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A Classical Molecular Dynamics Study of the Mg2+ Coordination in
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#2158 8}(classical molecular dynamics, MD) ANEH oIS o] &3t ETZIIO|E o
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ABSTRACT : Todorokite, a tunnel-structured manganese oxide, can contain cations within the relatively
large nanopores created by the 3 x 3 Mn octahedra. Because todorokite is poorly crystalline and found
as aggregates mixed with other phases of Mn oxides in nature, the coordination structure of cations in
the nanopores is challenging to fully characterize in experiment. In the current article, we report the
atomistic coordination structures of Mg”" ions in todorokite tunnel nanopores using the classical molecular
dynamics (MD) simulations. In experiment, Mg** is known to occupy the center of the nanopores. In
our MD simulations, 60 % of Mg®" ions were located at the center of the nanopores; 40 % of the ions
were found at the corners. All Mg®" located at the center formed the six-fold coordination with water
molecules, just as the ion in bulk aqueous solution. Mg®* ions at the corners also formed the six-fold
coordination with not only water molecules but also Mn octahedral surface oxygens. The mean squared
displacements were calculated to examine the dynamic features of Mg ions in the one-dimensional
(1D) nanopores. Our MD simulations indicate that the dynamic features of water molecules and the
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cations observed in bulk aqueous solution are lost in the 1D nanopores of todorokite.

Key words : Todorokite, nanopores, classical molecular dynamics simulations, magnesium

Mo E

AA A 4He 45 (manganese oxide mi-
nerals)2 T2 U T2 AEHH JUjdo=s
FHZ o] F3 FErol Lo Uidh w& ol w3t
5% (cation exchange capacity)= }.0]7] W&
Tus B nEaE] At gt vle- F
83 98-S $tHGoldberg, 1954; Manceau et
al., 2007; Toner et al., 2006). A3]ol= wW1ics]
o] FelZ el UL 10~30 %S 91 S A==
B o] Bxsln Fa3 54 AdoE Hrid
THBurns and Burns, 1977; Burns and Burns,
1978; Burns et al., 1985; Menard and Shipek,
1958). EYolu EHE = FHHYAZ )55
o] odH Eolu AstrriE Fade 1A
A7) 9ehS 3THLind and Hem, 1993; Outram
et al., 2018; Tani et al., 2004; Whitney, 1975).

ET2710|E(todorokite) = EIETERE 7HAE
ASPEER 3709 WRE FHATE S(edge)=
THELEN 7o s, 1 7leEe] ¢4
(corner)S F-R3td 3 x 39 AjFow & Uk
&= (nanopore)= FATTHFig. 1). EEZTIO|E
= FE Mn(IV)eg2 FAHo Jou, dRe=
Mn(IIDE A gem G20 72 syt LAz
ot Mn(IIHEFE BAst= Hshad B4 o
EFT Wil Yoles FRFoEN HE F
Jok EEZIIO|EE ¢ 7 A 719 Yk dTE
A2 Q7IwEel Cs'eb e & o] WS Tt
A= oler 77} 7Fs5ckBurns and Burns,
1977; Dyer et al., 2000; Feng et al., 1995; Ostwald,
1986). T&UA9] £3A EERZIIO|ES IT
2 olgaiAu, FRAY F0A 5 OE S5
28317 YaME EXRII)E Yo £
H ol At 7xol i B3 A 4jo] g
3.

Atdo A AEEE EEETlo|EE AA ST} u)
G 93 ez a2 g He 52 33
o BeEs TS OE ABEREER &4
o] AH=E7] Wio] ERETI|EY AAFZE
A&sAl +H38}7] oJfth(Post and Bish, 1988;

Fig. 1. Mg-todorokite cystal structure (Post et al,
2003). The nanopore size is approximately 7 A x 7
A. Red = O; White = H; Purple = Mn(IV); Green =
Mn(III); Green ball = Mg*".

Post et al., 2003; Shen et al., 1993). =53 EX
2IlIEE A7) fsiA B dHEEC] AN
A3l 7H¢ HA McKenzie (1971)9]] 93] EEZ
7l EZF AU T2 S4TFEY AP
E9l WU Alo] E(birnessite) S FAE3 T o]l u
g @i AAS ol 8ste EERIIES o
=HBodei et al., 2007; Cui et al., 2010; Feng et
al., 2004; Golden et al., 1986; Luo et al., 1999;
Shen et al., 1994). FJAHOZ A ETZIIO|ES
Adge] FERG #8438 s F2E T
M A& FH9 Lol wEo EERIIIES &
T Aol ARREHI ok 53] FEEeluy
AR S FERAA 29E BHAsEE 54
o7 P} 58}, A FofollA B AUt
Y= 31 TH(Chitrakar et al., 2014; Dyer et al.,
2000; Frierdich et al., 2011; Gao et al., 2015; Tian
et al., 2000; Webb et al., 2006). °]¥Jol= A= 3}
3 Ropld ExzslelEd] $48 AFITEHE
FESA0 9F ML BesEE 5 we A
TE0] Y= ThByles et al, 2015; Duncan
et al., 1998; Julien and Mauger, 2017).
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AA EEETIO|ES o]2ws FE, 4slE)
A, A71HEA gk AdAT7E s 1y
YA YeEs WY g5l vi9l(coor-
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2001; Yu et al, 2017). EEZIO|EE 55 &
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7HEEQl HUAlo|Ed] H|E) EXE7lo|E9] oF
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Z31 AAo|thAtkins ef al., 2016).
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dynamics, MD) AlE#o]HE o]&dte EXET}
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ZojA A7t dAl(time step, T2 107" sec)mt}
FES 75 e oY A9} =9 AF
(trajectory) S o] o5 A #Alst £ A
A& A+=THGonzélez, 2011). MD AlEd o]
AMe 259t oy e Az aea FE
AR T2} st 77 SHF o2 st
zHo| 7hssith

ojHl YAFEY AFE EEZTIOIE YE U
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°|E MD Alg#old-s sttt 53], dAk 1t
FEAE-S BARE] 8l H 92 A7l A
ek AksPdE § A(Newton and Kwon, 2018)
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(Cygan et al., 2004)Z 7]Hto 2 Qe Aoz 9
A Aol 9] G858 814 Y 454 -E(nonbonded
interaction; £, Fyppo-2 BARFY ohekst 3
2o wEox A8Y 5 Y= Aol Uk B, &
EZHH-0-H)° 471(0-H)ole= 2% 4328
(bonded interaction; £, ureins Fange tena) = 28
gk, Foi7l AzEe) 1A AUA(E,)E 2 (1)
2 FAgh

ol

E;otul = E(bul + EVDW+ Eiond stretch + E;mgle bend (1)

E,, = AT BH71A 45 2-E(long-range
electrostatic interaction; 2] 2)0.2, e= 7|8 A3}
e A3olA e F8(8.85419 x 1072 F/imd), ¢, 9}
g i o j ARk HEHSE, r v F 9A Aol

A2E erit.
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E}x)nd stretch — vz‘k’.l(rijir())2 (4)
17
E:myle bend E k?(gigk - 00)2 (5)
i~ jEk

Aol AMEE FZE Post et al. (2003)2] EE
, 719 A=
a=977TA b=285A,¢c=95 A a=y=
90.0 °, 8= 94.5 °o|t}. B W oo AFS
A7) $930 1 x 10 x 1 supercell & A3}k,
28.5 A9] 4ol 7IA =  HYE T2E TESITH
Post and Bish (1988)& Mg”7} Eld& A=
Mn2%} Mnd 91X|(Fig. )E ¥l Js 7ol
=03 31T} 3FATF McKeown and Post (2001)
Mg = B Uj5toll A8kl Mn(IIl)7} 28 A
S X33t HuEFY 0, Post et al. (2003)
S Mn2¢} Mnd Ao Mn(IIHE X &s}H-S o
kel H AdfEko] +3.7322 McKeown and
Post (2001)9] Az} X3ttty Busth o]
H MD AlEHoldolAE EER27I0]ES] Mn2%}
Mn4 X0 Mn(II)E F2H92 38t 11
B AsHES 437308 9 1(Fig. 1), U
= Uil Mg™ & st Hske] 78S wE%d
B E BES Mgl T (Mg, Mkl ) Oy - 32H,09)
S 7t Mt @& s IA 294
12 BAsl] sl B3t EHAE Tk 8t

7F 3709 Mn*' 9} HEHA| GEE AlSS T
CARE A kol B Tl FAE )

AT

o ol rlr

Lok

239 Corfr Lt G
jl Lo S
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AlZelo]d UH

AAEZAEHS AlEY o] LAMMPS 271
F(Plimpton, 1995)& ARE3te] Faaiqitt. 29
AAREE F714 A ZZ(periodic boundary
condition) S AHE-3tY] T E(unit cel)E e W
o g WEAA P Ha FEHE HAFSIAOh
2E AEY oA conjugate gradient YIE|ES
ARt FRHAASE Y & APsinh Al
EFolde Azt BAIE 0.5 fs (107" sec)Z A2A
39931, A 100 ps (10" sec) T =10 K, P
=0.1 atmo]A T=298 K, P =1 atm®.& 2%¢}

A5 - o8- D714

HES AAE] FTMFCH, ARk o oE, &
=71 43 NPT YdEf(isobaric-isothermal en-
semble)lA] T = 298 K, P = 1 atm®.2 3143}¢]
100 ps 53 HYPol =3} ©1%F 1.0 ns (107
sec) &< S HgE FUHEQ] AXEE st F
2,000,00097A19] AEE FAIL, 0.05 ps A=
AzE FHste] HFHORZ 20000949 A
Ax e} S5 ARE FAEAT. 259 dEe
Nosé-Hoover <=2 7|(thermostat)S AHE-315
CHNosé, 1991). YAt TS FE o2 AAls)
2 e7] S8l dARE 7P g Aol 129
4.8 A9 cutoff RS ARESITE A AH714
do2g3 L-J el thdt Ewald summation
(Ewald, 1921)¢] A= 0.0001 keal/mol .5 A
Astatt L-J 2RIAS AlLbshr] 3l A2 &
T WA Abol FEAY RS ZRE =
©] Zlo] D, = Lorentz-Berthelot combination
rules ARE-8H] AR O™ (Halgren, 1992), R, <

- 1 .
WERTH(R, ;= (B + By ))& AL D

0,ij

< 718D, ;= /Dy, Dy ;)= AHE3HATH Al
g9 7] £%= Gaussian XS ARESHY 9
stth & Ao Addolet A SHAKE
G FS At v SAnY HE FE 1A
EE S¥thRyckaert et al., 1977). MD AE# 9]
AE Ffstr] s HEHOE velocity-Verlet &
1EES AHEsEAtH(Verlet, 1967).

24 2= (diffusion coefficients)

ELZ7I0|E HdF 4804 ]9 ks
Hlwalz] {8l F+ Ay HW(mean squared dis-
placement, MSD)E Al4tetd] F4AITE A4
ok AE B A o FHAIH D)= YA ol F
of gk &} A8 E<F(autocorrelation function)<}
#A&o] ol ow(Miiller-Plathe, 1994), TF-3} 7o) 1}
Ehd = ST 6):

D=+ N >0 (0)] [ wi(0)] yar (6)

H
e Aol JaAee I, drrer 9
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Exgslole ) Mg W97zl va

Z] Eojy E} °‘x}ﬁ Aol o] 5 A-g-2 ufl¢- of
SRR (v, (t)v;(0)) = 0°l2tal 7H8E = Yok o
Zhr 2 °‘7<}771FM FeAg e 7
& A (6)2 TRt 2ol FHE F AT 7):

= %f0m<?)i(t)?)i(0) ydt (7

qheF F23] 21 AJRto]l FolAW 2 (7)2 ol
Q 2(Einstein equation)@ FY3)A|H ot
Ueld 4 Qlti(Allen and Tildesley,

6Dt = (|R,(t) — R,(0)|*) 8)
2 (8)ollA LEZE &2 MSD9 U3 =
A2 o] f1A] A E ow]git). webs Algtel| o
— MSDA 71571 6° % ol ke &
Mo AT E 7 F Atk
omn’—?ﬂ‘ﬂ HW*% @ Az 3

o]
Zresitta 7Hggitt &, @AY AU oA
7re] AU FABATE flem, JAEe] Azt
of TAgle]l & oled FE3] F At =AYl
st g2 AR 2AYA Y dAke] &Y
S A BAES g2 o] HAS u2] uE
o FLHAITE AT 4 itk Miiller-Plathe, 1994).
71 AZe] Foi% S wl, MSDE Al w5y
APAAE 7}7<]7ﬂ Hh. w2k MSD9F Al7bo]
A3
Els

B o) E T Bl SlSE 7

£ dAse] 1 gEs E}lﬂ% :}—ri Ti

A7t ] AABAE AT
ot o AFoAE B ol9 ’6%-47413 ﬁ
T2 {8 A8t Chandler, 1987). RDF

(g AA L= gt Aol EAsks YAk
0 v ekl S sles 1 e et 2n
(*1 9):

Cplr)

g(r) = ——"=~ )

DARAEYS AT

p= A MU Z(total number density),
Cpr) e r e Agel EAlske dA=9 3
T =4 758 E(average local number density)E
Uehdth (p(r) > & Z0lA Aejskd o3t 2o
(2 10):

SEB% 3o Ryl z} j2RE ro] MXES
Zb= 79 449 Fyoltt. #2k= Dirac delta
function®. 2 YA} jMEE ruZe] ATE 714
- OJZ}JEP ZAFY, 7 0]9e Agld EAH=
A= Z3E A ¥=th. 5, Dirac delta functlon
/\}%?EPEE’H ?‘«] @éoﬂ —"_—ZH o]— ]_——1:1].
S5, 1% o) Hde) Y2 \hrol B
T4 NFEEE ALk mEbA RDFE 4 (11)
2 oA @9tk

o

ﬂll

o) = — 1 <fj§ja<r—nj>> ()

LEE T A= 7o A A= dA
= 7H = ofust] wiEel, o1& sl HHH%‘{coor-
dination number, CN) =3 45 4 ok oW
?LOM% 20,0009 AR RHE 919 A& l%
sto] A2 RDFS} W9l gt He Wio] AR8sk
=3 %Ibl HE 42 LAMMPS (Plimpton, 1995)
¢} visual molecular dynamics (Humphrey et al.,
1996)0l WAH F== A3

21

E

g
10

+8% HEj9 Mg® Hi Rl F

ELg7lo|ES HE il EAjshs ol
FotE AR SAZT I dHA 7] wEel ol
Aol AREE § o] ol B FEzt
&5 2 AR + YA FAsHAT Folo]
£y %g__ﬁl Piz}-ﬁ.& 3} /\ o)\:i t‘ﬂi,] )
o]7} 30 A9l AL WA vk~ °P°ﬂ 901719 & Ex}
E Ay U=E 0998 g/cm3°i s T%‘ﬁ Al
EHolds FdsAT B £ 19 44 F
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Ho®m 270 ATt vt A o2 Agete] dat
7h FFo® FeHo] e SA EAKpolar mole-
cule)olt}. o] & #A+e] HF(polarization)<
BAp Apole] Zzlell |aFs wA|7] wEel] H=o
ZHE @AY= AA oflu A (self-energy) S 1LH
dl& a7l Atk MD AlEH SR E9] B4
= AFsh] sl B & o] ATEHUY
(Berendsen et al., 1981; Berendsen et al., 1987,
Bernal and Fowler, 1933; Jorgensen et al., 1983).
o] % SPC/E (extended simple point charge) &
Zeld(Berendsen et al., 1987)2 & EA2] 371 €
Aol g 3710 AgHO B BAE HAS
+ 3-site = ZEIE 5 SPC (simple point charge)
& ¥dld(Berendsen et al., 1981)9] &3 HA o
2 2 A0 WFo e BAEE A4 oy
| o3k RS FU1s ZRldolth SPCE & ;L_
Hde HlwA Akt Hlgo] A &9 729 F
A2l E4e & Addthar BHasm, oj¥ %—TL
A & AR FEAES BAR] 19 & X
Bz ARSIt

WA SPC9} SPC/E & EHIES ALg3}e] ojw
Teldo] 89 JEE B ARSRA
o} SPC9t SPCE & ZEIES §A3le] B &
Ue= 247} 0.976, 0.998 g/em’Z SPC/E &
o] 298 KollA Aoz A& Eo] Uxel 0.997
glem’ol © HEItHRiddick et al, 1986). &
BAE0] o] F= F2E #43817] 8] RDFE Al
kel S W (Fig. 2a), g(r)e] I Fol s rabe
Vg Ee FES VAT ol = B4 Alele]

Adle omstr] el A WA v)=olA gr)e]

2

o O

HUgholl gdshs raks ol B E4} Alol9
A2 BGEIdTh SPC & ZEldo B Ex AL

olo] Agl= 2.78 A, SPCIE & ::EEiVé% 2.75 A
o g F AR} vl g dAEH o, 71E AFelA
el B BAF Alolo] Al ¢F 2.87 AoJEZ MD
*lg?ﬂlOWCﬂl AEE T B xddE 2R U)E
AT AHE & AD3IHTHSoper and Phillips,
1986). 7 WA 39} Al MA 2 JA 7|E A
o} w9 FYS A A HAYSHIL = EA
?» SPCQ} SPC/E & XH"ldo] 2% Z A&}
gl

2] 22YE drpg 2 Ads=A vl
3] AI7P°1] w2 dAke] XAt ek A
Elll= MSDE &43kala, F 288 =
e *d‘%b& 1S 7= AS IS THFig.
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Table 1. Calculated water diffusion coefficients (D)
of bulk water

D (10° m¥s)

SPC model  SPC/E model
This study 4.39 2.36
Mark and Nillsson (2001) 4.2 2.7
van der Spoel et al. (1998) 3.6~4.2 24~2.76
Svishchev and Kusalik (1994) 2.15~2.24

Experimental values = 2.30~2.32 x 10° m%s (Harris and Woolf,
1980; Holz et al., 2000; Mills, 1973).

(a) ——EXP

3000

(b) ——SPC
—e— SPC/E _
2500 + Linear Fit ‘/./
2000
=
0O 1500 4 slope =2.63 _
(7]
= /'/ ,0"9./‘/
1000 /r,
- ;
./' =
{/ - slope = 1.41
500 -| =
rols
e
0 _/ T T T
200 400 600 800 1000
time (ps)

Fig. 2. (a) Radial distribution function (RDF) and
(b) mean squared displacement (MSD) of H,O
molecules obtained with EXP, the SPC and SPC/E
pair potential.

& AKlinear fitting)3}
Ake A3k SPC & XEIEL ¢F 263
a8l SPC/E 5 Zelde °F 1412 SPC & £
gl’do] SPC/E & EERIERTE A7te] w2 e
AAHsLE o A BARRE AS 1 Ay
A 71872 HE AL SPC & XEElEo] 4t
AGE 439 x 10° m¥sZ, 71& MD A Edold 4
ToA A& SPC & EEE o] FAA9] 3.6~4.2
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x 10° m¥/s (Mark and Nillsson, 2001; van der Spoel
et al., 1998)2} YX|3THTable 1). SPC/E E&IA
o] & a4 A= 236 x 107 mYsold, A
7129 Aol A& AR 2.15~2.76 x 107
m%/s (Mark and Nillsson, 2001; van der Spoel et
al., 1998; Svishchev and Kusalik, 1994)2} ¥ X]3}
© Aoty AgHoR Aozl 59 FiHAT=
°F 230~2.32 x 10° m%sZ RI% %] ™(Harris
and Woolf, 1980; Holz et al., 2000; Mills, 1973),
SPC/E & Xeldo] SPC & Xeldut Ay Ay}
o o ZA3AL wekA = B4R HES 17
3= SPC/E EHIAo] SPC ZHIAHT B9 EA
S & ARsh= Aow A

o2 IMY MgCl, 88 AlEdoldE 4
galo] Mg o} & B} Alole] ARAAE 7]E]
Aol vwstcy. Mg o] Maks o)L
oA P! +28 AR L) ZRIE2
Babu and Lim (2006)°] AAgt A4S A3
ok Mg o} & Ba} Aol A9} uielE B4
A= Fig. 3a9} Table 20 2] 5+ATh RDFOIA
g A WA H3xs ol FH & BA F
NV A 4 AL e B BEALS Uidh AR
£ Uehith 3 AR 429 oS AE3E ol
| & BA9} o]F= HifIFE 45 F /1 W
of A WA 9= HaPHA| At wjel
19tk Fgdolde] Mg* & g Zo] F
o] HEAEY EA FlA 48
Hl 942 FA18THFig. 3a). Mg>' 9} ¥ & B}
oko] Al oF 2.08 AolH w9 E 602 W
Al w$1E FA K Table 2). ©]= Babu and Lim
(2006)°] SPC/E & XEIEAES ARESH oled &
o] #A| tigk MD AlEH A Aels dA¢
THTable 2). Ohtaki and Radnai (1993)2] =8}€
oFol 2o thdk EXAFS (extended X-ray absorption
fine structure) ATolA Mg* el & Eake] 3 WA
A HAe AYE oF 2.00~2.12 Aol eHI9FE
7Bt Baustgom, o] Ax 3k o|H A9
ARl AX3IT) Fig. 3be F&A ZolA
Mg®*e] MSDE #43 Aoty MSD B4& 5
3 9o FAAGFE 048 x 107 mYsE 7)E A
o2 4z Mg Al 0.76~1.17 x 107
m/sEth Tha B Frol doHthOhtaki and
Radnai, 1993). EXHAIFAARS FZARTE AlE
glojde AHE 2ol A7), AEHlA AE T
Azl o 97 Holot, ol AFelAE A

lo
o

S
4=
ol

A
o

Table 2. Calculated first-neighbored coordination
number (CN) and interatomic distances of Mg®" in
aqueous solution

dMg**-0) (A) CN

This study 2.08 6
Other study” 2.08 6
EXP® 2.00~2.12 6

# MD simulation result (Babu and Lim, 2006).
b Experiment result (Ohtaki and Radnai, 1993).
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Fig. 3. (a) Radial distribution function (RDF) and
CN and (b) mean squared displacement (MSD) of
Mg®" in aqueous solutions.
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Table 3. Interatomic distances (in A) of Mg-todo-
rokite obtained from the MD simulations

Atomic pairs This study EXP?
Mn-O 1.93 1.89~1.96
H,0-0 2.59 2.43~3.08

H,0-H,0 2.93 2.49~2.97
Mg*-H,0 2.09 1.89~2.01

 Experimental results (Post et al., 2003).
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T2IIES] A= a =992 A, b =298 A,
c=964 A, B=925°0% 7|& HNEAZH k5%
ool &2 eatE Bt FES TS dA
£ Aol Agle 25 AFEYE & AdE & 9
AT Table 3).
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Mg™" o]29] = BXE Aury Fujo oF 40
%, TGl °F 60 % AAFE & 4 UTKFig. 4b).
71& AFoNA Post et al. (2003)& Mg> 7} EXER
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2.09 Ag] AglellA ¢F 6ull9IE o] FaL THTable
4, Fig. 5a). °|& FEYA Mg* 7t & £A49} 7}
e welet FYsith & 2Rl Mg ol 3
EXH Atolol] wjdEo] glom W3t FHA 9 4
2(Opame) &t 1.58 AS] AgJol|lA] F44%E k= A
o] I AHKFig. Sa).
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Fig. 4. (a) MD simulation snapshot of Mg-todorokite
and (b) the 2D density profile of Mg®" in todorokite.
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Table 4. Calculated first-neighboured coordination
number (CN) and interatomic distances of Mg*" in
todorokite

Atomic pairs Distance (A) CN
Mg-O 2.07 6

Mgeener-H2O 2.09 5.6

Mgeomer-Oframe 1.98 35

R SRy, |
1N
4
1427

| Q
Fig. 5. Two types of Mg®" (green ball) coordinations
in todorokite. (a) Mg®* coordinated with six H,O
molecules in the center of the todorokite pore and
(b) Mg2+ coordinated with two H,O molecules and
four mineral-surface O at the corner of the pore.
Dotted lines represent the interatomic distances.
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R slope=0.005
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Fig. 6. Calculated mean squared displacements (MSD)
of Mg?" in a water box and in todorokite tunnels as
a function of simulation period in pico second.
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