PHYSICAL REVIEW B 68, 214206 (2003

Chemical order in mixed-cation silicate glasses and melts
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Cation ordering in covalent oxide glasses and melts profoundly affects the macroscopic properties, such as
viscosity, diffusivity, and thermodynamic potentials. It is commonly assumed that in glasses and melts non-
framework cations such as NaC&™*, and B&" distribute randomly around nonbridging oxygé&dBO).

Several macroscopic studies on the melting of silicates and thermodynamic data have suggested that a possible
nonrandomness may exist among cations around NBO in mixed-cation silicate glasses. Here, we report unam-
biguous experimental evidence of chemical ordering of nonframework cations and demonstrate a clear pref-
erence for certain types of cation-NBO complexes in mixed-cation silicate glasses'{@ingagic angle
spinning (MAS) and multiple qguantum MAS NMR. Particularly, complete bonding preference and cation
ordering occurs in Ba-Mg silicate glasses (BaMg%j) glass in such a way that nonbridging oxygen either

only has BA" as a nearest neighb@a-NBO) or exists as a complex containing one'Band two Mg " as

nearest neighbors while no detectable fraction of Mg-NBO is observed. Ba-Na silicate glasses, on the other
hand, show a wide distribution of configurations for two types of cations around NBO, forming Ba- and
Na-NBO as well as substantial intensity of mixed NBO peaks, which indicates a prevalence of dissimilar pairs
around NBO or a stronger preference to Bd“¢Si over Na-OM™ISi. The present results, combined with the
previous results on Na-Ca silicate glasses, highlight the tendency for chemical ordering upon cation mixing in
oxide glasses and may provide an atomistic explanation for diffusivity anomalies as well as activity-
composition relationship of silicate melts.
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I. INTRODUCTION with intermixing among cations results in a variation of con-
figurational thermodynamic properties of melts, including
Traditional views of covalent oxide glasses and meltssilicate activity, which governs the melting relations and
hold that framework unitse.g., silicon tetrahedralSi,  compositions of magmas in equilibrium with mantle
Al and BIB) are polymerized to form bridging oxygen rock!’~*°Previous experiments on melting of peridotitee
(BO) such asi¥lsi-0-141si, sj-0{4]Al, and [¥IB-O-[31B.  primary constituents of Earth’s manti®ef. 20 as well as
Network-modifying cations perturb such frameworks, neceschemical composition of mantle xenolifisuggest apparent
sitating the formation of nonbridging oxyg€NBO) coordi-  negative deviation of silica activity from ideal solution al-
nated by framework*Si and alkali or alkaline-earth ele- though satisfactory physical explanation for this phenomena
ments (e.g., Na-OMISi and Ba-OMISi). In spite of has not yet been made.
extensive efforts to quantify the degree of randomness We approach the problem of assessing cation ordering by
among these framework units.g., Refs. 1-fand network-  analyzing the atomic configurations around NBO in selected
modifying cations(e.g., Refs. 5-)7 the nature of cation dis- mixed cation silicate glasses usihf® magic angle spinning
tribution has remained uncertain for several decades primgMAS) NMR and triple quantum(3Q) MAS NMR (e.g.,
rily because of a lack of direct experimental evidence ofRefs. 3 and 22—24 We find that Ba-Na silicate glasses are
atomic-scale disordérin the case of mixed-cation silicate ideal for studying cation mixing in silicate glasses due to the

glasses, model systems for magmatic melts and relevant {Q,4erate difference in ionic radii and charge (NRO2 A,
other technologically important glasses, a quantitative asg2+-1.35 A), which leads to one of the largest chemical

sessment of disorder is particularly challengingreviously shift differences in Na-NBO (Na-®4Si, isotropic chemical
reported schemes for disorder in mixed-cation silicateShift of about 40 pom for Na disilicate’s lasnd Ba-NBO
glasses and melts have included clustering of cati®nan- PP g

dom distributions with or without segregation of (Ba',oﬂﬂ,szgz‘:;m”? 159 to 169 ppm for NBOs n crystalline
NBO's,"'-23and chemical order favoring dissimilar types of BaSQ).. “>This al!gws us to clearly determine the extent
cation pairs¥14These disparate results likely stem from the ©f ordering. Ba-Mg silicate glasses are analogues to the com-
model dependence of the analyses due to the lack of resoli?on Ca-Mg glasse¥, but have larger chemical shift disper-
tion available in conventionally employed spectroscopic andion between NBOs due to their larger ionic radii difference
scattering methods. Quantification of the atomic disorder ifMg®*:0.72 A, B&":1.35 A) ?? We also quantify the extent
mixed-cation silicate glasses provides an explanation for thef disorder among network modifying cations by introducing
“mixed-cation effect,” where mobility of a cation signifi- one order parameter, degree of cation distributiQg,X, and
cantly decreases by the presence of other cations speciéinally discuss the effect of disorder and macroscopic prop-
(e.g., Refs. 6, 15, and 16Furthermore, ordering associated erties including diffusivity.
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Il. EXPERIMENTAL PROCEDURES
A. Sample preparation

Mixed cation silicate glasse$BaQ,(Na,O);_,2Si0O,
and BaQ(MgO),_,SiO,] with varying Xg,o=BaO/[BaO
+Na,O (or MgO)] were synthesized

(e.g., NaCO; and BaCQ). About 0.2% of GdO; was

from 20%
Y0-enriched Si@ and alkali and alkaline-earth carbonate cation

ranged from 1d 4 s depending on the spin lattice relaxation
time. The spectra were referenced to external tap water.

IIl. RESULTS

Figure 1 presentd’O MAS NMR spectra of the mixed-
silicate glasses, revealing bridging oxygen
("*1si-0141si) and several types of nonbridging oxygens,

added to reduce spin lattice relaxation time. The mixturesncluding Na-NBO, Ba-NBO, and Mg-NBO as well as

were fused for an hour at between 1100 and 165Qd€&
pending on the liquidus temperature after decarbonptiod

mixed NBO’s of {Na,Bg-O-l*ISi and {Ba-Mg}-O-*ISi.
Na-NBO is more shielded and presents a narrower chemical

then quenched. BaSids not a good glass former, and thus shift distribution than Ba-NBO. The peak width of pure end
Y0-enriched BasSi@ crystals were synthesized as a refer-member NBO peak is mainly related to multiple configura-
ence to peak positions for NBO and BO in 3QMAS NMR tions around NBO's and appears to increase from Na to Ca to
spectra. Negligible weight loss is observed in synthesis. Ba-NBO? The substantial intensity of mixed NBO peaks
observed in both systems also demonstrates extensive mixing
among cations. Intermediate composition glasses exhibit a
wide distribution in the chemical shift of total NBO'’s span-
"0 MAS spectra were collected on a CMX infinity 300 ning from pure Na-NBO to Ba-NBO. The mean peak posi-
spectrometer(7.1 T) at a Larmor frequency of 40.7 MHz tion of the mixed NBO peak{(Na,Bg-O-*!Si) increases
with a 5-mm zirconia rotor. Recycle delays f6f0 MAS  with Ba content. These results show that this system exhibits
NMR are 1 s with radio frequency pulse lengths of aboutneither a complete preference for Na-Ba paas would be
0.38-0.4us, which is about a 15° tip angle for the central revealed by the absence of end-member NBO peaés a
transition in solids. In the 3QMAS NMR experiment at 7.1 T, clustering of similar types of cations, which would not allow
the FAM- (fast-amplitude-modulation-based shifted-echo larger fractions of mixed peak. The intensity of the pure
pulse sequenc®°comprising two hard pulses of duration Na-OJ*ISi peak in Ba-Na silicate glasses decreases with Ba
5.75us and 1.2us, a selective pulse with duration of 15—-20 and is weak aXpg,0=0.67 (Na/Ba=1), which may suggest
s, and an echo time of 0.545 ms, was used after optimizaa preference of NBOs for Ba or chemical ordering favoring
tion of pulse lengths to ensure maximum intensity. A samplgNa,Bg-0-l*ISi (see discussion The BO peak is less af-
spinning speed of 11-12 kHz was used. Recycle delayfected by the cation type, indicating stronger interaction of

B. NMR spectroscopy
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network-modifying cations with NBO than with BO. with the 1D MAS spectra. The isotropic chemical shift

The 'O MAS NMR spectrum for the Ba-Mg glasses dif- (Y70 8, andP, of Na-0JISi (39 ppm and 2.2 MHgap-
fers enormously from that of the Ba-Na silicate glasses. Theears independent of the concentration of charge-modifying
Mg-O-ISj peak is wider than that of Na-&Si partly be-  cations (%, and has a narrower chemical shift dispersion
cause the increased cation field strength ofMincreases in 3QMAS dimension than Ba-NBO&s, and C,, of about
the configurational disorder around the NBO and partly be151 ppm and 1.63 MHz, respectivelyFor the quadrupolar
cause this site has larger quadrupolar coupling cons@gt ( coupling productP, [equal toC, (1+ 7°13)Y2 where 0
a structurally relevant NMR parametesf about 2.8 MHz < =<1 is the quadrupolar asymmetry paramgterd isotro-
compared with about 2 MHz for Na-NB&.The Mg-O#ISi  pic chemical shift §,), mean values were estimated for
peak overlaps the BO peak in pure Mggiglass. The peak each NBO and BO from the positions of the mixed peaks and
width differences due to differen€, for the two peak®  from the centers of gravity for the end-member peaks. The
allow us to assign the narrow and broad components agsosition maxima of mixed NBO peaks exhibit significant
Mg-O-1*ISi and BO, respectively. The peak near 150 ppm isvariation with Ba content, consistent with MAS data. These
assigned to Ba-G*Si by comparison with crystalline mixed NBO peaks for intermediate composition glasses are
BaSiO; and Ba disilicate glassé8S12 (recall that BaSi@  due to the contribution from several NBO components sur-
is not a good glass formerThe {Ba,Mg-0-[4ISi in the rounded by a varying number of Na and B#e discussion
mixed composition exhibits a chemical shift range interme-The 'O 8, of these mixed peaks increases with increasing
diate from the end members, suggesting possible chemic&a content from about 95 ppmP( of 1.6 MHz, Xg,0
order. Peak overlap between Na-NB@nd Mg-NBO and ~ =0.33) to about 128 ppmR(, of 1.8 MHz, Xg,0=0.5). *'O
[4lsj-0-141Sj, in addition to several mixed-cation peaks in 8, of [4Si-OL#ISi varies from about 52 1) ppm for so-
the one dimensiondllD) 'O MAS NMR spectra, hampers dium disilicates glasse§NS12 to 62 (+3) ppm for BS12,
quantification of disorder. The two-dimensiortdD 3QMAS  with nearly constanP of about 4.8 (-0.2) MHz as shown
NMR spectra, however, can yield better resolution amongn the shift of peak positions in 2D specifiig. 2), demon-
peaks by removing residual quadrupolar broadeffhf. strating that network-modifying cations also interact with

Figure 2 presents thEO 3QMAS NMR spectra of Ba-Na BO. The considerable range and intensity of mixed peaks
glasses. Each type of BO and NBO is resolved as comparegbnfirms the preference for dissimilar pajia,Ng-O-*ISi.
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but not in the case of pure MgSiQFig. 4C)]. This demon-
strates that*!Si-O-14ISj is clearly perturbed by network-
modifying cations and BO shows a prefererioe affinity)
for Ba over Mg.

Ug.0Mgi

Ba-0-“si
Y4

%

Na-09si

Ba0'28i0; IV. DISCUSSION

X=0.67 The present results, combined with the previous results on
Na-Ca silicate glasséshighlight the tendency for chemical
ordering upon cation mixing in oxide glasses. Quantification
of the extent of disorder can be derived through analysis of
oxygen site populations contributing to each NBO peak.
Populations of Na-Q2ISi are well constrained due to dis-

»»»»»»»» — {Na, Ba}-0!si +

X=0.5 Msi.oMsi

Na,0'28i0,
o e

i - _“}s"("ms‘, ‘ i} : tinct and narrow chemical shift ranges and thus we fit each
0 25 -50 75 00 125 -150 "0 MAS NMR spectrum with the assumption of a single
Frequency (ppm) BO site and four NBO sites*Na, ?Na'Ba, Na’Ba, and

%Ba). A detailed methodology for obtaining fractions of

FIG. 3. Isotropic projection of’0 3QMAS spectra for Ba-Na NBO has been discussed previouSThhe choice of types of

silicate at 7.1 T with varying{s.o=BaO/(BaO+ Na,0). The as- NBO peaks is somewhat arbitra(g.g.,.the existence of a
terisk (+) denotes spinning side band. 3Na'Ba NBO peak or number of Na neighbors for end mem-

bers, but regardless of this complexity, the purpose of this
Figure 3 also shows isotropic projection of tH® 3QMAs ~ Procedure is to determine the Nal@si fraction and com-
NMR spectra of Ba-Na glasses. pare it with the predictions from modeliigee below. Each
Figure 4 presents thé’0 3QMAS NMR spectra of of the NBO's is assumed to be a Gaussian function whose
Ba-Mg silicate glasses revealing Mg-@iSi and BO peaks width and peak positions are further assumed to be invariant
are well separated in pure MgSj@lassFig. 4A)]. Thel’O with Xg,0. Due to the peak overlap among mixed peaks and

3QMAS NMR spectrum for crystalline BaSiQeveals two Ba-NBO, the simultaneous fitting results for these Eeqks may
NBO peaks as well as a BO peak that has a peak positione model dependent. However, the fraction of Na#tsi is

that of BS12Fia. 4B)1. The BaMaSiO« al | Well_constrained due to its narrow chgmical shift ranges,
Fvsc?r Ngc;) peaEs Igas4s(ig)r3ed ?o aBag-%-SiG gaarl:js rri\ilsgds making the results based on Na-NBO is robusigure 6

et 7
{Ba,Mgi-O-4ISi. Note that there is negligible Mg-&1Si shows the fitting results of’O MAS NMR spectrum for

! . . — —. Xgao=0 and 0.5 glasses as examples.

in the BaMgS}O; glass{Fig. 4C) v_vher_e two spectra in Fig. Figure TA) presents the extent of disord@nd degree of
4(A) are superposed for comparigofigure 5 presents the cation distribution,Q,,) among network-modifying cations
isotropic projections for thé’O 3QMAS NMR spectra of ’ 9 g

. . . . in mixed cation M-N) silicate glasses as a function of com-
MgSiO; and BaMgSjOg glasses, which confirms the ab- oy i .
se%ce(z)sof Mg-d—‘”g? T?ﬂg result demonstrates the strong position, whereM andN denote network-modifying cations.

. L . ; Here Q,, is defined as follows:
chemical preferences in mixed-cation glasses forming exclu-

sively Ba-NBO in mixed cation silicate glasses. Highly prob-

able configurations of network-modifying cations around Qm=1—exp(2W/kTy) if 2W=0, (18
NBO in mixed Ba-Mg silicate glasses a2 Ba, 1 Mg and
{1 Ba and 2 M§. If we consider the compositional con- Qn=1—exp(—2W/kT), if 2W>0, (1b)

straints (1:1 mixing of Ba and My as well as significant

fraction of Ba-Ol*ISi in the absence of Mg-&#Si, the where 2V defines the lattice energy difference [d¥1-M ]

mixed NBO peak may consist mostly of Bdg-O-l*ISi +[N-N]=2[M-N]. Here, M-M refers to a next-nearest

(two Mg and 1 Ba around NBD 'O &g, and P, of ~M-M pair. T; andk are fictive temperaturén kelvin, glass

Mg-O-1*ISi are 49.2 ppm and 2.8 MHz, respectively, andtransition temperature of a system that varies with cooling

those of BO peaks are 57.7 ppm and 4.9 MHz. These paraniate and the Boltzmann constant, respectively. Tg is

eters for BAMg-O-[*ISi obtained from peak maxima are thus expected to vary from one extreme case of clustéang

107.2 ppm and 1.98 MHz. phase separation among catiolgg,=—1) through com-
These NMR data reveal an onset of cation orderinglete random distributionsq,=0), to the other extreme of

around NBO’s in Ba-Mg silicate glasses, forming mainly chemical order wheré1-N pairs are favored around NBO

Ba2Mg-O-4ISi, as opposed to multiple mixed peaks and end Qm=1). The fraction of N-O-ISi can be expressed as

members as is observed in Ba-Neg. 2) and Na-Ca silicate follows from a quasichemical approximatirgonsidering

glasses. Figures 4 and 5 provide unambiguous evidence othe probability of findingN around arN-N pair:

the preferential formation of Ba-NBO over Mg-NBO. An-

other aspect of thé’O 3QMAS NMR spectra for Ba-Mg Prn-o-si= Xn(1—TXy)?, )

silicate glasses is that the BO peak position in BaM@gi

glass is similar to those in crystalline BaSi@nd in BS12 where
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FIG. 4. 0 3QMAS NMR spectra for the Ba-Mg silicate glas$&aQ,(Mg0);_,SiO,]. Contour lines are drawn from 8% to 98% of
the relative intensity with a 5% increment and an added line at 5%.

2 tion can be expressed as-BX,,. The Ba-Mg system re-
Xn=N/(N+M), T= BrD) B=1=4XaXgQm. veals clear evidence of chemical ordering of cations around
1, 4 .
NBO’s as well as a strong preference toward Ba¢i.

The fraction of N-OlSi (e.g., Na-OlISi) decreases with Na-K silicate glasses are particularly interesting mainly
increasing fraction oM (here, Ca and Baand is much less because of their pronounced mixed cation effect as well as
than would be predicted by a random distribution of cationsgeophysical relevance. Previous studies of the Na-K glass
This indicates a prevalence of dissimilar paiflsN around have suggested that the network-modifying cations are ran-
NBO or a preference fol-O-Si. In Ba-Na silicate glasses, domly distributed[Fig. 7(@)].*? The analysis of this system
the fraction of Na-O#ISj is less than that observed for can be model dependent due to moderate peak overlap
Na-Ca silicate glasses, suggesting that Ba-Na silicate glassesong Na- and K-NBG° K-Mg silicate glasses do show a
exhibits a stronger prevalence of chemical ordergerQ,,) signature of cation ordering, with a moderate preference for
than Na-Ca glass, or a stronger preference to B4I6i- Mg?" by NBO’s!® Taken all together these results reveal a
over Ca-OLl*ISi. Because the fraction of Na-NBO in Na-Ca hierarchy in the NBO preference for various network-
silicate glasses is less than the prediction from long-rangenodifying cations, resulting from the competition between
order(LRO) in M-N mixing, it is also probable that NBO'’s steric (ionic radiug and electrostati¢charge effects of the
prefer Ca to Na. Here, LRO in the cation distribution referscation. When mixing high- and low-field-strength cations
to the situation where th&l-M-N-M pair distribution ex- (e.g., Mg™ and K', respectively, it appears that the high-
tends beyond nearest-neighbor interactionsin@-Si frac-  field-strength cation (M%) is consistently favored at the
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NBO’s. On the other hand, when a pair of cations with iden-
tical charge but different ionic radii is mixed, the steric effect Cherﬁ";’oﬁ:r
predominates, favoring the larger cati@ng., B&", low cat- .

ion field strength to occupy both BO and NBO. As mani- 00 02 0j4 0:6 0j8 10

fested in Ba{or Ca)j Na and Ba-Mg silicate glasses as well X m

as the previously studied K-Mg systérit is possible that . o , N

the onset of chemical ordering upon cation mixing appears F!G: 7. (A) The extent of disorder in mixed-catiokt-N silicate

when the difference of the ionic radii { exceeds a threshold 9/2s€s with compositiorky) and(B) the effect of disorder on the

(e.g.,Ar>03 A) It should be also noted that intermediatediﬁuswity of N with X, . Solid circles and square denote the frac-
"I ' ' . tions of Na-OI*ISi for Na-Ba silicates and Mg-®&Si for Mg-Ba

structural arrangement of glas$kaffected by the difference

. S . silicate glasses, respectively. Diamon@®m 'O MAS) and tri-
in coordination numbe(CN) of each cation as well as total angles (from 30MAS NMR) denote the Na-NBO fraction for

Na-Ca silicate glasses. Open circles refer to coordination-number-
adjusted fraction of Na-®#ISi for the Na-K system; here the frac-
tion of previous Na-NBO for the Na-K syste(Ref. 12 is normal-

ized by dividing the Na-34ISi by the mole fraction oKy,. This
allows direct comparison among the systems with different coordi-
nation numbers of network-modifying cations. The activation en-
ergy ratio and temperature for the calculatioks,(;/Eyy) are 0.33

and 750 K, respectively.

concentration of Si@ (i.e., total alkali and alkaline-earth
fraction) may contribute the preference and ordering of these
cations.

Cation ordering has a significant influence on the macro-
scopic properties of melts and glasses. For instance, the dif-

{Ba,2Na}-0-%si fusivities of both smaller and larger cations in mixed silicate
{ZBa-Na}-O-mSi\ decrease with increasing degree of chemical oftrareas-
{3Ba}-0-"si Xga0=0.5 ing Q). Figure 1B) illustrates how the extent of intermix-

< ing among cations may affect the diffusivity of smaller cat-
{4Na}-0-si ions (N, e.g., Mg and Naas a function of composition.

Diffusivity is calculated considering only thermally activated
250 200 150 100 S0 O 50 -100 -150 -200 jump processes. It is further assumed that the total activation
Frequency (ppm) energy of the jump processes franiN or M) toi (E;;) and
i toj (Ej;) are scaled to the fractions of thg andi-i bonds
FIG. 6. Fitting results of 'O MAS NMR spectrum forXg,, ~ Obtained from quasichemical approximatidns, respec- .
=0 and 0.5 glasses. Thick and thin lines show the experimental andvely. It should also be noted that there are other cooperative
fitting results, respectively. The nonsymmetric peak shape of B@processes as well as long-range ionic diffusion contributing
due to second-order quadrupolar broadening was simulated witto total diffusivity>* which are not considered in this model.
three Gaussian function®ef. 9. The expression for the diffusivity dfl is given as follows:
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Dn=D¢§ exp{[2XyEnm+ (B+1—2Xy) Exn]/(B+1)KT}, Finally, chemical ordering also controls silica activity in
(3) melts. The present results showing a preference to dissimilar
airs of network-modifying cations indicate that there will be
reduction in the activity coefficient of silica in multicom-
ponent melts® Taken together with additional chemical or-
dering among framework unit$4/Si and[“/Al),2=*3%these
Sresults provide an atomistic explanation of silica activity in
melts in equilibrium with mantle mineral assemblages.

The results and methodology given here provide insight
into glass and melt structures and modify the classic view of
: , . ! lass structures of random distribution of network-modifying
havior stems from a site mismatch energy difference amon ations around NBO by introducirg,,. These methods can

each ?iStht gart:%r) sithe %r.‘f? the'refofrehthe ﬁdditiop of gn%e applied to explore the effect of pressure and temperature
type of cation Inhibits the diffusivity of the other cations by ,, the cation ordering to gain further insight into a molecular

an increased activation energy barrier from the original sitgiqin of the properties of glasses and the corresponding
to a site previously occupied by a dissimilar catfSrilhe

probability of the next-nearest neighbor being occupied by a
different cation is directly related to the degree of cation
order Q). In a random distribution of network-modifying
cations, the diffusivity is lower than with clustering, with a  We appreciate support from Carnegie Institution of Wash-
negative deviation from linearity, which confirms that the ington. L.S.K. also thanks J. F. Stebbins and Y. Zhang for
mixed-cation effect is also prominent in a random distribu-helpful discussions and P. Grandinetti fawN software. We
tion of cations(e.g., Ref. 33 The smaller diffusivity of Na  gratefully acknowledge the support of the W.M. Keck Foun-
in Na-Ca as compared to Na-K silicate glasses is likely duelation and the NSF for NMR facility at the Geophysical

whereDy is the preexponential factor and the other variable
have been defined previously. The diffusivity Nf is pre-
dicted to decrease both with increasing fractiofvbfind the
degree of disorder from clustering of similar types of cation
(Qm=—1) to complete order. The diffusivity df1 (larger
cation also shows similar behavior while the relative diffu-
sivity difference between cations varies with relative magni-
tudes of activation energy barriefs.g., E;; /E;j;). This be-
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