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The structural properties of three compositions of phosphosilicate glasses are investigated by means
of molecular dynamics computer simulations using a new potential model incorporating polarization
effects. Structural features of the three compositions are compared in order to highlight the effect of the
composition on the different known bioactivities of these materials. Changes in the coordination
environment, network connectivity, and ion aggregation with the silica content are discussed, as they
enable us to draw a microscopic model of the glasses, which supports the interpretation of experimental
data and provides new insight into the special physicochemical behavior of these materials. The transition
from highly bioactive to bioinactive compositions is characterized by a marked increase in the connectivity
of the silicate network and by an increasing fraction of phosphate groups involved@+Bi cross-
links. Our analysis also highlights a possible correlation between the loss of bioactivity and a significant
aggregation between €aand PQ?®" ions, which leads to calcium-phosphate-rich regions for a bioinactive
composition containing 65% SO

1. Introduction within 2 h and binds to both soft and hard tisdu@omposi-
) - ) _ tions incorporating between 53 and 58% of Si@e less
Surface-active silicate glasses have been widely used ingqtive with HCA formation in 23 days, and they bond
medical applications since their discovery in the early 1970s only to bone, whereas compositions of above 60%,$i®
by Hench and co-workefs’® at the University of Florida. ot form crystalline HCA and are considered to be bio-
Unlike inert biomaterials, bioglasses show a strong active jnactive. The reaction steps leading to the HCA formation
response after they are implanted in the human body or puthaye peen roughly identifieda) initial leaching of Na ions,
in contact with a physiological medium. A series of chemical \\hich are replaced by Hfrom solution; (b) breaking of Si
transformations occurs after implantation, which leads to the 5_g;j honds and release of soluble s’ilica to the solution: (c)
growth of a layer of crystalline hydroxy-carbonate apatite {he syrface silanol groups formed in both previous steps
_(HCA) on the|r surface; this layer then interacts with and -ondense to form a silica-rich layer on the surface; (d)
incorporates biomolecules such as collagen, whereas furthef.y cjum and phosphate ions are released through this surface
cellular steps lead to a strong and stable chemical bond|ayer and incorporate other €aand PQ3 from solution
between the glass and human hard (bone) and, in some caseg, form an amorphous calcium phosphate phase: (e) the latter
soft (muscle) tissuesThe bioactivity of these materials is  3morphous film incorporates additional carbonate ions from
routinely measured as the rate of HCA formation in vitrt,  goytion and crystallizes to HCA. By altering the glass
or of bone formation in vivd;® this rate varies considerably composition, one can in principle tune the rate of HCA
with the glass composition: for instance, the 45S5 composi- formation and the glass physical properties for a specific
tion, including 45% silica, crystallizes HCA on its surface application; a more rational control of the bioactivity

however, could be achieved by establishing the microscopic,
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spectroscop¥;?and neutron diffractio®’ some general ideas
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cations for the phosphate groups. Differences in the structural

have started to emerge. The partial dissolution of the glassarrangement and stability of Na and Ca coordination sites

network involves the release of both network-modifier (i.e.,

are crucial for the migration mechanism of these i3,

Na and Ca) and network-former (Si and P) ions to the which in turn determine their dissolution rate. Moreover, the
solution; because this process requires breaking chemicalway in which cations are arranged around silicate and
bonds (for Si and P) or overcoming electrostatic and phosphate fragments affects the energetics and rates of
dispersion forces (for Na and Ca), it is strongly affected by breaking off and releasing these fragments into solution.

the local microenvironment of each species. Therefore,

Further investigation of these key structural factors and

structural descriptors of the coordination environment, for issues can be greatly improved with the atomistic resolution
both network formers and modifiers, are especially useful of modern computational techniques, which could also unveil

as predictive tools for the bioactivity. For network formers,

other relevant effects. Despite a significant number of

the bonding environment can be characterized by the fractionmolecular dynamics (MD) simulations investigating the

of bridging oxygens (BO) in each SiCand PQ poly-
hedront**>and theQ" distributions, wher®" (n = 0—4) is
a Si or P ion bonded tm BOs?!% 1617 Because a BO

properties of simple silicate and phosphate gladsésnot
many computational studies of multicomponent phospho-
silicate glasses have appeared so far, probably because of

connects two adjacent polyhedra, these factors determine thehe lack of suitable potential models capable of incorporating

overall network connectivity (NC) of the glass: in general,

the complex interactions and effects present in these materi-

a low NC, denoting a fragmented phosphosilicate network, als. The parameter-free, unbiased approach of ab initio
will favor release of soluble silica and phosphate fragments molecular dynamic8 provides a powerful alternative, which
to the solution. Indeed, NMR and Raman data show that has been applied recently to investigate structural and

silicon is predominantlyQ? in highly bioactive composi-
tions?1112 whereas Q® is the dominant Si species in
compositions with lower bioactivit}:-12Previous predictive
modeld*167identified a range of NG+ 2—3 for bioactive

electronic effects in silicate glass&s3> However, the limited

space and time scales that can be afforded by ab initio
approaches, even with state-of-the-art computational re-
sources, do not allow us to explore structural features beyond

compositions; however, their success relies on specific local order, such as the network connectivity, that influence
assumptions on the coordination of silicon and (especially) the bioactivity. When our interest is focused on these features,
phosphorus, whose actual role in the silicate network is ratheras in the present work, classical MD simulations still

controversial and needs further investigations. The inclusion represent the best choice, provided that a reliable force field
of phosphorus, although not a prerequisite for bioactivity, is available. We have recently developed a shell-model

leads to a higher rate of HCA formatidhP O, groups are
predominantly isolated in Hench'’s silicate glagsésand

interatomic potential for silicate glasses, including Na and
Ca network modifierg? which has been shown to provide a

are easily released in this form, enhancing the rate of reliable representation of structural and dynamical properties

formation of calcium phosphate film in stage (d). Indeed,

of sodium and soda-lime silicate glasses. In this paper, we

the presence of polyphosphate chains turns out to inhibit perform MD simulations using this new potential (extended

bioactivity in these materiaf®.On the other hand, a fraction
of P ions could be incorporated in the silicate netwsrk,

to include the interaction with phosphate groups) to provide
accurate structural information on three different composi-

and the balance between free (isolated) and bound (incor-tions of phosphosilicate glasses, with-4%—65% SiQ
porated in the glass network) phosphate could have important(BG45, BG55, and BG65, respectively, in the following).

effects on the Si release réfe.

These compositions have been selected in order to cover a

Much less structural information is available on the Wide bioactivity range, from highly active (BG45) to

coordination environment of network modifier cations; the @)
k!

“repolymerizing” effect of phosphates on the silicate networ

Karlsson, C.; Zanghellini, E.; Swenson, J.; Roling, B.; Bowron, D.T.;
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linked to SiY'8 seems to involve a preference of modifier
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intermediate (BG55) to bioinactive (BG65); the first two are
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Table 1. Details of the Simulated Systems

often used in experiments and (in the case of BG45, which Si0;  NaO Cao ROs  cell side (A)
corresponds to the original 45S5 Bioglass discovered by BG45
Hench) biomedical applications, whereas the latter is a useful mol% 46.1 2435 2690 257 26.734
nonbioactive reference. The results of these simulations Nofspecies 233 123 136 13
enable us to investigate whether and how the key structural BGS5
ies di d above are affected when the silica mol% 205 1940 2147 263 2131
properties discussed above are & Nofspecies 300 103 114 14
content increases and the bioactivity decreases. BGE5
mol % 66.9 1447 1598 263 27.766
N of species 356 e 85 14

2. Computational Methods

Force Field. Classical molecular dynamics simulations were
carried out with the DL_POLY cod&using an ionic interatomic
potential model recently developed in our group to model silicate
glasses incorporating Na and Ca cation modifféis.shell-model
approach~3° is used in the potential to effectively include
polarization effects, taking into account the large polarizability of
oxide ions: the total chargéof the ion is split between a core (of
chargeZ + Y) and a shell (of chargeY), which are coupled by a
harmonic spring. Besides the dampeldarmonic interaction with

of P,Os, and equal percentages (24.5, 19.5, and 14.5 wt %,
respectively) of NgO and CaO. Table 1 reports the exact composi-
tion of our systems and the corresponding molar percentages. The
melt-derived glass structures were obtained using a standard
molecular dynamics melt-and-quench appro&chhe appropriate
number of ions (around 1500) was randomly inserted in a supercell
whose volume was chosen to reproduce the experimental dénsity
at room temperature (RT) of 2.702 and 2.655 g érfor BG45

and BG55, respectively, whereas for BG65, for which experimental

the corresponding core, the oxygen shells interact with each otherdensity data are not available, the Doweidar's methtithllowed

and with Si, Na, Ca, and P cations through a short-range

us to estimate a density of 2.553 g cinThe resulting size of the

Buckingham term, whereas coulombic forces act between all cubic simulation cells is also reported in Table 1. The random initial
species, which bear full formal charges. In addition, three-body configuration was heated and held at 3500 K for 60 ps in the NPT
screened harmonic potentials are used to control the intra-tetrahedraensemble, ensuring a suitable melting of the sample. The liquid

O—Si—0 and G-P—0 angles. The derivation of the new potential
and its implementation in MD simulations is described fully in ref
37; itis worth remarking here that the parameters describing@la
and Ca-O interactions were fitted to the structures of crystalline
silicate phases as identified in typical bioglass and gtassamics
composition¥2%-37and are therefore adequate to model bioactive
silicate glasses. In addition to these existing parameters,-ti@ P
pair interaction parameters have been fitted to the structureNz;-

PO, -Ca(PQy),, and NaCaPgI® 42 by keeping the other interac-
tion parameters fixed. Unlike the silicate case, in which the effective
O—Si—O0 force constant had to be increased with respect to the
original value obtained for quarfzin order to improve the silicon
coordination number for glassé&sthis adjustment was not needed
for the phosphate group: the three-body-B-O interaction
constant (scaled by the screening exponential factor witt© P
distances of 1.6 A) is essentially the same as in previous MD
simulations of silicon aluminophosphat¥s.

The complete potential model, together with the lattice constants
obtained after energy minimization with the fitted parameters, is
reported in the Supporting Information. A small time step is required
to control the high frequency of the cershell spring in the MD
simulations: 0.2 fs was used, leading to fluctuations of less than
0.005% and no overall drift in the total energy. Cubic periodic
boundary conditions are applied, with a cutaf8oA for the short-
range interactions, as well as the Ewald summation of the long-
range coulomb interactions.

Glass Generation. The three glass compositions examined
contain 45, 55, and 65 wt % Sj(a constant low amount (6 wt %)

(38) Dick, B. G.; Overhauser, A. WPhys. Re. 1958 112, 90.

(39) Mitchell, P. J.; Fincham, D. J. Phys. Condens. Matté®93 5, 1031.

(40) Harrison, R. J.; Putnis, A.; Kockelmann, ®hys. Chem. Chem. Phys.
2002 4, 3252.

(41) Yashima, M; Sakai, A.; Kamiyama, T.; Hoshikawa, A Solid State
Chem.2003 175 272.

(42) Ben Amara, M; Vlasse, M.; Le Flem, G.; Hagenmuller, Atta
Crystallogr., Sect. (1983 39, 1483.

(43) Sanders, M. J.; Leslie, M.; Catlow, C. R. A. Chem. Soc., Chem.
Commun1984 1271.

(44) Sastre, G; Lewis, D. W.; Catlow, C. R. A. Phys. Cheml996 100,
6722.

was then continuously cooled to 1000 K at a quench rate of 10
K/ps* in another constant-pressure run of 250 ps, followed by a
constant-volume run of 70 ps in which the system was further
cooled to RT with its volume gradually adjusted to the final value,
corresponding to the experimental density (without this adjustment,
a full NPT quench to RT led to a theoretical density around 5%
lower than the experiment). The resulting glass structure was then
used in a final NVT trajectory of 200 ps, the last 150 ps of which
were included in the structural analysis. In each case, two different
glass samples, obtained by starting the meltench procedure from
different random initial configurations, were generated and their
structural properties averaged in order to improve the statistical
accuracy for each composition. Test calculations, comparing average
structural properties calculated from MD trajectories of different
length (up to 1 ns), showed that converged structural properties
are already obtained after100—200 ps; although longer trajec-
tories would be needed to investigate dynamical properties such
as ion mobilities? this shorter time scale is generally used with
good results in MD studies of glass structural properi¢s.

3. Results and Discussion

3.1. Short- and Medium-Range Order. Silicate and
Phosphate Groupd.hree snapshots of the glasses, extracted
from the molecular dynamics runs, are shown in Figure 1
The short-range order of the glass structures can be analyzed
through the radial distribution functions (rdfs) relative to the

(45) Doweidar, HJ. Non-Cryst. Solid4999 249, 194.

(46) The short time scale of computer simulations requires a cooling rate
y several orders of magnitude higher than typical experimental rates.
This is known to result in a glass transition temperatufg) (
significanly higher than the actual one: indeed, a plot of enthalpy vs
temperatur® allows us to estimatd, ~ 1030 K for BG45, about
220 K higher than the experimental valtieHowever, previous
simulations showed that, despite the differégty around 10 K/ps
yields converged and accurate structural propéftiasd is used in
most MD studies of melt-derived glasses and biogladsés4°

(47) Andersson, O. HJ. Mater. Sci. Mater. Med1992 3, 326.

(48) Palin, E. J.; Trachenko, K. O.; Dove, M. I..Phys. Condens. Matter
2002 14, 4857.

(49) Mead, R.; Mountjoy, GJ. Phys. Chem. B00§ 110 14273.
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simulations, phosphate groups are found as isolated ortho-
phosphatesq?), pyrophosphate®!, and metaphosphat€x,
whose relative fractions change with the glass composition
(see section 3.2). According to neutron diffraction data on
phosphate glass&sQP, Q', andQ? phosphate groups in these
materials should exhibit-PNBO distances between 1.48 and
. - D 1.54 A, and P-BO distances between 1.61 and 1.64 A, both
F|gure 1. Structure of the simulated glasses: left, BG45; center, BG55; in agreement with our results. Therefore, the local geometry
right, BG65. Color codes: red, oxygen; blue, silicon; yellow, phosphorus; of phosphate tetrahedra, and in particular the different
dark green, sodium; cyan, calcium; sodium and calcium ions are shown as .
spheres, whereas silicon, phosphorus, and oxygen are shown as ball-andStrengths of PNBO and P-BO bonds, is correctly repro-
stick models. duced with the present potential model, using the nev®P
: i S interaction parameters fitted in this work. The-O—0O bond
20k E‘Ii_éa angle distributions (BADSs) in the right panels of Figure 2
centered at the tetrahedral angle show thatfte O angles
tend to be more rigid than ©Si—0. Because this effect
disappears with increasing silica content, it is likely related
to the different environment of phosphate groups in these
glasses: the rigid intratetrahedral arrangement of orthophos-
phate groups (predominant in BG45) is increasingly per-
turbed when one or two of the four bonded oxygens form a
bridge with a silicon atom, as in BG55 and BG65 (see
below). The nearest-neighbor NaCa—, and O-0 distances
are very close to the values previously obtained for sodium
and soda-lime silicate glasses, with higher silica contént.
In summary, the short-range arrangement of these glasses
turns out to be rather rigid and hardly affected by the
10} - composition: previous X-ray diffraction (XRD) measure-
L ] ments showed similar patterns for BG45 and BG55, denoting
oL\ ém CJA similar structural ordering up to the first-nearest neighBor.

3 4 9 120 150 180 To the best of our knowledge, no experimental data on
r(A) 6(deg)

Figure 2. (left panels) Radial distribution functions of oxygen ions; (right
panels) bond-angle distribution functions: TOT and OTGH%¥i, P) angles.

BAD(8)

a(r)

101

the intertetrahedral structure have been obtained for bioactive
glasses; we previously showed that the inclusion of polariza-
tion effects with the present potential is crucial for obtaining

Table 2. Selected Average Distances (A) and Angles (deg) an accurate reproduction of the-SD—Si angle in sodium
BG45 BG55 BG65 and soda-lime silicate glass&sand the same likely applies

Isico 1.59 1.62 1.62 for the bioactive glasses. Structural features beyond the first-
rp-o 1.55 1.55 1.53 nearest neighbor have a higher degree of flexibility and are
:::; g:gj g:gg g:gg more affected by the composition than the intratetrahedral
I'NaO 2.34 2.34 2.35 structure. The StO—Si BAD in Figure 2 (right panels) and
rca-o 2.29 2.29 2.28 the Si-Si first-neighbor distance (Figure 3) reflect the
:2: z: 2:25 gf 33.'3 intertetrahedral connectivity: compared to compositions with
Ica-ca 3.6 3.65 3.7 a higher silica conterif, the glasses studied here show a
Osi-o-si 131(24) 131.5(25) 132(28) shorter SiSi distance £3.03 A) and, related to it, a smaller
gg:":io égf(gls) 59%7) 51933(822) Si—O—Si angle, around 132This could be a consequence
fo-ca-o 58—84 57-86 55-83 of a higher (NgO + CaO)/SiQ ratio: when the BO of a

Si—O-—Si linkage also interacts with a cation M, the-Si
oxygen ions, shown in the left panels of Figure 2, whereas O—Si angle will decrease to accommodate it. In fact, the
Table 2 reports the relevant average distances, corresponding 0NgO—15CaG-75SiQ glass studied in ref 37, whose-Si
to the rdf maximum. The general features are essentially O—Si angle is around 14Qhas an average BeM (M =
unchanged in the three compositions: the intratetrahedralNa + Ca) coordination number of 0.7 (0.5 Na and 0.2 Ca),
P—O distance of 1.531.55 A, close to the PO distance  to be compared with the higher B@ coordination numbers
of 1.52 A in AIPQ,* is slightly shorter than the SiO reported in Table 3 for the glasses studied here: for BG45,
distance of around 1.6 A, typical of silicate glasses. The each BO is associated, on average, with 1.5 Na atoms and
shoulder at 1.62 A in the-PO peak for the BG55 and BG65 0.3 Ca ions.
compositions comes from-FBO pairs: it becomes increas- The P-O—Si angle is close to the SIO—Si one for BG45
ingly more marked as the percentage of bridging oxygens and BG55 glasses, whereas it is slightly larger for the BG65
in the glass increases with the silica content. In our composition. The spread of both-D—T angle distributions,

(50) Thong, N.; Schwarzenbach, Bcta Crystallogr., Sect. A979 35, (51) Hoppe, U.; Walter, G.; Kranold, R.; Stachel, D.Non-Cryst. Solids
658. 200Q 263—264., 29.
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composed of NBOs, considerably more than the 70% total
fraction of NBO in this glass, whereas the composition of
the sodium coordination shell closely matches the BO:NBO
statistical ratio. This preference of Ca for NBOs becomes
increasingly more marked in the BG55 and BG65 glasses:
although the overall lower fraction of NBOs leads to a
decrease in the absolute number of NBOs in the Ca
coordination shell, the NBO fraction around Ca is consider-
ably higher (up to two times for BG65) than the total NBO
fraction in the glass. It is interesting that sodium also starts
to show a preference (although much less marked than Ca)
for NBO coordination with increasing silica content.

3.2. Coordination and Network Connectivity. Silicon.
Table 4 denotes ideal 4-fold coordination for Si in BG45
(St* in the table) and a very small fraction (less than 0.5%)
of fivefold-coordinated Sidefects in BG55 and BG65. It
should be remarked that the three-body ®—0 interaction

g(r)

A

i T parameters had been tuned in such a way to control the
r(A) occurrence of these defects in modified silicate gla¥sasd
Figure 3. (left panels) Radial distribution functions of-XX (X = Na, the very low fractions observed here for BG55 and BG65
Ca, Si) pairs; (right panels) radial distribution functions of SRjp(Ca) are in fact reasonabRé Although the very small fraction of
pairs these defects does not affect the structural properties
Table 3. Coordination Numbers: Integral of the Corresponding examined in this work, they might play an important role
Radial Distribution Function up to the First Minimum when dynamical and reactive properties are considered.
BG45 BGS55 BG65 In silicate glasses, the addition of network-modifier M ions
CNuao 5.8 5.95 5.9 (Na and Ca) disrupts the three-dimensional silicate network
CNcao 6.1 6.1 6.1 by breaking S+-BO—Si bridges, which are replaced by-Si
gmizzg ‘51:‘5‘ g:? 3:35 NBO—M units. Therefore, th&" distribution of modified
CNyane2 5.75 (5.74) 4.4 (4.26) 3.3(2.76) silicate glasses is shifted toward lowalues, compared to
CNcacd 3.2(2.73) 2.45(1.91) 1.75 (1.08) high-silica compositions that are predominar@y We have
CNna-ca 33 2.715 1.95 previously show# that, compared to rigid-ion potentials,
CNsi-na 5.26 4.1 2.83 ) P
CNei_ca 2.94 210 1.41 the shell model leads to a more relialg) distribution for
CNp-na 6.24 4.87 4.00 modified silicate glasses. Table 4 shows that silicon in BG45
g“;c’éo i:gi i:gg S:;? is predominantlyQ?, whereasQ?® is the most common Si
CNrngo 355 3.25 2.74 species in BG55 and BG65 glasses. This general trend
CNgo-na 15 1.05 0.7 qualitatively follows experimental NMR findings on similar
CNso-ca 03 025 02 and related compositiol$moreover, recent Raman data on
aThe values between parentheses followingveNa and CNea-ca are BG45 and BG5% yield Q? andQ? abundancies close to our

the corresponding values estimated for a homogeneous distribution. Corresponding estimates (Table 4)_ The existence of more

: N . . ;
as measured by the fwhm reported in parentheses after thethan two differentQ” species for these glasses is the subject

. ; : . of active debate; a source of uncertainty is the intrinsic
corresponding angle in Table 2, generally increases with difficulty in detecting species such & andQ* present at
increasing silica content;FO—Si linkages appear more rigid y g sp P

than S+0O—Si, judging from the broader SO—Si angle ls?wn;?Ziemgatl?ga;vﬁﬁii;g?aslife e;rt|;aol:¥hg\$errllagsbvi\/r|]t:rthe
distribution, especially for the BG45 composition. 9 P ' 9 y

. ) 3 . . i
Na—Ca Local Enironment.The local coordination en- model (l\f/lth only Q _and Q° present) is sqmeumes as-
. . o ; ) . sumed’ ! other experimental data have been interpreted with
vironment surrounding modifier sodium and calcium ions

n 1 . .
can be investigated through the coordination numbers shown-P 0 f(glfzrsg (from Q- to Q:) Species simultaneously
) . . present®1253 OQur calculatedQ" distributions denote the
in Table 3. These were calculated by integrating the

. . . presence of 34 Q" species in the three compositions, with
corresponding rdfs up to the distance corresponding to the . ii ! for BG45 andO* for BG55 and
first minimum. Both Na and Ca ions are enclosed in a oo ‘cant amounts 00" for andQ” for an

’ L . BGB65. It is interesting to note that we detect a small amount
pseudooctahedral coordination shell of about six oxygens,

. of orthosilicate Q% species in the BG45 glass only, in
as also evidenced by the-Ma(Ca)-O BADs (not shown), . . A
featuring two peaks at 60(arising from BG-M—BO or agreement with the findings of ref. 12. Because the migration

BO—M—NBO friads) and 99(NBO—M—NBO triads). As and release of isolated orthosilicate groups into solution are

o - 5t
already_Observed for soda-lime SIIIF:atQ gIas’ééé, calcium (53) Schneider, J.; Mastelaro, V. R.; Zanotto, E. D.; Shakhmatkin, B. A;;
has a higher preference for coordination by NBO compared Vedishcheva, N. M.; Wright, A. C.; Panepucci, H.Non-Cryst. Solids

to sodium: for BG45, 90% of the Ca coordination shell is 2003 325 164. _

(54) Kim, Y. S.; Tressler, R. EJ. Mater. Sci.1994 29, 2531.

(55) Zeitler, T. R.; Cormack, A. NJ. Cryst. Growth2006 294, 96.
(52) Cormack, A. N.; Du, JJ. Non-Cryst. Solid2001, 293 283. (56) Stebbins, J. F.; McMillan, Rl. Non-Cryst. Solid4993 160, 116.
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Table 4. Coordination and Network Connectivity?

Q" (Si) Q" (P) O coordination Si coordination
QO Ql Q2 Q3 Q4 QS QO Ql QZ OO 01 02 S|4 s|5 NC
BG45 1(10) 20 (8) 53 (58) 24 (24) 2 0 65 33 2 0 68.8 31.2 100 0 2.07
BG55 0 3(4) 31 (40) 53 (56) 13 0 34 59 7 0.1 52 48 99.7 0.3 2.77
BG65 0 0 9 58 32 1 9 56 35 0 37.2 62.8 99.7 0.3 3.24

aThe values in parentheses are the experimed¢si) abundancies#5%) estimated by Raman spectroscépy.

faster than those dD" species withn > 1, the presence of  glasses also shows that these links can be stable in the glassy
these species only in BG45 could be a key factor in its higher state>* Recent MD simulations of bioactive silicate glasses
bioactivity. On a similar basis, BG45 also has a greater using rigid-ion potential8->° pointed to the coexistence of
fraction of Q! silicates, and a corresponding lower fraction Q° andQ! phosphates, the latter being involved in a small
of less mobileQ® and Q* species. but still relevant number of SiO—P links. As in the case
The average number of NBO per Si atom (§Nso in of the SiQ" coordination, these discrepancies are probably
Table 3) sharply decreases from almost 2 for BG45 to 0.77 related to the uncertainties in the NMR or Raman spectral
for BG65, reflecting a considerable change in the arrange- signatures of &° (P) and aQ' (P), or in deconvoluting the
ment of the silicate network, which becomes much less signal of S--O—Si and S-O—P links, especially when the
fragmented; the number of NBO per P atom also decreases|atter are present at a much lower concentration. Our
although not as sharply as for the silicates, from NB&/P  simulations show that orthophosphate species are indeed
3.55 for BG45 (NBO/P= 4 would correspond to a pure  predominant for BG45, but a fraction of phosphate groups
orthophosphate) to NBO/R 2.74 for BG65. The network  are linked to a single@ (P) species) or two@ (P)) Si
connectivity of the simulated glasses (Table 4), calculated atoms. The large majority (95%) of Si ions is not linked to
from the Q" distribution, is analogous to the Stevelé phosphorus. The relative fraction @t (P) andQ? (P) sites
parameter, which describes the average number of BO pefincreases with increasing silica content in BG55 and BG65;
tetrahedrort! On the basis of specific assumptions on the the increasing tendency of phosphorus to form cross-links
coordination environments of Si and P, researchers predictedn the BG45-BG55-BG65 series, which contain the same
a critical value of 1.9 for the NC of BG4%.0ur simulations phosphate molar fraction, is related both to the higher
allow us to directly measure NC without any a priori percentage of Sigand to the lower availability of Na and
assumption, as the correct fraction of-&—P links and the  Ca cations to neutralize the orthophosphate groups. Because
possible occurrence of coordination defects are taken intothe phosphate potential was fitted to the structure of
account. Table 4 shows that BG45 has R@.07, slightly  crystalline orthophosphates, with no-SD—P links, their
larger than the theoretical value; the network connectivity formation in the silicate glasses studied here was not biased
increases with the silica content, up to 3.24 for the nonbio- by the parametrization procedure. The formation ef0>P
active BG65. cross-links is statistically less likely than#®—Si, because
Phosphorusit is normally assumed that phosphate groups of the low ROs concentration; it is interesting that, although
are predominantly isolated orthophosphates (associated withhg p—O—P links are present for BG45 and BG55, the only
modifier M ions) in BG45 and similar compositions with @ ¢ase in which they are formed in our MD simulations is the
low amount of ROs, and NMR and Raman measurements pjginactive BG65, which is characterized by the occurrence

support this view125"The lower strength of PO—Si than

of Si—O—Si bonds and the greater stability of ®—M than

of Si—O—M bonds may explain this observatidfhtogether
with the low ROs concentration and the local charge
imbalance of S+O—P substitution, for instance, compared
to more favorable A+O—P bridges in aluminophosphates.
However, although the above factors do not allow a full
incorporation of P as a network former in the glass, it is not

clear up to what extent the phosphate groups are completelya

separated from the silicate network: the occurrence-DP
Si bridges involving one of the four bonded oxygen atoms
in a fraction of the PQtetrahedra would not significantly

perturb the overall network arrangement. On the one hand,

only Q° (P) are reported in some NMR studi€s;on the

other hand, cross-linking between silicate and phosphate

groups has sometimes been proposed to interpret IR, Rama
and other NMR dat&*?18although the occurrence of -Si
O—P links at very low phosphate levels is not clear-cut. The
identification of silico-phosphate crystalline phases with Si
O—P linkages after crystallization of the corresponding gel

(57) Mysen, B. O.; Ryerson, F. J.; Virgo, Bm. Mineral.1981, 66, 106.

of phosphate-rich regions (see below).

3.3. lon Aggregation.Phosphate and Silicate Domains.
A first insight into the microenvironment around phosphate
and silicate groups comes from the rdfs of Na#A&HP pairs,
shown in the right panels of Figure 3. Fairly sharp first-
neighbor peaks are present for all pairs, indicating formation
of Na and Ca shells with a well-defined radius of 4.5 A
round the silicate and phosphate tetrahedra. For BG45,
Table 3 shows that about eight modifier cations are found
on average in the shell surrounding $i@hereas a larger
number of cations+10) are found around R@roups. The
general preference of modifier cations for phosphate groups
confirms their general repolymerizing effect on the silicate
network?®’ observed for silicate melts and bioglasses.

Ithough the total number of cations in both Si and P shells
Significantly decreases in going to BG65, the preference for
PO, becomes increasingly more marked, leading to the
formation of cation-rich regions around EQuch as those
shown in Figure 5 for BG65.

The structural arrangement of the Na/Ca shells surrounding
Siand P centers is described by the distribution of MM
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Figure 4. Distribution of M—T—M (M = Na/Ca, T= Si/P) angles for the
BG45 composition. No significant differences are found for BG55 and
BG65. The polygonal structures corresponding to the two peaks are sketched.

Table 5.R Ratios Figure 5. Phosphate-rich regions in the BG65 structure. Color codes are

the same as Figure 1; for clarity, only Ca modifier ions are shown here.
BG45 BGS5 BG65
RRavca 1.00 1.08 111 st
Riarca 0.96 0.80 0.80 b J Bﬁeja ]
RS, 1.01 1.07 115 3r J .
REp 0.74 0.73 0.76 2: - §
(M = Na/Ca, T= Si/P) angles shown in Figure 4, where A1 [I 1 I - —1
the two most common structural arrangements are also g 5r BG5S .
sketched: the main peak at about é@notes closed, roughly EREly 1 Na -
equilateral triangles with the vertices occupied by two ..g 3 I Ca 7
modifier cations and a Si(P) atom: the typicakHW and 5 2] T
M—M distances are indeed in the same range. A secondary g T | I 1 ]
peak located around 12@rises from M-M—M triads with g s ]
a Si or P ion in the center. AR BG45 |
The rdfs in the right panels of Figure 3 denote an sk I
increasingly significant CaP interaction with increasing 2k -
silica content. To investigate this point, we can use the 1+ I —
calculated coordination numbers of B ions around a central — A
A ion, CNa—g, provided that the different total number of A o 2 4clusier Siie 10 12 14

and B ions '”,ea‘?h composlltlon is taken into a(?count by "’?“ Figure 6. Distribution of the size of clusters formed by sodium and calcium
adequate weighting. To this purpose, we define the ratio ions in the three compositions studied.

RS = CNa_s /CNa_c and normalize it with respect to the

number ratid\s /Nc of ions B and C in the cell. Aunitratio  phosphate content. The enhanced self-aggregation of phos-
will then denote a statistical (random) distribution of B and phates also leads to a lower concentration of phosphate
C ions surrounding A, strictly following their different groups around Si than expected on a statistical basis; together
concentration, whereas deviations from unity denote a non-with the higher silica content going from BG45 to BG65,
statistical environment around the central ion A: a ratio this leads to the corresponding increasing trend ofF@;g
greater than 1 denotes preference of A for coordination of ratio.

B ions, whereas a ratio lower than 1 denotes preference of Clustering of Modifier CationsAlthough the catior

A for coordination of C ions. Table 5 shows that for BG45 cation rdfs in the left panels of Figure 3 show some
both modifier cations are randomly distributed around Si and structuring, it is not straightforward to infer from them

P centers; however, with decreasing bioactivity, there is an whether the cations show a significant tendency to aggregate
increasing preference of Na for silicate, and especially of with each other. Therefore, we directly investigated the
Ca for phosphate groups. The same approach also allows usormation of clusters of Na/Ca ions using a simple, effective
to measure the level of aggregation between,%imd PQ rule:*® each pair of ions coordinated to the same oxygen was
groups: theRS,, ratio in Table 5 shows a marked prefer- considered as part of the same cluster, and the distribution
ence of phosphate groups to be located close to anotherof cluster sizes was determined for the three glass composi-
phosphate, rather than to a silicate. This denotes a cleartions following this rule. The distributions in Figure 6 shows
tendency of phosphate groups to aggregate with each othethat sodium is uniformly distributed in the cell and does not
for the three compositions studied here; this interaction form clusters in BG45 and BG55, whereas a few small
mainly involves orthophosphate groups. These,-REh sodium clusters, well-separated from the remaining ions, are
regions generally involve a small number of phosphates, identified in BG652% A rather homogeneous distribution,
around 4-5, as shown in Figure 5; their size probably with the formation of only a few small clusters, is also
increases in similar silicate glass structures with higher observed for Ca ions in BG45 and BG55; however, a
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Si_ P high- sites. This is clearly reflected in the higher percentage
of NBO in the Ca coordination shell, discussed before. For
1.5 /3G65 . the more soluble BG45, sodium predominates aro@id
i N species witm > 2, whereas Ca displaces Na away from the
05l g /0 ] Q' species; for BG55 and BG65, Ca gradually displaces Na
L from Q? andQ? species as well. A similar trend is observed

. ] for phosphorus: Figure 7 (right column) shows tRit(P)
. sqsl /: ] phosphates are always mostly associated with Ca. For BG65,
2 BG
—

55| / ; Ca displaces Na out of all th@" (P) species, confirming
o ] Ca/P aggregation at this composition, whereas for BG45,

0.5 . Na dominates the coordination of pyrophosph@feand

N ] metaphosphat@? sites; BG55 is intermediate between BG45

| | 1 N 1 N 1
o (645 / 1 and BG65. These data therefore support the existence of a

strong link between glass solubility and local cationic

52 microenvironment of silicate and phosphate groups.
'_/ ] 3.4. DiscussionPutting together the main findings above,
T a structural model of of silicate glasses emerges that links
0 1 2 3 4 0 1 2 the bioactive behavior to the combined effects of the
n connectivity of the extended silicate network and to the
Figure 7. R, c4atios for Si (left) and P (rightl” centersR > 1 denotes tendency to form (or not to form) nonuniform domains.
preference o€" for Na coordination, whered® < 1 indicates Ca preference. According to the calculated network connectivities, taking

markedly different behavior of Ca in BG65 emerges, with Inct(t) a\:vcgocu;r: tgg[pigessarlf ussget;lol\?cclmlﬁw’itwgfe;eriin%GSSfc;f
Ca ions arranged in clusters whose size ranges between 2.7 "'~ " . o

and 15 atoms. Similar conclusions are reached if thehM %r:oac;w;y. I((:jompct))sngqns V‘,"th r]rerfwgrg:g?\lngg\gty higher
coordination numbers for Na and Ca are compared with those; ?rr;\ rﬁeﬁ?e q ngt eﬁ S't?sg[l'}/rz wi?h silicag® as th:nrgg?i
expected for @ homogeneous distribution of ions, given by featugr]e' direc'£ inz ection of th,e structures reveals sQhe
CNr“]"OLnM = (4R3Rp(M) — 1, whereR. is the cutoff chains l:ontainin I?J to eight units. These relatively |Q3
distance corresponding to the first rdf minimum as() : gup 9 ’ vely \eng

is the number density of M cations in our systethdhe chains, not present for the two other compositions, could
CNr’:‘%r_nNa and CN°™_ values calculated for the three glass then be involved in the high bioactivity of BG45, because

- a—Ca . : they can be directly released into solution without breaking
compositions are reported following the corresponding MD any SO bonds in step (b) of the bioactive mechanim.

values in Table 3: as the silica content increases; Ca : o ;
L . . A NC exceeding 3 denotes that most silicate units are
coordination numbers become increasingly larger than the . .- . :
significantly cross-linked to each other, forming a three-

corresponding C§c, and large deviations are observed dimensional network dominated 6 andQ* units; because
Iorfﬁr?i%ror: ?iit(r)itk?ti: hr??gr’ tgé:?';ﬂzt%dé%ga;:s (;Iﬁssv a the release of soluble silica fragments now requires breaking
0 0 0 several S+O bonds, this dissolution process is much less

moderate tendency to cluster only for BG65. . : )
- . o favored and its slower rate is probably a main factor
n .
Q" Modifier Interaction and Glass Solubilits the NaO: determining bioinactivity. The aggregation of (ortho)phos-

S:n? %gﬁg:'sonofénggf;iidv\'::h ;ilsﬁslgt t(?atélglecsal Vt\)l'r(])iiﬁt';?ephates and the preference of modifier cations for phosphate
P ' y 9 ' is common to all three compositions, leading to cation-rich

C?g;;';f'é’f Iﬁ;oé?figt?njgﬁ/ gstltr;eerﬁﬁﬁrslorlnupt:iali?‘noflr;tc?cri}um domains that contain a significantly larger amount of
P 9 y phosphate than a random distribution; for BG45, these

mitecsavﬁg:ssg?e'u;?sgnkf:s;%tlome@ dsilstelz ::Csr;;?m fromregions are randomly populated with Na and Ca cations,
h it formin Iez i Iui)I r)r/ﬂcr P hesas N whereas loss of bioactivity by going to BG55 and BG65 is
ese sites, 1o g less-soluble op e ca accompanied by increasing Ca/P and Na/Si aggregation. In
determine the coordination of Na and Ca around the different . . o
" units by decomposing the Na(CeSi(P) rdfs into the other words, moving away from the bioactivity range, we
Q" units by posing (Ca3i(P) ! see a tendency toward the formation of Ca-rich phosphate

ﬁg?;:g?ztg?hse rc:LntE)(Zr ':?S;a;%; g:'rci;ogisn;ggog’ @V{Vti and Ca-poor silicate regions. The formation of amorphous
o N phase-separated regions within the glass matrix and the
by the Na/Ca number ratio in the cell, so ”Fﬁa/ca?n 1 consequent immobilizations of soluble ions has been reported
denotes preference of ti@" species for Na, whered®,c,  to increase the dissolution resistance for multicomponent
< 1 denote preference for Ca. Figure 7 (left column) shows silicate glasse® our data suggest that this effect could be
a net preference of Ca for low-Qsilicate sites thatis much  an additional reason of the bioinactivity of BG65 and similar
stronger than that of Na ions, which are then displaced toward compositions. It could be argued that the fast cooling rate
may hinder Na ions from finding a thermodynamically more

(58) For BGA5 and BGS5 compositions, the cluster search algorithm gtaple and inhomogeneous distribution during glass forma-
actually detects a single, large sodium “cluster” that involves all the . . . . e o
Na ions: in other words, for these glasses, Na ions are homogeneouslytion; however, in our opinion, this possibility is ruled out
spread over the simulation cell and do not form small, isolated clusters
whose size is in the range plotted in Figure 6. (59) We, H. F.; Lin, C. C.; Shen, B. Non-Cryst. Solid4997, 209, 76.

0.5
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by the reliability of the intermediate-range structure and a marker of nonbioactive behavior, confirmed by the
connectivity calculated for the present MD-quenched models, enhanced clustering of Ca ions observed only in the
which entails an equally good representation of other bioinactive BG65 glass. In other words, the formation of
structural properties. inhomogeneous regions seems to inhibit the bioactive
response of these glasses; a possible explanation is that when
4. Conclusions phosphate groups associate with each other in these local

The accuracy of the present simulations, on the basis of adomains, their mob?lity IS reduced, Whi,Ch SI_OWS down thgir
reliable treatment of polarization effects, allows us to draw release to the solution, compared to bioactive compositions

a new microscopic picture of bioactive silicate glasses with in which isolated phosphates are embedded in a uniform

different silica content. In agreement with experimental data, environment. Further investigations are needed to confirm

we find that phosphate groups are predominantly isolated the reasons of this inhibition effect. Another important future
as orthophosphate units and that the silicate network is development involves the investigation of the migration rate
dominated byQ? and Q? sites. However, our simulations and mechanism of Na and Ca cations; although this kind of

show an increasing tendency of phosphate to cross-link toStudy would require much longer simulation times and/or
the silicate network with increasing silica content and support SPecial simulation techniques to enhance the sampling of the
the existence of up to four silic@" species in the same glass, dn‘fuswg process, the dynamical properties pbtamed wou.ld
showing that a simple binary model may be inadequate to be the ideal complement to the structural picture drawn in
describe the network of these materials. On the basis of anthe present paper.

accurate explicit calculation of the network connectivity, we
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