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A Solid-State NMR Study of Coordination Transformation in
Amorphous Aluminum Oxide:
Implication for Crystallization of Magma Ocean
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ABSTRACT : In order to have better insights into the chemical differentiation of Earth from its magma
ocean phase to the current stratified structure, detailed information of crystallization kinetics of silicate
melts consisting of the magma ocean is essential. The structural transitions in oxide glasses and melts
upon crystallization provide improved prospects for a systematic and quantitative understanding of the
crystallization processes. Here, we report the Al 3QMAS NMR spectra for sol-gel synthesized ALO;
glass with varying temperature and annealing time. The NMR spectra for the amorphous Al,O; show
well-resolved Al coordination environments, characterized with mostly “SIAl and a minor fraction of
Al The fraction of ™Al in the alumina phase decreases with increasing annealing time at constant
temperature. The NMR results of ALO; phases also imply that multiple processes (e.g., crystallization
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and/or changes in structural disorder within glasses) could involve upon its phase transition. The
current results and method can be useful to understand crystallization kinetics of diverse natural and
multi-component silicate glasses and melts. The potential result may yield atomic-level understanding
of Earth’s chemical evolution and differentiation from the magma ocean.

Key words : amorphous AlO;, Solid-state NMR, crystallization kinetics, magma ocean
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ATRe] E3taAo| #ek FFA-AAA ol
dd) AFeto] wejok & Al F shtolth
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g =9 - 38 ALEo] Boste B3 $A o
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2 ALO:Y| dAFZ A3 ATV AEHIL S
Th(Lee et al, 2010). S2EH oo &FuF F
7] BteY F3E o] &3 A (Sol-gel meth-
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(Hammer, 2008). ©| %A A58 Fofo|A A
® LiO - SiOU Na,0-2Ca0-38i0,94 2 3t
o Hgd Ak AR B AFERE AT
A 2BlE FASE vtanke] ARt Fgo] tid
A Eo] A=5tHe.g., James, 1974; Kelton and
Greer, 1988; Davis and lhinger, 2002).
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o] &HIT 319 3l(e.g., James, 1974), AIAFAF
dFZ= H(Differential  scanning  calorimetry,
DSC)oluy A AEE-A ¥ (Differential thermal anal-
ysis, DTA)S.Z 243} g Al HAste st
g S AR Y 55 1WA eg,
Kissinger, 1957; Gibson and Delamore, 1987). &
8t = 3}A 2E 0] 7 (Transmission electron micro-
scope, TEM)9] Zz3|dgio]y XA - EH(X-
ray diffraction)S 314 249 JHARE T
sto] A3} £5of gk HRE 57| % 59
THe.g., Zhang and Banfield, 2002). ©]9} o] t
¥ WHESC] 243 A ATl o] &=
AN HZ A A do] FET o AH3} AEE
AFHoE AT 4+ e WHES B4 o4t
Aednd 2 HAAEWA oluAE F3 modal

(¢}
Ao 39 24 442 2349 ofr|A] Ao
A BERIHE A% AdE oo ouy A=
A B ofelgol 9, XA

CEERTER
A5 4
Aol golshA %,

g M EEEH ARE AFE
A9 AAe] o] AFAR] AR AFsHA X
o 3 2] FH E3EA)(Nuclear magnetic re-
sonance, NMR)< bulk sensitivestAl 5% YA}2]
T BAE AN, =3 A AHE S JF
HoE FAT 4 v Aol sth NMR 42
AN AA W3t dehde 40 A4 @99
A Ao A AFE BRE ol g} 3QMAS (tri-
ple quantum magic angle spinning) NMR3} 22
1EA T B7eS T AFEEY AeTAY
F(A 2D FAS} 1288 2 YAl 70, PNadt 2
< IAF) THY dA Ao A AFAHJA AR
£ A F3HLee, 2005).
3QMAS NMR #3842 g Alge] 8%
=9 OF YA ZeS(multiple quantum coher-
ences) o|83te] AT AEAEY| 24 AT
(second-order quadrupolar broadening)®] 2|3 3
BE AstE dAskE 71&o|th(Frydman and Har-
wood, 1995; Baltisberger et al., 1996). 4 A &
g e BHeFter Ax2 FAHE FAAAX
£ o]&sta B2~E 1+ HA(interval, 1)< W3t
A7IH A sk, 71E9] MAS NMR #4
oA doJX= Al7HH S (data acquisition, 1) 2ol
el F7EHQl AZbAS 47F EAEHAl "o

(Levitt, 2001). 2423= o] F Al HFE F
glof W33t poll 9 MAS AH-¥(dimension)Z}
noll 93 isotropic Y] 234 AHEHO T %
AH I, AESA &l o Ha HRY A
(quadrupolar broadening)®] 7]41% isotropic Y
& o] &3t HAEY AFHQ FAo] Jhseitt
(Lee and Stebbins, 2000).

A

2dst S5 E0

=
rot

FO|&2

0
folr

v Ash= AA 33 A (nucleation)? 2
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A A= do] FAE o A" Yo AR
wHatel BeE d9shd A8 (thermodynamic bar-
rier)o] 2 F WA= AAd A AH o] st A
ol b= ARk ol F 3 AujA o AHH F
A5 % (kinetic barrier)©] Th(Shelby, 1997). ©]
£ 133l AP ESZ(nucleation rate, I, T
AZbE ©9] Fu el F4EHe @Y sl of
o} o] AT 4 Utk(James, 1985):

=
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AT BT, ke EZT AT
o} AGpe A7 PP 9 o5tz 5934
Ao | A Aeolty, o Al HA G F-Eol
A4 g8 Yty 7F48kal, Stokes-
Einstein approximation< ©]-8-3}%J(Ree and Eyring,
1958; Dingwell and Webb, 1989) 13 ¢4 31
J(homogeneous crystal nucleation) &%= / (mm'3s'1)
£ olelel Zth(Hammer, 2008):
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= AF(=nky/370%), ne ALY AL, T

25, ov ARAUA, T,& W25, AH= S50

AL, AT=T,- T, kp= =2t

AL AW A A Z(interface controlled

growth)¥} 8t 24 A7K(diffusion controlled growth)

o FIUHAE ER7T F Utk AAste 2 Ho

A7te] F-Z(attachment) £=7F T Wdg 53

ojFste WA £xRG =9 A& AW 24
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(Turnbull and Cohen, 1960; Kirkpatrick, 1981):

—AG
RT

G= faouexp( ) (é} 3)

/= AR F9 F FFo] 7hed HA
/3% (growth layer)2] —r77ﬂ =
HIS RE 7AS, TE &5, AG'S
2443} oA A ondith 4

S50 A ool FFzo] FUtErE F7
AR o|F&TI} BE Lrnr &

S 24 AdAelgal §hH, o
k(D/t)*E WED. k= A, DE B‘Zﬂ i
Z7 F(rate-controlling specws)«] A,
r= Nztoltt. k9t D& #zte] wel g
AR 47 gEl(growth morphology)E #-9-3F
Th(Hammer, 2008).
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28 Johnson-Mehl-Avrami (JMA) 42 W&
thA ol tiai A= Kirkpatrick (1981)0] 2HA3] A
B0l ).

X= 1—exp——/ / G,dt)*dr]

o
N
e
By Hr AT
2 D o
> Q
—_—

oL
Y
B
i
rr
2
brrm ok o pSb P

[o2
olN |

ﬁd
ol
)

1

]

[

g‘;
O_L.,
oZi
4p(r

[e]
T
s
a

P ot 55‘.

=

(1 4
dutstE IMAYS B3t 2

X =1—exp|—kt"] (25)
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O ANZERE n, (0 <n, < 1) AAZZAET
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AeAlelaL, mebd 4 e A
ol WA#HAA AEd A% A @_«l
A7y FEsH, §8A-AAE Hol9 g
A7 B A3 o ofa] kel &
olth. T¥sH ol Aol ExEst= B
A 3AEZE A A= §]./\]-.?-J‘(Parﬁtt and
Wilson, 2008)& olsfistaL, &ef A A LA s}

e AAAE ¢ HRE 5 oldiste Holx 2
A3t A7t 71z7F "ok },E_gsl- SNZE Ao

e Azt 2AskE feld W FxHog A
ARGy 22 g dHold M (Reynard et
al., 1999; Lee et al., 2012)2] olsjd= AA3}
T7F E%°] "k

TOJEE} A 249 2R3 A dFe 2
71A T whaek vtk &8A7F AAstE @A
of AF7AA Aglske AA L olsstal, A AT

Foupamke] B4 FAUS olsfske Hel =

°] Ht}h. st oF vlinl vith(Hadean magma
ocean)’} EA| BFo AF7F H7|AA AT z
shg e 2 4EA A Fon old #3 Y
A7} 8 Fo|tTonks and Melosh, 1993; Ohtani,
1985; Labrosse et al., 2007; Stixrude and Karki,
2005). kvt wezb WAE W A YRe £t
7F 188 o O AFE Fpske T *éélol
E5AY AhxelH wiant vtk i 2 W
£5 8 2Ase HAAR M & TS Ulﬂl%
AL AR AriAl ol7] wZel(Solomatov,
2007), ptrkel 2435t Ao A3 A= w1
nte] FAE WsE o Fdte] Ao AR S
olafat= tloll =Fo] At o|Hg wian} Hithe
A&7 ¢a, Ei%ﬂ A AT W F wpaeke
ko & ;q:rl7} xi}sﬂ 7}‘— n}ak

Al A opeh AR stel] Sl AR
A8 ATE Fa4e RET A4RLL Hw
&L RA o= AFAHOE AT FYE A
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83 A5E2 EFHE =gt AebY(glass-cera-
mic)e] AZAE o] $H T k. Zehx Aztele
F2d vl 2HYATL AT vl 2%
o 22 7IAA A=, 2 A7AY, ¢ 9%
Asot 2e wFAd 54 e gad A
S Z(Kingery et al., 2006; Richerson, 1992), A%
2 99) WE BYYT YAD ARAREE §7

© HIRZER AGH 3] o] A4S ol &
g AR 4wl A (optical rewritable data storage
media)®] AT} LT Tgo] Hrth(Wuttig
and Yamada, 2007).

o7
NEEH

B A= ZAH(Sol-gel process)S 53
A dFHg N85S 959 THZhang er al,
2007). BA &FrF = o E(Aluminum L-lac-
tate, Sigma Aldrich) 1.18 g (0.004 mol)& FFF
40 mLol| §8AA FH T89S THEST. ©]
29 9] pHE 3.48% Zhang er al. (2007)°] A A3
A gFo G o) dAel pH W (1.8~
4.0)°] 43t} 3 Zhang er al. (2007)S 1.18 g
o] 4ZnF FHES 10 mLY FHF Zo

AEE FASAEY, & ATIAE § Be I
2548 Aedond b Anes ¢35
SRAA 7189 AAT golshl etk $5
HRL 59U ko] HLAZ oF, ANBE AL

150C7HA] <F 3417 208 5% 55 F7HA7IH
7F9(37.5Ch)EFAL 150CAA 647 FA3 &,
150 CAlA 450C7HA] 16417 &8¢ 55 =0y
7FE(18.75C/hyshe & o] &3l o] & F3l
B3 7155 AARGH. olgA F8E wAd
ALO;E T3 259 ARF 271(973, 1,073 Kol
A1, 3,5, 10, 30, 60, 1208 5)O02 12832
(furnace)oll Al 7+d 3t & o] h(relaxation) = 7
2 AR gAY AEE FHSATHALOY =
=3 2,327 KY(Ansell et al., 1997)).

’Al MAS 2 3QMAS NMR 224

Al MAS 9 3QMAS NMR 232 Varian 400

MHz 1% NMR (94 T)% 32 mme ZZHE
o] &3t} WP om, 104.23 MHz2 xo] A
STolA 18 kHzY A& 3ALEER $RuE F
W A7 A& oA S48 A Hin-situd o
obd). Al MAS NMR A &dlHE 0.3 ps ©d
g AEs BA7b 05 59 2ukE g7 Azt
(relaxation delay)< 7FA 3L ol Hth Al 3QMAS
NMR A& BAAPAE 3.0, 0.6, 15 usZ 0| F
ojFom F2utE t 7] A7 MAS NMR¥} Zo]
0.5 s& FAY. 2HEHY 7]&L AICLY dA
374S 0 ppmoZ 3 TH

Fit MXE0E(TEM) 2EEY

E 3} 218 1] 7 (Transmission electron microscope,
TEM) A8 2% FEI Tecnai F20 228 AR8-314
200 kv 7FEAY 270 E4 L FdsdTh A
A} 8 A (Selected area electron diffraction, SAED)
el BAE il 243 AFE s

21

p =
Hn
lo

’Al 3QMAS NMR A& Z3t U E=Z

O% 18 2AMeE AT ALO:S TAl 3QMAS
NMR =FEHo= wjels 4, 5 69 &FvF
(YAl PlAl, ©IAl) D250] 843 FEE Y
U™ isotropic AH(dimension)®] &35 MAS
AR I 244 ALOs FEAAE FEEHA
o PADL b Yehud, o|25E ZAyoz
49 ALO7F HIZZEY S ST QY =3
o] ~2HEYL Lee er al. (2010)°] AT &3,
siet Ao AZtd WA dFru g
9 2AERR A dXA 5, FAR dFHF
374 E 7HzIH

st Baso] £ isotropic AYE o] &3}
7 9 3ss AFEAsAnh isotropic Al F
Y (projection)d ~HEHAM Al I FE0] t)H 3
Q1 7}$-AI¢t &4+(Gaussian functions)Z EH F A
@3 AP E Hole, olgfg vt A
A AT HTEAA T Y dA
37 (configuration)©] EA|3l= AS gv]git), o]
213t 939 B H R Qs ME HE AlY
BEFA] ARE o717 A a4tk 19 2 3
A AAE wol7] sl 18 19 ~2HEHS
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Fig. 1. Al 3QMAS NMR spectra for sol-gel synthesized Al,Os. Projections on the isotropic and MAS dimension
are also shown. Contour lines are drawn at 5% intervals from relative intensities of 8% to 98% with added lines

at 4%.
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Fig. 2. Total isotropic projection of *’Al 3QMAS NMR spectra for sol-gel synthesized ALO; (blue) with the
simulated peaks of BIAL PIAL and Al (black). The isotropic projection has shearing value 12 psec to make
spectra more fitted in 3 Gaussian functions.

ANAGEFOZ oF 30° 71€9 isotropic AUl FF  (2010)0] A AeIA AEH AlS(quadrupo-
& 2~ Egolt}, o]& Zt7te) vAE v 7}—°r/‘l lar coupling constant, Cq)E ©|-&3t] T35ttt
ob g2 malgd 4= glo] 7 ga9 Be Ak (Al PlAl YAl ¢, 2 7.9, 9.3, 10.8). 2%
S golatA k. 4 Beo BAL Lee ef al. EY AEHM A AME uFE dFHe
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Fig. 3. ”Al MAS NMR spectra for ALO; annealed for 1, 60 and 120 min at 973 K and 1,073 K.

WAl PlAL PAL 282 ZH7F 42 4 8%, 46 + 8%,
12 + 8%°|t}.
HIYA LZ0|Lt : 2TAl MAS

= 9|
NMRzt TEM & ¢

a9 32 4 25d JMEANT WE ALOsS
YAl MAS NMR 2ZEo|t}, 60, 35, 0 ppm F
Ho A 2zt =Rk FRE Ml Pl YAl 9
27} BEHJY 255 Foln AHE Y 7Y
zgg\l_% [D]Alo] Eoi‘:‘j [4]Al [G]AI«] oFo) z%;q.
7V, o] A& Pl £8o] FANEY A
#7}F "k olde] AFAste] HFo] E u(Lee
et al., 2009), TZ7} o|¢#d5E BAMET} i
st HlAE ALOy7F S dEle AAHA Fx
2 ol FAHo= sHdt. ¥4 ,\]7}(120
min)5¢t 719 257} F74gk wek PAl 2ee
973, 1,073 KollA Z+7 18+8% (wetd oAl
oF 80%) 0%=Z ZastAth(el e HgEYd+=
ofg] Yol 9fgt eapt & 4 Ath. E3] 1,073
Kol A 308 o] 7}E% A5 EddA = [5]A1 e

b RAT F 9le AR FFol Hol ML FAl
vas #EEch ol A4A LU
-ALO:| MlF WA e mgolrieg,

Huggins and Ellis, 1992) [S]Al-/] T&s 243
ANAR o] &S F YFS vt

AR5t AZ2 EJJrz“}dU]ﬁ(TEM) SRR
Hogw 2% 4 o} 18 4a+= 1,073 KollA
SEZE 79 ALOsS TEM o]m| 29} 23] 4 )
HOZ 1~3 nm ©¥ X9 & F(density fluctu-
ation)o] #AEHM o]F T3 AE7t th3Hed A
o2 F4H0. SAED dH A v
BE&S Heth 19 4be 1,073 KA 6087 7}
A ALO:Sl TEM B4 ZAH#Z A FHAA b
B Fio] AA4ste o FAHM, A2 7
2o A vAgd 52 728 FAA
Tt 2 AR EAE Yvlete 4HE H(scat-
tering ring)? 34 Mo HHE HIATh o]+ Fx
A FAMEF & ARA ¢F0ve EAS H
FH  7-ALOsol T ol Aie} IAjtt
(Chou et al., 1991).
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Fig. 4. TEM images of amorphous and crystallized Al,Os.
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Fig. 5. Fractions of "'Al in ALO; with varying annealing time at 973 K and 1,073 K. Red and blue lines re-
fer to simulated mole fractions of "'Al using an exponential function and Eq. 5, respectively (see text for details).

SISATHIR 4a). 973 KoM 7tdak wiAA
ALO;9| PIAL B-& Wske 7HEARE oF 1488 )
Fog uAd YelMe PAle] Ztashe dukt
o} AR APE = FUEE Udrh oe} e
At AR FAHolA AA o] FAHY] A v
2 YolA e ATz ®slE dPFoE AP
g Az AT AFolH, AFH ol AstE whg
&5 224 242 Ryu and Lee (in preparation)ol|
T5E qA ol
273 M ME OE S58 HAYEHE 7
o] EAGdTE AL miant witke] A&7]3k
& d3she AER L ANGT 2A o] FA
H7] A &5A delA e FxHold AQEE Al
Zto] mpam} mprie] A &717F A4k EFE ofof
stH, 719 Ao dojA & st Z2H
HSET 2 Apnto g A3 oZd o
2ol AT AAG. =g vpan} v tiRE
45 A7E o, ©es] AR BEvhe 1125t
A= Wsts AL Zlo] ofvzt BiAE Yo
Ao FrAold g HAEE Witk a#sjof
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