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Abbreviations <_lail

AEC Anion exchange capacity ) Jalill 5,08
AFM Atomic force microscopy BN 5 8l g Saa
AQ15 Anthraguinone-1,5-disulfonate
AQ2 Anthraquinone-2-sulfonate
AQ26 Anthraguinone-2,6-disulfonate
BPC p-Benzoylbenzoate
CsC 4 -chloro-4-stilbenecarboxylic acid
DSC Differential scanning calorimetry ol il zulal)
EDAX | Energy dispersive analysis of X-rays oSl Al Alan) 55 A5idiall A8 Jlas
EXAFS | Extended X-ray absorption fine structure Biaal) LSl Andl) Galiaial Aaud 50 Gl S i)
HH Head-to-head ol el
HT Head-to-tail J ol
ICP Inductively coupled plasma emission Lo ol Caaliadl) ¢ LadDl liain) caa
spectrophotometry
IP Image plate 3 ) sall daiia
IR Infrared &) yaall Cin
JCPDS | Joint committee on powder diffraction standards 33 gall 3 gal Jlai¥) Aal julae
LB Langmuir-Blodgett
LDH Layered double hydroxide Akl & 50 je 2uS 5 8
MBSA | 5-Benzoyl-4-hydroxy-2- 5-Benzoyl-4-hydroxy-2- gaes
methoxybenzenesulfonic acid methoxybenzenesulfonic
NEXAFS | Near edge X-ray absorption spectroscopy Al s pS) Al (aliatal Cida
NHA 4-Nitrohippuric acid 4-Nitrohippuric uaes
NMR Nuclear magnetic resonance 6553 (oaaalizall (i 5l
SAED | Selected area electron diffraction 8a3ae daluwe Ao (5 5K 3 gan
STEM | Scanning transmission electron microscopy bl Sall o g 5 jS0a
STM Scanning tunneling microscopy 38U el o gS 5 S
uv Ultraviolet i) (358
XAS X-ray absorption spectroscopy oSl Al aliaial il
XANES | X-ray absorption near-edge spectroscopy Alall ) o (Sl dall Galiaial il
XRD X-ray diffraction S) Al 2 g
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Introductioniasial) .1

LS de e 150 e ASY Adggme [3-1] (LDHs) @lishll da g je CilaS s jugl)
puly G A e Ay aleall (e 308 A3 G, (alaall Cudlis aa hydrotalcite
.[4] sjogrenite-hydrotalcite de saxa Jia Galaal) il ja paadidl W2l sl mineralogists
J<a csas ([MgsAl(OH)16] CO3-4H,0 «las 5 juell A deldial paliall ol (e a8 b
V1 Apulal) Al Gailiad agh oty ol 4l Y1 (1915 aledl 3 Manasse ddaul 515 30 J5Y msia
Allmann gsallall ddasl g dsiaee Gliie e XRD s8] Aadl 2 soa Ll adiia, o3 ~lail) 2ay
Oe aad) Iy aay Ly 8 L g ) s palal) Gl e i) A [6,7] Taylors [5]
a5 380 L 5 s g Aleliiall pealiall y Ai€aall ) 1 (se Jie dill Za@al Jyalil)
Jraléill sda JS dgil culiadall & slall Gl Ja g U i) g Gliadall s g el JAla
Cogon ANl 038 b 5 sl dsalall syl 6 cilabliall i je il 25 gy JalS (K Cingd
Loy liaball da 50 je SlawS g s Al 4 kil s dpleall Clul all (e asl 5 (530 (i aind
Juee ) (al yind ALYl (W) s dad o il Lladll 6 iy cflae e s gl

2005 alall i Boaa <o 5 AL Zaulil) dalal) gl 5 ) siial)

Basic Structural Features dsbua) L) (ailad 2
Brucite Layers gl <iih 1.2

O s [Mg(OH),] cams sl (Ao 35 53 da 50 jall ciladal) lapaS 5 hangd Al il 4y
Clis) Ao siad gl Ahfine Clignly dhiiue QligdlS Uad e oS5 «Cdly g s
il JSa JSaN Al clas gl oda Ly 58 LS UK 5 1 sugll b b Aalae o gresie L)
WS lidall (5 gl Ao 33 gac 2S5 juel) AU gl 25 5 aa o) gal) AS L Aol 52 82 g3na pe
A0 Ay (S Gl gy Slo GlaaSs (85 6 il (o5 [8] 1 JSll e se 8
sl e Al dual e ligiue o AS e Ll Al 238 e & o) (Says 2!
Al e ) el Apasall i palKl) Jads | JREN A8 4 )k ASs e i Al iy )
el Jilaa J<5 483N 4y ) oLl ASEN Jads 13 s OH Ol gl Aaliiall 215 3Y) (g edans¥)
ol Sl s anal) Jon aall aonigh JSEI e AS digall iy OH sl eda
octahedra by i aliaedl | B s gl e Bam g 3ok da pdie JauS g el Ol gy

www.trgma.com



http://www.trgma.com/

On sals ¢Dag 0585 Gamall die Jaad) astigh JEN o) Gumy ¢Sl gaa alial e Ty
Jsall) 0.2973nmM (e s sisall 430 5all Mg... Mg 5 O....0 <liluall 5245 il 41 13
(bl Oh (ouaiel!

brucite Cum s sl ause haiue |1 Jid)

i 2e ¢0.2112nm ) 0.2427 (e Saidall f clanall S 5 (Alaal) Zdliall) 0.3142nM )
4 9l 128 [9] 90° Baliaall 4y 5l S (0 Y2 83.3° 596.7° moail O — M —0 Ll g ) Ll g5 S
Agliiall DS g puell JS1 gl 4y 03 Ly i [10] dolaell bt ol Hl dgay (e ALd8lL A
Gliada 34y el [11] M — O lélasall 5 Zalal) 3as 5 S3lalas g b )Y Gubal e G g3l
¢ 25 (a0 = o =0.3142 nm, ¢, = 0.4766 NM, p = 120°) (ol rall Jilaill yuii Y Cunnn g pall
6 siall 4350 5all Mg....Mg Ul @ 8Y diludl (55l @y dad o)) La¥ P3m1 8 & senall
QM\‘;'&JM\ GL...N\ ‘“5;1_3)&\ cﬁya\;sl_;i\iﬂ\ BEEWA| a\m\‘;ssﬁl_.m‘;a O-—HL,y
il ) g & gand) & AT (e ST A je il Clidall (G Admiall (g @) danda 5 ) slaall

[8, 12-14] 4 5 sned) a5 )l 5 il (5 8 Cilaalise (A& (3ale age DA 2 dpalall
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e 9l Agul) el b ¢ 5K J)aiont 2.2
2.2 Cation Substitution in Brucite-like Layers

MMM s a8 s2a9 M'/MMT U o (Saal) Jilaill 1,2.2

2.2.1 Possible Identity of M!''/M"" lons and Range of Values of the M''/M"! Ratio
3 ) (o o i) Al s B ) (S skl 7 59 30 20 5yl Al A
i o i ol AL o3 Jhe S A ISy il B3 A s
oaliill 5 A gl el Al L) lidall u (slal) Balall G g) Aasdall U i) Jalad Al
bt ) Al cliall 8 il ) Ayse SIS Sl AEMAN 5 (ISl AU i palsl el
s Aalall Lapall (udd e Blall ae Jaumi o) S Al 3 sall (a2 3l

[Mlll-xM“IX(OH)Z]XJr[An_]x/n-yHZO ¢

i il QI LDHS (e oSl bl LDH As 5o el oS g jaedl dlile ) 28 ‘“_;d\}
LDHs JS& (& sl Loyl oS MM i/ g MY Aaliaal) ol il e Jandd Jadis 450
e A ) Lgaladin (Saall o gall (s2a (8 A88all & [15] aa el (8 ma e 8 WS el

& 5ill e 3K (sala) o pilll gl e (s sing il ) gall Y Al digeally - jiaal)

[LiAlz(OH)G]'l'[An_]l/n'yHZO
Al (i Ll 5 [16] Lyl 4 5 a0 Arpua 02

LDHs &5 o) (Say Gliggl sl adi Gl 2 ) Ca et ol <l gl Ay 5ail) bl 50l (e 22
My M Ol aias (& 5 a5 sV e Caail dallaall adll )50 (JUiall doss e
gl g <l il & jlal [22] MI'CO3 s MY(OH), A J3aiY) &) 5 i SIS [3,17-21]
Jahn- 4588 (el Cu?* Jie Gl o) Wlle 585 ([1 23] dagad dale ) siia 3 Aalall
LDHs & Cu'l J &as alia) 8 (Sl ([24] oA) Gl ol caddy Il LDHSs J< Y Teller
e 3all Llail) ua IS8 Wandiin &3 [25, 26] [ClggsCrosi(OH)2]Clos: - 0.61H,0  Ji
Js> Jahn-Teller 45 ddasi jall lgailiia & 7 sad o) 2ead jedad 3alall () (e a2 )L ¢(2.2.3

4.3 65l 3 AL e ga LS 3 3l Cut S) e

da 90 ja OlaS 5 el JSE e i3 ASalin ge i OBlalee e dhaad) bl jall (e 220 &yl
LDHs Mg/Al — COg Alududl juslic (s L (5l s sinal) 1 | DH il
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de anall 2s) Jslad (calorimetry) sl sl ddad 50 Leuld o3 Adlide Mg/Al sy
sa 55 eWls MGCOss ¢« AI(OH)s 5 <Mg(OH), Ll e & Jialls [27] dulle 5l ya a0
= MgIAL s ae bl ) aa 50 Y (K15 ¢10-20 kdmol™ = 1)) ) I LHDs I s2a )

& 53 (o LHDS ¢se 455851 5 5) yall (5 5 510 bl (0 [28] Leale J sl o dgibliie

[C00,8A|o,2(o H)z] (N Os)o_zy(co:g)o_l(l,y) . (O g — O3Y) H20

[(N iycol,y)olgAlo_z(OH)z] (C03)0_1 . 07H20

i) 28 ([M4AIL(OH)12]CO3-nH,O 4 JBa3Y1 o) sl &6 cluld Je slaie YL
e SN 4008 GlanS g el Ll e 5SHLHDS J (Saelin sadll g ol [29,30]
A 53 3 Sl 5 0l (M=Mg H «pH = 10 (M = Zn), 9 (M = Co), 8 (M = Ni); ¢ 8
O [31,32] dpalall &ysal) (amy & Cauia yi 285 pH=12 e 2ic 1)) jdiul S L HDSs Clakall
3all (Gibbs) (s d8Ual _uldll HY sall apaail aadind o)) Sy Aol S0l g0 il 23l
Otall GlaS g jned HhLdl Al gasall adll aladiul (JEd) Juw e ddasl 5 LHDS (5 5S3)
G Gl Al Gk S S el aley S A, S Al

:40ull (stoichiometric equation)

(1 - 3x/2)M"(OH), + xM"(OH); + (x/2)M"(A™) 2
= [M" L M" ,(OH)21(A™ ), (1)

) o o8 Al 5 jall Guas s Slliall oda (A Jsadia pe 4l eday el (o)) (e a2 L

¢ 51 LHDS g5 (e g 55 (green-rust) sas¥ faall auls Cijas e (e
[Fe'' 1 xFe''" y(OH)J*(A™ )xn-nH,0
i A3 il ;Y1 5 Calial) o3 (e i3 sl o ) 385 [33] 4ilsaa 3
[Fe" 1 «,Mg,Fe'"" «(OH).](OH)x-nH,0
[34- clsll 5l I3V i) 53 Led A83e W 5 dilall 430 (8 apal) 58 A oSaill e A5 e

g sl e LHDs J)giul Jidaty 1 548 [37,38] o.52c b s Braterman sl 36]
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[M” 1_)(M“| x(OH)Z]Clx'nHZO

A ge @i LHD Ll as s Adlall aulSY/Gamall GlapS s am (e Ll hlall dually
A pH cliaie e saeYu MM I Al < Fe s M1 Mg < Mn < Co = Ni < Zn
Aoy v Alall 2uSY) ) 3 g sl O 81 QSN Al bada Jdlae ae NaOH el
e pH A aie 4kl MY s e Jelisy il 5 dnidic pH a8 die o) 8 (S5 dale
Gt e e Al sa yd Gal sa LHDS cliadall da 50 e CilawaS 5 yaedl & yedal | DH JSl
& O Mal) S Sl Jasi pal) AaSN Jad 55 STy ealaall a5 jua el dually Ll
eS8 8 (MM=Cr At ¢ Jiaally ladall A 50 3 Gl 5 yugll oladl & aUaill juisall J slaall
s Cr(OH)s ¢usSi s saaly ssha & sy [MM 1, Cr'" ,(OH),]Cl-nH20
M= d5.Zn < Ni = Co : Jull s il sty clishall = 93 30 2S5 jued (LAl 5l JAa3Y)
Jom o) Sy LBLA Sl o) e a8 b uasg o (S Y LDH 61 el (6 ¢ Mg

Ot shd e dglee 8

Aleliiall jualiall Laid oS5 o)) (Say 48 LHD <Y o) [1, 3, 19, 21] Js# &lil (e
By 42 e sl & MMM ) ol 61¢0.20 < x < 0.33 w2l i (stoichiometries)
Shidga s geled oy 2 o s M- O — M Lyl 2 5a 5 allaiy 4ld ox > 0.33 4 o)) Jd
« 285 [36, 39, 40] (cation avoidance rule ¢Sl st acld auly (o jay) Aa il LS
Jelis M=Cr illa 3 J3) Jle LHDS & camy o) (Se MM — O — M a3 Jie )
[(H20)4Cr(u— OH),Cr(OHy)4]* (dimer) el sl all el 5 pll aes xle J glase
&5 ([Zn7Crg(OH)22]CO3-5H,0 sy L)) oo [41] b 0! Jols axiy s ZNO ae
Godl- iYWl e JB (Gl w4l 4 50a) ) ligand field splitting
& (dimeric) (HhesSlh S il 3as g 3 g (e 83N 3 285 [ZN4Crp(OH)12]CO3 - 3H0
JaLal) 8 s gigag S IR ey ol 38l g (S el bl Jilail) ddauil 6 Zn7Cr4 LDH

L ) men 3 LDH Jad axy 5 oY)

Ladd ALl adl gall S e 4 ) oLl A5 (6 ia5 [p-Al(OH)3] dioctahedral gibbsite 1 8
Lpall elliay L DHSs 3 o Jaay U 501SIL A ol

[M"Al4(OH)12](NO3),- nH,0) MII = Co, Ni, Cu, Zn
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Coai M'(NOs), dillas (e Ll Jiiall g aaiil gibbsite Jelis Ao s [42] o juiani a3
e Yl ¥ 1:4 o MYATL ) Gl e pe Hlls MM Gl 5018 L sle &5 Dl pilSll 2 5
@l LDHs U 380 < ) trioctahedral «aS il s ciliada 3 @lipilS el ok llia
b )l (S Sl Aalal Lt el plS 8 Allall sda b A shudie gLl @l sall US ) Cam
[LiAL(OH)g]" itk e 4 sisadl | DHS (30 dlulu  Jaai g JalSIL 4 522 gibbsite S

J16] oJe) 55830 sp LaS JalS IS Lty (il o g s s S s 0

3.2.6 sl b i Al A V) A sall Kbl (salie e saciadl [43] 4kl cillaal)
Go dall 8 Gl (x = 0.25 gl) n = 3 aie 1)l J8Y) s MgaAl LDHs of ¢ s
a8l [4] (stoichiometry) deliiall jpaliall (uis L3 ) chydrotalcite J) Led La ¢alaall
<Y i 5l (benzoate) < s i U ssil ae) LDHS (synthesis) ¢rsSs (b Asale a8 il
biai | DHs ) 25 «Mg/AI=2 e s siad dillase (e (Raid) cliadall a8 (terephthalate)
&= LDHs (S5 daugic 3 ) ja Gla jo 2ie (synthesis) cusSill s s ladie S gl s
o ) LS [44] Al a5 sk b Jeliil s jag Lexie (AIOOH Le! i) Mg/Al=3
Ni"/Fe=2 g Jillaal [45] Agaite illaadla  Salind 3o qeils Juimdl) Jiad 352 Al ¢
- Ni"Fe'"' 2045 Ni'"/Fe'"'=3 (& LDH J duad 5l JJe M s25 sl om somed) pandl) Cua
0S5y Co'' J S sl 4 can Co'sAl LDH (synthesize) st 4lslaa
e psiiasV) e Aty il 58 Gkl e AP J JelS JEl . Co'ly7Co'Mo 3 LDH

.[46] oxy —lual

(stoichiometries) dleliiall jualiall e (585 () (Say LDHS 0l @lelea¥l o Sl cllia
Mg/Ga — 4 0.07 (s sbud dzatdia x 1A j2all aidll ae [17,21] 0.20< X< 0.33 sl z s
M'" = Mg, Ni, ) M"/M"' — CO; LDHs J 0.41-0.48 Jis &dle a8 [47] CO; LDHs
o [54] 8 LS [53] Fe''/Fe!" LDHs - 0.5 5 [48-52] (Co, Cu; M = Al, V
b el axd gy s cliall (o MM gl i 5 Bumidie pH o de 3] Jalill el
S sinall pualiall Jidas | HDS (8 X  dda saaall dall daat 8 Gl seall (0 SH Sllin X o8
(M'(OH), g« LHD bl 13 Zihla a8 oy Coge dlall A 30 Joed)
Lils (synthesis) ¢85 Leie [36] Asine ) dadsia LAl <Y 51 M'(OH)s/M"OOH
b S YAl oda Jie Leiy MMM st e o midie ol las Alle a8 e Ll (g 5iny
Gy ) sl Agiliia (55858 K Y ([44, 55-58] XRD aladinly Laadli o s (asy

www.trgma.com



http://www.trgma.com/

ailaadle sy LHD clind Juaiall slai¥) o Liay) Las gl LS [59] XRD ddasl 53 3k sale e
Ol pany (B s Al @b [60] ilsddl o3a Jia (e Bpiaa palie (e Al GlulSasY) &
<o y2ill 23 Mg/Co'"/Co'"' LDHS g z a2 C030, (x e e 35S CY e Jidy i
Jia Gy 5a¥1 (1) 20n) 2lS) e 488 ClaeS 5my CaiS & [61] FTIR danl s 4dle
il s aida dal 5 [62,63] Mg/Fe!"! LDHs g dalise FesHOg: 4H,0 <y yuga Al
ABal) il slua¥l gy ymg 8 Y 42K 5 Ay xie (MOssbauer spectroscopy)
Cun il se Caala (8 (Sextet) (eulaw JSG Jaxig 350 gall e da ol o2a e Lulaline (i )5
g Al 255 o)) Lyl = 538 43l LS (doublet) dilaill Sl JR5 ) asi Y |LDH 8 Fe''! <l gl
bl s dld Jae (B o2 5 il s Cilihae (& die Joiey ) (S Leudi LDH 8 Fe''-O—Fe'"!
(deprotonation) ¢sis » (e o=ldill diady MgFe,0H las o dscacall Zaplall o Cus [64]
Gle IS o) oS Sl o) gl x>0.33 Ledie s Sy o) gall eV Jolil) 8508 () sy

il el

[Mg1 xFex(OH)2 yOy](CO3)x-yy2-NH20

& Mg/AL — COg LDH 0l Jussll 30y MO/AT st 3 Basale i Smy o1 1) o) 80
LS [51] (s 5aY! o sz ol OXy ) ilial e o jdiseS 2258 ol (Say 028 AL NaOH
A 3 3383 LS Jl s o) Aol Aall 3 cpinall (s simed iiial) il (o) [65] ¢l 4
a8l 28l 0 jhe LDH sk JoSiil am dily 8 (EDAX (e 23353 WS) mhand) (e IS (ICP
A lia S el EDAX g (STEM) e 3y 380 s 50 CosSans jSoa plaiial
Adlide o slsd) s Slas o (gsiad Al g (L DH g il 395 a0 (8 23a5 5L LDH

Lpally 3 jaaie Sl g S (o583 Al L DHS o) W . [49]

[M" M (OH)2](CO3)x2-yH-20,

o ) X Aad et e ddiay 4n s ey O S (g sine st ) 2 S lal) Gy (8
Oe BaS e pailey O S LDHS of (M [66,67] <ol s sal Sl ja [57] ganall Jilas
18 43l = i 138 5 O 5 )SI) (5 sian o i Lae cdaa JAd) mhau¥) e i KU il 51 CO,

X Aail adle adiny jdise S Y
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& =i ) (Sa LDH <YW (stoichiometries) deléidl paliall sae o)) sam ) 5l
p o aidia o) Ale X aily oaladl Gl A1 8 ds jaad) o) gell e HASH g L Gua s
i san y Al Caed Wil Jaindll

Sl Gl a8y of I w5 43 5 3.3 o) aY) B Culds LDHs A oo bl 2
Ll 55 O-M-0 sl 50 G s ol A LS alailly ¢y saall aliial e Jaziasy | DHS (4 gl
L galdl gLVl o) ) adl | G ladl) a3l e (Gl o 8-7 Ln ) e ISy Caa 55
SS [41,68] Dag ol Op Jilaill (10 o il aa asi 35 L DHS (8 Cr'!! b 0¥ d-d Yl
O Ao gl Adliall (81 (0.3142 M) s all @y Al saa g Jalas A 1.2 ¢ ) A
e by o) oSer LDHS kil Jalaall 4 5 dSiall miliall 5y slaiall cili oSl K1 e
[56, 69] crwn O (Kay Ay dadh e ) J ¥ ladall 8 Gaadd) il sl il Coial das i

OsSAlall oaa 8 (ol pilSH e (5 )3 s 55 Vegard s o) ol sl

a, = 2d(M - 0),
Al Aabaally 5 oY) lasl) Caimi g ddasi o d(M — O) (A eV Ay ) Jsh of Cua
d(M-0) = (1 —x)r(M") + xr(M") .
e Jeani 138 (g
Say/ox = —\N2[r(M") — r(M"] .

5303 e JEi 5 Capmn gyl il e il S5 (= 0.302-0.307 nm) Mgz_yAly LDHs - @, a8
(0.0675 vs. 0.0860 nm) Mg?* & <li ca J8 APR* 1 Shannon 55k sk caai (¥ 5 <X
Zn/Al — CO3 LDHs s Mg/Al — CO3 4 2 JSall & dauia ga oad saill il any [70]

055 @lia 5 (0.088 nm s Zn?* 1 Shannon 55k yhé caai) [9]
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3.12

ZnAl

woow
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® o
L |
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24.0

I 11 1

23.5
. ZnAl

23.0 —

c-parameter / A

MgAl

[ o)
[
Lh

"

22.0 | ! | | {
0 1 2 3 4 5 6
M2+/M3+
Zn/Al — CO3 LDHs s Mg/Al — CO3 J g SVl dpalan lall sas 5 Cilalae i 2 JSA)
Lea :“, e ‘;hﬁ TN MII/MIII 4_1..\».1 &

[20, 39, 46, 55, 71— LDHS ¢ aul 5 ALl dpalal) & gmll 5 il il 3 ALY (g 1)
g 53 (dimers) (sl S il Clas s e daladl (e 4 Jall O laall Glibus 77]

[(H20)2(OH).Mg(1-OH),Mg(OH)2(OH2)]*

[(H20)2(OH),Mg(u- OH),AI(OH),(OH,)]~
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[78] LDHS 15 e sl (8 M- - - - M lilasall Abeall & o) o Cann siad 38

oadl ¥ o () ady 1385 (LDH J sl S sill g g, ded (g Bl ) s g Y ) s
clidal) ao Mg/Al LDHs 1 &lla ol Jaa sl QAN 3 5 [58] 52 53 5 Lyl 55 (s AY) LHD
(= 0.304 NM) 44 A3 A, ded (U [55] il il <l sl o) [51] <l so Sl <l ) 8 il
«[55] XRD alaaiuls s 6l gibbsite Jie <l gl 2 a5 (& SV (any 4 X > 0.33 adl
[51] Vs i (IS a8l s ) b daavia AP 83305 oo X = 0.33 L) LDH 4ls o) ¢ s
i@l LDH <¥la s AR5 Mg?* b sil€l (Kan Gyl il Jiad (= 0.304 NM) (e dadd ol
b i [FR(CN)e]® 058! s Casay cadé) 85 3, = 0.304 Nm L) <Al x > 0.33 ¢
X = 0.48 “ad ge <[76] 0.10-0.48 s3all b X go Bp s (8 k3 i (b <Mg/Al LDHs
Zn/Al — CO3 & Saa s laall 0.44 s X af i 8 4esdll Ll )l 8, = 0.302 NM g dasi 53
X~ hin JBY) o) x Aad il sade 48 yhay 35 55 8 e 18 el 4als (4 43) ga [9] LDHs
XRD i 8 (110) oslSai¥) a8 g e 2055 bilee @, Gl (1.3 ¢ Jall 8 i 53 LS ¢(0.33
G (113) Lslaall GalSad¥) ae Jahaia g Laia (5583 () (S g Wnada (5550 La Llle (ulSasW) 128
sl @ (WAl (any (8 X dde Gl e J sl Lina (65 488 Ay o gall s ()

AL o2 e Qlaill Al S [55,79] (113) 5 (110) dslxiadl Sl deconvolution

OSI a1 e o (5 staall Adal) W sas) g Ak S e G dlddl) LDH J ko) cile ) all
i) el 8 clisn) o e Y (€ = 0.4766 NM) sl & A Gl (e L3
axa ) e il CUS ja ge ol HY) mmy & jelal LDH J Aba¥) dilad) a1 b slall
@il LS 1, 17, 19] db il W oS s (hydration) 4s sl ddee wunsiy (Y
N =510.7928 nm (e p=iliss Llay) diludl MgpAl — CO3 LDHs b daalall il
el s s Lo i LDH ol s 55k JiwY) 8 culii 6 WS :dladl ] .0 = 24 10,7591 nm
AV Led pria dlae) Led L Aibeiall dpalall Gganl) 5y sdiiall ULl (6 13gly (laa
aill Gl duall )il da jn e V) 4 VL (1de) o) «(significant figures) 4 sieal)
Japesy (it llin [(58.55 Aglaa (5 s Leela il sale 5 a ) S5 (Say Allaall o2 6 4 jadl)
& 0.2101 nm &= 45,8610) (n = 2) 0.1959 nm ) (n = 5) 0.2001 nm ¢ 4ddall o A
il G ALalill dlusall b <l el JS Ly 58 8y b ol 53053 5 ¢[8, 13] sy sal
Ly g8 ) ogam ey n el ae dadll AES Sy WS [39] leSaw (alliy
Cliliall (8 lall Sl da ae 468 Aia g Ayl 9 Aind) il il il ae 3y 8 A8l g 5S
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) el Al cleldl G ([Nig xMgyFes(OH)16]CO3-4H0 o s & Ayl
Ale 4 oSl il o (e a2 1L (X = 6) 0.791 ) (x = 0) 0.778 nm ¢ < monotonic
@ Ni?" ge hag i OH Gle saae b sdise 4dl o yud 1ay [80] s ¥ Cliphll e
U g SIS g3l e B 58 A 5y Jaal ) JSAT ale 5 MIg2H (8 daal )Ml (e S 3 ) Aaailiuns

& sill LDHs & oVl cile ) all b dgilie 3 3 Al cilidall

[COzFeyAll_y(OH)z]Cl -nH,0,

0.7893 nm I (y = 0) 0.7637 nm (= MONOLONIC 3L 5 2 sa 53 dalaall & ganll Cdldl Cuaa
[72] ectiadall clas & il Ve (y =1)

2LDHs with M"Y lons? ¢M'V <lig) aa LDHSs 2.2.2

OS5 S AN 5 8l AU U Gl LS 5 ) e LI o Al sha s il e ) 43 g
Glah e alaie YU LDHS (sS85 (e 138 Laayl (Li*) 583 (galal asly (588 o) LDHS
Jaa s GBA 4 J13Y LDH i b 53S0 ) i 31 olas) 3Kl o [LiAL(OH)e]*
g3 MV cligl o g5y LDHS (S8 AnlSaly Caldl fpall dpalall &igaall (10 220
M) M"AI/Sn!Y — COs5[85] Mg/Al/Sn'"Y — COys <[81-84] Mg/Al/Zr'V — CO;4
Mg/AITIV — 5 ([87] (M" = Mg, Ni, Zn) M"AI/Sn" — CO; s <[86] (= Co, Ni

il Je g5 Y Zn/Ti'Y — CO3 LDH a5 [89] Mg/AI/Si'™Y — COs5 <[88] CO3
[90] sélsall 4330

Mg/AI/SN"Y — dia sl ol sall Ala 8 clalitin¥] oda Jsa o S @li (Jla JS e lipaa
S Al Gabiatial casda Ll & yela) Co/Al/SNY — CO3s « Mg/Al/ZrY — CO35 <CO3
MoOssbauer — nbwise b lulds X-ray absorption spectroscopy (XAS)
Glases S5y | DH S 5 e Jaadii dlsil] 4500 @il of €l o 50 spectroscopy
S JBab Gl (8 jaad Al g A BN (L S a5 L LS [69] MY s
MV JRa) Gsn LDH sk 8 Mg/AT s (8 <l il 3o g9 el o Sy 308 MY
¥ TilV @l g€ o) il g J<5 Sin Co/ANTIY — CO3 LDH = a5 ) sal dgibiia Jallas
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Clial) e i laina L DH S 55 ol 55 sha (6 il o2 [91] LDH lios b Jax
MM LDHs 2 1.2.2 ¢ all b <l 55 LS il saa 5 < e a5 dbiadl)

LDH Interlayers LHD & 4l ciihal) 3.2

(e Badma 2805 llia 5 elall Gl ja g Al laadall 8 ligil e g g8 | DHS Al culilall
S A sl Aol el elall il Ja g S 5 sgd) sl e sama (g A 5 p2gd) a5 )
an S Atad) ) A8 Rl () s il (50 5 peine Al b i 5 el S 1
Loy )5 4Kl 5 5eS il ils et Al clidall 5 octahedral dslall clidall ¢ Ly )l [3]
Jeldti o sady Al SIS 500 U 5IS ae Jai 5 2aall a5 Hel) Cile sane | Jun 5 )2
irstins SIS e A pall clindll 3 5L 5 By o) i 0l S il Sl sl e
i o) B () il (il () UM (e L e 31 gin (55 5 Ll e
.[92] (resonance) o) il pailadd] e LS L DHS (8 (o 523 daaill

2.3 el (A8l & Juadilly s ge dapl) clihall (S 3

Layer Rigidity <kl 45z 4,2
Jelae [93] lemibad Lo duaa¥l b Ll L cuaad) 3 dbiall o) gl b cliadal 25ka
d 3l el dl (fitting) A4S ddaul s LDHS - s p = 5 daiad) Gladall 430l

[ZNng.61Al0.39(OH)2](CO3)0.195(1-y)Clo.3gy-n H20
>3 .[94,95] Aleaiial) 53 sanall dleall Anhall 3 5a1 o laal) dawall ) il Sl Al
Al e Ba Jil 5 (p = 2) Sl ) A Al el e 4Dk K1 | DH @lida o A s dadll
4 lie Sl (p = 7) vermiculite AV Jie (phyllosilicate clays) <\Sub shé la 1:2 8

e Al il AN b gl 23 ae 48d 8l o328 [93] (p = 3.5) dichalcogenides ¢z ¢as
(1:2 ekl 4 s dichalcogenides (aze s LDHS 4330 5 cudl jall aal ) calaalall () 585
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A1V e ey LHDS (& diladll Gl e Jas 5508 (58 b Lball clddall 450
oo ARl il e (photoluminescence) osiwie s sisill Cluld 8 jeall g
e 14 GPa @y saall salal slea) Ji cilialall o) s 5 438 (| DHS 8 [SMWi0Og6]®

[96, 97] asall (55!

o il el S5l B e )

www.frgma.com
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LDHs3 Detailed Structural Characterization of 4l Aluadill (ailaidl) 3

LDH J 8axiall £ 60 & aliia (ui<i 1,3
3.1 Stacking Sequences in LDH Polytypes
@ 8L et Ley (it Gy sl (eSS () (Say LDHS (o sl dgliial)l Gl
2S5 Hugdl il (110) ssime & @lsall IS Adliaally ASaall g1 8V Ba2etall ) il
1/3, 2/3, ) A Ay sl K080 V&) pe ddasi o C 5 By A Ll e Jiai o) (S 1S Al
(@ = blie JS5 Coa g Gaaall il S A gadiall Alall) ) gadl) wuasa5 (2/3, 1/3, 0) Sl (0
L 5 el il 1) ) Eua) ADC = Jiad () Sy 82 _jdal) s gl A8l la asle 5 ¢ sl b
b @8l sall Jaii clyys pm OIS 1A ) oy i grlSl (8 (Cs A @8 sall Jrui |88 Al
O e ADC @l (it ) i) adadin B (Sl (AC S8 Lagaiill | il
= .(polytypes) saa=iall &\}'fm Aldiaall GlolCal) 30b ) Ao Jand Lae 3222 (3 oy (S
Fliall dae AYy canal o) Sar (polytypes) saasiall &) 5V sda cdraal ISV (5 shuall
Al A dege Jaal® (e Jaad A4 Hhall ol Jia oSy Al 3aa gl ¢ gaal) il e duasal)
L sac a5 5 slaall Ciliidall LuSleall OH e sane CilS 1) ailiiall (Sl daliaall LS 5l
a) A sdiall L g5l (S s i e i o(C @l sall (8 LaaDIS () (i yidl) anal) Lgadany (558
&8 sall (25 slaall Akall a5 C @l gall (A Bas) 5 A8k J5al) DS 5 hagll Cong 51N (= 2 Al
A Cos gl QU 135 o~ 2 L e (Al i i (e 2S5 pam e gans 43l (B (B 51 A
(el g ) e 3 “1” Gus oIH ) LLADC~ADBC... : Jull s=ill e al 3 o oSa
Gl g aY) o Jladll pe aSill Judod ) 358 “H” 5 (polytype) 2asidl & 5l
(polytypes) saaaiall &) $33U diSaall GlilSa¥) JS Gulite JS5 [98-100] Dritss Bookin
«laall o axSs Al Lgia JS eptiaaatia Cpiadal LK) A5G llia 5 | el G3lalas S
r sl e L ey o) oSy Al
...AbC=CbA=ADbC... 2H;

..AbC~AcB~ADC... 2H;
..AbC~BCcA=ADC... 2H3

Dsaall e 48 e Ll gl b @l sall Jadi il gl S 2H; i) g gl Al ) LaaY
O Juts Gl el Gl o AV e 6l ) Cus (IH Al Lay) 13a) Glbbll e (g3 gonll
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2H, & A elli g JSal 4y ) siie 2H; 2axiall g il 8 dil) cilindall o)) Liayd BaY cs b o) sl
Al el 3 s sa ge cpe gl IS T 2H5 O s (A ¢ JSA AL LS

e (sosdie JiG L ol Lie £ )Y saaid) AN bl cililSe) daud @llia
:(3R) (rhombohedral)

...AbC=CaB=BcA=ADbC... 3R;
...AbC~BcA~CaB~AbC... 3R>

:(hexagonal) g bV oo Jil Ll dariall dapll (s 4

..AbC~AcB~AcB~ADC... 3H;
...AbC~AcB~CaB~AbC... 3H:
...AbC~AcB=BcA~ADLC... 3H3
...AbC~AbC=CbA=ADbC... 3H4
...AbC~AcB=BaC~ADbC... 3Hs
...AbC~AcB~CbA=ADbC... 3Hs
..AbC~AbA~BCcA=ADbC... 3H7

3Ry 3ol 1Y) Ala i 0y ebs @ @l o oulat de jge cilipalSl ada o) LaaY
LS 3H, 5 «3Hp 5 3R, YW a5 JSGN 4y ) gdia LS At liadall 3Ry Al 3H, 5 <3R5
) a3 e 5l Ji AL 5 (IS AL

eclida i) i3 sa0eiall ¢ Y1 b o Saall el aaall laa s [98-100] Drits s Bookin ¢ LS
el Jild W adlls (6R) (rhombohedral) owlaw osbie Jila cllia lecasn,
.(6H) (hexagonal)

AR e 2aa3 ) JBY) e Tl Bal e ooSar (LDH die 3 53 5a gall 2aaiall ¢ gill 4358
Cun (San 8 138 i LDHS (e SESH 5 i LS s 3l e (XRD) ) dai) 3 gon s
& 5l 55050 3 g 3kl Jalaal) (mMaaWh 53 s3ae Al 138 3 siall Clagleall laia o
Dhil) JAN Al Adal) Bas g (e BDE e adiay (rhombohedral) JSAI () siiall 22l

(3 Jsa
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Fadand) iy pial) AN OG «OF « OF _staall pce dusads LA 253 ¢y A8M) 3 JS
.OC OB OA _sladl ge i laY)

Al e aeludy Bl Jed L3l Y ¢(primitive) debaal caal 4030 o3a Jie 4l (e a2 0
.(hexagonal) dewlawl) Al () 5 aa s pilal)

daeal) il pile aa8) srand diaddie Wy ) aie (00]) 48 Aacld CilulSasl e Al (1)
e I ALY ) sl 4padi Baa) 5 Al dlass (5 bt Al 5 ¢(Co) (001) (s s o 403 sl
JEY) A o) 31 ulSadl 5 cc=nC, Al Bas g Jalae U c2aaial) g gill Ciliada (e n22a] Baa) g duin
Aall 228 (s JS e | «Col3 «Cof2 bl Laily el Jdll o) (e a2 1 (00N) Jalaall Ll
Aalide il Al SIS 13 Gaaay o) (S 138 € psaa o Al g GenS Gl 13 S Cagu
clihall & a4 jes )l [101,102] sl /sl (interstratification) <ladall oy
a CHE (8 s 438 ) wiliia e (5Se LDH oS e 13 ey e 300 [100,103] A
J<a JB A ) ) ) e W) ety Sl S ) (g3 € o3V & (coherent) ol jie
Gy Apaclall GlulSaiY) (e & punall €0 Adisal) el (0 HS) (g jala g 8 aay Lae cdasn

[100] e ¥ i

lele Jeani (L) (azy 8 5ade Gilaslaa U cdpacld Huall ) ac ) GlulSasy) JAlas Lei)
o) e V) LS s Ay )] Wl e 4l liaall XRD gibes 535 4 ey
DA (e o) [104] duals) s Sl slall & gataall [DH Al Glall Cagat ddad 51 sy
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McMurdie Gk daul 5 4dle Jpasll (Say 5a¥I Ll [105] 4 sadaall diall canll 5 Larizall
Jala (8 Ly 5 (5 ) sbe IS At el il sisdl) (10 LlSaiV) 5 3230 [105] Petrov sl [106]
SOAY) <l sinaall Apwailly 3l 35 (320l (5 gina ) Sl AL (5 AY) il ginsall 5 (001) sT) Al
Llee elal 2) ol gm0 XRD  (oadsad Uajph 13 4 el ciliell 8
OB (Baclall (5 giual duailly 450 43 9) ) die Bl (5 ghal) (e ulSa3Y) 3251 (normalization)
o2 aladiuly (JUal dass e 5 [105] g sind O Sy ac Bl e 5 dpac ) Alaaial) CilulSasY)
Norway 4! & Snarum (s 4xiaeall Cunalli s uell de o)) [105] Stanimirova gisiu! 43, )

&5 AN e i e (g gias

(adll b Ko 42l (ulS2¥ 20 60° (e Alk) 308 4515 xie (110) LelSadY) aiasa (2)
O ALl LB gy Aadll g, = 2d(110) O s sy O 8 A skl A8 Jeles Ay s

1.2.2 e 5l 8 8l g LS ol gl lad Coal (1Sl () gy Al g (aidaa (i 6018
il a0 ) Sy Aagie W) 2ie (101) /5 (01]) ClulSai¥) aia ge cdilgdll 4 (3)
e Sl clidall aae odle) HS3 LS 2 gy 5 @p alll alaiinly il (Sl bl g z3ls

Co, 2o, ) € 3o Aias ad JSI A(NKI) ooy 33my (S i)l 5n sl ¢ sl sl

1/d?(hkl) = 4(h? + hk + k?)/3a%, + I?/c? .
(101) 55 (01l) lulSaiV) 28] gal dplaall 2l ao 458) gin 45 gusne dad and ¢ 4]l dagdll
Aol 8 Uadd) o gas Jala

A sl oSl L s 1y o (S 58405 handl 01 el e 5530
| kch smaase andus o h+Kk+1=3na L aeie JSa 825 ALY ()
—h+k+1# 48 alulSail dga g 0 o (A ¢ eulandl JSEU (Miller indices) e () 8 2

(synthetic) O sS5all Cunalls g Huell oo 4a JSEN 8 3 gual) = 3lad [44] (ouilow Jila () 505 3N

MgeA|2(OH)15](C03)'4H20 [107]
o Jild ae Gkl S35 3R il &gl A s o) S ddaadlall cilulSasy)

Al oda 8 ¢ = 2.34 nm 5 of a, = 0.306 Nm 4la 32 5 dasy (R3M g1 4 Ae sana)

www.trgma.com



http://www.trgma.com/

manasseite (oxal s [107] 4b JS&l & =3l ¢/3 2 €y by Siall dpaelal) dsll)
g sill B el O OSay LStV g iy jugl) &asa Gl 41 g5 (JCPDS 14-525)
8o = 0.306 i 33a 5 ad aa (PB3/MMC )8 Ae sanar) (ouilan Jilahy (pitadall 53 2H dasial)

Sl g puell 8 @A Lase Silae g8 50/2 bl gy 2@l &) 4l ¢ =1.56 nms nm

3Gl Jalad agall (e 4dld Juduiiall (pupaSall <l Aaliaal) (polytypes) saaeiall &) s3¥) o el (S
g5V e IS 5 gl - 3las 3Slaas [98,100] Drits.s Bookin Ll adl caacld sl cululSasdl
e ciiill cilea) Glliall Y Lle Jseanll & Laid doe 55 il o)) e ae i Adliaa) saseiall
Dnaall Lgaladial (e uleall (e de gane BELEN 5 cgiall il 8 lall il ja g <l V)
(01(14+1)) oo SlulSai¥) 525 3Ry 2awiall & gill (i) Jpoms o Adlindl) 520l £ 5Y)
355 . 3R2 saxiall g sill s uSall () (s A (e 222 0l = 30+ 1) (101) oo s 58

3Ry 4 Al i g Huedl o st 4a JSEN (8 (018) 5 <(015)5 ¢(012) SluslSaty)

5 0 15 20 25 3o 35 40

® Co Ka

4 53l 5 [MgsAl2(OH)16](CO3)-4H20 O sSiall ol juell g d o guall zalas 4 JSA)
axie g sl e OS)5 Cadls 5 Hagll daa i 4l (5311 s manasseite Gl b 5 3R )55V 22eia
[107] 2H &) s¥!
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[7,100] <S50 138 (i L) LDHS (e ¢ siad () il gy S le | () Siny Al dbiay 138 5
Lladl liadall & A 5 o oyl 55 0580 agd rand JS 5 paell Cile sanal (o) sitall s 3l (Y
ok [108] Jones et al. 2l (2.3 e 3all hail) <l ySI il s CpansS) &l )3 ae Liall
e haldl 4yl e g jned) dallaall daul s LDH 4 3R, §lsY) saiall (synthesis) ¢s<s
«(104)5 «(101) bl Led Al 5 43 8 CilialSaily Saaiall ¢ spssinall 2S5 Sl gibbsite
18 5 «lisa S Gadls canSsHne o Al Qi) Gl el ol =581 (5 dsdll) (107) s
Gla Al sda & Ay ) gdital) i) Gladall Jads sale Gl KU il ) Gl GllaaSlall aa (3850
syl 5 3 slaall Clidall JausS 5 pell e sana (o (o 5Sial) Jualusiall Sl e Ly xS
Moggridge et al. o «(01]) ClulSasy sadll Ol e alaie YU Al Gladall 1l 5 )
(terephthalate) ©w¥Us ,5 5 (benzoate) <l yn @b gl e s 5isy Mg/Al LDHSs o) [44]

3Ry Sl Al Laadls

A el Auan LASaY) 508 Y haiad SS) s ety G 50 1Y) sl
s manasseite @l o O i st XRD zilad Al dsall <l o)

(003)

‘ (104)

(006)
" 10
w aob faon 4400 M3

T T | T T T T
10 20 30 40 50 60 70 80

Diffraction angle, 2¢

Intcnsity

einall (0 2 2% 5 1% saill) Mg/AI — CO3 LDH 3Ry 33xial g 5 3 55m 3 500 .5 JSAI
J208] (Carms gl e Al
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a3 gl 2H; S Al A ([MgeFe2(OH)16] CO3-4.5H,0 32225l g 5¥1 2al) sjogrenite
Cliall Juads il g S Lain [7] LAY gonall e aaly 550 o GuS) Aadl 3 gmy 028l
6 53 Canalli el Al Galaal ((2H; 5 3Ry saswiall g1 51 b aa s LeS) &y suial) A
e il SIS g saxwiall £ 1 g5Y) 8 53 sa ge L) [99] aan s dpind) il b ey S gl e

Lo sad SV g8 A5 (BHys «3Ry) gl (Sl 5 (3Ry) (s sbial

san Ay (am e G Ll Goag Lo Llle Adlise Baamie gl ddpaeall liall 8
G RAY) ge (aan ae laag Llle Guildly cundl g ynedl (JEal) Juw Ao (intergrown)
Alad) 3,0 jall Aa 3 diady W) (Ol pdiseS G ol 5 [71] Clansdl 2 Jla e J ¥ 5 Jalall
3R 2axiall ¢ 6l ) [71] Pons et al. 8 .z )il e S edan 3 050 Slaaal) JA0s Y
ikl ¢ (2a/3 + b/3) J VYL dgliidl ADC g nll Sliada oSS (e (5585 o) (S
s 60° Olosw e sia (2a/3 + b/3) 4 Juml by 2H; 2aaiall g il (S8 Laly Aulaiall
«[92] von Platens Hofmeister 4s 3 Jay jpudi Adlle 30 cils ja allay A3 ¢y 5l
dgkall G clleldl] o) Cusy Al IS 8 4 ) pdie dail) Gkl o) (e ae )b 4l ) W) g
e Bl 815 (Al g3 ) slaall culanall & il g3lSh) 8 Calias 5 g oo () 5S5 dyil) Akl
il ¢ (2a/3, b/3)) = Aal e oS5 2H; Ala B ¢ sl 45l e Ay ) sl AN sha
b il pfSl el Ay gla cdlelall o) i s 3Ry saxidl g1 g Alls b slaal
g sl (o clidall _wlandl aaSall agdy il uaSs e S35 o (Say 3 statall cilihall
bl oslandl (o) sdiall Sl (e et AUa i eclipsed 48 guSe U 53l 2Hy il
Y (LHD s S GosSill 5l aaal) 13 G Allia (585 i 58lS) o Cum 3Ry 2aie £ 43
s Ja IS Gle gl as [100] 8ok Lo jamat o5 2H; 2uiall g il o Alial 3a sy
manasseite 4 4y sk I (usSe IS Jsats Cundli s jued) (68 Jaria <iad [109] Gaas
(Sosk e amorphous) osdsel Hshb (nsSS (I (sa5 baxucall (e 11y 30 1.5 GPa (s ie
Ol s A il 5 el Jaks manasseite ) & gas 1 1315 .4.0-4.5 GPa b dic

A phad) Lty Clpaad) QB e J dal) Jariall GuSay ) (S

JEal s e 5 padl A3 3 A0S by A3 oS5l ilisnl) 8 (oSl Julos (V) onny b
Sl G die 3Ry axmidl g il & 2a g 4l g ZN/AL — Cl LDH J XRD g3sai <[95]
g5l disnh Lssaan Ja slall A (8 i 1500 500 a Aa 0 die cpddll Ly doile
Sac il 18 dlue Juli5 e 1H ) Jsn3 3Ry S i Ll Ni''/Co™ — CO3 LDH 1 .3R; 2axis
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slall salel daud g salgi salel &3 3R1 2aidl g5l 200°C 5,0a da_y (pidll die
A 1H 2axiall g il & i) AN G Aaadae U g SN Sl gl o) - 81 [110] (rehydration)
3ola dila o die 2S5 jael) Gl gl (e gty Glsaday [ DHS ¢S5 0k [51] Pausch et al.
(150°C Jlall Jaws o) dlle 50 pa clay de i iSE 3Ry 2adall ¢ il ddimidie Jelis
2y Lz Ll e uoSal A8l (5 e g 8 05 (gl (MgsAl 4 100MPas
£ 58 uedy o Sy Y skl XRD zasad o «da JS A= ([100] Dritss Bookin
S 50 Gligl s JanS 5 el Ak e sanal JSAI CxSe e LSS ae 3R, 2axia
& siad din s go MG/AL LDH Jdas ol saniall g sill (pudi b odle) S5 LS il il
[CazAl(OH)] [X]— Friedel ale s Alulu s 3 [108] s3ha JsuS 5o <l il e
M5 «6R (X = Cl), (rhombohedral) dsulas 4 ) sdia saaaie g 53 J<5 aa 63 ) gall . 2H,0
g5 &l dead sk dadgdlle 3 ) y» cls pn aie 3R (X = 1)] 5 (X = Br) 3Ry «6R

Loalls stichtite oaee (e de [111,112] 2,80 monoclinic i

[(M5.94Ca0.01)5.95(Crr1.20Alo51F€" 0.25)2.05(OH)151](CO3)1.47-3.7H,0

s sa g ladVL [113] 0.776 NM (s sk Co 228 &1 50 3Ry 4 L (sl 4y 8 ) CilanaS 2a
J32eall § 1 laii me dueSa TH 2axie g i b il 5 o) jumd Clial () S5 (Sl ndil 5l S e
.0.737 nm

1591 38 8 aa s o) oS [LIAL(OH)6]CI-NH,O o) o 436 (Li/Al LDHs s 3
ghaY) ol [114] (n = 2 Laie) (rhombohedral) (owlawdl ) gliall (e aaatall
Al QLS ja (o et o) gall Al 038 B 43l (e a2 )L ([16] (n = 1 Waie) (hexagonal)
Cpaaniall Il 63 o) ¢adl) ey il WAL Jsag 431 ) Adine AI(OH);3 (precursors)
bijdl oSodl [114] Jsaall dlgle B QBN Gan ek (polymorphs)
54 (e Adtada Aty zAaS o) (S Al @lilall ) glie eSS Al [LiAL(OH)s]OH-nH,0

.[115] pseudohexagonal Jia Ll 5 dsda

S5 XRD giles b Gaalall Crgadl 3 @i ) LDSs ilia s e daall e cdaall ¢ 5
Leinnl e o8 e sk el aad 30 0 S0 5ol 5 S5 4 O 3 el cya JB) e slen
et 2 gen ikt cllici Le o) pall o3a Alla o5 Sl 534 (ge 2 el 3 He et al. danl s
Co'"y10Fe" — CO3 LDH < 2 suall zilail slSlaall g 4 jaill (i g (5 222l g gill aaaty
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24

e Jlie 6 JSE) & mm 5o CO/Fe! dillae (e o] A0 el 3208V Aol 50 [116] il
MgootMn!' — CO; J<is Laie ¢ = 2.278nm 5 a, = 0.312 nm = 3Ry 2l ¢ 5l
3R1 wie ¢ 58 JSE& 44 pH 2ie Mg(NO3)/MNCO3 Jaslal 43l sgll 31834 [117] LDH
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Al clidal) B plall g cili i) i 52,3
3.2 Arrangement of Anions and Water in Interlayer Galleries
oaS) And) g (e 3 1.2.3

3.2.1 Evidence from X-ray Diffraction
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diyl) clidal) L4l Rietveld cswsi 2.2.3

3.2.2 Rietveld Refinement of Interlayer Structure
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Al ciluldl 3.2.3
3.2.3 Spectroscopic Measurements
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Extended X-ray absorption (EXAFS) sxieall (uS) dail aliaicl ddaul s (gdall S yil)
25 [138] [PtClg)? 5 [137] [IrClg]? Jie A 5ISI ciliéaall 5 ALl calaall fine structure
L) 2o (hydrolysis) Sl dab Lgsaas 8 LDHs & 28 o)
Zn/Al LDH Jelill ol 7 yi&s K Z8al) aisl gl jeaie ahadiuly EXAFS <luld M — Cl
& M0O,Cly(THF), a= 4eaia 2,2'-bipyridine-5,5'-dicarboxylate <lssl e 5 sisy
AS i)l (e Yo [0,M0 — O — M0O,] laa 5 e i Lile Allatia Calial e (5 5ia 30l
s 4 [50] Mo — N 5 Mo — ClI ,sd8 Gulss (e dids aa 0 Y 43 <pipyridyl s8xe 8
[MM(C204)3]> (M"'= Ga, Mn)s [M"(C,04)2]> (M" = Cu, Co) oxalate <US
Gl 8 Jat daila ol s & gam EXAFS Sl 3 35 « ZnpAl LDHS s MgoAl (8 desidll
La 5l 0555 Cum MQoAT i sy Gl shancal s Y1 LS o (8 Sy e A3 laally il
G Y1 ol 28 [M(C204)3]® (M = Ga, Mn) J 4l 5 dall gulal 45 jae [135] SuE S
Ga: - Al gh Slalse day ) 5 (4 yuald (il J oY) e cdpinll Glakall & Glalasy) daliae Cails
Gl Al Glay 1Ay (M- - O Algh ililes A5 3 Hual Cilalue AU Sl AW 5.0

15 JS8 b dan sall

ddia o I i3 Ni'l/Co'"' LDHSs (# desia [M07]% (M = Mo, W) 4 EXAFS il
e Jalit) Ay M — O 3aal 5 dday) ) ae [101] Leadke¥ Lol dguliie <uilS daniall il 53!
Jss ) el Guls Cld 6 38 Jaai 3 jpad M — O dail s, s (M — O — M 8aag
=Ll MO, J Glliall da g oladl (5 elall Gl Ja sy oSl (45 )3 (5 5305 4000 3 08 (amal)
Ni/Al LDHs & asidl [CrO4]* and [Cry07]% Al 4 paliiul #UuY) (udi mdan)
pH J las Zulus polyoxometallates 4 (oligomerization) <Ll 4a 0 ¥ [144]
Aailil) Ll 46 )lia | DHS (8 deniall jualiall 8 Jaadly o)) Sy <l V) a5 8 <l )
S i Ja Bade Gl glaay Lag 55 Le Llle dpra jall CLS jall pe daaiall yualiall EXAFS (2
X-ray ) Alall e il el dad) Gabaial Cinla (JUal) Jus e [158] d8laall jualiall
skl V K 4dlall xie EXAFS <lla s (absorption near-edge spectroscopy (XANES)
ammonium ) <ulaililie a0 9a¥) aa Zn/Al — Cl LDH 4 Ss¥) Jobal) ddasd g0 o
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[V10028]6— <lissl o 7 s e «decavanadate z2WY il a5 (Mmetavanadate
QU ddle pH Al dic dasdall S3leldl) daat Laie [159] salell At Cliadall 8 33 5 gall
VO, Slo sadine &y el Gl e ggiad Sl 4l Glihll of - & EXAFS Slly

e 2ol

Fe <lilus o Al 0Y [Fe(CN)6]® s [FE(CN)e]* o Sasaill pasias o Sy ¥ EXAFS
O G i K 48 Fe U XANES (abiaial 8Slas  aall Uadll o qii Fe- - -N 5—C

5 (=Y ) M = M 118130 IS L DH 8 [M"(C,04)s]* - Aalisa il 3 15 e
[135] (Jaw¥) 5 M = Ga

ST Il 5 e 5auS) Jelis ) sa58 LDHS 8 [Fe(CN)6]® sl [Fe(CN)g]* - ¢l sas aladY)
[160] Aiall clilall 3 (g sall Cpiial
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Ein e Lo an U &l e 4y [161, 162] LDHS 4l 32 8 LS <& 5l 5ia¥) G aaiial
Sl S0 Casw ceall 1 8 Aaadal) Chgadl 8 pds Al il g duadall bl aaes
Jila lliay o lame ) g <IN gl il cldadal) 8l V) Aty Aalaiall il slaall
1063 vie A"y Jilai 2aay y Jilaiall dale Talail day )l Lty de gandd) 4 ks Julas D3R s
E' Jilai aaay pg Jileiall 880 cmt 2ie A"y Jiladll A (5 sl (e z )&y, A5 cm?
Ol laiy p] Jaaill g col paal) cand dalaiall b Ladh adapisn &5 p2 Jaadll [22] 680 cmlae
e 2l (o e ae I lal s el jeall can ddhiall (e NS 8 ddads o B Bla¥) (a8 ol
Jilad s ol jaall it da2Y) Cilal C-O 2aail dibiia L Gy je Fa jay ot 2 dualal) gl
30-60 cm ™t (Alss Juadi¥l e dly s Gdie ja () diaiis pg 4 jad) () 2 iy e jall LS e
G 1 il Vsl s Jia 8 Cy sl Coy 4 Jilaill Galisnl ANy juadi o ¢Sy 038 [163]
z o8 a8l Ly 5 1060 cm?t aie [161] w8 O Say A das el 7 same sy O
Gle gane ddplal Clig S 0¥ dgia 5 el Aadl ) pe dasi e Jiladll (mliasl o [161]
5 oFrost il s clulpall e o Al cladall el e sl danS 5 gl
ase o) 2 Uil e paall (g a3 A L DHs e [163-166] ussa)s Kloprogge
Al A il o 7o e bl A G o0l daple e ading py de s e gl il
Ol O e iS5 Huel) Sle e ol g G Ao 5 pngd) Al Nl iy o 58IST laginy)
J73] el 45006 Aaliae 1S ae L DHS Aludisd a8 4gliia ) 581 il 50 S

A (e pe I cJuadtV) uds jelay L DH (A& @l il 0¥ vg s o) s 8 (sl (iamy
[22,161] <l o SU cail g ) 3525 A8l o s ae o Jilail) L dad g () 50 Bas) 5 da jay ) 50Ul
b DAY 5 leadlidl) e LU dia e LDH J Al clihall b el il ciligl s i
8 Bacll) 158 b slalia 52l ) i Gl 136 [55,79] Zengs Xu  ofialdl Agalall Csal
Marcelin ¢! ¥ <0.26 o= 2.5 X Lxie [Mg1 xAl(OH),](NO3)x-nH20 g sl (= LDHs
138 5) Ayl gy Cag yla it gl cal a1 1) S Al Cadlial ellia ol 26l [167] et all.
Aol agome Gk ciad 3 ) dee sl 4 Mg/AL J dgsall ) ) el o) oSl (1
b i il gl old x < 0.26 Leie 43 [55,79] ¢l il (1.2.2 5all 8 (s LS
Gl ¥ (aadall 1 gall 3,500 Gladall 45 5] g0 Ll slue (588 Camay 4l Glikll S
clidall e Jau 5 aell Cile sane G Lel 538 paie Led Aaglill a1 il )3 ae ol o S
Glia S 13 Baal 5 d8udal 3 pilae L s dlari jo ) 4y i Cliaa Sl (45S) Ladie 3 ) slaall
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4al je Abodl &l il Gl o) (a8l 38l ox > 0,26 Lexie [168] a4l 4y Gl
& s onell 858 Adai e Led) Cuny lilall 4 3) ga Ledly sins ol aa € sl JanY ) e
“stick - deadall Aadall 73 sad andly G2y 138 5) o)AV e Lo gale JSE Jelili Y g 3aal 5 A
Je¥ g S e g sisall LDH (8 Baadb ol S il 13a o) Laasl 2 58 [55,79] (lying”
¢ Sl dalal) ) yiall Gl gyl Caal () 5S5 daaaial) 8LSE A0S b g SN U gl dae X dadd ()
Riad RS 3 Ak die s Al ) S e 8 oS oY Yl oS3l £ aa g dllia
G ohanil e ssinall ol g3 el e Y S0 Reaiall Tl g3 pai 4l i) 81 Ale
O dasdi Jay jeday W &l il gl iclica V) (e el e dpid) il 8 <l i) gl
=~ 100 = ol geabe (S je jedad yop de s 2048 (s (A ) pealdl i A i) anla A Dy Jila
o Dl (8 s g e Aday jie JauS g jnel) Adida Cile gana Gamy i Gl 2 Al com?
Mg/Al g« LDHs e +80°C 5 -100°C ¢ [169] 5N NMR clul sy o5 AY) cpm
g O8Iy o AY) IO ) sl Jsa o ()53l Gimpa 5l 3 98y Cullll ol il ae dddie el = 3
e MO/AIR2 ge b yo oS Aot Ak $1,4 [DHs J a8 Gl 2 Y 48l Iaadl o
il il il Jlasial aae Laa¥ a8l JA (e dealall 40kl #3503 [50] Gongalves et al.
ld Jsh¥l ol ae (g2 9ee S Lale) cunaSs Al 2 2'-bipyridine-5,5'-dicarboxylate
Ay e denll O e a2 1) yop Baiaall A jall b rilaadle axd &) S el cliilall (5 ) 5a

S 5 ynell Gile gane Glinh e (e 53 2a 5 Y Sl () 7 58 18 5 ¢(las

£ 58 48 400°C 5 &3 [Mg1,AlL(OH)2](NO3)y NH0 g 5l e LDHS ¢y sic
el b L il i) alias o XRDs ¢l aall cins ¥l Casa il e [170]
B8 ae Bpdlie Jeale L see (i je (58 ALy Dgy Sl 5S0 Lie pany ddainll Glill

S all 33 a3 )k o glal ) Gl 2 (Coy il ) Baad s b 5 508

[C&4A|2(OH)12](NO3)2'HH20 (n =4, 2, 1)

(N= 1059 e &3 Ay Jilai e yy 23l Jaad il (6558 ) 3y o) slall Jia 43) [171] i
W5 B Bl e Ay s sinall 3y, Wi (n = 1) 1055 cm?t ) (n = 2) 1070 S 4)
& Db il o3 = ] Ledie Bas g A Jhaaygn = 2 S e ) S 7 sin s Juaidly
O o Jual Sl bidentate nitrate s «sasl s 3 8 L el mondentate nitrate o) 2ss
XRD sl 53 [171] lal J8Y) 038 (e il i il e ccliylall (g 31 sall <l siall (sl
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el ool Sl gl <] 4 ;p\‘;@aﬂ&u\f}\mg, N=2sn=4d5,8l 5,5l I
O Ll SV 3 e 2 3all (e (s siad JaS s 0 Sile ganse diu e dduliie JIS3) Ao
sl 5l n = 4 de (Lhe JS1 950 ddlaaly) cilidall Jle 30 saall <l il clig) 5l oLl
oS JS (e e Vsl Sl S el (8 il @il [171,172] n = 2 die &l yil)
oall g S5 JSG (dehydration) stall A1) skl e (sagae Hme dss s s et
.0.805 NM Y 0.862 (s« s2eldll &1, 5 (ELSL Lsaiae @l jidl) 05 Blal) Gulis b
MQ/AI d ¢l jeall Gl &) Sl 5 adail) Al jo A Gl s g Sae Al H b gaoas
sl o) [173] oy Al cladall (8 <l il y Gl SI (e Jads e 4 giadll | DH
Gl ae deaile sl (815 48 2l 3 ) ) da o die gl Gkl S je A 83 g ga O i)
«LDHSs o 13 gale (<4 alaily) laaBl  150-1700C 3,0~ 4 0 xie ynidentate J<i

1.4 el S ASEGL 8 i ge g8 LS

A Al L (g (383l 35 LDHS (o8 Caandl 43 505 AJWEY) (alaall cyano <lbS je (e 2aall
O) Bl Adle daay dla [161] (vibrational spectroscopy) O sa¥l cada Jalas ddanl o
& Lensii 555 LDHS 8 &esiall [Fe(CN)g]® 5 [Fe(CN)g]* Jie celans¥) dslalll byl
i el (e 20 3 g g ae dina Bale ) Cpdall (ST 6 N e A0 sae axdil) AEDEN s ) sl
Jlaill 5 508V dylee 0 I Consi 038 Aenie (alu¥) 3 a3 Gl e dagi 3 ) s
o [Fe(CN)g]* ol al laadll oda Jlaals [134, 174-176] DY) 35m5 o) (il
aniti (O Sl & Ty A siall ol jenl) and Zai¥) 3 Al sam o) Ao s Gl cJUall Jaows
oAl aaad (Ke A da ) Dag S il L glaalts ) i o (S 35 ecpian

[174, 175, 177] (Ey 5 Ay

[134, Braterman et al. ¢J8 .z 8 dadhadie Ay, de s Gan A (X, Y) & biius B 4 s
Agasall Clial) Gl pe (Rgase Lall) Zlall ol gall ol yeall a3 4a8Y) il 174, 177]
Al Als 3 sl 25l Gal ) e A (gl Pl @laill Fladdl J3A (e 8 pandll
LelS (o ¢ suall Ll oladl 5 € saall (8 Hslaill g ¢ 7 ) saall (8 anl) 4500 Lo jall 5 g sall
Laaill o Cas (X, ) eladl 8 3 sall unaS Calafiusall ¢ guall addi) cAllall oda 3 [177] 481 sia
2 ) aas dgasall dell Cida b e e ey galadl (il Lain el g siae Ay,
b i) olat) (e (388N a2 () Sy 48y Hhall 038 [174, 177] 2ede B S el (addidll
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A sbudiall e lardll e Aadlil) () pAl i) 33 5 Ol angy S alaial G Y1 i LAY ddliadll
[177]

dale Chgay b 0 A sumal) LAY (and 3C MAS NMR i 5 dbeal) Al el
Faniall i gy Sl i/ 5 i g0 KI5y o Jidia 3 g g cranst i) 4y sl o8 [178, 179]
5-benzoyl-4-hydroxy- i) 35 i paied) el O 3a5 [179] Wde i3S ol
S8 el iludl (e de sema e IS e 551y ((MBSA) 2-methoxybenzenesulfonic
Aaie YU 58S S ) 58S sola) ) 5l Ll aad () (Say el dnmeall el gidl) de gana
A0 JasS 5y Dl sane ae ddagi e Ledl o Cua i) @l gilull de sans [180] pH ded o
s3a 3 1000-1300 cm ! (e dshaidl A jea¥) Cad Canhall pallad oY dddba g yua Jal g 5
dga Al g @ pedal Sl s cMBSAL 2 guanidinium glel cidas bl @l e las Ay 3
&o badi e o s a5 «Cgy Jlaill alise (& Cui il de sena lliad L) 30,80 35h o XRD

[181] guanidinium < sy

LDHSs 8 Lealai) 5 Uiy il 48 jal 2H J dbeall Al NMR aladiuly [182] <bul 3 Cy sl
g sl (s

[M@15xAl(OH)2]{(p-CsD4(CO0),),(CO3)1 y}x2:. NH20

Cadi s e Gty 138 ¢1.42nm Akl daglal) 8 Al culS oy = 0.9 5 X = 0.37 Lexie
Y 245 Gl B 2H adal il 5 ) all Ax j0 5 ([183] terephthalate <l pi¥ (52 sasll
180° <) 38 a5 «C — COO Lsae e sall ol sall Jadiy 23 sa aladiuly gindal 3 355 K
o Gl K (s gine 3L ) ae S terephthalate J) sl A€ o 7 8) 8l daladia
ey 1325 <0.76 nm oS Al A8kl &1 8 i oy = 0.51 5 x = 0.29 Ledie Ayl AL
Glighdl e ea [183] 4wl Akl & terephthalate ) Uiy &Y olai¥) ae
Badall Al (8 (Sae e san 134 o) L ST ool sl il (2% 43l a5 terephthalate
ClipsY Gaieall mhadl o goal dagi ()5 o Sar 1 o) 2Bl 4Ald cieSia) Ayl il

terephthalate

iw Li/AlI LDHs 5 Mg/Al & 4eaiall CIO* & she Aalin g € i1 35C] I NMR 4l 2

daa g saley (i (Sl bt daddie B s Aa ja g Agha ) die B8 AS e U )
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(= 7Se INMR Dbl JGally [184] Luswsd Ardl 3,0 ya A j3 g Ay gha ) e day jow A g i 0l
R ¥ 0¥ o) G el Al AL 4 Se04% & sisall LDHS (e odialdl (s J8
selenite A1 &Y SV eV Aad N w1 Aok Lﬁi die dugyigpl 4 g dalel

[185] perchlorate & &5 sl

I ae iBle 5 MgsAl — Cl LDH 8 daaidl )0 cligY 35C| 1 NMR 4l
A A [186] el & @i [CasAly(OH)12]Cly-4H,0 LDH 4 hydrocalumite
SV i Lae Al 5 5LEY) 8 Cima &yl 35C] I NMR <l (i «<MgsAl — CI LDH
e B el Heaall N AN aall e pead @llia 4 jlacadl) Al ciliudall 8 Cl s
& U3 i e -40°C (e J8 50 Al Gilan (e gy @l e galaY) ) Jila
differential scanning s o~ bl salal) 4585 JUA e Liagl T3 ) Sy (o315 Al
iy diuie slall Clida 0585 s Ca/Al WUai & «Jiiall & calorimetry (DSC)
IS0 G gl 5 Al slall dida o] 4 6l 3 adiElic o LS ald) o) a8 o sanadlS))
Clikll & AP 5 Ca?t Dl silsl g pmall (i jall )51l ae dasi g O (e 120 s A5 e
5olm A0 die Ciyrag 2ame Allall 3 gt ellia o) & DSCs NMR il (3.3 < sl
) Aaddiall 5l ja Aa 2 Alls (A sl (DA e CIF @dse Jilad pady (53ll 5 «6°C 0 4 8
Lo e AS0alind sy ity a1 5 A yal) 30 jall da o dlla 4 @l (e Ly B8 5l ) sl (salal
I Gl gl g Addladl A8 all b clall Gl e ae e jall Adiia g el dayl 5 )1l e Lanl)
o) elall il a3 a5 L) it [LEAL(OH)6] Cl-XH20 (e *H 3 NMR <l 2 [186]
o el i al C2 s () el [167] Kb TH I NMR bl s [187] &Saebiall s 45
¢ sl Hsnall e 3o gee il Al Akl 8 @l i Sl e 4 sisall Mg/Al LDH
Cs Usne e S o) () i 3 AN Al jall 038 [188] busaa e 138 o (2 Lad (ST
Al 90 A8 pa oady elall Gl adde 5 ¢ L saall 4531 5a sl il ol Cp sl s (s S Y

Coosmdldsns a

Jla LS pall (A aoall Bas) Al e @3l (MOsshauer) s st e ilias adiiul
ferrocene ) Lead) aa g ¢ gbos 90 Ciliaa JMA (10 [176] LDHS 4 desiall [Fe(CN)g]3 7+
sl Gl S dillae ae Ss¥) dolall A glaa 3 Jaiy LDHs 8 aaiall sulfonates

J189] ekl 8 dxare raalis ) aiall Fe3+ Sligl
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gl iy 4 gmall el slasl auaadl 45 )l et (g SN Al vie XANES 4uis
o8l 33 el 35l mhaw (e dypaall ol gall D) jiel (e GEadll Creadiul M 4 sl
olail a8 Allad A5y 5l S5 ) (S XANES 48 ol [104,190] os4ls Moggridge
vie JUK (benzoate) < s il aladinly o DHS J Adull cildall 8 ddlad) &) pianll paliall
Aally 354100 4a  Jrar 430 23 s Mg2AT LDH (8 &l 5 5l O sl (5 sian <28 3l 3 ) a da
Ot ladall 4 5) ge 20t <l 5l (d 50-100°C 30 s da 0 die Cpddl) sy Ly (ilikall
T sl salely el Ll Jlaill oY cogllall JSAIG 50 o) O JSA () [44] 1555
il s XANES dad A axdiedl (Vacuum) g8l 2sm s 8 aasd el g jull el 5
S oy 18 Ay gusall 5 403 sandl ol 5 Sl g JSAN dass gie 65 ) (UL a3 8L
‘MQzAl LDHs ila 3 .0.90nMm ) 1.54 ¢se 530l 158 3 3 saldl [44] (ol g 20
de Ja (g e oladl Led Al Gl i) A 8l bl dlasal) &l g ) yill (addiall (g sl Eua
@ [191] 053 Le e af Ml dBdian S 55 A sy Ao didy ik als A8 Rl 3 ) s da
Loofi oJU aild Hlad Coial alaiinly cpdanall ol g 3l () ol A gadiall dabiaal) dils jal) il
MgsAl LDHS s MgoAl 2 8a 83 5 IS5 58 giall Zalsal) o) cpa (3 ¢ 0.21 NmM? s sbes
S s (B i gl i mdasall o3I (b 4de 5.0.36 NM? 5 0.24 LuJE o
o8 S Ll (K15 (MoAL) V) LSl b (steric) <l i ge @i Sl e il

[44] (MgzAl LDHs) GaY Sl

Gaxdal (e Led Ll doga daaniall (<ilisle) chromophores U 4l gi sall g 450 3 53 6dl) (al pAl)
Lty G G AilaYl dgad sl il eadly 4 a5l 8 eal) (B 3 al) s2gd Jlad
CS el Al i) liadal) a8 J s e glray 235 U slall AilaasS o5 gdll 5 4300 3 55
ale S mhudl s deaiall jualiall Glaa¥ly pabaia¥) Cila (lé fluorescein s s<asd!
(disodium) asgall AU =l 55k 4ldy J¥) o) duay S JS4 gl (dye) daa
I3 4y i A e Ranall i 51 O 138 (e i slaall 3 (dlye) drsmall 4ndy LAY
el iy 554 [192] (chromophores) <b sldl i 777 Se & ae 3 glll (A 3 g gl
Axpall 4y 5 Saall @l )5l Agliia | DHS (4 4eaiall (methyl orange) () diisall dasa
Aall ) gas Sl Jladll Ly dgld) gl Alls 8 oY) d8Uall dals DUl dal e oK1y
Gavall (e Ay 8 Ll 8 Lile Allaial) & i) (anSS ANy yud 38 13a 5 V) ddlal) Aals
e daja Gaw LDHS 4 asidl 9-anthracenecarboxylate 4 (=baicl) caa [193] Lewds

www.trgma.com



http://www.trgma.com/

Slasil 500 nm Jss 6 algi Alaall G g aead I Cyje o385 490 NM Jss Aad s
Gl gl Glaeadl andiall (358 ddala [194] 4wl )y <) LS [133] pendll g 58 Gt () 352
& A Jalaill g3 i ) lal) Canda () - 58 8] | DHS (A desise (salicylate) <Oballa
(confocal fluorescence spectroscopy) 5.l aaiall vy ;) las aladiuly (gaulal) 5
[195] LDHs J 4l Gl & clasall Cii )5l a5 58 e da Cilaslra azy o)) (S
& (O,NCsHsCONHCH,COOH) (NHA)  4-nitrohippuric  uass  Jeli
Al salall 2y ) oISI (& saf 288 ) 923 Aalaiall 4 gucand) il ) aladl ) 525 [LiIAI(OH)6]CI
Glalall Jaks Adlaall Gl jall (e A8 e A ghian A el les 3 ) Caclial ailliad sl
i€ el y 4 gay el gl (s Y AN NHA sk (3l (e s [196] i

354 & centrosymmetric oSl

Mg/Al LDHs & 4l (CSC) 4'-chloro-4-stilbenecarboxylic caes i 55 4l ja &3
AydaS danie CulS Adliaall il sV o)) Cpm W5 ¢ Sl Sl aadl ()5l 21 g0 31 alasinly [197]

L8 400 Hlatay b jadl (5 ste O da 90 e

o ) alell S sl e )
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3.24

Molecular Modeling

It is generally accepted that the interlayer arrangement in LDHs depends
strongly on the area available to each anion. Since the distance between
adjacent

metal ions in the layers is equal to the unit cell parameter ao, the area
occupied by one M(OH)2 unit (shown by the rhomb highlighted in Fig. 16) is
a2

0 sin 60¢ [193]. For an LDH with layers of the type [MII

1-xMIII

X(OH)2]x+, the

area per unit charge is therefore (1/x)a2

0 sin 60-.

When a monovalent anion balances the positive charge on one side of the
sheet, the same charge is not “available” for another anion approaching the
sheet on the other side. This means a monolayer of intercalated monovalent
anions can be formed if their cross-sectional area is < (1/x)a2

0 sin 60, regardless

of whether the anions “see” the positive charges of the layer on only one
side or on both sides of the sheet.

The gallery height in LDHSs is normally estimated [1] by subtracting the
thickness of the brucite-like layers (assumed [198] to be 0.48 nm) from the

» ,
Fig. 16 Top view of brucite-like layer, where the area occupied by one M(OH)2
unit

is shown by the highlighted rhomb. Reprinted with permission from [193].
Copyright

American Chemical Society

38 D.G. Evans - R.C.T. Slade
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basal spacing determined by XRD, i.e. dbasal = 0.48 + lanion (hm), where
lanion

includes the van der Waals radii of appropriate external atoms of the anion.
Alternatively it has been suggested [130, 189, 199] that the basal spacing in
intercalated

carboxylate or sulfonate species can be estimated by the equation

dbasal = llayer + 210-H-O + | _

anion, where the layer thickness (llayer) is 0.21 nm

(the intralayer O- - -O distance perpendicular to the layers in brucite [13]),
IO—H-0O corresponds to the length of a strongly hydrogen bonded O —H--O
unit (0.27 nm) and |_

anion is the length of the anion. Thus dbasal =0.75 + | _

anion

(nm).

A theoretical model for estimating the textural properties of LDHSs by
combining geometrical models of the layers and the intercalated anions

has recently been proposed [200]. The model allows the estimation of interpillar
distances, interlamellar and external areas, the interlamellar free

volume, fraction of external anions and the apparent and true density of

the LDH. For well-crystallized LDH samples, good agreement between
calculated

and experimental results was found, whereas for poorly crystalline

samples, a correlation between the degree of crystallite agglomeration and
experimental values was proposed. For example, the very high surface area
of an Mg3.3Al — [Fe(CN)6]3— LDH was satisfactorily rationalized [200] and
the model has also been used to aid in the discussion of the orientation of
[H4C02M010038]6— anions in Mg/Al LDHs [201].

Calculations based on simple molecular models and the charge density of
the layers suggest that sulfopropylated-f-cyclodextrin and carboxyethylated-
fS-cyclodextrin are arranged in the interlayer galleries with their conical axis
parallel to the layers with a packing structure which is similar to that in
crystalline

cyclodextrin complexes, where the molecules are arranged in a brickwork
pattern [202].

The molecular dimensions of the (4-phenylazophenyl)acetate anion have
been calculated [153] based on the molecular structure determined by the
MM2 semiempirical molecular dynamics method together with appropriate
van der Waals radii (Fig. 17). The area per unit negative charge on the layers
can be calculated from the crystallographic structure. At low anion loadings,
it was found that the guest anions lie parallel to the layers for LDHs

with Mg/Al ratios of either 2 or 3. At higher loadings, a vertical orientation
Is observed. In the case of Mg/Al = 3, the cross-sectional area of the

guest is smaller than the area per unit charge on the layers so that the
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molecules are arranged in an antiparallel fashion with little interaction between
them. ForMg/Al = 2, the cross-sectional area of the guest is larger than

the area per unit charge, so the molecules are slightly staggered in order to
reduce the lateral interactions, leading to an increase in interlayer distance
(Fig. 18).

The most probable arrangement of fluorescein anions in LDHSs has been
investigated [192] using Hyperchem, a molecular visualization and simulation
program and the predicted arrangement was consistent with both the
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Fig. 17 Calculated molecular dimensions of the (4-phenylazophenyl)acetate
anion.

Reprinted with permission from [153]. Copyright American Chemical Society
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Fig. 18 Staggered arrangement of the (4-phenylazophenyl)acetate anion in LDH
galleries.

Reprinted with permission from [153]. Copyright American Chemical Society
observed basal spacing and the fluorescence behavior of the intercalate
discussed

in Sect. 3.2.3.

The approximate van derWaals dimensions of the methyl orange molecule
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have been calculated using the Hyperchem program and are shown in

Fig. 19 [193]. It was calculated that the cross-sectional area is =~ 0.22 nm2 at
the — SO3

— group (although other workers [203] have estimated the area to

be as large as 0.27 nm2) and = 0.29 nm2 at the — N(CH3)2 group. When
intercalated

in a Zn2Al host, for which the unit layer charge area is = 0.25 nm2,

the fact that the cross-sectional area of the — N(CH3)2 moiety is larger than
the area available suggests that the molecules will pack in an antiparallel
fashion, as shown by the computer model in Fig. 20a. It was suggested

that in the hydrated state, water molecules may occupy the space between
— N(CH3)2 groups and the layers, whereas when the structure is dehydrated
the methyl orange anions can further interpenetrate as shown in Fig. 20b.
Interestingly,

the difference in basal spacing between hydrated and dehydrated

forms, 0.27 nm, is very close to the diameter of a water molecule [193].

——0.61nm !
Q.0
N

/

167 nm

—0.524 nm — ——
Fig. 19 Approximate van der Waals dimensions of the methyl orange molecule
calculated
using the Hyperchem program. Reprinted with permission from [193].
Copyright
American Chemical Society
The intercalation of dodecyl sulfate, for which the calculated crosssectional
area is = 0.28 nm2, in ZnnCrlll LDHs with n =2, 3 and 6 has been

www.trgma.com



http://www.trgma.com/

reported [204]. The observed basal spacing was similar in each case and
characteristic of a monolayer of surfactant. The estimated area per unit
charge in the LDHs is 23, 30 and 54 nm2, respectively. It was suggested in
the case of Zn3Cr, the similarity between the cross-sectional area of the
surfactant and the available area per unit charge leads to the formation of

a closely packed monolayer of surfactant anions. In the case of Zn6Cr,
intercalation

of just sufficient anions to balance the layer charge would lead

to them being too widely spaced to allow significant hydrophobic interactions
between the alkyl chains. Therefore additional surfactant anions

along with sodium cations are incorporated to give a closely packed monolayer
of surfactant species. The presence of significant amounts of sodium

was confirmed by elemental analysis. In contrast, for Zn2Cr, there is
insufficient

space in a monolayer to accommodate the necessary amount of

surfactant anions to balance the high layer charge and as a result, cointercalation
of nitrate ions, confirmed by elemental analysis, is observed.

In the case of Mgn

Al LDHs (n = 2-5) intercalated with dodecyl sulfate,

it was shown that the affinity for chlorinated organic solvents reached

a maximum for n = 3, which was interpreted in terms of the arrangement

of surfactant being optimized for inclusion of hydrophobic guest

molecules [205].
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Fig. 20 Models showing arrangement of methyl orange anions in a hydrated and
b dehydrated LDHSs. Reprinted with permission from [193]. Copyright
American Chemical

Society

The molecular dimensions of the non-steroidal anti-inflammatory drugs
salicylate and naproxen have been determined using the CS Chem 3D Pro
program. Comparison of the dimensions of the anions (taking into account
the van der Waals radii of the external atoms) with the observed basal
spacings suggested that both anions form a tilted bilayer of anti-parallel
molecules with carboxylate groups pointing towards the layers and the
hydrophobic

parts of the molecule oriented towards the center of the interlayer
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galleries [179].

An analogous anti-parallel packing with interpenetrating chains was proposed
for dodecylbenzene sulfonate intercalated in an Mg2Al LDH [203]. It

was suggested that there are strong hydrophobic interactions between the
alkyl chains because the calculated accessible area of a methylene group in the
galleries (0.22 nm2) is similar to that in a close-packed monolayer (0.20 nm2),
42 D.G. Evans - R.C.T. Slade

and that this contributes to the high affinity of the surfactant for the host
layers (as shown by the observation that it partly displaces carbonate anions
from the interlayer galleries). In the case of reactions of ethanolic solutions of
myristic acid, CH3(CH2)12COOH, with an Mg3Al — CI LDH, it was found that
the acid was intercalated as neutral molecules in a bilayer and chloride anions
were retained as charge-balancing anions in the interlayers [206].

A model for the arrangement of a bis(2-mercapto-2,2-diphenylethanoate)
dioxomolybdate(V1) complex, {MoO2[OOCC(S)(C6H5)2]2}2—, in an LDHhas
been proposed on the basis of the crystal structure of the ammonium salt

of the anion precursor [207]. Models of the arrangement of
ferrocenecarboxylate

and 1,1 -ferrocenedicarboxylate in LDHs have been suggested, using

the conformation and dimensions of the guest molecules obtained from single
crystal XRD studies on their heterobimetallic complexes, together with

the van der Waals radius of oxygen [120]. The area occupied by a1,1 -
ferrocenedicarboxylate dianion having its longest dimension perpendicular

to the layers was estimated to be ~ 0.40 nm2, which is smaller than the
calculated

maximum area available and a monolayer arrangement of the dianions

was proposed; for the ferrocenecarboxylate, a monolayer is not possible on
packing grounds and a bilayer of monoanions was proposed. This is consistent
with the observed interlayer spacings of 1.55 and 2.00 nm respectively.

On dehydration, the dianion reorientates so that its longest dimension is
almost parallel to the layers and a reduced layer spacing of 1.23 nm is observed.
Napthalene-2,6-disulfonate was reported to intercalate into a Ca2Al

layered double hydroxide-like host material as a tilted monolayer, whereas
naphthalene-2-sulfonate was intercalated as a perpendicular bilayer [208].
Similarly when intercalated in Zn2Al LDHs, anthraquinone-1,5-disulfonate
(AQ15) and anthraquinone-2,6-disulfonate (AQ26) are arranged in a monolayer,
whereas anthraquinone-2-sulfonate (AQ?2) is arranged in a bilayer with
interdigitated antiparallel guest anions [209]. Interestingly, competitive
intercalation

experiments showed that the affinity of the LDH for the three

ions varies in the order AQ2 > AQ26 AQ15, which was taken to indicate

that the hydrophobic interactions between the anions in the bilayer

structure contribute significantly to the stability of the intercalated monovalent
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species. This type of molecular recognition capability has also been
demonstrated for other LDHs by means of the selective uptake of fumarate
from fumarate/maleate mixtures, of one isomer from a mixture of naphthalene
disulfonates, and of terephthalate from mixtures of all three
benzenedicarboxylate

isomers by Li/Al LDHs [210, 211]. The extent of separation

was found to be both temperature and solvent dependent. The latter

suggests that differences in solvation architecture around the anion in

the bulk solvent and in the interlayer galleries play an important role in

the affinity of LDHSs for a particular anion [19]. The relative disposition

of the negative charges in the dianions also presumably has a significant
effect [19].

Structural Aspects of Layered Double Hydroxides 43

Experimental measurements and computer simulations have demonstrated
that the orientation of terephthalate anions in the interlayer galleries

of LDHs is strongly dependent on both the charge density of the layers

and the interlayer water content [183]. LDHSs with high layer charge density
(e.g. Mg2Al) and high water content give materials with a basal spacing

of 1.40 nm, suggesting a vertical orientation of the anion with respect to the
layers is favored. For lower layer charge density (e.g. Mg3Al) and low water
content, a basal spacing of 0.84 nm is observed, consistent with a horizontal
orientation of the anion. The two phases may be interconverted by cycles of
dehydration-rehydration.

It has been suggested [212] that under true coprecipitation conditions

near pH = 10 (at lower pH, precipitation of the trivalent metal hydroxide
occurs first, followed by reaction with M2+ cations in solution), that Mg/Al
and Mg/Ga LDHs with interlayer terephthalate ions only form when the
Mg2+ : Al3+(Ga3+) ratio is 2 : 1 and that chloride intercalates are formed at
higher ratios. At lower pH, it was suggested that mixtures of an LDH having
Mg2+ : Al3+(Ga3+) = 2 : 1 with a-FeOOH or GaOOH were formed when
the Mg2+ : Al3+(Ga3+) ratio in the reaction mixture exceeded 2 : 1. This was
interpreted in terms of a high layer charge density being necessary for the
Incorporation

of hydrophobic anions such as terephthalate in LDH interlayers

in order to create a continuous hydrophobic layer between the sheets.

Many workers have shown [3, 19] that the gallery height in LDHSs containing
long chain aliphatic carboxylate, dicarboxylate, sulfonate or sulfate guests
increases as the chain length increases. For the case of a, w-dicarboxylate
anions —OOC(CH2)nCOO-, the basal spacing shows a mean increase of =
0.127 nm/CH2 from n = 3 to 12 as shown in Fig. 21 [213] for Mg/Al LDH
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Fig. 21 Variation in basal spacing of a,w-dicarboxylate anions —
OOC(CH2)nCOO-, intercalated

in Mg/Al LDH nanocrystals supported on silicon substrates. Reprinted with
permission from [213]. Copyright American Chemical Society
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nanocrystals supported on silicon substrates. Since this is approximately
equal to the projection of the C — C bond length on the chain axis [214],

it implies a monolayer of anions oriented vertically in the interlayer galleries.
A bilayer of anions would imply an increase of twice this value if the
molecules are vertical, or less than twice if the molecules are oriented at an
angle to the layer [1, 215].

Most examples of alkyl carboxylates (as well as other long-chain
monofunctional

surfactant anions such as alkyl sulfates and alkyl sulfonates) intercalated

in LDHs have their hydrocarbon chains closely packed in amonolayer,

as an interdigitated structure or in a bilayer tilted at an angle of about 55
with respect to the layers [19, 204]. This is similar to the tilting habit of
saturated

fatty acids in their crystals and allows both carboxylate oxygen atoms

to form hydrogen bonds equally to the hydroxide layers [216]. It has been
reported that formation of monolayer/interdigitated structures is favored by
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high temperature [152]. It was shown that reaction ofMgnAl LDHs (n = 2,3 or
4) with sodium stearate led to the uptake of C18 guest species of up to 230%of
the anion exchange capacity (AEC), giving interlayer arrangements very similar
to the Langmuir-Blodgett (LB) bilayer structure [151]. Two-dimensional

XRD measurements on cast films of the intercalates were carried out using

an image plate (IP) detector. The IP image (Fig. 22) shows a series of basal
reflections in the vertical direction and additional peaks in the lateral direction
(Fig. 23), which is consistent with a regularly aligned disposition of

the C18 guests in a distorted hexagonal structure in the LDH interlayers

(Fig. 24).

This arrangement is also similar to that adopted by the headgroups of long
chain aliphatic acids in LB films. Intercalation at over 100% AEC was shown
to be a result of co-intercalation of sodium cations or neutral stearic acid
molecules. In the case of trans-CH3(CH2)7CH = CH(CH2)7COOH (elaidic
acid), two different intercalated LDHs with a monolayer of elaidate anions

vertical

R T Y SR

4

<—’-
lateral

Fig. 22 Image plate study of a stearate/LDH cast film. Reprinted with
permission

from [151]. Copyright American Chemical Society
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Fig. 23 XRD diffraction patterns in the lateral and vertical directions in the

image plate

study of a stearate/LDH cast film. Reprinted with permission from [151].

Copyright
American Chemical Society
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framework

Fig. 24 Structural model of a stearate/LLDH composite showing a tilted C18
bilayer and

b regular packing of C18 in the interlayer galleries. Reprinted with permission
from [151].

Copyright American Chemical Society

(basal spacing of 3.08 nm) and a mixed bilayer of elaidate anions and neutral
elaidic acid molecules (basal spacing of 4.88 nm) have been prepared

(Fig. 25). In the case of the corresponding cis-isomer (oleic acid), however,
the kink in the chain imposed by the double bond allows the chains to overlap
only in the region below the double bond, sticking the chains together like
Velcro (Fig. 25), resulting in a basal spacing of 3.56 nm. The geometry of the
oleate anions is similar to that adopted by oleic acid itself [216].
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Fig. 25 Proposed packing arrangements in LDHSs intercalated with a monolayer

of elaidate

anions (on the left), a mixed bilayer of elaidate anions and neutral elaidic acid
molecules

(center) and oleate anions (on the right). Reprinted with permission from [216].
Copyright

American Chemical Society
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