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Abstract: Lead (Pb) is one of the key trace elements, exhibiting a peculiar partitioning behavior into silicate
melts in contact with minerals. Partitioning behaviors of Pb between silicate mineral and melt have been
known to depend on melt composition and thus, the atomic structures of corresponding silicate liquids.
Despite the importance, detailed structural studies of Pb-bearing silicate melts are still lacking due to
experimental difficulties. Here, we explored the effect of lead content on the atomic structures, particularly
the evolution of silicate networks in Pb-bearing sodium metasilicate ([(PbO),(Na,0),.] - SiO,) glasses as a
model system for trace metal bearing natural silicate melts, using *’Si solid-state nuclear magnetic resonance
(NMR) spectroscopy. As the PbO content increases, the *Si peak widths increase, and the maximum peak
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positions shift from -76.2, -77.8, -80.3, -81.5, -84.6, to -87.7 ppm with increasing PbO contents of 0, 0.25,
0.5, 0.67, 0.86, and 1, respectively. The ’Si MAS NMR spectra for the glasses were simulated with Gaussian
functions for Q" species (SiO, tetrahedra with n BOs) for providing quantitative resolution. The simulation
results reveal the evolution of each Q" species with varying PbO content. Na-endmember Na,SiO; glass
consists of predominant Q species together with equal proportions of Q' and Q°. As Pb replaces Na, the
fraction of Q7 species tends to decrease, while those for Q' and Q* species increase indicating an increase
in disproportionation among Q" species. Simulation results on the *Si NMR spectrum showed increases
in structural disorder and chemical disorder as evidenced by an increase in disproportionation factor with
an increase in average cation field strengths of the network modifying cations. Changes in the topological
and configurational disorder of the model silicate melt by Pb imply an intrinsic origin of macroscopic

properties such as element partitioning behavior.

Keywords: Lead sodium silicate glasses, solid-state NMR spectroscopy, *Si MAS NMR, atomic structure,
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T IS 2k P AR A7 AT U]
tpeFet A S7dolx Wskehs il 54l wet vt
ante] XIs) 78 g A A 2] H8E wellie
AAAZ AFEETHKellogg et al, 2007; Kiseeva and
Wood, 2013; Connelly and Bizzarro, 2016; Maltese
and Mezger, 2020). 72 vlzw} oA vk o
Ao ol Alee Ogge 24, 2%, 44s £
(oxygen fugacity), 48 ZA3} I3 T2 949
sleha B4 wEt Wske = Q). zF 2ol ik
Ak deFo]l HArE O™ (Qin, 1992; Noll ef al,
1996; Klein et al, 2000; Mysen, 2004; Mallmann and
ONeill, 2009; Wood and Blundy, 2014), 53] 4832
2 wEME ol AT A 8l e WS
RHols o] dgxoz 3 AtH(Kohn and
Schofield, 1994). Blsle] F4F9 &8A9 +2& Y
Bl 94 Z(framework disorder and non-framework
disorder), % =(degree of polymerization)2} <73
F-A M = (topological disorderye A4S H|E3 Uk
gk A5 HEEL] Wl wE) vigkelA WahH
(Lee, 2005), o2&k A= ©9je] wIRd wfonte]
Z HIl2HE 94 Fiiwel J 5o %5 54
9 FAsrd EA e AN dEde AWT ¢
THLee, 2005; Stebbins, 2016). 2-gA] 3}ty FA
Mzet 9 FANEE 4k &8RS BE R
i B Al F 9EFS PRI tH(Kushiro and
Mysen, 2002; Murthy ef al, 2003; Lee et al, 2008;
Lee et al, 2020a). 27 % 4 72 o =
oA g A v e x2E wel 7189

oL

[

AT=S 54 949 A 5473 (compatibility)ol
we} wlow} el 12k Bl Bge 24
HHol| oJgt 72 WskE eelof 9ke A&t Lee
et al, 2008; Lee et al, 2020a). <1& o] LYolA
wskshs WA ude] gea wslsl el
H|E A (non-bridging oxygen; NBO)S] Z4aE $-2f
- w2l Ale] HslE 23T 5 AtkLee ef dl,
2020a). Mgk Hiol 7he 4e] #u) 54 Wiske
S8Ae] T2t dHT Aol glom, Fel &y
AFe] PAAR] 719E wrevl7] flEliM= ol £
SHe A 8AY A 2 A7 FgF ol
35 el AN 88419 A 2= B
PbO-SiO, oAl tidt thet A4 HEss
& AF=o] YHBessada e al, 1994; Fayon et al.,
1997; Fayon et al, 1998; Takaishi et al, 2005; Feller
et al, 2010; Lee and Kim, 2015; Ben Kacem et dl,
2017). Al 24 ool vl ey =
A=zl 3 EFEA (nuclear magnetic resonance;
NMR)z} 2t #-33-2](Raman spectroscopy)S Hl&
3 BYE 4EES Bal A 29 He A
T, 94 w9 B4 Y BANE wab} A7
%o] gkthShrikhande et al, 2001, 2007; Angeli et al,
2016; Ben Kacem et al, 2017; Sampaio et al, 2018;
El-Damrawi et al., 2019; Kim et al., 2020).
A A W T e RS TRk 94

ot

78 Mo Holk v, NMR BHEHS
54 94 79 A4 B3 JFHOR A o)

ol v d AR YA} &Y 72 ATl g o]
£ ¥ tK(Kirkpatrick, 1986; Stebbins, 2017; Youngman,
2018; Lee et al, 2020a; Lee et al, 2020b; Park et al,
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2020). 3% NMR #3E4E &8 7€ d4te
orthosilicate (PbO:Si0,=2:1) &4 &< PbO-SiO,
oldAlY] gk "0 NMR 23S S F3} F49
= F2E AFs) alen, g 2Ag0lA ol
HELZ 34 oleez TS 1A THLee
and Kim, 2015). T3k Zole B A3 29 %
A3 7+e AlF PbO-Na,0O-Si0, 294l metasilicate
([PbO+Na,0]:Si0,=1:1)°l théle] 0 NMR 23+
A& Feyste] opeFst Ak o] 9k e F
B3l ol& F3l A wE e A g
B 40 vAA YESL A A4 x| wslE A
SIFTHKIm et al, 2020). H]HZ 2k8}E9] A8k
TIRE AR FH] Y7 e B4 HEY, F
83F ol A FHe FXERY FAHY
Atk olHT FoAoNE sl He XS oA
Al ¥A3A 49 (Pb-Na metasilicate)ol] A theFgt
o] Wl wE A T AHHAAY o
Atze] W3l P2 ofd dEA A &

2 ATE o] 23 AAA vl 8-8A1] BY
Alz"og Bigd i) ARE dete] o4 T
2L 3748 9l 4 e I NMR 234548 5305}
Atk ¥1EA Pb-Na 749 AJEE [(PbO),(Na,0),. ]
SiOPQA A&FF HWel ©F Na,SiOyelA PbSiO7FA]
oheFeh 2449 HI8dE s PSi MAS NMR
gl S Bl 2ol whE A FRle] A3t 39
HlE ghs]ar, R THE 9 9 FEAM R

3 ARE 5T F4 FHO AFH g
Yol & A7|7} 4 FHe] A%

7ol mIX= FFS BEFs} s, olelgt njx]
A A7 9] Fx JHIHE E AFE Pb-Na
metasilicate H7gde] #A14 =/d9] Ak 724 7]
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B Aol T8 A E] 4 TRl YAt 3
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ojmZ I Holr= wEd diste] 7HekeiAl A
slod Al 2Si NMRS 9=} 7F A3 7o)}
ko] Eik(dispersion), 5 H =9} > HRE I+
a7l Zgtsieh. ¥Sie 23 122 A=A #F
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A DA HEo] oF 47%E AF AN F
S AEE AR @okx k= ARl th(Lee
and Stebbins, 1999; MacKenzie and Smith, 2002).
ShH #Sie] o]5FA} A& 28-(dipole-dipole interaction)
2} 3}shq 219 Y]S5 (chemical shift anisotropy)
938 F5 FTTHAA SRS A=, ol
ANEE 54.74°7123A 3]3A7)E MAS (magic angle
spinning) A% WHoE 1 §IE TAAE ¢ Uh
#Si NMRL g oz 71 23 Ax}F 2sA7K(spin-
lattice relaxation time) WiZoll ThE FE2] 249
Hlglo], 2 ERO] 850 71 A7lo] @ FATHEE
213 AlEe) wt g AIZRIA 125, 23-ARE ¢
SRS Fo17] SlEiA] ARSIETEE(Co0)E MIFF 3
7hete] Adsla, B Afdae B Tsd=
ZHER Y] 55 9ot 3 A HIBAE sk
g oF 70-114 AJ7Fe] AFe] 2 Hr

¥Si NMR 7|5E A189] FHFurele] Apol&
Uel= 384 X1 (isotropic chemical shiftye} 3
o] 719} o] HRE T3l dAxol gk ofet
2 ot ARE At 5 Al 44
w914, 2144 W3}, 2% (nearest neighbor) YA}
o] migs), F WA 93-S 3= (next-nearest
neighbor) UA=9] Wi wet Wslgitt. 43t v
A A AR e Al wieleet A2 94
21 AH(SiO, AFAANE BIR A 24l wet Wstst
A gdorg 9= 35H4 = Si-0 A% Aol
2 Si-0-Si Ag7te] wsker F wA wjeIsE S
Jele HAES] wiE sl o) o]Fd ZoR o
T oA T 7 WA vl o] Wske e
2 UeRd o Stk Q' $32 Aast s A F
AA AkA(bridging oxygen; BOY2] 714 nS A|AgH
th & E9 4 wiflre] qihel A A A
g o QR At SHEAAR EAE 1 Q=
#7718t vI8A We] i FH A4S veRI &
AN = 20l mE Q' ARE B8l o=,
FAAE} 9 FANEE RIsiiT
O NMR 22242 S8t Pb-Na metasilicate®]
TE M A7

B Aor] ¥Si NMR @S F3d ugZ
[(PbO),(Na,0),,] - SiO, (x=0, 0.25, 0.5, 0.67, 0.86, 1)
Al st "0 NMR #3248 &3 7% <
T7F A= bl JrKKim et al, 2020). E Holx=



3 AoA] ZgE "0 NMR £-345-4]
7¥eksiAl A7t 70 NMR #33H4]
Abeg) vAE 2k B8 Bl

2AE 4=t (Elliott,
1990; Mysen and Richet, 2019).

v Pb-Na metasilicatedl| M= A2 AFA(Si-O-Si),
H|Z AH(Na-O-Si, Pb-O-Si, [NaPbJ-0-S)e} TlE-o],
4 A7 2FA(metal-bridging oxygen)?! Pb-O-Pb
=27F #AZEATE "0 NMR S EA glgh
A Abae) vidE Akl HE2 A s
A A Aoz RyELh; A3 A7 =E9
HAEA] AN v8d Als W] A 2 F
H|Ad AAael E8(%) NBO/(BO+NBOYS ZA)
W2t 66.7 Kpy=0), 4.8 (Xp=025), 655 (Xp=0.5),
663 (Xpng=0.67), 67.1 (Xpo=0.86), 654 (Xpo=1)°IT}.
ol= M| Ak &7 oA Na'eh Pb*'e] x| $ho]
AR U ESZY T§Tol 43S AR &= Ae
A Agk, olejgt Aol 7Rksle] ¥Si NMRE 73
g 2 Aelre IS THEE VISR A F
W AR 27 WskE EAEH

o1y

. o]/\é‘{L

O

I_?-
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A= &H|

S 33 HA A Na-2tE AlBEE €4kg
(Na,CO,)3 2F3}2(PbO, Si0,)ZHE A sk th
[(PbO),(Na,0),.] - SiO, (x=0, 025, 0.5, 0.67, 0.86, 1)
20 Fdsle EFES WF (P =7l ¥ of
2Z(Ar) 9] 12 §FRAM 71E & FRFE
olgat] & Wrsle] frE] A8E ATt Mg
700°ColA 304 7+ €Rhitel & 7 24 53
o2l 21=21 800-900°CollA 308 Bt ZeY3dth.
Aol AMEE SioE "O7F FEE AEE ARSI
ow 2y-AR g3} AZRE Z017] 9184l CoO 0.2
Wi%E H7FIATh Wg el gol &A= o
S5 e 24E WA FAdst] 23 & &
FgY5I T} Table 1= H]A3& Pb-Na 1+2H3<]
o]l A =AY et WE 471(CP-
AES)E 53] & Aoltt, B Alge ujgd
Pb-Na 72+ <] H AR S w7
o "0 NMR 3 o
Ao} FU3ITHKim et al., 2020).
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298ji MAS NMR £ZH2A di
#Si MAS NMR #3344 232 Varian 400 MHz
74 NMR (9.4 T)#% Doty 4mm ©]53% ZgH

Table 1. Nominal compositions and ICP-AES analyses for Pb-bearing sodium metasilicate glasses [(PbO),(Na,0),.]-SiO,

with varying Xpe [FPbO/(PbO+Na,0)]

Nominal composition (mol%)

Nominal composition (wt%)

Xovo : i
PbO Na,O SiO, PbO Na,0 SiO,
0 0.0 50.0 50.0 0.0 50.3 49.7
0.25 12.5 375 50.0 34.1 284 37.5
0.5 25.0 25.0 50.0 54.7 15.2 30.1
0.67 33.5 16.5 50.0 64.7 8.8 26.5
0.86 429 7.2 50.0 732 34 234
1 50.0 0.0 50.0 78.5 0.0 21.5
< Nominal composition (mol%) ICP analysis (mol%)
0 PbO Na,0 PbO Na,0
0 0.0 100.0 0.0£0.1 100.0£0.1
0.25 25.0 75.0 23.7+0.5 76.3£0.5
0.5 50.0 50.0 50.7+0.5 49.3+0.5
0.67 67.0 33.0 68.7+0.5 31.3+0.5
0.86 85.7 143 87.8+0.5 12.2+£0.5
1 100.0 0.0 99.9+0.1 0.1£0.1
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ool W ¥ Pb-Na 1atde] 4} 720l thh g 7]

(double-resonance probe)’} ©]&-= 2™ 79.47 MHzS]
giRo] EolA Fas T A% S AEEt
ATk A oF 30°9 @Y (1.6 psyE ARSI
o H2UkE t)7]A]7Hrecycle delayye 60%=Z %
sYsisieh. Hanky o7 A1k A9 23-AR} ¢kst
A7 24 ARS F8g 71 Aol 7Ivkete] A7
SIS H(Kim and Lee, 2018) ' ¥49] ggoz X~
AR spr] ko] Wt 4= ok AlFe] 3 &
TE 135-14KHzE] AREPon g wEe
PbO ghagol] w2} oF 4,000-6,8008] = A)3YH5iTt. 818k
2HH|e] 7| (reference) B2 TMS (tetramethylsilane;
Si(CH,), )& AR&-ste] 7o) 92k @73 0 ppmol]
ATt

zn o

&

#Si MAS NMR EZ=A AMS Zn}

Fig. 12 'g9] thdet vlgo] tigh w38 [(PbO),
(Na,0),.]- Si0,¢] *Si MAS NMR =Z EHo|t}
A A8 A4S PbOSt Na,02] H&o| uwt
X, [FPbO/(Na,0+PbO)E #7131 0 (Na,SiO;), 025,
0.5, 0.67, 0.86, 1 (PbSiO,Pl thal 4333t Ax= Epd
o} o] EFHA S Na,Sio, HIFE S Q" 34
o] E2|=o] ol xghE A5l H|g) =2 =S
HoZET) Na,SiOAE Q7F $Alel Q' 2 @ 33
o] Ao R ZEAlst o™ 3184 A} (chemical
shifty= Z}2} 666, -759, -852 ppmoZ 7|3 AAolA
Rud 99t FUsA Vel ti(Maekawa et al.,

Q2

Q!

Q4
1 (PbSiO3)

0.50

0.25

Xpbo = 0 (Naz2SiO3)

Q' Q?

-40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140
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Fig. 1. Si MAS NMR spectra for Pb-bearing sodium
metasilicate glasses [(PbO)(Na,0),,]-SiO, with varying
Xpro [FPbO/(PbO+Na,0)] from 0 (Na,SiO;) to 1 (PbSiO;).
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1991). #1382 Al Na,0 thdl PbO7} EF = A
¥]= Higk(peak maximum)2] $IX17} 24z} 759, -77.8,
-80.3, -81.5, -84.6, -87.7 ppmo & 9 Wako g
olF3lsitt. #=2 Hujgke] olF-2 A FH Si-0-Si
A3z 2 Si-0 Aol Wsl 52 FIhwel Sl
71918k Aoz d#x UTh(Skibsted et al, 1990;
Lee and Stebbins, 1999). PbO H]&o] 71 W »Sj
MAS NMR AlZo] dubdog Zrfsiy, 7z Q" &
A& Yepl= 939 & F7ket BIPA Na,Sio,
AEd tist 2HEHXE Q" $Ho] FiEAo=
THENOY o o] w2 ARdAM= FEH
=R R she] ¥ FA2 YERdTE ¥Si NMR
2HEH o] 13 Z 53t 93 wWsls vk (Lee
and Stebbins, 1999) Q" #3<] E=+3H(disproportionation)°l]
W= 71 S THStebbins, 1987, 2016). E%
s PbO 7kl wt FHE, Q' ¥ Bkt
Y FAXMTIE Wt ¢ glerm BT USi MAS
NMR ZHERo||A #a== 03 Huigle] o5t &
At whEbA] 7k A EH
gk A BAS B9l A T AR 2 A

o|X
N
K3
of
oot
o
N
e
3

2Si MAS NMR AHEZS| AIZ2[0[M

H%32 Pb-Na 7HAFde] 4 3 9k $74<] W
sl Aoz B4 $18l Fig 1 ¥Si MAS NMR
2HE-e] 7} @ $4¢] sl 7H-Al1RKGaussian) $F
A (ftx) = a-exp[-CSBE ) 9131 0] o, AN (@A
2H) b, FEAA} o5 S ERS] AlEH ol A9
WEE ARSI o] Wl T3 ¥kx] Z(Full Width at
Half Maximum, FWHM) 3= & ¥ ool 2.2In2 &
w3llA kit 73] A7 (intensity)ot o] W3}
g 7 Qr #79 sl ApE|e] o sl wet A
olsHAl dlXE 4= ik webA] 243 wEh Q" ¥l=e]
A7} ol s AY I E = A4E vro] Hlaskd
THKim and Lee, 2019).

Fig. 2 7|& A7ES 7RIS A 74 A= b&
7S Agate] Xask AlEdlold Aeltt A 2Y
R gae] wi9ge 42 s =8 uigSe)
A YA Fo] EASHA] skth A WAl AlEE
olA ®Hl(Fig. 2APIME 7F-Aet 42 vehd
Q" 379 WA YXE BE A WA s,
3 A71E "7 2HERS AlEold 51
ok AF Tl tigk Q" 3] T3 A= A
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Fig. 2. Simulation results with (A) fixed peak position, (B) systematic variation in peak position (see main text) and (C) varia-
tion in peak position at fixed NBO/T of 2 (see main text) for Si MAS NMR spectra for Pb-bearing sodium metasilicate glasses

[(PbO),(Na,0),..]-SiO, with varying Xpe [=PbO/PbO+Na,0)].

o7 Z Ao 7] Wil v A Na,Sio; 2=
E talire 71E A7ellr] Bag sl 2=
A EYo)AE 13 EHATHMaekawa et al., 1991). 2
Q" 379 ¥=3 FL2 AF Tl ddl gl e
71Eow 24 Wsll wet FRlHow Frkske A

o7 stk 2 A% FREs 22 QF 3
A 71810k Si MAS 2 ELS AFAT 5= 39
ok 7 ¥R 24 (Fig. 2BPRIXE &F T Na,Siool
thak ¥Si NMR AlEeo)d 8 12 Zo| Z7ls) e
7HE fA31E, PhO 71 mE Q" &7 Ao
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el whE v Pb-Na 1tde] b 7720l tigh 2 Sz 3 e A 163

ols& AT 7t HERS AlEHoldd Q@
3 slely A|e] HRE 71E ATl %
= vl PSi NMR AlE#old 9= 9Ix1E 718k
o7 £2149] o5 7P tHFayon et al, 1998).
7} AJEd|o1A 3ol NBO/T (Si0, AFAAl 5 NBO2]
&) AR FHEE RISt A&l 4
7t v WelE AdsA ddske AE IRl
Tk ¥Si MAS NMR A EHA Q" 74L& 7
HASRE Sio, AbAAle Ags Ak F A4 Akt
H|AZ abro] A HRE AFIEE NBO/TE o
$3} 7¥o] AAFEtHKim and Lee, 2013):

NBO/T=3[0'+ 2[Q"] + [O7] )

Eq. 1914 [Q} HA 4 874 =3 AVE 12
Arst s W Q o] AA|sh= Mgtk W
Aart AFAHE UESA wet ooz g3}
v)|H A4 A4S FAFTHH Pb-Na metasilicateol] A
NBO/TE= 20| 7P7he #h& Hojof st 3 WA &
QA F HA(B) ¥Si MAS NMR ~FEH A&
go]Ad mdo NBO/TE 2 °l8te] STyl =2
oz AU A Xpo=0.25, 0.5, 0.67, 0.86,
1 42 (AN 1,55, 137, 1.22, 0.89, 0.68°]H
BrlIA 1.83, 1.89, 1.89, 1.79, 1.7502 JEpHT). 318+
2|9 o5& 7HE F HA EA(B) 20 77k
WS HAZE & Q7] wEo] dudoz Hitsiar
B Uk wbA e 20 F A BRES
7|1z3le] F3 X9} F& 2HEHA &8F9 F
A7k ASEE h A Xp=025, 0.5, 067,
086, 1 £A1E2 NBO/TE= 192, 191, 191, 1.93, 1.93¢]
ok 9 2 2Ael) tiEl] e O NMR 2844
AFolMs HA 2k 3 F vdE qkahe] 8o
66.7% A= dFst] FHE7F A Al =
Z0Z VR 9] AlRS sl £ Aqtellxl=
Pb-Na metasilicate H’§21°] *Si NMR Z=#Eqlo|| thgh
AEgoldoR FHE7 dFshHA ol o3 Q
o] sl ApH|] o]E-g 7S Al WA mdo]
HgZe] 25 7P AHs wedst 2oz Adsld
o} o] gk 7FAIRE S Be SHEY AlEd ol
2 sl 1] of#fe- ¥Si MAS NMRE] 4
AR S A o2 sfMete vol &S T

S PSi NMRS 53l go] 234 vg4d A4t
4 (PbO-Si0, 3-& PbO-Na,0-Si0,)e] TX= geldt
o] 7|E9 AFES Q' $ FA AT A9 o]
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T wethe 7S viEe R dx Ag g4 Al
E#o)aS 21851 thShrikhande ef al, 2001, 2007;
Feller et al, 2010). THRF 24713 33 BAELS F2
7449 WaE R ZAER FHEA7] wE 7
A $JA olF Rl wE A} Wyt QAE ] diell
AR 4= Q) vhE Q" B4 Yehlle v=9] ¢
2|7F 2240l wE} olsshe Ae IHS AFERE B
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3o zghel v AkslEe] ¥Si NMR 22 Ef oA
Z}zZke] Q" YA Fo] EFHo 7 Fo| Yol #E
o] YeRtA] 971wl thgst AlEE ol 7%
o] aejxfojof g},

of

ol

Lto

t240]| = H|HZ Pb-Na THARIS| X}
t

Fig. 3& 294 ¥4 2 Pb-Na #4H39] 4 9%
S 7RAIRE SR AlEE0]AE Fig. 2CA
et Q* o] xAsh= Hl&(Fig. 3A)% 318H4]
27 9] $]X](Fig. 3B) WH3}E HojFt) WA Fig
3AE Ho| gl wlel 2Si NMR 2 EHS A5
A FEgk 7k Qr 3 HlE WiskE HojEnh '
A7l wel Q° o] st QF o] YEt
oz gk o2 E5tsrt Z3siRaL k. ol Eq. 290
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ing sodium metasilicate glasses [(PbO)(Na,0),,]-SiO,. Here, both the population and peak position are from the simulation

results presented in Fig. 3C.

and Lee, 2012; Stebbins, 2016). %¥o]& A7) o] &
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