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Abstract-A new model for the interpretation of dioctahedral mica infrared (IR) spectra in the OR 
stretching vibration region is proposed, It is based on the analysis of the main factors responsible for the 
observed sequence of the OR frequencies, In terms of this model, the simple analytical dependence 
between the OR frequencies and the mass and valency of cations bonded to OR groups has been found, 
The specific character of the interaction between octahedral Al and OR groups in the mica structures is 
assumed. 

Integrated optical densities of the OR bands determined by the decomposition of the studied mica IR 
spectra are used for the quantitative analysis, that is, for the determination of a number of each type of 
octahedral cations per unit cell of the sample under study, A good agreement between the octahedral 
cation contents of 2: I layers found from the IR spectra decomposition and the chemical analysis has 
shown that this technique may be used to study the local order-disorder of isomorphous cation distribution 
in mica structures, 

The essential result obtained by the quantitative analysis of the mica IR spectra is the determination 
of FeH cations in the tetrahedral sites of some samples. This means that the conventional presentation of 
structural formulae for AI-Fe3+ -containing 2: I layer silicates is unacceptable without consideration of 
tetrahedral Fe3 + by spectroscopic techniques and by the quantitative analysis of the IR spectra, in partic­
ular, 
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INTRODUCTION 

In Part I of this paper, the IR spectra of a large 
collection of clay-size dioctahedral potassic micaceous 
minerals, differing in their chemical compositions, 
were studied (Besson and Drits 1997), Decomposition 
of the IR spectra has provided unambiguous identifi­
cation of the band positions corresponding to each de­
fined cation pair bonded to OH groups, A set of the 
empirical relationships between wavenumbers of the 
bands corresponding to the pairs of cations having dif­
ferent valency and mass has been found. The tech­
nique of IR spectra treatment has revealed for the first 
time the presence of pyrophyllite-like local structural 
environments in samples having a deficiency of K. 

One of the aims of this paper is to consider the main 
factors responsible for the observed relationships be­
tween the OH frequencies and the definite cations 
bonded to OH groups, In particular, we will consider 
the advantages and limitations of the models described 
in the literature for the interpretation of the mica OH 
stretching vibration region, and propose a new one. 

Another aim is to determine octahedral cation con­
tents in 2: 1 layers by the quantitative analysis of the 
IR spectra in order to provide a basis for investigation 
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of local order-disorder in the isomorphous cation dis­
tribution. Data obtained may be useful for the study 
of crystal chemical features of micas. One of the prob­
lems that is not completely solved relates to the de­
termination of tetrahedral cation content in Fe-contain­
ing clay minerals. Most researchers believed that Al 
has an absolute preference over Fe3+ for tetrahedral 
sites, and for this reason, only Al substitutes for Si in 
the tetrahedral sheets of 2:1 phyllosilicates. Calculat­
ing chemical formulae, they assign all Si presented in 
a chemical analysis to tetrahedral sites, and then add 
Al cations necessary to fill the "vacant" tetrahedral 
positions. The possible tetrahedral substitution of Fe3+ 
was not taken into consideration. 

Theoretical considerations show that, for many 
structures, Fe3+ apparently has a preference over AP+ 
for tetrahedral sites, whereas Al has a preference over 
Fe3+ for octahedral sites (Cardile 1989). Some tetra­
hedral Fe3+ substitution in AI-Fe containing 2: 1 layer 
silicates should therefore exist. This assumption is 
supported by spectroscopic techniques (Slonimskaya 
et al. 1986; Johnston and Cardile 1987; Cardile and 
Brown 1988). For this reason, a presentation of chem­
ical formulae is acceptable only if a possible presence 
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Table L Correlation between the mean values of the OH 
stretching frequencies and the octahedral cations bonded to 
OH groups. 

Pairs 

Mica like 
Fe2 + Fe2+ 

Fe2+ Fe3 + 

Fe3 + Fe3 + 

Mg Fe2 + 

Mg Fe3 + 

Al Fez+ 

Al Fe3 + 

MgMg 
AIMg 
Al Al 
AlAI 
AlAI 

Pyr. like 
Fe3 + FeH 

Al Fe3+ 
AlAI 

Exp 

3505 
3521 
3535 
3543 

3559 
3573 
3583 
3604 
3621 
3641 
3658 

3631 
3652 
3675 

Wave number 
cm- 1 

Cal 

3504.8 
3519.8 
3534.8 
3543.8 
3558.8 
3560.4 
3575.4 
3582.9 
3602.1 
3621.3 
3641.1 
3658.2 

of tetrahedral Fe3 + was analyzed. One of the solutions 
to this problem is a comparison between octahedral 
cation content determined by the IR technique with the 
total cation content of a sample under study calculated 
from a chemical analysis. 

The chemical compositions of the samples under 
study and the wave numbers of the OR bands corre­
sponding to different cations bonded to OR groups 
were given in Part I (Besson and Drits 1997). Mean 
values of the frequencies, as well as the integrated op­
tical densities of the bands corresponding to each cat­
ion pair of the samples under study, are given in Ta­
bles 1 and 2. 

MAIN FACTORS RESPONSIBLE FOR TRE 
OBSERVED CORRELATION BETWEEN OR 

STRETCHING FREQUENCIES AND NATURE OF 
CATION PAIRS BONDED TO OR GROUPS 

Some Mica Structural Features and 
Symbolic Notations 

In order to elucidate the relationship between OR 
stretching band intensities and frequencies as a function 
of composition and structure, the local structural environ­
ment around OR groups within mica 2: 1 layers should be 
considered. In dioctahedral mica structures, each 
OR-group belongs to 2 cis-octahedra, M2, occupied by 
cations and to a vacant Ml octahedron (Figure 1). The 
OR vector in such an environment is inclined to the ab 
plane towards the vacant octahedron. The p angle between 
the (001) plane and the OR-vector depends upon mica 
chemical composition (Giese 1979; Bookin and Drits 
1982). Transition from muscovite, K(Si3AlI)Al20 lO(OR)2' 
to leucophyllite, KSi4AlMgO lO(OR)2, and celadonite, 
KSi4Fe3+MgOw(0H)2' accompanying a sequential increase 

of cation charge in the tetrahedral sheets and a decrease 
of positive charge in the octahedral sheets of 2: 1 layers, 
is demonstrative in this respect. In muscovite, the OR-vec­
tor is oriented towards the vacant Ml octahedron at p 
angle of 15° to the (001) plane, whereas in phengite 2M1, 

the protons are moved toward the plane of the oxygens 
of the octahedra (p = 1°) in response to the increase of 
the tetrahedral positive charge. The extreme case of charge 
distribution occurs in celadonite, where tetrahedral cations 
have the highest charges and octahedral cations the lowest. 
The protons of the 2 OR groups lie inside the trans-oc­
tahedron, acting as a divalent octahedral cation. The in­
clination of the OR vector towards the vacant Ml octa­
hedron decreases the distances between the proton of the 
OR group and the 2 nearest 0 3 oxygen atorns which are 
of the Ml octahedron and 2 successive (Si, Al)-tetrahedra 
(Figure 1). For this reason, hydrogen bonds O-H ... 0 3 

are fonned in dioctahedral micas. The existence of such 
hydrogen bonds was established by the IR studies (Sak­
sena 1964; Farmer 1974; Langer et al. 1981), as well as 
by the structural refinements of these minerals (Bookin 
and Smoliar 1985; Smoliar and Drits 1990). 

The local cation environments around the OH group 
and the 0 3 and 0] oxygen atoms nearest to the OR 
group in dioctahedral mica can be symbolized as: 

around OH group 

(M2M 2 ·) (Si, Si)[K] 

or 

around 0 3 or 0] atoms 

(M2M 2 ,) [Si][K] 

or 

[1] 

where M2 and M2 · correspond to cations occuping M2 
and M2, cis-octahedra, and where each 0 3 or 0 1 atom 
is connected with Si or Allv (Figure 1). 

The Vedder (1964) Model 

The OH-stretching frequency, VOH , depends on the 
O-H bond strength, KoH' and the reduced mass of the 
vibration system, JJ..OH' as given by: 

--
1 JKoH V =- --

OH 
2'Tr JJ..OH 

[2] 

The KoH value depend!'> on the valency of cations 
bonded to OH groups, since a decrease of their com­
mon charge should lead to a strengthening of the 
bonding between oxygen and the proton within the OH 
group. For this reason, the correlation of the bands 
according to different OR cation neighbors, as pro­
posed by Vedder (1964) was for a long time common­
ly adopted. According to this scheme, the OH stretch­
ing frequencies should decrease with an increase in the 
sum of valencies of the corresponding cation pair. In 
particular, he proposed the sequence: 
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sum of valencies of the corresponding cation pair. In 
particular, he proposed the sequence: 

https://doi.org/10.1346/CCMN.1997.0450205 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1997.0450205


172 Besson and Drits Clays and Clay Minerals 

Table 2. Integrated optical densities of the OR bands corresponding to the specific cation pairs bonded to the OR groups 
determined by the decomposition of the IR spectra of the samples under study. 

Sample 933 132 1040 Zl 69 5/1 655 TAH PIL 68/69 E812 

Mica like 
Fe2 + Fe2+ 4.32 1.61 0.81 6.63 5.53 1.05 2.14 5.89 
Fe2+ Fe'+ 18.81 6.27 14.52 10.43 25.80 2.79 8.10 3.92 19.65 19.01 5.29 
Fe'+ Fe'+ 22.39 30.76 25.71 13.65 16.03 28.15 30.42 20.92 15.52 18.12 14.03 
Mg Fe2+ 3.61 1.57 2.39 2.23 0.65 4.31 
Mg Fe3+ 8.00 
Al Fe2+ 35.57 36.71 13.87 56.06 32.45 29.47 27.71 34.05 16.21 18.73 13.32 
Al Fe'+ 3.45 4.95 2.57 
MgMg 8.46 8.00 10.45 3.84 
AIMg 4.48 4.67 2.47 
AlAI 0.75 
AlAI 
AlAI 

Pyr. like 
Fe3+ Fe3+ 6.99 12.19 17.03 
AI Fe3+ 
AlAI 

M2+ - OH - M2+ ~ M2+ - OH - M3+ 
3625 m- I 3600 cm- I 

~ M3+ - OH - M3+ 
3560 cm- I 

[3] 

However, Slonimskaya et al. (1986) noted that Ved­
der's interpretation does not always correspond to the 
observed relationship between the charge and mass of 
cations and the corresponding vibration frequencies. 
The opinion of Robert and Kodama (1988) was more 
categorical; they wrote that "the sequence proposed 
by Vedder (1964) is not true, in fact the reverse is 
true". Analysis of the data given in Table 1 shows that 
both possibilities are valid and that the appearance of 
the sequences is determined by the nature of cations 

OH 

OH 
Figure 1. A fragment of the octahedral sheet of a 2: 1 layer 
showing a local disposition of M2 and M2 • cations. 01 and 03 

oxygen atoms and OR groups. M2 and M 2• correspond to cis­
octahedra occupied by cations and M J represents a vacant 
trans-octahedron. 

5.56 7.76 3.94 17.32 17.49 10.18 
4.40 3.84 13.44 11.49 6.04 4.77 7.34 
2.41 8.87 6.64 9.31 11.45 8.84 13.11 

2.66 6.61 6.77 7.62 8.95 9.52 
3.30 5.53 4.11 
0.41 11.64 

6.26 13.02 2.70 11.26 

as well as by the structural features of dioctahedral 
micas. The sequence proposed by Vedder (1964) is 
valid for combinations of Fe3+ and Mg cations, that is, 
for combinations of cations having different mass and 
valency. For example: 

v (Mg-Mg) ~ v (Mg-Fe3+) ~ v (Fe3+-Fe3+) [4] 
3583 cm- I 3559 cm- I 3535 cm- I 

The reverse sequence is observed for Al and Mg or 
Fe3+ and Fe2+ cation pairs, that is, for combinations of 
cations having the same or similar masses: 

v (AI-AI) ~ v (AI-Mg) ~ v (Mg-Mg) 
3621 cm- 1 3604 cm- 1 3583 cm- 1 

v (Fe3+ -Fe3+) ~ v (Fe2+ -Fe2+) ~ v (Fe2+ -Fe2+) [5] 
3535 cm- 1 3521 cm- 1 3505 cm- 1 

This means that, in addition to cation charge, there are 
other factors that control the band position for each 
given cation pair bonded to OH groups. 

The Robert and Kodama (1988) Model 

These authors considered correlations between the 
OH stretching frequencies and the compositions of mi­
cas in the system K20-MgO-AI203-Si0z-H20, and pro­
posed a single model for trioctahedral and dioctahedral 
micas. The experimental IR data for dioctahedral mi­
cas used in their paper were obtained by Velde (1978). 
He studied a synthetic series of micas whose compo­
sitions varied from muscovite to AI-Mg celadonite 
(leucophyllite) and found that there was a linear de­
pendence between wave number of the major intensity 
band and the muscovite content in the solid solutions 
of the studied samples. Taking into account that a 
wave number at 3592 cm- 1 corresponds to the Mg-Mg 
band, Robert and Kodama (1988) proposed the follow­
ing regression: 
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Table 2. Extended. 
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VOH = 11.45 AI, + 3592 cm- I [6] 

where AI, = Apv + A}VI per unit formula. This equa­
tion should predict the position of the major intensity 
band in the IR spectra of tetrasilicic magnesium mica 
(TMM)-muscovite series. 

Equation [6] shows that the transition from AI-free 
TMM through AI-Mg-micas to muscovite is accom­
panied by the successive increase of the OH stretching 
frequencies. Robert and Kodama (1988) supposed that 
the charge balance priority on apical oxygens 0 3 of 
tetrahedra is the main factor that controls the position 
of the major intensity band in the OH-stretching vi­
bration spectra. To make it more clear, let us consider 
the leucophyllite structural fragment consisting of oc­
tahedral cations Al and Mg, OH groups, 0 3 and 0 1 

oxygen atoms and Si cations projected on these atoms. 
Figure 2 shows the local cation environments around 
OH groups and the oxygen atoms. The sum of the 
bond strengths received by the 0 3 and 03' atoms from 
the nearest cations is 1.67 valent unit (v.u.) (lSi and 
2Mg) and 1.833 v.U. (lSi, 1Mg and 1Al), respectively. 
Thus, the underbonding character of the 0 3 and 0 3, 

atoms does not directly depend upon the type of oc­
tahedral cations bonded to the OH groups (2 Al in the 
case shown in Figure 2). 

According to Robert and Kodama (1988), the strong 
underbonding of these atoms leads to the formation of 
relatively strong hydrogen bonds between OH and 0 3, 

which are in tum responsible for the lowest frequency 
in the IR spectrum of the TMM sample. They wrote 
that the underbonded character of 0 3 atoms is pro­
gressively reduced by the replacement of (Mg-Mg) 
pairs by (Mg-AI) and then by (AI-AI) pairs bonded to 
0 3, Therefore, the interactions OH .. ·03 decrease with 
increasing Al content of the mica. The underbonded 
character of oxygen 0 3 atoms is minimum in musco­
vite, in which all apical oxygens of the tetrahedra are 
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BIN 
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bonded to 2A}VI; therefore, muscovite has the highest 
OH-stretching wave number. Thus, according to this 
model, the wave number of a band should depend 
mainly upon the nature of cations surrounding 0 3 at­
oms that are responsible for the underbonded character 
of these anions, rather than upon the nature of the 
cations nearest to the OH groups. 

The main consequence of the Robert and Kodama 
(1988) model is that different frequencies may corre­
spond to the same nearest cation neighbors of the OH 
groups, and different cationic environments of the OH 
groups may be characterized by the same wave num­
bers. Such considerations relate only to the major in­
tensity band positions and ignore the relationship be­
tween individual cation pairs nearest to OH groups and 
the corresponding frequencies. This conclusion is con­
tradictory to the data obtained by Besson and Drits 
(1997). We have shown that, for different samples, the 
OH stretching frequencies corresponding to the de­
fined cation pair are characterized by similar wave 
numbers and that the fluctuations in their values usu­
ally do not exceed 1-3 cm- I . The presence of the re­
solved (Mg-Mg) band at the same position (3583 
cm- I) in the IR spectra of leucophyllite samples shows 
I) that the absorption at 3592 cm- I does not corre­
spond to the lowest OH stretching frequency for 
AI-Mg containing micas, as was supposed by Robert 
and Kodama (1988), and 2) that the position of this 
band is practically independent of the underbonding 
character of 0 3 anions, since the Mg-Mg band position 
varies only by ± 2 cm- I in the spectra of samples 
having different compositions. This means that the 
band positions are determined first of all by the nature 
of the octahedral cations nearest to the OH groups and 
to a lesser degree by the nature of octahedral and tet­
rahedral cations surrounding 0 3 or 0 1 anions. 

In terms of the model of Robert and Kodama 
(1988), the influence of AIIV cations on the major in-
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bers. Such considerations relate only to the major in­
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Figure 2. A fragment of the octahedral sheet of the leucophyllite 2: I layer showing different local cation environments 
around 0, atoms. Two Al cations are bonded to the OH group, which have hydrogen bonds with 0 3 and 0,. atoms. 

tensity band position remains unclear. An increase in 
the substitution Si for Al increases the underbonded 
character of 0 3 anions and should decrease the OH 
stretching frequencies. However, according to Equa­
tion [6], an increase of Apv as well as A}VI should 
increase the OH stretching frequencies. The explana­
tion may be very simple. Repulsion between protons 
and octahedral cations increases with increasing of 
A}VI, whereas repulsion between protons and tetrahe­
dral cations decreases with increasing of APv. Both 
effects should increase the angle between OH vectors 
and the ab plane and increase the OH frequency of 
the major intensity band position. 

It should be noted that the assumptions concerning 
the decisive role of the charge imbalance on the 0 3 

anions is not applied to the systems: K20-Si02-Fe20r 
MgO-H20 or K20-Si02-AI20 r MgO- FezOrFeO. 

The Proposed Model 

The model we propose is based upon the assump­
tion that the nature of cations in M2 and M 2. cis-sites 
is the main factor responsible for the observed se­
quence of the band frequencies (Table 1). The position 

of an individual band that corresponds to a given cat­
ion pair depends upon the sum of the bond strengths 
received by the OH group from the bonded octahedral 
cations and the mass of the cations occupying M2 and 
M 2 , octahedra. 

The role of the first factor has been considered in 
the section devoted to the Vedder model: a decrease 
of the total valency of cations nearest to the OH group 
leads to an increase of the bond strength within the 
hydroxyl group (as well as KoH)' and therefore of the 
corresponding frequency. 

To explain the observed sequence of the band po­
sitions, it is assumed that the reduced mass of the OH 
stretching vibration system depends upon the mass of 
cations associated with the OH-group so that the fre­
quency decreases as the mass of these cations increas­
es. The effect of the mass of the cation pairs on the 
OH stretching frequencies has been formulated by 
Brindley and Kao (1984). These authors studied struc­
tural and IR relations among brucite-like divalent met­
al hydroxides. They found that, in passing sequentially 
from Mg to Cd hydroxide, the effective mass of the 
system increases, whereas the OH-stretching frequen-
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Figure 3. The relationships between the OR stretching frequencies and the mass and valency of octahedral cations bonded 
to OR groups. Lines 4. 5 and 6 join the values of the frequencies corresponding to the cation pairs having the sum of valencies 
that are equal to 4, 5 and 6, respectively. Lines a, b and c illustrate a frequency increase with increasing sum of the cation 
pair valencies. 

cies decrease. Qualitatively, the dependence of the 
OH-vibration frequency upon the mass of cations as­
sociated with OH groups was also observed in the IR 
spectra of Mg,Ni talc (Wilkins and Ito 1967). 

The relationships between the OH stretching fre­
quencies and atomic weights for different cation pairs 
is shown in Figure 3. The sum of atomic weights or 
masses for each cation pair is plotted versus the cor­
responding wave number. Three lines marked as 4, 5 
and 6 join the points that correspond to the cation pairs 
whose sums of valenciesareeq\lal to 4, 5 and 6 v.u., 
respectively. Each line includes 3 points and reflects 
the linear frequency decrease with the increasing mass 
of the cation pair. This dependence is observed for the 
Mg-Mg, Fez+-Mg, and Fe2+-Fez+ (line 4); AI-Mg, 
Fe3+-Mg, and Fe2+-Fe3+ (line 5); and AI-AI, AI-Fe3+, 
and Fe3+ -Fe3+ bands (line 6). 

On the other hand, 3 lines marked by a, b and c 
demonstrate the opposite effect of an increase in fre­
quency with increasing . atomic mass of the corre­
sponding cation pairs. For example, such a tendency 
is observed for the sequence of points corresponding 
to the Mg-Mg, Mg-AI and AI-AI pairs (line a). In this 
case, 2 opposite tendencies overlap: the increase of 
mass decreases the frequency, but the simultaneous in-

crease in the total cation valency increases the fre­
quency. Predominance of the last factor provides the 
observed effect. Increase of the frequencies with .the 
increasing of the total valency is demonstrated in 
Fe"Fe pairs (Figure 3). 

Quantitatively, the dependence between theOH 
stretching frequencies (V OH) and the atomic weight and 
valency of the cations bonde(:! .to OHgroups can be 
expressed as: 

voH(M1 - M2 ·) = [-L237(mM2 + mM2.) 

+ IS( VM , + V M, + 1 +n
mM2 

-4) 
mAl 

+ 3643] cm-! [7] 

where M2 and Mz· are the cations (AI, Mg, Fe3+ and 
Fe2+) bonded to OH groups; mMZ , VM2 and mM1 ., VMZ ' 

are the atomic mass and valency of the M2 and Mz. 
cations, respectively; n is aninteger equal to a number 
of Al cations bonded to OH .groups; its value is equal 
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to zero (no Al around OH), 1 (M2 , = AI) or 2 (M2 , = 
M2 = AI). 

The wave numbers calculated by Equation [7] for 
all possible Ml-OH-M2' configurations are given in Ta­
ble 1. The discrepancy between the calculated OH fre­
quencies and those obtained by the mica IR spectra 
decompositions does not exceed 2 cm-I (Table 1). 

A physical meaning for the term: 

n 

is not clear. One may assume that Al cations have an 
"effective" valency higher than +3. Then the value 
of this term corresponds to a surplus valency of AI, 
and the "effective" valency of this cation should be 
equal to 3.25 v.u. for the AI-Fe pairs and 3.5 v.u. for 
the AI-Mg and AI-AI. 

Equation [7] was obtained by analysis of the data 
presented in Figure 3 using trial and error. It explains 
the different dependences of the OH frequencies upon 
the cation valency for cations having similar or dif­
ferent atomic masses. In the first case, the wave num­
bers will increase because their values depend mainly 
upon the second term in Equation [7], whereas in the 
second case, the wave numbers will decrease because 
the contribution of the first term is higher than second 
one. 

Thus there is an apparent contradiction between the 
prediction following from the theoretical notions and 
from Equation [7]. According to the theoretical pre­
diction, a decrease of the total valency of cations 
bonded to OH groups and having the same mass leads 
to an increase of the corresponding OH frequency. 
Equation [7] predicts an opposite effect in accordance 
with the experimental observations. To explain this 
contradiction, one has to take into account an inter­
action between the cations bonded to the OH group 
and the corresponding proton. An increase in the total 
cation valency increases the repulsion between the cat­
ions and the proton and decreases the interaction 
OH···03. As a result, the bond strength within the OH 
group increases, leading to an increase in the OH fre­
quency. Thus, for cations bonded to OH groups, hav­
ing the same mass but different valency, 2 opposite 
tendencies overlap: the increase of cation valency de­
creases the interaction within OH group, but simulta­
neously a decrease of the OH···03 interaction increases 
the bond strength within the OH group. The last effect 
dominates. 

Besson and Drits (1997) have found the following 
set of the relationships between the OH frequencies 
corresponding to different cationic pairs: 

2v (M2 - M 2,) = v (M2 - M 2) + v (M2, - M 2,) [8] 

where M2 and M 2, are the cations differing by their 
mass and/or valency. For the Fe3+-Fe2+, Fe2+-Mg, 

Fe3+-Mg, and AI-Mg cationic pairs, Equation [8] fol­
lows from Equation [7]. For the AI-Fe2+ and AI-Fe3+ 
pairs, a small discrepancy (1-3 cm- I) between the val­
ues calculated by Equations [7] and [8] is observed 
because of the small difference between the values of 
Al "effective" valency equal to 3.5 v.u. and 3.33 v.u. 
in Equation [7], which is ignored in Equation [8]. The 
approach described may be used for prediction of a 
wave number for a definite cation pair if the wave 
numbers for the corresponding 2 other bands are 
known. The approach can be applied only to the same 
structural type of minerals. For example, the wave 
number for the AI-Fe3+ band corresponding to pyro­
phyllite-like local cation environments was found us­
ing the wave numbers of the AI-AI band in the IR 
spectra of pyrophyllite and the Fe3+ -Fe3+ band in the 
IR spectra of ferripyrophyllite. Figure 3 shows that this 
wave number should be equal to 3652 cm- I. Decom­
position of some of the studied IR spectra has shown 
the OH band at 3652 cm- I (Tables 1 and 2). 

QUANTITATIVE ANALYSIS OF THE OH 
STRETCHING SPECTRA 

The integrated optical density of each band is de­
termined by the number of absorption centers of the 
given type and by the absorption coefficient. The ab­
sorption coefficients for individual bands in the region 
of OH-stretching vibrations for dioctahedral micas 
were not determined. However, the mean absorption 
coefficients for all such bands as well as for V -bands 
in trioctahedral micas (Rouxhet 1970) have similar 
values. Slonimskaya et al. (1986) assumed the same 
value of the absorption coefficient for all individual 
bands. This assumption can be used as a basis for the 
determination of the octahedral cation contents. The 
practical application of the approach is as follows: as 
each OH group is coordinated by 2 cations, 100% of 
the integrated optical densities implies 200% of the 
composition of the octahedral cations: 

CAl + CFe3+ + CFe2+ + CMg = 2.0 [9] 

where CAl' CFe3+, CFe2+ and CMg are the concentrations 
of the corresponding cations in the octahedral sheets 
per structural formula. This implies that the concen­
tration of each octahedral cation (C) is equal to the 
sum of the contribution of the cations to the integrated 
optical densities W ij of the bands determined by those 
OH groups that contain the given cation in their near­
est environment: 

CAl = (2WAl_Al)cal + (WAl_Fe3+)cai 

+ (WAl-Mg)cal + (WAI_Fe2+)cai [10] 

We have used this approach in order to determine 
the composition of octahedral cations in the samples 
under study, taking into account the refined correla­
tions between the frequencies and the cation pairs 
bonded to OH groups, as well as the optical densities 
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quencies and those obtained by the mica IR spectra 
decompositions does not exceed 2 cm-I (Table 1). 

A physical meaning for the term: 

n 

is not clear. One may assume that Al cations have an 
"effective" valency higher than +3. Then the value 
of this term corresponds to a surplus valency of AI, 
and the "effective" valency of this cation should be 
equal to 3.25 v.u. for the AI-Fe pairs and 3.5 v.u. for 
the AI-Mg and AI-AI. 

Equation [7] was obtained by analysis of the data 
presented in Figure 3 using trial and error. It explains 
the different dependences of the OH frequencies upon 
the cation valency for cations having similar or dif­
ferent atomic masses. In the first case, the wave num­
bers will increase because their values depend mainly 
upon the second term in Equation [7], whereas in the 
second case, the wave numbers will decrease because 
the contribution of the first term is higher than second 
one. 

Thus there is an apparent contradiction between the 
prediction following from the theoretical notions and 
from Equation [7]. According to the theoretical pre­
diction, a decrease of the total valency of cations 
bonded to OH groups and having the same mass leads 
to an increase of the corresponding OH frequency. 
Equation [7] predicts an opposite effect in accordance 
with the experimental observations. To explain this 
contradiction, one has to take into account an inter­
action between the cations bonded to the OH group 
and the corresponding proton. An increase in the total 
cation valency increases the repulsion between the cat­
ions and the proton and decreases the interaction 
OH···03. As a result, the bond strength within the OH 
group increases, leading to an increase in the OH fre­
quency. Thus, for cations bonded to OH groups, hav­
ing the same mass but different valency, 2 opposite 
tendencies overlap: the increase of cation valency de­
creases the interaction within OH group, but simulta­
neously a decrease of the OH···03 interaction increases 
the bond strength within the OH group. The last effect 
dominates. 

Besson and Drits (1997) have found the following 
set of the relationships between the OH frequencies 
corresponding to different cationic pairs: 

2v (M2 - M 2,) = v (M2 - M 2) + v (M2, - M 2,) [8] 

where M2 and M 2, are the cations differing by their 
mass and/or valency. For the Fe3+-Fe2+, Fe2+-Mg, 

Fe3+-Mg, and AI-Mg cationic pairs, Equation [8] fol­
lows from Equation [7]. For the AI-Fe2+ and AI-Fe3+ 
pairs, a small discrepancy (1-3 cm- I) between the val­
ues calculated by Equations [7] and [8] is observed 
because of the small difference between the values of 
Al "effective" valency equal to 3.5 v.u. and 3.33 v.u. 
in Equation [7], which is ignored in Equation [8]. The 
approach described may be used for prediction of a 
wave number for a definite cation pair if the wave 
numbers for the corresponding 2 other bands are 
known. The approach can be applied only to the same 
structural type of minerals. For example, the wave 
number for the AI-Fe3+ band corresponding to pyro­
phyllite-like local cation environments was found us­
ing the wave numbers of the AI-AI band in the IR 
spectra of pyrophyllite and the Fe3+ -Fe3+ band in the 
IR spectra of ferripyrophyllite. Figure 3 shows that this 
wave number should be equal to 3652 cm- I. Decom­
position of some of the studied IR spectra has shown 
the OH band at 3652 cm- I (Tables 1 and 2). 

QUANTITATIVE ANALYSIS OF THE OH 
STRETCHING SPECTRA 

The integrated optical density of each band is de­
termined by the number of absorption centers of the 
given type and by the absorption coefficient. The ab­
sorption coefficients for individual bands in the region 
of OH-stretching vibrations for dioctahedral micas 
were not determined. However, the mean absorption 
coefficients for all such bands as well as for V -bands 
in trioctahedral micas (Rouxhet 1970) have similar 
values. Slonimskaya et al. (1986) assumed the same 
value of the absorption coefficient for all individual 
bands. This assumption can be used as a basis for the 
determination of the octahedral cation contents. The 
practical application of the approach is as follows: as 
each OH group is coordinated by 2 cations, 100% of 
the integrated optical densities implies 200% of the 
composition of the octahedral cations: 

CAl + CFe3+ + CFe2+ + CMg = 2.0 [9] 

where CAl' CFe3+, CFe2+ and CMg are the concentrations 
of the corresponding cations in the octahedral sheets 
per structural formula. This implies that the concen­
tration of each octahedral cation (C) is equal to the 
sum of the contribution of the cations to the integrated 
optical densities W ij of the bands determined by those 
OH groups that contain the given cation in their near­
est environment: 

CAl = (2WAl_Al)cal + (WAl_Fe3+)cai 

+ (WAl-Mg)cal + (WAI_Fe2+)cai [10] 

We have used this approach in order to determine 
the composition of octahedral cations in the samples 
under study, taking into account the refined correla­
tions between the frequencies and the cation pairs 
bonded to OH groups, as well as the optical densities 
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Table 3. Composition of the octahedral cation contents for the samples under study determined by the 1R quantitative analysis 
(I) and from the conventional chemical formulae (II). 

933 132 1040 ZI 

II II II II 

Al 0.00 0.03 0.00 0.04 0.01 0.18 0.05 0.07 
Fe3 + 1.47 1.17 1.32 1.29 1.33 1.19 0.96 0.96 
Fe2 + 0.00 0.27 0.07 0.09 0.27 0.24 0.26 0.27 
Mg 0.53 0.52 0.57 0.57 0.39 0.39 0.73 0.70 

PIL 68/69 E812 4017 

II II II II 

Al 0.44 0.55 0.55 0.52 0.68 0.66 0.87 0.92 
Fe3+ 0.93 0.84 0.89 0.91 0.79 0.79 0.64 0.57 
Fe2 + 0.21 0.20 0.18 0.19 0.10 0.10 0.20 0.20 
Mg 0.42 0.40 0.39 0.37 0.43 0.45 0.29 0.31 

Z2 MOL 60 RM4 

II II II 11 

Al 1.18 1.19 1.27 1.31 1.41 1.40 1.75 1.77 
Fe3+ 0.17 0.16 0.05 0.06 0.10 0.07 0.09 0.09 
Fe2 + 0.06 0.06 0.00 0.01 0.07 0.08 0.00 0.00 
Mg 0.57 0.59 0.68 0.63 0.42 0.45 0.15 0.15 

of the cation pairs (Table 2). In addition, we have 
taken into consideration that IR spectra of AI-Fe3+ mi­
cas having a deficiency of interlayer K contain OR 
bands corresponding to local pyrophyllite-like envi­
ronments. Table 2 shows the values of integrated op­
tical densities of the AI-AI, AI-Fe, and Fe-Fe bands 
corresponding to such environments. Table 3 compares 
the octahedral cation compositions determined from 
the crystal chemical formulae with those calculated by 
Equations similar to [9] using the data of Table 2. The 
differences between the 2 values, that is, the values 
[C1R - CChem], are usually less than 0.03 a.u. per half 
unit cell: i.e., the errors do not exceed 2%. Table 3 
shows that all samples can be divided into 2 main 
groups. The first group includes samples (132, Zl, 69, 
68/69, E812, 31, BP, Z2, E812, MOL, 60, RM4, RM30, 
136, BIN), for which octahedral cation contents deter­
mined by chemical analysis and IR spectra decompo­
sition coincide within the errors for all 4 cation types. 

The second group of samples (933, 1040, 5/1, 655, 
TAR, PIL, 4017, CR) provides examples of the more 
complex IR spectra for which a distinct discrepancy 
between the distribution of the optical densities at low 
and high frequencies and the proportions of Fe3+ and 
Al in the crystallochemical formulae has been ob­
served (Tables 2 and 3). The IR spectrum of the sam­
ple 1040 is demonstrative in this respect. According 
to the conventional structural formula of this sample 
(Table 3), the octahedra contain no AI, whereas the IR 
spectrum contains the AI-Mg band at 3605 cm- I of 
considerable intensity (Table 2). 

There are 3 important features of the samples of the 
second group (Table 3): 1) The contents of Mg and 
Fe2 + determined by the IR spectra decomposition and 
the chemical analysis have the same values within er-

69 5/1 655 TAH 

II II II II 

0.05 0.08 0.13 0.22 0.16 0.20 0.16 0.34 
1.15 1.08 1.30 1.22 1.10 1.02 1.07 0.84 
0.36 0.38 0.07 0.07 0.12 0.15 0.14 0.16 
0.41 0.45 0.50 0.48 0.63 0.63 0.64 0.66 

CH 136 31 BP 

II II II II 

0.92 1.08 1.05 1.04 1.10 1.11 1.11 1.11 
0.74 0.57 0.17 0.19 0.17 0.21 0.41 0.46 
0.07 0.08 0.21 0.17 0.07 0.04 0.13 0.08 
0.27 0.27 0.59 0.61 0.64 0.64 0.35 0.34 

RM30 38/60 BIN 

II II II 

1.86 1.89 2.00 2.00 1.96 1.95 
0.00 0.00 0.00 0.00 0.04 0.05 
0.00 0.00 0.00 0.00 0.00 0.00 
0.14 0.11 0.00 0.00 0.00 0.00 

ror. 2) The total amount of Fe3+ and Fe2+ cations de­
termined by both methods also coincide. 3) For each 
sample, the difference between the amount of the Al 
cations determined from the IR spectra and conven­
tional crystallochemical formulae are within an error 
equal to the difference between the amount of Fe3+ 

cations determined from chemical analysis and the IR 
spectrum: 

(CA1)Chem - (CA1)IR = (CFe3+)1R - (CP/+>Chem [11] 

Taking into account these data, the discrepancy may 
be due to the fact that, according to the conventional 
method of calculation of crystallochemical formula, Si 
is replaced first of all by Al and then by Fe3+ only 
when Al is lacking. As Slonimskaya et al. (1986) not­
ed, this may not always be correct. Equation [11] may 
imply that the amount of Fe3+ corresponding to the 
difference between (Cpe3+)Chem and (CFe3+)IR should be 
placed in tetrahedral positions instead of the same 
amount of Al which then should be placed in octahe­
dral sites. The corrected crystallochemical formulae of 
the samples of the second group are presented in Table 
4. This approach eliminates the discrepancy in the data 
obtained from the conventional crystallochemical for­
mulae and the IR spectra decomposition without 
changing the total chemical composition of each sam­
ple. The difference between the octahedral cation con­
tents in the revised formulae and those obtained from 
the IR spectra did not exceed 0.04 a.u. per half unit 
cell for the samples of the first group. 

The results show that this technique of determining 
the octahedral cation content simultaneously permits 
refinement of the composition of the tetrahedral cat­
ions. In some cases, this approach may correct chem­
ical analysis data that are in error due to Fe2+ oxida-
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of the cation pairs (Table 2). In addition, we have 
taken into consideration that IR spectra of AI-Fe3+ mi­
cas having a deficiency of interlayer K contain OR 
bands corresponding to local pyrophyllite-like envi­
ronments. Table 2 shows the values of integrated op­
tical densities of the AI-AI, AI-Fe, and Fe-Fe bands 
corresponding to such environments. Table 3 compares 
the octahedral cation compositions determined from 
the crystal chemical formulae with those calculated by 
Equations similar to [9] using the data of Table 2. The 
differences between the 2 values, that is, the values 
[C1R - CChem], are usually less than 0.03 a.u. per half 
unit cell: i.e., the errors do not exceed 2%. Table 3 
shows that all samples can be divided into 2 main 
groups. The first group includes samples (132, Zl, 69, 
68/69, E812, 31, BP, Z2, E812, MOL, 60, RM4, RM30, 
136, BIN), for which octahedral cation contents deter­
mined by chemical analysis and IR spectra decompo­
sition coincide within the errors for all 4 cation types. 

The second group of samples (933, 1040, 5/1, 655, 
TAR, PIL, 4017, CR) provides examples of the more 
complex IR spectra for which a distinct discrepancy 
between the distribution of the optical densities at low 
and high frequencies and the proportions of Fe3+ and 
Al in the crystallochemical formulae has been ob­
served (Tables 2 and 3). The IR spectrum of the sam­
ple 1040 is demonstrative in this respect. According 
to the conventional structural formula of this sample 
(Table 3), the octahedra contain no AI, whereas the IR 
spectrum contains the AI-Mg band at 3605 cm- I of 
considerable intensity (Table 2). 

There are 3 important features of the samples of the 
second group (Table 3): 1) The contents of Mg and 
Fe2 + determined by the IR spectra decomposition and 
the chemical analysis have the same values within er-
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II II II II 

0.05 0.08 0.13 0.22 0.16 0.20 0.16 0.34 
1.15 1.08 1.30 1.22 1.10 1.02 1.07 0.84 
0.36 0.38 0.07 0.07 0.12 0.15 0.14 0.16 
0.41 0.45 0.50 0.48 0.63 0.63 0.64 0.66 

CH 136 31 BP 

II II II II 

0.92 1.08 1.05 1.04 1.10 1.11 1.11 1.11 
0.74 0.57 0.17 0.19 0.17 0.21 0.41 0.46 
0.07 0.08 0.21 0.17 0.07 0.04 0.13 0.08 
0.27 0.27 0.59 0.61 0.64 0.64 0.35 0.34 
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II II II 

1.86 1.89 2.00 2.00 1.96 1.95 
0.00 0.00 0.00 0.00 0.04 0.05 
0.00 0.00 0.00 0.00 0.00 0.00 
0.14 0.11 0.00 0.00 0.00 0.00 

ror. 2) The total amount of Fe3+ and Fe2+ cations de­
termined by both methods also coincide. 3) For each 
sample, the difference between the amount of the Al 
cations determined from the IR spectra and conven­
tional crystallochemical formulae are within an error 
equal to the difference between the amount of Fe3+ 
cations determined from chemical analysis and the IR 
spectrum: 

(CA1)Chem - (CA1)IR = (CFe3+)1R - (CP/+>Chem [11] 

Taking into account these data, the discrepancy may 
be due to the fact that, according to the conventional 
method of calculation of crystallochemical formula, Si 
is replaced first of all by Al and then by Fe3+ only 
when Al is lacking. As Slonimskaya et al. (1986) not­
ed, this may not always be correct. Equation [11] may 
imply that the amount of Fe3+ corresponding to the 
difference between (Cpe3+)Chem and (CFe3+)IR should be 
placed in tetrahedral positions instead of the same 
amount of Al which then should be placed in octahe­
dral sites. The corrected crystallochemical formulae of 
the samples of the second group are presented in Table 
4. This approach eliminates the discrepancy in the data 
obtained from the conventional crystallochemical for­
mulae and the IR spectra decomposition without 
changing the total chemical composition of each sam­
ple. The difference between the octahedral cation con­
tents in the revised formulae and those obtained from 
the IR spectra did not exceed 0.04 a.u. per half unit 
cell for the samples of the first group. 

The results show that this technique of determining 
the octahedral cation content simultaneously permits 
refinement of the composition of the tetrahedral cat­
ions. In some cases, this approach may correct chem­
ical analysis data that are in error due to Fe2+ oxida-
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Table 4. The refined distribution of isomorphous cations aITlong octahedral and tetrahedral positions in the AI-FeH -containing 
mica samples: (I) according to the conventional chemical formula; (II) according to decomposition of IR spectra; (III) ac-
cording to the revised chemical formulae. 

933 132 

II III II III 

Tet 
Si 3.88 3.88 3~96 3.96 3.79 
Al 0.02 0.00 0.04 0.00 0.21 
Fe3+ 0.10 0.12 0.00 0.04 0.00 
Oct 
Al 0.00 0.03 0.03 0.00 0.04 0.04 0.01 
Fe3+ 1.47 1.17 1.17 1.32 1.29 1.30 1.33 
Fe2+ 0.00 0.27 0.27 0.07 0.09 0.09 0.27 
Mg 0.53 0.52 0.53 0.57 0.57 0.57 0.39 

TAH PIL 

II III II III 

Tet 
Si 3.72 3.72 3.73 3.73 3.70 
Al 0.28 0.07 0.27 0.17 0.30 
Fe3+ 0.00 0.21 0.00 0.10 0.00 
Oct 
Al 0.16 0.34 0.34 0.44 0.55 0.55 0.87 
Fe3 + 1.07 0.84 0.84 0.93 0.84 0.85 0.64 
Fe2+ 0.14 0.16 0.16 0.21 0.20 0.20 0.20 
Mg 0.64 0.66 0.66 0042 DAD DAD 0.29 

tion. For example, according to the IR data the sample 
933 contains 0.28 cations of Fe2+ per half-unit cell, 
whereas chemical analysis found only Fe3+ cations in 
the sample. However, the total amount of Fe cations 
determined from the IR spectrum is 1.45 a.u. and the 
chemical analysis is 1.47 a.u. per unit formula. 

DISCUSSION 

Analysis of the factors controlling the positions of 
the OH bands has allowed us to identify each band 
presented in the IR spectra of the mica samples con­
taining AI, Mg, Fe3+ and Fe2+ cations in octahedra, 
and Si, Al and Fe3+ cations in tetrahedra of 2: 1 layers. 
Among the factors responsible for the band frequen­
cies, the most important are the valency and atomic 
weight of cations bonded to OH groups. For this rea­
son, the position of the band corresponding to a de­
fined cation pair reveals only a small dependence upon 
the chemical composition of the sample (Besson and 
Drits 1997). 

An elementary explanation of the observed regular­
ities is the assumption that an increase in mass of cat­
ions bonded to OH groups increases the reduced mass 
of the OH vibration system and decreases the frequen­
cy. Another dominant factor affecting the OH stretch­
ing frequencies is the bond strength within hydroxyl 
groups, which is in tum controlled to some degree by 
the OR·· .03 hydrogen bonding. The simple relation~ 
ships between atomic weights and valencies of the cat­
ions bonded to OH groups and wave numbers of the 
corresponding bands support the validity of these as­
sumptions. One may expect that the relationships sim-

1040 511 655 

II III II III II III 

3.79 3.69 3.69 3.71 3.71 
0.07 0.31 0.22 0.29 0.24 
0.14 0.00 0.09 0.00 0.05 

0.18 0.16 0.13 0.22 0.22 0.16 0.20 0.20 
1.19 1.20 1.30 1.22 1.22 1.10 1.02 1.02 
0.24 0.24 0.07 0.07 0.07 0.12 0:15 0.15 
0.39 0.39 0.50 0.48 0.48 0.63 0.63 0.63 

4017 CH 

II III II III 

3.70 3.42 3.42 
0.25 0.58 0.41 
0.05 0.00 0.17 

0.92 0.92 0.92 1.08 1.08 
0.57 0.57 0.74 0.57 0.57 
0.20 0.20 0.07 0.08 0.08 
0.31 0.31 0.27 0.27 0.27 

ilar to Equations [7] and [8] are valid for other phyl­
losilicates. The predictive nature of such relationships 
shows their practical significance. 

Determinations of OH vector orientations in differ­
ent local cation environments around OH groups, 0 3 

and 0 1 atoms in mica structures having different 
chemical compositions, are absent. However, the role 
of this factor may be estimated using the determina­
tions of the OH vector orientation by electrostatic cal­
culations and single crystal structural refinements. For 
example, let us compare the wave numbers of the 
AI-AI bands for dickite, kaolinite and pyrophyIIite. To 
a first approximation, the inner OH group in the struc­
ture of these minerals has the same local environment, 
because the tetrahedral sheets contain only Si and the 
octahedral sheets only AI. However, the AI-AI band 
frequencies corresponding to the inner OH groups are 
equal to 3675 cm- 1 for pyrophyIlite and to 3620 cm- 1 

for kaolinite and dickite (Farmer 1974). According to 
Joswig and Drits (1986) and Bish (1993), the OH vec­
tors in dickite and kaolinite structures form with the 
(001) plane angle close to 1°, whereas in pyrophyIIite 
this angle is equal to 26° (Evans and Guggenheim 
1988). The reason for different p angles is connected 
to the features of the actual crystal structures of these 
minerals (Rozdestvenskaya et ai. 1982; Bookin and 
Drits 1982; Evans and Guggenheim 1988). The essen­
tial point is that the small p angle in dickite and ka· 
olinite provides stronger OH· .. 0 3 hydrogen bonding 
and a lower frequency for the inner OH group than 
for those in pyrophyllite. 
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tion. For example, according to the IR data the sample 
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whereas chemical analysis found only Fe3+ cations in 
the sample. However, the total amount of Fe cations 
determined from the IR spectrum is 1.45 a.u. and the 
chemical analysis is 1.47 a.u. per unit formula. 
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presented in the IR spectra of the mica samples con­
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Among the factors responsible for the band frequen­
cies, the most important are the valency and atomic 
weight of cations bonded to OH groups. For this rea­
son, the position of the band corresponding to a de­
fined cation pair reveals only a small dependence upon 
the chemical composition of the sample (Besson and 
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An elementary explanation of the observed regular­
ities is the assumption that an increase in mass of cat­
ions bonded to OH groups increases the reduced mass 
of the OH vibration system and decreases the frequen­
cy. Another dominant factor affecting the OH stretch­
ing frequencies is the bond strength within hydroxyl 
groups, which is in tum controlled to some degree by 
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ilar to Equations [7] and [8] are valid for other phyl­
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shows their practical significance. 

Determinations of OH vector orientations in differ­
ent local cation environments around OH groups, 0 3 

and 0 1 atoms in mica structures having different 
chemical compositions, are absent. However, the role 
of this factor may be estimated using the determina­
tions of the OH vector orientation by electrostatic cal­
culations and single crystal structural refinements. For 
example, let us compare the wave numbers of the 
AI-AI bands for dickite, kaolinite and pyrophyIIite. To 
a first approximation, the inner OH group in the struc­
ture of these minerals has the same local environment, 
because the tetrahedral sheets contain only Si and the 
octahedral sheets only AI. However, the AI-AI band 
frequencies corresponding to the inner OH groups are 
equal to 3675 cm- 1 for pyrophyIlite and to 3620 cm- 1 

for kaolinite and dickite (Farmer 1974). According to 
Joswig and Drits (1986) and Bish (1993), the OH vec­
tors in dickite and kaolinite structures form with the 
(001) plane angle close to 1°, whereas in pyrophyIIite 
this angle is equal to 26° (Evans and Guggenheim 
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Figure 4. Decomposition of the IR spectrum of sample 31, 
having the structural formula: Ko.81Nao.o3(All.JoFeo.1T 
Feo07Mgo.64)(Si3.94 Aloo6)OIO(OR)2' 

A strong influence of the OH vector orientation on 
the vibration of OH groups bonded to a certain cation 
pair is demonstrated by the comparison of the Fe3+­

Fe3+ band positions in the IR spectra of celadonite 
(3534 cm- I ) and ferripyrophyllite (3631 cm- I ). In both 
minerals, tetrahedral sites are occupied by Si, but in 
the celadonite structure there are additional electro­
static interactions between protons of OH groups and 
interlayer K cations. The absence of K interlayer cat­
ions in ferripyrophyllite eliminates this interaction and 
increases the inclination of the OH vector with respect 
to the (001) plane. For this reason, in celadonite the 
interaction between protons of the OH groups and the 
0 3 atoms is stronger than that in ferripyrophyllite. As 
a result, a difference between wave numbers of the 
FeH -Fe3+ bands corresponding to ferripyrophylIite and 
celadonite is about 97 cm -I. The validity of these con­
siderations is further supported by calculations of the 
OH vector orientation for 2 different local environ­
ments in the dehydrated structure of K-nontronite 
(Dainyak et al. 1984). For this mineral, the pangle 
increases from 23° for the [2Fe3+] [4Si] [2K] environ­
ment around the OH group, to 62° for the [2Fe3+ [4Si] 
(2u], where u signifies an interlayer vacancy. Thus the 
25° and 39° differences in the p angles correspond to 
the 55 and 97 cm- 1 differences in the frequencies of 
the AI-AI and Fe3+ -Fe3+ bands, respectively. On av­
erage, changing the p angle by 1 ° may change the band 
frequency by up to 2.5 cm- I

. We conclude that, for 
each given cation pair bonded to an OH group, the 
OH-vibration depends upon the OH .. ·03 hydrogen 
bonding which, in tum, depends upon the OH vector 
orientation. 

OR 

T3 T6 

T2 T7 

OR 
Figure 5. The distribution of tetrahedral cations Tj (i = 1-
8) around the AI-OR-AI configuration. 

The observed low sensitivity of the OH stretching 
band positions to the mica sample chemical compo­
sition, in combination with wide variations of the band 
widths, allows the assumption that, for each defined 
pair of cations bonded to OH groups, different local 
cation environments only slightly change the OH vec­
tor orientations leading to band broadening. It is in­
teresting to compare the features of the IR spectra for 
samples having homogeneous cation composition in 
either tetrahedral or octahedral sheets. Celadonites and 
leucophyllite, having a minimal substitution of Al for 
Si in tetrahedra, are characterized by IR spectra con­
taining a set of well-resolved absorption peaks (Figure 
4). The smallest width of bands usually corresponds 
to the R3+ _R2+ pairs, probably due to the ordered dis­
tribution of hetero-valent cations within the structure 
of these samples. Note that the well-resolved absorp­
tion peaks in the IR spectra of these samples are ob­
served at frequencies lower than 3610 cm- I

• In other 
words, the region of the OH vibrations corresponding 
to the AI-AI bands is always represented by smooth 
curves that show a gradual decrease in absorption with 
increasing frequencies. 

Fe- and Mg-free illites and muscovites, in spite of 
the homogeneous octahedral cation content, are char­
acterized by very broad and poorly resolved maxima 
in the OH stretching vibration region. The main reason 
is the partial overlapping of the AI-AI bands having 
distinct frequencies. The presence of several AI-AI 
bands in the illite IR spectra may be related to the 
different numbers of AFv cations close to OH groups. 
Figure 5 shows that there are 8 tetrahedral sites close 
to the OH group that can contain different amounts of 
Si and AFv. In partiCUlar, the number of Si cations can 
change from 8 to 4. The OH vector orientation will 
depend upon the amount and distribution of AFv cat­
ions over these sites; the greater number of AFv cat­
ions, the greater the pangle (Bookin and Drits 1982). 
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Figure 6. Two different possible distributions of tetrahedral Si and Al cations around the M2-0H-M2' configuration. 

As a result, an increase in the number of Apv cations 
around OR groups should decrease the OR .. ·03 inter­
action and increase the OR stretching frequency. 

The 3 distinct AI-AI bands extracted from the IR 
spectra of illites and muscovites (samples: RM4, 
RM30, 38/60, Table 2) probably correspond to local 
structural fragments containing 7-8, 6-7, and 4-5 cat­
ions of Si, respectively, among the 8 tetrahedral sites. 
In this case, the width of these bands should depend 
upon the distribution of Apv over the available 8 sites. 
This means that, in general, the IR spectrum of mus-

covite may be decomposed into a large number of 
AI-AI bands having slightly different frequencies. 

The data in Table 2 show that, in the IR spectra of 
the leucophyllite-like samples (136, 31, MOL), the 
AI-AI band has the lowest frequency (near 3620 cm- I ) 

and the highest optical density. The other 2 AI-AI 
bands have a significantly lower absorption intensity. 
The appearance of AI-AI bands that have approxi­
mately the same frequencies in all studied illite-mus­
covite IR spectra can be considered evidence for the 
similarity of the local environments around AI-OR-AI 
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Figure 7. The dependence between the positions of the ma­
jor intensity OR bands and the octahedral cation composi­
tions of the dioctahedra1 A1-Mg micas (modified after Velde 
1978). 

configurations in these minerals. The AI-AI band at 
3620 cm- I should correspond to the local cation en­
vironment containing 8 Si atoms nearest to the AI-AI 
pair. Figure 6 shows several local environments of tet­
rahedral cations around AI-OH-AI that should change 
the OH vector orientation and lead to shifting and 
broadening of the AI-AI bands. 

If this interpretation is valid, we need an answer for 
the question of why several bands with distinct fre­
quencies are observed only for AI-AI pairs. We have 
studied samples having similar amounts of AIVI and 
Fe3 + and a high content of Apv (samples 68/69, 40/7, 
CH, E8/2). However, the decomposition of their IR 
spectra always requires at least 2 AI-AI and only 1 
Fe3 + -Fe3 + band. One has to emphasize that the position 
and the number of these bands have been determined 
from the IR spectra of celadonite and muscovite. Note 
that the OH stretching vibration region of the pyro­
phyllite IR spectrum consists of a single AI-OH-AI 
band (Farmer 1974; Besson and Drits 1997). 

One possible explanation is that, in the samples un­
der study, all types of cation pairs except AI-AI have 
similar local cation environments, and, as a result, sim­
ilar orientations of the OH vectors for each given cat­
ion pair. If this supposition is valid, it must be assumed 
that the samples under study consist of at least 2 main 
local domains having different composition and distri­
bution of isomorphous cations. One of them may have 
illite-like and the other, leucophyllite- or celadonite­
like composition. The strong tendency to the ordered 
distribution of hetero-valent octahedral cations in com­
bination with the minimum content of Apv in the latter 
type of domains may explain similar local environ­
ments around each given cation pair. The presence of 

illite-like domains may explain the appearance of the 
AI-AI bands having distinct frequencies. The existence 
of celadonite-like and illite-like small domains in Al 
containing glauconites was assumed on the basis of 
the interpretation of Mossbauer spectra of these sam­
ples (Daynyak and Drits 1987; Dainyak et al. 1992). 

Our model can be used to explain the dependence 
between the major intensity band positions and AI, = 
Apv + AIVI proposed by Robert and Kodama (1988) 
for AI-Mg dioctahedral micas. To make it clear, let us 
consider the data obtained by Velde (1978) for the 
muscovite-leucophyllite series of samples. Figure 7 
shows how the positions of the major intensity band 
depend upon the sample chemical composition. In the 
spectra of the samples containing 60, 70 and 80 per­
cent leucophyllite, the main absorption maximum at 
3600 cm- I corresponds to the AI-Mg band. This means 
that the AI-Mg cationic pairs bonded to OH groups 
prevail due to the ordered distribution of Al and Mg. 
However, according to Equation [6] the positions of 
the major intensity band should be at 3608, 3610 and 
3613 cm- I for the samples containing, respectively, 
80, 70 and 60 percent of leucophyllite component. The 
discrepancy between the observed and predicted fre­
quencies is probably due to number of the AI-OH-AI 
configurations in these samples not being sufficient to 
shift the main absorption maximum. Vibrations of the 
OH groups bonded to Al cause the asymmetrical pro­
file of the absorption maxima on the higher frequency 
side. 

The position of the major intensity band at 3630 
cm- 1 in the IR spectra of muscovite (Figure 7) reflects 
the overlapping of the AI-AI bands at frequencies of 
3620 and 3641 cm- I. The contribution from the third 
AI-AI band appears as a shoulder at the higher fre­
quency side of the spectrum. These features are ob­
served in the muscovite IR spectrum shown in Figure 
8. The sample containing equal amounts of muscovite 
and leucophyllite components contains equal propor­
tions of AI-Mg and AI-AI pairs bonded to OH groups. 
The adsorption maximum in the IR spectrum of this 
sample corresponds to a wave number equal to 3610 
cm - 1. It is natural to assume that the absorption max­
imum results from the overlapping of the Mg-AI band 
at 3600 cm- 1 and the AI-AI band at 3620 cm- 1 (Figure 
9). 

As mentioned earlier, some illite and glauconite 
samples contain bands whose frequencies correspond 
to the AI-AI bands in the IR spectra of pyrophyllite 
and the Fe3 + -Fe3+ bands in the IR spectra of ferripy­
rophyllite. This means that micaceous minerals having 
a deficiency of K cations in interlayers contain pyro­
phyllite-like domains of different octahedral cation 
contents: AI-AI, AI-Fe3+ and Fe3+ -Fe3+. We do not 
know in what forms pyrophyllite-like structural frag­
ments are present in illite and glauconite samples. 
These fragments may occur as local domains within 
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Figure 8. The IR spectrum within the OR stretching fre­
quency region for the synthetic muscovite sample 38/60 hav­
ing the composition Ko.79Nao03AI2.oo (Si318Al0.82)O!O(OR)2' 

the same layers or as alternate mica and pyrophyllite 
layers. The presence of individual pyrophyllite layers 
within an illite matrix has been observed by high-res­
olution transmission electron microscopy (HRTEM) 
for one of the studied samples (Tsipursky, personal 
communication 1993). 

Satisfactory agreement between the octahedral cat­
ion contents determined from the IR spectra and the 
chemical analysis has shown that the integrated optical 

densities can be used for the study of the local order­
disorder in the isomorphous cation distribution. How­
ever, the identification of the individual bands requires 
certain caution. The problem arises because of the 
close positions of some bands corresponding to dif­
ferent cation configurations. For example, the AI-Fe2+ 

and Mg-Fe3+ bands have practically the same frequen­
cies (Table 1). For some samples, the AI-AI band at 
3658 cm- I may overlap with the AI-Fe3+ band at 3652 
cm- I , corresponding to the pyrophyllite local environ­
ment. Under these circumstances, the best way to de­
termine the short-range cation ordering in micaceous 
minerals consists of the decomposition of IR spectra 
of samples having a known chemical composition. 

The possibility that Fe3+ cations replace Si in the 
presence of Al in tetrahedral sheets of phyllosilicates 
has been discussed by many researchers (Slonimskaya 
et aL 1986; Besson et aL 1983; Cardile 1989). Until 
now the solution of this problem has met with meth­
odological difficulties. One of the essential conse­
quences of the quantitative analysis of the IR spectra 
is the determination of the tetrahedral Fe3 + cations in 
the structure of some studied samples. This result 
shows that a conventional presentation of chemical 
formulae for AI-Fe3+ containing 2: 1 layer silicates is 
unacceptable without consideration of Fe3 + in the tet­
rahedral layer. 

ACKNOWLEDGMENTS 

We thank E. Silvester, D.D. Eberl and P. Eberl for the En­
glish corrections. V. A. Drits thanks the Orleans University 
(France) and the Russian SF for financial support of this work 
(grant 95-05-14509). Source of Tsipursky 1993 personal com-

AI-Mg AI-AI 

z 
0 0 

r= AI-Mg 100% Q. 
It: x 
0 
UI AI-Mg 50% GI 
0( ~ 

A1-Mg 0% 

3550 3575 3600 3625 
FREQUENCY IN CM-1 

3650 3675 

Figure 9. A superposition of the AI-Mg and AI-AI bands whose wave numbers are equal to 3621 and 3604 cm- I , respectively. 

182 Besson and Drits Clays and Clay Minerals 

z o r= 
Q. 
It: o 
UI 

~ 

3400 3500 

38160 

3600 
CM-1 

3700 3800 

Figure 8. The IR spectrum within the OR stretching fre­
quency region for the synthetic muscovite sample 38/60 hav­
ing the composition Ko.79Nao03AI2.oo (Si318Al0.82)O!O(OR)2' 

the same layers or as alternate mica and pyrophyllite 
layers. The presence of individual pyrophyllite layers 
within an illite matrix has been observed by high-res­
olution transmission electron microscopy (HRTEM) 
for one of the studied samples (Tsipursky, personal 
communication 1993). 

Satisfactory agreement between the octahedral cat­
ion contents determined from the IR spectra and the 
chemical analysis has shown that the integrated optical 

densities can be used for the study of the local order­
disorder in the isomorphous cation distribution. How­
ever, the identification of the individual bands requires 
certain caution. The problem arises because of the 
close positions of some bands corresponding to dif­
ferent cation configurations. For example, the AI-Fe2+ 

and Mg-Fe3+ bands have practically the same frequen­
cies (Table 1). For some samples, the AI-AI band at 
3658 cm- I may overlap with the AI-Fe3+ band at 3652 
cm- I , corresponding to the pyrophyllite local environ­
ment. Under these circumstances, the best way to de­
termine the short-range cation ordering in micaceous 
minerals consists of the decomposition of IR spectra 
of samples having a known chemical composition. 

The possibility that Fe3+ cations replace Si in the 
presence of Al in tetrahedral sheets of phyllosilicates 
has been discussed by many researchers (Slonimskaya 
et aL 1986; Besson et aL 1983; Cardile 1989). Until 
now the solution of this problem has met with meth­
odological difficulties. One of the essential conse­
quences of the quantitative analysis of the IR spectra 
is the determination of the tetrahedral Fe3 + cations in 
the structure of some studied samples. This result 
shows that a conventional presentation of chemical 
formulae for AI-Fe3+ containing 2: 1 layer silicates is 
unacceptable without consideration of Fe3 + in the tet­
rahedral layer. 

ACKNOWLEDGMENTS 

We thank E. Silvester, D.D. Eberl and P. Eberl for the En­
glish corrections. V. A. Drits thanks the Orleans University 
(France) and the Russian SF for financial support of this work 
(grant 95-05-14509), Source of Tsipursky 1993 personal com-

AI-Mg AI-AI 

z 
0 0 

r= AI-Mg 100% Q. 
It: x 
0 
UI AI-Mg 50% GI 
0( ~ 

AI-Mg 0% 

3550 3575 3600 3625 
FREQUENCY IN CM-1 

3650 3675 

Figure 9. A superposition of the AI-Mg and AI-AI bands whose wave numbers are equal to 3621 and 3604 cm- I , respectively. 

https://doi.org/10.1346/CCMN.1997.0450205 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1997.0450205


Vol. 45, No, 2, 1997 Factors affecting OH vibrations and quantitative analysis 183 

munication: S, I. Tsipursky, American Colloid Company, Ar­
lington Heights, Illinois 60004-1440. 
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