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EFFEGTS OF SUBSTITUTION OF GERMANIUM FOR 
SILICON IN IMOGOLITE 
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Abstract-Imogolites in which a part or all of Si was substituted with Ge were synthesized from solutions 
containing aluminum ion and silicic and/or germanic acid . The products were similar to natural imogolite 
in their tubular morphology, electron diffraction patterns, and differential thermal analysis curves . How­
ever, the external diameter of the tube increased with increasing Ge substitution up to about 33 A, and 
associated changes appeared in the X-ray powder diffraction patterns, suggesting that the substitution of 
Ge for Si caused a decrease in the curvature of the gibbsite sheet with which SiO- or GeO-tetrahedra are 
associated. Infrared absorption bands at 995 and 930 cm- I in imogolite disappeared and new bands appeared 
at 910 and 810 cm-Ion substitution of Ge for Si, whereas those in the region between 700 and 300 cm-I 
remained unchanged or changed little. The former two bands were assigned to Si-O vibrations and the 
latter bands to AI-O vibrations . 
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INTRODUCTION 

Imogolite is an aluminum silicate mineral that con­
sists of a tube with the external diameter of about 20 A 
(Wada et al., 1970). On the basis of its morphology, 
composition, and electron diffraction data, Cradwick 
et al. (1972) proposed that the wall of the tube consists 
of a curved, single sheet of gibbsite wherein the inner 
hydroxyls are replaced by orthosilicate groups and 
which has a composition (OHhAI20 3SiOH. 

The purpose of the present study was to synthesize 
imogolite in which Si is substituted with Ge and to ex­
amine the effects of this substitution on its morphology, 
X-ray powder diffraction (XRD) and electron diffrac­
tion patterns, differential thermal analysis (DT A) 
curves, and infrared (IR) spectra. The observed effects 
were used to test the structure of imogolite proposed 
by Cradwick et al. (1972) and to make an assignment 
of its IR absorption bands to Si-O and AI-O vibrations. 

MATERIALS AND METHODS 

Monomeric orthosilicic acid and orthogermanic acid 
solutions were prepared by diluting an ethanol solution 
of tetraethyl orthosilicate with water and by dissolving 
GeCl4 in water, respectively. Each of these solutions 
and their mixtures containing Ge and Si in atomic Gel 
(Ge + Si) ratios 0.2 and 0.5 was mixed with an AICI3 

solution. In all the solutions, AI concentration was 
0.0024 M and Si plus Ge concentration was 0.0014 M. 
According to the procedure used for the synthesis of 
imogolite by Farmer et al. (1977) , the pH of these so­
lutions was adjusted to 5.0 by drop wise addition of 0.1 
M NaOH, and they were reacidified by addition of 1 
I-tmol HCl and 2l-tmol CH3COOH per m1 of the solution. 
Their final pH values were about 4.5. The solutions 
were then heated at 95-100°C for 120 hr with reflux con­
densers. Mter cooling to room temperature, the sus-
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pended material was flocculated with NaCI, collected 
by centrifugation , and dialyzed against distilled water 
until the CI- reaction with AgN03 became negative. A 
part of the dialyzed suspension was used for electron 
microscopy. The remaining part was freeze-dried and 
used for other analyses. 

Electron microscopy, infrared spectroscopy, and 
chemical analysis were carried out following the pro­
cedures described by Wada et al. (1979) . Ge was de­
termined with germanomolybdate yellow method (Kis­
ton and Mellon, 1944). XRD analyses were carried out 
using powder samples packed in aluminum holders, and 
DT A was performed using 30-mg samples in static air 
at a heating rate of 20°C/min with calcined a-alumina 
as a reference. 

RESULTS AND DISCUSSION 

Electron micrographs (Figure 1) show that all prod­
ucts, like natural imogolite, have tubular morphology. 
The tubes are shorter in the products formed from the 
solutions with Ge/(Ge + Si) ratios 0.5 and 1.0 (Figures 
lc and Id); the rings in the latter micrograph are prob­
ably the cross sections of these shorter tubes. Besides 
substitution of Ge for Si, the increase of CI- concen­
tration associated with that of Ge may also have con­
tributed to this shortening of the tube, because high CI­
concentration inhibits the development of imogolite 
structure (Farmer and Fraser, 1979). As reported by 
Farmer and Fraser (1979) and Wada et al. (1979), syn­
thetic imogolites have larger diameters than natural 
ones ; Ge substitution for Si resulted in further increase 
of the tube diameter. The outside diameters of the tubes 
formed from the solutions with Ge/(Ge + Si) ratios of 
o and 1.0 were about 28 A (Figure la) and 33 A (Figure 
Id), respectively . 

The increase of diameter and the shortening of the 
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Figure I. Electron micrographs of synthetic imogolite formed from solutions with Ge/(Ge ~ Si) ratios o[(a) 0, (b) 0.2, (c) 0.5, 
and (d) 1.0. 
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Figure 2. X-ray powder diffraction patterns of natural and 
synthetic imogolites . I = natural imogolite. 2-5 = imogolites 
formed from solutions with Ge/(Ge + Si) ratios of 0, 0.2, 0.5, 
and 1.0, respectively. 

tube are also indicated from the change in XRD patterns 
(Figure 2). The first three reflections associated with the 
regularity perpendicular to the tube axis shift toward 
lower angles in synthetic imogolites formed from the 
solutions with Ge/(Ge + Si) ratios of 0 and 0.2 (Figure 
2; 2 and 3) as compared with natural imogolite (Figure 
2; 1). In the two products with higher Ge/(Ge + Si) ra­
tios (Figure 2; 4 and 5) the first reflection shifts further 
towards lower angles with a decrease in its intensity, 

Figure 3. Infrared spectra of natural and synthetic imogo­
lites. 1 = natural imogolite. 2-5 = imogolites formed from 
solutions with Ge/(Ge + Si) ratios of 0, 0.2, 0.5 , and 1.0, re­
spectively . 

and the second and third reflections merge into one 
broad yet strong reflection. A broadening associated 
with increase of reflection intensity is also found for the 
fourth reflection at about 3.3 A. 

The curling of the wall of imogolite can be accounted 
for by a shortening of the 0-0 distance around the va­
cant site in the gibbsite sheet due to bonding with the 
Si-O tetrahedron (Cradwick et al., 1972). The increase 
in the tube diameter with increasing Ge substitution fits 
this model because the increase of the 0-0 distance in 
the Ge04 tetrahedron will result in a decreased curva­
ture of the gibbsite sheet. The number of gibbsite unit 
cells forming a circumference of the tube will increase 
from 10-12 in natural imogolite to 18 in Ge-substituted 
imogoiite. 

The electron diffraction patterns of all synthetic im­
ogolites with different Ge/(Ge + Si) ratios showed ring 
reflections at spacings of 4.13-4.14,3.28-3.53,2.28-
2.30, 2.07-2.08, and 1.38 A that correspond to 12, 71, 
63,04, and 06 (hk indices) reflections from natural im­
ogolite (Cradwick et al., · 1972). The repeat distance 
along the tube axis calculated from the 06 reflection is 
the same as that of natural imogolite 8.4 A (Russell et 
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al., 1%9; Wada and Yoshinaga, 1%9). This finding con­
firms that the structure of imogolite is based on that of 
the gibbsite sheet. 

Chemical analysis showed that the product from so­
lution with Ge/(Ge + Si) ratio of 0 had a Si/AI ratio of 
0.515 and that from the solution with Ge/(Ge + Si) ratio 
of 1.0 had a Ge/AI ratio of 0.485. Both values are close 
to 0.50 which is expected from the structure of imo­
golite (Cradwick et ai., 1972), and indicate that Si in 
imogolite can be replaced with Ge without change in its 
basic structure. 

Natural and all synthetic imogolites exhibited two 
endothermic peaks at lOO-120°C and about 400°C due 
to the removal of adsorbed water and hydroxyls, re­
spectively. The temperature of the second endothermic 
peak was 416° and 410°C for natural and Ge-substituted 
imogolites, indicating that the substitution of Ge for Si 
does not affect the stability of OH groups in the gibbsite 
sheet. The temperature of an exothermic peak was 987° 
and 933°C for natural and Ge-substituted imogolites. 
The natural imogolite heated to lOOO°C showed the 
XRD pattern of mullite, whereas the Ge-substituted im­
ogolite exhibited only a single reflection at 3.42 A. 

Figure 3 shows the IR spectra of natural and syn­
thetic imogolites. The substitution of Ge for Si pro­
duces a marked effect on the absorption bands at 995 
and 930 cm- l in imogolite, confirming an assignment of 
these bands to the Si-O vibrations (Russell et al., 
1969). The new bands at 910 and 810 cm-1 in the Ge­
substituted imogolite probably correspond to those at 
995 and 930 cm-1 in natural imogolite. The ratios of the 
wave numbers 995/910 (= 1.09) and 930/810 (= l.l5) 
are comparable to the ratio of the wave numbers ex­
pectt.d from the mass effect for the corresponding Si­
o and Ge-O vibrations 1.13, though Stubican and Roy 
(1%1) found the higher ratios 1020/837 (= 1.22) and 
668/561 (= l.l9) for Si-Mg and Ge-Mg talcs. 

Deuteration gives almost no change in the absorption 
bands ofimogolite in the region of 700-300 cm- 1 except 
the shift of a band assigned to an OH-related vibration 
from 830-850 cm-1 to 690-700 cm- 1 (Russell et al., 
1%9; Parfitt et al., 1980). Accordingly, the bands in this 
region have been assigned to lattice vibrations. Substi­
tution of Ge for Si resulted in no or little change for the 
bands at 685, 570,420, and 335 cm- 1 in natural imogolite 
(Figure 3), indicating that these bands arise from var­
ious AI-O vibrations . An effect of Si on the AI-O vi­
bration is seen in the shift of the band at 570 cm-1 to 
550 cm-1 with increasing Ge substitution. On the other 
hand, a band at 495 cm-1 decreased its intensity with 

increasing Ge content and a new band appeared at 465 
cm- 1 in Ge-substituted imogolite. Comparison of the IR 
spectra with those of dehydrated imogolites (Farmer 
and Fraser, 1979) suggests that the appearance of ad­
ditional absorptions at 395 and 360 cm-1 and the shift 
of the absorption characteristic to imogolite from 348 
to 335 cm- 1 in the present samples may be related to 
their hydration. 

No particular orientation effect as observed by Rus­
sell et al. (1969) and Wada et al. (1972) for natural im­
ogolite was observed when the Ge-substituted imogo­
lite film prepared on a KRS-5 plate was placed in an IR 
beam. Possibly, the shortness of the tubes (Figure Id) 
prohibits a " parallel" orientation of the tubes on the 
plate. To confirm the assignments of the bands due to 
AI-O vibrations, substitution of Fe or Ga for Al in im­
ogolite was attempted but was unsuccessful. 
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Pe3IOMe-I1MOrOJlHTbl, B KOTOPblX qaCTb HJlH Bce Si 6blJlH 3aMeHeHbl Ge, CHHTe3HpOBaJIHCb H3 paCTBopa, 
COAep)Kall\ero HOH aJlIOMHHHSl, a TaK)Ke KpeMHeBYIO ",HJlH repMaHHeaylO KHCJlOTY. IlpoAYKTbl 6blJlH no­
A06Hbl HaTypaJlbHoMY HMOrOJlHTY no Tpy6qaTOH MOPIPOJlOfl1H, 06pa3L\aM 3J1eKTpOHHOH AHIPpaKL\HH H 
KpHBblM AHIPIPepeHL\HaJIbHOrO TepMaJIbHOrO aHaJIH3a. OAHaKo, BHeUlHHH AHaMeTp Tpy6bl YBeJltIqllBaJlCSl 
C yaeJlHqeHHeM 3aMeHbl· Ge iW OKOJlO 33 A, H H3MeHeHHSl, CBSl3aHHble C 3THM, nOSlBJlSlJIHCb B 06pa3L\aX 
nopOUII<OBOH peHTreHOBCKOH AHIPpaKL\HII. 3TO YKa3blBaeT Ha TO, qTO pe3YJlbTaTOM 3aMeHbl Ge aMeCTO 
Si SlBJlSleTCSl YMeHbIlleHHe KPHBH3Hbl m66cHToBOH IlJIaCTHHKH, C KOTOPOH CBSl3aHbl TeTpa3APbl SiO HJlH 
GeO. IlOJlOCbl HHIPpaKpaCHoH aACop6L\HH HMOrOJIHTa npH 995 H 930 cm- 1 HCqe3J1H, a HOBble nOJlOCbl no­
SlBHJlHCb npH 910 H 8\0 cm- 1 nocJle 3aMeHbl Ge BMeCTO Si, B TO BpeMSl KaK nOJlOCbl B 06J1aCTH 700-300 
cm- 1 OCTaJIHCb HeH3MeHeHHblMH HJIH H3MeHHJlHCb HeMHO)KKO. Ilpe)KHHe ABe nOJlOCbl SlBJlSlIOTCSl pe3YJIb­
TaTOM KOJle6aHHH Si-O, a nOCJleAHHe nOJlOCbl-KOJle6aHHH AI-O. lE. C.) 

Resiimee-Imogolite, in denen ein Teil oder das ganze Si durch Ge substituiert wurde, wurden aus Losun­
gen synthetisiert, die Aluminiumionen und Silizium- undloder Germaniumsaure enthielten. Die Produkte 
waren im Hinblick auf die Rohren-fOrmige Morphologie, die Elektronendiffraktometeraufnahmen und die 
Differentialthermoanalyse natiirlichem Imogolit ahnlich. Der auBere Rohrendurchmesser stiegjedoch mit 
zunehmender Ge-Substitution bis auf etwa 33 A an, was mit Veranderungen in den Rontgenpulverdiffrak­
tometerdiagrammen verbunden war. Dies deutet darauf hin, daB die Substitution von Ge fiir Si eine Ab­
nahme der Kriimmung der Gibbsitlage, mit der SiO- oder GeO-Tetraeder verbunden sind, verursachte. Die 
Infrarotabsorptionsbanden bei 995 und 930 cm-1 des Imogolit verschwanden, und neue Banden traten bei 
910 und 810 cm- 1 durch die Substitution von Ge fUr Si auf, wahrend die Banden im Bereich zwischen 700 
und 300 cm--1unverandert od er nahezu unverandert blieben. Die ersten zwei Banden werden Si-O-Schwin­
gungen und die letzten Banden AI-O-Schwingungen zugeordnet. [V. W.) 

Resume-Des imogolites dans lesquelles Si etait partiellement ou entierement substitue par Ge ont ete 
synthetisees it paritir de solutions con tenant I'ion aluminium et \'acide silicique et/ou germanique. Les 
produits etaient semblables it I 'imogolite naturelle au point de vue de leur morphologie tubulaire, des cliches 
de diffraction aux rayons-X, et des courbes d'analyse thermale differentielle. Le diametre externe de tube 
a cependant augmente proportionnellement it une augmentation de la substitution par Ge jusqu'it it peu 
pres 33 A, et les changements associes ont apparu sur les cliches de diffraction poudree aux rayons-X, 
suggerant que la substitution de Si par Ge avait cause une diminution de la courbature de la feuille de 
gibbsite avec laquelle les tetraedres SiO ou GeO etaient associes. Les ban des d'absorption infrarouge it 
995 et 930 cm- 1 dans I'imogolite avaient disparu, et de nouvelles bandes avaient apparu it 910 et 8\0 cm- 1 

lorsque Ge avait ete substitue pour Si, tandis que celles dans la region entre 700 et 300 cm-1 sont res tees 
inchangees ou n'ont change que tres peu. Les deux premieres ban des ont ete assignees it des vibrations 
Si-O, et les deux dernieres bandes ont ete assignees it des vibrations AI-O. [D.J.] 
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