Lithuanian Journal of Physics, Vol. 55, No. 1, pp. 1-9 (2015)
© Lietuvos moksly akademija, 2015

SOLID-STATE 'H AND *'P NMR AND FTIR SPECTROSCOPY
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Calcium hydroxyapatite containing amorphous phosphate phase (ACP-CaHA) and nano-structured hydroxyapatite (CaHA)
have been prepared by two sol-gel synthesis routes. The structural organization of hydroxyl groups in both materials has been
determined by means of "H MAS NMR and FTIR spectroscopy. It has been shown that the amount of structural ~-OH groups in
nano-structured CaHA is significantly higher than that from adsorbed water and vice versa in ACP-CaHA. A precise signal shape
analysis has been carried out for both studied samples. The *'P NMR signals have been found being Voigt-shaped in the wide-line
as well as in MAS spectra. The 'H and *'P spin-lattice and spin-spin relaxation time measurements have revealed that the fast spin
motion takes place in ACP-CaHA. The corresponding correlation time 7 ~ 7 - 107 s at ~300 K has been determined. The effect of
MAS rate on the *'P signal shape also confirms that this motion runs in the time scale of microseconds or even nanoseconds. The
magnitude of the anisotropic broadening 1220 + 20 Hz determined for nano-structured CaHA is very close to the maximum of
the dipolar '"H-*'P coupling distribution profile estimated using CP MAS kinetics. The dynamics of 'H-*'P spin interactions in
nano-structured CaHA (7 ~ 3.3 - 10~ s) is much slower than in ACP-CaHA.
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1. Introduction

Hydroxyapatites (HA) being thermodynamically the
most stable form of calcium phosphate are wide-
ly applied in implantology, orthopedic and peri-
odontal surgery [EI, E]. Calcium hydroxyapatite
(Ca,(PO,) (OH),, further CaHA) has been often
used to study the properties of antiresorptive agents
for the prevention and treatment of bone diseases
[H]. Although sintered CaHA has been used as an ar-
tificial bone substitute in clinics, bone apatite is not
highly crystalline hydroxyapatite. Moreover, current
artificial bone substitutes are inferior to the auto-graft
with respect to osteoconductivity (property to form a
new bone on the surface of materials). It has been also
reported that cell attachment, proliferation and dif-
ferentiation behaviour is regulated on the crystallinity
H E Thus, one of the objectives of this work was to
fabricate low crystalline CaHA, which is thought to
show higher osteoconductivity and thus can be used

as an artificial bone substitute. For these reasons two
calcium hydroxyapatites containing an amorphous
phosphate phase and a nano-structured one were
synthesized.

Because of high sensitivity of NMR signal para-
meters of particular nuclei to the local environment,
i. e. short-range effects, this method is well suited for
the studies of very fine aspects of structural organiza-
tion and dynamics in complex solids. Therefore solid-
state NMR has been applied characterizing various
systems containing calcium phosphates on a molec-
ular level. '"H and *'P magic-angle spinning (MAS),
cross-polarization (CP) kinetics, heteronuclear cor-
relation (HETCOR), NMR relaxation time measure-
ments have been widely exploited in these studies
[] FTIR spectroscopy is also an effective tool to
estimate the degree of crystallinity, content of doped
ions, bulk vs. surface effects, etc. é ]. Thus the
complementary data sets can be obtalned usmg both
of these experimental techniques.
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For these reasons two synthesized calcium hy-
droxyapatites (containing an amorphous phosphate
phase and a nano-structured one) have been studied
in the present work using solid-state '"H and *'P NMR
and FTIR spectroscopy having the purposes: (i) anal-
ysis of '"H MAS NMR and FTIR spectra in order to
compare both synthetic HAs with respect to the struc-
tural organization of hydroxyl groups surrounding
*'P nuclei and to evaluate the relative contributions
of static and dynamic structures in both samples; (ii)
precise processing of *'P MAS and wide-line NMR
signal shapes by the nonlinear contour fitting using
Lorentz, Gauss and Voigt functions; (iii) to study the
effect of MAS rate on the *'P interactions with protons
in the structural hydroxyl groups and adsorbed water;
(iv) 'H and *'P spin-lattice and spin-spin relaxation
time (T, and T,) measurements in order to estimate
the time scale of spin motion.

2. Experiment

NMR measurements were carried out on a Bruker
AVANCE III HD spectrometer operating at the reso-
nance frequencies of 400 and 162 MHz for 'H and *'P,
respectively (magnetic field of 9.4 T). All MAS (mag-
ic angle spinning) measurements were performed
using a Bruker 4 mm H/X CP-MAS probe-head,
which is capable to spin the sample up to 15 kHz rate.
NMR MAS measurements were performed at the
spinning rate of 5 kHz for *'P and 10 kHz for "H Bloch
decay (BD) experiments. The pulse sequence, which
suppresses background artifacts, was employed for
'"H measurements. For all 'H /*'P MAS experiments
the 90° pulse length was 2.5/1.8 us, 64/16 scans were
accumulated with a repetition delay of 3/10 s, respec-
tively. For T,('H) measurements the saturation recov-
ery pulse sequence with 18 variable time delays and
the repetition delay between 0.5-4 s were used.
Broad band *'P experiments were performed using
a Bruker 5 mm High Power X wide-line probe-head,
which allows to use high power values in a wide range
of temperature (140-670 K). The spin-lattice relaxa-
tion times T, have been measured using a standard
saturation recovery pulse sequence applying the satu-
ration 90° pulse train containing 50 pulses. The *'P 90°
pulse length varied within 3-3.5 us depending on the
temperature. The signal-to-noise (S/N) ratio was suf-
ficient for T (*'P) measurements even after 1 scan.
For each T, measurement varying the temperature
13 variable time delays have been used. The spin-spin
relaxation time T, has been measured using the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence. The
number of variable time delays was 16 and 16 scans
were accumulated with a repetition delay of 120 s.

NMR spectra were processed using the TopSpin
3.2 software. Additionally, the signal shapes were pro-
cessed using the Levenberg-Marquardt method im-
plemented in the Microcal Origin 9 and Mathcad 15
packages [@, E].

FTIR measurements were performed at 298 K on
a Bruker Vertex 70 spectrometer. ACP-CaHA and
nano-structured CaHA (each in amount of ca 2 mg)
were mixed in the ratio of 1:100 with KBr powder and
pressed into a pellet using 10 tons pressing of a manu-
ally operated Specac hydraulic press. FTIR transmis-
sion measurements were acquired with 2 cm™ spec-
tral resolution using a globar light source and a liquid
nitrogen cooled MCT detector. Total 128 interfero-
grams were averaged and transformed into the spec-
trum applying the Blackman-Harris 3-Term apodiza-
tion function and the zero filling factor of 2.

3. Materials

For the preparation of Ca (PO,) (OH), having dif-
ferent morphological features two sol-gel synthesis
routes were selected. The steps and conditions are de-
tailed in Ref. [@]. The synthesis products were char-
acterized by scanning electron microscopy (SEM)
and energy-dispersive X-ray analysis (EDX) using a
Helios NanoLab 650 scanning electron microscope
coupled with an energy-dispersive X-ray spectrom-
etry system [@].

4. Results and discussion

Thanks to the proper instrumental setting high data
point density measurements of 'H and *'P NMR spec-
tra have been carried out for ACP-CaHA and nano-
structured CaHA. Each experimental 'H spectrum
contains 50 points/ppm (Fig. m), P spectrum has
100 points/ppm (Figs. @ and ). Such high data point
density reduces the excess degrees of freedom in the
nonlinear signal contour fitting procedure targeting
its flow towards the ‘true’ (global) minimum on the
multi-parameter surface x* i. e. the sum of weighted
squares of deviations of the chosen theoretical model
curve from the experimental points. More rigorous de-
cision concerning the validity of the hypothetic models
(signal shapes) is possible then and more fitting para-
meters can be used and determined unambiguously.
The most crucial factors that influence the fine de-
tails of structural organization in the products during
the applied synthesis routes are not known. However,
both materials can be compared with respect to the
presence of structural manifolds of hydroxyl groups
by means of "H NMR and FTIR spectroscopy (Fig. [l)).
The relative content of ~-OH groups can be estimated
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comparing the "H MAS NMR intensities of the broad
signal at ~5 ppm and the sharp peak at 0.0 ppm that
are attributed to adsorbed water and structural hy-
droxyl groups, respectively [6, 12]. The determined
ratio of integral intensities ~0.14 : 1.0 means that the
amount of structural ~-OH groups in nano-structured
CaHA is significantly higher than that from adsorbed
water. As it follows from the FTIR spectra, the amount
of adsorbed water in nano-structured CaHA is so low
that even the band of ‘free’ -OH groups is seen in the
spectrum (sharp peak at 3572 cm™, Fig. E]). The same
feature was met in the series of FTIR spectra of Mg*
and CO,* doped hydroxyapatites [].

The situation in ACP-CaHA looks to be an oppo-
site. The signal at 0.0 ppm is not seen in the '"H NMR
spectrum and thus it can be supposed that the amount
of structural hydroxyl groups is practically negligible
or they are even absent. However, this can be not true.
The molecules of adsorbed water possess much higher
degree of motional freedom. If the amount of adsorbed
water in the sample is large enough, the 'H peak of the
structural -OH can be significantly broadened and
averaged with the water signal due to fast exchange

Fig. 1. The comparison of FTIR and 'H MAS
NMR spectra of calcium hydroxyapatite con-
taining amorphous phosphate phase (ACP-Ca-
HA) and nano-structured CaHA. NMR spectra
are normalized to a maximum intensity. The
assignments of FTIR bands follow Ref. [12].

processes. And, indeed, FTIR spectroscopy data con-
firm the presence of structural ~-OH groups in ACP-
CaHA. The broad and complex-shaped vO-H contour
at ~3200 cm™ can be decomposed into two strongly
overlapped bands with maxima at 3442 + 2 cm™ and
3105 + 4 cm™, respectively (Fig. E]). The first one can
be attributed to the stretching of structural O-H and
compared with the band at 3438 + 2 cm™ in nano-
structured CaHA. The second band (3105 cm™) is
originated from O-H stretching of water molecules in
H-bond networks [@]. The characteristic band of SOH
bending vibration at 1645 cm™ is also present in the
FTIR spectrum. Hence the amount of adsorbed water
in ACP-CaHA is high indeed. The ratio of adsorbed
water and structural hydroxyl groups in ACP-CaHA
can be determined using the integral intensities of the
FTIR bands at 3442 and 3105 cm™ and it was 3.4 : 1.0
(in comparison with the above value 0.14 : 1.0 for na-
no-structured CaHA).

Several minor peaks seen in the spectra of both
samples at 0.5-3.0 ppm were also observed for other
HAs [E, @]. However, as noted there, their assign-
ment is still controversial. Since these peaks do not
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appear in *'P->'H CP MAS NMR spectra, they are
most probably originated from either highly mobile
or too distant to *'P protons [H]. Some features in the
FTIR spectra at 3587 cm™, i. e. the band much broad-
er than ‘free’ OH (Fig. ), can be related to those.
Solid-state *'P NMR spectra and the signal shape
analysis are often exploited in the studies of some
closely related systems []. The narrow Lorentz-
shaped peak at a maximum around 3 ppm and the full
width at a half maximum (Av,)) of 109 Hz was reg-
istered in the synthetic crystalline HA, whereas that
from mesoporous bioactive glass was Gauss-shaped
and an order of magnitude broader (1020 Hz) [E].
A single *'P signal centered at 2.3 ppm is also displayed
in fluoroapatite (FAp) gelatin nano-composite [9]. This
signal was attributed to PO~ groups in crystalline
FAp. Its Av, , of 178 Hz is typical of that of pure HA
and deviates significantly from that observed in HA-
based nano-composite prepared by direct precipitation
in a solution (373 Hz). The broadening of the latter
was explained by the presence of an amorphous cal-
cium phosphate (CaP) phase located at the surfaces or
at grain boundaries of the HA nano-platelets [E]. The
signal at 2.6 ppm is dominating in the *'P MAS NMR
spectra of CaP and gel/CaP, similarly to pure HA [].
Therefore this peak was also attributed to PO,’” groups.
However, the signal shapes in both CaP and gel/CaP

are asymmetric and significantly broader, demonstrat-
ing structural inhomogeneities, which can include the
presence of an additional phase difference from pure
crystalline HA. The linewidths were found to increase
from 243 to 373 Hz when gelatin was introduced into
the mineral matrix [@]. It should be noted that for
several systems decomposition of the observed *'P
signal into 2-3 spectral components was obtained
[ ]. These components have been attributed to
bulk PO,* (2.5-3.2 ppm), surface unprotonated PO,*
(4.4-6.0 ppm) and to protonated bulk/surface HPO >
groups (0.45-1.3 ppm), respectively [E, @].

A precise signal shape analysis has been carried out
in the present work for both studied samples using a
huge experimental dataset (>4000 points per contour).
First of all, the possibility of the multiple peak fit was
checked using Lorentz functions. It is demonstrated
by the processing of the *’P MAS NMR signal of ACP-
CaHA (Fig. @). An increase of the number of spectral
components leads to the improvement of y* and the
correlation coefficient (R?). However, some apparent
systematic (non-random) deviations persist on the top-
and wing parts of the contours (Fig. E) despite the fact
that more variable fitting parameters were included.

The *'P NMR signals were found being Voigt-
shaped with dominant Gauss contribution in the
wide-line as well as in MAS spectra. A perfect fit

Fig. 2. The processing of the *P
MAS NMR signal of ACP-CaHA
using Lorentz functions: increasing
the number of spectral components
leads to the improvement of the fit

parameters (y*> and R?); however, the
regions of non-random deviations
survive (shown by dashed circles)
despite more variable parameters
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included. The residuals are shown in
the panels on the right.
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(R* = 0.990-0.999) was achieved using a single Voigt
function for both samples (Fig. E). The signal maxi-
ma at 3.5-3.9 ppm (MAS) and 4.7-4.8 ppm (static)
get into the range of *'P chemical shifts of bulk and
surface PO *~ groups in the related systems reviewed
above [@]. Much more interesting seem the signal
shape and width evolution observed upon MAS.

The Voigt profile is the convolution of Gauss
(G) and Lorentz (L) functions, i. e. V=G - L. In
the NMR studies of structuring effects it can be as-
sumed that the presence of various non-uniformities
(short-range disorder, heterogeneities, etc) in nano-
and mesoscopic scales enhances the Gauss contri-
bution to the Voigt-shaped signals, whereas the Lo-
rentz contribution is originated from uniform spin
interactions and dynamics. Random reorientational
molecular motion can be modelled by the angular
correlation function of simple exponential decay
C(t-1t) ~exp(- k| t - t)|), where k is the rate constant
[@, @]. The Fourier transform of exp(~k | t - ¢|) pro-
duces the Lorentz-shaped spectral profile.

(a)
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(©)

Static sample

50 0 50
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The MAS technique fails to suppress anisotropic
spin interactions fully if intensive reorientational dy-
namics is present [@: @]. This causes different MAS
effect on the *'P interaction with protons in the struc-
tural hydroxyl groups and adsorbed water. The effect of
MAS is indeed much less pronounced on the *P NMR
spectrum of ACP-CaHA. The signal is narrowing from
~4000 Hz (static sample) to 940 Hz (MAS, at 5-10 kHz
spinning, Fig. H(a)). In the spectrum of nano-struc-
tured CaHA, which contains structural ~-OH/adsorbed
water in the ratio 1.0/0.14 (i. e. the ratio of integrals
in Fig. E]), the observed signal narrowing is very sig-
nificant — from 2540 Hz (static sample) to the width
150-67 Hz that depends on the spinning rate (MAS,
1-8 kHz, Fig. @(b)), respectively.

In the presence of reorientational motion the
rotor-synchronized MAS linewidth (Av ) becomes
dependent on the strength of anisotropic spin in-
teractions, such as dipolar coupling, chemical shift
anisotropy, etc (the term of the magnitude of inho-
mogeneous anisotropic broadening v_ will be used

20 10 0 -10

5C°'P) (ppm)

Fig. 3. The fitting of the experimental *P NMR signal contours (black) by single Voigt func-
tion (red online): nano-structured CaHA ((a) static, (b) MAS) and ACP-CaHA ((c) static,
(d) MAS), respectively. The results of processing using single Gauss (green online) and Lo-
rentz (blue online) functions are shown for comparison.
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Fig. 4. Effect of the MAS rate on the *'P NMR linewidth
for ACP-CaHA (a) and nano-structured CaHA (b).

stant k) and the spinning rate (v,,, ) [R1]]. In the fast-

spinning regime the linewidth Av, , can be expressed as

hereinafter), the kinetics (represented % the rate con-

2

Av,,, = TV an
M 21672+ x2)?
x[-16r?(e ™ —1-x)+x’( " —1+x)], (1)

where x = k/v, .. In the regime close to the maximum
broadening (27 v,, 'k = 0.55) this equation can be
simplified:
kmv
AV, =——"an . 2
Y2k 4321 @

Both Eq. 1 and Eq. 2 have been used in processing
the effect of MAS rate on the *P NMR linewidth for
ACP-CaHA and nano-structured CaHA (Figs. H and
E). Some distinguishing features have to be noted. The
signal width of the ACP-CaHA sample drops steeply
down as v, oversteps ~1 kHz and becomes indepen-
dent of the spinning rate up to 10 kHz, i. e. the maxi-

mum value used in the present work (Fig. H(a)). This

can occur if, according to Eq. 2, k >> 4mv, .. It means
that the fast spin motion takes place in ACP-CaHA. The
correlation time of this motion 7 = k™' gets into the time
scale of microseconds or even nanoseconds. Returning
to Fig. E], which evidences that the ratio of adsorbed wa-
ter and structural hydroxyl groups in ACP-CaHA was
found as 3.4 : 1.0, such fast dynamics can be attributed
to the rotational diffusion of adsorbed water molecules.

The situation in nano-structured CaHA is quite dif-
ferent. The signal width is drastically narrowed already
at rather slow spinning (v, ~500 Hz, Fig. @(b)). The
linewidth in the MAS range 0.5-8 kHz becomes de-
pendent on the spinning rate (Fig. H(b)). This depen-
dence has been processed using Eqgs. 1 and 2. However,
both equations are valid in the fast-spinning regime,
i. e. v, is large compared with v [@)]. Therefore the
fitting was repeated for several experimental data sets
composed increasing the minimal value of the spin-
ning rate (v,,,) . (Fig. E). The values of the magni-
tude of the inhomogeneous anisotropic broadening

v,,(Hz)
1280 -
1200 | [ ]
® Eql
1160 |- B Eq2
1000 2000 3000 4000
(VMAS)min (HZ)
k(s
L 1%
30000 ' - "
o .
20000 - g
i ® Eql
m Eq2
10000 -
1000 2000 3000 4000
(VMAS)min (HZ)

Fig. 5. Magnitude of the inhomogeneous anisotropic
broadening v_ and the rate constant k determined pro-
cessing the experimental data sets composed by increas-
ing the minimal value of the spinning rate (v,,,.) . for
nano-structured CaHA. More comments are given in
the text.
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v as well as the rate constant k have been determined
with the least errors processing the data set that starts
from (v,,,)_. =2 kHz (Fig. H) despite an identical co-
incidence between experimental points and theoretical
curves (solid lines, Fig. H(b)). Hence, the fast-spinning
regime (v,,,. > v, ) for nano-structured CaHA is fulfilled
at the spinning rates above ~2 kHz. It should be noted
that the value v _ = 1220 + 20 Hz is very close to 1185 Hz
that corresponds to the maximum of the dipolar '"H-*'P
coupling distribution profile in this sample determined
from 'H-3'P CP MAS Kkinetic experiments [@]. The
rate constant k ~ 30 000 s (Fig. f(b)) means that the
spin dynamics is much slower than in ACP-CaHA.

The measurements of 'H and *'P spin-lattice and
spin-spin relaxation times (T, and T,) have confirmed
that the fast spin motion takes place in ACP-CaHA
(Fig. H). T, has been measured using a standard sat-
uration recovery and T, has been measured using
CPMG pulse sequences, respectively (see Experi-
ment). The data have been processed using the well-
known formula [] for T, and T, for the heteronu-
clear dipole-dipole relaxation mechanism for spins I,
S = 1/2 (spin I relaxed by spin S) that in the present
case correspond to *'P and 'H, respectively:

1 25
—=—b"{J(w, —w
T 1 {J(, —wy)
+3J(@,)+6J(w, +wg)} (3)
L w0+, -,
5 15 I s
+3J(w;) + 6J(@;) +6J (@, +wy)}, (4)
T, ('H) (5)
39 f
vV
36 t v, .
33T A v
v¥Yvy
w Yy
6r A
AAAA Y A, A A a Av
3 WVVvQ‘ vVve V - v
000 606 063 ¢ ¢ oo
0 MAAAAPM AAA A A A A AA
3.0 35 4.0 45
1000/T

T
@) =1+w27:2, ©)
po Mo hmst(SH) , (6)

4r r

where J(w) is the normalized spectral density, w,and w,
are the resonance (Larmor) frequencies, b is the dipole-
dipole coupling constant, y, and y, are the magnetogyr-
ic ratios, r is the distance between interacting spins and
7 is the rotational correlation time. In the case of spin
clusters the dipole-dipole coupling constant b has to be
averaged over all interacting spin pairs. A certain clus-
ter model is then necessary. However, the rotational
correlation time 7 can be calculated avoiding this pro-
cedure if both T, and T, have been measured.

The measurement of T, for ACP-CaHA at ~300 K
was performed. The rotational correlation time
7=238.2-107 s has been calculated considering *'P-"H
interactions to be dominant and 7= 6.7 - 10”7 s would
follow in the case of the homonuclear *'P-*'P cou-
pling. Thus, the ‘average’ value 7 ~ 7 - 10”7 s means that
the spin motion in ACP-CaHA is almost two orders
faster than in nano-structured CaHA deduced from
the dependence of the linewidth on the MAS rate
(Fig. §), i. e. k~ 30000 s, 7= k"~ 3.3-10"s.

It is interesting to note very weak dependences of
the relaxation time of ‘fast’ O-H signals on tempera-
ture as in ACP-CaHA as well as in nano-structured
CaHA (Fig. H). This observation reminds us of the be-
haviour of vO-H bandwidths in the FTIR spectra of
propanol H-bond aggregates isolated in the cavities of

argon matrix [@] and shows that the molecules of ad-
T,('P) (5)
140 | ¢
120 } T ~7107 s
*

o0

100 f LI
*
<*
3.0 35 4.0
1000/T

Fig. 6. Dependences of 'H and *'P spin-lattice relaxation time on temperature in ACP-CaHA (®) and in
nano-structured CaHA (® ‘fast, B slow’ spectral components of structured water and ® ‘fast, B ‘slow’
spectral components of adsorbed water signals, respectively; i. e. the peaks at ~0 ppm and 5 ppm (see

Fig. 1)).
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sorbed water can also be captured in certain studied
porous materials.

5. Conclusions

1. Calcium hydroxyapatite containing amorphous
phosphate phase (ACP-CaHA) and nano-structured
calcium hydroxyapatites (CaHA) have been prepared
by two sol-gel synthesis routes. Their structural organi-
zation with respect to hydroxyl groups has been deter-
mined by means of 'H MAS NMR and FTIR spectros-
copy. It has been shown that the amount of structural
—OH groups in nano-structured CaHA is significantly
higher than that from adsorbed water and vice versa in
ACP-CaHA.

2. A precise signal shape analysis has been carried
out for both studied samples using huge experimental
datasets (>4000 points per contour). The *'P NMR sig-
nals were found being Voigt-shaped in the static as well
as in MAS spectra.

3. The magnitude of the inhomogeneous aniso-
tropic broadening of 1220 + 20 Hz determined for
nano-structured CaHA is very close to 1185 Hz that
corresponds to the maximum of the distribution
profile of dipolar "H-*'P coupling. The spin coupling
of *'P with protons in structural -OH groups can be
considered the major contribution to anisotropic in-
teractions in nano-structured CaHA. However, the
dynamics of the interactions is much slower than
that in ACP-CaHA.

4. The effect of MAS rate on the measurements of *'P
signal width and 'H and *'P spin-lattice and spin-spin
relaxation times confirm that the fast spin motion takes
place in ACP-CaHA: the corresponding correlation
time 7~ 7 - 107 s at room temperature is almost two or-
ders faster than that in nano-structured CaHA deduced
from the dependence of the linewidth on the MAS rate
(t ~3.3-107 s). Such fast dynamics can be attributed
to the rotational diffusion of adsorbed water molecules.
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Santrauka

Kalcio hidroksiapatitas, savyje turintis amorfinio
fosfato faze (ACP-CaHA), ir nano- strukturizuotas
CaHA buvo pagaminti tyrimams taikant zoliy ir geliy
sintezés budg. Struktariniai abiejy junginiy hidroksilo
grupiy organizavimosi savitumai nustatyti 'H MAS
(‘magisko kampo sukimo’) BMR ir FTIR spektrometri-
jos metodais. Parodyta, kad nanostruktarizuotame
CaHA, priesingai nei ACP-CaHA, struktiriskai jun-
ginio karkase priristy ~OH dalis yra Zymiai didesné
uz hidroksilo grupiy i§ adsorbuoto vandens. Atlikta
preciziska abiejy bandiniy BMR signaly konttry for-
mos analizé (>4000 tasky kontdras). Nustatyta, kad
P BMR spektry, tiek placiajuoséiy, tiek MAS, signaly
kontarams yra badinga Voigto forma. Tai reiskia, kad
tiriamuosiuose junginiuose yra keli dinaminiai vyksmai,
jy indéliai i spektrinius kontarus aprasomi Lorentzo ir

Gausso funkcijomis, o ty vyksmy spartos gali labai skir-
tis. 'H ir *'P sukinio ir gardelés bei sukiniy relaksacijy
trukmiy (7, ir T,) matavimai atskleidé ACP-CaHa jun-
ginyje labai sparcius sukiniy judesius. Nustatyta judesiy
kambario temperatiros artumoje (~300 K) koreliacijos
trukmé yra 7 ~ 7 - 107 s eilés. Kintamo MAS daznio
poveikis *'P signalo formai taip pat patvirtina, kad
ACP-CaHa junginyje vykstanciy judesiy laiko maste-
lis patenka j mikro- ar net nanosekundziy skalés sritj.
Nanostruktarizuoto CaHA nevienalycio anizotropinio
signalo iSplitimo mastas 1220 + 20 Hz puikiai dera su
1185 Hz verte, atitinkanc¢ia "H-*'P sukiniy sgveikos
skirstinio maksimuma, jis buvo nustatytas $iam bandi-
niui, remiantis CP (‘kryzminés poliarizacijos’) MAS
kinetikos duomenimis. '"H-*'P sukiniy sgveikos dina-
mika nanostruktirizuotame CaHA yra Zymiai létesné
(T ~3.3-10"s) nei ACP-CaHA.
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