acid-aided dissolution of HAP occurs at the same
ime as hydroxyapatite is forming from ACP. Due to the poor
rystallinity of these materials and the weakness and broad-
ess of the diffraction peaks, we  cannot fingerprint the phase
nd structure of the remainder material. We  speculate that it
as an insoluble acid mediated phase.

For the first time, we were able to follow the complete
ransition process from ACP to HAP in this class of dental com-

osites in a controlled environment. The two-step process,
hich was speculated previously, was conclusively identified.
e note that by no means was this set of findings complete.
otably, we  were unable to pinpoint the crystalline phases of
the converted materials due to the poor crystallinity of the
materials. However, we were able to clarify the role of both
acid and water in this solution-mediated, pH-dependent tran-
sition. Hopefully, the findings of this study will lead to a better
understanding of the still largely unknown transformation
from ACP to apatite in ACP-based composite materials, and the
associated kinetics, especially for transformation in materials
that have real-life implications.

5.  Conclusion

) Using in situ XPCS and ex situ XRD, we  identified a two-
step process that controls the acid-mediated structure
conversion in ACP based dental composites, with the
first step being an amorphous transformation and second
being a slow transformation from amorphous to crystalline
phases.

) In the first step of conversion, we found its time scale T
strongly depends on the acidic concentration c following
T = 4.10 × c0.90 ± 0.07.

c) We  found the crystallinity of the crystallites formed in the
second step of conversion being poor. We also showed that
the resin and Zr modification significantly deter the crys-
talline conversion.
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