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Fe
2

(OH )
2 bridging unit is maintained in these complexes as evidence d by their

variable-temperature magnetic susceptibility behavior. The data are very well
described with a HDVV S = S = 5/2 dimer model where J -8 cm~~ and g = 2.00.
Dimethylsulfoxide ( DMSO1J reac~s with I to give a ~i3-oxo complex containing coordinated
DNSO , [Fe 3O(C~O~ )

3(DMSO ) 3(H 20)~ ](OH).  Magnetic susceptibility data for this complex
are analyzed with a HDVV S1 = = = 5/2 trime r model by assuming equivalent spin
sites. Results of this analysis give J —39 cm l and g 2.00. The proposed tritneric
structure of this complex is also inferred from the presence of a strong infrared
absorption near 550 cm 1 assi gned to the Fe-O stretching mode, V (Fe 30) . Reaction
of ! with KOH in ethanol yields a material whose magnetic suscep~!~Tlity versus
temperature behavior is indicative of a 

~.l 
= 

~.2 
= 5/2 dimer with J -96 cur l and

g = 2.00 . Presence of a strong infrared absorption at 820 and 750 cur1, assigned to
the Fe-0-Fe stretching mode, v (Fe 0) is additional evidence for the proposed
li-oxo structure for this compl~~~~[Fe~C~O4)( H

2
O)
2
]
2
O. M~ssbauer spectral parameters

for these ferric squarate complexes are consistent with proposed structures.

~i~i1 
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c baier Spect:o,cc .py ar.a 5.a~~nr’ti~ S C L I . i l l tV  St. .~~ii~s of Sev~ ra. Dirceric and ~riTc t~ ic

lron (III) (:~p~~ xes Cur . t a i r : I t~g th~ S~ u a r at e  Dian~ on

Ja:t~es 1. ~robT..~ ’;~ i ~ td L~~vi~ ~~~. i~c~~-;.~

Department of Chemistry , University of Vermont , Burlingtor~, VT 054 05 , U.S.)~.

?roducts obtained by the reaction of certain bases vith ~— d i hy dr o x o —b t sj s q u a ra t o~~ia

quoiron(III)j dihydrate , [Fe~ C4
0~ )(E2

0),(OH)12 ’2~f
2
0, 1 , h~~ e boen isolated and 8t~~c~~~~

by the complementary methods of 
5
~ Fe M&sbauer spectr~~ copy and nagrietic susceptib~ l~~~.

Reaction of I with pvridine or substituted pyr i.dine bases gives materials with fora~ la

EFe(C
404

) ( L)
2
(0H)1 2h20 where I. pyridine, 4—m ethvJpyr~d~.ne . or 3—t eth ylpyridir.e. The

~
‘e2(0H)~ bridging unit is maintained In these complexes as evidenced by their variable—

tenperature magnetic susceptibili~v heriavior . The data  are very well described w i t h  a

= = 5/2 dimer model where J ~ -8 cm~~ and g 2 .30 .  Dirieth y lsu i fox ide  (DMSO) reacts

with to give a ~3—oxo complex containing coordinated DS SO , [Pe 3
O( C , O .) 3 (DMSO) 3 (~ 2O ) 3 j ~(QH ~~.

Magnetic  susceptibili ty data for  this complex are anal zed wi th  a A~ VV 8], S2 
= !.3 512

trircer model by assuming equivalent spin sites. Re~~its of th i s  analysis give J —39 c~~~
1

and g — 2.00. The proposed tineric st:-ucture of this complex is also Lnferred froc the

presence of a strong infrared absorption near 350 c~t~~ assigned to the Fe—0 stretching rr.r~d~~,

~asvm
’e
3
0
~~ 

Reaction of I wIth KOB ~n ethanol yields a natertal whose magnetic s~ scepti-

bility versus temperature behavior Is indicative of a S. S2 5/2 diner with J —9~ :~

~:e~ g = 2.00. Presence o: a strong In f ra r ed a :~sor:)t~ on at 820 and 750 c~r . assigned :c

the Fe—O—Fe stretching mode , v ( E e .0) i~ addi  ~~~~ evidence for the proposed ~— oxo

structure for this complex , [Fe(C, :,)(H
20).]20. Mo aucr spectral parameters for these

ferric squarat e  com p lexes are consistent with prop .sed str.~ctures.
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As par t o~ our ove rall rese.ir~ ri eIr~~:. t t~~~i~rds L,c ~~~ ~~~~~~~ ur ~.J ~-c~ ~

In Iruit complexes of oxalate (1). ~quarate (�~‘ , and aihydr~xvb~nzo q~ inor.e (3) d~ anioi.c , ~~~r

I
have recently reported [11 nagnetic ~nd spectro~ eopI~ data  fo r  the diaqu ci adduct ci a

~IiLydroxy—brid ged iror.~lli) squarate (~~).  IL the çrocess  of ar t e r c p t i n~ to obtaIn  ~ ir :  

crystals of 4 suitable for diffraction studies we prepared several unique ferric sq .iarat~-

OH2 OH2

•2 H~O

OH2 OH2
4

—2-~ccm7lexes which we h.~ve subsequently studied by  a v ar i e ty  of t e ”h n t ques.  These ma t erials

include pyridir.e and substituted—pry ldine adducts analogous to ~~, an oxo-b:idged d itrer

wit~ formula [Fe(C404)(H20)2]2
0, and a p3

—oxo triangular cluster with formula

L~ e30(C404)3(DMS0 )3
(H20)3

] (OH) [2].

To date three types cf complex containing 2 have been isolated and studied. :n the

f I r s t type , typified by 4 and the isostructural A1
3+ [3], Cr3’~ [3~ [4 , and Ti ,5]

compou nds , the squa rate  dianlon acts as a aing lv— b i d e n t a t e  ligatid . A second type o~ COT.-

plox is illustrated by [Cu 2 (Et 5die n ) 2 (C404 ) ] ( B P h 4 ) 2 whe re Et 5die n Is l , l ,~~. 7 , 7—p ent aeth y 1-

d~ etay lenet r iamIne  [6]. A schematic drawing of the assumed st r u - ~ture  fo r  this  co~ plex i~

q t
~~~~~~ in 5. In this material  the squar at e  dianion is doubly b ldenta te .  Apparently t~~r
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2+
I .0 ,O Nm

L~
.)U 
~ ~~

‘.ç~ -rate ligand takes on this bis—chelate character In ~Fe2(p
hecanthroline)4(C4O4)Cl 4 ~71

and the recently—discovered “white form ” of Fe (C 40 . ) ( H 20) 2 [7j. The third type of squarate

complex , of which Ni (C404 ) f f l 20) 2 [8] and the “yellow fo rm ” of Fe (C A C4
) ( H

2
0) 2 [9]  are isc-

s t ructural  examples , consists of a three-dimensional network made up of divalent metal ~c’i:

br idged by quad ruply—monodentate squarat e dianion s .

Because of the variety of coordination nodes possible for  the squarate dianion , it

seems app ropriate to attemp t to determine the factors  which contr ibute to the s tab i l i ty  of

each of these boding types . We are part icular ly interested in the e f f ec t  of these fact crs

on the magnitude and mechanism of superexchange pathways in the squarate ligand and on the

possible e f f ec t s  of coordinated squarate dianion on the magnetic and spectroscopic proper-

ties of oligomers bridged by groups other than 2.

Ex_perimental

Syn theses

The complexes [~ e(C 4O4 ) (OH) (L) 2 12 .2H
2 O , whe re L pyridine (py) , 4— methylpyridine

(4— M epy ) , or 3—methylpyridine (3—Hepy), were prepared by s t i r r ing 1.00 g of [Fe(C 404 ) (OH )

(H 20) 2 ] 2 •2B 20 [1] in a solution of L containing approximately 5% water by volume . These

mixtures were kept at 40° C until all the s ta r t ing  complex dissolved. The solutions were

cooled to 0° C whereupon dark brown precipitates formed a f te r  several hours . The isolateri

products were kept at 0° C in a desiccator containing CaSO4 in an atmosphere saturated wj t ~:

L. The yield of materials with the above method was normally within 5% of the theoret ica. .

Analytical results are given in Table I.
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The complex [Fe
3
0(C4

04)3
(DMSO)

3
(H20)3](OH) was prepared by ref luxing a DMSO slurry

of [Fe(C
4
04)(OH)(I{2

0)
2]2

.2H
2
0 until all the solid was dissolved . Cooling this solution to

5° C resulted in the formation of an orange—brown solid . This material was washed with

cold DMSO followed by cold diethyl ether . The product was dried at room temperature in

vacuum .

The complex (Fe(C
404)(1120)2]2

0 was prepared by stirring 1.00 g of [Fe(C
404

) ( H
20)2

(OH)J 2

2H20 in warm ethanol containing a stoichiotnetric amount of KOH dissolved in 0.2 mL of

water . After approximately 48 hours the starting dihydroxy—bridged complex had dissolved

and a dark red—brown power was deposited in its place. This p owder was dried at room

temperature over CaSO4 and stored in a sealed vial.

Magnetic Susceptibility Methods

Magnetic susceptibility data were collected at three field strengths by employing a

conventional Faraday balance which has previously been described [10,11]. Temperature

control was achieved by use of an Air Products APD—E Temperature Controller coupled to an

Air Products CS—202 Displex He closed—cycle refrigerator . The ultimate temperature of this

system was approximately 15K. Temperatures are reported accurate to ±0.2K. Hg[Co(NCS)4)

was employed as the susceptibility standard [121. Diamagnetic corrections were taken from

a table of Pascal’s constants (13]. The measured susceptibility of K
2C404 

was taken as

— 30.6 x cgsu [3].

M~sabauer Spectroscopy Methods

57Fe Mössbauer spectra were recorded on a constant-acceleration spectrometer which has

been previously described [10,11]. The velocity scale was calibrated by using a 25 pm

57 2ct—iron foil containing 430 pg Fe/cm . Velocity scale linearity was normally within 1.5%

in the range —6 to +6 mm/s. Experimental spectral data were treated in the normal manner

[10] by assuming pure Lorentzian line shapes superimposed on a parabolic baseline.

Infrared Spectral Methods

Infrared spectra were recorded on a Beckman IR 20A instrument by using powdered

samples dispersed in KBr pressed pellets. Spectra were also taken with samples dispersed

~

- 
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0

in nujol mulls supported on KBr plates. Reported band positions are accurate to approxi-

mately 5 cm ’.

Analytical Met hods

Iron content in these materials was determined by t i t ra t ion with either EDTA or

dich romate . C , H , and N microanalyses were performed by Integral Microanalytical Labora— ‘

tories , Inc.,  Raleigh , N .C .

Results and Discussion

The substituted pyr idine complexes , [Fe(C 404 ) ( L ) 2 (OH) ]2 2H 70 , are unstable with

respect to loss of L. This loss of ligarid is supressed by storing the materials in a

desiccator containing a small amount of L . In order to obtain magnetic susceptibility and

Mössbauer data for these materials it was necessary to cool the samples to 5°C in the

apparatus before evacuating the sample compartment. Following a rapid evacuation the

sample dewar was filled with helium gas to 1.1 atm. These precautions were sufficient  to

prevent detectable (<1%) loss of coordinated L. The DMSO addition product , [Fe30(C404 ) 3
(DMSO) 3(H 20) 3) (OH) , was stable to loss of DMSO if kept below 0° C. Af te r  several months at

0° C , however , significant amounts of a dark brown material formed with concomitant form a—

tion of free DMSO. Consequently , we found it necessary to prepare this material imine—

diately prior to performing the measurements. Finally , we have observed no change in

samples of [Fe(C 404 ) ( H 20) 2 ] 20 stored at room temperature for six months .

Magnetic Susceptibility Studies

Experimental magnetic susceptibilities and effective magnetic moments for [Fe(C
404
)

(py)
2(0H)]2

.2}1
20, [Fe(C4

04)(4—Mepy)2(OH)12
•211

20, and [Fe(C404
)(3—Mepy)

2
(0H)]2’2H20 are

presented in Tables II, III, and IV , respectively. These data for the py complex are

plotted in Figure 1. The general character of the susceptibility versus T plot is tv ’~”~~

of the behavior expected for an a !2 
= 5/2 antiferromagnetic spin—exchange dimer. These

data have therefore been numerically fit to the appropriate partition function (]. J for an

a !2 
— 5/2 dinier within the Heisenberg—Dirac—Van Vieck formalism (isotropic spin 

~~~~~~~~~ - — . - - ---. -~~-~~~~~~~~~~~~~ _--.~~~~~~~~~~~~~~~~~~~~~ -
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TABLE II. Magnetic Susceptibility Data for [Fe (C
4
04)(py)2(0H)]2~2H20

5 a 5 b 
—

T , K x~~(obsd) x 10 — 

x~ (calcd) x 10 Peff/Fe, TMB

298.6 2278 2281 5.22

281.8 2380 2378 5.18

270.6 2247 2447 4.93

259.2 2520 2521 5.11

238.1 2673 2667 5.04

221.2 2789 2795 4.97

215.0 2841 2845 4.94
209.6 2890 2889 4.92

200.0 2970 2969 4.87

190.0 3061 3057 4.82
180.0 3145 3147 4.76
170.0 3230 3241 4.69

160.0 3331 3337 4.62

150.0 3440 3435 4.54

140.0 3535 3534 4.45

130.0 3630 3632 4.34

120.0 3730 3728 4.23
110.0 3831 3818 4.11

100.0 3900 3900 3.95

90.0 3970 3968 3.78

80.0 4015 4017 3.58

75.0 4030 4033 3.48
70.0 4041 4043 3.36
65.0 4044 4044 3.24

60.0 4036 4038 3.11

55.0 4020 4023 2.97

50.0 4002 3999 2.83
46.0 3970 3973 2.70

42.0 3940 3939 2.57
38.0 3895 3896 2.43

36.0 3877 3871 2.36 

.~~~~- .. — - . .-~~ - - - --— -



- -~~~~ - ---- •~~~~~~~~~~~~~ - .

32.0 3840 3810 2.22
28.0 3720 3730 2.04

23.0 3591 3501 1.82
22.0 3555 3554 1.77

21.0 3511 3514 1.72
20.0 3468 3470 1.67

19.0 3410 3420 1.61

18.0 3366 3365 1.56

17.0 3302 3302 1.50
16.0 3235 3230 1.44

15.7 3205 3206 1.42

a di 6 b
— 

M. Wt.  = 722.23 , x a —303 x 10 cgsu. 
— Calcd for .1 — —8.0 cm

and g 2.00.

~ 

- ._ - --_-- ---~~~~~~ . - —
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TABLE III. Magnetic Susceptibility Data for jFe(C
404
)(4—Mepy)

2(0H)]2
.2H

20

a b
T , K x~ (obsd) x 10~ x~ (c a1cd) x 10 — 

~eff ~~
e , 

~
1B

299.5 2251 2230 5.19
278.6 2340 2345 5.11

253.0 2600 2500 5.13
223.1 2700 2703 4 .91
205.9 2836 2831 4.83
188.5 2975 2968 4 .74

168.4 3139 3134 4 .6 0

150.0 3299 3291 4.45

131.2 3450 3450 4.25

120.0 3535 3539 4.12

100.0 3670 3673 3.83

90.0 3786 3722 3.69
80.0 3741 3753 3.46

75.0 3765 3761 3.36
70.0 3766 3762 3.25
65.0 3760 3757 3.13

60.0 3742 3745 3.00

55.0 3735 3726 2.87
50.0 3710 3699 2 . 7 2
45.0 3660 3663 2.57

40.0 3610 3615 2.40

36.0 3568 3567 2.27
33.0 3522 3522 2.16

30.0 3475 3468 2.04

26.0 3396 3376 1.88
22.0 3299 3247 1.70

18.4 3210 3079 1.54

M.W t . — 778.34 , ~
dia 

— —351 x 10 6 cgsu . Calcd for  J — —8.6 cm 1 and
g — 2.00. 

-~~~~~~~ —--,.-- - - - --~~~~~~ ~~~~~~ - -  —.. - -. ~- .~~~~~~~~~~~~~ ~~~~~ - --



TABLE IV . Magnetic Susceptibility Data f or [Fe(C 404 ) (3—Mepy) 2 (OH) ) 2 .2H 20

a b
T , K x~ (obød) x 10~ 

— 

x.~(ca1cd) x 10~ 
— 

~eff ~~
’e , 1

~B

289.9 2368 2347 5.24

268.1 2496 2482 5.17
254.2 2580 2575 5.12

231.8 2740 2738 5.04

211.7 2880 2900 4.94
200.0 2996 3001 4.89

180.1 3180 3184 4 .79
160.0 3380 3382 4.65

150.0 3489 3484 4.57

130.0 3690 3692 4.38

110.0 3872 3891 4.13
100.0 4010 3978 4.00

90.0 4050 4055 3.82
80.0 4112 4112 3.63
70.0 4160 4144 3.41.

60.0 4130 4145 3.15
50.0 4101 4109 2.86

40.0 4000 4030 2.53

35.0 3950 3969 2.35

30.0 3890 3885 2.16

28.0 3846 3842 2.08

26.0 3820 3793 1.99
24.0 3760 3735 1.90

22.0 3700 3666 1.80

20.0 3680 3583 1.72

19.2 3600 3544 1.66

18.0 3520 3478 1.59
16.8 3500 3402 1.53

1 —6
M.Wt. — 778.34 , ~

ca C —351 x 10 cgsu. Caled for 3 — 7 . 8  and

g — 2.00.
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Haauilto nian , H — —JE~~~~ ) wi th g constrained at 2.00. This single parameter equation best

deseribes the experimental data of Figure 1 if the exchange parameter , J , is set at

-8.0 cm~~. Similarly , excellent agreement between experiment and theory is found for the

4-Mepy and 3—Mepy adducts if J = —8.6 and —7.8 cin~~, respectively. Although there is no

sI~ nifjcant deviation from the theoretical curves at low temperatures for the py complex ,

we do observe slight positive deviations at T < 30K for the 4—Mepy and 3—Mepy derivatives.

Inclusion of a susceptibility contribution from a S = 5/2 monomeric impurity obeying Curie

Law magnetism results in an improved fit to the data . The necessary correction is 0.08

and 0.04% impurity for the 4—Mepy and 3—Mepy complexes , respectively [14].

Exchange parameters for these complexes are nearly the same as that reported for

[Fe(C404
)(H

20)2(OH)J 2
.2H

20 (J —7.0 cm~~ [9] and J — —6.9 cm~~ [1]) indicating that the

structural integrity of the Fe2
(OH) 2 unit has been maintained in converting the aqua to

the pyridine adducts. Structural and magnetic susceptibility studies have delineated the

ap~:-roximate bounds of J for dihydroxo—bridged Fe(III) diiners to lie in the range —7 to

-15 cm 1
. Representative values are: [(CH

3
)2NC7112N04(1120)Fe(OH)]2

•2H
2
0 (.1 — —11.7 cm 1)

~~~~ [Dipic(M 2
0)Fe (OH) ]

2 (J — —11.4 cm 1) and [Chel(H
2
0)Fe(OH)]

2
.4H

20 (3 —7.3 cm~~)

I LF. 1 , rFe(aalgly)(OH))2 (J — — 15 cm~~) [17 ] ,  and [(Pic)
2
Fe(OH)j

2 (J —8.0 cm 1) [18].

Experimental magnetic susceptibilities and effective magnetic moments for [Fe
3
0(C404

)

~
. ~-~~ -~ 3

(H
20)3](0H) are given in Table V. These data are plotted in Figure 2 and show a

~~aJv decrease in 
~eff 

with decreasing temperature in the interval 300 to lOOK. From 10~

~~~ ‘ ‘

~~~~ ~eff decreases more rapidly , then starts to level off  at 30K. Such behavior is

r ecninescent of the magnetic susceptibility behavior of i 3—oxo Fe(III)  trimers in which ti -:

intrat.rimer exchange parameter is near —30 cui1 [19]. The data of Figure 2 were fit to

equation 1 which is appropriate for an exchange—coupled system of three equivalent S — 5/-

ions.

2 2
- 

!~~ 
g 340e 63

~’ + 455e48’~ + ~429e
3S)C 

+ 330e
24X 

+ 2lOe
1SX 

+ lO5e 8
~’ + 2Oe 3x + 1

- - ~r~ner) 4kT 63x 48x 35x 24x 15x 8x 3x—— 4e + 7e ÷ 9e + lOe + lOe + 9e + 4e + 1

~~~~~~~~~~~ the symbols have their usual meanings and x — J/kT [20). Theoretical curves obtaincc~

_____
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TABLE V. Magnetic Susceptibility Data for [Fe ..~O(C4O4)3
(DMSO).,(H2O)3

j(OH)

a
T, K x1~

(obsd) x 1O5 
— 

— 

x~ (ca1cd) x 10 
— 

lA f f /Fe) ii~~

292.4 1196 1241 3.05
292.1 1203 1242 3.06

281.1 1229 1258 3.04

271.6 1233 1273 2.99

260.8 1240 1290 2.94

250.5 1255 1307 2.89

240.1 1258 1325 2.84
228.7 1284 1346 2.80

217.3 1291 1367 2.74

205.9 1324 1390 2 .70

194.7 1339 1413 2.64

182.7 1364 1439 2.58

171.5 1394 1465 2.52

159.8 1401 1493 2.44

147.6 1441 1525 2.38

135.5 1481 1559 2.31

124.2 1547 1594 2.26

112.0 1606 1636 2.19

99.8 1660 1685 2.10

86.9 1767 1748 2.02

77.5 1865 1806 1.96

66.8 1982 1893 1.88

57.4 2147 2002 1.81

51.9 2231 2090 1.76

46.1 2396 2218 1.72

39.6 2608 2433 1.66

36.7 2721 2566 1.63

33.8 2860 2733 1.60

30.0 3101 3020 1.58

28.0 3270 3212 1.56

26.0 3460 3439 1.55

24.0 3635 3710 1.52
22.0 3928 4036 1.52

20.0 4257 4433 1.5].

19.0 4527 4664 1.51

M.Wt. — 825.12, ~
dia 

— .222 ,~ io
_6 

cgsu. Caled for J — —39.0 and

g — 2.00 with 4.0% monomeric high spin S — 5/2 component. 

-- ---~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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with this equation deviated significantly from the experimental data I~~1:w 100<. We

the re fo re  chose to describe the data by in~orpora ti:.~ a ~~~~ t o acco un t  fo r  ~he pc .’;s~ b i.~

pr esence of a S 5/2 monomeric impurity with molecular weight equal to 1/3 the tru er

molecular weight. Expression 2 is the appropriate equation where Z is defined as the

fraction of the experimental susceptibility partitioned to the tru er and x~ (monomer) is

XM
(obsd) — 

~~M
(t
~~

mer) + 3(1 — 

~.)X M (monomer) (2 )

4.376/T. The smooth curves in Figure 2 represent best fits of equation 2 to the data where

J = —39.0, g — 2.00, and Z = 0.96 (4% S — 5/2 Curie law contaminant).

The formulation of this material as a trimeric cluster is consistent with the

analytical and spectroscopic data (vide infra), and the parameters from the magnetic data

fits are both physically realistic and acceptably mode]. the essential features of the

susceptibility curves (Figure 2 ) .  However , other structural  models are possible , and we

have consequently attempted to fit the data to a diner expression similar to 2 (molecular

weight dimer — 2/3 molecular weight trimer). With 3 — —49.5 cni~~, g 2.00 (constrained),

and Z — 0.87 (13% impurity) this dimer model yields a statistically better fit to the data

than does the trimer model. We believe that this is fortuitous agreement , because tha

value of 3 is physically unrealistic .

Table VI contains experimental magnetic susceptibilities and effective magnetic

moments for (Fe(C
4
0
4

) ( U
20)2120. These data are plotted in Figure 3. The very strong

temperature dependence of fleff is consistent with a large antiferromagnetic spin—exchange

interaction in this complex. Such magnetic behavior is typical of that observed for oxo-

bridged ferric complexes [21—24]. The magnetism of these oxo—bridged systems is under-

standable in terms of a HDVV 
~l -~

.2 — 5/2 dimer with exchange parameters near —100 cm 1

[25]. The data for [Fe(C
4
04

)(H
20)2

]
20 were fit to this nmcdel resulting in best fit values

of 3 — —96 cm~~ and g 2.00. These parameters were used to calculate the theoretical

curve shown in Figure 3. The discrepancy between experimental and calculated values does

not exceed 0.8% except for points below 25K. Here, as before , inclusion of a Curie S 5/2

monomeric impurity improves the low—temperature fit. Only 0.01% of this paramagnetic
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TABLE VI. Magnetic Susceptibility Data for [Fe(C fl,)(H .O’L] O
~~~~~

6~~ 

— 

6~~ 

-

~~~~~ 
-

T. K x~ (obsd) x 10 x~ (ca1cd ) x 10 
- 

M eff 1~
’e 1 M B

291.2 3036 3029 1.88

280.6 3001 3001 1.84

269.1 2980 2972 1.79

254.2 2915 2929 1.72

231.0 2860 2861 1.63

218.6 2805 2812 1.57

200.2 2730 2730 1.48
180.9 2630 2634 1.38

171.6 2582 2571 1.33

152.4 2410 2408 1.21

130.6 2142 2167 1.06
119.1 1998 1996 0.98
101.1 1650 1651 0.82

96.2 1545 1532 0.77
80.4 1096 1101 0.59

71.2 850 821 0.49

oO.0 470 489 0.34
50.0 210 241 0.20

45.0 119 143 0.15

40.0 80 71 0.11

35.0 40 34 0.07

30.0 10 12 0.03

26.0 8 2 0.03

22.0 6 <1 0.02
18.0 6 <1 0.02
17.0 10 <1 0.03
16.0 15 <1 0.03

15.7 21 <1 0.04

M.W t . — 423.84, — —112 x 10 6 cgsu. Calcd for 3 —96.0 cm

and g a 2.00.

- -

~

-.

~

-.-_
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:L :&.cmL ’r is ncces~ a ry to ~zode i the data over the ent : re  t~ mnpe r at u re ra 1-i~e s tudit ~c .  A L & t L~~ .1t.

compilation [25] of exchange parameter values for oxo—bridged Fe(III) diners points out

that for these complexes 3 = —100 ± 15 cm i. The strong link between this value and the

existence of the oxo—bridge in ferric complexes lends support to our suggestion for the

structure of this complex.

Mössbauer Spectral Studies

Iron—57 Mössbauer spectra were recorded at 300K arid approximately 20K for each of

these compounds. The parameters which result from curve—fitting analyses are given in

Table VII. Approximately two million counts per channel were collected for each spectrum .

Because the average percent transmission of these spectra was 107,, the spectral signal—to-

noise ratio exceeded 17 in all cases. Chemical isomer shifts , ~~, for these compounds range

from +0.32 to +0.42 min/s, relative to n—Fe , at 300K. This range lies within established

bounds for high—spin ferric complexes; +0.25 to +0.60 mm/s [26]. The quadrupole splitting

parameters, ~EQ~ 
listed in Table VII are also consistent with the presence of high—spin

ferric ion in these complexes. In addition , the normal line—width and area ratios of the

quadrupole—split components add no complication to the interpretation of the spectra .

It is worth noting that the AE
Q 
parameters for the di—M—hy droxo complexes listed in

Table VII are significantly larger than £~EQ observed for  [Fe (C
40,)(H20)2

(OH)) 2.2H20;

AE
Q 
£ 0.16 mrs/s [1]. This increase in ~EQ 

is most likely a reflection of the larger

electric field gradient tensor ir the FeO
4N2 

relative to the Fe0
6 

chromophore. These

larger values of ~EQ 
therefore lend support to our proposed structure for these complexes.

The Mössbauer spectral parameters for [Fe
3
0(C404)3

(DMSO)
3

(H
20)3

](OR) are similar to

those observed for M
3
—oxo trimers whose structures have been established (see [19] for

example). Thus for [Fe
3
0(CH

3
CO
2)6

(H
20)3

]Cl.5H20 at 300K 6 +0.42 and ~EQ 
0.55 sirs/S.

Although it is common to observe an increase of the line widths at low temperatures for

ferric Lk 3—oXO trimners (19], presumably due to certain relaxation effects, we detect no

linewid th changes greater than 0.04 mis/s in the experimental temperature range.

~

. -  ~~~~~~~~~~~~~~~-
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The M~ssbauer parameters for  [F e(C 04 ) ( H .~0)~~]2 0 a r e consts~enL with those previously

reported for oxo—bridged i9rric diners [ 2 7 J .  i’.lt}~~~~ ~ ~ I S * . ;~ .~l.& Lempe rat .urc-

dependent line width ratio in the temperature range 300 to 15K (Table VII) there is no

compelling reason to presume this ar-i8es from rel ati. r. or ‘.t-~ilar effects. However

certain ~i—oxo I erric complexes do indeed display chara-~terisuic line width and line

intensity asymmetry which has been interpreted In sever3l ways [~~1.

Infrared Spectral Studies

The infrared spectra of these ferric squarate conpJ .exes ~r~ vide com~eiling su~port b r

our structural proposals. Several representative spectra are shown in Figure 4. The

essential features of the spectrum of [Fe(C404)(H2
0)

2
(OFi)1 y 2h .,O are also found in the

spectra of the analogous [Fe(C404
) ( L )

2(0Hfl2
2H7O complexes. Additional bands which may

be assigned to coordinated pyridine and methylpyridlne are , of course , present in these

spec tra

The spectra of all the di—~-hydroxo complexes oSSrSs a very diffuse, moderately

strong band envelope centered at 3100 cm 1 and several brood , structured bands in the ran~e

600 to 900 cm~~. These absorptions are associated with stretching and deformation 0—H

modes of coordinated and lattice water. A deformation mode due to bridging hydroxide is

anticipated near 900 cni1 (28], and we have assigned this mode to a weak, broad absorption

centered at 850 cal1 ii [Fe(C404)(H
20)2(OH)32 2H20 (1]. We obse~.ve similar bands at

850 ± 15 cal1 in the spectra of the pyridine and methylpyridine analogs.

A number of structurally significant absorption bands are present in the infrared

spectrum of the DMSO adduct (middle spectrum of Figure 4). We observe that the broad band

at 850 cm~~ has disgppeared . This spectral change confirms that the Fe2
(OH)

2 bridging unit

has been significantly altered in the reaction of DMSO with [Fe(C
404

) ( H
20)2

(OR) ]
2
.2H

20.

Another striking feature of the spectrum is the appearance of a broad band at 550 cn ’. We

assign this absorption band to the asymm etric Fe
3
0 stretching mode , v 

ym
(Fe

30). 
in agree-

ment with previous work on similar structures [19 ,291. The spectrum of this material also

contains a number of weak bands which we have assigned to coordinated DMSO molecules .



‘8

Positions of these bands are mtoted th the triddie sp~ctr~.
;- -~ -~‘f ~~ . :I .I~ 4 hy the -i

~~~ -:f 1 stI:~

diagram .

The bottom tracing in Figure 4 shows the spectrum of [Fe(C ,0J(H 0).,).0. This rela—
.,

~~~~ 2 2

tively simple spectrum has certain features wh±ch are similar to those found in the other

ferric squarate complexes . In particular the broad , structured band at 3300 cm ’ is

assigned to the 0—H stretch of coordinated water and the intense band envelope near 1480

cm 1 
is assigned to C~C and C~0 stretching modes of the scmuarate ligand . A number of weak

absorptions, whose assignments are uncertain, appear below 1100 cm 1. However , we observe

a new, moderately intense absorption near 750 to 820 cm . We assign these bands to the

asymmetric Fe
20 stretching mode in analogy with previous workers (25 ,30J .

Proposed Structures

On the basis of magnetic susceptibility , M~ssbauer , and infrar ed evidence (vide !~~ra)

we propose structures for these new squarate complexes which are consistent with the data .

It is clear that the products of the reaction of pyridine—ilke bases with [Fe(C404
) ( H

20)2

(0H)J 2~2H20 have similar properties to the aquo complex. The most likely structure (6) for

Rthese complexes contains the Fe
2

(OH)
2 bridging unit,

O~~~~/O\j  ,O~ i/~ l~~1~Fe Fe

o o~~I~~o’r~o

We propose a structure for the DMSO reaction product which contains the Fe
3
0 core (7).

Although we have no information regarding precise details of the specific coordination

about the iron ions, it seems likely to assume that the irons are five coordinate because

of the large steric requirements of the DMSO u ganda. If this structure is correct, it

represents the first example of a bridging bidentate squarate ion. 

~-- -~~~~ - .— ~~~~ ~~~~~~~~~~~ --- . .- - .-- ~~~~-~~~~~ . -  ~~~~~~~~~~~~~~ 
-
~~~~~~~~

-
~~~~~ - - -
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Finally, we believe the essential features of structure 8 account for the properties

of  the 1(OH reaction p r oduct.  The large value of IJI by itself strongly indicates the

presence of an oxo bridge, although the details of the structure are not immediately

obvious from this work.

OH2 OH2

a — 

K ~~~~OH2 OH2

8
~1-~
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Figure 1. Experimental magnetic susceptibility (+) and e f f ect i v e  magnetic moment per

iron I) for polvcrystailine ~?e(C,C4)(py).~(oR)]2~2R10. The smooth curves are

calculated from the appropriate 
~~~~~ ~2 

5/2 HDVV spin—exchange model wi th

J = —8.0 crn 1 and g 2.00.

FIgure 2. Experimental magnetic suscep t ib il i ty  - ‘)  acd effeccive magnetic moment per

iron (~ ) for polycrystalline ~Fe3
0(C

404
)(DMS )

3(H20)3
(0H). The smoct~ c~.rves

are calculated from t~e appropriote 1, S~ 1
3 

— 5/2 HDVV spin—exchange nudel

(eqn . 2) with 7 —39.0 cm 1
, g 2.00, and S 0.96.

4i~ure 3. Experimental magnetic susceptibility (+) and effective magnetic moment per ir-~:i

(I) for polycrysta:1ir~c [Fe(C 40,)(H20)2J 20. The smooth curves are calculated

from the appropriate = 

~2 
5/2 HDVV spin-exchange model with J —96 cm~~

and g = 2.00

Figure 4. Infrared Spectra (4000—250 cm 3
) taaen in K.Br pressed pellets . 
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