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Texture matters. An amorphous phase is present at the early stage of calcium phosphate
crystallization. In this case, the equilibrium constant equation takes the general form (middle). It

converts to the conventional “reaction quotient” (left) and “solubility product” (right) in two limit

cases, respectively.
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ABSTRACT: An X-ray amorphous phase is frequently present at the early stage of calcium
phosphate crystallization, and the relevant solution chemistry is essential for understanding the
mechanism of reaction. Here, we report a quantitative study of a series of reaction systems at
pseudo-equilibrium states. We determined the solution compositions and the quantities of the
precipitate samples, and characterized the long- and short-range order of the precipitate using X-
ray diffraction and synchrotron X-ray absorption near-edge structure spectroscopy respectively.
We found that, in a particle containing multiple structural units, only a fraction of the units was
able to reach pseudo-equilibrium with the solution composition. This fraction, with its value being
determined experimentally, represents the average number of surficial clusters per unit. These

findings enabled us to propose a general form of equilibrium constant equation. The equation fits



the pseudo-equilibrium data well, and it converts to the “solubility product (Ksp)” and conventional
“reaction quotient” in two limit cases, respectively. Further, using a cube model, we derived a
“particle equation” that reveals the connection between certain particle parameters and the

equilibrium constant equation.

INTRODUCTION

Calcium phosphate crystals have invoked extensive and intensive studies, owing to their
biological importance as the major inorganic constituents in bone and tooth enamel of vertebrates.
In 1965, Eanes et al. reported an X-ray amorphous calcium phosphate (ACP).! This substance is
frequently present at the early stage of crystallization from near neutral solution.>* In 1974, Betts
and Posner detected a cluster structure in ACP, which had the atomic arrangement similar to a
Cag(PO4)s portion of hydroxyapatite [Caio(OH)2(POa4)s, HAP] and, thus, made them to speculate
that such clusters could be present in solution and compose ACP particles via aggregation.> ©
Recent studies support the notion that ACP is the aggregated particles of solution clusters,”> ® but

suggest that these clusters are more likely to be the smaller and structurally simple ones.’"!! By
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means of advanced experimental techniques and molecular modeling'°'®, people are acquiring
the structural information of these clusters in more detail.

In addition to the structural information, also essential is the quantitative solution chemistry of
the reaction system containing ACP. However, the progress has relatively been slow in this field,
as compared with the achievements in the exploration of ACP structure.!> A major difficulty arises
from the metastability of ACP. Owing to its propensity towards crystallization, one cannot acquire

the equilibrium data by extending reaction time. Nevertheless, early investigators tackled this

problem by collecting pseudo-equilibrium data when the reaction proceeded at a low rate. In 1978,



Meyer and Eanes obtained an invariant ion product for the amorphous calcium phosphate with a
charge-neutral formula of Ca3(PO4)1.87(HPO4)o2."” In 1986, Lundager Madsen et al. reported a
“formation product” of ACP with the form of I, = a’(Ca?")a?(HPO4>")a?(H"), noting that it is not
“an equilibrium value like the solubility product, but rather a limit of metastability related to the
critical supersaturation of some solid substance.”? In 1990, Christoffersen et al. reported the
apparent solubility products for two types of ACP, both equivalent to K = [Ca?"]-[HPO4*1*74
[H]%22.21 In 2009, Holt et al. reported the solubility product for a kind of protein-sequestered ACP,
with the form Ks = dca " Gipoy - aézo_fy 32 To our knowledge, all the reported pseudo-

equilibrium equations of ACP take the form of “solubility product” or “ion activity product” (Ksp),

with the activity of ACP assumed to be 1.

But, given the much weaker inter-cluster bonding in ACP than in a crystalline phase, the
amorphous phase would not be eligible for being assigned to the activity of 1. In fact, we derived
a formation constant that depends on both the solution composition and the amount of ACP in a
preliminary study.® Accordingly, the pseudo-equilibrium constant equation may not take the form
of conventional “solubility product (Ksp)”. Hence the aim of the present study was to examine the
relationship between the solution composition and the quantity of the precipitate. We collected
pseudo-equilibrium samples from a series of reaction systems with different initial Ca/P molar
ratios, determined the solution compositions and the quantities of the precipitate samples. Further,
we characterized the long- and short-range order of the precipitate samples using X-ray diffraction
(XRD) and synchrotron X-ray absorption near-edge structure (XANES) spectroscopy respectively.
We found that, in a structural unit of a sufficiently large and compact particle, only a fraction of it
was able to reach pseudo-equilibrium with the solution composition. We determined the chemical

composition of the fraction at various stages of reaction, and proposed a general form of



equilibrium constant equation. This equation fits the pseudo-equilibrium data well, and it converts
to the “solubility product (Ksp)” and conventional “reaction quotient” in two limit cases,
respectively. Further, using a cube model, we derived a “particle equation” that reveals the

connection between some parameters of multi-unit particles and the equilibrium constant equation.

EXPERIMENTAL SECTION

Materials and Solutions. CaCly-2H,O, Na;HPOs, dicalcium phosphate dihydrate (DCPD,
CaHPO4-2H>0), and hydroxyapatite [HAP, Cai0(PO4)s(HO)2] nanopowder were the products of
Sigma-Aldrich (Saint Louis, Missouri, USA). The standard solutions for calibrating calcium and
pH electrodes were from Mettler Toledo (Switzerland). High purity HNO; was from Beijing

Chemical Works (BV-III Grade, Beijing, China). Other reagents were of analytical grade.

Stock solutions of CaCl, (20 mmol/L, pH 6.5-7.0) and NaHPO4 (20 mmol/L, pH 8.8) were
freshly prepared with deionized water. The working solutions of CaCl, and Na;HPOs were
prepared using the respective stock solutions, and passed through 100 nm pore-size syringe filters
(Minisart®, Sartorium Stedim, Germany) before use.

Simultaneous Measurement of pH and Calcium Drifts. We mixed equal volumes of the
thermostated working solutions in a 100-mL beaker. The beaker was in a water-jacketed Pyrex
cell kept at 25 + 0.2 °C. The mixture in the beaker was magnetically stirred at the speed of 20%
(instrument scale), and purged with argon gas (Ar 99.999%, Huanyu Jinghui Co., China) purged
with to reduce the effect of atmosphere CO». The Ca*" concentration and pH values were recorded
at the frequency of 2 pts/min by a SevenExcellence™ instrument (Mettler Toledo, Switzerland).
A 4-points calibration (1, 2, 4, 8 mmol/L) for Ca?" and a 3-points calibration for pH were

performed immediately before each measurement.



Sample Collection and Elemental Analyses. In a typical experiment, we drew 2 mL of
suspension from the middle of the beaker at a scheduled time-point, and separated the supernatant
and precipitate by centrifugation at 6000 xg for 5 min (HC-3018, Zhongjia Co, Anhui, China).
After centrifugation, 0.2 mL of the supernatant was mixed with 0.8 mL of 3% HNOs3, and the Ca
and P contents in the sample were determined, together with the diluted standard solution at the
same level, by inductively coupled plasma optical emission spectrometry (ICP-OES) as described
previously.® The relative errors were 5%-10% and 10%-20% for Ca and P elements, respectively.
The determined value of the standard solution was used for the calibration of others. The P content
in the precipitate (Sp) was calculated using the equation: Sp = initial concentration (5.0 mmol/L)
— P in supernatant. The Ca content in the precipitate (Sc) was obtained in a similar way. Besides,
we also dissolved the precipitate in 1 mL of 3% HNO3 and determined the Ca and P contents by
ICP-OES.

X-Ray Diffraction Measurement. We washed the precipitate samples with anhydrous ethanol
and dried them under vacuum in a desiccator. The XRD data of the samples were collected on a
D8 VENTURE diffractometer (Bruker, Germany) using Cu Ka radiation (A = 1.5406 A), at a
scanning speed of 10° 20 min™! with the step size of 20 = 0.02°.

Calcium K-edge XANES Spectroscopy. We acquired the spectral data in the mode of partial
fluorescence yield, on Beamline 4B7A at Beijing Synchrotron Radiation Facility (BSRF), China.?
Precipitate samples were separated from the reaction mixture by centrifugation at 3000 xg for 5
min (TG16-W, Xiangyi Co., Changsha, China). After removing the upper supernatant, we took
the slurry in the lower part of the centrifuge tube and place it in the sample cell. Then we started
the data acquisition within 10 min. The scanning range was 4000—4150 eV, with the minimum

step of 0.3 eV and the dwell time of 2 sec per point between 4040—4070 eV. A single scan took



about 15—-16 min over the full range. Other experimental settings and conditions were as previously

described.® We converted the raw data to normalized spectra using the software Athena.?*

RESULTS AND DISCUSSION

To determine the quantitative relation between the precipitate and solution composition, we
collected pseudo-equilibrium data from the five reaction systems with a fixed phosphate
concentration and varied calcium concentrations. Shown in Figure 1 are the typical free-drift
curves of pH and free Ca?" ions. Upon mixing the phosphate and calcium solutions, the reaction
proceeded through an induction period, followed by a rapid change that completed in about 10
minutes. At scheduled time-points, we collected samples and determined the solution compositions
and the quantities of the precipitate samples. Notably, a peak or shoulder was present at the end of
the induction period. Similar observations have been reported previously by us* and other

investigators®'. A higher stirring rate made the peak (or shoulder) present sooner.
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Figure 1. Representative free drift curves of solution pH and free calcium concentration. Arrows
indicate the middle of the induction period (Ind) and the completion of the rapid change period
(CRC). Numbers show the initial concentrations of calcium in the five reaction systems: [Pi] =

5.00 mmol/L and [Ca®"] = 2.50, 3.00, 3.50, 4.00, 4.50 mmol/L.



Eq 1 represents the chemical reaction at the early stage of calcium phosphate crystallization. On
the left side, the phosphate (Pi) in solution were mainly HoPO4~ and HPO4?~ at the near neutral pH.
Accordingly, we express Pi as the sum of its constituents (eq 2a), where x and (1 — x) are the
portions of HoPO4~ and HPO42, respectively. On the right side, the precipitate has a Ca/P molar
ratio of r, with the phosphate being in the forms of HPO4>~ and PO4*~. Likewise, we express Pi in
the precipitate with eq 2b, where y and (1 — y) are the portions of PO4*~ and HPO4>~, respectively.
Substituting eq. 2 into eq 1 gives eq 3, where (x + y)mH" is added for mass balance. Eq 4 is derived
from the charge balance of the precipitate, which correlates y and r. For example, if m=4 and r =
1.25, one obtains y = 0.5. Thus the formula of the precipitate is Cas(HPO4)2(PO4)2, equivalent to

2Ca(HPO4)-Ca3(PO4)2 in chemical composition.

rm Ca®>" + m Pi = CamPim (1)
Pi (in solution) = (1-x)-HPO4>~ + x-H2PO4~ (2a)
Pi (in precipitate) = (1-y)-HPO4>~ + y-PO4*~ (2b)

rmCa* + (1-x)mHPO4*" + xmH2PO4~ = Carm(HPO4)(1-ym(PO4)ym + (x+y)mH* (3)

2rm =2(1 — y)m + 3ym (4a)

y=2@r-1) (4b)

Eq 5 is the equilibrium equation relevant to eq 3, expressed in terms of the dissociation constant
Kq4. To make the constant dimensionless, we use the “relative concentration” (i.e. [concentration
in mol/L]/c®, where ¢® = 1 mol/L is the standard concentration) for the terms on the right side of

eq 5. Because the concentration of the precipitate Camm(HPO4)1-y)m(PO4)ym is unknown before



determining the value of m, we express it in the phosphorus content (Sp, eq 6a). Alternatively, it
can be represented by its calcium content (Sca, €q 6b). Here, m denotes the apparent number of
phosphate anions in the formula of the precipitate (eq 1). If the reactions proceeded to roughly the
same extent at the sample-collection time, the composition and structure of the precipitate samples
would be same in all the five systems. Therefore, the parameter m in eq 5 should be a constant in
this case. By introducing eq 6a into eq 5 and rearrangement, we obtain eq 7. Its logarithmic form

is eq 8, in which the quantity of precipitate is linearly correlated with the solution composition.

[Ca]"™[HPO, ]~ X)M[H, PO, XM

Ka = oM [Carm (P03 ym (PO Jym] )

[Carm(HPO4)(1-y)m(PO4)ym] = Sp/m (6a)

[Carm(HPO4)(1-y)m(PO4)ym] = Sca/(rm) (6b)

S, = [Ca]"™ [HPO,](~¥)M[H, PO, XM KL %)
[H]Ccy)m Kq

LnS, = m - Ln {[Ca]r[HP(E:I]](;:’;))[HZP04]X} 3 Ln(%) ®)

Before using eq 8 to correlate the pseudo-equilibrium data, we must determine the
concentrations of HPO4>~ and H,PO4. First, we subtract the experimentally measured fCa from
the total calcium in solution (tLCa), obtaining the concentration of the complexed calcium (cCa,
eq 9). Then, by assuming that the complexed phosphate (cPi) equals cCa (eq 9) and subtracting
cPi from the total phosphate in solution (tLPi), we get the unbound phosphate (HPO4>~ + H2PO4™,
eq 10). Finally, we determined the respective concentrations of HPO4?~ and HoPO4~ from the sum

of them and the measured solution pH, using the ionization constant Ka» = 10~7-21.26



In these equations, ion charges are omitted for clarity. The square brackets denote
(pseudo)equilibrium concentrations. Since the solutions were at mmol/L or lower in the present

study, the concentrations of calcium and phosphate are assumed to be equal to the respective

activities.
cPi=cCa=tLCa-fCa 9)
[HPO4*"] + [H2PO47] = tLPi — cPi (10)

Now we plot LnS, against Ln(L.P.) according to eq 8, where LP. stands for the “ionic

»» [Ca] [HPO,] A= [H, PO, X
[H]GH)

concentration product . As shown in Figure 2, the linearity is indeed

present, except for the data from the last reaction system (with the initial concentrations [Pi] = 5.00
mmol/L and [Ca?"] = 4.50 mmol/L). Before going further to discuss these results, we make some
comments on the factors that could reduce the linearity. (1) At the sample-collecting time, the
different systems did not proceed to “the same extent of reaction”. In the last reaction system, the
extent of reaction was significantly higher than others. Oppositely, lower extents of reaction were
observed in CRC (Figure 2a) and 1H (Figure 2b) for the data from the first reaction system ([Pi]
= 5.00 mmol/L and [Ca®>] = 2.50 mmol/L). (2) The precipitate was not pure; rather, it was likely
a mixture of substances. Whereas the LnS, vs Ln(I.P.) plot (Figure 2) should ideally be applied to
the reaction system in which the precipitate is a pure substance. It deserves a systematic study to
separate and characterize all kinds of substances in the precipitate, and make such a plot for each

pure substance.
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Figure 2. Correlation between the solution composition and the quantity of calcium phosphate
precipitate in pseudo-equilibrium. Data were collected at the scheduled time-points and plotted

according to eq 8, where Sp and L.P. stand for the P content of the precipitate and the “ionic

bR [Ca]r [HP04](1_X) [HZ P04]X
[H]&+Y)

concentration product , respectively. Arrows indicate the data sequence. In

order to show the differences in curve position, we keep the abscissa and ordinate scales unchanged
and display the induction period data (Ind) as a reference in all the three figures. From left to right,
each of the five points in a set of data were from a reaction system of the series with the initial

concentrations: [Pi] = 5.00 mmol/L, [Ca*'] = 2.50, 3.00, 3.50, 4.00, 4.50 mmol/L, respectively.
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Linear curve-fitting was performed to a set of data, excluding the last one. The data of 2H are close

to those of 1H and omitted for clarity.

Two features are present in the plots in Figure 2. First, the slope of Ind is significantly steeper
than those of others, and the slope decreases with time. Second, the direction of the sequential
change in curve position reverses with time (Figures 2a and 2b). The positions of Ind and CRC
exhibit a shift toward the top left, indicating more precipitate and lower ion concentrations in
solution. Differently, the positions of 1H and 4H display a rightward shift. The slope of 12H is less
steep than that of 8H, showing a higher extent of reaction (Figure 2c). It is noteworthy that, in
addition to the concentrations of calcium and phosphate, the Ca/P ratio (r) of the precipitate in the

exponential term has a dramatic impact on the magnitude of Ln(I.P.).

From these plots we obtain the values of slope (m) and intercept, and listed them in Table 1
along with the derived parameters. The parameter m is basically the apparent number of phosphate
anions in a structural unit of the precipitate. With the calcium number being rxm (where r is the
Ca/P molar ratio), CarmPim (Column 5 from left, Table 1) represents the ion pairs composing the
effective fraction of a structural unit in a precipitate particle. Here, by “effective” we mean that
this fraction was actually involved in the pseudo-equilibrium with the solution composition and

may not contain the whole structural unit.
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Table 1. Parameters relevant to the structural unit of the precipitates at various stages of reaction

Time* m' Iy raym CamPin’ uf CarmoPim Intercept K4 1/Kq

Ind  1.5440.12 1.27 1.956 CaiosePiisa 2.6 Cas(HPO4)2(PO4)> 2.2840.71 0.158 6.35

CRC 0.336+0.061 1.33 0.447 CapasPiozse 9 Cay(HPO)(POs), -4.26+0.37 23.8 0.0420

0.5H 0.236+0.026 1.31 0.309 Caos0oPioss 13 Cas(HPO,)(POs): -4.69+0.17 25.7 0.0389

1H  0.24440.038 1.32 0.322 CaosPioass 12.5 Cas(HPOs)(POs), -4.704024 26.8 0.0373

2H  0.223+0.030 1.33 0.297 CagoPioss 13.5 Cas(HPOs)(POs): -4.86+0.19 28.8 0.0348

4H  0.194+0.013 1.36 0.264 CapesPio1os 15.5 Cay(HPO4)(POs)2 -5.20+0.077 35.2 0.0284

8H 0.162+0.022 1.38 0.224 CaomiPioisx 31 Car(HPO4)(POs)s -5.35+0.12 34.1 0.0293

12H 0.103+0.011 1.39 0.143 CaoasPiojos 49 Cay(HPO,)(POs)s -5.66+0.063 29.6 0.0338

* Ind—induction period. CRC—completion of rapid change. Numbers indicate the time (in
hour) after CRC.

TValues are from the slope in the In(Sp) vs. In(I.P.) plots according to eq 8.
# The effective fraction of a structural unit in a particle. Where Pi stands for (HPO4>~ + PO4*).

¥ Multiplied by a constant u, the numbers of calcium and phosphate in the effective fraction of a
structural unit are converted to integers with a minimum ratio.

Conventionally, chemists use integers m and rm in expressing the formula of the calcium
phosphate precipitate. In the present study we determined the value of m experimentally. As shown
in Table 1, the precipitate in the induction period is the only one with a value of m > 1, indicating
distinct difference in the structure with those in other time-points. Because the Ca/P molar ratio of
the precipitate is close to unity in the induction period, the composing cluster could initially be
CaHPOj (a simplified form of [Ca(H20)4(m>-HPO4>")]**, where n? indicates the bidentate mode of
coordination), rather than the previously proposed Cao(POs)s.°> At the completion of the rapid
change (CRC) period, the value of m dropped abruptly to less than one-fourth of that in the

induction period (Ind), and gradually decreased since then. For the precipitate at 12 hr after CRC

13



(12H), the value of m was as low as 0.103. Indeed, with the increase in crystallinity as indicated
in the XRD patterns (Figure 3), only a fraction of the structural unit in a precipitate particle was in

contact with the solution.
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Figure 3. X-ray diffraction patterns of the precipitate samples at various time-points.
Hydroxyapatite nanopowder (nHAP), octacalcium phosphate (OCP, powder diffraction file card
26-1056), and dicalcium phosphate dihydrate (DCPD) are included for reference. Initial

concentrations: [Pi] = 4.00 mmol/L, [Ca?*'] = 4.00 mmol/L.

The dissociation constant K4 is another parameter derived from the plots in Figure 2. Its
reciprocal (1/Kq) is the corresponding formation constant (Ky). Judged on the magnitude of Kq, the
reaction process has three stages. Stage 1 is the induction period (Ind), during which ACP emerged.
Although Posner’s cluster> ¢ and other kinds of clusters!® have been proposed to be present in

solution and to aggregate into ACP, smaller and structurally simpler clusters (such as CaHPO4, K

14



= 681 27) are more readily to form with higher concentration. For small clusters, aggregation could
be more competitive than chemical combination in view of activation energy. In Figure 4a, the
spectrum Ind shows a shifted main peak toward the lower energy, an intensified pre-edge peak
around 4043 eV, and the emergence of the shoulder at 4048 eV (using fCa as the reference). All
these spectral features are consistent with those of [Ca(H20)4(n?-HPO4>")]*" (an aquated form of
CaHPO4),?® indicating the presence of the small clusters as the main constituent of the initial ACP.
The weak inter-cluster interaction in ACP is consistent with the value of m (>1). This value would
significantly decrease as a crystalline phase emerges. By the way, the contribution of CaH2PO4" is
minor, owing to its smaller formation constant (K = 31.9 ?7). As to the PO4*~ anions in ACP, they
derived from the deprotonation of coordinated HPO4*, rather than directly from the pH neutral
solution.?” The PO4*"-containing clusters and crystalline domains successively developed via the
aggregation-facilitated cross-linking. Because these less soluble substances were produced in the
interior of ACP particles,? they were not readily reachable to the solution. Therefore, it was the
substance on the surface of ACP particles that was actually involved in the pseudo-equilibrium
with the solution composition, and the dissociation constant K4 in Stage 1 describes the quantitative
relation between them. With the expansion of the crystalline domains and the consumption of the
surrounding material, the ACP particles eventually collapsed, releasing the previously trapped
H30" and/or H,PO4~ ions.?> The dropping pH caused the dissolution of the remained ACP,
retarding the further drop in pH. The latter event was indicated by the small peak or shoulder at

the end of the induction period in Figure 1.
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Figure 4. Normalized Ca K-edge XANES spectra of wet precipitate at various time-points. Insets
show the magnified pre-edge peaks. Initial concentrations: [Pi]=4.00 mmol/L, [Ca?*]=4.00
mmol/L. The spectrum Ca (Black), included in both figures as a reference, is the average of 9

traces of the CaCl; solutions at the concentrations of 50 and 12 mmol/L.

Stage 2 started from the rapid change period and concluded at about 4 hours after CRC. At the
end of induction period, the liberated crystallites provided the surface for the nucleation of new
crystallites. The averaged Ca/P ratio of the precipitate at CRC shows a local maximum (ray, Table
1). This fact is likely associated with the interfacial phase on the crystals. In the phosphate-
excessive solution, the interfacial phase would have a lower Ca/P ratio than the crystalline core
phase. Because the abrupt change prevented the interfacial phase from reaching pseudo-
equilibrium with the solution, the HAP core phase would make prominent contribution to the value
of rav at CRC. A steady interfacial phase established afterwards. Its structure and composition were
dependent on both the core phase and the solution composition. Octacalcium phosphate
[CasHa2(PO4)s-5H20, OCP] is a recognized precursor to HAP.!% 2! In Figure 3, the XRD patterns

of CRC and 1H show the (002) peak of HAP and OCP at 26 = 26.0°, while the precipitates exhibit
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an additional (2,-2,1) peak at 20 = 25.87° from 4H on, characteristic of OCP. It should be noted
that, in either ACP or solution clusters, the calcium and phosphate are bound via weak coordination
bond, whereas it is the ionic bond in a crystalline phase. Therefore, an event of bond-type transition
must have taken place at the interfacial phase. The release of crystals and the dissolution of ACP
at CRC are consistent with the reduced slope of m in Figure 2a. By the way, dicalcium phosphate
dihydrate (CaHPO4:2H>0O, DCPD) has been detected as a precursor to OCP,** but we failed to

observe the substance under the present experimental condition.

After CRC it was a crystal ripening process. The precipitate in this stage has previously been
recognized as ACP 2.%! Indeed, judged from the XRD patterns of 1H and 4H (Figure 3), the
broadened peaks around 20 = 32° and the higher background at 26 = 20-30° could be indicative
of the co-existence of ACP and crystalline HAP. However, the broadening of reflections and the
weakening of the scattered intensity may also result from the small size of crystals.?! Besides, the
gradual change of the slope in Figure 2 indicates the structural similarity between the precipitate
samples from CRC on, which are distinct from the ACP in the induction period. If ACP had
sustained the significant pH drop, there must have been stronger coordination bonds between
calcium and phosphate, producing the Ca(m?-PO4 )L, type complex with a higher
centrosymmetry on the absorber atom.? But the pre-edge peaks in the spectra CRC and 4H (Figure
4b) are intensified, as compared with that in the spectrum Ind (Figure 4a), indicating a reduced
centrosymmetry. Therefore, the spectral information in Figure 4b does not support the presence of
ACP2. In fact, the spectral features of CRC and 4H (Figure 4b) can be explained by the
combination of the crystalline core (with prominent pre-edge peak °) and the heavily hydrated
interfacial phase (with strong main peak in the spectrum Ca, Figure 4a). Additionally, if the

precipitate had been an amorphous phase with definite composition and structure (as indicated by
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its apparent solubility?!), the significant difference between the solubilities of ACP and the
growing HAP would have made the reaction rate much higher. Hence, the major event in Stage 2
was crystal ripening, rather than the ACP-HAP phase transition. By fluctuation, some crystallites

grew larger and caused others to dissolve.

While the value of m dropped, the change in the value of Kq was relatively small (Table 1),
indicating the similar structure of the growing and dissolving substances. Such changes in m and
K4 might be characteristic of the ripening process. The parameter m mainly reflects the property
of larger crystals, whose value decreases with increasing size. On the other hand, the smaller
crystallites were slightly more soluble than the larger ones®? and dissolved, maintaining the
solution supersaturated to the larger ones. Hence, the constant K4 in Stage 2 shows the capability

of lattice ions to leave from the interfacial phase of the dissolving crystals.

Stage 3 covers the rest of the process. With increasing crystallinity (Figure 3), the effective
fraction of a structural unit was even smaller in a larger crystal. Hence, the constant Kr (=1/Kq)

reflects the capability of the interfacial phase to collect lattice ions for the growing crystals.

It is interesting to note that, multiplied by a number (u), the calcium and phosphate numbers in
a structural unit could be converted into integers with a minimum ratio (Columns 5 and 4 from
right, Table 1). With the number u, we can re-write the general form of the calcium phosphate

reaction (eq 1) as eq 11, with the relevant equilibrium constant being eq 12:

urm Ca + um Pi = CappyPipg (11a)
rmCa+ mPi= = (CarmPin)y (11b)
Ky = [Ca]™[Pi]™ (12)

- [(CarmPim)u] /u
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The most striking feature of eq 12 is the form of “reaction quotient”, rather than “activity product
(Ksp)”, in the case that the reaction system involves an amorphous phase and nanocrystals.
Furthermore, the value of m decreases with increasing crystallinity (Table 1 and Figure 3) and,
accordingly, it demands a larger value of u to convert the apparent numbers of lattice ions into
integers. As a limit case, [(CammPim)u]""—1 as u—oo, and eq 12 converts to eq 13. On the other
hand, [(CarmPim)u]"* — [CarmPim] as u—1, and eq 12 converts to eq 14. Indeed, eq 12 represents
a general form of equilibrium constant equation that relates the two conventional forms, revealing

a fundamental relation in chemistry.

Kq = Ksp = [Ca]™ [Pi]™ (13)
__ [Ca]™™[Pi]™
- [CarmPim] (14)

Finally, we use a simple model to illustrate the concept of m and the correlation between the
particle structure and the equilibrium constant equation. In a cubic particle with multiple structural
units (Figure 5), the unit number is defined by eq 15, where n is a natural number and d denotes
the dimension of the particle. In the case of n = 2 (Figure 5a, Table 2), one particle has 8 structural
units (u=n*=2?). Because each cubic unit has 6 faces (mo=6), the number of the total faces is 48
(M=6x23, eq 16). Among them 24 faces are on the surface (M=6x22, eq 17). Then the average
number of the surficial faces per unit (m) can be defined with mo, Ms and M; (eq 18a).
Alternatively, the parameter m can be defined by eq 18b. In either way, the calculated value is 3
(2™ column from right, Table 2). In eq 15-18, we use capital letters (M; and Ms) to denote the face
numbers in a particle, while for the face numbers in a structural unit we use the lower-case letters

(m and my).
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u =n¢ (where d = 3 for a cubic particle) (15)

M; = moxu = moxnd (16)
M; = moxn?! (17)
m = m, X ll:—i (18a)
o Ms (18b)

In the case of n = 3, 26 out of 27 (=n?) structural units are on the surface, and only 54 (Ms=6x
32) of 162 (M=6x3%) faces are surficial faces (Figure 5b). Notably, there are four types of units:

(1) each of the 8 corner units has 3 surficial faces; (2) each of the 12 edge units has 2 surficial faces
(indicated by arrows); (3) each of the 6 units on the cube-face center has 1 surficial face; (4) the
unit on the cube center has no surficial face at all. As calculated by eq 18, the average number of

the surficial faces is m = 2 (2" column from right, Table 2).

a.n=2

Figure 5. A cube model of a multi-unit particle.
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Table 2. Surficial faces and its change with increasing structural unit.

n u* M M m# m/my
1 6 6 6.00 1/1
2 8 48 24 3.00 1/2
3 27 162 54 2.00 1/3
4 64 384 96 1.50 1/4
5 125 750 150 1.20 1/5
6 216 1296 216 1.00 1/6
7 343 2058 294 0.86 1/7
8 512 3072 384 0.75 1/8
9 729 4374 486 0.67 1/9
10 10° 6X10° 6X10? 0.60 1/10
60 603 6 X603 6 X 602 0.10 1/60
600 600° 6 X 6003 6 X 6002 0.01 1/600

* Number of structural units in a particle. # The average number of surficial faces per unit.

As listed in Table 2, the value of m (or m/mo) decreases with increasing u, reachingto m <1 as
u > 6°. To account for this trend, we re-write eq 18a as eq 19. And the latter turns to eq 20 after
introducing n = u"d (eq 15). Eq 20 correlates the composition (mo), structure (m and d), and size
(u) of @a multi-unit particle, predicting a decreased m with increasing u (Table 2). Derived from the
cube model though, eq 20 seems applicable to the calcium phosphate particles as indicated by the
data listed in Table 1. One face in the cube model is equivalent to one pair of the lattice ions (e.g.
Ca,Pi) in a structural unit of a calcium phosphate particle. Eq 21 is a logarithmic form of eq 20,
according to which we plot In(u) against In(1/m), using the m and u values in Table 1. As shown
in Figure 6, a linear relationship is indeed present, excluding the data from the late stage of the

reaction (8H and 12H). From the linear fit, we obtain mo = 4.63 and d = 0.857. The values of u,
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mo, and d could be refined via iteration. Note that the product mxu (3" column from right, Table

1) gives the initial value of mo, under the approximation of d=1 (eq 20). The constancy of the two
parameters (mo and d) is indicative of the fixed unit structure in the calcium phosphate particles
from Ind to 4H. It is worthy of note that the parameters m and u are present in both the “particle
equation (eq 20)” and the pseudo-equilibrium equation (eq 12), indicating the dependence of the

reaction on the structure and size of the particle.

d-1

2—0 = ?\/I/I_i = mr:,::nd = % (where d = 3 for a cubic particle) (19)
1
G =1 (20a)
u(::—o)d =1 (20b)
Ln(u) = d-In(1/m) + d-In(myo) 21
8H 12H
4 - A
A
3 4
Ln(u) 5 ]
1 4
Otr——T— T T T 7T T
-10 -05 00 05 10 15 20 25
Ln(1/m)

Figure 6. Correlation of the structural parameters of calcium phosphate particles.

Linear fit: Slope = 0.857+0.017, Intercept = 1.314+0.022, R? = 0.998.
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CONCLUSIONS

(1) For the crystallization process involving an amorphous phase and/or nanocrystals, the

pseudo-equilibrium equation takes the form of K4 = % (a generalized form of eq 12).
The equation converts to K = % (u—1) for a homogeneous system and to K, =

[A]™[B]™ (u—wo) for a conventional precipitation reaction.

(2) The formula CarmPim represents the effective fraction of a structural unit Capp,, Piy,, (mo=m)
in a precipitate particle. The value of m decreased with increasing crystallinity of the precipitate.
Using a cube model, we derived a “particle equation (eq 20)” that correlates the composition (myo),
structure (m and d), and size (u) of a multi-unit particle, revealing the connection between the

particle parameters and the equilibrium constant equation.

(3) In the induction period, it was the small and structurally simple clusters, with the formula of
[Ca(H20)4(n?-HPO4?)]?*, that aggregated in solution and brought about the emergence of
amorphous calcium phosphate. More complicated clusters and crystalline domains developed

successively via the aggregation-facilitated cross-linking inside the particles.

(4) In the ripening process, the dissolved substance is smaller crystals, which has previously

been referred to as “Type 2 amorphous calcium phosphate”.
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(fCa + cCa); Pi, unbound phosphate in solution (HPO4*~ + H2PO47); cPi, complexed phosphate;

tLPi, total phosphate in solution (cPi + HPO4>~ + H2PO4").
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uA + uB = (AB),

, =1 : — :
_[Al[B] Lu -[AMBl_ U e o=lA1 (]

" [AB] 4~ [(AB) 1 /U

clear solution amorphous particles crystals

Texture matters. An amorphous phase is present at the early stage of calcium phosphate
crystallization. In this case, the equilibrium constant equation takes the general form (middle). It
converts to the conventional “reaction quotient” (left) and “solubility product” (right) in two limit

cases, respectively.
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