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Table VII. Comparison between the Ratio of the Reaction Rate 
via k ,  Path to the Overall Reaction Rate and the Product Ratio of 
[[Cr(ida)(H,O),l'l to {[[Cr(ida)(H,O),I+l + 
[[Cr(Hnida)(H,O),j(ni')+]} in the Reaction of 
[Co(H,ida)(NH,),](n+')+ with Cr*+ at 25.5 "C 
andZ= 1.0 M (LiC10,) 

W + I ,  M rate ratioa product ratio* 
0.090 0.810 0.797 
0.121 0.718 0.692 
0.150 0.635 0.608 
0.196 0.516 0.484 
0.276 0.361 0.320 
0.523 0.143 0.131 
0.938 0.051 0.055 

a k , K , K , / ( k , K , K ,  + k , K ,  [H+l t k,[H*12). * [ [Cr(ida)- 
( H z O ) ~ ~ ' ]  / {[ [Cr(ida)(H,O),] '1 t [ [Cr(ida)(H,O),](n+')*] 1, 

(ids) (HZO)3 l+ / (  [ [ C r ( i d a ) ( H , o ) J + l  + [ [Cr(H,i- 
da)(H,O),]("+')+])) as shown in Table VII. Therefore, it is 
concluded that [Cr(ida)(H20),]+ is formed exclusively by the 
ko path. The roposed paths for the reaction of [Co(H,i- 
da)(NH3)5](fl+1y+ with Cr2+ are summarized in Scheme 1. 
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rate ofthe ko path to the overall rate (kd(lKdka(H) 
= koK~Kz/(koK~Kz kiHi [H+1 ["I2)) was found to agree 
well with the ratio of the yield of [Cr(ida)(H@>31+ to that 
of the total chromium(II1) products containing IDA ([[Cr- 
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An organic derivative of the layer compound FeOCl was obtained by the reaction of an intercalated compound FeOCl- 
(4-NH2py)l,4 and ethylene glycol C2H4(0H), a t  110 "C for 6 days. The reaction product was a brown cr stal of flake 
shape. Its basal spacing was 14.5 A when the product was still in ethylene glycol, but it shrank to 10.98 by washing 
with acetone. The chemical composition of the final product was Fe0(02C2H4)1 2. Mossbauer isomer shift and quadrupole 
splitting were respectively 0.38 mm/s and 0.59 mm/s at  room temperature. Thermal analysis and the infrared spectrum 
suggested a substitution of ethylene glycolate anions OzC2H4'- for chloride ions in the FeOCl layer. A possible layer structure 
derived from FeOCl is proposed. 

Introduction 
Some layer compounds intercalate many kinds of organic 

molecules and metal ions. Intercalation compounds are divided 
into three classes according to their bonding characteristics 
between host layer and guest molecules. One is the sorp- 
tion-type complex in which organic molecules are loosely 
bonded to host layers by hydrogen bonds, ion-dipole inter- 
actions, charge-transfer bonds, and so on. 1-3 Transition-metal 
dichalcogenides are typical of charge-transfer type complexes. 
Some clay-organic complexes are representative of the other 
class of intercalation corn pound^.^^^ In these complexes or- 
ganic cations are bonded to host aluminosilicate layers by 
electrostatic interaction. The last type of complex is organic 
derivatives of layered inorganic compounds. Organic molecules 
in the derivatives are directly bonded to the host layers by 
covalent bonds or by replacing the outermost atoms of the 
layers with organics. Few examples of this kind of complex 
have been rep~rted.~, '  We have reported the synthesis of 

FeOOCH3 with a layer structure derived from the substitution 
of OCH3- ions for chloride ions in FeOCl.* 

The oxychloride FeOCl has layers formed by the sharing 
of 0-0 and 0-C1 edges of cis-FeCl,O, octahedra. Its layers 
pack together so that the C1- ions on the outsides of adjacent 
layers are closely packed. In FeOC1, there are layers similar 
to those in y-FeOOH with C1- ions instead of OH- ions. The 
chloride ions can really be substituted by NH2-, OCH3-, and 
so on without the reconstruction of the other part of the layers. 
This unaltered part of the layer is hereafter called the FeO 
double layer since it can be assumed to be a double sheet 
formed with Fe and 0. 

One of the interesting approaches is the preparation of 
another type of organic derivative of FeOC1, in which organic 
molecules such as diols bridge two adjacent FeO double layers. 
This paper deals with the reaction of FeOC1(4-NH2py),,, with 
ethylene glycol, hereafter denoted as EG, and the structural 
characterization of the product. 
Experimental Section 

Gamble, F. R.; Osieki, J. H.; Disalvo, F. J. J .  Chem. Phys. 1971, 55, Preparation. Reddish violet and thin, bladelike FeOCl crystals were 
3525. 
Subba Rao, G. v.; S h a h ,  M. w.; Kawarazaki, s.; Toxen, A. M. J .  
Solid State Chem. 1974, 9,  323. 
Kanamaru, F,; Yamanaka, s.; Koizumi, M,; Nagai, s. Chem, Lett ,  
197.7 171 

prepared by heating the mixture of a-FezO3 and FeC1, fn a sealed 

aminopyridine, hereafter called 4-AP, in acetone solution at  110 OC 
Pyrex tube at  370 oc for 2 days. FeOCl was reacted with 4- 

_, - - 
MacEwan, D. M. C. Trans. Faraday SOC. 1948, 44, 349. 
Grim, R. E. "Clay Mineralogy"; McGraw-Hill: New York, 1968; 
Chapter 10. Chem. 1967,355,209. 
Yamanaka, S .  Inorg. Chem. 1976, 15, 2811. 

(7) Hagenmuller, P.; Portier, J.; Barbe, B.; Bouclier, P. Z .  Anorg. Allg. 
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Table I. Chemical Analysis Data (Weight Percent) 
for FeO(O, C, Hd)i 12 

Kikkawa, Kanamaru, and Koizumi 

Fe C H N 0 
obsd 54.2 11.61 2.21 . . . 32.00 
calcd 54.82 11.78 1.98 0.00 31.43 

Weight Loss 
10% 

L 
1 

100 200 300 
Tempera ture  CC) 

Figure 1. Differential thermal analysis (dotted line) and thermo- 
gravimetric analysis (solid line) of Fe0(02C2H4)1/2. 

for 6 days. Black crystals of the intercalation compound FeOCl(4- 
AP)1/4 were obtained. This compound was then well ground and 
soaked in EG with a small amount of 4-AP in a sealed glass tube. 
The addition of 4-AP was important in order to complete the reaction 
of FeOC1(4-AP)1/4 with EG. The duration of the last reaction was 
about 1 week at  110 "C. The products were brown flake crystals. 
They were washed with acetone until the silver chloride test was 
negative. 

Analysis. X-ray analysis was conducted with a Rigaku-Denki 
diffractometer using Fe-filtered Co Ka radiation. C, H, and N were 
quantitatively determined by using standard techniques. Iron content 
was determined by atomic absorption. Chlorine was not observed 
in the product. For TGA-DTA, a Rigaku-Denki apparatus fitted 
with a platinum/platinum-rhodium thermocouple was used and the 
reference was AZO3; the rate of temperature increase was 10 OC/min. 
The infrared absorption spectra were obtained'by using a Japan 
Spectroscopic Co. Ltd. DS-402G spectrometer with the usual KBr- 
pellet technique. The Mossbauer spectra, with radiation from 57C0 
in Pd metal, were measured at rmm temperature with a 200-channel 
analyzer. Calibration was based on the spectrum of Fe metal. 
Results and Discussion 

FeOC1(4-AP)1 is a sorption-type complex with the basal 
spacing of 13.57 A. The structure and some properties of this 
compound have been given el~ewhere.~ The reaction product 
of FeOCl(4-AP),/, with EG was examined by X-ray dif- 
fractometry. The interlayer distance was 14.5 A for the 
product wet with EG. The basal spacing decreased to 10.89 
%I, and the line widths of the basal reflections were broadened 
when the product was washed with acetone to remove free EG. 
The sharpness of the lines was recovered by heating the 
product at 110 "C for 3 h, but the spacing did not change. 
The interlayer distance did not reexpand to 14.5 A even if the 
contracted complex was dipped again in EG. Measurements 
described below were done for the finally contracted product. 

C, H, and N were determined by the usual methods. Fe 
content was determined by atomic absorption. The results of 
the chemical analysis are given in Table I. Only a trace 
amount of nitrogen was detected. Beilstein's test was negative, 
showing that chloride was absent in the product. These results 
suggest that the FeOC1(4-AP)I/4 complex lost its chloride ions 
and the intercalated 4-AP molecules during the reaction with 
EG. With the assumption that EG molecules do not decom- 
pose during the reaction, the analytical data for carbon content 
give a glycol/Fe ratio of 0.50. Thus the chemical formula of 
the product is evaluated to be Fe0(02CzH4)1~2. Observed 
values of chemical analysis are in agreement with the calcu- 
lated value for Fe0(02C2H4)1/2. The released chloride ion 

(9) Kikkawa, S.; Kanamaru, F.; Koizumi, M. React. Solids, [Proc. Int. 
Symp.], 8th 1977, 725. Kikkawa, S.; Kanamaru, F.; Koizumi, M. Bull. 
Chem. SOC. Jpn., in press. 
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Figure 2. Infrared spectra of Fe0(02C2H4)112 (solid line) and free 
ethylene glycol (dotted line). 

Table 11. Mossbauer Parameters (mm/s) 
isomer quadrupole 
shift splitting 

FeOCl 0.36 0.92 
FeOCKO,C, H, 1, ,1 0.38 0.59 
FeOOCH, 0.37 0.60 

from FeOCl into excess EG was qualitatively detected by the 
silver chloride test in the reaction system FeOC1(4-AP), + 
' /2CzH4(OH)z - Fe0(02C2H4)1/2 + HCl + '/,(4-API. 

Figure 1 shows a differential thermogram. A large exo- 
thermic peak and 23% weight loss are observed at about 300 
OC, but there is no drastic change below this temperature for 
either TGA or DTA. This observation shows that the inter- 
calated organic compound is strongly bonded to the inorganic 
layer. The sample calcined at about 350 OC showed ferri- 
magnetism. This magnetism probably is due to the y-Fe203 
detected by X-ray diffractometry of the heated sample. These 
thermal behaviors are very similar to those of the organic 
derivative FeOOCH3. The observed weight loss at 300 "C 
agrees well with the calculated ignition loss of 22% under the 
supposition that Fe0(02C2H4)1/2 changes to FezO,. 

The infrared spectrum of this compound had characteristic 
absorptions for ethylene glycol in the region below 1500 cm-' 
but none for 0-H above 3000 cm-' as shown in Figure 2. 
These features of the spectrum show that this compound 
certainly contains EG but that the EG molecules are in the 
host lattice as ethylene glycolate ions just as methoxide ions 
in FeOOCH3. There are split absorptions of C-0 stretching 
vibrations at about 1050 cm-'. Miyake also observed the 
splitting of C-0 bands between 1000 and 1100 cm-] into 
several components in nickel and cobalt complexes of ethylene 
glycol or diethylene glycol.1o There have been reports of the 
splitting of C-0 vibration absorptions in alkoxides, but the 
origin is not well-known.11~12 The spectrum of FeO- 
(02C2H4)1/2 has an extra absorption at about 1600 cm-l, which 
is not observed for EG. The origin of this absorption is not 
known, but spectra of y-FeOOH and FeOCl have this ab- 
sorption in the same region.13 It may be related to the vi- 
bration of the host FeO double layer. 

The Mossbauer spectrum of Fe0(02C2H4)1/2 consisted of 
a quadrupole doublet at room temperature, The pertinent 
parameters are summarized in Table I1 with those of FeOCl 
and FeOOCH3. Isomer shift values are almost the same for 
these compounds. All Fe ions in the product are ferric. 
Quadrupole splitting (QS) of Fe0(02C2H4)ljz is 0.59 mm/s, 
being almost the same as 0.60 mm/s for FeOOCH3 but much 
smaller than 0.92 mm/s for FeOCl, Ferric ions in FeOCl are 
in octahedral sites of cis-FeClzO+ Reduction of the QS value 
with the reaction corresponds to an increase in crystal field 

(10) Miyake, A. Bull. Chem. SOC. Jpn. 1959 32, 1381. 
(1 1) Fuls, P. F.; Rcdrique, L.; Fripiat, J. J. Clays Clay Miner. 1970, 18, 53. 
(12) Guertin, D. L.; Stephen, E. W.; Rauer, W. H.; Goldenson, J. J .  Phys. 

Chem. 1956, 60, 1018. 
(13) Hund, F. Natunvissenschaften 1959, 46, 320. 
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$-I /FRO double layer. 
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(a )  (b) 
Figure 3. Model structures of Fe0(03C2H4)1,2. (a) and (b) represent 
the interlayer bridging and the intralayer bonding, respectively. 

symmetry around the Fe atom. This higher symmetry would 
be expected if the chloride ions of FeOCl are replaced by 
oxygen of EG as in the case of FeOOCH3. The Mossbauer 
results also show that ferric ions in the starting material are 
not reduced to ferrous during the reaction of FeOC1(4-AP)i/4 
with EG at  110 "C. By comparison, Fuls et al. obtained an 
iron alkoxide from the reaction of iron oxide with glycerol a t  
245 OC,ll but their product contained ferrous and ferric ions 
together. 

From these observations, we conclude that a new organic 
derivative Fe0(02C2H4)l/2 is obtained, having a crystal 
structure derived from that of FeOCl. Ferric ions are octa- 
hedrally coordinated by oxygens. EG is directly bonded to 
iron in the FeO double layers by its own oxygen atoms. Two 
model structures shown in Figure 3 are proposed for the 
product. One is an interlayer bridging model illustrated in 
Figure 3a, and the other is an intralayer bonding scheme 
indicated in Figure 3b. Lengths are estimated to be about 1.2 

for the C-C bond, and 1.5 A for 
Fe-0 when they are projected in the direction perpendicular 
to the layer. The interlayer distance for the interlayer bridge 
model is estimated to be below 8.2 A even if the molecules 
have the trans configurations in order to have the longest 
possible molecular lengths. In contrast, the interlayer distance 
is about 1 1 .O A if EG molecules coordinate to Fe ions within 
the same layer as shown in Figure 3b. Methylene groups 
belonging to upper and lower layers contact each other a t  a 
distance of twice their van der Waals radii. The observed 
interlayer distance was 10.89 A after excess EG was removed 
by washing with acetone. Thus, the intralayer bonding model 
given in Figure 3b is more probable. The basal spacing of the 
product collapsed from 14.5 to 10.89 A when the sample was 
washed with acetone. The difference of 3.6 A almost corre- 
sponds to twice the van der Waals radius of the methylene 
group. Before being washed with acetone, the interlayer region 
of Fe0(02C2H4)1/2 probably contains an excess amount of EG 
molecules as a monolayer in which the EG molecules lie 
parallel to the host layer. 

The intralayer bonding structure is also supported by in- 
frared data. An absorption at 864 cm-' appears only for free 
EG as indicated in Figure 2. The assignment of this absorption 
has been confused for a long time. Kanbayashi and Nukada 
described the details of solvent and temperature dependence 
of the vibrational band of EG. They concluded that only the 
gauche configuration is present in all states of the ~ompound. '~  
They assigned this absorption to the A-type rocking mode of 
the CH2 group. On the other hand, Sawodny et al. attributed 
this absorption to the C-C valence vibration shown in Figure 
4 on the basis of comparison of IR and Raman spectra of 
DO(CH2)20D and HO(CH2)20H.'5 In the intralayer 

for the C-0  bond, 1.3 

Figure 4. C-C valence vibration of ethylene glycol described by 
Sawodny et al.15 

lO.09h f? = CHz 
- 0  

= Fe,O 

- 0  
= CHz - 

904 
Figure 5. One-dimensional electron-density map projected on 6 axis 
obtained by X-ray diffractometry and schematic representation of 
structure of Fe0(02C2H4)i12. Open and shaded circles are for x = 
0 and respectively. A small central peak in the map arises from 
the remaining trace amounts of EG and 4-AP in the product. Small, 
medium, and large circles respectively represent Fe, 0, and CH2. 

bonding model, the EG molecules having a gauche configu- 
ration are fmed to FeO double layers by their own oxygen ions. 
Both A-type rocking and C-C valence vibrations would be 
more restricted in this case than in the state of free EG itself. 
Thus the absorption at  about 864 cm-' is absent or observed 
just as a tail of the absorption at 882 cm-' in the IR spectrum 

For better insight into this structure, a one-dimensional 
electron density projection on the b axis illustrated in Figure 
5 was synthesized by using seven (OkO) X-ray reflections of 
Fe0(02C2H4)I/2. The sign of each reflection was determined 
by considering the contribution of Fe and 0 in the skelton of 
the inorganic layer. There are five peaks in the interlayer 
region except for those of the FeO layer. The partial crystal 
structure of Fe0(02C2H4)1/2 is deduced as shown in Figure 
5 .  The ionized glycol molecules, O2C2H?-, coordinate to ferric 
ions by their own two oxygen atoms in the product. The ferric 
ions are octahedrally surrounded by six oxygens. This im- 
proved symmetry around ferric ions results in a smaller QS 
value than that for FeOCl in which ferric ions are surrounded 
by four oxygens and two chlorines. In Fe0(02C2H4)1/2, each 
oxygen ligand supplied by EG is shared by two ferric ions and 
every ferric ion is coordinated to EG through two of these 
oxygen bridges. However half of the ferric ions are chelated 
by two oxygen atoms in the same (02C2H4)2- ion, and the 
other half are just coordinated by oxygens belonging to two 
different EG ions. Thus two kinds of ferric ions should be 
observed in the Mossbauer spectrum. However the spectrum 
could not be clearly divided into two sets of doublets, probably 
because the methylene group has little effect on ferric ions. 

In summary, a new type of organic derivative of FeOCl has 
been prepared. Ethylene glycolates are intercalated into the 
expanded interlayer space of FeOCl with the aid of previously 

Of Fe0(02C2H4) 1/2* 

(15) Sawodny, W.; Niedenzu, K.; Dawson, J. W. Spectrochim. Acfa, Part 
(14) Kanbayashi, U.; Nukada, K. Nippon Kagaku Zasshi. 1963, 84, 297. A 1967, 23a, 799. 
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incorporated 4-AP. Their oxygen atoms replace chloride ions 
in the interlayer surface of FeOCl as in the case of FeOOCH3, 
but half of the grafted EG molecules are chelated to ferric ions 
within the same layer plane. 
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We have recently reported that FeOOCH,, a new layered 
compound, whose structure can be derived from T-FeBOH 
or FeOCl by replacing OH or CI with CH30,  was prepared 
by soaking an intercalated compound, FeOC1(4-AP)114, where 
4-AP indicates 4-aminopyridine, in methanol at  110 OC for 
6 days.' 
FeOC1(4-AP)1,4 + C H 3 0 H  - FeOOCH,+ HC1 + 4-AP 

This new compound, FeOOCH,, could not be obtained by 
direct reaction between FeOCl and methanol in a temperature 
range from room temperature to 110 "C. However, we have 
found quite a simple method to prepare FeOOCH, by the 
direct reaction of FeOCl with sodium methoxide. In this 
paper, the preparation and some properties of FeOOCH, are 
presented. 
Experimental Section 

Preparation of FeOCl was carried out by the same method published 
previously.' The thin, bladelike FeOCl crystals were crushed to powder 
form before use as a host material. Sodium methoxide (28% in 
methanol) used here was purchased from Nakarai Chemicals Ltd. 
About 3 mmol of FeOCl and 1 mL of sodium methoxide were put 
into a 20-mL heavy-walled Pyrex tube equipped with a screw cap, 
and the mixture was allowed to warm at 60 "C. Upon being warmed, 
the vessel was placed in a water bath with occasional shaking at 60 
OC for 10 h to ensure complete reaction. The product was separated 
from the solution by filtration, washed with methanol and then with 
water to remove NaCl which was produced by subreaction, and finally 
dried under vacuum. 

X-ray analysis was carried out with a Rigaku-Denki diffractometer 
using Cu K a  radiation. Chemical analysis of the complex was made 
by using standard techniques. Differential thermogravimetric analysis 
was made by using a Rigaku-Denki unit programmed for a heating 
rate of 10 OC/min. The infrared spectra in the region 4000-700 cm-I 
were obtained on a Hitachi Perkin-Elmer spectrophotometer fitted 
with a sodium chloride prism. Samples were dispersed in potassium 
bromide disks. Calibration of the spectrophotometer was made by 
using polystyrene bands. 
Results and Discussion 

After the complete reaction of FeOCl and CH30Na, FeOCl 
changed from reddish violet to brown. The quite same phe- 
nomenon was observed for the compound prepared by the 
previous method.' The product was stable in air for a long 
period of time. The compound was identified to be FeOOCH, 

In this case the reaction was expressed by 

(1) S. Kikkawa, F. Kanamaru, and M. Koizumi, Inorg. Chem., 15, 2195 
(1 976). 

by chemical, IR, X-ray diffraction, and differential thermo- 
gravimetric analyses as described below. Anal. Calcd for 
FeOOCH,: C, 11.7; H, 2.94; C1, 0.00. Found: C, 9.26; H,  
2.33; C1, 0.00. The reaction to give FeOOCH, from CH30Na 
and FeOCl is 

FeOCl + CH,ONa - FeOOCH3 + NaCl 

The presence of NaCl was recognized by X-ray diffraction 
of the product before washing. During the reaction, no col- 
oring in solution and no changing in shape were recognized. 
These facts suggest that the reaction might have proceeded 
topotaxially; that is, FeOOCH, was produced by the interlayer 
substitution of C H 3 0  for C1 of FeOC1, remaining the iron and 
oxygen double layers of FeOCI. From X-ray diffraction, it 
was found that the compound had the basal spacing of 10 A 
which is about 2 A larger than that of FeOCl, and the X-ray 
powder diffraction data were superposed on previous data.' 
In the infrared spectrum of FeOOCH,, a strong band at 1050 
cm-' assigned to the stretching virbration of the C-0 bond 
was found. Thermal analysis data of FeOOCH, showed that 
the compound decomposed at 300 "C associated with 19% 
weight loss. The sample cooled from 350 O C  was identified 
to be 7-Fe203 by X-ray diffractometry. These results indicate 
that FeOOCH, prepared by the present method is not a 
sorption-type complex but a layered-type compound with a 
strong bonding between the C H 3 0  and the inorganic layers. 

We also attempted to prepare VOOCH, from VOCl and 
CH30Na by the present method, but the desired compound 
could not be prepared. V0Cl2 has a crystal structure similar 
to that of FeOC1, and both compounds intercalate pyridine 
molecules. This phenomenon is very difficult to explain, but 
it is interesting for us to investigate why VOOCH, was not 
obtained and the mechanism of substitutional reaction between 
Cl and C H 3 0  in the interlayer region. 

Registry No. FeOOCH,, 59473-94-8; FeOC1, 13870-10-5; CH3- 
ONa, 124-41-4. 

(2) M. C. Levayer and M. J. Rouxel, C. R. Hebd. Seances Acad. Sei., Ser. 
C, 268, 167 (1969). 
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Adsorbed pyridine (py) reacts with copper ions in both X- 
and Y-type zeolites, forming a complex which has been 
identified on the basis of its EPR spectrum as [ C ~ ' ~ ( p y ) ~ ] ~ ~ . ' ~  
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