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7 ABSTRACT: Crystallization via phase transformation of a metastable precursor is a
8 ubiquitous and e ective strategy used by living systems to direct the growth of
9 crystalline nanomaterials with remarkable functional properties. However, determin-
10 ing the exact process by which transformation occurs at the nanoscale is a di cult
11 challenge. Here, the recrystallization process of amorphous calcium phosphate
12 (ACP) to hydroxyapatite (HAP) is explored by liquid-cell transmission electron
13 microscopy. The e ect of con nement in the liquid-cell is found to increase the size Recrystallization of hydroxyapatite
14 of ACP nanoparticles. In the presence of Mg?*, these large ACP nanoparticles |RZZXIS

15 transform to HAP by rst dissolving from the interior to create a hollow structure,
16 after which HAP forms preferentially on the surface and then subsequently in the
17 bulk solution. We propose that the preferential dissolution within ACP particles is
18 due to a change in the structure and/or chemistry of the ACP surface, likely
19 associated with dehydration before crystallization of HAP. These results imply an
20 important role of the con ned environment of the liquid-cell in regulating the size of ACP particles, which then a ects the surface
21 structure and the detailed dissolution recrystallization pathway. Moreover, we stress the key role of Mg?* in controlling HAP
22 formation by stabilizing ACP via reduction in ACP solubility. This work provides a better understanding of the roles of additives and
23 con nement during the phase transformation of ACP to HAP through dissolution and recrystallization.

[l Metrics & More | > Supporting Information

Dissolution of amorphous calcium phosphate

2% INTRODUCTION
25 Nucleation and growth of solid materials from solution are of

A typical case of dissolution recrystallization occurs in the 46
transformation of amorphous calcium phosphate (ACP) to 47

26 crucial importance to applications in materials science and
27 nanotechnology. Although classical nucleation theory is
28 commonly used to describe the process, increasing evidence
20 shows that multistep nucleation starting from amorphous
30 phases is often involved." ® Furthermore, crystallization via
31 transformation of amorphous phases plays an important role in
32 diverse systems, such as biominerals, inorganic nanocrystals,
33 and biomolecular materials.* *° Previous works have suc-
34 ceeded in revealing the phase transformation mechanism for
35 calcium carbonate, calcium phosphate, and Ni nanocrystal
36 systems using liquid-cell transmission electron microscopy
37 (LC-TEM).** ** Results from such studies suggest that the
38 phase transformation occurs either through direct solid solid
39 phase transition within the amorphous phase or through
40 dissolution recrystallization.”*> *” However, in the case of
41 dissolution recrystallization, how the amorphous phase
42 dissolves and whether the crystalline phase nucleates at the
43 surface of the amorphous phase or in the homogeneous
44 solution are unclear. Answering these questions requires direct
45 experimental evidence.
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hydroxyapatite (HAP).*>*39 ACP is widely accepted to be the 45
precursor phase for the morphogenesis of HAP in bones and 49
teeth, contributing to their hierarchical structures and excellent so
functions.”® ?* Although the phase transformation mechanism s
has been recognized as solution-mediated surface nuclea- s.
tion,">? the exact physical processes at the nanoscale, such as s3
the dissolution of ACP and the nucleation of new HAP, are s4
still subject to debate, especially in the presence of s5
additives.** For example, Mg?* is used as an important ss
regulator to control HAP crystallization by stabilizing the ACP &7
phase and retarding the phase transformation to HAP,*32%27
but the underlying physical mechanism remains unclear. 59
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Figure 1. Characterizations of ACP and phase transformation. (2) TEM images showing the formation of 1.7 nm clusters. (b) ACP nanoparticles
characterized by TEM and SAED (inset). (c) FTIR spectra of dried ACP particles. (d) In situ liquid state ATR-FTIR follows the formation of ACP
and its phase transformation. (e, f) TEM images of particles at 20 min, showing HAP on the ACP surface (e) and hollow ACP particles surrounded

by HAP (f).

60  In this work, we used in situ LC-TEM to directly observe the
61 phase transformation of ACP to HAP in the presence of Mg?".
62 We nd that con nement in the liquid-cell reduces the
63 nucleation rate, leading to growth of larger ACP nanoparticles
64 than observed in bulk solution. In addition, the dissolution
65 behavior of the ACP nanoparticles is size dependent:
66 dissolution of larger ACP nanoparticles starts from the interior
67 in response to stabilization of the exterior likely due to
68 dehydration resulting in the formation of hollow ACP
69 particles. In addition, it is speculated that Mg?" may stabilize
70 the ACP nanoparticle surface and inhibit the homogeneous
71 nucleation of HAP. Notably, the surface of these ACP
72 nanoparticles becomes partially crystallized through heteroge-
73 neous nucleation of HAP, which further drives the preferential
74 internal dissolution. In addition to nucleating heterogeneously
75 on the surface of the hollow ACP nanoparticles, nucleation of
76 some HAP particles also occurs in the homogeneous solution.
77 These details revealed by LC-TEM provide a clearer
78 mechanistic understanding of crystallization via transformation
79 of the amorphous phase.

>
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80 EXPERIMENTAL SECTION

81 HAP Formation. In a typical experiment, MgCl,-6H,O (Sigma-
82 Aldrich, USA) solutions were added to CaCl,-2H,O (Sigma-Aldrich,
83 USA) solutions to obtain solutions with 10.0 mM Ca’* and 0.6 mM
84 Mg?. A 6.0 mM Na,HPO, (Aladdin, China) solution with a pH of
85 about 10.0 (adjusted by 1.0 M NaOH) was prepared. The Ca/Mg
86 solution was mixed with an equal volume of a Na,HPO, solution to
g7 initiate the precipitation reaction.

88  Characterizations. The pH of the reaction solution was
89 monitored by a pH meter (Metrohm 842 Titrando, Switzerland).
90 The suspension was centrifuged at 10000g for 5 min (GL-22M,
91 Luxian, China), and the precipitate then was washed three times with
92 ethanol (Sinopharm Chemical Reagent, China). The obtained solids
93 were dried under a vacuum at 40 °C, and the phases were examined
94 by Fourier transform infrared spectroscopy (FTIR; FTIR-8400,
95 SHIMADZU, Japan). The sample morphology and phases were
96 acquired with TEM (FEl Tecnai G? F20, USA) by dropping
97 suspensions onto copper grids at di erent reaction stages.
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Crystallization of HAP through ACP was monitored in situ using a 98
Bruker Alpha FTIR spectrometer equipped with a Harrick 99
ConcentratIR sampling accessory with a diamond attenuated total 100
re ectance (ATR) sampling plate.®® For each FTIR spectrum 101
recorded, eight scans were made at a resolution of 2 cm % All 102
samples were made by mixing equal volumes of Ca/Mg solution (0.2 103
L) and Na,HPO, solution to initiate the precipitation reaction. The 104
backgrounds were determined using a Ca/Mg aqueous solution. The 105
rst spectrum was recorded 10 s after mixing the solutions, and the 106
remaining spectra were recorded at de ned time intervals. 107
LC-TEM Investigations. Liquid-cell chips and holders (Hum- 108
mingbird Scienti c) were used for the liquid-cell TEM observations. 109
The liquid-cell consists of two square 4 mm? silicon chips with 50 nm 110
thick silicon nitride membranes in 50 x 200 m? windows for 111
imaging. All chips were plasma-cleaned in a Plasma Cleaner for 1 min 112
before use. The 0.4 L ACP suspension was sealed into the liquid-cell, 113
which was then inserted into a eld-emission FEI Tecnai G2 F20 114
(FEI) operated at 200 kV for in situ observations within 10 min to 115
ensure that phase transformation did not occur. TEM images were 116
captured with an exposure time of 0.3 s by an Orius Gatan camera, 117
and movies were recorded at a rate of 10 frames per second using the 118
CamStudio Free Screen Recording Software. 119

RESULTS AND DISCUSSION 120

Formation and Structure Characterizations of ACP. 121
The ACP suspension was prepared by mixing CaCl, and 122
Na,HPO, aqueous solutions. At the very early stages, the rst 123
observed calcium phosphate particles were about 10 20 nm in 124
size and appeared to be formed by aggregation of smaller 125
particles 2 nm in diameter (Figures la and Sla). These 12611
aggregated into much larger amorphous nanoparticles (Figures 127
1b and S1a). The FTIR spectra of these nanoparticles showed 128
two broad absorption bands, which were assigned to 129
asymmetric P O stretching vibrations at 1055 ¢m ! and 130
O P O bending vibrations at 568 cm ® (Figure 1c). In 131
addition, a band arose at 875 cm * (Figure 1c, Figure S1b) due 132
to the P OH stretching vibrations, and the ratio of Ca/P in 133
the amorphous mineral was around 1.0 (Figure SIc), 134
indicating the formation of acidic ACP enriched by HPO,? . 135
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Figure 2. Dissolution and recrystallization of ACP in the liquid-cell. (&) TEM images showing ACP dissolution starting from the interior. (b) Gray-
scale value of nanoparticles marked by the yellow frame in (a) versus position during dissolution. (¢) TEM images showing recrystallization of the
nanoparticles starting from the exterior. (d) Gray-scale values of nanoparticles marked by the yellow frame in (a) versus position during
recrystallization. (¢) SAED image showing that the crystalline phase that forms is HAP. (f) Ex situ HAADF-STEM image demonstrating hollow
crystalline particles. (g) Hollow HAP structures in a ask synthesize, demonstrating that the process observed in the liquid-cell also occurs in the

absence of the electron beam.

136 This composition is consistent with the previously reported
137 stoichiometry of (Ca-(HPO,)-nH,0).2%%

138 Mg?" at various concentrations was introduced as an additive
139 to detect its e ect on crystallization. We found that Mg?* was
140 incorporated into ACP at a concentration that increased with
141 increasing solution Mg?* concentration. Mg?*addition also
142 resulted in longer crystallization times; the pH curves show
143 that the introduction of Mg?* stabilizes ACP and inhibits the
144 nucleation of HAP (Figure S1d). The obtained in situ liquid
145 ATR-FTIR data further con rm stabilization by Mg? and
146 allow di erent mineralization regimes to be distinguished
147 (Figure 1d). The broad absorption peak of v;(PO,) at 1063
18 cm ! shows that the preferential formation of ACP nano-
149 particles and the gradual splitting of the v4(PO,) band are
150 consistent with the phase transformation of ACP to HAP
151 occurring either through dissolution recrystallization, as
152 suggested previously,®® or by direct transformation as observed

for Mg-doped amorphous calcium carbonate.”® However, in
situ atomic force microscopy (AFM) shows the disappearance
of initially formed spheroidal particles as new sheet-like
particles appear, implying the transformation occurs via
dissolution recrystallization (Figure S2). Details obtained by
ex situ TEM at a series of time points suggest that, in bulk
solution, nucleation of HAP on ACP nanoparticle surfaces is
the dominant pathway (Figure 1b,e,f and Figure S3). However,
it should be stressed here that an interesting observation is the
formation of large hollow particles surrounded by needle-like
HAP crystals (Figure 1f). Noticing that no hollow particles
were observed in the absence of Mg?* (Figure S4), these
results imply that either Mg?* or particle size or both are
important in regulating phase transformation.

In Situ TEM Observations of Phase Transformation.
To probe the dynamics of ACP transformation in solution, 0.4

L of an ACP suspension was collected from bulk solution and
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Figure 3. Direct formation of HAP in solution. (2) TEM images showing HAP formation in homogeneous solution. (b) Ex situ TEM images
showing the plate/needle-like HAP structure. (¢) The projected area changes of nanoparticles marked by numbers in (a) with a function of time.
Stage I: incubation at constant supersaturation set by the solubility of ACP; stage II: homogeneous nucleation and growth of HAP by classical ion
attachment; and stage 111: unchanged HAP nanostructures due to the complete consummation of ions.

170 then sealed into the liquid-cell. The stabilizing role of Mg?*
171 enables easy observation of the phase transformation from
172 ACP to HAP in the liquid-cell. Initially, some spherical
173 nanoparticles were found in solution that could be attributed
174 to the amorphous phase based on shape (Figures 2a and S5).
175 The suspension was still supersaturated relative to ACP
176 because these nanoparticles could grow in the liquid-cell.
177 Several small nanoparticles disappeared with the growth of
178 large ACP particles, probably via dissolution driven by Oswald
179 ripening. These particles stopped growing when they reached a
180 Ccertain size, perhaps as a result of decreasing supersaturation in
181 the surrounding solution. Rather than dissolving rapidly, the
182 particle size and shape remained unchanged between 800 and
183 900 s, consistent with the evolution of pH in ex situ
184 experiments (Figure S1d), again indicating stabilization of
185 the ACP by Mg?".

186 Although Mg?* stabilized the ACP, it could not stop the
187 transformation from ACP to HAP, as shown in Figure 2. On
188 the basis of these in situ observations, we can divide the
189 transformation into two steps: (1) dissolution of ACP (Figure
190 2a) and (2) nucleation of HAP (Figure 2c¢). At 0.33 s, ACP
191 nanoparticles with di erent sizes were dispersed in solution.
192 Subsequently, some nanoparticles began to dissolve from
193 inside the ACP nanoparticles (74.67 312.00 s). By 406.67 s,
194 most ACP nanoparticles had dissolved completely, and some
195 particles were left with only a hollow shell. The progression of
196 dissolution and the hollow nature of the remaining structures
197 were quanti ed using the change in gray-scale values (Figure
198 2b).

199 With the dissolution of ACP nanoparticles, nucleation of
200 HAP occurred on the surface. As shown in Figure 2c, these
201 hollow structures grew gradually. Remarkably, some hollow
202 shells formed at locations for which ACP had appeared to

completely disappear, implying that undissolved ultrathin 203
shells of these ACP nanoparticles that are indistinguishable 204
from the background remain, presumably due to the limited 205
spatial resolution achieved at this low magni cation. With 206
continued growth of the crystalline phase, the shell gets thicker 207
between 407.00 and 853.00 s, as measured by the gray-scale 208
values (Figure 2d). However, the di erence from previous 209
ACP nanoparticles is that the surface is now rougher. The nal 210
hollow structure is identi ed as HAP from selected area 211
electron di raction (SAED, Figure 2e). Furthermore, STEM 212
imaging (Figure 2f) with a higher contrast clearly shows that 213
the produced structures in the liquid-cell are hollow and 214
consist of small needle-like HAP at this stage. The nal state 215
obtained in the liquid-cell thus consists of a porous HAP 216
aggregate (Figures 2¢c and S6). Similar hollow HAP structures 217
are found in ex situ experiments, as observed by HR-TEM 218
(Figure 29). 219

Notably, liquid- Im thickness is not completely constant 220
across the window of an assembled liquid-cell. The corners of a 221
liquid-cell window to the upper left of the images in Figure 222
2a,c are reported to be thinner than regions close to the 223
center. Therefore, any e ects that the electron beam and/or 224
con nement have on rates of nucleation, growth, or dissolution 225
can be expected to di er across the cell. Even so, the phase 226
transformation process was mediated by dissolution recrystal- 227
lization and exhibited the same general behavior, with larger 228
particles becoming hollow and crystallizing, at all locations 229
observed (Figures 2 and S7). 230

When we moved to a neighboring area in the liquid-cell, we 231
found that the recrystallization process also occurs in a 23213
homogeneous solution (Figure 3a), rather than only on the 23313
surface shell of ACP nanoparticles. Up to 111.00 s, contrast in 234
the homogeneous solution shows that no particles were yet 235
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Figure 4. Synthesized ACP or HAP in the liquid-cell without an electron beam. (a f) TEM images and corresponding SAED images of calcium
phosphate at 10 min (a b), 30 min (¢ d), and 60 min (e f) synthesized in the liquid-cell. (g |) HAADF-STEM and corresponding EDS
mapping images of a hollow calcium phosphate structure. (m p) TEM images of ACP, showing the existence of crystallized surface areas that are
highlighted by white arrows. (q r) A single hollow calcium phosphate structure with a partially crystallized surface marked by white arrows; the

inset in (r) is the FFT image.

Figure 5. TEM images and size distributions of ACP nanoparticles synthesized in the bulk solution (a, b) and the liquid-cell (c, d), respectively.

236 Observed. Then, a needle-like particle appeared at 111 s, after
237 Which several nanoparticles nucleated and grew. These
238 particles exhibit morphologies reminiscent of plate-like HAP
239 Obtained by synthesis in bulk solution (Figure 3b) and in AFM
240 (Figure S2). To quantitatively investigate the recrystallization
241 process, we investigated the projected area changes of four
242 particles (Figure 3c). From this plot, we can separate the
243 recrystallization process into three steps: stage | is incubation
244 at constant supersaturation set by the solubility of ACP; stage
245 11 is homogeneous nucleation and growth of HAP in solution
246 by ion attachment; and stage Il is the termination of growth

due to the decrease of supersaturation via consumption of 247
solute ions. 248

The progression of HAP nucleation and concomitant ACP 249
dissolution is consistent with accepted concepts: the solution is 250
supersaturated with respect to HAP at a level set by the ACP 251
solubility, there is an incubation period before HAP nucleation, 252
and nucleation can occur both sporadically in bulk solution 253
and extensively on the surface of ACP.*® However, the 254
preferential dissolution of ACP nanoparticles from within is 255
inconsistent with a previous understanding of how dissolution 256
proceeds, starting from the outside and progressing inward, as 257
seen in the CaCOj; system.”® To determine whether such 2ss
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259 dissolution behavior is inherent to this system or is an artifact
260 Of the electron beam, we investigated the evolution of ACP in
261 the liquid-cell without exposure of the beam. We sealed the
262 ACP suspension into the liquid-cell, but we did not put the
263 liquid holder into the TEM. We then analyzed the resulting
264 nanoparticles by disassembling the liquid-cell after di erent
265 reaction times (Figure 4). At 10 min, the nanoparticles were
266 spherical ACP (Figure 4ab). At 30 min, these nanoparticles
267 become hollow (Figure 4c), were partially crystallized as
268 shown by SAED (Figure 4d), and consisted of calcium
269 phosphate (Figure 4g 1). At 60 min, the hollow structures
270 evolved into porous HAP aggregates (Figure 4e,f, Figure S5),
271 just as observed in samples prepared ex situ. Consequently, we
272 conclude that the observed dissolution behavior is inherent to
273 the ACP dissolution process. We note, however, that only the
274 larger ACP nanoparticles transformed into hollow structures,
275 Whereas smaller ACP nanoparticles were still solid (Figure 4g
276 and Figure S8). This nding is consistent with that obtained
277 using the liquid-cell; while all large particles in Figure 2c
278 become hollow, most of the particles that are 100 nm in
279 diameter or less appear to remain solid, suggesting that the size
280 of initial ACP nanoparticles alters the dissolution behavior.
281 Moreover, the similarity of the time scales for transformation
282 measured using in situ ATR-FTIR ( 20 min) and LC-TEM
283 experiments (- 18 min) indicates that the electron beam has
284 NO signi cant e ect on the phase transformation. The slightly
285 shorter time observed by LC-TEM may be due to a higher
286 local temperature and/or shifts in chemical speciation,
267 particularly H*-produced by electron beam irradiation, which
268 also slightly increase the growth rate of HAP (Figure 3c). A
289 detailed analysis of the electron beam e ects requires extensive
200 investigations and calculations.**

201 Proposed Phase Transformation Mechanism. The
292 potential dependence of the dissolution behavior on ACP
203 particle size appears to be related to con nement e ects in the
204 liquid-cell. We nd that the size of ACP nanoparticles grown in
205 the liquid-cell, even in the absence of the electron beam, are much
206 larger than those grown in a ask. After 10 min of growth time,
297 those grown outside the liquid-cell are 27.0 £ 6.0 nm in pure
208 solution (Figure S9a,b) and 26.1 + 6.2 nm in the presence of
299 Mg?* (Figure 5a,b). However, the size of ACP nanoparticles
300 synthesized in the liquid-cell under the same conditions at 10
301 min are in the range of 30 100 nm (Figure 5c¢,d) and as large
302 as 180 nm. These data show that neither Mg?* nor the electron
303 beam is responsible for the di erence in particle size, but rather
304 the volume of the cell itself is the source of the di erence.
305 Because the starting concentrations of the two solutions are
306 identical, these results indicate that con nement in the liquid-
307 cell either slows the nucleation rate or increases the growth
308 rate. We see no mechanism for increasing the growth rate, but
309 we can speculate on why the nucleation rate should be
310 reduced. A previous study concluded that the homogeneous
311 nucleation rate of ice in water decreases with decreasing water
312 Im thickness by both slowing down di usion and increasing
313 the nucleation barrier.®” The reduction in di usion rates would
314 presumably decrease the magnitude of the kinetic prefactor,
315 which depends in part on rates of ion binding.** Here, the
316 con ned environment of the liquid-cell creates a thin ( 100
317 nm) liquid Im in which di usion near the membranes is
318 reduced b aEproximater six orders of magnitude from that of
319 the bulk*** Because the detachment rates of ions from
320 growing clusters depend only on the strength of binding to
321 neighbors in the cluster (which is una ected by the solution

volume) but the attachment rate depends directly on the rates 322
at which ions are delivered to the cluster, we can expect this 323
dramatic reduction in di usion to shift the rate at which nuclei 324
overcome the critical size toward lower values. Thus, we 325
hypothesize that nucleation is suppressed by reduced ion 326
di usion to the forming clusters, resulting in low nucleation 327
density and large ACP particle size (Figure S3). 328

An important question that arises from the above ndings is 329
why ACP nanoparticles preferentially dissolve from their 330
interior, rather than from the surface. We hypothesize that this 331
phenomenon is caused by the need for ACP to dehydrate 332
during crystallization and to do so in contact with water. 333
Previous results have demonstrated that initially formed ACP 334
is hydrated.***” These hydrated ACP particles are stable in dry 335
conditions, but humid conditions will initiate recrystalliza- 336
tion.*® This shows that external water plays a vital role in 337
initiating the phase transformation even though structural sss
water must be eliminated for the transformation to proceed. 339
This requirement leads to two possible scenarios for forming s4o
hollow HAP particles. Both are similar, but one assumes the 341

rst step is transformation from hydrated to anhydrous ACP, 342
while the other assumes that HAP nucleates heterogeneously 343
directly onto the hydrated ACP surface. 344

First consider the possibility that hydrated ACP dehydrates 345
to anhydrous ACP before crystallization. ACP dehydration 346
would begin on the surface where it contacts water, leading to 347
a di erence in water content between the surface and interior. 348
There is circumstantial evidence to support this scenario: the 349
amount of adsorbed water on the ACP surface is estimated to sso
be about 30%, whereas the bound water inside ACP particles is 351

70%.%" Assuming that the anhydrous phase is more stable 3s2
than the hydrated phase (as in the calcium carbonate 3s3
system),*® the ACP particle surface will consume solute ions 3
in the adjacent solution as it dehydrates, driving the 3s5
concentration down toward the solubility limits of anhydrous 3s6
ACP. While some of the solute ions interior to the particle will 357
add to this shell, external water is needed to drive dehydration, 3ss
and structural water must be released for the process to sse
continue. Both processes should be hindered by the anhydrous 360
shell, but if ions can di use out through the shell more rapidly 3s1
than water can di use in through it, a Kirkendall e ect®® will 62
be manifest and a hollow ACP particle can form before HAP 363
nucleates on the surface. 364

The conversion of the anhydrous ACP shell to HAP would 365
eventually proceed, because, while ACP is metastable with zes
respect to HAP when no HAP is present and the solution is 367
saturated with respect to ACP, it becomes unstable once HAP 368
forms, and the activity product in the surrounding solution falls 3s9
below the ACP solubility limit. If nucleation of HAP occurs 370
homogeneously in bulk solution, we might then expect normal 371
dissolution of ACP progressing from outside to inside, as we 372
observe for small ACP particles. However, heterogeneous 373
nucleation of HAP on large ACP particles is clearly observed 374
(Figure 1f, Figure 2e,f, S3b and S7) and is expected to be 375
favored because of the reduced interfacial energy. Even if 376
nucleation occurs in a single location on the surface, due to the 377
important role of water in the transformation process, the 37s
spreading of the HAP will likely occur across the surface much 379
more rapidly than into the bulk of the particle. Once this 3so
occurs, unless this HAP layer is impervious to ion di usion, ss1
any remaining ACP in the interior will dissolve as the exterior 3s2
grows. 383
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Figure 6. Proposed HAP crystallization process through ACP in the presence of Mg?*.

3g4  If HAP nucleates heterogeneously directly onto the hydrated
385 ACP particle without an initial ACP dehydration step, then the
386 above scenario would proceed for precisely the same reasons
3g7 with HAP playing the role of the more stable surface phase. In
3ss fact, heterogeneous nucleation of HAP may well be expected
389 to occur without dehydration of the ACP, facilitated kinetically
390 with the help of OH provided by H,O in the surface
301 hydration layer on ACP.*

302 The importance of heterogeneous nucleation in initiating
393 the transformation process and creating hollow HAP particles
394 also suggests a reason for the observation that larger ACP
395 particles tend to form hollow structures. Size e ects during
396 heterogeneous nucleation were found to become important in
397 the 10 100 nm range, with the nucleation e ciency of smaller
308 Nanoparticles being greatly reduced.** Additionally, only seed
399 particles above a certain size can act as e ective crystallization
a00 promoters.*? These conclusions imply a possible trend in
401 Which the e ciency of heterogeneous nucleation of HAP on
402 ACP is high on large ACP particles, but small or negligible on
403 small ACP nparticles. Therefore, large particles form hollow
404 Structures, while small particles dissolve as HAP nucleates on
405 nearby large particles or in the bulk solution.

406 A similar preferential dissolution of large amorphous CaCO,
407 (ACC) particles from the interior to create hollow structures
a08 Was observed in the presence of additives.”> The authors of the
409 Study suggested that the surface of ACC can be stabilized by
410 phosphate ions because phosphate-enriched constituent ions of
411 the amorphous particles can di use outward toward the
a12 surface.*® This process leads to the preferential dissolution of
413 the carbonate-enriched interior. While such a mechanism
414 seems poorly suited to explaining the transformation of ACP in
415 our current work, because there is no evidence that Mg?* ions
416 are more heavily distributed on the surface than in the interior,
417 a surface-speci c e ect of Mg?* is still possible  previous work
418 indicated that Mg?* ions adsorbed on ACP surfaces have a
419 stronger stabilizing e ect than those incorporated into ACP
420 nanoparticles,"® perhaps by reducing the ACP solubility.**

421 During ACP transformation to HAP, we can expect a
422 competitive relationship between the relative rates of ACP
423 dissolution and HAP nucleation on both the ACP surfaces and
424 in the bulk solution. Only when the ACP dissolution rate is
425 Su ciently slow compared to heterogeneous HAP nucleation
426 can ACP transform to hollow HAP particles. The introduction
427 of Mg?* appears to shift the balance of relative rates toward
428 HAP nucleation, with the Mg-stabilized ACP particle surfaces
429 providing heterogeneous nucleation sites for HAP (Figure
430 4m p). Second, in the presence of Mg?*, the induction time
431 for homogeneous HAP nucleation is extended, and there is
432 thus more time for nucleation of HAP to occur on the ACP
433 surfaces, leading to a preponderance of hollow HAP particles

(Figure 4q r). A summary of the formation process is 43416
illustrated in Figure 6. 435 6

CONCLUSION 436

In summary, we used in situ LC-TEM to monitor the dynamics 437
of the ACP to HAP transformation in the presence of Mg?*. 43s
These real-time observations show that con nement in the 439
liquid-cell increases the size of ACP nanoparticles relative to 440
those synthesized in bulk solution. The surface of larger ACP 441
nanoparticles preferentially crystallizes, likely because the 442
surface layer preferentially dehydrates to more stable 43
anhydrous ACP and provides energetically favorable and 244
kinetically facile nucleation sites for HAP. As a result, the larger 445
ACP nanoparticles dissolve rst within their interior as the 44
exterior dehydrates and HAP nucleates and grows on the 447
surface, leading to a nal network of porous HAP. In addition, 448
HAP crystals nucleate sporadically in the bulk solution. Small 449
ACP particles do not support HAP nucleation on their surfaces 4s0
and instead dissolve from the outside as HAP nucleates and 4s1
grows on nearby large ACP particles and/or in the bulk 452
solution. This size-dependent phase transformation pathway of 453
ACP to HAP provides a possible route for preparing HAP 454
nanostructures with diverse morphologies. More importantly, 4s5
the role of Mg?* in promoting HAP nucleation on the surface 4s6
is stressed: by stabilizing the ACP nanoparticles, likely due to 4s7
reduced solubility, the time available for heterogeneous 4s8
nucleation of HAP on the particles is increased. Overall, this 459
work deepens our understanding of crystallization pathways 460
that proceed via phase transformation of amorphous 461

precursors. 462
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