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using hydrothermal method: A Laboratory experiment
for the undergraduate inorganic chemistry course
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ABSTRACT

Synthesis and characterization of mixed metal halides
using hydrothermal method

A Laboratory experiment for the undergraduate inorganic chemistry
course

Jun min Seo

Advisor : Prof. sun woo kim
Department of Chemistry
Education

Graduate  School of  Chosun

University

Among mixed metal halogen compounds, mixed fluorine compounds are of
important interest, including their physical properties, chemical properties,
magnetic properties, and ferrogenicity. The purpose of this experiment is to
investigate and experiment on MAIF5-7H,0 (M = Fe, Co, Ni), as well as the
properties of bonds, the unique properties of metal M(II), and what actions
take place. Experiments have shown that the triclinic structure is formed at
100K and the monoclinic structure is formed at 300K. This paper seeks to
understand the action between metal M and HyO within this structure,
consisting of some combination along with the structure presented in the
past, and through XRD, TGA, UV, and IR. Through this, it is intended to be

used for inorganic chemistry undergraduate experiments.
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aelan AAE R A glelA el g A gl
2 o2, LisAlFg(8]F Agtol&gto] E)gh=
Aokol] AbEE ATk gkt T1E]al o

o] Fa iz ) [21] 2 o) NLOEF=E EAd=2 & 2 KNaoZrFs, [22] Li,

]
Na #lElg] oux 9= 34 98 MEEn g FeF05H0 4% ¢

7 =Rl CoAlFs7H,08l= Edo] ez Ao g Ho] 9a, o] Zge
23813k = A FAF ML b [6] AT CoAlFs-7TH.0 8L =
woll A ATxnr Ay W oo] B4 /HAE &8 gy 5SS 2AEHA
E gl AFHA Ltk

E
st 2ol guielM 2de deks A
.]

diges deA vk A

o] SroFesFio(H0)e = ZAAFZ7F SrFy, FeyOs;, HF S0 =2 12 4(7007C)
FAHATL St [7] A HF &9 Ao glar, F24do] glom, FeE&
5= 540l gtk HF& e =% Al A7 98& 7ML

& oE o, AH BE AE FEaof sk, HFE o5 He wiefoF gt
HA oA CFsCOOHE o83l a4 EF25E A= FAhste ol ¢ElA
olt}t. ol& So] 37 =Fo| RbFe,F 2= B4 RbF FeFyFeF;, CF,COOHE
S o]g3te] 230ColA FAHA T sl K4Fe3F123}t 242 KF, FeF,, FeFs,
CF3COOH g0 = 230TCoA dA ATt s}

o] St =oll M= el ®arg o]t E*é‘ég 5&6}71 28] CoAlF5-7H:0

& $dsI= ehglan, ek opye FeA1F5-7H20 NiAlF5-7H.0% @A ske] 7t
4o uGst EAS wotsluxat d¢ith. @438 T Single X-ray DiffractionS
Z3 4AA FFxZ5 &9lstal, Powder X-ray Diffraction® %3 @wadA o] dnji}
=55 AA=A Fels, FT-IR spectroscopysS 53 21 dojzl AAeto] &
WA ] A e FAshe 4 Ak oW A d 9 g
i, TGAZ B3] 2 Ao BEa7} mAuReA $elas vpeo 2 Uv-Vis

Diffuse Reflectance SpectroscopyS E3l z+
gA Fe, Co, NiZ2 £ w5 ZF2= &4

A% #9482 stug ot
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A 27, AAu
A 21 A AgA

AlF3; Al°F(Alfa Aesar, 99.5%), FeFy A ¢k(Alfa Aesar, 99.5%), CoFs A ¢k(Alfa
Aesar, 98%), NiFy A]2F(Alfa Aesar, 97%), CF;COOH &9 (Alfa Aesar, 99%)<

T BAl glo] ARgE AT

Al 22 A g i A

MAIF5-7H;0 (M= Fe, Co, N H-& CF;COOH &9S Apg3lo] =49 AW
o dojxtt. FeAlFs7H.0+= FeFs 0.1623g (1.73mmol), AlF; 0.1318g
(1.57mmol), CF3COOH 3ml (39mmoD$} HyO 5Smlell ¢]8] &Ado] ol Aol
t}. CoAlFs-7H,0+ CoFs 0.1677g (1.73mmol), AlF; 0.1318g (1.57mmol),
CFsCOOH 3ml (39mmol)¢t H,O b5Smiell  9la] gde]l Holxn oA

NiAlFs-7H,0% NiF, 0.1673g(1.73mmol), AlF; 0.1318g (1.57mmol), CFsCOOH
3ml (39mmoD¢t H,O 5mlell 2J&] FAdo] wHojx dojxrt. HF &4 Uz
A E 23mL HEZE 2~ Qld 2 autoclaveo] & FAt}h. autoclave= 230%
24N AAE] 7HEE . 1AIE T 6 2 JHI] AL dHE A3
FeAlF5-7Ho0, CoAlFs7H,0, NiAlFs-7H.0E FH59 ofAlEoz Aojjo] o3}

el

e AA =7 24 I, 44 F24, B34, S bl dE A

9] Powder X-ray diffraction W8S w2 Aol AAb ezt A4 sjedo] o
cla=3
FeAlF5 - 7H>0 CoAlF5-7H>0 NiAlF5-7H0
AA de Ak 0.2176¢g 0.4040¢g 0.3845¢g
TE ~50% ~80% ~70%

% 1. MAIF5+x7H20(M=Fe, Co, Ni) ¢ AA® A=z +&
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A 2.34 Single crystal X-ray diffraction

MAIFs-7H:O(M= Fe, Co, Npel dig w24 XHd 3H(SCXRD) HeolH+=
graphite-monochromated Mo Ka WAFA (A= 0.71073 A) 2 AAx Z}7Z+
100K €] PHOTON-II CPAD HA=E7]E 714 Bruker D8 QUEST
diffractometerol Al == ATt doly 3 FAANA, =t B2 T A4
2229l FeAlFs7H,0(0.051mm < 0.154mm X 0.212mm), %ﬂ* =Y g9
A 2=E<2l CoAlF57H.0(0.051mm X 0.154mm X 0.212mm) ¥ &% I19d #
? Bgge] A8 2= NiAlFs7H20(0.088mm X 0.150mm < 0.151mm)E Zt

Ha
=
2 Zepd frel ARl PR,

il

A 247 Powder X-ray diffraction

MAIF5-7H:OM =Fe, Co, Ni) ZA2] PXRD ©|°|E+ PANalytical X'pert pro 3
A7]2 Cu-Ka WA 20 M9 5~65%04 A&3sL9th 0.3s/deg 27 A|7Fo =
0.008%2] ©&A A7|7} AF&E 1A

A 2.5 FT-IR Spectroscopy

MAIF;s-7H,O0(M=Fe,Co,Ni)®] FT-IR 2=#E=-S Thermo Scientific Nicolet 6700 FT-IR
spectrometer & 400~4000cm " ¢l A A%

A 2.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA)= TA Instruments TGA 20502 ©]-83}o] A g
< 33tk dEF 10mge] Sample2 591 Ptoll Eal, 7] HA otoll A 10°C~900°C
g Askeltt.

A 2.7 UV-Vis Diffuse Reflectance Spectroscopy

MAIFs-7H,0(M=Fe,CoNi)2] UV-Vis AFgt HHA} ~HE= L2 Shimadzu SolidSpec-3700
Diffuse Reflectance UV-VIS-NIR SpectrophotometerE ©]-83}o] 300 —1400 nm ©]7
o] WflollA AT
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Al 3% 2y 4 B9
A 314 A

BAS & ETEos B AW T
2 grgefzl glom Ho} gtk olE &
TZ7} SrFs, Fey03, HF &0
HE ol %4 2l AJ o

zxot S HF= o] &ste 934
o, A =8 SroFesF o(H0)E= 274
2O A (700C) FAEH AT Sk [7] 3HA]
NS FAdo] daL, K- nom, FEE Fv 540 gtk HF& ol =
= A A FsE AL . webs HFE tE o, Ads B3 gulE
2--g-3joF stal, HF & E‘C ‘jé% Hjflof ghrh. A =itolA CF;COOHE ©]&
gk Wol A Uk olHEd WHE o] &alA,

o]
PR

i —I
i

MAIFs-7H,0 (M=Fe,Co,Ni) &4d& HF £9& ARg3lx &, A 4]
A = Ak, CF3COOH &do] Fdur-s ZAsto| A HF fA3 a3t=
S A 7ML, 7hsE MAYSES g g2t

010
e et
RN

o]
PR

MFy(s)(M=Fe,Co,Ni) + AlFs(s) + 5CF;COOH(aq) —
(CF5C00)sM(ag)(M=Fe,Co,Ni) + (CF;C00)sAl(aq) + bHF(aq) <1>

(CF3C00)sM(aq)+ (CF3CO0)sAl(ag)+ bHF(aq) — MAIFs 7H,0(s) + 5CFsH + 4C0O51
<2>

A <1>& AlF39F MF.(M=Fe,Co,Ni), CF3COOH &5 Fd3A] vtsxAo=
kS-S 319131, CF3sCOOH 93 HF €90o] in situoll A dAstai .

4 <> I <Dod AdE T 7] SHEPE A= 9Rg3le] MAIFs: THO(M=Fe,Co,Ni)
AARFzoF st (8111211131141
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A 3.2 A. Single crystal X-ray diffraction

MAIF5-7H,O(M=Fe,Co,Ni)+ 2% wats 2/m3 P-1 F 7FA 9 F188

=4 7 e MID AGE AYH, 6709 ERAR o]Folx HI3AS}
MAIDH:0)62") F 7FA 9] A& th2 AlFs(H,0)% o] 50] 44 ZAdte] 93] 3
AE o)z Edolth,  FeAlF;#7H,0 &2 9] Fe-O Addol= 2.085(3)~ 2.143(3)
A Wl AI-F ZAgdols 1.794(2)~ 1.909(3)A WLl el
CoAlF57H;0 E4 2] Co-F Aol 2.050(2)~ 2.110(3)A oA, Al-O 2
ol 1.776(2)~ 1.895()A WA YERt o™, NiAlFs-7H0 =29 Ni-O
Adddol=  2.012(4)~ 2.063(4HA WA, AI-O ZAFHol= 1.787(3)~
1.884(4)A WY el 18]22 Bond Valence Sum (BVS) AARS 3 4
7} Fe¥} Co, Ni, Z18]a Al Z+7z} 2,16, 2.13, 2.09, 2.99% uYEelg=dl, o] Fe
o] skska= +2, Co9l Abs +2, Nigl Absbg +2, 18]a Ale] Abshs +30=

AR e AE HoF Aotk [15][16]1[17] 100K ALl MAIFs-7H.0°1 ot =
HE ohs 3% 29 Zrh

% % FeA1F57H20 COA1F57H20 NlAlFs?HzO
AR} 301.93 305.01 304.79

T(K) 100(2) 100(2) 101(2)

A(A) 0.71076 0.71073 0.71076
2R3+= triclinic triclinic triclinic
FNAE P-1 P-1 P-1

a(A) 6.4864(9) 6.4434(5) 6.4022(6)
b(A) 8.7190(11) 8.6691(6) 8.5874(7)
c(A) 8.7917(11) 8.8031(6) 8.7691(7)
a(deg) 103.834(3) 104.019(2) 104.255(3)
B(deg) 96.364(3) 96.749(2) 96.638(3)
y(deg) 95.400(3) 95.254(2) 94.816(3)
V(A3) 476.05(11) 470.08(6) 460.96(7)

Z 2 2 2

= o «—

2=/ 106 2.155 2.196

cr)

p(mm-1) 1.769 2.013 2.296
2®max(deg) 56.69 56.85 56.68

R(Gnt) 0.0350 0.0460 0.0466

GOF 1.112 1.144 1.194

R®P)a 0.0467( 2273) 0.0438( 2149) 0.0608( 2067)
Rw(Fo2)b 0.1270( 2372) 0.0913( 2354) 0.1705( 2299)

3% 2. MAIF5-7H,O (M=Fe,Co,Ni)¢] 100K A ] ©+Aa4 do| ¥
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Aol Aol MAIFs-7TH,0(M=Fe,Co,Ni)& (2/m ¥3+S Adt}, o] 24 F 7))
o] MUID AFE AYUH, 6719 EEAR o]Folx HaAel (MUIDH0)62) dkit
o] AlF5(Hp0)*" o]o] $4 Aol 9Jste] = ozl E-o|t}. FeAlFs 7H.0 &=
Ao Fe-0 ZAFZol:x 2.092(4)~ 2.128(5)A HYelA Al-F AgZdol=
1.784(3)~ 1.872(3)A oA YEFRaL, CoAlF;7H.0 &2 Co-F Agdol=
2.046(4)~ 2.110(3)A WH2ollA, Al-O Agdol= 1.779(2)~ 1.868(3)A WSl
A dEbt o™, NiAlFs7H,0 249 Ni-O Z2gZdol:= 2.019(3)~ 2.079(3)A
9ol A, Al-O Aol 1.775(2)~ 1.861(3)A W olA YErwth 2]a Bond
Valence A2HE 3 A3} Fed} Co, Ni, 18|31 Al 217} 2,16, 2.12, 2.09, 3.08=%
ek, o] Fedl Abslg +2, Co9l Akl +2, Nigl Abshg +2, 71831 Al
of Atsl +3202 A ZAS HAFE Aotk [15][16]1[17] ‘oA <]
MAIF5-7H,00 t3h X = ope F 33 2o

3= FeAlFs5-7H20 CoAlF5-7H20 NiAlF5-7H20
AAF 301.93 305.01 304.79

T(K) 300 300(2) 296(2)

AA) 0.71076 0.71076 0.71073
ART=x monoclinic monoclinic monoclinic
INIF C2/m C2/m C2/m

a(A) 10.9180(7) 10.8749(16) 10.7880(4)
b(A) 13.8020(7) 13.7822(16) 13.6952(4)
c(A) 6.5210(4) 6.4894(8) 6.4554(2)
a(deg) 90 90 90

B(deg) 100.154(2) 100.397(5) 100.1507(14)
y(deg) 90 90 90

V(A3) 967.26(10) 956.7(2) 938.82(6)

Z 4 4 4

SALE 2.073 2.118 2.156
p(mm-1) 1.742 1.978 2.255
2®max(deg) 56.86 56.56 56.67

R(int) 0.0578 0.0380 0.0234

GOF 1.096 1.086 1.097

R(F)a 0.0607( 1037) 0.0470( 1067) 0.0450( 1087)
Rw(Fob 0.1243( 1264) 0.1159( 1223) 0.1028( 1226)

3 3. MAIF5-7H:0 (M=Fe,Co,Ni)2] 300Kel|xle] 27 tlo]H

monoclinic TZ(300K)oll A triclinic 7-Z(100K)Z ©}#
ZE Al delo 2 Er} monoclinic 7FoA Al A= 1719 F+F7F 227} vf
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FA AL A 7E 278 A7 Aem s Asde]l ArA ¥ Hol dHoR

H g H Al o] E%= triclinic 7+27F A7) Aoz AR [18][19]1[20]

Al(1)x2

Al(2)x2

@ = m=Fe,Co, N)

19 1. 100Kelkde] MAIFs-7H.0 (M= Fe, Co, Ni) ©&A =

. MQ) M(2)

M(1

18 2. 300Kk MAIFs- 7H,O0 (M= Fe, Co, Ni) &2 %
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O1/F1

Al

O1/F1

o) -®
219 3. 100K91A 9] FeAlFs 7TH:05 7443k &4
Fe(1)- 0(3) 2.097(4) x2
Fe(1)- 0(4) 2.100(3) x2
Fe(1)- 0(5) 2.137(3) x2
Fe(2)- 0(6) 2.085(3) x2
Fe(2)- O(7) 2.103(4) x2
Fe(2)- 0(8) 2.143(3) x2
Al(1)- O/F(1) 1.909(3) x2
Al(1)- F(3) 1.769(3) x2
Al(1)- F(4) 1.794(2) x2
Al(2)- O/F(2) 1.873(3) x2
Al(2)- F(5) 1.796(2) x2
Al(2)- F(6) 1.810(3) x2

3 4. 100Kel A1 9] FeAlFs-7H,0¢] €2k 3+ A
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a9 4. 300KeIA9] FeAlFs 7TH0E 7Hdsh= &A=

Fe(1)- O(2) 2.095(5) x2
Fe(1)- 0O(3) 2.106(4) x2
Fe(1)- O4) 2.128(5) x2
Fe(2)- O(5) 2.092(4) x2
Fe(2)- O(6) 2.124(3) x4
Al(1)- O(1)/F(1) |1.872(3) x2
Al(1)- F(2) 1.784(3) x2
Al(1)- F(3) 1.786(2) x2

3£ 5. 300KelA¢] FeAlFs-7H:02] €3t 1+ A€
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19 5. 100KAIAY] CoAlFs 7TH,0E A8k Eak=

Co(D)- 0(3) 2.056(3) x2
Co(1)- O4) 2.082(2) x2
Co(D)- 0(5) 2.099(3) x2
Co(2)- 0(6) 2.050(2) x2
Co(2)- O(7) 2.082(3) x2
Co(2)- 0(8) 2.087(3) x2
Al(1)- O(1)/F(1) 1.895(3) x2
Al(1)- F(3) 1.776(2) x2
Al(1)- F(4) 1.788(2) x2
Al(2)- O(2)/F(2) | 1.869(2) x2
Al(2)- F(5) 1.792(2) x2
Al(2)- F(6) 1.802(2) x2

3£ 6. 100Kel A 9] CoAlFs-7TH,09] 2k 1+ A

_‘]1_
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13 6. 300KelA ] CoAlFs 7TH. 05 T8k A=

Co(1)- O(2) 2.046(4)
Co(1)- O(2) 2.047(4)
Co(1)- O(3) 2.081(3) x2
Co(D)- O(4) 2.110(3) x2
Co(2)- 0(5) 2.053(3) x2
Co(2)- 0(6) 2.089(2) x4
Al(1)- O(1)/F(1) 1.868(3) x2
Al(1)- F(2) 1.779(2) x2
Al(1)- F(@3) 1.7845(19) x2

3£ 7. 300Kel A< CoAlFs7H09 €A} 1+ A
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% 7. 100KeA ¢] NAIFs 7H.08 438k 4=

Ni(1)- 0(3) 2.041(4) x2
Ni(1)- 0(4) 2.041(4) x2
Ni(1)- O(5) 2.063(4) x2
Ni(2)- 0(6) 2.012(4) x2
Ni(2)- O(7) 2.057(4) x2
Ni(2)- 0(8) 2.057(4) x2
Al(1)- O(1)/F(1) 1.884(4) x2
Al(1)- F(3) 1.791(4) x2
Al(1)- F(4) 1.787(3) x2
Al(2)- O(2)/F(2) 1.865(4) x2
Al(2)- F(5) 1.790(3) x2
Al(2)- F(6) 1.800(3) x2

3£ 8. 100Ke Al 9] NiAlFs-7H,09] =+ 1+ A

_‘]3_

Collection @ chosun



3 8. 300KAIA9] NIAIFs 7TH:0E 7338k Ak

Ni(1)- 0(2) 2.021(4) x2
Ni(1)- O(3) 2.039(3) x2
Ni(1)- O(4) 2.079(3) x2
Ni(2)- O(5) 2.019(3) x2
Ni(2)- 0(6) 2.058(2) x4
Al(D- O()/F(1) | 1.861(3) x2
Al(1)- F(2) 1.775(2) x2
Al(1)- F(3) 1.7830(19) x2

3 9. 300KelAe] NiAlFs-7H,09] ¥aF 7+ A€

Collection @ chosun
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Atom x/a y/b z/c Ueq [A? ] S.O.F.
Fel 0.5 0.5 0.5 0.01090(19) 1
Fe2 0.5 0 1 0.01048(19) | 1
All 0 0 0.5 0.0097(3) 1
Al2 1 0.5 1 0.0086(3) 1
01 -0.0394(5) 0.2189(4) 0.5292(5) | 0.0316(9) 0.5
02 0.8979(5) 0.5731(4) 1.1921(4) | 0.0192(6) 0.5
03 0.5297(7) 0.3246(4) 0.6250(4) | 0.0290(10) 1
H3A 0.606(10) 0.335(9) 0.726(4) 0.044 1
H3B 0.435(9) 0.232(6) 0.610(8) 0.044 1
04 0.2199(5) 0.3722(4) 0.3690(4) | 0.0172(6) 1
H4A 0.117(7) 0.316(7) 0.409(7) 0.026 1
H4B 0.170(9) 0.378(8) 0.265(4) 0.026 1
05 0.3126(5) 0.6271(4) 0.6598(4) | 0.0214(8) 1
H5A 0.242(9) 0.705(6) 0.629(7) 0.032 1
H5B 0.393(9) 0.666(7) 0.760(4) 0.032 1
06 0.1825(4) -0.0691(4) 0.9190(4) | 0.0172(6) 1
H6A 0.103(9) -0.024(7) 0.848(6) 0.026 1
H6B 0.095(8) -0.151(6) 0.942(7) 0.026 1
07 0.5541(5) -0.0352(5) 0.7634(4) | 0.0182(7) 1
H7A 0.454(7) 0.001(8) 0.699(7) 0.027 1
H7B 0.684(5) -0.011(R) 0.730(8) 0.027 1
08 0.4576(6) 0.2453(4) 1.0259(5) | 0.0186(7) 1
HB8A 0.327(5) 0.282(8) 1.014(8) 0.028 1
H8B 0.549(7) 0.309(7) 0.983(8) 0.028 1
F1 -0.0394(5) 0.2189(4) 0.5292(5) | 0.0316(9) 0.5
F2 0.8979(5) 0.5731(4) 1.1921(4) | 0.0192(6) 0.5
F3 0.0565(5) -0.0054(5) 0.3066(4) | 0.0313(8) 1
F4 0.2724(4) 0.0568(3) 0.5744(3) | 0.0161(5) 1
F5 0.7450(4) 0.3990(4) 0.9124(3) | 0.0169(5) 1
F6 0.9308(4) 0.6755(3) 0.9406(3) | 0.0161(5) 1

a. Ugq is defined as one-third of the trace of the orthogonal Uj tensor.

3£ 10. 100KIAe] FeAlFs 7TH,09] ¥R} =3t
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Atom x/a y/b z/c Ueq[A? ] S.O.F.
Fel 0.5 0.5 0.5 0.0153(3) 1
Fe2 0.5 0 0.5 0.0152(3) 1
All 0.25 0.25 0 0.0135(3) 1
01 0.3796(3) 0.3257(3) -0.0673(6) | 0.0602(12) | 0.5
02 0.5 0.3482(3) 0.5 0.0512(16) | 1
H2 0.449(4) 0.310(3) 0.404(6) 0.052(17) 1
03 0.3671(4) 0.5 0.2235(7) 0.0285(10) | 1
H3 0.330(4) 0.4448(13) 0.158(7) 0.043 1
04 0.3575(4) 0.5 0.6844(7) 0.0370(12) | 1
H4 0.354(6) 0.5553(13) 0.770(6) 0.055 1
05 0.5759(5) 0 0.8177(6) 0.0304(10) | 1
H5 0.601(5) 0.0550(13) 0.899(6) 0.046 1
06 0.3665(3) 0.1055(2) 0.5495(5) 0.0291(7) 1
H6A 0.361(5) 0.127(4) 0.685(4) 0.044 1
H6B 0.354(5) 0.159(3) 0.461(6) 0.044 1
F1 0.3796(3) 0.3257(3) -0.0673(6) | 0.0602(12) | 0.5
F2 0.3218(3) 0.1411(2) -0.0668(4) | 0.0519(9) 1
F3 0.3297(3) 0.24127(19) 0.2631(4) 0.0333(6) 1

a. Ugq is defined as one-third of the trace of the orthogonal Uj tensor.

3 11. 300KelIA ] FeAlF5-7H,09 A=} 2%
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Atom x/a y/b z/c a. Ueq [A? ] S.O.F.
Col 0.5 0.5 0.5 0.00791(15) | 1
Co2 0.5 0 1 0.00741(15) | 1
All 0 0 0.5 0.0106(3) 1
Al2 1 0.5 1 0.0094(3) 1
01 -0.0409(4) | 0.2188(3) 0.5344(4) 0.0263(7) 0.5
02 0.8934(4) 0.5720(3) 1.1897(3) 0.0178(5) 0.5
03 0.5275(5) 0.3286(4) 0.6243(4) 0.0288(8) 1
H3A 0.587(8) 0.353(7) 0.731(3) 0.043 1
H3B 0.439(8) 0.231(4) 0.606(6) 0.043 1
04 0.2193(4) 0.3732(3) 0.3696(3) 0.0154(5) 1
H4A 0.119(6) 0.318(5) 0.415(5) 0.023 1
H4B 0.157(7) 0.362(6) 0.266(3) 0.023 1
05 0.3206(4) 0.6265(4) 0.6608(4) 0.0222(7) 1
H5A 0.239(7) 0.671(6) 0.592(5) 0.033 1
H5B 0.387(8) 0.698(5) 0.752(4) 0.033 1
06 0.1849(4) -0.0698(3) | 0.9223(3) 0.0157(5) 1
H6A 0.110(7) -0.036(6) 0.842(4) 0.024 1
H6B 0.104(7) -0.154(4) 0.945(6) 0.024 1
07 0.5544(4) -0.0357(4) | 0.7662(3) 0.0151(5) 1
H7A 0.461(6) 0.011(6) 0.707(5) 0.023 1
H7B 0.688(4) -0.031(6) 0.735(5) 0.023 1
08 0.4544(4) 0.2386(3) 1.0173(4) 0.0167(6) 1
H8A 0.322(4) 0.275(6) 1.011(6) 0.025 1
H8B 0.549(6) 0.301(5) 0.977(6) 0.025 1
F1 0.0409(4) 0.2188(3) 0.5344(4) 0.0263(7) 0.5
F2 0.8934(4) 0.5720(3) 1.1897(3) 0.0178(5) 0.5
F3 0.0555(4) 0.0005(4) 0.3072(3) 0.0265(6) 1
F4 0.2734(3) 0.0588(3) 0.5748(3) 0.0146(4) 1
F5 0.7448(3) 0.3973(3) 0.9097(3) 0.0148(4) 1
F6 0.9306(3) 0.6757(3) 0.9406(3) 0.0140(4) 1

a. Ugq is defined as one-third of the trace of the orthogonal Uj tensor.

3 12. 100KelA1 €] CoAlFs-7H:09] At 23t
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Atom x/a y/b z/c a. Ueq [A? ] S.O.F.
Col 0.5 0.5 0.5 0.0159(2) 1
Co2 0.5 0 0.5 0.0159(2) 1
All 0.25 0.25 0 0.0166(3) 1
01 0.3785(3) | 0.3265(3) -0.0689(5) 0.0649(10) 0.5
02 0.5 0.3515(3) 0.5 0.0524(13) 1
H2 0.445(3) 0.313(3) 0.409(6) 0.054(14) 1
03 0.3675(3) | 0.5 0.2251(5) 0.0292(7) 1
H3 0.334(4) 0.4442(13) 0.159(6) 0.044 1
04 0.3572(3) | 0.5 0.6811(6) 0.0373(9) 1
H4 0.357(5) 0.5559(13) 0.769(5) 0.056 1
05 0.57484) | O 0.8139(5) 0.0310(8) 1
H5 0.597(4) 0.0549(13) 0.898(5) 0.047 1
06 0.3709(2) | 0.10550(18) | 0.5511(4) 0.0301(6) 1
H6A 0.365(4) 0.126(3) 0.685(4) 0.045 1
H6B 0.357(4) 0.161(2) 0.467(5) 0.045 1
F1 0.3785(3) | 0.3265(3) -0.0689(5) 0.0649(10) 0.5
F2 0.3235(3) | 0.1417(2) -0.0645(4) 0.0581(8) 1
F3 0.3305(2) | 0.24300(14) | 0.2647(3) 0.0347(5) 1

a. Uy is defined as one-third of the trace of the orthogonal Uj tensor.

3£ 13. 300Kel A 9] CoAlFs7H,00] AR 3%
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Atom x/a y/b z/c a. Ueq [A? ] S.O.F.
Nil 0.5 0.5 0.5 0.0078(2) 1
Ni2 0.5 0 1 0.0072(2) 1
All 0 0 0.5 0.0100(4) 1
Al2 1 0.5 1 0.0087(4) 1
01 -0.0384(6) 0.2202(5) 0.5320(6) 0.0283(10) | 0.5
02 0.8868(6) 0.5744(5) 1.1877(4) 0.0167(8) 0.5
03 0.5347(8) 0.3247(5) 0.6183(5) 0.0219(10) |1
H3A 0.457(11) 0.388(7) 0.692(8) 0.033 1
H3B 0.452(11) 0.222(5) 0.591(10) 0.033 1
04 0.2211(6) 0.3790(5) 0.3731(5) 0.0137(8) 1
H4A 0.123(9) 0.316(8) 0.414(7) 0.021 1
H4B 0.175(10) 0.353(9) 0.263(3) 0.021 1
05 0.3222(7) 0.6255(5) 0.6599(5) 0.0183(9) 1
H5A 0.226(10) 0.692(7) 0.625(9) 0.027 1
H5B 0.419(9) 0.696(7) 0.743(7) 0.027 1
06 0.1887(6) -0.0665(5) 0.9252(5) 0.0149(8) 1
H6A 0.124(10) -0.019(8) 0.849(7) 0.022 1
H6B 0.090(9) -0.148(7) 0.940(9) 0.022 1
07 0.5538(6) -0.0388(5) 0.7676(5) 0.0137(8) 1
H7A 0.453(8) -0.013(9) 0.693(6) 0.021 1
H7B 0.674(7) -0.066(9) 0.718(7) 0.021 1
08 0.4577(6) 0.2386(5) 1.0195(5) 0.0149(8) 1
H8A 0.341(8) 0.295(8) 1.040(9) 0.022 1
H8B 0.547(9) 0.298(7) 0.971(9) 0.022 1
F1 -0.0384(6) | 0.2202(5) 0.5320(6) 0.0283(10) | 0.5
F2 0.8868(6) 0.5744(5) 1.1877(4) 0.0167(8) 0.5
F3 0.0550(6) -0.0030(6) 0.3037(4) 0.0270(9) 1
F4 0.2752(5) 0.0570(4) 0.5729(4) 0.0140(6) 1
F5 0.7459(5) 0.3959(4) 0.9064(4) 0.0128(6) 1
F6 0.9319(5) 0.6766(4) 0.9386(4) 0.0139(7) 1

a. Uy is defined as one-third of the trace of the orthogonal Uj tensor.
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Atom x/a y/b z/c Ueq [AZ ] S.O.F.
Nil 0.5 0.5 0.5 0.0144(2) 1
Ni2 0.5 0 0.5 0.0148(2) 1
All 0.25 0.25 0 0.0151(3) 1
01 0.3782(3) 0.3279(3) -0.0687(5) 0.0734(13) | 0.5
02 0.5 0.3524(3) 0.5 0.0456(12) 1
H2 0.443(3) 0.315(3) 0.410(6) 0.049(14) 1
03 0.3707(3) 0.5 0.2285(6) 0.0268(7) 1
H3 0.335(4) 0.4445(13) 0.161(6) 0.04 1
04 0.3577(3) 0.5 0.6793(5) 0.0301(8) 1
H4 0.354(4) 0.5556(13) 0.766(5) 0.045 1
05 0.5727(4) 0 0.8105(5) 0.0291(8) 1
H5 0.598(4) 0.0554(13) 0.889(5) 0.044 1
06 0.3703(3) 0.10370(19) 0.5496(4) 0.0278(5) 1
H6A 0.369(4) 0.127(3) 0.684(4) 0.042 1
H6B 0.357(4) 0.158(2) 0.461(5) 0.042 1
F1 0.3782(3) 0.3279(3) -0.0687(5) 0.0734(13) | 0.5
F2 0.3255(3) 0.1417(2) -0.0636(4) 0.0666(10) 1
F3 0.3299(2) 0.24337(16) 0.2660(3) 0.0344(5) 1

a. Ugq is defined as one-third of the trace of the orthogonal Uj tensor.
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A 3.3 A. Powder X-ray Diffraction
MAIF5 7H,0(M=Fe,Co,Ni) FZol|A A&y} AlrHde]l di'doA] 2071 5~65°04 &

A3t EoES BS5EA s

FeAlF;-7H,0 — Experimetal
—— Calculated

Intensity(A.U)

U UWMWW
| ‘ JJ.._AJ_U_ v.'u_LLIuL\. nEns

}\_l J.J‘__lj)\,(l

| JJhJLJLMJLJuWL

l_i_J U

Lo
L, .

——r ;
5 10 15 20 25 30 35 40 45 50 55 60 65
20

a9 12. FeAlFs 7TH,02] AXg 28 Ato] X-ray 3|4 oH

_22_

Collection @ chosun
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A 3.4 A. FT-IR Spectroscopy

FeAlF;.7H,0x= 298 12¢] Y23+ spectrum HE]Z Fe(H:0)s9F AlF5(H.0)2] 2
SFEA o] HoFHTE Fe(H.0)sx= Fe-O peakoe] teF 395cmlo] &t}
3500~3000cm™ ol A= H,02] OH A gel BROADSH YelYar, H09 &
7F 2800~1800cm to| A &t} o] %= AI-F peak 750~500cm™! 3ol A
e, AlI-OE "F7EA 2 750~500cm™ A olA v2u, 1Ela Algp A e
Hy,0%+2] vibration®] ¢F 640cm ‘o] W2t} thvlk =12 d oA peako] ZA L&
AL F7F 5709 2A veA | Aol
CoAlF;.7H,0= ¥ 13°] Y2+ spectrum FE|Z Co(H:0)69F AlF5(H.0)2] A
5ol BT Co(H:0)e= Co-O peake] ™ 400cm ‘o] -2t}
3500~3000cm™ell Al &= H,09 OH 4243 el BROADSH YERYaL, H09 &5
7} 2800~1800cm tol| A &t} 10] 2= Al-F peak 750~500cm™ T3] ol A
231, AlI-OE "7FA 2 750~500cm™ A olA v Z1g]a Algp ZAgHe
Hy,0%+2] vibration®] ¢F 640cm ‘o] W2t} thvl 212 d ol peako] AA L&
AL F7F 570l A A ¥ Aot
NiAlF5-7H.0+= 38 149 Y42+ spectrum FEIZ  Ni(H:0)e2F AlF5(H.0)9] 2
g EAo] B Ni(H:0)sE Ni-O peako] weF 405cm el vt}
3500~3000cm™ el &= H,02] OH 4274 %e] BROADSH vehtar, H09 &4
7F 2800~1800cm- oAl &t} o] %= Al-F peak 750~500cm™t 3] A
e, Al-OE "2 750~500cm™ A olA v2v, ZEla Alep ZAgHe
H,0%+9o] vibration®] ¢F 640cm ol v2t}h., thet 1 oA peako] IA &
2L F7F 570 A A e A | Aol [11]
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A 3.5 &. Thermogravimetric analysis (TGA)

MAIF5-7H;0(M=Fe,Co Ni) €% EAL Ny 37|50 A=A o] A 3=
£ 100T~200ColA 6719 H,07F whAu7ka 200 o] M3 2alxo] MALO,
(M=Fe,Co,Ni) = F& Aolgtal dslitt. FeAlFs7H0 22 745 Fes03%F
mxe] B4 CoAlFs7H,0 = CoAlLOs; NiAlFs7H.0% NiALO.SF NiOZ gk}
183l TGA ©]F thA] PXRD (Powder X-ray Diffraction)S 2133}, Axr}

SEET-E

FeAlFs7H,O — FeAlFs'H:O — Fe O3 + o (F]%]2] &3)
CoAlF5-7TH20 — CoAlF5-Ho0 — CoAl2O4
NiAlFs-7H,O — NiAlF5-H:O — NiAl,Os + NiO
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A 3.6 &. UV-Vis Diffuse Reflectance Spectroscopy
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