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3. $��'�0&�&/ � �) "�%'���!�� 

3.1 %8=B57 8 AB@>5=85 3><>- 8 35B5@><5B0;;8G5A:8E :>>@48=0F8>==OE A>548=5=89 

65;570(III) A 0=8>=0<8 <0;>=>2>9, 48<5B8;<0;>=>2>9 8 QB8;<0;>=>2>9 :8A;>B 

 �;4<@B89=EF6<9 6B8AOI D4EF6BDB6 I?BD<84 :9?9;4(III) < DG5<8<96B= <?< J9;<96B= 

EB?< @4?BAB6B= ><E?BFO 6 @B?PAB@ EBBFABL9A<< Fe : MI
2Mal = 1 : 3 (MI

2Mal, 789 MI = Rb 

<?< Cs 3 ;89EP < 84?99 GE?B6AB9 B5B;A4K9A<9 CDB8G>F4 6;4<@B89=EF6<S >4D5BA4F4 

EBBF69FEF6GRM97B M9?BKAB7B @9F4??4 < @4?BAB6B= ><E?BFO) CD<6B8<F > B5D4;B64A<R 

<;BEFDG>FGDAOI 79F9DB5<@9F4??<K9E><I EB98<A9A<= 3D-CB?<@9DAB7B EFDB9A<S 

[Rb3Fe(H2O)(Mal)3]n (1.2) < [Cs3Fe(H2O)(Mal)3]n (2.2) (EI9@4 1.3, D<E. 1.3 4, 5). � B5B<I 

EB98<A9A<SI 4A<BAO @4?BAB6B= ><E?BFO E 4FB@4@< :9?9;4(III) B5D4;GRF FD<EI9?4FAO9 

HD47@9AFO {Fe(Mal)3}33 (8<4C4;BAO 8?<A E6S;9= CD<6989AO 6 F45?<J9 1.3), >BFBDO9, 6 

E6BR BK9D98P, E6S;O64RFES @9:8G EB5B= CD< CB@BM< 4FB@B6 DG5<8<S <?< J9;<S, 

EBBF69FEF69AAB (D<E. 1.3 6). �A4?<; 8?<A E6S;9= Fe3O 6 D4@>4I @9FB84 64?9AFAOI E6S;9= 

[86] G>4;O649F A4 FD9I64?9AFAB9 EBEFBSA<9 <BAB6 :9?9;4 6 >B@C?9>E4I 1.2 < 2.2 < 8DG7<I 

EB98<A9A<SI, BC<E4AAOI A<:9 (E@. #D<?B:9A<9 �). &4>:9 BF@9F<@, KFB ;A4K9A<S 8?<A 

E6S;9= Fe3O @9APL9 EG@@O >B64?9AFAOI D48<GEB6 (2.09 Å) EBBF69FEF6GRM<I Q?9@9AFB6 

(r>B6(FeIII) = 1.36 Å, r>B6(O) = 0.73 Å [87]), KFB G>4;O649F A4 >B64?9AFAO= F<C E6S;O64A<S. 

 

 
%E5<0 1.3 3 #B?GK9A<9 EB98<A9A<= 1.2 < 2.2 

 

&01;8F0 1.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 1.233.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

1.2 2.2 3.2 

Fe3O(Mal23) 1.981(5) 3 2.022(5) 1.980(2) 3 2.031(2) 1.968(2) 3 2.024(2) 

MI3O(H2O) 3.188(8) 3 3.239(8) 3.294(4) 3 3.319(4) 3 
MI3O(Mal23) 2.930(5) 3 3.287(5) 3.089(3) 3 3.439(2) 3 
Fe···Fe 7.0702(17) 7.1326(7) 6.4615(6) 
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0 1 

 
2 

$8AC=>: 1.3 3  BAB@9DAO9 HD47@9AFO 1.2 (0), 2.2 (1) < HD47@9AF GC4>B6>< 1.2 (2) 
(4FB@O 6B8BDB84 A9 CB>4;4AO) 

 

 �O?B B5A4DG:9AB, KFB 66989A<9 6 D94>J<BAAGR E@9EP, EB89D:4MGR <BAO 

:9?9;4(III) < @4?BA4F-4A<BAO, >4F<BAB6 4@@BA<S <?< K9F69DF<KAOI 4@@BA<96OI 

BEAB64A<= @B:9F CD<6B8<FP > B5D4;B64A<R <BAAOI EB98<A9A<=. &4>, CD< 

6;4<@B89=EF6<< 6B8AOI D4EF6BDB6 I?BD<84 :9?9;4(III) < @4?BA4F4 4@@BA<S (CB?GK9AAB7B 

CD< 6;4<@B89=EF6<< 7<8DB>4D5BA4F4 4@@BA<S < @4?BAB6B= ><E?BFO) 6 @B?PAB@ 
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EBBFABL9A<< Fe : (NH4)2Mal = 1 : 3 B5D4;G9FES <BAAB9 EB98<A9A<9 

(NH4)4[Fe(Mal)3]Cl·H2O (3.2) (EI9@4 2.3, D<E. 2.3). � 3.2 8<4A<BAO @4?BAB6B= ><E?BFO 

B5D4;GRF E 4FB@4@< :9?9;4(III) FD<EI9?4FAO9 4A<BAO [Fe(Mal)3]33 (F45?<J4 1.3). � 

>D<EF4??<K9E>B= SK9=>9 A4 B8<A 4A<BA [Fe(Mal)3]33 CD<IB8<FES K9FOD9 >4F<BA4 4@@BA<S, 

I?BD<8-4A<BA < EB?P64FA4S @B?9>G?4 6B8O (D<E. 2.3). 

 

 
%E5<0 2.3 3 #B?GK9A<9 EB98<A9A<= 3.2 < 4.2  

 

 
$8AC=>: 2.3 3 %FDB9A<9 EB98<A9A<S (NH4)4[Fe(Mal)3]Cl·H2O (3.2) 

(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB) 
  

#D<@9A9A<9 6 >4K9EF69 BEAB64A<S 7<8DB>E<84 F9FD4QF<?4@@BA<S 6@9EFB 

7<8DB>4D5BA4F4 4@@BA<S (E EBID4A9A<9@ @B?PAB7B EBBFABL9A<S D9479AFB6) CD<6B8<F > 

B5D4;B64A<R <BAAB7B EB98<A9A<S (NEt4)[Fe(H2O)2(Mal)2] (4.2) (EI9@4 3.3, D<E. 3.3). � 

BF?<K<9 BF 3.2, 6 4.2 8<4A<BAO @4?BAB6B= ><E?BFO B5D4;GRF E 4FB@4@< :9?9;4(III) 

5<EI9?4FAO9 HD47@9AFO [Fe(H2O)2(Mal)2]3. � >BBD8<A4J<BAAB@ B>DG:9A<< 4FB@4 
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:9?9;4(III) A4IB8<FES L9EFP 4FB@B6 ><E?BDB84, <; >BFBDOI K9FOD9 CD<A48?9:4F @4?BA4F-

4A<BA4@ < BEF46L<9ES 864 3 >BBD8<A<DB64AAO@ @B?9>G?4@ 6B8O (8?<AO E6S;9= 

CD<6989AO 6 F45?<J9 2.3) (D<E. 3.3). � >D<EF4??<K9E>B= GC4>B6>9 4.2 4A<BAAO9 HD47@9AFO 

E6S;O64RFES @9:8G EB5B= CD< CB@BM< 6B8BDB8AOI E6S;9= @9:8G 4FB@4@< ><E?BDB84 

>4D5B>E<?4FAOI 7DGCC < @B?9>G?4@< 6B8O EBE98A<I HD47@9AFB6, B5D4;GS «E?B<» (D<E. 

4.3, 4). $4EEFBSA<S Fe···Fe 6 E?B9 Q>6<64?9AFAO < D46AO 7.1985(2) Å. �4F<BAO 

F9FD4QF<?4@@BA<S, D4ECB?474RM<9ES @9:8G «4A<BAAOI E?B96» (D<E. 4.3, 5), E6S;4AO E 

A<@< < @9:8G EB5B= CD< CB@BM< 6B8BDB8AOI E6S;9= < E?45OI 6;4<@B89=EF6<= F<C4 C3

H···H3C. 

 
$8AC=>: 3.3 3 %FDB9A<9 EB98<A9A<S (NEt4)[Fe(H2O)2(Mal)2] (4.2) 

(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB) 

 

 

0 1 
$8AC=>: 4.3 3 «�A<BAAO= E?B=» (0) < HD47@9AF >D<EF4??<K9E>B= GC4>B6>< (1) 4.2 
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#D<@9A9A<9 A4FD<96B= EB?< 6@9EFB F9FD4QF<?4@@BA<96B=, 4 F4>:9 8B546?9A<9 

@9F4AB?PAB7B D4EF6BD4 CB?GK9AAB7B in situ >B@C?9>E4 [Cu(bipy)2Cl]Cl [88] 6 @B?PAB@ 

EBBFABL9A<< Fe : Na2Mal : Cu = 1 : 3 : 1 CD<6B8<F > B5D4;B64A<R <BAAB7B EB98<A9A<S 

[Cu(bipy)2Cl][Fe(H2O)2(Mal)2]·H2O (5.2) (EI9@4 3.3, D<E. 5.3). 

 

%E5<0 3.3 3 #B?GK9A<9 EB98<A9A<S 5.2 
  

 
$8AC=>: 5.3 3 %FDB9A<9 EB98<A9A<S [Cu(bipy)2Cl][Fe(H2O)2(Mal)2]·H2O (5.2) 

(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB) 
 

&01;8F0 2.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 4.2 < 5.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

4.2 5.2 

Fe3O(H2O) 2.0391(14) 2.0304(13) 3 2.0542(12) 

Fe3O(Mal23) 1.9706(10) 1.9643(12) 3 1.9806(12) 

Cu3N 3 1.9882(14) 3 2.0693(15) 

Cu3Cl 3 2.3622(5) 

Fe···Fe 7.1985(2) 7.0963(3) 

 

%FDB9A<9 >B@C?9>EAOI 4A<BAB6 6 5.2 <89AF<KAB 4.2 (F45?<J4 2.3; D<E. 6.3, 4). � 

>4F<BA9 [Cu(bipy)2Cl]+ 4FB@ @98<(II) A4IB8<FES 6 >BBD8<A4J<BAAB@ B>DG:9A<< 5?<;>B@ > 

FD<7BA4?PAB= 5<C<D4@<89 < B5D4;B64AAB@ K9FODP@S 4FB@4@< 4;BF4 86GI 5<89AF4FAB 
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>BBD8<A<DB64AAOI N-8BABDAOI ?<74A8B6 bipy < B8A<@ 4FB@B@ I?BD4 (8<4C4;BAO 8?<A 

EBBF69FEF6GRM<I E6S;9= CD<6989AO 6 F45?<J9 2.3). �B@C?9>EAO9 >4F<BAO [Cu(bipy)2Cl]+ 

E6S;O64RFES @9:8G EB5B= CBED98EF6B@ Ã···Ã3EF9><A7B6OI 6;4<@B89=EF6<= (D4EEFBSA<S 

Cg···Cg EBEF46?SRF 3.5368(1)33.6378(2) Å), B5D4;GS «>4F<BAAO9 E?B<» (D<E. 6.3, 5). 

 <A<@4?PAO9 D4EEFBSA<S Cu···Cu, Cu···Fe < Fe···Fe D46AO 7.0969(4), 7.7966(3), 

7.0969(3) Å, EBBF69FEF69AAB. %B?P64FAO9 @B?9>G?O 6B8O G89D:<64RFES @9:8G E?BS@< 

CD< CB@BM< 6B8BDB8AOI E6S;9= E 4FB@4@< I?BD4 >4F<BAAOI HD47@9AFB6 < 4FB@4@< 

><E?BDB84 >4D5B>E<?4FAOI 7DGCC 4A<BAAOI HD47@9AFB6 (D<E. 6.3, 6). 

 

 

0 1 

 
2 

$8AC=>: 6.3 3 «�A<BAAO= E?B=» (4), «>4F<BAAO= E?B=» (5) < HD47@9AF GC4>B6>< (E) 
EB98<A9A<S 5.2 (6B8BDB8AO9 E6S;< CB>4;4AO E<A<@< CD9DO6<EFO@< ?<A<S@<, Ã···Ã3
EF9><A7B6O9 6;4<@B89=EF6<S GE?B6AB B5B;A4K9AO CD9DO6<EFO@< H<B?9FB6O@< 

?<A<S@<) 
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 �;4<@B89=EF6<9 6B8AOI D4EF6BDB6 I?BD<84 :9?9;4(III), @4?BA4F4 4@@BA<S 

(CB?GK9AAB7B CD< 6;4<@B89=EF6<< 7<8DB>4D5BA4F4 4@@BA<S < @4?BAB6B= ><E?BFO) < 

I?BD<84 EFDBAJ<S <?< 54D<S 6 @B?PAB@ EBBFABL9A<< Fe : (NH4)2Mal : MII = 1 : 3 : 1 (MII = 

Sr, Ba) CD<6B8<F > B5D4;B64A<R 79F9DB5<@9F4??<K9E><I EB98<A9A<= 2D-CB?<@9DAB7B 

EFDB9A<S {(NH4)[SrFe(H2O)5(Mal)3]·2H2O}n (6.2) < {(NH4)[BaFe(H2O)5(Mal)3]·H2O}n (7.2) 

(EI9@4 4.3, D<E. 7.3). 

 
%E5<0 4.3 3 #B?GK9A<9 EB98<A9A<= 6.2 < 7.2 

 

� 6.2 < 7.2 4A<BAO @4?BAB6B= ><E?BFO E 4FB@4@< :9?9;4(III) B5D4;GRF 

FD<EI9?4FAO9 HD47@9AFO {Fe(Mal)3}33, <89AF<KAO9 CD<EGFEF6GRM<@ 6 1.2 < 2.2. 

(D47@9AFO {Fe(Mal)3}33, E6S;O64RFES 6 E?B< CD< CB@BM< 4FB@B6 EFDBAJ<S (8?S 6.2) <?< 

54D<S (8?S 7.2) (8?<AO E6S;9= CD<6989AO 6 F45?<J9 3.3). �4F<BAO 4@@BA<S D4ECB?474RFES 

@9:8G E?BS@<, >BFBDO9 G89D:<64RFES @9:8G EB5B= CD< CB@BM< 6B8BDB8AOI E6S;9= 

@9:8G 4FB@4@< ><E?BDB84 >4D5B>E<?4FAOI 7DGCC < @B?9>G?4@< 6B8O, 

>BBD8<A<DB64AAOI > M9?BKAB;9@9?PAO@ @9F4??4@ (D<E. 7.3 4, 5).  <A<@4?PAO9 

@9:4FB@AO9 D4EEFBSA<S Fe···Fe D46AO 8.0753(8) < 7.8647(5) Å 8?S 6.2 < 7.2 

EBBF69FEF69AAB. 

 

 

 

 

 

 



87 

 

 
0 

 
1 

$8AC=>: 7.3 3 (D47@9AF (4) < E?B= (5) EB98<A9A<S 7.2 

(4FB@O 6B8BDB84 A9 CB>4;4AO 8?S 1) 
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&01;8F0 3.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 6.2 < 7.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

6.2 7.2 

Fe3O(Mal23) 1.976(2) 3 2.0146(19) 1.9768(17) 3 2.0164(17) 

MII3O(H2O) 2.553(2) 3 2.631(2) 2.7259(14) 3 2.8841(14) 

MII3O(Mal23) 2.541(2) 3 2.607(2) 2.7222(18) 3 2.9029(16) 

Fe···Fe 8.0753(8) 7.8647(5) 

 

 
%E5<0 5.3 3 #B?GK9A<9 EB98<A9A<= {[MIMIIFe(H2O)k(Mal)3]·mH2O}n (8.2313.2) 
 

#D< <;GK9A<< 6B;@B:ABEF< >B@5<A<DB64FP 6 EFDG>FGD9 @4?BA4FAOI >B@C?9>EB6 

:9?9;4(III) 4FB@O 86GI D4;AOI s-@9F4??B6 5O?4 CB?GK9A4 E9D<S EB98<A9A<=, 6>?RK4RM<I 

6 E95S 4FB@O M9?BKAOI < M9?BKAB;9@9?PAOI Q?9@9AFB6. &4>, 6 D9;G?PF4F9 D94>J<< 

6B8AOI D4EF6BDB6 FeCl3·6H2O, MI
2Mal < MIICl2 (MI = K, Rb, Cs; MII = Sr, Ba) 6 @B?PAB@ 

EBBFABL9A<< 1 : 3 : 1 5O?B CB?GK9AB L9EFP 79F9DBFD<@9F4??<K9E><I EB98<A9A<= 3D-

CB?<@9DAB7B EFDB9A<S E B5M9= HBD@G?B= {[MIMIIFe(H2O)k(Mal)3]·mH2O}n (8.2 (MI = K, 

MII = Sr), 9.2 (MI = K, MII = Ba), 10.2 (MI = Rb, MII = Sr), 11.2 (MI = Rb, MII = Ba), 12.2 (MI 

= Cs, MII = Sr), 13.2 (MI = Cs, MII = Ba); EI9@4 5.3). � 8.2313.2 4A<BAO @4?BAB6B= ><E?BFO 

E 4FB@4@< :9?9;4(III) B5D4;GRF FD<EI9?4FAO9 HD47@9AFO, CB8B5AO9 1.2, 2.2, 6.2 < 7.2, 

>BFBDO9 E6S;O64RFES @9:8G EB5B= CD< CB@BM< 4FB@B6 M9?BKAOI < M9?BKAB;9@9?PAOI 

@9F4??B6 6 >4D>4EAO= CB?<@9D (D<E. 8.3 4, 5). "EAB6AO9 8?<AO E6S;9= < @<A<@4?PAO9 

@9:4FB@AO9 D4EEFBSA<S Fe···Fe CD<6989AO 6 F45?<J9 4.3. 
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0 

 
1 

$8AC=>: 8.3 3 (D47@9AF (4) < E?B= (5) EB98<A9A<S 10.2 

(EB?P64FAO9 @B?9>G?O 6B8O A9 CB>4;4AO) 
 

�;4<@B89=EF6<9 6B8AB7B D4EF6BD4 A<FD4F4 :9?9;4(III) < EGEC9A;<< @4?BA4F4 

EFDBAJ<S (CB?GK9AAB7B CD< 6;4<@B89=EF6<< 7<8DB>E<84 EFDBAJ<S < @4?BAB6B= ><E?BFO; 

EB98<A9A<9 B7D4A<K9AAB D4EF6BD<@B 6 6B89) 6 @B?PAB@ EBBFABL9A<< Fe : Sr(Mal) = 1 : 3 

CD<6B8<F > B5D4;B64A<R EB98<A9A<S {[Sr2Fe2(H2O)18(OH)2(Mal)4]·4H2O}n (14.2, EI9@4 

6.3). 
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%E5<0 6.3 3 #B?GK9A<9 EB98<A9A<= 14.2 < 15.2 

 

%B98<A9A<9 14.2 ;A4K<F9?PAB BF?<K49FES CB E6B9@G EFDB9A<R BF D4A99 BC<E4AAOI 

79F9DB@9F4??<K9E><I @4?BA4FAOI >B@C?9>EB6 :9?9;4(III) E 4FB@4@< M9?BKAOI @9F4??B6 

<?< >B@5<A4J<< M9?BKAO9+M9?BKAB;9@9?PAO9 @9F4??O (1.2, 2.2, 6.2313.2). � 14.2 

4A<BAO @4?BAB6B= ><E?BFO B5D4;GRF E 4FB@4@< :9?9;4(III) 5<EI9?4FAO9 HD47@9AFO, 

>BFBDO9 6 E6BR BK9D98P E6S;O64RFES CBC4DAB CD< CB@BM< 86GI 7<8DB>EB7DGCC E 

B5D4;B64A<9@ 5<S89DAOI F9FD44A<BAAOI HD47@9AFB6 {Fe2(OH)2(Mal)4}43 (D<E. 9.3 4) 

(D4EEFBSA<9 Fe···Fe 6B HD47@9AF4I EBEF46?S9F 3.0803(8) Å). �<S89DAO9 HD47@9AFO 

E6S;O64RFES @9:8G EB5B= C4D4@< 4FB@B6 EFDBAJ<S, B5D4;GS 59E>BA9KAO9 J9CBK>< 

(F45?<J4 5.3, D<E 9.3 5, 6). 
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0 1 

 
2 

$8AC=>: 9.3 3 �<S89DAO= F9FD44A<BA {Fe2(OH)2(Mal)4}43 (0), @BAB@9DAO= HD47@9AF (1) 
< HD47@9AF J9CBK>< (2) EB98<A9A<S 14.2 (4FB@O 6B8BDB84 @4?BA4F-4A<BAB6 < @B?9>G? 

6B8O CB>4;4AO K4EF<KAB, EB?P64FAO9 @B?9>G?O 6B8O A9 CB>4;4AO) 
 

&01;8F0 5.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 14.2 < 15.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

14.2 15.2 

Fe3O(OH) 1.988(2) 3 1.998(2) 1.992(3) 3 2.008(3) 
Fe3O(Mal23) 1.978(2) 3 2.030(2) 1.987(3) 3 2.016(3) 

MII3O(H2O) 2.530(2) 3 2.698(2) 2.820(3) 3 3.047(3) 

MII3O(Mal23) 2.567(2) 3 2.776(2) 2.767(3) 3 3.067(3) 

Fe···Fe 3.0803(8) 3.0733(13) 
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�4@9A4 @4?BA4F4 EFDBAJ<S A4 @4?BA4F 54D<S E EBID4A9A<9@ GE?B6<= D94>J<< 

CB?GK9A<S 14.2 CD<6B8<F > B5D4;B64A<R EB98<A9A<S {[Ba2Fe2(H2O)6(OH)2(Mal)4]·4H2O}n 

15.2 (EI9@4 6.3). � 97B EFDG>FGD9 F4>:9 CD<EGFEF6GRF 5<S89DAO9 F9FD44A<BAAO9 

HD47@9AFO {Fe2(OH)2(Mal)4}43 (dmin(Fe···Fe) = 3.0733(13) Å) (D<E. 10.3 4), B8A4>B CD< 

CB@BM< 4FB@B6 54D<S BA< E6S;O64RFES 6 E?B< (F45?<J4 5.3, D<E. 10.3 5, 6). 

 
 

0 1 

 
2 

$8AC=>: 10.3 3 �<S89DAO= F9FD44A<BA {Fe2(OH)2(Mal)4}43 (0), @BAB@9DAO= HD47@9AF (1) 
< HD47@9AF E?BS (2) EB98<A9A<S 15.2 (4FB@O 6B8BDB84 @4?BA4F-4A<BAB6 < @B?9>G? 6B8O 

CB>4;4AO K4EF<KAB, EB?P64FAO9 @B?9>G?O 6B8O A9 CB>4;4AO) 
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�O?B <;GK9AB 6;4<@B89=EF6<9 >4F<BAB6 :9?9;4(III) E @4?BA4F-4A<BA4@< 6 

CD<EGFEF6<< >4F<BAB6 D98>B;9@9?PAOI @9F4??B6 ($� ). &4>, 6 D94>J<< Fe(NO3)3·9H2O, 

(NH4)2Mal < Ln(NO3)3·6H2O (Ln = La <?< Pr) 5O?< CB?GK9AO 864 >BBD8<A4J<BAAOI 

EB98<A9A<S 3D-CB?<@9DAB7B EFDB9A<S {[LaFe(H2O)3(Mal)3]·3.25H2O}n (16.2) < 

{[Pr3Fe(H2O)10(Mal)6]·6.5H2O}n (17.2) (EI9@4 7.3, D<E. 11.3), EBEF46 < EFDB9A<9 >BFBDOI 

BF?<K4RFES 8DG7 BF 8DG74. %FB<F BF@9F<FP, KFB 66989A<9 6 D94>J<BAAGR E@9EP >4F<BAB6 

8DG7<I D98>B;9@9?PAOI @9F4??B6 (Nd, Sm3Lu) CD<6B8<?B > B5D4;B64A<R <;69EFAOI 

7B@B@9F4??<K9E><I @4?BA4FAOI >B@C?9>EB6 $�  [89, 90]. 

%E5<0 7.3 3 #B?GK9A<9 EB98<A9A<= 16.2 < 17.2 

 

 
 

0 1 
$8AC=>: 11.3 3  BAB@9DAO9 HD47@9AFO EB98<A9A<= 16.2 (0) < 17.2 (1) 

(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB) 
 

"5M9= K9DFB= 16.2 < 17.2 S6?S9FES A4?<K<9 6 <I EFDG>FGD9 FD<EI9?4FAOI 

HD47@9AFB6 {Fe(Mal)3}33, <89AF<KAOI 8?S EB98<A9A<=, BC<E4AAOI 6OL9 (F45?<J4 6.3). 

%6S;O64A<9 FD<EI9?4FAOI HD47@9AFB6 6 >D<EF4??9 CDB<EIB8<F D4;?<KAO@ B5D4;B@. � 

16.2 HD47@9AFO {Fe(Mal)3}33 E6S;4AO E 4FB@4@< ?4AF4A4(III) K9D9; >4D5B>E<?4FAO9 

7DGCCO, (D<E 12.3 4) 6 D9;G?PF4F9 K97B HD47@9AF {La(H2O)3}3+ B>DG:9A L9EFPR 
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HD47@9AF4@< {Fe(Mal)3}33 < >4:8O= HD47@9AF {Fe(Mal)3}33 E6S;4A E L9EFPR HD47@9AF4@< 

{La(H2O)3}3+. � 17.2 FD< 4FB@4 CD4;9B8<@4 ;4A<@4RF FD< A9Q>6<64?9AFAO9 CB;<J<< < 

B5D4;GRF CB?<@9DAGR J9CBK>G ;4 EK9F >BBD8<A4J<< I9?4FAB-@BEF<>B6B7B 8<4A<BA4 

@4?BAB6B= ><E?BFO (D<E. 12.3, 5). 1F< J9CBK>< E6S;4AO @9:8G EB5B= HD47@9AF4@< 

{Fe(Mal)3}33 6 FD9I@9DAGR EFDG>FGDG. 

 
0 

 
1 

$8AC=>: 12.3 3 (D47@9AFO >4D>4EAOI EB98<A9A<= 16.2 (0) < 17.2 (1) 
(4FB@O 6B8BDB84 A9 CB>4;4AO) 
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&01;8F0 6.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 16.2 < 17.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

16.2 17.2 

Fe3O(Mal23) 1.9684(19) 3 1.9933(19) 1.974(2) 3 2.027(2) 

Ln3O(H2O) 2.5704(19) 3 2.6177(19) 2.434(2) 3 2.603(2) 

Ln3O(Mal23) 2.4567(18) 3 2.6489(19) 2.436(2) 3 2.648(2) 

Fe···Fe 8.2497(9) 8.7531(9) 

 

�4> 5O?B GCB@SAGFB D4A99, 6;4<@B89=EF6<9 <BAB6 :9?9;4(III) E @4?BA4F-4A<BA4@< 

6 CD<EGFEF6<< >4F<BAB6 4@@BA<S <?< K9F69DF<KAOI 4@@BA<96OI BEAB64A<= @B:9F 

CD<6B8<FP > B5D4;B64A<R <BAAOI EB98<A9A<=. #B8B5AO= D9;G?PF4F 5O? CB?GK9A < CD< 

<;GK9A<< 6;4<@B89=EF6<S <BAB6 :9?9;4(III) E 8<@9F<?@4?BA4F-4A<BA4@< (Me2Mal23) 6 

CD<EGFEF6<< N-79F9DBJ<>?<K9E>B7B BEAB64A<S. � D94>J<< 6B8AOI D4EF6BDB6 EG?PH4F4 

:9?9;4(III), 8<@9F<?@4?BA4F4 54D<S, 8<@9F<?@4?BAB6B= ><E?BFO < 4-((4,5-8<7<8DB-3H-

C<DDB?-3-<?<89A)@9F<?H9AB?4 (p-OH-Bp, D<E. 13.3 4) 6 EF9I<B@9FD<K9E>B@ EBBFABL9A<< 

1 : 3 : 3 : 3 E CBE?98GRM<@ @98?9AAO@ GC4D<64A<9@ 5O?B CB?GK9AB EB98<A9A<9 (p-OH-

�pH)3[Fe(Me2Mal)3]·2H2O (18.2) (EI9@4 8.3). 

 

%E5<0 8.3 3 #B?GK9A<9 EB98<A9A<S 18.2 

 

� 18.2 4A<BAO 8<@9F<?@4?BAB6B= ><E?BFO B5D4;GRF E 4FB@4@< :9?9;4(III) 

FD<EI9?4FAO9 4A<BAAO9 HD47@9AFO [Fe(Me2Mal)3]33 (Fe3O(Me2Mal23) 1.961(4) 3 

2.009(5) Å), EFDB9A<9 >BFBDOI <89AF<KAB D4A99 BC<E4AAO@ FD<EI9?4FAO@ HD47@9AF4@ E 

A9;4@9M9AAB= @4?BAB6B= ><E?BFB= {Fe(Mal)3}33 (D<E. 13.3 5). � >4K9EF69 >4F<BA4 6 

<BAAB@ EB98<A9A<< 6OEFGC49F BEAB64A<9 p-OH-�pH+ (D<E. 13.3, 4), CDBFBA<DB64AAB9 CB 

4FB@G 4;BF4. %6S;O64A<9 >4F<BAB6 < 4A<BAB6 @9:8G EB5B= CDB<EIB8<F CBED98EF6B@ 

6B8BDB8AOI E6S;9=. 
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0 1 

$8AC=>: 13.3 3 %I9@4F<K9E>B9 <;B5D4:9A<9 EB98<A9A<S p-OH-�p (0) < EFDB9A<9 
EB98<A9A<S (p-OH-�pH)3[Fe(Me2Mal)3]·2H2O 18.2 (1) (4FB@O 6B8BDB84 CB>4;4AO 

K4EF<KAB, EB?P64FAO9 @B?9>G?O 6B8O A9 CB>4;4AO) 
 

&4>:9 5O?B <;GK9AB 6;4<@B89=EF6<9 <BAB6 :9?9;4(III) E 4A<BA4@< QF<?@4?BAB6B= 

><E?BFO (EtMal23). � D9;G?PF4F9 D94>J<< 6B8AOI D4EF6BDB6 A<FD4F4 :9?9;4(III) < 

QF<?@4?BA4F4 54D<S (CB?GK9AAB7B CD< 6;4<@B89=EF6<< 7<8DB>E<84 54D<S < 

QF<?@4?BAB6B= ><E?BFO) 6 EF9I<B@9FD<K9E>B@ EBBFABL9A<< Fe : Ba(EtMal) = 1 : 3 5O?B 

CB?GK9AB EB98<A9A<9 1D-CB?<@9DAB7B EFDB9A<S {[Ba2Fe2(H2O)6(OH)2(EtMal)4]·9H2O}n 

(19.2) (EI9@4 9.3). 

 
%E5<0 9.3  3 #B?GK9A<9 EB98<A9A<S 19.2 

 

� 19.2 4A<BAO QF<?@4?BAB6B= ><E?BFO B5D4;GRF E 4FB@4@< :9?9;4(III) 

5<EI9?4FAO9 HD47@9AFO {Fe(EtMal)2}3, >BFBDO9 6 E6BR BK9D98P E6S;O64RFES 6 5<S89DAO9 

F9FD44A<BAO {Fe2(OH)2(EtMal)4}43 (D<E. 14.3 4), CB8B5AO9 CB E6B9@G EFDB9A<R 

HD47@9AF4@ 6 EB98<A9A<SI 14.2 < 15.2 (d(Fe···Fe) = 3.1038(32) Å). �<S89DAO9 HD47@9AFO 

E6S;O64RFES @9:8G EB5B= C4D4@< 4FB@B6 54D<S, B5D4;GS 59E>BA9KAO9 J9CBK>< (F45?<J4 

7.3, D<E 14.3 5, 6). 
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0 1 

 
2 

$8AC=>: 14.3 3 %FDB9A<9 5<S89DAB7B F9FD44A<BA4 {Fe2(OH)2(EtMal)4}43 (0), 
@BAB@9DAB7B HD47@9AF4 (1) < HD47@9AF4 J9CBK>< (2) 19.2 (EB?P64FAO9 @B?9>G?O 6B8O < 
4FB@O 6B8BDB84 QF<?@4?BA4F-4A<BAB6 < >BBD8<A<DB64AAOI @B?9>G? 6B8O A9 CB>4;4AO, 

;4@9EF<F9?< 6 QF<?@4?BA4F-4A<BA4I A9 CB>4;4AO 8?S 2) 
 

&01;8F0 7.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<S 19.2 

%6S;P/D4EEFBSA<9 �?<A4 E6S;</D4EEFBSA<9, Å 

Fe3O(OH) 2.011(11) 3 2.034(11) 

Fe3O(EtMal23) 1.976(11) 3 2.011(12) 

MII3O(H2O) 2.699(13) 3 2.812(16) 

MII3O(OH) 2.998(11) 3 3.026(11) 

MII3O(EtMal23) 2.675(13) 3 2.821(11) 

Fe···Fe 3.1038(32) 
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3.2 �5B5@><5B0;;8G5A:85 :>>@48=0F8>==O5 A>548=5=8S 65;570(III) A 0=8>=0<8 
F8:;>?@>?0=-1,1-48:0@1>=>2>9 :8A;>BO 

 � 84AAB@ D4;89?9 D4EE@4FD<64RFES 79F9DB5<- < FD<@9F4??<K9E><9 >B@C?9>EO 

:9?9;4(III) E 4A<BA4@< J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO (cpdc23), 6?<SA<9 

<EIB8AOI EB98<A9A<= A4 EBEF46 B5D4;GRM<IES >B@C?9>EB6, 4 F4>:9 BEB59AABEF< <I 

EFDB9A<S. 

 �;4<@B89=EF6<9 6B8AOI D4EF6BDB6 FeCl3·6H2O < DG5<8<96B= <?< J9;<96B= EB?< 

J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO (CB?GK9AAOI CD< 6;4<@B89=EF6<< Rb2CO3 <?< 

Cs2CO3 < H2cpdc) 6 EF9I<B@9FD<K9E>B@ EBBFABL9A<< Fe : MI
2(cpdc) = 1 : 3 CB;6B?<?B 

CB?GK<FP <;BEFDG>FGDAO9 79F9DB5<@9F4??<K9E><9 >BBD8<A4J<BAAO9 EB98<A9A<S 3D-

CB?<@9DAB7B EFDB9A<S [Rb3Fe(H2O)3(cpdc)3]n (20.2) < [Cs3Fe(H2O)3(cpdc)3]n (21.2) (EI9@4 

10.3).  

 
%E5<0 10.3 3 #B?GK9A<9 EB98<A9A<= 20.2 < 21.2 

 

� B5B<I EB98<A9A<SI 4FB@O :9?9;4(III) A4IB8SFES 6 B>F4Q8D<K9E>B@ B>DG:9A<< 

L9EF< 4FB@B6 ><E?BDB84, CD<A48?9:4M<9 FD9@ I9?4FAB >BBD8<A<DB64AAO@ 4A<BA4@ 

J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO (F45?<J4 8.3). "5D4;B64AAO9 F4><@ B5D4;B@ 

FD<EI9?4FAO9 HD47@9AFO {Fe(cpdc)3}33 E6S;O64RFES @9:8G EB5B= CD< CB@BM< 4FB@B6 

DG5<8<S (20.2) <?< J9;<S (21.2) (D<E. 15.3 4, 5).  <A<@4?PAO9 @9:4FB@AO9 D4EEFBSA<S 

Fe···Fe EBEF46?SRF 8.2280(14) < 8.5513(8) Å, EBBF69FEF69AAB. 
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0 

 
1 

$8AC=>: 15.3 3  BAB@9DAO= HD47@9AF (0) < HD47@9AF GC4>B6>< (1) EB98<A9A<S 21.2 

(4FB@O 6B8BDB84 A9 CB>4;4AO; J<>?BCDBC<?PAO9 ;4@9EF<F9?< A9 CB>4;4AO 8?S 1) 
 

&01;8F0 8.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 20.2 < 21.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

20.2 21.2 

Fe3O(cpdc23) 1.969(5) 3 2.018(5) 1.971(2) 3 2.000(2) 

MI3O 2.843(6) 3 3.511(6) 2.900(3) 3 3.639(3) 

Fe···Fe 8.2280(14) 8.5513(8) 
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 � D9;G?PF4F9 6;4<@B89=EF6<S 6B8AOI D4EF6BDB6 Fe(NO3)3·9H2O < Ca(cpdc) 

(CB?GK9AAB7B CD< 6;4<@B89=EF6<< Ca(OH)2 < H2cpdc) 6 @B?PAB@ EBBFABL9A<< 

Fe : Ca(cpdc) = 1 : 3 5O?B CB?GK9AB EB98<A9A<9 {[Ca2Fe(H2O)6(cpdc)3](NO3)}n (22.2) 

(EI9@4 11.3). � 22.2 FD<EI9?4FAO9 HD47@9AFO {Fe(cpdc)3}33, 4A4?B7<KAO9 CB EFDB9A<R 8?S 

20.2 < 21.2, E6S;O64RFES @9:8G EB5B= CD< CB@BM< 4FB@B6 >4?PJ<S, B5D4;GS E?B< (F45?<J4 

9.3; D<E. 16.3 4, 5). #BE>B?P>G 4FB@O >4?PJ<S < HD47@9AFO {Fe(cpdc)3}33 A4IB8SFES 6 

EF9I<B@9FD<K9E>B@ EBBFABL9A<< 2 : 1, 6 E?BSI B5D4;G9FES <;5OFBKAO= CB?B:<F9?PAO= 

;4DS8, >BFBDO= >B@C9AE<DG9FES 6A9LA9EH9DAO@ A<FD4F-4A<BAB@.  <A<@4?PAB9 

@9:4FB@AB9 D4EEFBSA<9 Fe···Fe EBEF46?S9F 9.0690(26) Å. 

 

 

 
%E5<0 11.3  3 #B?GK9A<9 EB98<A9A<= 22.2 < 23.2 
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0 

 
1 

$8AC=>: 16.3 3  BAB@9DAO= HD47@9AF (0) < HD47@9AF E?BS (1) EB98<A9A<S 22.2 

(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB; J<>?BCDBC<?PAO9 ;4@9F<F9?< A9 CB>4;4AO 8?S 1) 
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&01;8F0 9.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 22.2324.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

22.2 23.2 24.2 

Fe3O(cpdc23) 1.965(7) 3 1.999(5) 
1.9789(15) 3 
1.9944(15) 

1.9556(15) 3 
2.0039(15) 

MII3O(H2O) 2.344(7) 3 2.377(7) 
2.3790(15) 3 
2.5225(14) 

2.6043(15) 3 
2.6937(16) 

MII3O(cpdc23) 2.281(7) 3 2.311(7) 
2.2853(14) 3 
2.4387(14) 

2.4951(15) 3 
2.5319(15) 

Fe···Fe 9.0690(26) 8.0143(6) 8.1949(6) 

 

 �4@9A4 A<FD4F4 :9?9;4(III) A4 I?BD<8 CD< 6;4<@B89=EF6<< E 6B8AO@ D4EF6BDB@ 

Ca(cpdc) E EBID4A9A<9@ GE?B6<= D94>J<< CD<6B8<F > B5D4;B64A<R BF?<K4RM97BES CB 

E6B9@G EFDB9A<R >BBD8<A4J<BAAB7B EB98<A9A<S {[Ca6Fe4(H2O)26(cpdc)12]·11H2O}n (23.2) 

(EI9@4 11.3). � 23.2 F4>:9 <@9RFES FD<EI9?4FAO9 HD47@9AFO {Fe(cpdc)3}33, B8A4>B 6 

BF?<K<9 BF 22.2 BA< E6S;O64RFES E 4FB@4@< >4?PJ<S 6 EBBFABL9A<< Ca : {Fe(cpdc)} = 3 : 2 

E B5D4;B64A<9@ EB98<A9A<S 3D-CB?<@9DAB7B EFDB9A<S  (F45?<J4 8.3, D<E. 17.3 4, 5). 

 <A<@4?PAB9 @9:4FB@AB9 D4EEFBSA<9 Fe···Fe CD< QFB@ EBEF46?S9F 8.0143(6) Å. 
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0 

 
1 

$8AC=>: 17.3 3  BAB@9DAO= HD47@9AF (0) < HD47@9AF GC4>B6>< (1) 23.2 

(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB; J<>?BCDBC<?PAO9 ;4@9EF<F9?< A9 CB>4;4AO 8?S 1) 
 

 �A4?B7<KAO= D9;G?PF4F A45?R84?ES < CD< 6;4<@B89=EF6<< FeCl3·6H2O < Sr(cpdc) 

(CB?GK9AAB7B CD< 6;4<@B89=EF6<< Sr(OH)2·8H2O < H2cpdc) 6 @B?PAB@ EBBFABL9A<< 1 : 3 

(EI9@4 12.3). � EB98<A9A<< {[Sr3Fe2(H2O)14(cpdc)6]·4H2O}n (24.2) FD<EI9?4FAO9 

HD47@9AFO {Fe(cpdc)3}33 < 4FB@O EFDBAJ<S A4IB8SFES 6 EBBFABL9A<< 2 : 3 < E6S;O64RFES 

@9:8G EB5B= E B5D4;B64A<9@ EB98<A9A<S 3D-CB?<@9DAB7B EFDB9A<S (F45?<J4 9.3, D<E. 18.3 

4, 5).  <A<@4?PAB9 @9:4FB@AB9 D4EEFBSA<9 Fe···Fe CD< QFB@ EBEF46?S9F 8.1949(6) Å. 
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%E5<0 12.3 3 #B?GK9A<9 EB98<A9A<S 24.2 

 

 
0 

 
1 

$8AC=>: 18.3 3  BAB@9DAO= HD47@9AF (0) < HD47@9AF GC4>B6>< (1) EB98<A9A<S 24.2 
(4FB@O 6B8BDB84 CB>4;4AO K4EF<KAB; J<>?BCDBC<?PAO9 ;4@9EF<F9?< A9 CB>4;4AO 8?S 1) 
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 �ECB?P;B64A<9 54D<96B= EB?< J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO 

(CB?GK9AAB= CD< 6;4<@B89=EF6<< Ba(OH)2·8H2O < H2cpdc) 6 D94>J<< E I?BD<8B@ 

:9?9;4(III) 6 EBBFABL9A<< 3 : 1 CD<6B8<F > B5D4;B64A<R EB98<A9A<S 3D-CB?<@9DAB7B 

EFDB9A<S, A9B5OKAB7B 8?S :9?9;4(III) 3 [Ba2Fe2(H2O)8(cpdc)5]n (25.2) (EI9@4 13.3). � 25.2 

4FB@O :9?9;4(III) CB E6B9@G >BBD8<A4J<BAAB@G B>DG:9A<R 89?SFES A4 864 F<C4: E 

4FB@4@< Fe1 4A<BAO J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO B5D4;GRF 5<EI9?4FAO9 

HD47@9AFO {Fe(cpdc)2}3, 4 E 4FB@4@< Fe2 3 FD<EI9?4FAO9 {Fe(cpdc)3}33. +9D98GRM<9ES 

HD47@9AFO Fe1 < Fe2 E6S;O64RFES @9:8G EB5B= 6 59E>BA9KAO9 J9CBK>< (dmin(Fe···Fe) = 

5.5824(2) Å) (D<E. 19.3 4), >BFBDO9 6 E6BR BK9D98P E6S;O64RFES 4FB@4@< 54D<S (F45?<J4 

10.3, D<E. 19.3 5). 

%E5<0 13.3 3 #B?GK9A<9 EB98<A9A<= 25.2327.2 
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0 

 
1 

$8AC=>: 19.3 3 (D47@9AF J9CBK>< (4) < >D<EF4??<K9E>B= GC4>B6>< (5) EB98<A9A<S 25.2 

(4FB@O 6B8BDB84 < J<>?BCDBC<?PAO9 ;4@9EF<F9?< A9 CB>4;4AO) 
 

 �O?B B5A4DG:9AB, KFB A47D96 8B 80 °C D94>J<BAAB= E@9E<, EB89D:4M9= FeCl3·6H2O 

< Ba(cpdc), CD<6B8<F > B5D4;B64A<R 25.2 < A95B?PLB= CD<@9E< >D<EF4??B6 EB98<A9A<S 

[Ba2Fe2(H2O)8(OH)2(cpdc)4]n (26.2) (EI9@4 13.3). � 26.2 <@9RFES 5<S89DAO9 F9FD44A<BAAO9 

HD47@9AFO {Fe2(OH)2(cpdc)4}43 (D<E. 20.3 4), EFDB9A<9 >BFBDOI 4A4?B7<KAB 

CD<EGFEF6GRM<@ 6 14.2, 15.2 < 19.2 (F45?<J4 10.3). �<S89DAO9 HD47@9AFO 

{Fe2(OH)2(cpdc)4}43 E6S;O64RFES @9:8G EB5B= 4FB@4@< 54D<S, B5D4;GS EB98<A9A<9 1D-

CB?<@9DAB7B EFDB9A<S (dmin(Fe···Fe) = 3.0574(16) Å) (D<E. 20.3 5, 6). �EIB8S <; FB7B, KFB 
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25.2 < 26.2 >D<EF4??<;GRFES 6 <89AF<KAOI GE?B6<SI, ;4 <E>?RK9A<9@ A47D964, @B:AB 

CD98CB?B:<FP, KFB 26.2 B5D4;G9FES 6 D9;G?PF4F9 K4EF<KAB7B 7<8DB?<;4 FD<EI9?4FAOI 

HD47@9AFB6 {Fe(cpdc)3}33 E <I CBE?98GRM<@ CBC4DAO@ E6S;O64A<9@ CD< CB@BM< 

@BEF<>B6OI 7<8DB>EB7DGCC. 

 

  

0 1 

 
2 

$8AC=>: 20.3 3 �<S89DAO= F9FD44A<BAAO= HD47@9AF {Fe2(OH)2(cpdc)4}43 (0), 
@BAB@9DAO= HD47@9AF (1) < HD47@9AF J9CBK>< (2) 26.2 (J<>?BCDBC<?PAO9 ;4@9EF<F9?<, 

EB?P64FAO9 < >BBD8<A<DB64AAO9 @B?9>G?O 6B8O A9 CB>4;4AO) 
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&01;8F0 10.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 25.2327.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

25.2 26.2 27.2 

Fe3O(cpdc23) 
1.9644(16) 3 
2.0308(16) 

1.975(6) 3 2.010(5) 1.972(8) 3 2.017(7) 

Fe3O(OH) 3 1.984(6) 3 
MI3O(H2O) 3 3 

3.126(9) 3 3.683(11) 
MI3O(cpdc23) 3 3 
MII3O(OH) 3 3.188(7) 3 
MII3O(H2O) 2.805(2) 3 3.231(2) 2.753(6) 3 2.968(6) 

2.474(8) 3 2.813(12) 
MII3O(cpdc23) 

2.7426(17) 3 
2.8631(17) 

2.827(5) 3 3.284(8) 

Fe···Fe 5.5824(2) 3.0574(16) 8.0929(19) 

 

 % J9?PR <;GK9A<S 6B;@B:ABEF< >B@5<A<DB64FP 4FB@O M9?BKAOI < 

M9?BKAB;9@9?PAOI @9F4??B6 6 >B@C?9>E4I :9?9;4(III) E 4A<BA4@< ;4@9M9AAOI 

@4?BAB6OI ><E?BF, 5O?B <EE?98B64AB 6;4<@B89=EF6<9 6B8AOI D4EF6BDB6 FeCl3·6H2O, 

SrCl2 < Cs2(cpdc) (CB?GK9AAB7B CD< 6;4<@B89=EF6<< Cs2CO3 < H2cpdc) 6 @B?PAB@ 

EBBFABL9A<< 1 : 1 : 3. � D9;G?PF4F9 5O? CB?GK9A 79F9DBFD<@9F4??<K9E><= >B@C?9>E 

{[Cs2Sr5Fe4(H2O)28(cpdc)12]·4H2O}n (27.2) (EI9@4 13.3). 

� 27.2 4A<BAO J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO B5D4;GRF E 4FB@4@< 

:9?9;4(III) FD<EI9?4FAO9 HD47@9AFO {Fe(cpdc)3}33, <89AF<KAO9 D4A99 BC<E4AAO@ 

EB98<A9A<S@, >BFBDO9 E6S;O64RFES @9:8G EB5B= CD< CB@BM< 4FB@B6 J9;<S < EFDBAJ<S 6 

EBBFABL9A<< Fe : Cs : Sr = 4 : 2 : 5, B5D4;GS EB98<A9A<9 3D-CB?<@9DAB7B EFDB9A<S 

(dmin(Fe···Fe) = 8.0929(19) Å) (F45?<J4 10.3, D<E. 21.3). �O?B B5A4DG:9AB, KFB 66989A<9 6 

D94>J<BAAGR E@9EP I?BD<84 54D<S 6@9EFB I?BD<84 EFDBAJ<S (E J9?PR CB?GK<FP 

EBBF69FEF6GRM<= 79F9DBFD<@9F4??<K9E><= >B@C?9>E) CD<6B8<F > B5D4;B64A<R 

EB98<A9A<S [Ba2Fe2(cpdc)5(H2O)8]n (25.2). 
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0 

 
1 

$8AC=>: 21.3 3  BAB@9DAO= HD47@9AF (0) < HD47@9AF GC4>B6>< (1) 27.2 

(4FB@O 6B8BDB84 A9 CB>4;4AO; J<>?BCDBC<?PAO9 ;4@9EF<F9?< A9 CB>4;4AO 8?S 1) 
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3.3 �5B5@><5B0;;8G5A:85 :>>@48=0F8>==O5 A>548=5=8S 65;570(III) A 0=8>=0<8 
F8:;>1CB0=-1,1-48:0@1>=>2>9 :8A;>BO 

 � 84AAB@ D4;89?9 D4EE@4FD<64RFES 79F9DB5<@9F4??<K9E><9 >B@C?9>EO :9?9;4(III) 

E 4A<BA4@< J<>?B5GF4A-1,1-8<>4D5BAB6B= ><E?BFO (cbdc23) < >4F<BA4@< M9?BKAOI < 

M9?BKAB;9@9?PAOI @9F4??B6 < <EE?98GRFES BEB59AABEF< <I EFDB9A<S. 

 �;4<@B89=EF6<9 6B8AOI D4EF6BDB6 A<FD4F4 :9?9;4(III) < A4FD<96B=, DG5<8<96B= 

<?< J9;<96B= EB?< J<>?B5GF4A-1,1-8<>4D5BAB6B= ><E?BFO (CB?GK9AAOI CD< 

6;4<@B89=EF6<< >4D5BA4FB6 EBBF69FEF6GRM<I M9?BKAOI @9F4??B6 < J<>?B5GF4A-1,1-

8<>4D5BAB6B= ><E?BFO) 6 EF9I<B@9FD<K9E>B@ EBBFABL9A<< Fe : MI
2(cbdc) = 1 : 3 

CD<6B8<F > B5D4;B64A<R <;B@9DAOI 79F9DB5<@9F4??<K9E><I EB98<A9A<= 2D-

CB?<@9DAB7B EFDB9A<S [MIFe(H2O)2(cbdc)2]n (MI = Na 8?S 28.2, Rb 8?S 29.2, Cs 8?S 30.2) 

(EI9@4 14.3). � 28.2330.2 4FB@O :9?9;4(III) A4IB8SFES 6 B>F4Q8D<K9E>B@ B>DG:9A<< L9EF< 

4FB@B6 ><E?BDB84, >BFBDO9 CD<A48?9:4F 86G@ I9?4FAB >BBD8<A<DB64AAO@ 4A<BA4@ 

J<>?B5GF4A-1,1-8<>4D5BAB6B= ><E?BFO < 86G@ >BBD8<A<DB64AAO@ @B?9>G?4@ 6B8O 

(F45?<J4 11.3). &4><@ B5D4;B@, EFDG>FGDBB5D4;GRM<@ ;69AB@ 6 28.2330.2 S6?S9FES 

5<EI9?4FAO= HD47@9AF {Fe(H2O)2(cbdc)2}3. "8A4>B EFDB9A<9 5<EI9?4FAB7B HD47@9AF4 6 

84AAOI EB98<A9A<SI ;46<E<F BF >4F<BA4, 66989AAB7B 6 D94>J<BAAGR E@9EP: 6 EB98<A9A<< 

E A4FD<9@ (28.2) @B?9>G?O 6B8O >BBD8<A<DB64AO > 4FB@G :9?9;4(III) 6 FиA-CB?B:9A<SI 

(D<E. 22.3 4), 4 6 E?GK49 DG5<8<S (29.2) < J9;<S (30.2) 3 6 B@а=A-CB?B:9A<SI (D<E. 22.3 5, 

6). 

 

 
%E5<0 14.3 3 #B?GK9A<9 EB98<A9A<= 28.2330.2 
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0 1 

 
2 

$8AC=>: 22.3 3 %FDB9A<9 @BAB@9DAOI HD47@9AFB6 28.2 (4), 29.2 (5) < 30.2 (6) 
 

 �B 6E9I FD9I E?GK4SI 5<EI9?4FAO9 HD47@9AFO {Fe(H2O)2(cbdc)2}3 E6S;O64RFES 

@9:8G EB5B= CD< CB@BM< 4FB@B6 M9?BKAOI @9F4??B6, B5D4;GS EB98<A9A<9 2D-

CB?<@9DAB7B EFDB9A<S (D<E. 23.3 4, 5).  <A<@4?PAO9 @9:4FB@AO9 D4EEFBSA<S Fe···Fe 

D46AO 5.9962(1), 6.0837(4) < 6.2741(10) Å, EBBF69FEF69AAB. 
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0 

 
1 

$8AC=>: 23.3 3 %?B< 28.2 (4) < 30.2 (5) (J<>?B5GF<?PAO9 ;4@9EF<F9?< A9 CB>4;4AO) 
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&01;8F0 11.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<= 28.2330.2 

%6S;P/D4EEFBSA<9 
�?<A4 E6S;</D4EEFBSA<9, Å 

28.2 29.2 30.2 

Fe3O(H2O) 2.0566(10) 2.0433(12) 2.049(4) 

Fe3O(cbdc23) 1.9736(10) 3 
1.9740(9) 

1.9806(12) 3 
1.9847(12) 

1.972(5) 3 1.983(5) 

MI3O(H2O)  3.0380(12) 3.188(4) 

MI3O(cbdc23) 2.3176(11) 3 
2.4606(10) 

2.9812(12) 3 
3.2980(15) 

3.085(5) 3 3.512(8) 

Fe···Fe 5.9962(1) 6.0837(4) 6.2741(10) 

 

 �6989A<9 6 D94>J<BAAGR E@9EP <BAB6 54D<S(II) 6@9EFB <BAB6 M9?BKAOI @9F4??B6 

E EBID4A9A<9@ GE?B6<= D94>J<< CB?GK9A<S 28330 CD<69?B > B5D4;B64A<R 

79F9DB5<@9F4??<K9E>B7B >B@C?9>E4 {[Ba3Fe2(H2O)9(cbdc)6]·7H2O}n (31.2) (EI9@4 15.3). � 

BF?<K<9 BF D4A99 BC<E4AAOI EB98<A9A<= :9?9;4(III) E 4A<BA4@< J<>?B5GF4A-1,1-

8<>4D5BAB6B= ><E?BFO, 6 31.2 4A<BAO ><E?BFO E 4FB@4@< :9?9;4(III) B5D4;GRF 

FD<EI9?4FAO9 HD47@9AFO {Fe(cbdc)3}33, >BFBDO9 CD< CB@BM< 4FB@B6 54D<S E6S;O64RFES 

6 E?B<EFO= CB?<@9D (dmin(Fe···Fe) = 7.0014(9) Å) (F45?<J4 12.3, D<E. 24.3 4, 5). 

 

 
%E5<0 15.3 3 #B?GK9A<9 EB98<A9A<S 31.2 
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0 

 
1 

$8AC=>: 24.3 3  BAB@9DAO= HD47@9AF (0) < HD47@9AF E?BS (1) EB98<A9A<S 31.2 

(4FB@O 6B8BDB84 A9 CB>4;4AO) 
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&01;8F0 12.3 3 "EAB6AO9 8?<AO E6S;9= EB98<A9A<S 31.2 

%6S;P/D4EEFBSA<9 �?<A4 E6S;</D4EEFBSA<9, Å 

Fe3O(cbdc23) 1.970(3) 3 2.026(3) 

MII3O(H2O) 2.720(4) 3 3.304(4) 

MII3O(cbdc23) 2.697(3) 3 3.194(3) 

Fe···Fe 7.0014(9) 

 

 #D< CB86989A<< CDB@9:GFBKAOI <FB7B6 @B:AB BF@9F<FP, KFB 5O?4 CB8B5D4A4 

GA<69DE4?PA4S < 6@9EF9 E F9@ BCF<@4?PA4S @9FB8<>4 E<AF9;4 >BBD8<A4J<BAAOI 

EB98<A9A<= :9?9;4(III) E 4A<BA4@< @4?BAB6B= ><E?BFO < 99 ;4@9M9AAOI 4A4?B7B6. 

�;4<@B89=EF6<9 6B8AOI D4EF6BDB6 <EIB8AB= EB?< :9?9;4(III) (A<FD4F4 <?< I?BD<84) < 

CD9864D<F9?PAB CB?GK9AAB= EB?< EBBF69FEF6GRM9= ><E?BFO (6 @B?PAB@ EBBFABL9A<< 

Fe3+ : RR9Mal23 = 1 : 3) CD<6B8<F > B5D4;B64A<R >BBD8<A4J<BAAOI EB98<A9A<= 

CB?<@9DAB7B EFDB9A<S D4;?<KAB= D4;@9DABEF< (F45?<J4 13.3). �?S 5B?PL<AEF64 

CB?GK9AAOI EB98<A9A<= E 4A<BA4@< @4?BAB6B= (Mal23) < J<>?BCDBC4A-1,1-8<>4D5BAB6B= 

><E?BFO (cpdc23) < >4F<BA4@< M9?BKAOI/M9?BKAB;9@9?PAOI @9F4??B6 I4D4>F9DAB 

B5D4;B64A<9 FD<EI9?4FAOI HD47@9AFB6 {Fe(RR9Mal)3}33. �@9EF9 E F9@, 5O?< CB?GK9AO 

EB98<A9A<S, 6 >BFBDOI CD<EGFEF6G9F D4A99 A9 BC<E4AAO= 8?S :9?9;4(III) HD47@9AF 

{Fe2(¿-OH)2(RR9Mal)4}43, >BFBDO= @B:9F E6S;O64FPES @9:8G EB5B= CD< CB@BM< 4FB@B6 

M9?BKAB;9@9?PAOI @9F4??B6 E B5D4;B64A<9@ EB98<A9A<= J9CBK9KAB7B <?< E?B<EFB7B 

EFDB9A<S. �?S EB98<A9A<= :9?9;4(III) E 4A<BA4@< J<>?B5GF4A-1,1-8<>4D5BAB6B= ><E?BFO 

(cbdc23) < >4F<BA4@< M9?BKAOI @9F4??B6 A45?R849FES B5D4;B64A<9 5<EI9?4FAOI 

HD47@9AFB6 {Fe(H2O)2(cbdc)2}3, CD< QFB@ <ECB?P;B64A<9 6 E<AF9;9 A4FD<96B= EB?< 

CD<6B8<F > B5D4;B64A<R FиA-<;B@9D4, 4 DG5<8<96B= <?< J9;<96B= 3 B@а=A-<;B@9D4. 

 #D<@9A9A<9 4@@BA<96B= <?< F9FD4QF<?4@@BA<96B= EB?< @4?BAB6B= ><E?BFO 

CD<6B8<F > B5D4;B64A<R EB98<A9A<= <BAAB7B EFDB9A<S (0D). �@9EF9 E F9@, EBK9F4A<9 

>4F<BAB6 NH4
+ + M2+ (M2+ = Sr, Ba) CD<6B8<F > B5D4;B64A<R EB98<A9A<= 2D-CB?<@9DAB7B 

EFDB9A<S, 4 ;4@9A4 >4F<BAB6 4@@BA<S A4 >4F<BAO M9?BKAOI @9F4??B6 CD<6B8<F > 

<;@9A9A<R D4;@9DABEF< EB98<A9A<= (2D → 3D). � EB:4?9A<R, A9 G84?BEP CB8B5D4FP 

GE?B6<S 8?S >D<EF4??<;4J<< CB8B5AOI EB98<A9A<=, EBK9F4RM<I 6 E959 >4F<BAO 

D4;?<KAB= CD<DB8O, E 4A<BA4@< J<>?BCDBC4A- <?< J<>?B5GF4A-1,1-8<>4D5BAB6B= ><E?BF. 
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&01;8F0 13.3 3 $4;@9DABEFP CB?GK9AAOI >BBD8<A4J<BAAOI EB98<A9A<= :9?9;4(III) < 
EFDB9A<9 HD47@9AFB6 

�0B8>= / 
A>G5B0=85 
:0B8>=>2 

$07<5@=>ABP C?0:>2:8 8 AB@C:BC@>>1@07CRM89 D@03<5=B 

Mal2– cpdc2– cbdc2– 

Na+ 3D, {Fe(Mal)3}33 [32] 3 2D, FиA-
{Fe(H2O)2(cbdc)2}3 

K+ 3 3 3 

Rb+ 3D, {Fe(Mal)3}33 3D, {Fe(cpdc)3}33 
2D, B@а=A-
{Fe(H2O)2(cbdc)2}3 

Cs+ 3D, {Fe(Mal)3}33 3D, {Fe(cpdc)3}33 
2D, B@а=A- 
{Fe(H2O)2(cbdc)2}3 

Ca2+ 3 2D, {Fe(cpdc)3}33 (<; Fe(NO3)3) 
3D, {Fe(cpdc)3}33 (<; FeCl3) 

3 

Sr2+ 
1D, 
{Fe2(OH)2(Mal)4}43 

3D, {Fe(cpdc)3}33 3 

Ba2+ 
2D, 
{Fe2(OH)2(Mal)4}43 

3D, {Fe(cpdc)2}3 < 
{Fe(cpdc)3}33 CD< >B@A4FAB= 
F9@C9D4FGD9; 
1D, {Fe2(OH)2(cpdc)4}43 CD< 
A47D964A<< 

2D, {Fe(cbdc)3}33 

NH4
+ 0D, [Fe(Mal)3]33 3 3 

NH4
+ + Sr2+ 2D, {Fe(Mal)3}33 3 3 

NH4
+ + Ba2+ 2D, {Fe(Mal)3}33 3 3 

Na+ + Sr2+ 3 3 3 
Na+ + Ba2+ 3D, {Fe(Mal)3}33 [32] 3 3 
K+ + Sr2+ 3D, {Fe(Mal)3}33 3 3 
K+ + Ba2+ 3D, {Fe(Mal)3}33 3 3 
Rb+ + Sr2+ 3D, {Fe(Mal)3}33 3 3 
Rb+ + Ba2+ 3D, {Fe(Mal)3}33 3 3 
Cs+ + Sr2+ 3D, {Fe(Mal)3}33 3D, {Fe(cpdc)3}33 3 
Cs+ + Ba2+ 3D, {Fe(Mal)3}33 3 3 

Et4N+ 0D, [Fe(H2O)2(Mal)2]3 3 3 
[Cu(bipy)2Cl]+ 0D, [Fe(H2O)2(Mal)2]3 3 3 
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3.4  03=8B=O5 A2>9AB20 35B5@><5B0;;8G5A:8E :><?;5:A>2 65;570(III) A 0=8>=0<8 
<0;>=>2>9 :8A;>BO 

% J9?PR <;GK9A<S 6?<SA<S 79B@9FD<< >BBD8<A4J<BAAB7B B>DG:9A<S <BAB6 

:9?9;4(III) < 6;4<@AB7B D4ECB?B:9A<S C4D4@47A<FAOI J9AFDB6 6 >D<EF4??<K9E>B= 

D9L9F>9 A4 @47A<FAB9 CB6989A<9 6O89?9AAOI EB98<A9A<= 5O?< CDB6989AO <;@9D9A<S 

@47A<FAB= 6BECD<<@K<6BEF< B5D4;JB6 6 EF4F<K9E>B@ (6 8<4C4;BA9 F9@C9D4FGD 30032 �) < 

8<A4@<K9E>B@ D9:<@9. 

�?S EB98<A9A<S {[RbSrFe(H2O)6(Mal)3]·H2O}n (10.2), ;A4K9A<9 χT CD< 300 K 

EBEF46?S9F 4.49 E@3·K·@B?P31, KFB EB7?4EG9FES EB ;A4K9A<9@ χT 8?S @47A<FAB-

<;B?<DB64AAB7B <BA4 :9?9;4(III) [91] (6A1g, S = 5/2, g = 2, χTF9BD = 4.44 E@3·K·@B?P31) (D<E. 

25.3). #D< CBA<:9A<< F9@C9D4FGDO 8B 25 K ;A4K9A<9 χT CD4>F<K9E>< A9 @9AS9FES, 

84?PA9=L99 BI?4:89A<9 EBCDB6B:849FES EA<:9A<9@ ;A4K9A<S 8B 4.02 E@3·K·@B?P31 CD< 

2 K (D<E. 15.3). �CCDB>E<@4J<S Q>EC9D<@9AF4?PAOI 84AAOI E <ECB?P;B64A<9@ CDB7D4@@O 

PHI [92] CB;6B?<?4 BCD989?<FP ;A4K9A<S g-H4>FBD4 (2.031), C4D4@9FD4 @9:@B?9>G?SDAB7B 

B5@9A4 zJ (30.004 E@31) < 4>E<4?PAB7B C4D4@9FD4 @47A<FAB= 4A<;BFDBC<< D (30.06 E@31). 

$4EEK<F4AAO9 >64AFB6B-I<@<K9E><@< @9FB84@< ;A4K9A<S giso = 2.002 < D = 30.074 E@31 

IBDBLB EB7?4EGRFES E D9;G?PF4F4@<, CB?GK9AAO@< <; 4A4?<;4 Q>EC9D<@9AF4?PAOI 

84AAOI. �;@9D9A<S 8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< CB>4;4?< BFEGFEF6<9 

@98?9AAB= @47A<FAB= D9?4>E4J<< 8?S QFB7B EB98<A9A<S.  

 
$8AC=>: 25.3 3 &9@C9D4FGDA4S ;46<E<@BEFP χT(T) EB98<A9A<S 10.2 6 @47A<FAB@ CB?9 

5000 1. %C?BLA4S >D4EA4S ?<A<S 3 F9BD9F<K9E>4S >D<64S [92] 

 

�?S EB98<A9A<S {[LaFe(H2O)3(Mal)3]·3.25H2O}n (16.2) ;A4K9A<9 χT CD< 300 K 

EBEF46?S9F 4.55 E@3·K·@B?P31, 5?<;>B9 > F9BD9F<K9E>B@G 8?S @47A<FAB-<;B?<DB64AAB7B 
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<BA4 :9?9;4(III). #D< CBA<:9A<< F9@C9D4FGDO ;A4K9A<9 χT CD4>F<K9E>< A9 @9AS9FES 

6C?BFP 8B 25 K, ;4F9@ A45?R849FES EA<:9A<9 8B 3.63 E@3·K·@B?P31 CD< 2 K (D<E. 26.3). � 

D9;G?PF4F9 4A4?<;4 Q>EC9D<@9AF4?PAOI 84AAOI E <ECB?P;B64A<9@ CDB7D4@@O PHI 

A4<?GKL4S 4CCDB>E<@4J<S 5O?4 8BEF<7AGF4 CD< giso = 2.042, D = 30.085 E@31 < zJ = 30.013 

E@31. � D9;G?PF4F9 >64AFB6B-I<@<K9E><I D4EK9FB6 5O?< CB?GK9AO ;A4K9A<S giso = 2.002 < 

D = 30.054 E@31, KFB F4>:9 IBDBLB EB7?4EG9FES E D9;G?PF4F4@< 4CCDB>E<@4J<<.  

 
$8AC=>: 26.3 3 &9@C9D4FGDA4S ;46<E<@BEFP χT(T) EB98<A9A<S 16.2 6 @47A<FAB@ CB?9 

5000 1. %C?BLA4S >D4EA4S ?<A<S 3 F9BD9F<K9E>4S >D<64S [92] 

 

#B D9;G?PF4F4@ <;@9D9A<= 8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< 

B5A4DG:9AB, KFB EB98<A9A<9 16.2 CDBS6?S9F @98?9AAGR D9?4>E4J<R A4@47A<K9AABEF< 6 

@47A<FAB@ CB?9 5000 1 (D<E. 27.3 5, 7) [93]. !4<?GKL4S 4CCDB>E<@4J<S ;46<E<@BEF< τ(1/T) 

5O?4 6OCB?A9A4 E GK9FB@ EG@@O @9I4A<;@B6 $4@4A4 < >64AFB6B7B FGAA9?<DB64A<S 

A4@47A<K9AABEF< (�&!) EB E?98GRM<@< C4D4@9FD4@<: %Raman = 55.4 K33.5·c31, τ31QTM = 

22163 c31 (HBD@G?4 1, D<E. 27.3 8). �0−1 = СþþÿþĀÿĀ +  �ý��−1  (1) 
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$8AC=>: 27.3 3 +4EFBFAO9 ;46<E<@BEF< D94?PAB= (χ') < @A<@B= (χ") >B@CBA9AFO 
8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< 6 D4;?<KAOI CB?SI (0, 1) < CD< D4;AOI 

F9@C9D4FGD4I (2, 3); ;46<E<@BEFP 6D9@9A< D9?4>E4J<< BF B5D4FAB= F9@C9D4FGDO (4) 8?S 
EB98<A9A<S 16.2 

 

�?S EB98<A9A<S {[Pr3Fe(H2O)10(Mal)6]·6.5H2O}n (17.2) A45?R849@B9 ;A4K9A<9 χT 

CD< 300 K EBBF69FEF6G9F 9.23 E@3·�·@B?P31, < 5?<;>B EG@@9 F9BD9F<K9E><I ;A4K9A<= 



120 

 
(9.24 E@3·K·@B?P31) 8?S FD9I @47A<FAB-<;B?<DB64AAOI <BAB6 CD4;9B8<@4(III) (3H4, S = 1, 

g = 4/5, χTF9BD = 1.60 E@3·K·@B?P31) < :9?9;4(III). #BA<:9A<9 F9@C9D4FGDO EBCDB6B:849FES 

@BABFBAAO@ G@9APL9A<9@ χT 8B 4.24 E@3·K·@B?P31 CD< 2 K (D<E. 28.3), KFB @B:9F 5OFP 

B5GE?B6?9AB EC<A-BD5<F4?PAO@< 6;4<@B89=EF6<S@< 8?S <BAB6 CD4;9B8<@4(III) </<?< 

B5@9AAO@< 6;4<@B89=EF6<S@< @9:8G C4D4@47A<FAO@< J9AFD4@<. � D9;G?PF4F9 >64AFB6B-

I<@<K9E><I D4EK9FB6 8?S <BA4 Fe3+ CB?GK9AO E?98GRM<9 ;A4K9A<S C4D4@9FDB6 giso = 2.002 

< D = 30.076 E@31. 

 
$8AC=>: 28.3 3 &9@C9D4FGDA4S ;46<E<@BEFP χT(T) EB98<A9A<S 17.2 6 @47A<FAB@ CB?9 

5000 1 

  

�?S 17.2 <;@9D9A<S 8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< CB>4;4?< A4?<K<9 

@98?9AAB= D9?4>E4J<< A4@47A<K9AABEF< 6 @47A<FAB@ CB?9 2500 1 (D<E. 29.3 5, 7). 

!4<?GKL4S 4CCDB>E<@4J<S ;46<E<@BEF< τ(1/T) 6OCB?A9A4 E <ECB?P;B64A<9@ @9I4A<;@B6 

$4@4A4 < �&!: %Raman = 2 K37·c31, τ31QTM = 8502 c31 (HBD@G?4 1, D<E. 29.3 8). �EFBKA<>B@ 

@47A<FAB= D9?4>E4J<< @B:9F 5OFP >4> >4F<BA :9?9;4(III), F4> < >4F<BAO CD4;9B8<@4(III), 

AB 6 ?<F9D4FGD9 A9 5O?B A4=89AB <AHBD@4J<< B @B?9>G?SDAOI @47A<FAOI @4F9D<4?4I A4 

BEAB69 FD9I64?9AFAB7B CD4;9B8<@4. 
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$8AC=>: 29.3 3 +4EFBFAO9 ;46<E<@BEF< D94?PAB= (χ') < @A<@B= (χ") >B@CBA9AFO 
8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< 6 D4;?<KAOI CB?SI (0, 1) < CD< D4;AOI 

F9@C9D4FGD4I (2, 3); ;46<E<@BEFP 6D9@9A< D9?4>E4J<< BF B5D4FAB= F9@C9D4FGDO (4) 8?S 
EB98<A9A<S 17.2 
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3.5  03=8B=O5 A2>9AB20 35B5@><5B0;;8G5A:8E :><?;5:A>2 65;570(III) A 0=8>=0<8 
F8:;>?@>?0=-1,1-48:0@1>=>2>9 :8A;>BO 

�A4K9A<9 χT 8?S EB98<A9A<S {[Ca2Fe(H2O)6(cpdc)3](NO3)}n (22.2) CD< 300 � 

EBEF46?S9F 4.49 E@3·K·@B?P31, KFB 5?<;>B > F9BD9F<K9E>B@G ;A4K9A<R 8?S @47A<FAB-

<;B?<DB64AAB7B <BA4 :9?9;4(III). #D< CBA<:9A<< F9@C9D4FGDO ;A4K9A<9 χT CD4>F<K9E>< 

A9<;@9AAB C?BFP 8B 8 �, 84?99 A45?R849FES EA<:9A<9 ;A4K9A<S χT 8B 4.15 E@3·K·@B?P31 

CD< 2 � (D<E. 30.3). �CCDB>E<@4J<S Q>EC9D<@9AF4?PAB= ;46<E<@BEF< CD< CB@BM< 

CDB7D4@@O PHI CB;6B?<?4 BCD989?<FP ;A4K9A<9 g-H4>FBD4 (giso = 2.036), 4>E<4?PAB7B 

C4D4@9FD4 @47A<FAB= 4A<;BFDBC<< (D = 0.018 E@31) < @9:@B?9>G?SDAB7B B5@9A4 (zJ = 3

0.002 E@31). � D9;G?PF4F9 >64AFB6B-I<@<K9E><I D4EK9FB6 5O?< CB?GK9AO ;A4K9A<S giso = 

2.002 < D = 30.047 E@31. 

 
$8AC=>: 30.3 3 &9@C9D4FGDA4S ;46<E<@BEFP χT(T) EB98<A9A<S 22.2 6 @47A<FAB@ CB?9 

5000 1. %C?BLA4S >D4EA4S ?<A<S 3 F9BD9F<K9E>4S >D<64S [92] 

 

� D9;G?PF4F9 <EE?98B64A<= 8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< 8?S 

EB98<A9A<S 22.2 6OS6?9AB A4?<K<9 @98?9AAB= @47A<FAB= D9?4>E4J<< 6 @47A<FAB@ CB?9 

2500 1 (D<E. 31.3 4, 5). !4<?GKL4S 4CCDB>E<@4J<S ;46<E<@BEF< τ (1/T) 5O?4 CDB6989A4 E 

<ECB?P;B64A<9@ @9I4A<;@4 $4@4A4 (%Raman = 405 K32.73·c31, HBD@G?4 2, D<E. 31.3 6). �0−1 = СþþÿþĀÿĀ (2) 
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$8AC=>: 31.3 3 +4EFBFAO9 ;46<E<@BEF< D94?PAB= (χ') < @A<@B= (χ") >B@CBA9AFO 
8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF< 6 D4;?<KAOI CB?SI (0, 1) < CD< D4;AOI 
F9@C9D4FGD4I (2, 3); ;46<E<@BEFP 6D9@9A< D9?4>E4J<< BF B5D4FAB= F9@C9D4FGDO (4) 

EB98<A9A<S 22.2 
 

�?S EB98<A9A<S [Ba2Fe2(H2O)8(cpdc)5]n (25.2) ;A4K9A<9 χT CD< 300 � EBEF46?S9F 

8.77 E@3·K·@B?P31, KFB A9@AB7B A<:9 D4EEK<F4AAB= EG@@O 8?S 86GI @47A<FAB-

<;B?<DB64AAOI <BAB6 :9?9;4(III) (8.88 E@3·K·@B?P31). #BA<:9A<9 F9@C9D4FGDO CD<6B8<F 
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> @BABFBAAB@G EA<:9A<R χT 6B 6E9@ F9@C9D4FGDAB@ <AF9D64?9 300340 K 8B 

8.10 E@3·K·@B?P31, < 84?PA9=L9@G C489A<R 8B 1.82 E@3·K·@B?P31 CD< 2 � (D<E. 32.3). 

#B8B5AO= IB8 ;46<E<@BEF< χT(T) @B:9F E6<89F9?PEF6B64FP B A4?<K<< 

4AF<H9DDB@47A<FAOI 6;4<@B89=EF6<= 6 J9CBK>4I 3{Fe(cpdc)2}3{Fe(cpdc)3}3, 

D94?<;G9@OI K9D9; @BEF<>B6O9 >4D5B>E<?4FAO9 7DGCCO. �CCDB>E<@4J<S 

Q>EC9D<@9AF4?PAOI 84AAOI 6 CDB7D4@@9 PHI E <ECB?P;B64A<9@ HBD@4?<;@4 EC<A-

�4@<?PFBA<4A4 (HBD@G?4 3) CB;6B?<?4 BCD989?<FP ;A4K9A<S g-H4>FBDB6, 4>E<4?PAB7B 

C4D4@9FD4 @47A<FAB= 4A<;BFDBC<< (D) < C4D4@9FD4 6AGFD<@B?9>G?SDAB7B B5@9A4 

Fe1···Fe2 (JFe1···Fe2). #B?GK9AAO9 ;A4K9A<S IBDBLB EB7?4EGRFES E D9;G?PF4F4@< >64AFB6B-

I<@<K9E><I D4EK9FB6 (F45?<J4 14.3). #B 84AAO@ <;@9D9A<= 8<A4@<K9E>B= @47A<FAB= 

6BECD<<@K<6BEF<, @98?9AA4S D9?4>E4J<S A4@47A<K9AABEF< 8?S EB98<A9A<S 25.2 A9 

A45?R849FES. �̂ = �1���þ1 + �2���þ2 + �1 [þ̂1,ý2 2 13 þ(þ + 1)] + �2 [þ̂2,ý2 2 13 þ(þ + 1)] 2 2�þ̂1þ̂2 (3) 

 
$8AC=>: 32.3 3 &9@C9D4FGDA4S ;46<E<@BEFP χT EB98<A9A<S 25.2 6 @47A<FAB@ CB?9 

5000 1. %C?BLA4S >D4EA4S ?<A<S 3 F9BD9F<K9E>4S >D<64S [92] 

 

&01;8F0 14.3 3 $9;G?PF4FO 4CCDB>E<@4J<< ;46<E<@BEF< χT E <ECB?P;B64A<9@ CDB7D4@@O 

PHI < >64AFB6B-I<@<K9E><I D4EK9FB6 8?S EB98<A9A<S 25.2 

#4D4@9FD �A4K9A<9 
 9FB8 PHI CASSCF/NEVPT2 BS-DFT 

giso 
2.021 
2.008 

2.002 
2.002 

3 

Di, E@31 0.614 
30.057 

0.212 
30.068 

3 

JFe1···Fe2, E@31 30.395 3 30.19 
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3.6  03=8B=O5 A2>9AB20 35B5@><5B0;;8G5A:8E :><?;5:A>2 65;570(III) A 0=8>=0<8 
F8:;>1CB0=-1,1-48:0@1>=>2>9 :8A;>BO 

 �?S E9D<< EB98<A9A<= 28.2330.2 ([MIFe(H2O)2(cbdc)2]n, 789 MI = Na (28.2), Rb (29.2), 

Cs (30.2)), ;A4K9A<S χT CD< 300 K EBEF46?SRF 4.50, 4.51 < 4.48 E@3·K·@B?P31, 

EBBF69FEF69AAB, KFB IBDBLB EB7?4EG9FES E F9BD9F<K9E><@ ;A4K9A<9@ 8?S @47A<FAB-

<;B?<DB64AAOI <BAB6 :9?9;4(III) (D<E. 33.3). #D< BI?4:89A<< ;A4K9A<S χT BEF4RFES 

CBEFBSAAO@< 8B 50 �, ;4F9@ 8?S EB98<A9A<= 29.2 < 30.2 BA< EA<:4RFES 8B 3.67 < 

3.47 E@3·K·@B?P31 CD< 2 K, EBBF69FEF69AAB. � E?GK49 28.2 @BABFBAAB9 EA<:9A<9 χT 

A45?R849FES G:9 CD< 90 �, < CD< 2 � BAB CD<A<@49F @<A<@4?PAB9 ;A4K9A<9 

2.54 E@3·K·@B?P31. &4>B= IB8 Q>EC9D<@9AF4?PAB= ;46<E<@BEF< @B:9F 5OFP B5GE?B6?9A 

@47A<FAB= 4A<;BFDBC<9= </<?< QHH9>FB@ �99@4A4 (QHH9>FB@ A4EOM9A<S) 6 CBEFBSAAB@ 

@47A<FAB@ CB?9 </<?< @9:@B?9>G?SDAO@< B5@9AAO@< 6;4<@B89=EF6<S@<. 

  
0 1 

 
2 

$8AC=>: 33.3 3 &9@C9D4FGDAO9 ;46<E<@BEF< χT 8?S EB98<A9A<= 28.2 (0), 29.2 (1) < 30.2 
(2) 6 @47A<FAB@ CB?9 5000 1. %C?BLAO9 >D4EAO9 ?<A<< 3 F9BD9F<K9E><9 >D<6O9 [92] 
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% J9?PR BCD989?<FP, >4><9 6;4<@B89=EF6<S BF69K4RF ;4 CB8B5AB9 CB6989A<9 

EB98<A9A<= 6 CD<?B:9AAB@ CB?9, 5O?4 CDB6989A4 4CCDB>E<@4J<S Q>EC9D<@9AF4?PAOI 

;46<E<@BEF9= χT(T) CD< CB@BM< CDB7D4@@O PHI, 6 D9;G?PF4F9 K97B 5O?< BCD989?9AO 

;A4K9A<S g-H4>FBDB6, C4D4@9FDB6 B5@9A4 zJ < 4>E<4?PAOI C4D4@9FDB6 @47A<FAB= 

4A<;BFDBC<< D (F45?<J4 15.3). #B?GK9AAO9 F4><@ B5D4;B@ ;A4K9A<S D IBDBLB 

EB7?4EGRFES E D9;G?PF4F4@< >64AFB6B-I<@<K9E><I D4EK9FB6. �EIB8S <; ;A4K9A<= 

CB?GK9AAOI C4D4@9FDB6, 8?S EB98<A9A<= 29.2 < 30.2 @47A<FA4S 4A<;BFDBC<S <BAB6 Fe3+ 

EBBF69FEF6G9F F<CG «?97>4S C?BE>BEFP», 6 FB 6D9@S >4> 8?S 28.2 3 F<CG «?97>4S BEP». 

 

&01;8F0 15.3 3 $9;G?PF4FO 4CCDB>E<@4J<< >D<6OI χT(T) < >64AFB6B-I<@<K9E><I 

D4EK9FB6 8?S EB98<A9A<= 20.2322.2 

#4D4@9FD 
�A4K9A<9 

28.2 29.2 30.2 

 9FB8 PHI 
CASSCF/ 

NEVPT2 
PHI 

CASSCF/ 

NEVPT2 
PHI 

CASSCF/ 

NEVPT2 

giso 2.034 2.002 2.033 2.002 2.037 2.002 

D, E@31 31.13 30.37 0.63 0.50 0.61 0.54 

zJ, E@31 30.047 3 30.009 3 30.012 3 
 

 �A4?<; Q>EC9D<@9AF4?PAOI ;46<E<@BEF9= M(H) CD< 2, 4 < 6 K CB>4;O649F, KFB 

BEAB6AB9 EC<AB6B9 EBEFBSA<9 8?S FD9I EB98<A9A<= 28.2330.2 EBBF69FEF6G9F S = 5/2 (D<E. 

34.3). 

  



127 
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$8AC=>: 34.3 3 #B?96O9 ;46<E<@BEF< A4@47A<K9AABEF< (M(H)) CD< 2, 4 < 6 � 8?S 
EB98<A9A<= 28.2 (0), 29.2 (1) < 30.2 (2). %C?BLAO9 ?<A<< 3 F9BD9F<K9E><9 >D<6O9 

 

#B 84AAO@ <;@9D9A<= 8<A4@<K9E>B= @47A<FAB= 6BECD<<@K<6BEF<, @98?9AA4S 

D9?4>E4J<S A4@47A<K9AABEF< 8?S EB98<A9A<= 28.2330.2 A9 A45?R849FES. 

� ;4>?RK9A<< CB D9;G?PF4F4@ 4A4?<;4 @47A<FAOI, EFDG>FGDAOI < D4EK9FAOI 

84AAOI (D9;G?PF4FO 4CCDB>E<@4J<< 6 CDB7D4@@9 PHI, >64AFB6B-I<@<K9E><9 D4EK9FO, 

D4EK9FAO9 ;A4K9A<S 8<CB?PAOI 6;4<@B89=EF6<= (|Ed| ≈ [¿eff(Fe)]2/(dmin)3, 789 ¿eff(Fe) ≈ 5.92 

¿B, dmin 3 @<A<@4?PAB9 @9:4FB@AB9 D4EEFBSA<9 Fe···Fe) < ;A4K9A<S EF9C9A< <E>4:9A<S 

B>F4Q8D4 FeO6 BF <894?PAB= E<@@9FD<< (CShM, [94]) CD<6989AO 6 F45?<J9 16.3) @B:AB 

E89?4FP E?98GRM<9 6O6B8O: 1) @47A<FA4S 4A<;BFDBC<S <BAB6 Fe3+ 6 FD<EI9?4FAOI 

HD47@9AF4I {Fe(RR9Mal)3}33 D97G?<DG9FES 6 8<4C4;BA9 30.09 ÷ 0.02 E@31 <E>4:9A<9@ 

E<@@9FD<< B>F4Q8D<K9E>B7B >D<EF4??<K9E>B7B CB?S <BAB6 Fe3+ >4F<BA4@< 

79F9DB@9F4??B6 < >D<EF4??<K9E>B= GC4>B6>B=; 2) A4 CD<@9D9 EB98<A9A<= :9?9;4(III) c 

5<EI9?4FAO@ HD47@9AFB@ {Fe(H2O)2(cbdc)2}3 CDB89@BAEFD<DB64AB 6?<SA<9 6;4<@AB7B 

D4ECB?B:9A<S @B?9>G? 6B8O A4 F<C @47A<FAB= 4A<;BFDBC<< C4D4@47A<FAB7B J9AFD4: E 
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CB?B:<F9?PAB7B 8?S B@а=A-HBD@O A4 BFD<J4F9?PAO= 8?S FиA-HBD@O; 3) CD< E6S;O64A<< 

5<E- < FD<EI9?4FAOI HD47@9AFB6 6 1D-CB?<@9DAGR J9CP K9D9; >4D5B>E<?4FAO9 @BEF<>< 

D94?<;GRFES B5@9AAO9 6;4<@B89=EF6<S 4AF<H9DDB@47A<FAB7B F<C4. "J9A>4 

@9:@B?9>G?SDAOI 6;4<@B89=EF6<= CB>4;O649F <I B5D4FAGR ;46<E<@BEFP BF DBEF4 

@9:4FB@AB7B D4EEFBSA<S Fe···Fe, KFB @B:9F 5OFP B5GE?B6?9AB @47A<FAO@< 8<CB?PAO@< 

6;4<@B89=EF6<S@<, < >4A4?4@< B5@9AB6 K9D9; H-E6S;< 8?S 28.2330.2. 

  



&01;8F0 16.3 3 %6B8A4S F45?<J4 ;A4K9A<= C4D4@9FDB6, CB?GK9AAOI CD< 4CCDB>E<@4J<< Q>EC9D<@9AF4?PAOI 84AAOI < D4EK9FAO@< 

@9FB84@< 

%B98<A9A<9 dmin(Fe···Fe), Å CShM  9FB8 
#4D4@9FD 

|Ed|, E@31 
giso D, E@31 zJ, E@31 

10.2 8.1065(7) 0.332 
PHI 2.031±0.0003 30.06±0.01 30.004±0.0003 

0.07 
CASSCF/NEVPT2 2.002 30.074 3 

16.2 8.2497(9) 0.254 
PHI 2.042±0.001 30.085±0.008 30.013±0.0005 

0.06 
CASSCF/NEVPT2 2.002 30.054 3 

17.2 8.7531(9) 0.165 
PHI 3 3 3 

0.05 
CASSCF/NEVPT2 2.002 30.076 3 

22.2 9.0690(26) 0.107 
PHI 2.036±0.0003 0.018±0.005 30.002±0.0001 

0.05 
CASSCF/NEVPT2 2.002 30.047 3 

25.2 5.5824(2) 
0.079 (Fe1)* 
1.124 (Fe2) 

PHI 
2.021±0.001 
2.008±0.0003 

0.614±0.043 
30.057±0.004 30.395±0.001 

3 
CASSCF/NEVPT2 

2.002 
2.002 

0.212 (Fe1) 
30.068 (Fe2) 

3 

BS-DFT 3 3 30.19 

28.2 5.9962(1) 0.122 
PHI 2.034±0.0002 31.13±0.02 30.047±0.0004 

0.16 
CASSCF/NEVPT2 2.002 30.37 3 

29.2 6.0837(4) 0.130 
PHI 2.033±0.0004 0.63±0.02 30.009±0.0003 

0.16 
CASSCF/NEVPT2 2.002 0.50 3 

30.2 6.2741(10) 0.140 
PHI 2.037±0.001 0.61±0.02 30.012±0.0005 

0.14 
CASSCF/NEVPT2 2.002 0.54 3 

* - B5B;A4K9A<S Fe1 < Fe2 EBBF69FEF6GRF B5B;A4K9A<S@ 4FB@B6 6 D4;89?9 E BC<E4A<9@ EFDB9A<S 



�/�"�/ 

1. $4;D45BF4AO @9FB8<>< E<AF9;4 AB6OI >BBD8<A4J<BAAOI EB98<A9A<= :9?9;4(III) E 

4A<BA4@< @4?BAB6B= ><E?BFO < 99 ;4@9M9AAOI 4A4?B7B6 < >4F<BA4@< D4;?<KAB= CD<DB8O 

(4@@BA<S, F9FD4QF<?4@@BA<S, M9?BKAOI, M9?BKAB;9@9?PAOI < D98>B;9@9?PAOI 

@9F4??B6). 

2. #B>4;4AB, KFB 4A<BAO @4?BAB6B= ><E?BFO < 99 ;4@9M9AAOI 4A4?B7B6 E 4FB@4@< 

:9?9;4(III) B5D4;GRF CD9<@GM9EF69AAB FD<EI9?4FAO9 HD47@9AFO {Fe(RR9Mal)3}33, F4>:9 

6O89?9AO EB98<A9A<S EB EFDG>FGDBB5D4;GRM<@< HD47@9AF4@< 5<EI9?4FAB7B 

{Fe(H2O)2(RR9Mal)2}3 < D4A99 A9<;69EFAB7B 8?S :9?9;4(III) 5<S89DAB7B {Fe2(¿-

OH)2(RR9Mal)4}43 EFDB9A<S. 

3. #B>4;4AB, KFB CD<DB84 ;4@9EF<F9?S @4?BAB6B= ><E?BFO BCD989?S9F D4;@9DABEFP 

GC4>B6>< EB98<A9A<= :9?9;4(III) E >4F<BA4@< M9?BKAOI @9F4??B6, E6S;O64RM<I 

HD47@9AFO {Fe(RR9Mal)3}33 6 E?B<EFO9 EB98<A9A<S E 4A<BA4@< J<>?B5GF4A-1,1-

8<>4D5BAB6B= ><E?BFO < 6 >4D>4EAO9 3 E 4A<BA4@< @4?BAB6B= < J<>?BCDBC4A-1,1-

8<>4D5BAB6B=. 

4. 'EF4AB6?9AB 6?<SA<9 <EIB8AB= EB?< :9?9;4(III) A4 EBEF46 < EFDB9A<9 

B5D4;GRM<IES >BBD8<A4J<BAAOI EB98<A9A<= CB?<@9DAB7B EFDB9A<S A4 CD<@9D9 

>B@C?9>EB6 E >4F<BA4@< >4?PJ<S < 4A<BA4@< J<>?BCDBC4A-1,1-8<>4D5BAB6B= ><E?BFO: 

CD<@9A9A<9 A<FD4F4 :9?9;4(III) CD<6B8<F > B5D4;B64A<R E?B<EFB7B EB98<A9A<S 

{[Ca2Fe(H2O)6(cpdc)3](NO3)}n, I?BD<84 :9?9;4(III) 3 > B5D4;B64A<R >4D>4EAB7B 

EB98<A9A<S {[Ca6Fe4(H2O)26(cpdc)12]·11H2O}n. 

5. #B>4;4AB, KFB ;A4> @47A<FAB= 4A<;BFDBC<< @BABS89DAOI 5<E- < FD<EI9?4FAOI 

HD47@9AFB6 @B:9F 5OFP BFD97G?<DB64A 6;4<@AO@ D4ECB?B:9A<9@ ?<74A8B6, 4 F4>:9 

>4F<BA4@<, BCD989?SRM<@< >D<EF4??<K9E>GR GC4>B6>G. 

6. �?S EB98<A9A<= {[LaFe(H2O)3(Mal)3]·3.25H2O}n, {[Pr3Fe(H2O)10(Mal)6]·6.5H2O}n < 

{[Ca2Fe(H2O)6(cpdc)3](NO3)}n 5O?B BCD989?9AB A4?<K<9 @98?9AAB= D9?4>E4J<< 

A4@47A<K9AABEF< 6 CD<?B:9AAB@ @47A<FAB@ CB?9. 
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&01;8F0 �1 3 �4?9AFABEFP <BAB6 :9?9;4, D4EEK<F4AA4S CB @9FB8G EG@@ 64?9AFABEF9= 

E6S;9= 

%B98<A9A<9 �4?9AFABEFP <BA4 Fe3+, V 
%B98<A9A<9 �4?9AFABEFP <BA4 Fe3+, V 

%B98<A9A<9 �4?9AFABEFP <BA4 Fe3+, V 

1.2 3.17 12.2 3.19 23.2 
3.25; 3.29; 
3.25 

2.2 3.14 13.2 3.18 24.2 3.28; 3.28 

3.2 3.13 14.2 3.10 25.2 3.14; 3.17 

4.2 3.20 15.2 3.14 26.2 3.23 

5.2 3.17; 3.18* 16.2 3.25 27.2 

3.24; 3.25; 
3.23; 3.28; 
3.28 

6.2 3.16 17.2 3.17 28.2 3.13 

7.2 3.16 18.2 3.23 29.2 3.11 

8.2 3.18 19.2 3.17; 3.07 30.2 3.13 

9.2 3.16 20.2 3.24; 3.24 31.2 3.17; 3.20 

10.2 3.19 21.2 3.26   

11.2 3.18 22.2 3.29   

$4EK9F 64?9AFABEF< <BAB6 :9?9;4(III) CDB6B8<?ES CB HBD@G?9 (1): �ÿ = ∑ þÿĀ = ∑ exp[(ý0 2 �ÿĀ)/�] (1), 789 
Vi 3 64?9AFABEFP 4FB@4 i, Sij < rij3 64?9AFABEFP < 8?<A4 E6S;< @9:8G 4FB@4@< i < j, R0 

3 Q@C<D<K9E>< BCD989?9AAB9 D4EEFBSA<9 @9:8G 84AAB= C4DB= 4FB@B6, b 3 

GA<69DE4?PAO= C4D4@9FD. �?S 4FB@B6 :9?9;4(III) C4D4@9FDO R0 < b D46AO 1.759 Å < 

0.37, EBBF69FEF69AAB. 

* ;A4K9A<S V 5O?< D4EEK<F4AO < G>4;4AO 8?S 6E9I >D<EF4??B7D4H<K9E>< 

A9Q>6<64?9AFAOI <BAB6 :9?9;4(III). 
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$8AC=>: �1 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 10.2 

 
$8AC=>: �2 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 16.2 
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$8AC=>: �3 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 17.2 

 

 
$8AC=>: �4 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 22.2 
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$8AC=>: �5 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 25.2 

 

 
$8AC=>: �6 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 28.2 
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$8AC=>: �7 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 29.2 

 

 
$8AC=>: �8 3 &9BD9F<K9E>4S (>D4EA4S ?<A<S) < Q>EC9D<@9AF4?PA4S (E<ASS ?<A<S) 

8<HD4>FB7D4@@4 B5D4;J4 EB98<A9A<S 30.2 
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$8AC=>: �1 3 #B?964S ;46<E<@BEFP A4@47A<K9AABEF< M(H) CD< 2, 4 < 6 � 8?S 

EB98<A9A<S 10.2. %C?BLAO9 ?<A<< 3 F9BD9F<K9E><9 >D<6O9  
 

 
$8AC=>: �2 3 #B?964S ;46<E<@BEFP A4@47A<K9AABEF< M(H) CD< 2, 4 < 6 � 8?S 

EB98<A9A<S 16.2. %C?BLAO9 ?<A<< 3 F9BD9F<K9E><9 >D<6O9 
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$8AC=>: �3 3 #B?964S ;46<E<@BEFP A4@47A<K9AABEF< M(H) CD< 2, 4 < 6 � 8?S 

EB98<A9A<S 17.2 

 

 
$8AC=>: �4 3 #B?964S ;46<E<@BEFP A4@47A<K9AABEF< M(H) CD< 2, 4 < 6 � 8?S 

EB98<A9A<S 22.2. %C?BLAO9 ?<A<< 3 F9BD9F<K9E><9 >D<6O9 
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$8AC=>: �5 3 #B?964S ;46<E<@BEFP A4@47A<K9AABEF< M(H) CD< 2, 4 < 6 � 8?S 

EB98<A9A<S 25.2. %C?BLAO9 ?<A<< 3 F9BD9F<K9E><9 >D<6O9  
 


