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Synthesis, Crystal Structure and Magneto-Structural Correlation
of a [MngCe] Cluster Substituted by Four Pyrazoles

WANG Hui-Sheng PAN Zhi-Quan
(Key Laboratory for Green Chemical Process of Ministry of Education, School of Chemisiry
and Environmental Engineering, Wuhan Institute of Technology, Wuhan 430074, China)

Abstract: One [MngCe| mixed metal cluster, namely, [MngOgCe (O,CCH3)p, (pyr)y] -2CH;0H (2 -2CH;0H, pyr=
pyrozole) has been obtained by adding (NH.),Ce(NO;)s to the acetonitrile/methanol solution containing Mn
(0,CCHa;),+4H,0, pyrozole and acetic acid. The complex was fully characterized by X-ray single crystal structural
diffraction, IR, elemental analysis and magnetic investigation. The structural analysis indicates that the complex
crystallized in the monoclinic system, P2,/c space group, and the eight Mn™ ions formed a nonplanar loop, which
was further attached to the central Ce!" ion via eight u;-O?~ ions. Magnetic studies indicate that, within the
cluster, the magnetic coupling interactions between Mn** ions are weak ferromagnetic, with the ground state S
being 6. Moreover, there are only very weak frequency-dependent signals from ac magnetic susceptibility
investigations. By analyzing magneto-structural correlation of a series of [MngCe| complexes, we found that with
the angles at monoatomically bridging O* increasing and with the angle at monoatomically bridging carboxylate O

decreasing, the ferromagnetic interactions between Mn atoms will be strengthened, which further lead to larger S.

CCDC: 963166.
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H M 1993 4 AMTE R & Bl Mn,|fb & 9 2 A H$
53 F Wi (single molecule magnets, SMMs) P it DLk |
AR RA Y - EIRA S RES Y
Bl 2 B+ & Jm A Y RO AR R RS YA
St— HZ B E NS NB RE, REET
SMMs 1E = % BEAE A 5 B FIHEAL AT 72
8507 TH H AT VAR (A NN SMMs 11 R 22 e 1 ik
& HBEE S MR 10 ek (— BT EG RS
B D KB RN e 22 R/NERIKh SADIS e
03 (S=1/4)IDI(S S 2F RO, RS LT R F 9 &
S D R /NS Sy F IR R | g T A
Wi | WM T2 BB MAE LR (W M---M
Z IR M-SU/BCR-M e M SR R A G,
U, A T 3RS RE 22 1 SMMs fb A LA il 2 e 45 2]
SRR AT T — S SR O

Hor— A 15 W 2 76 AN AR B4y - i AR R
B BRSSO T (1) T8 2 AR U s R
W fE A R 4y B A T G A4 | (2) 8 I Ak R
IO 3 AR 30 5 I AR S A 4 TR B T AUk S H
(2 B 9 X SE 5 G W Y S D 5 RE &2 1 AR b K
FEIK LR SRS 25 s AL S B R, B
2 M SMMs 7% & ) [Mn 01, (0,CMe) 1 (H,0),] -2
(CH,COOH) -4H,0 "' 16 /™ BSFR AR 25+ % 24 A Af
Al EtCO*~ .PhCO?*~ .Bu'CO*~ .CeFsCO*~ .BrCH,CO*~ .
CLCHCO* .Ph,PO* Bu'CH,CO* 5§ & T 43 ok 4
HARI-S, A G 2 H b A mCR R TR T TR
H R 4 M %% A B Mn2 8 71020 FR ATk, 5 —
AR 1 B R G [Ce VM " 404(0,CMe) o (H,0),] -
4H,0 (1), HEWIH Christou % 7E 2003 4 FH(NH,),Ce
(NOy)s A B Al 5] 5 5 & 9 {[Mn " (OH) (0,.CMe),] -
(MeCO,H) - (H,0)}, KW A5 8) | J& F U i & 14 25 1A]
BE,S=1621, FKATTT 2008 4Ffd FH 53 AP AN & 17 1k
WAl 13 5] 1, (A F RS R P2/ 25 UEE A INA
ML W B8 4% T K e 4 531) 38 7T 45 3] [ CeMMn"04(0,CMe) 1,
(H,0)(py)s]-6.5H,0 F1[Ce"Mn"05(0,CMe) o(H,0)y(bzd),]
- 10H,0(py A M BE | bazd A A48 1 BRI | A R 1 52 | iX
LA SYIH) SH K2R 8, J& Christou 554 1A 11k
B —F2 5K | Christou 55 HE G B 448
1 4 AT KB 4 Ak sE 4y 7 BUR (A S=
5; M Ph,CHCO, B 1 1 12 4> CHiCO,, 1M S=
62, XL LR U] X R AE Y S fH 525 (]
B B BE LK 4 F 1 B o 7 L B s O 4R
B TR SF R A, T Xzt &Yt —2

WFFE A SCHRIE 1 4> T 00 P bk e P A SR 1 7 5
[MngOsCe (0,CCH3)y, (pyr)s] +2CH;0H (2 -2CH;0H, pyr
h N AR O XIS S AT LD AN TR
Br . S XA S o0 BT RS A0 i W 3 A, 5
SN H VAT 4 5 L2 [CeMng B4 9 26 25 -
122 5, DR B S i &

1 LIEES

1.1 RXFIAEE

JIT A 25 i RNk 22 R0 38 R A d | A
it — el &R C H.N 2 Hr i ] Perkin-
Elmer 240C 7T R 73 B AL 7€ | £ 4b O 3% fi 1
VECTOR 22 JGI1%AX, 3 A KBr & 7 k0 | il 4t 4
[ 400~4 000 em™, BRI CR S50 K15 10 2
pn ke ah, WA B LR R AL B, fE MPMS-XL7
SQUID R I £ A4S 10 5 | L Ik A 23 1 0 k3 32 A
1.8~300 K, il i #% &5 4 500 Oe , $LHEHE 73 H Pascal
BB TE P AR T 3 B Ry 1.8~10.0 K, it
K 1.0~7.0 T ; 38 i B Ak 3 1 I 12 5% o0 1.,10,100
498 997 .1 488 Hz,#% %4 3.0 Oe, HLIL N 0 Oe,
1.2 LEHMHaEN

1 0.249 9 ¢ (1.02 mmol) Mn (0,CCHj),-4H,0,
0.068 1 g (1.0 mmol)MkMEFI 1 mL i f2 7% fff £ 15
mL CHEF 2 mL W BRI G A, Bidk 4R
Ja B A 0.279 6 g (0.51 mmol) (NH,),Ce(NO5)s,
Tn5E JG FEBERE 30 min, JE RS 21 (2 ) 5, 1L g
TR S SPEE 1 d S A TRA A SRR g
rn TS MeCN FI¥8 ST £ VR 3 I, HER T4,
WA Mn 191 7= 2240 70%, TCE 53T 3 T2
C3sHeCeMngNgO34(2 4™ H A I o3 F I A R ), 1A
{H (%)C 26.04,H 3.45,N 6.39; il {5 (%)C 25.95,H
3.48,N 6.30, £L4M6iE IR(KBr & A, em™ .4 096(w),
3 185(w),1 539(m), 1 439(s),1 153(w),1 041(m),676
(m), 579(m), 540(m) , 442(w) .,
1.3 BREHHNE

B S S5 88 53 1 FH Bruker SMART APEX CCD H.
fn AT 54X, Mo K 8 5F (A =0.071 073 nm) X ¢-0 1
7720 >R SMART 2 )7 76 2 I T WO 1T 5 854
iz I SAINT 2 )7 & I £ 4 il SADABS 2 )7 #1724
B W SO TE I, 25 B A e R 2
A I B /s AR vE N A AU T A bR S H A% 1) S
WSHGTTHEE, Fr A 25T B8 3 &0k
FHA 1 Rl PSR S s B R EA T B, B U, 2
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Table 1 Summary of the crystal data and the refinement details for complex 2-2CH,OH

Complex 2-2CH;0H D,/ (g-em™) 1.862
Formula CysHgCeMngNgOs, Absorption coefficient / mm™ 2.368
Formula weight 175258 F(000) 3495
Temperature / K 293(2) Crystal size / mm 0.25%0.20x0.15
Wavelength / nm 0.071 073 0 range / (°) 2.63~26.85
Crystal system Monoclinic Limiting indices “1I5<h<15-25<k <26-28<1<28
Space group P2/c Reflections collected 10 970
a/ nm 1.262 50(3) Independent reflections 6 755 (R;,=0.085 8)
b/ nm 2.238 42(6) Data / restraints / parameters 10970/ 574 / 816
¢/ nm 2.407 07(7) Goodness-of-fit on F? 1.09
B/ 113.238(2) Final R indices (I>20(1)) R=0.050 2, wR,=0.084 7
V / nm? 6.250 5(3) R indices (all data) R=0.102 5, wR,=0.094 4
A 4 Largest diff. peak and hole / (e*nm™) —1 269 and 2 035
x2 AW 2-2CH,OH WA EKERH
Table 2 Selected bond lengths (nm) and bond angles (°) for complex 2-2CH;OH
Mn(1)-0(1) 0.189 4(4) Mn(4)-0(21) 0.214 4(4) Mn(7)-0(28) 0.223 8(4)
Mn(1)-0(13) 0.195 7(4) Mn(4)-0(23) 0.197 9(4) Mn(8)-O(8) 0.186 4(4)
Mn(1)-N(1) 0.223 5(4) Mn(5)-0(4) 0.185 0(4) Mn(8)-O(14) 0.195 4(5)
Mn(2)-0(2) 0.185 6(4) Mn(5)-O(5) 0.189 6(4) Mn(8)-0(32) 0.196 3(4)
Mn(2)-0(2) 0.188 3(4) Mn(5)-0(24) 0.196 8(5) Mn(8)-O(10) 0.212 4(4)
Mn(2)-0(17) 0.196 7(4) Mn(6)-0(26) 0.196 9(4)
Mn(3)-N(3) 0.225 7(4) Mn(6)-0(27) 0.216 2(5)
0(8)-Ce(1)-0(4) 138.36(14) 0(2)-Mn(3)-N(3) 91.4(2) 0(5)-Mn(6)-0(27) 92.10(17)
0(4)-Ce(1)-0(2) 97.73(14) 0(2)-Mn(3)-0(16) 95.47(17) 0(6)-Mn(7)-N(7) 92.4(2)
0O(8)-Mn(1)-0(1) 85.64(18) 0(4)-Mn(4)-0(20) 167.62(18) N(7)-Mn(7)-0(28) 172.1(2)
0O(8)-Mn(1)-0(11) 177.5(2) 0(20)-Mn(4)-0(21) 93.88(18) 0(8)-Mn(8)-0(28) 83.83(16)
O(1)-Mn(1)-N(1) 93.77(19) 0(4)-Mn(5)-N(5) 90.59(19) 0(14)-Mn(8)-0(32) 90.32(19)
0(2)-Mn(2)-0(1) 86.29(17) 0(4)-Mn(5)-0(22) 95.06(17) 0(8)-Mn(8)-0(10) 102.26(17)
0(1)-Mn(2)-0(17) 177.19(19) 0(6)-Mn(6)-0(5) 86.77(17)

BRI 1.2 30 1.5 F%, f6& % 2-2CH,0H 1Y ER 43
n RS SRS 18 S 808 348 1 h RN ) 2
R EMI TR 2 P,
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514 Ce JRFAHM, X 8 Mn It Fili i pus-0 B¢
RIR O Ji R 1 AR i\ T | 4R )5 198

it -0 JE T 540 T Ce B K, AMHITER
PRER 12 TR AR 5 1 A1 4 A it J2% FE A7 1) ML 1 1
Fa 18, FErf 12 A i R AR 5 - 1y A0 52 X 40 I 2K
—MAH 8 SRR H LA 0 RTINS 14
Mn J5F O AT | 2 28 B gt s, FC AV A5 25 25 — o
A ANEERRAR, W14 0524 Mo BEAZ, 55 1
A0 5 14 Mn B07, 8 n2n B ARt
BL A h Mn Hl Ce A O AN TR 11 5
T AR 38 2o 53 B H e P A A 2 A A R I 1
SHCRA BRI R e 25 KW A Mn LT
HBIE+3 M Ce +4 Bt us-O 2 OB F 4 LW N
0 H AR, Ce JR TSR BN LA SUIE = b b
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All hydrogen atoms of ligands, all solvent molecules have been

omitted for clarity, 30% probability level
K1 WA 2-2CH,OH B fh iR 451
Fig.1 Crystal structure of the complex 2-2CH,0H

Thick black lines show JT axes
K2 BCGY2-2CH,0H %454
Fig.2 Core strcuture of complex 2-2CH;OH

£3 RII[MnCe]FMSHMHSH

Table 3 structural and magnetic parameters for a series of [MngCe] complexes

FRY  Ce-O FEAE R 0.229 1~0.239 2 nm, fF6&
CeM-O MYSEKIEE . Fr A Mn #8275 BL A7\ 44
AR HABE A b Mo B T —FF R B K
JNTEARIE 2, an &l 2 frzs | 5 s Fe A 1) Min J5 T 1)
Rl s N K 5 H X F A5 2 4 Mn B
MR EE O, A 5 ML FE AL Mn A B3R Y
RE O B GHXL FS 1A Mo BEALBY R EE O
(Jahn-Teller 1 /) Mn-O F1 Mn-N §# + 5 [ 53 5 4
0.212 3~0.234 8 nm 1 0.222 9~0.224 0 nm, 3F Jahn-
Teller %t Mn-O JEHI 4 0.184 2~0.198 2 nm), &% &
XL Jahn-Teller 1 JL -4 .38 S| DT fif 153 1%
TC G 0 8 T 25 1) S PR AT

UL, 43 F P9 TR Y 2 A itk e 3R [ A7 78 55
5900 ar-m WERUE R, 3R 09 500 B B R 0.407 1 AN
0.411 6 nm, {HASAHRL A Mn B 2Z 0] 9 5 B Lb
TSN TE S W R o — 2 | XA 22 S ik — 20 S B
ER O BT 5T AZER 2 4 Mn 05 M & A4 4
5545k (WL 3% 3),
22 HEFMR

B A4 2-2CH,0H Y B 3RE AL 2810y, T-T BN
El 3 s, 300 K By T {64 25.98 cm®-K-mol ™, Lt
TCHE 1 8 A Mn* 1Y yuT ZUH 24.00 cm®-K -mol
T 5 (CeV Iy £ BB HL T80 0,Mn*:S=2,2=2.0), %
Tk B2 BEARIST T & W Fh s, $1208 24.0 K By T
B IR B K 32.97 em®+ K-mol ™, #f — 20 FEARIR |
ol 20 3 1.8 K By T {0 14.56 em®-K -
mol™ , XA £ AT A LB Min™* =2 [A] 7 6 55 (4 4l P
R HRA AT DX 38y T B IR B AT 20 B T g
Y T3 1) 09 55 09 52 Bk wE A T . % 39 43 4 R/
Zeeman RN i B, AN s & WTE 05~7 T X
1.8~10.0 K 514 T M £ (4 M/(Nug)XF H F1 M/(Npa) %
HIT EWE 4 7R o 40 MI(Nug) %t H TR |7 T B
WAL SR e LT SR Bk B A, X — IR
HMI(Nus) X HIT BT 75 18 AN [ 8 3 4% 2% i Ak it

[Mn04Ce(0,CCHy) o(H,0),] - 4H,0
[MnyO,Ce(0,CCH) (H;0),]- 4H,0 - 4CH,CN
[Mn05Ce(0,CCHy) u(py)] - 4C.HL0,
MngOsCe(0,CCHy),(H,0),] - 4H,0

.

Complex Space group al (%) B/(°) v/ (°) Ground state spin S
14 103.51 83.92 118.41 162
14 103.40 83.82 117.80 16%
PAy/n 107.35 81.89 122.50 6=
P2/n 106.73 82.98 121.99 8=
P3 107.83 81.70 121.93 8
P2//c 106.58 82.26 123.08 6

[ (
[MngOsCe(0,CCH,) o(FLO)(py)i] - 6.5H,0
[MngOsCe(0,CCH,) o(pyr),] - 2CHOH
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K3 BLAY 2-2CH,0H 7 500 Oe F I T vs T IR
Fig.3  xul vs T plot for complex 2+-2CH;0H at 500 Oe

LB A H AU 5> F WAFAE — & B WG 45 1) 5 7k
o SRR S BON LS R R S re R s i, K
T2 ANISOFIT #8445 M/(Nug) X5 HIT B Y £
SN LLARAG RS A E S D M g 725 g S50,
BV 15 35 18 B EA 3 i I D078 B FN R &
REYUEIE I R A% Min B & 90 L SCH L

T WE5E 2-2CH,0H 7EARIR 02 7 B A 5%
PO BE G, FRATT R FE AT 28 Ak s, B U
AT ER (xw TYFIEE BB ()X T B2 &l 5 i

54

N o AR SCERARTE RS x' T AME L EE S 0 K I
4L AT L 5 A 6 A TBC 5 0 1 S, T A TS 5 ) Ak
FEF] O K B, xy' T K/ 16.20 em?® K -mol ™,
XFRE T S=6, M X T B AT LAF 76 B it 2% 14
T, AU B S A B AR A 1) 28 I R A R A
5 UL EC A W AT e SRy T REAAR . TR I
J&,2-2CH;0H /&[MngCe] RN L G W55 — A1 B
B 0eEY , N 3 A IZBELA Y S AiX
&P AR, BT LA v M5 5 0 n] g TR N 2
Jahn-Teller %1 (1) 7 [n] & 15 0055 25 Ak 5 B0RE 45 1) 53 1
TG KOF e S BUb G W ie 2t 1T —2 ) SR
PR AT, A WL ) B WAL | 50 I i Tl
1L BRI 2 17 28 3 r=riexp[Ud (k7)1 LA R SRS A
B2 Uy FHEHTE T 7o MEUE .,
2.3 S [MnCelEEEWESBEME S FAEAK
EH
QT AR | [MngCe] F 9154 W0 10 2285 A el 23
Wil 41 6 AR TR TR AR A7 7K 43 I BB T
Az AR Ak 3k BLFRATT FAT W o3 BT — T 7 A sk AR Ak 11
K, 7404087 2-2CH,0H A 454 | Bt &9 N E 2247
7 P A B 3 2R Y M- Mn REFS G 1E T, 55—

4.5 . . = =
() () T . e
4] T 40] AN
-~ 3.5 vy v vy
= 34 =3.0d X3
Z{ 2{ 30 /" ¢ w 7T
Z =254 e 6T
S 2 SN «u AST
) v4T
14 1.54 » *3T
«2T
1.0+ > 1T
01 0.5 * 05T
20 0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30 35 40
H/kOe HT'/(kOe’K™)
4 P4 2-2CH0H 1(a) MI(Nwy) vs H FEURI(b) M/(Nws) vs HIT
Fig.4  (a) M/(Nug) vs H plot and (b) M/(Nug) vs H/T plot for 2-2CH;0H
0.20
284
a b
261 (a) 0.154 (b)
T 244
=} £ —u— 1 Hz
5 22 0.10+ —e— 10Hz
% 20] —a— 100 Hz
S —vy— 498 Hz
= 18 I 0.05+ —e— 997 Hz
X 16 —a— 100 Hz —<— 1488 Hz
—v— 498 Hz m:*"ﬂ
144 —e— 997 Hz 0.001 y — <
12] —«— 1488 Hz
2 4 6 8 10 2 4 6 8 10
T/K T/K

Bl 5 FANGZRMET, BEAY 2-2CH;0H A RVCR T 38 i #E AL R ST (' T, a) FILEE 3 (b)M5 5 Bl Yk 222 25 4k 1&]
Fig.5 Plot of the in-phase (as yy'T, a) and out-of-phase (xy", b) ac susceptibility signals for 2-2CH;0H under zero-dc field
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Mnl--- Mn2 JEFE ARG Mo 5 FRIA 1 A4 ws-02-
(£ MnlO1Mn2 &E N ) 1 DI IERRHE O BT
(£ MnlO9Mn2 & E K B) Fl 1 AEGERIR ; o5 —2&an
Mn2--- Mn3 HEFE ARG Mn 5 F A 1A ws-0?-
(£ Mn202Mn3 B 3E K y)Fl 2 AEEFRAR , W3R 3 A LA
A, ARG SBOES A TEE S=16 1Y 2 Mk
G a=~103.45°,8~83.85°,y~ 118.2° Ifii 55 &k ff;
FE S B AEY o N 106.58°~107.83°,8 K
81.70°~82.98°,y~121.93°~123.08°, X UiHIFE o
y BYIE RN B I/, TE A W PR A BB/
M3 S RIS, {HAS BB 38 2o 3 26 £y B A 28 fb i
S ELAREA i B GRG B8 T ARG A A UL
AT A% 338 ) JIIRT Mo ) 368 3 R TR MR A% 328 1) — i
55 09 SR BETERE G BRI Y O TR 1% 38 (1 J2 B0 4k
WETERY W KA O JRF 10 A BB/ o ), et
PERRA B, HIRTH S G AR P i 3 80 4 0 o 0 Sk
P T AR R B M A2 38 el S R PR R AR A 3
149 BB A IS AR A 2 55 B BR G 1, 6T B 7
AT BN SRR VE AR AL AT AL 1S R AR AL 8 1Y
55 19 B AR W A R -0~ 5 B30 8 5 K 1 O T
i T EE VI TN E S PG CeVES T 1%
UG AE Mn B FVE HIRT DL Z200% | 75 W AS e fig R | TRl A
L& A A X FR AN TR T S AN eAh | 1
IS 2 4 B f AN ) 10 A2 338 A T A K39 1 i Min 22 T3]
IR R, AL Mn JE - BB AR AL S Y
S=0,3X 5 LI HLALF

3 & it

FEAS T SCH | ) Mn(0,CCHs), - 4H,0 | MW 1 iy
R 1) G 1 B W A (NHL),Ce(NOs)s 7521 1 4>
DU itk e AR B [MngCe] 7 & ¥ [MngO4Ce (0,CCH3),
(pyr)a] - 2CH,OH , i AR 25 ¥ B 58 R W] B & 4 8 4>
Mn Ji [ 1 ASATE R —F 1 \JC 3, AR5 i
it 8 M O S T I AL Ce R FHERRK, #E
PERF 5T 2 WA T A 90 P9 Min J5 - ) 4776 55 B4 2k i 1 A
HAER KA v TAMER] 0 K MEUEH 2 %A
B AT S=6, 3 — LW RIVEL A WA I,
5 S=16 2RI BEAT 458 b, S BN B & i)
ZMnlO1Mn2 # £ Mn202Mn3 #B B & 3 K | 1
£ Mn109Mn2 S BT 5yl /)N | 3#F 17 5 30X LEfL 5 4
H Mn Z ] (8 SR BEPERE A BRI X — RS Wi B | ic
B WS BIEE S B A YR PR | AL H0 58
CH,CO, M BURA R KR, B fELUE TAED

FA1 25 1 & A R R e A w22 14 2 5 A 2-
ek e P I, 2- FFY S e e s 25 BOA Q25 1 S A 8 00
Mn*™ A9 H 25 ATE RGERIBETE B A 12245 S
REARICR
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