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Abstract

We have assigned the *'P high-resolution spectrum of octacalcium phosphate by *'P double quantum and HETCOR
spectroscopy. The *!P peaks at —0.2, 2.0, 3.3 and 3.7 ppm are assigned to P5/P6, P3, P2/P4 and P1, respectively. Our data reveal that
substantial amount of the PO3~ groups at the P2 and P4 sites have been transformed to HPO3 ™ in our octacalcium phosphate

sample.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Studies of calcium phosphates have been actively
pursued for many years because of their importance in
biomineralization. In particular, octacalcium phosphate
(OCP) has received considerable attention because it is
structurally related to hydroxyapatite (HAP), which is
the major inorganic phase in the human body [1,2]. Over
the years, it has been postulated that OCP is the
precursor phase of HAP in calcified tissue [3]. Recently,
the first experimental evidence for the presence of trace
amount of OCP in a biological tissue is obtained by
high-resolution electron microscopy [4]. This work
marks an important advancement in the study of
biomineralization. Nevertheless, it is not clear how
OCEP is transformed to HAP in biological matrix. It is
therefore highly desirable to develop other physical
techniques that can detect OCP in calcified tissues. OCP,
which has a chemical formula of Cag(HPO,),
(POy4)4- SH,0, is thermodynamically unstable and will
convert slowly to HAP, Ca;o(PO4)sOH,, and monetite,
CaHPO,, at elevated temperature [5]. As such, solid-
state NMR is well suited to characterize this meta-stable
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material, in which other phases of calcium phosphate
may coexist. In particular, *'P NMR is expected to be
the perfect probe nucleus for OCP detection because
there are six crystallographically non-equivalent phos-
phorous sites [1,6].

Considerable efforts have been made to investigate
OCP by solid-state NMR. Some years ago, Yesinowski
and Eckert had successfully applied '"H MAS-NMR to
characterize the hydrogen environments of OCP, which
provides evidence for the presence of hydroxyl groups in
the so-called apatitic layer [7]. This assignment has been
confirmed by other experiments such as '"H CRAMPS
and ultra-fast MAS [8,9]. The first high-resolution *'P
NMR study of OCP can be dated back to the 1980s [10].
The partially resolved HPO3~ and PO3 signals are
assigned by cross-polarization experiments with variable
contact times. Similar results were obtained using the
dipolar dephasing technique [11]. Later, another *'P
NMR study of OCP was conducted at a magnetic field
of 2.35T under MAS spinning of 5kHz [12]. The
resolution is somewhat better and there are three peaks
resolved. Based on the carlier results, the peaks at —0.2
and 3.3ppm were assigned to HPO3 ™~ and the apatitic
PO;~ groups, respectively. The signal at 2.2ppm is
assigned to the other PO}~ groups at the junction of the
apatitic and hydrated layers. Recently, a *'P NMR
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spectrum of OCP has been reported at 7.05T and 9 kHz
[13], which shows four well-resolved *'P resonances.
Unfortunately, the authors did not make any assign-
ment at all because it is not trivial to assign the *'P
resonances based on the chemical shift data alone.
Without a complete assignment of the *'P spectrum of
OCP, it is premature to apply *'P NMR for the
detection of OCP in biological tissues.

In this work, we demonstrate that >'P double-
quantum spectroscopy and *'P{"H} heteronuclear cor-
relation (HETCOR) can be used to assign all the four
resolved peaks of the *'P MAS spectrum measured at
7.05T and 10kHz. Our assignment will not only
establish *'P NMR as a sensitive method for OCP
detection, but also help facilitate the study of OCP to
HAP transformation, which has been postulated as the
mechanism for the formation of biological apatites [3].

2. Materials and methods
2.1. Sample preparation and characterization

Urea (99.5%), sodium phosphate monobasic dehy-
drate (H,NaPO,4-2H,O) (99%) and calcium nitrate
tetrahydrate (Ca(NOj),-4H>0) (99%) were used as
received (Acros). 10mmol Ca(NOs), 4H-,O, 10 mmol
H,NaPO, 2H,0O and 20mmol urea were dissolved in
400ml doubly distilled water and then sealed in a
polypropylene container. The aqueous solution was kept
at 100°C for 3h. The precipitates thus obtained were
filtered, washed and then dried at 60°C for 1 day.

X-ray diffraction analysis was performed on a Philips
X’Pert  diffractometer, using Cu-Ko radiation
(4 =1.5418 A). The field emission scanning electron
micrograph (FE-SEM) was taken on a JEOL-JSM-
6700F field emission scanning electron microscope
operating at 10kV.

2.2. Solid-state NMR

All NMR experiments were carried out at *'P and 'H
frequencies of 121.5 and 300.1 MHz, respectively, on a
Bruker DSX300 NMR spectrometer equipped with a
commercial 4 mm MAS-NMR probe. All spectra were
measured at room temperature. The sample was
confined to the middle % of the rotor volume using
Teflon spacers. MAS frequency variation was limited to
+3Hz using a commercial pneumatic control unit.
Chemical shifts were externally referenced to 85%
phosphoric acid and TMS for *'P and 'H, respectively.
The *'P spin—relaxation times (7)) were determined by
the saturation-recovery technique. The pulse sequences
used for the *'P double-quantum (DQ) experiment and
3'P{'H} HETCOR measurements are shown in Fig. 1.

P DQ experiment was carried out under MAS
spinning frequency of 6 kHz. Quadrature detection in
the F; dimension was achieved by the hypercomplex
approach. For each ¢, increment 64 transients were
accumulated, and a total of 50 increments were done at
steps of one rotor period. Recycle delay of 18s was
applied. To prepare the initial spin system identically for
each transient, a saturation comb was applied prior the
recycle delay. During the DQ excitation and reconver-
sion periods, the *'P rf nutation frequency was set to
42kHz. The standard four-step phase cycling of the
excitation block was used to select the DQ coherence.
Probe ringdown and dc offset artifacts are suppressed by
inverting the phase of the reading pulse and alternating
addition and subtraction of FID signals. Together with
CYCLOPS our phase cycling has a total of 32 steps.

The heteronuclear correlation (HETCOR) spectrum
of OCP is measured by *'P{'H} cross polarization at a
spinrate of 10kHz. Recycle delay was set to 10s.
Contact time was set to 2.5ms. During the contact time
the 'H nutation frequency was set equal to 50 kHz and
that of *'P was ramped through the Hartmann-Hahn
matching sideband [14]. Other conditions were similar to
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Fig. 1. Pulse sequences used for the (a) *'P double-quantum and (b) *'P{'"H} HETCOR measurements. The shaded rectangle denotes m/2 pulse.
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Fig. 3. Illustration of the unit cell of OCP. Among the 12 phosphorous
sites only six of them are non-equivalent. The four PO3~ groups are
labeled as P1-P4 and the two HPO3  groups as P5 and P6. For
simplicity all the water molecules are hidden except those correspond-
ing to the OH sites of HAP.

those described in the DQ experiment. Spin-temperature
inversion was incorporated with CY CLOPS, resulting in
an eight-step phase cycling.

3. Results
3.1. XRD and SEM

The XRD data measured for our OCP sample is
shown in Fig. 2a. The calculated patterns for OCP, HAP
and monetite are aligned with the experimental pattern
for comparison. The absence of the reflection at
20 = 10.8° (the characteristic reflection of HAP) in the

101

(b)
Fig. 2. (a) XRD pattern measured for the OCP sample; (b) SEM image of the OCP sample.

Fig. 4. *'P MAS spectrum of OCP measured at 10 kHz MAS spinning.
"H decoupling at 80 kHz was applied during acquisition. Recycle delay
was set to 610s.

experimental pattern indicates that our sample does not
contain any identifiable HAP. On the other hand, a
minor amount of monetite is present in our OCP
sample. The SEM image of our OCP sample is shown in
Fig. 2b. The morphology of the sample is uniform and
the crystals typically have rectangular shapes.

For convenience, we have reproduced part of the
crystallographic data of OCP in Fig. 3 [1]. Accordingly,
there are six non-equivalent sites for phosphorus, in
which P1-P4 are PO3~ groups while P5 and P6 are
HPOj; ™~ groups.

3.2. Solid-state NMR

The *'P MAS spectrum of OCP is shown in Fig. 4.
There are four resolved peaks positioned at —0.2, 2.0,
3.3 and 3.7ppm with intensity ratio equal to 3:1:1:1
approximately. The spin—lattice relaxation parameters
of these peaks range from 89 to 123s.

Our *'P double quantum (DQ) spectrum is obtained
by the POST-C7 sequence [15-17]. The DQ spectrum
shown in Fig. 5. has four sets of auto- and cross-
correlation peaks. Referring to the structural informa-
tion shown in Table 1, we can preliminarily assign the
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Fig. 5. *'P double quantum spectrum of OCP. P3-P6 and P3-P2 connectivities are identified by the cross-correlation peaks. P1-P1 and P4-P4
connectivities are indicated by the auto-correlation peaks labeled as P1 and P4, respectively.

Table 1

Summary of the OCP internuclear distances which are relevant to the analyses of *'P double quantum and *'P{'"H} HETCOR experiments. All the

distances are reported in angstrom

3P DQ spectrum auto-correlation

3P DQ spectrum cross-correlation

3Ip{'"H} HETCOR?

P1-P1 4.043 P2-P3
P4-P4 4.041 P3-P6
P5-P5 4.042 P5-P6
P2-P2 6.835 P1-P4
P3-P3 6.835 P1-P2
P6-P6 6.835 P2-P4

P2-P6

P1-P6

4.017 P6-0O4 3.507 P2-H9 3.448
4.206 P4-0O4 3.635 P4-H10 3.850
4.350 P2-04 3.743 P2-H10 3.946
4.697 P6-0O4 3.990 P4-H9 4418
4.707 P1-0O4 5.009 P3-H10 4.424
4.722 PI-H10 4.679
4.951 P1-H9 5.164
4.969

20(4), H(9) and H(10) correspond to the water molecule occupied at the OH site of HAP [1].

auto-correlation peaks at 3.3 ppm to P1 or P4. The same
is true for the signal at 3.7 ppm. Unambiguous assign-
ment can be made only when we incorporate the
HETCOR data in our analysis (vide infra). Based on
the positions of the cross-correlation peaks we can
assign with certainty the resonances at 2.0 and 3.3 ppm
to P3 and P2, respectively. The auto-correlation peak
arising from P5 is not found in our DQ spectrum.
Repeat measurement with proton decoupling at 80 kHz,
our highest possible decoupling field, throughout the
experiment gave the same result. Presumably the strong
"H->'P coupling for the HPO3~ species renders the DQ
signal undetectable. The same argument also explains
the missing of the P5-P6 cross-peak. On the other hand,
the observation of the cross-correlation peak between P3
(PO37) and P6 (HPOZ ) shows that P6 may undergo
rapid molecular motion in the NMR time scale, which
substantially attenuates the 'H—'P coupling. This
explanation is consistent with the earlier observation
that the chemical shift anisotropy measured for HPO3~
in OCP increased when the temperature was lowered to
—165°C [10]. Furthermore, the single-crystal X-ray

diffraction study of OCP shows that there are six
calcium ions surrounding P5 but only four Ca** for P6
[1]. Hence it is not unexpected that these two HPO3 ™
groups have different molecular motions. We note that
the closest distance between P1 and P6 is 4.969 A, which
seems too large to give a detectable DQ signal in our
experiment.

For comparison we append the '"H MAS spectrum
next to the 'H projection of our *'P{'H} HETCOR
spectrum shown in Fig. 6. It has been established that
the 'H signal at 0.18 ppm arises from the OH group
[7,9], which is correlated to the *'P resonance at 3.3 ppm
but not at 3.7ppm. Referring to the structural data
summarized in Table 1, P1 cannot account for the *'P
signal correlated to the hydroxyl 'H signal. Together
with the *'P DQ data, we can therefore assign the *'P
signal at 3.7ppm to P1, and the signal at 3.3 ppm to
both P2 and P4. The relatively sharp 'H peak at
1.44 ppm has been previously assigned to the O(5) water
molecule, which is rather isolated from all the PO;™
groups (closest distance 5.827 A) [7]. The fact that this
peak is not correlated to any PO3~ groups in our
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Fig. 6. *'P{'"H} HETCOR spectrum of OCP. Projections of the *'P and 'H dimensions are shown. For comparison the '"H MAS spectrum is
appended next to the 'H projection spectrum. The vertices of the rectangular box correspond to the cross peaks of monetite. Note that the OCP
signal also contributes to the cross peak at —0.2 ppm (*'P) and 13.6 ppm ('H).

HETCOR spectrum is consistent with this earlier
assignment. As expected, the *'P peak at —0.2 ppm (P5
and P6) is correlated to the 'H signals at 5.5 and
13.34 ppm, which have been assigned to the structural
water and the acidic proton of HPO3;™ [7]. Our XRD
data shows that there is small amount of monetite
present in our OCP sample. The *'P MAS spectrum of
monetite measured by Rothwell et al. show two partially
resolved peaks at 0.0 and —1.5ppm [10]. The corre-
sponding '"H MAS spectrum reported by Yesinowski
and Eckert shows two resonances at 13.6 and 16.2 ppm.
Accordingly, we observe a set of cross peaks, marked
with a rectangle in Fig. 6, between these 'H and *'P
signals in our HETCOR spectrum. In comparison, the
HETCOR spectrum of OCP reported by Santos and
coworkers has rather poor resolution in the *'P
dimension [8], which is presumably due to the low field
and slow MAS conditions employed in their experiment.

4. Discussion

OCP is a metastable compound and it will transform
to HAP or monetite under hydrolysis or dehydration [3].
Conventionally, OCP can be prepared by a number of
methods such as the hydrolysis of brushite or by mixing
suitable calcium and phosphate salts at adjusted pH
condition [18]. It has been recently shown that hydro-
lysis of urea will produce a uniform pH change in the
bulk solution so that the precipitation of calcium
phosphates will become more homogeneous [19,20].

The SEM image (Fig. 2b) shows that the morphology of
the OCP crystal prepared in this fashion is indeed more
uniform than those prepared by other methods (data not
shown).

Our *'P double quantum and *'P{'H} HETCOR
results provide unequivocal assignments of the 3'P MAS
spectrum, and yet it is surprising that the intensity ratio
of the *'P peaks is not consistent with what we expected
from the crystallographic data (Fig. 3). According to
our assignment, the peaks positioned at —0.2 (PS5, P6),
2.0 (P3), 3.3 (P2, P4) and 3.7 (P1) ppm should have an
intensity ratio of 2:1:2:1 but what has been measured for
our OCP sample is 3:1:1:1. While one may argue that the
presence of monetite in our sample makes the peak at
—0.2ppm more intense than expected, it is not
conceivable that the amount of monetite could account
for the exceedingly large population of HPOz [3].
In addition, the intensity of the resonance at 3.3 ppm
indicates that the populations of P2 and P4
are significantly underrepresented in our OCP sample.
To investigate the possibility of PO3  substitution
by CO3~ or HCOj3 ions, we have conducted a *C
Bloch decay measurement (10kHz MAS spinning;
recycle delay 300s; number of scans 226). However,
we did not observe any CO3~ or HCO3 signals
(ca. 160ppm) [21,22] except those arising from the
Teflon spacer (111 ppm). Therefore, it is unlikely that
substantial portion of the PO3~ sites is substituted
by these ions. To rationalize the *'P NMR peak
intensity ratio we postulate that some of the POj~
groups at the P2 and P4 sites are involved in the
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following transformation:
PO;” + H,O—-HPO;  + OH™ (Schemel).

This postulation is supported by our HETCOR result
that the PO;~ groups at P2 and P4 are in close vicinity
of the water molecule whose oxygen atom corresponds
closely to the OH site in HAP (Table 1). Previously it
has been postulated that the formation of OH group is
occurred by the chemical exchange process between the
P6 (HPO3 ) and the water molecule at the OH site [1]:

HPO;™ + H,0—H,PO; + OH (Scheme2).

In view of the fact that the phosphorous groups at P2,
P4, P6 are at about the same distance to the OH site (see
Table 1), the formation of OH group in our OCP sample
may occur via both schemes. On the other hand, P1 is
rather isolated from the water molecules and P3 is
hydrogen bonded to one of the HPO3  groups [1].
Therefore, both P1 and P3 are not involved in any
chemical exchange processes.

In the literature, a recent °'P MAS spectrum
measured under similar conditions is very similar to
ours except that the peak intensity of the P2/P4 site is
significantly higher than that of ours [13]. Clearly, the
extent of PO3~ hydrolysis (scheme 1) is largely
dependent on the preparative conditions. Although it
is very difficult to prepare OCP in pure form, *'P NMR
remains an effective analytical technique to study the
structure of this mixed phase system. A systematic study
of OCP structures prepared under different conditions
will be the subject of a forthcoming article.

5. Conclusion

The high-resolution *'P spectrum of OCP has been
assigned based on *'P double-quantum and *'P{'H}
HETCOR experiments. The 3'P peaks at -0.2, 2.0, 3.3
and 3.7 ppm are assigned to P5/P6, P3, P2/P4 and P1,
respectively. This assignment is consistent with all the
earlier works in the literature. Our data reveal that
substantial amount of the PO3~ groups at the P2 and P4
sites have been transformed to HPO; in our OCP
sample. Overall, our results have provided a useful basis
for the identification of OCP as well as the study of OCP
to HAP transformation.
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