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Structure and formation mechanism of six-fold coordinated silicon in phosphosilicate glasses
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The local structure of sixfold oxygen coordinated siIi((gHSi) in sodium phosphosilicate glasses has been
investigated using MAS NMR spectroscopy aadl initio quantum-chemical techniques. It has been demon-
strated that®'Si is interconnected by six PQetrahedral units by sharing only their corners, forming a nearly
regular[SiOg/,]>~ octahedral site. Alkali cations behave as charge compensators of the doubly c[l‘?lsged
species and hence play an indispensable role in stabilizing the peculiar octahedral coordination in the glasses.

DOI: 10.1103/PhysRevB.71.172202 PACS nunt®er61.43.Fs, 61.43.Bn, 61.18.Fs

It has ?enerally been accepted that fourfold coordinatedween two stainless steel plates to obtain a homogeneous
silicon ([6 Si) is the basic building block of silica-based glass. For each composition, an additional 0.05-0.1 mol %
glasses, as postulated by Zachariasen in 1@&hariaseh MnCO; was added to reduce tH#&i NMR relaxation time.

has argued against sixfold coordination in glasses becauseTb evaluate the effect of the addition of Sion the(de)po-
would force periodicity on the lattice and eventually disruptlymerization of the phosphate network, we fixed the nominal
the vitreous state. However, a pioneering magic angle spirratio P,Os/Na,0O=1.6 in preparing this series of glasses. As
ning (MAS) nuclear magnetic resonan¢MR) study by  will be shown below, the amount of Sj@vas so chosen as to
Dupree, Holland, and Mortuzdave shown that sixfold co- include only'®'Si as Si species in the resultant glass samples.
ordinated Si("®'Si) does exist in some sodium phosphosili- The elemental analysis was performed with a Rigaku ZSX
cate glasses even at ambient pressures. In puredbiSs, an  x-ray fluorescence spectrometer. The analyzed compositions
increase in the coordination number of Si has only been obgf the samples NP1 and NPS1-4, are shown in Tabtesi.
served under high pressures ovei0 GPal As P,Os con-  anq3p MAS NMR spectra were recorded on a Chemagnet-
tent increased in a series dR0-P,05-SI0, glasses jos cMmx 400 spectrometer. Th&Si MAS NMR signals

(R2:9 Li,Na,K), Dupreeet al***observed the appearance of \ oo ohtained at 79.4 MHz using 44 pulses followed by

a =S signal with a chemical shift of -213 ppm, which is  je|ay 0f 30 s and a 3.5 kHz spinning rate, whereas a higher

located well beyond the range of chemical shifts for the tet otational rate of 14 kHz. a 161.9 MHz resonance fre
i : B . , . quency,
rahedral Si speciet-70—-110 ppm but within a range for 3 us pulses with a 15 s delay were used ¥ nuclei. The

el species observed for crystalline compounds such 3Shemical shifts of2°Si and 3P were measured relative to

stishovite, a high-pressure SiQolymorph, and SifO, . 0 : i
(-194—-214 ppm°®-8 Subsequent®Si MAS NMR studies tstapt(rai?\;aetlf;yIS|laneéTMS) and an 80% solution of 40, re

by other researchers have demonstrated tflsi can be Figure 1 shows th&°Si MAS NMR spectra of the sodium

detected in' other_phosphosilicate glasses,g_li?r exampl$hosphosi|icate glasses, NPS1-4. It is clear from Fig. 1 that
MO-P,0s-Si0, (M=Mg, Ca, Sr, Ba, CHglasses: all the 2°Si spectra contain a single resonance -at

. . 2,12 N . . ;
On the basis of the experimental results, Dume?l. _ -213 ppm, which is attributed t§'Si, although a very faint
suggested the following as for the structural natur€'i in peak at ~—120 ppm characteristic of &?) begins to

glasses(1) unlike those in crystalline systems, alk@nd/or  omerge with increasing Si content; in t nomenclature,
alkali earth cations in glasses most likely play an important

role in stabilizing the'®’Si unit and(2) the resulting basic TABLE I. Analyzed compositiongmol %) and structural pa-
structural environment of th€’Si in these glasses is well rameters for the glasses studied.

defined but is different, or rather less distorted, than that in
the crystals. To our knowledge, however, there has been no ) fide3a| fexg )
accepted structural model or the formation mechanism of the@mPle NgO P05 Si0; P,0s/Na,0 [PQ)* [PQI]” R
¥Isi sites in phosphosilicate glasses. To clarify the micro- Np1 384 616 0 1.60 37.6 37.2
scopic coordination environment B¥si in glasses, we here \ps1 374

! e of o g 60.6 2.0 1.62 383 406 1.4
oo ¢ Sefes o MANAIES 0P WSNIE ez w3 sa7 s0 1 w1 s s
9 N -P,05-SI0, g 9 NPS3 346 57.4 8.0 1.66 39.7 543 2.1

initio quantum-chemical calculations using clusters of atoms

modeling the local structure of the corresponding glasses. NPS4 345 555 10.0 161 378 572 21
Glasses in compositionaNa,O -bP,05-cSiO, were pre-  arraction of RQ?) determined by analyzed compositions and Eq.

pared from analytical grade S)ONaCOg, and NH,H,P Oy, (1).

which was preheated at 200 °C to volatilize N&hd HO.  PFraction of RQ3) determined by line fit analysis of tH&P MAS

The mixture of powders was heated in a Pt crucible atNMR spectra.

1100 °C for 1 h. The melt was quenched by squashing be<The values were obtained by E@).
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LA SiO, content. We also see from Fig. 2 that the position of

el P(Q®) shows a more positive shift than that of@®) with
increasing Si content, indicating that the formation'8si
NPS4 can change the P environment especially (D¥.

On the basis of the above experimental results, we then
discuss the formation mechanism'88i in these glassy sys-
tems. In pure BOs glass, the basic building block is the
P(Q% tetrahedron, possessing three bridging oxygens and
one terminal double-bonded oxyg&hThe addition of a
modifying oxide R,O results in the creation of nonbridging
oxygens at the expense of bridging oxygens, causing the de-
polymerization reaction of the phosphate network as follows:
i 150 175 200 o3 250 2P(Q%) +R,0— 2P(Q?).1* Thus, in the ultraphosphate region

(a<b for aR,0 -bP,05 glasse} the fraction of RQ3) units
ppm are ideally given by

FIG. 1. °Si MAS NMR spectra of compositions NPS1, NPS2, b-a

NPS3, and NPS4. fiaeal P(Q3)] = 5 (1)

the value ofn is equal to the number of bridging oxygens on The calculated values 6f;e.[ P(Q®)] estimated from the ana-

a given tetrahedral unit. It is hence quite likely that all Silyzed NgO and BOs compositions of the glasses are shown

atoms are virtually in sixfold coordination in these glassesin Table I. In Table I, we also show the valuesfgf]P(Q%)],

That is, in the present samples, the glass network consistghich were obtained from the decomposition of the observed

solely of'®!si and fourfold coordinated(®") species. On the 3P MAS NMR line shapes into two Gaussian components

other hand, thé'P spectra shown in Fig. 2 are composed of[see Fig. 20)]. As for the glass NP1, we see a good agree-

two peaks at-—25 and~-38 ppm, which are attributed to ment betweerfiu.[P(Q%] and foJP(Q%], indicating that

P(Q?) and RQ?® species, respectively. The intensity of this binary prediction can be applied to théQP) distribu-

P(Q3 relative to that of PQ?) increases with increasing tions in sodium phosphate systems, as has already been con-
firmed by previous researchéfsTable |, however, reveals

NPS3

Intensity (arb. units)

A M,
-75  -100

A e AR REARS nanss Lan that the addition of small amounts of Si@esults in an ap-
(a) P(Q2) preciable deviation from the prediction represented by Eq.
P(Q®) (1); the difference betweefige,[ P(Q)] and fo, P(Q%)] in-
) creases with increasing SjGcontent. This deviation cer-
S tainly results from the incorporation of octahedral Si species
g A into the phosphate network since, as mentioned earlier, all Si
g NSP4 atoms in the glasses are virtually present®8i. It is hence
s NSP3 most likely that the addition of SiOcontributes to the con-
g NSP2 version of RQ?) to P(Q3) as long as the added Si atoms exist
- NSP1 as'®'si species. According to the previous two-dimensional
T e T NP shift correlated COSY) 2°Si MAS NMR studies on sodium
0 -0 -20 -30 40 -50 -60 phosphosilicate glassé&each!®'Si site is expected to be
ppm linked by phosphorus tetrahedra at the nearest neighbor
level; that is,''P-0-°'Sj linkages are formed in the phos-
(b) phosilicate glass network. Judging from all these experimen-
. tal results, we propose that the formation proces[§]6f can
.‘é’ Y p@d be viewed as the bonding of nonbridging oxygens (®%
; to ;i species, followed by the repolymerization of the glass
& NSP4 network to form R’Q3)-O-[6]Si linkages. As mentioned pre-
%* viously, the position of the @?%) peak is more affected, or
g less shielded, than that of thg @) peak with increasing
E SiO, content. The decreased shielding at th@¥® nucleus is
indicative of the presence of Si, rather than P, in its nearest
NP1 neighbor site, in harmony with the scheme assuming the for-

-60 mation of the PQ3)-0-[®'si linkages.
Then, the point is how many(BP?) species are bonded to
FIG. 2. () P MAS NMR spectra of compositions PS1, NPS1, each''Si to form oné®!Si unit. To clarify this, we calculated
NPS2, NPS3, and NPS) Examples of the decomposition of the the following conversion rati® for glasses having the com-
spectra into two Gaussian componefitsoken lineg are shown. positionaNa,O -bP,Og-cSiO;:

ppm

172202-2



BRIEF REPORTS PHYSICAL REVIEW B1, 172202(2009

(a) & %%/ =

\

% X\ ” Na
@ o S |
ok ¢ ; / B0 g

_——1 | S— P-02=1.517
P3( 2 Y 02 | am1ea1
e \ P-04=1.628
r—— Na-01=2.231
— T—— ), 02 Na-02=2.211
02
i /] model II
Bond distances (A)

Si-01=1.641
Si-02=1.637
%,ﬂ ? Si-03=1.620
] Bond angles (degree) Si-04=1.655
y Si-01-P1=132.6 P1-01=1.632
Si-02-P2=129.7 P2-02=1.637
Si-03-P3=146.4 P3-03=1.611
Si-04-P4=129.0 P4-04=1.602
¢

model I

Q o Bond distances (A)
% Si-01=1.849  P1-01=1.568
O H Na1 ﬂ Si-02=1763 P2-02=1.575
P11l ) Si-03=1.813 P3-03=1572
yy % Si-04=1.789  P4-04=1.587
P6 Si-05=1.739  P5-05=1574
6&3 Si-06=1.798 P6-06=1.565
PZ/

Na1-P1=3.714 Na2-P3=3.175
Na1-P2=3.108 Na2-P4=3.368

r\ﬂ_{ . 02 7\ 31 P6-2945 Na2-P5-3068
./ ZN‘].&:S,&M Na2-Si=3.536

P5 i\ /
04 - Bond angles (degree)

P3Ny

01-8i-02=87.5  Si-01-P1=129.5

01-Si-03=89.3  Si-02-P2=138.9

01-Si-04=176.7 Si-03-P3=131.0

Na2 01-Si-05=90.3  Si-04-P4=135.4
O -~ P4 01-Si-06=87.9  Si-03-P3=141.0
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03-5i-06=176.3

model 111

FIG. 3. (Color onling Clusters of atoms used to model the local structuréabBi(Q*) (model ) and (b) P(Q?) (model Il) and(c) a
complex cluster consisting of one model | and two model Il clusteredel Ill). The geometry of the clusters was optimized at the
B3LYP/6-31Qd) level. Principal optimized bond distances and angles are shown. H atoms are used to terminate “surface” oxygen atoms of
the respective clusters.

2b{fi4eal P(Q%)] - fexp[P(QS)]} the amount of SiQincorporated into the phosphate network.
= c . ) This result elucidates that or&Si unit is formed as a result

of the interaction between two(®?%) and one!¥si units.
The ratioR corresponds to the number of converted tetraheThUs, we can conclude thétSi is created through the reac-
dral P units from FQ?) to P(Q®) per eacH®'Si unit. Ther ~ fON

values calculated for the glasses NPS 1-4 are listed in Table Al 5 3 [6e 5
. One sees from Table | that the rafis ~2 irrespective of Si+2RQ%) — P(Q°) - ™'Si- KQY). )
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To evaluate the local coordination environment of thusthat the sixfold coordinated silicon is energetically favored in
formed!®'si species, we have performad initio quantum-  the phosphate network. The stabilization presumably results
chemical calculations on clusters of atdfm$ modeling the  from the delocalization of the negative charge on the non-
'r:e_specti;;/e r?i a”dhp srl)ecies in\f/olved in thedaboveérfzc“mbridging oxygens on {@?) species through the conversion of

igure 3 shows the clusters of atoms used to mod8l  p?) to P(Q?) at the expense of the formation of tHeSi
;ngsé Dof;;erﬁ((agtzgrgg?liilelIz)eseprf(t::eerfr.]ig;t?; tg/ujtz;g’ﬁége species. The present quantum-chemical calculations are
We next combined these cluste(esne model | and two. hence in totglly ggreement with the proposed reaction
model Il clusters and obtained its optimized geometry to Scheme described in EB). o
investigate whether th&'si species predicted by E¢g) is In model I, we assumed that the centf&lSi unit was
energetically realistic or ndimodel Ill, see Fig. &)]. Full  interconnected by four [R°] units. It is interesting to note
geometry optimization for the above clusters was performedhat even if we replace some of thEQ@®] units in model | by
at the density functional theoryDFT) level with the P[Q?] units, we obtained a similar association energy of
6-31Qd) basis set? For the DFT calculations, we used the —4.6 eV as a result of the interaction with two model II-type
B3LYP exchange-correlation functional consisting of thecjysters, resulting in a nearly regular octahedral Si configu-
Lee-Yang-Parr correlation functiolin conjunction with a  ration as shown in Fig. 4. We should also note that such a
hybrid exchange functional proposed by Beékeélll the  well-defined octahedral Si coordination was also obtained
DFT calculations in this work were performEd USing thewhen two Na atoms in model Il were rep|aced by one Ca

GAUSSIAN 98 pr_ngamz-z o atom. This implies that alkali earth cations can also behave
As shown in the optimized geometry of model Ill, we 55 the charge compensator of fl80;,]2~ unit.

have found that nonbridging oxygens it@) in model - In conclusion, we have shown from MAS NMR aadh

type clusters are bonded to the centféi unit in model I, initio quantum-chemical studies on sodium phosphosilicate

resulting in a nearly regular ;‘corner-sharing octghedgal” Siglasses that®’Si species are created through the interaction
structure surrounded by SiX®") units. Two of the six Q%) petween two FQ?] units and ond?Si unit. The resulting
units are derived originally from (R°) units in model Il, but  octahedral unit shares only their “corners” with the adjacent
we do not see any r310t|c¢able structural difference amonghosphorous tetrahedral units; the additional nominal
these surrounding (R”) units. We also see from Fig(@  charges of thé®'Si species are compensated by nearby alkali
that two sodium ions B?ha\_’e as charge compensators of t&ions. The present structural model'¥8i may not be at
doubly chargedSiOs/,]* unit and hence play a vital role in \ariance with zachariasen's rules for glass formation be-
stabilizing the octahedral environment, in accordance withy5,;se the proposed structure does not force any periodicity

the previous prediction’:? It should also be worth mention- o, the glass network in spite of its overcoordinated state.
ing that the calculated total energy of model Il is lower than

the simple some of the total energies of one model | and two We thank the Supercomputer Laboratory, Institute for
model 1l clusters by 4.7 eV at the B3LYP/6-3(d} level. = Chemical Research, Kyoto University for providing the com-
This substantial positive association energy clearly indicateputer time for the electronic structure calculations.
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