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Abstract

By studying the NM R signals of protons and fluorine in a series of crystall ine phlogopites at
various frequencies and angles, it has been possible to differentiate among various octahedral
associations. In samples with continuously variable amounts of f luorine and iron, we show
that the OH groups, rather than the fluorine ions, are in direct coordination with the iron.
This anionic segregation relative to Fe2+ is also confirmed by the observation of f luorine pairs,
which most probably form homogeneous fluorine domains. This local ordering of octahedral
ions is an important parameter in the study of cohesion of layered sil icates.

Introduction

Phlogopites belong to the sheet silicate group; their
ideal formula is KMgrSisAlOlo(OH)r. The Mg,+ ions
Iocated in the central octahedral sheet of the elemen-
tary layer are only slightly substituted by Fe2+ ions,
whereas the OH groups may be replaced by F- ions
to various degrees. It is well known that the nature of
the isomorphous substituents within the octahedral
sheet of micas is a determinant factor in the vermi-
culitization process of these minerals; in particular,
when the fluorine content increases, the ease with
which K+ can be replaced by Na+ decreases. The F-
and H+ nuclear magnetic resonance spectra of ten
phlogopite samples have been examined in order to
understand how the nature of the octahedral sheet
infl uences this process.

In the octahedral sheet, two different cation sites
are possible, depending on whether the OH groups
are in czi (M2 site) or trans position (M1 site) (Fig.
I ). These OH groups are located on the zr symmetry
plane and are coordinated to one Ml cation in the
plane and to two M2 cations located on both sides of
the plane.

We will show that from the H+ and F- NMR
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signals, it is possible to characterize the distribution
of the Fe2+ ion with respect to the anions OH-, F- as
a result of the large paramagnetic influence of the
Fe2+ on the nuclear signals. We will also show that
the strong nuclear dipolar interaction between F-
ions belonging to the same octahedra leads to infor-
mation concerning the degree of order which exists in
the octahedral distribution of this ion. These results
indicate ionic segregation within the octahedral sheet
and therefore suggest the existence of short-range
order which supplements the picture of average struc-
tures given by X-ray diffraction studies.

Experimental

The samples studied (for chemical composition see
Table I ) are part of a collection of micas whose
weathering properties had been determined pre-
viously in our laboratory (Rousseaux et al., 1973).
The samples were chosen such that the fluorine con-
tent varied continuously between 0.7 to 5.2 percent
(by weight), the paramagnetic impurities, essentially
Fe'+ ions, being in the range 0.2 to 3 percent. The
samples formed by superposing individual platelets
(10 X l0 mm) were cut from large natural mica
plates, on which the a and D axis orientations had
been determined beforehand. Altered or twinned re-
gions were carefully avoided.
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Table l .  Sample composi t ions '

s i 4+  A t3+ A 1 3 +  t i 4 +  F e 3 +  F e 2 +  t o , *  M r 2 +  ! i *
2 +  +  +

Ca-  Na K o - OH F

P-2

P-2 t

P - 1 3

v - r 5

P - r 8

P - I 2

P - 8

P - 6

2 . 7 4  ! . 2 6

2 . 7 4  r . 2 6

2 . 9 0  r . r 0

2 . 8 8  r . t 2

2 . 8 4  1 .  r 6

2 . 9 2  r .  0 8

)  1 0  r  , r

2 . 8 8  r . L 2

2 . 8 3  r . 1 7

3 . 0 0 r . 0 0

0 .  r 8

0 . r 5

0 . 1 6

0 . 0 5  0 . 0 r  0 . 1 6  2 , 5 5  -  0 . 0 r

0 . 0 5  0 . r 0  0 . 1 7  2 . 4 L  -  0 . 3 9

0 . 0 8  0 . 0 4  0 . r 0  2 . 6 8  -  0 . 0 1

0 . 2 7  0 . 0 5  0 . 0 2  0 . 0 2  2 . - 7 4  -  0 . 0 r

0 . r 1  0 . 0 7  -  0 . 0 2  2 , 8 3

0 . 1 2  0 . 0 6  0 . 0 r  0 . 0 5  2 . 8 6

0 . 0 r  0 . 0 2  -  0 . r 5  2 , 6 4  -  0 . 0 r

0 . 1 5  0 . 0 7  0 . 0 r  0 . 0 4  2 . 7 3  -  0 . 0 3

0 . 0 5  0 . 0 3  0 . 0 4  0 . 0 7  2 . 9 0

0 . 0 6  0 . 0 2  0 . 0 3  0 . 1 7  2 . 7 3  0 . 0 r  0 . 0 3

0 . 0 5  0 .  0 6  0 . 8 5

-  0 . r r  0 . 8 5

0 . 0 r  0 . 0 7  0 . 8 8

0 . 0 1  0 . 0 4  0 . 9 r

0 . 0 3  0 . 0 6  0 . 8 7

0 . 0 4  0 . 0 5  0 . 9 0

0 . 0 7  0 . 0 3  0 . 9 3

0 . 0 2  0 . 0 2  0 . 9 5

0 . 0 1  0 . 0 3  0 . 9 3

0 . 0 3  0 . 0 4  0 . 9 5

9 . 9 3  t . 9 2  0 . 1 5

r 0 . 2 2  r , 4 8  0 , 3 0

1 0 . 3 5  r . r 9  0 . 4 5

r 0 , 4 2  1 . 0 9  0 . 4 9

r 0 . 1 6  r . 2 1  0 . 6 3

r 0 . 3 4  0 . 9 2  0 . 7 4

9 . 6 1  r . 6 0  0 . 1 9

r 0 . 2 4  L . 0 2  0 . 7 4

r 0 . r 4  0 . 8 9  0 . 9 7

L 0 . 2 6  0 . 5 7  l . t 6

I  J . M .  R o r r " . a u x  e t  a l .  ( 1 9 7 3 ) .

NMR spectra were obtained at room temperature
with a Varian continuous-wave crossed-coiled spec-
trometer working at different f ixed frequencies (14,
54.6, and 60 MHz). In order to obtain signal-to-noise
ratios around 30 to 50, the spectra were signal-aver-
aged. The paramagnetic influence on the nuclear
spectra increases with frequency. Therefore, experi-
ments run at high frequency allowed us to study the
influence of varying Fe2+ contents on the H+ and F-
spectra. These experiments were also useful in identi-
fying the various interactions responsible for the ob-
served spectra. Experiments at low frequency (14

Fig. l. Projection on the ab plane of the octahedral sheet of I M

micas showing the position of OH , F and MI and M2 sites.

MHz) werg run at various angles around the b axis,

because of better resolution in this plane, in order to
provide information concerning the diamagnetic in-

teractlons.

Results

Proton signal-a axis

H+ gives rise to a large symmetrical Gaussian l ine

accompanied, when the iron content is above one

percent, by small side l ines, whose intensity increases

with the iron concentration.
Figure 2 shows the second moment of the principal

l ine obtained from the peak-to-peak value of the

experimental f irst derivative spectra, at 60 MHz, as a

function of iron content. The line-width is essentially

dominated by the paramagnetic interaction which

gives rise to the expected parabolic shape. By work-

ing at lower frequencies, which decreases the para-

magnetic contributions to the width of the l ine, the

dipolar diamagnetic part of the interaction remains

more or less constant for all samples.
The position of the side-lines with respect to the

central l ine varies as a function of the orientation of

the sample with respect to the applied magnetic f ield'

It also varies l inearly with the applied field, as is to be

expected for averaged electronic moments obeying

Curie's law. An analysis of these side-lines has clearly

shown (Sanz and Stone, 1977) that they are due to

OH- groups, which are first-nearest neighbors (i.e.

2.7A) to the Fe2+ ions.
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At high frequency, for samples having a high iron
and F- content, weak l ines close to the main l ine can
be observed (see Fig. 3); these correspond to OH
groups which are second neighbors (r : 4.07A) to
Fe'?+. The intensity of these lines is less than that of
the first-neighbor l ines, although the multiplicity for
neighbors is the same. This observation could be
explained by a regrouping of certain Fe2+ ions, with
the result that most of the OH- groups in these
regions wil l have, in addition to a Fe2+ as second
neighbor, another Fe2+ as first neighbor. This there-
fore reduces the total contribution of second neigh-
bors to the intensity of their respective side-line. This
regrouping of Fe2+ ions would also explain why the
width of the first-neighbor side-line is larger than that
of the main l ine. By going to lower frequency, this
width decreases and approaches that of the main l ine
(see Fig.  3) .  In  the previous analys is  of  the H+ s ide-
l ines,  i t  was a lso shown that  the subst i tu t ion of  Mgz+
by Fe'+ is random on the two available sites (this is
not in confl ict with the above assumed distribution of
Fe2+ with respect to each other) and that as the iron
content increases, the association of OH- with more
Fez+ also increases.

Fluorine signal-a axis

In the F spectra obtained at high frequency (56.4
MHz) the side-lines become visible, as in the case for
H+, only when the iron content is above one percent.
In this case, however, the side-lines are much closer
to the central l ine (Fig. 4), and their intensity is much
less dependent on the Fe2+ concentration. At low
frequency, the side-lines disappear, being included in

9 = 3 0 '

9 = 6 0 '

o 1

o 1 2 3 " o

Fig. 2. Experimental second moments of ttre principat/tiri."", 
"rat 60 MHz, as function of the iron content and for two orientations

of the C' axis relative to the applied magnetic field.

P-18  H . (  14MHz)

Fig.  3.  Example of  H+ NMR signals for  sample p-18 showing
the pr incipal  l ine and s ide- l ines as funct ion of  or ientat ion (a axis)
and frequency. II corresponds to second-neighbor protons The
upper curves represent the f i rs t  der ivat ive of  the absorpt ion l ines.

the main central l ine. Using the same hypothesis as in
the previous work (Sanz and Stone, 1977), i.e., a
simple time-averaged point dipolar interaction be-
tween magnetic moments of iron and nuclei, it is
possible to calculate the angular variation of shift
that an iron placed either on the M I or M2 site would
induce in surrounding F- nuclei. For this calculation
only Fe2+ ions are considered, as chemical analysis
and Mcissbauer spectra (Sanz et al., 1978) have
shown that these are the only abundant paramagnetic
species present. Moreover, for this analysis the struc-
tural model obtained by Joswig (1972) on a phlogo-
pite by neutron diffraction was uti l ized.

The calculation for the three neighbors (see Fig.
5a) to Fe'+ at respectively 2.03,3.68, and 4.54A has
been carried out, and the results for second and third
neighbors shown in Figure 5b. Experimentally, in no
case have lines corresponding to first-nearest neigh-
bors been seen. The only l ines observed at 56.4 MHz
are those corresponding to nuclei which are either
second or third neighbors to Fe2+. Unfortunately the
resolution is not sufficient to be able to distinguish
between the two possible sites. These results tend to

2
o

f
o(,

H  ( 6 0 M H z )
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P  18 ,  F  (  56 .4  MHz) ,a  ax rs
(  H o  / /  C ' )

Fig.  4.  Example of  F NMR signals for  sample P-18 for
rotat ions around the c axis.  At  h igh f requency,  s ide- l ines are
vis ib le.  At  low f requency,  the pr incipal  l ine consists for  4 :  96o o6
a doublet .

show that  unl ike OH-,  F-  ions are not  d i rect ly
coordinated to the Fe2+ ions.

Moreover, an analysis of the width of the central
l ine shows that  the l ine-width of  the F-  l ine is  much
more angular-dependent than in the case of H+. As
the paramagnetic contribution is practically rotation-
independent, the interaction which is responsible for
the width variation must be of another nature. i.e.. of
diamagnetic origin. This interaction, between nuclear
spins only, is observed to be very much larger than

OM?

x (a+;

n
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Y ( b * )

Fig 5a Project ion in the ab plane showing F- posi t ions (O)

which are at  f i rs t -neighbor ( - ) ,  second-neighbor ( . - . - )  and th i rd-
neighbor (--) distances with respect Lo Ml and M2 sites.

the paramagnetic contribution for certain orienta-
tions. In samples of high fluorine content (such as P-
l8), the paramagnetic contribution to the l ine is less
than half as important for the F- l ine as it is for the

Gauss

F L U O R I N E  ,  a  a x i s ,  5 6 4  M H  z

z  - - - - - \

. / 1 n2
Itr1

+ Q

+Q

+ $

Fig.  5b.  Calculated angular  var iat ion of  shi f ts  for  F which are
second neighbors to Ml ( l l , )  and M2 ( I l , )  or  th i rd neighbors to
Ml ( l l l t )  and M2 ( l l l r ) .  l :  Exper imental  points for  P-18
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H+ line. This again shows that most of the fluorine
ions are more distant from the iron than are the
protons.

Finally, when the iron content is sufficiently low, or
when the frequency is lowered (Fig. 4), a doublet is
observed for certain orientations. A doublet in NMR
spectroscopy is the clear indication of a diamagnetic
interaction between a pair of spins l/2, which is the
case for H+ and F-. This pair interaction can only be
seen if the interaction that each member of the nuclei
pair has with its surroundings (i.e. electrons or other
nuclei such as Al) is less important than the inter-
action it has with its partner in the pair. The spectra
obtained around the a axis are poorly resolved, how-
ever, and therefore an exact evaluation ofthe relative
importance of the two possible diamagnetic pair in-
teractions, H-F and F-F, as function of the F- con-
tent is diff icult. However, this identif ication wil l be
possible by obtaining spectra while rotating the
sample around its D axis, as shown in the next section.

In summary, the experiments run around the a axis
have helped to distinguish between the various inter-
actions involved in the H+ and F- spectra. They have
also shown that, for protons, the paramagnetic con-
tribution is the dominant term at both short (i.e. side-
lines) and long (central l ine) distance. For F- the
interactions are on the whole more diamagnetic.

Fluorine signal-b axis

We will discuss here the results obtained at low
frequency (14 MHz) for rotations around the b axis,
which is normal to the zr plane containing the F and
H atoms. In this case, because of geometrical reasons,
the doublet separation associated with these two ions
is now larger. This, coupled with the fact that at low
frequency the paramagnetic influence on the l ine-
width is smaller, results in better-resolved spectra.
Therefore, it wil l be much easier to distinguish be-
tween the various octahedral associations and also
easier to identify the F- distribution within the oc-
tahedral sheet.

The doublet separation, (Pake, 1948), is given by
the expression

h :  +  (3 cos,d -  l )  Gauss,"
where a is a constant equal to 3 for two identical spins
I : I/2 and equal to 2 for two different spins 1 : l/2;
p is the magnetic moment of the studied spin; r is the
internuclear distance; d the angle between r and the
applied magnetic f ield. With the above expression, it
is possible to calculate the doublet separation in the
case of an interaction between two ions located

Gauss

Fig.6 Calculated angular  var iat ion of the F- doublet  separat ion
for F-Fo and F-Ho (rotations around the b axis). f : Experimental
points for P- l8 with two clearly distinguishable doublet
separat ions f rom 90o to 180o.

within the same octahedron, F-Fo and F-Hn (Fig. I );
this corresponds to the smallest value for r, i.e.,2.64
and 3.45A respectively. The geometrical factors are
taken from the structures proposed by Joswig (1972)
for phlogopites and McCauley et al. (1973) for a
fluor-phlogopite.

The results of the calculation are given in Figure 6
by the broken lines for F-Fo and F-Ho respectively.
It can be seen that around 130" the two doublet
separations are quite different. This orientation is,
therefore, very convenient for a quantitative evalua-
tion of the number of associations of both types.
Figure 6 also shows the experimental results obtained
for sample P-18. For the 90o to l80o region, two
doublets can be distinguished clearly with the inner
doublet corresponding to F-Ha and the outer dou-
blet to F-Fo (also see Fig. 7); here the agreement is
quite good. Because of smaller doublet separation
and non-negligible line-widths, from 0" to 90", the
experimental points only reflect an average situation.
From the relatively good agreement, it can be con-
cluded that (l) the accuracy with which we could
orient our samples is around 5'; (2) the distance

( H  i l a )
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F  (  1 4  M H z  ) ,  a x e  b ,  p  =  1 3 O '
r - z l

2.64A taken for F-Fo from a fluor-phlogopite is quite
adequate in our calculation; and (3) complicated
polytypism is absent. Concerning this last point, in
two cases where frequent stacking faults had been
detected by X-ray diffraction, the NMR doublet sep-
aration was badly resolved and, because of the vari-
ous possible orientations for the F-Fo vector, did not
follow the expected angular variation; these samples
were eliminated from this study.

Eight out of l0 samples were therefore examined
around the angle of  130o,  in  order  to s tudy the d is t r i -
bution of F between the two types of association: F-
Fo and F-Ho.We observed (Fig.7)  that  the in tensi ty

NMR STUDY OF MICAS

of the .central doublet (F-Ho) decreases relative to
the outer doublet (F-Fo) as the fluorine content in-
creases. After decomposing our spectra and taking
the area under the F-Fo doublet as a measure of the
number oi F-F pairs, it is possible to compare this
figure with the one obtained by taking the mineral-
ogical formula and calculating the probabil ity of
finding F-F pairs. This is done in Figure 8, where the
experimental and calculated numbers of F-F pairs
are given as a function of f luorine content. It can be
seen that the number of pairs found experimentally
increases much faster at low concentration than is
expected from a statistical calculation (40 percent
compared to 15 percent for 0.25 F per site). The
number of pairs then levels off and finally tends to-
wards the estimated values.

Discussion: octahedral ionic-dist ribution model

In this work, the identif ication of the various mag-
netic interactions responsible for the NMR proton
and fluorine spectra has allowed us to differentiate
among various octahedral associations. The distribu-
tion of elements within these associations was deter-
mined by evaluation of the relative importance of
each component of the spectral l ines. The abil ity to
optimize angular parameters through the use of crys-
tall ine samples was important in obtaining this infor-
mation. Certain important points emerge which wil l
be now discussed.

Fig.  7.  F spectra for  d i f ferent  phlogopi tes wi th increasing content  in F :  P-21 < P-12 < P-15 < P-18

4

rL

f

o 0 2 o . 4 0 . 6 0 4  1

F /  sr te

Fig.8.  F-F percentage found for  the studied samples (O) as

function of the F content. The broken line curve (--) represents

the statistically-calculated values.

r  -  t z
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First, the observation of a rapid increase in the
number of f luorine pairs in the domain of very low
concentration in F- can be interpreted as evidence
for the existence and prior growth of relatively large
fluorine-rich domains. The observation that as the F-
content increases the number of pairs levels off im-
plies that the various domains gradually join to-
gether. Since fluorine is only a second- or third-near-
est neighbor to Fe2+, these two ions are not directly
coordinated to each other, in contrast with the hy-
droxyl groups, which are found to be located close to
the Fe2+ ions (nearest neighbor). The fluorine do-
mains, therefore, consist of homogeneous regions
containing only Mg2+ ions, in which the F-F distance
is equal to what is found in a pure fluor-phlogopite.
The presence of F- second-neighbor side-lines of
non-negligible intensities, however, suggests that the
Fd+ ions are located on the fringe of the F- domains.
The importance of the latter could in principle be
estimated by the relative area of the F-OH doublet to
the F-F doublet, provided of course the geometry of
the domains were known.

The distortion ofthe octahedral site and the nature
and relative distance of surrounding l igands are fac-
tors which influence the stabil ization energy of a Fe2+
ion on its site. In connection with our work, it is
perhaps relevant to note that, on the basis of the
spectrochemical series (Burns, 1970) and for a given
metal and stereochemistry, the l igand field increases
when going from F- to OH-. This means that OH-
groups form stronger covalent bonds with Fe2+, and
consequently that the crystal f ield energy is higher
than it would be for Fe2+ sites surrounded by F- ions
only. Note also that in minerals of the humite series,
the number of Fe2+-substituted octahedra decreases
as the number of F- l igands increases (Ribbe and
G ibbs ,  l 97 l ) .

Sanz and Stone (1977) showed by NMR that the
Fe2+ ions are distributed randomly on the two pos-
sible sites. However, the way the Fd+ ions are dis-
tributed relative to each other is also important. The
H+ spectra of the present study show that when the
fluorine content is high (P-18), the Fe2+ ions tend to
group together. Moreover, when the iron content is
high, such as in sample P-21 and particularly in bio-
tites (Sanz and Stone, 1977), side-lines due to OH-
groups having several Fe2+ ions as first neighbors are
observed. This observation provides an interesting
means of investigating the iron distribution and also
the influence of the F- content on this distribution.
Work in this field on a larger number of samples with
a wider range ofiron concentration is being pursued.

It seems interesting to compare our approach with
X-ray results. X-ray diffraction has clearly shown
(Bailey, 1975) the existence, at the unit-cell scale, of
cation ordering in the case of lM mica-related miner-
als, in which cations of different sizes are located on
octahedral sites of different symmetry. For phlogo-
pites such as those studied here, X-ray diffraction
does not show such ordering; a random distribution
is therefore expected for samples having an octahe-
dral sheet of variable and heterogeneous composi-
tion. NMR. however. shows us that OH- and F- ions
are highly differentiated with respect to cationic asso-
ciations and that homogeneous fluorine domains are
preferred. The chemical homogeneity of these F-
domains is preserved even when the iron content
increases drastically (e.g. in biotites; Sanz, 1976).
This is not true for the OH- groups; their environ-
ment varies considerably with the Fe2+ content, and
associations of one, two, or three Fe2+ around the
same OH- can be detected (Sanz and Stone, 1977).
This heterogeneity of cationic associations around
OH- is clearly visible by IR (Vedder, 1964; Rous-
seaux et al., 1972), which also shows the association
of OH- groups with highly charged ions (Al8+, Tin+,
etc.).ln the octahedral sheet, this local redistribution
of cations around the anions does not necessarily
follow a regular periodic pattern and therefore can-
not be detected by X-ray methods. An interesting
case investigated by X-ray which is analogous to
phlogopite is the recent study of zinnwaldite (Gug-
genheim and Bailey, 1977). They found that on one
of the three sites of the unit cell, an ordered distribu-
tion of octahedral Alexists. This distribution is some-
what favored by the fact that in this mineral there is a
quasi-stoichiometric composition of Al in the octa-
hedra. It would be interesting to see if the tendency
for F- to form homogeneous domains such as that
shown here also exists in this case, i.e. around cations
other than Mg. Only NMR, which directly detects
the fluorine pairing, could provide an unambiguous
answer. The two methods would therefore be com-
plementary.

Finally, the mutual exclusion relationship of fluor-
ine and iron is an important parameter in the vermi-
culitization of micas, as the role played by these two
ions is known to be quite different. The degree of
order-disorder in the distribution of these two oc-
tahedral elements could considerably modify the co-
hesion between layers, and therefore the opening of
the latter during the exchange process. This factor
added to others as recently reviewed by Giese (1977),
i.e. structural distortions, polytypism, number of
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vacant sites, e/c. shows that the alteration process
implies more than a simple point-l ike electrostatic
interaction between K+ and sheet. For a clear under-
standing of this process, the octahedral sheet should
be considered as a whole.
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