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Abstract

From vermiculite saturated with l-ornithine cations, three crystalline phases with basal
spacings of 20.3 A, 16.3 A, and 14.63 A were obtained, giving rational 001 X-ray reflections
up to 2e values of 140". The structures have been determined by monodimensional Fourier
syntheses normal to (001).

The first two phases contain monovalent ornithine cations and water molecules in the inter-
layer space (ten and six water molecules per cation, respectively). The third phase is dehy-
drated, and contains divalent peptide cations of the diketopiperazine type.

In the 20.3 A phase the interlayer material (Fig. 3) is arranged in three layers. Ornithine
cations lie flat on the vermiculite surfaces, with the plane of the zig-zag chain perpendicular
to the layer and with the -COO- and -NH*e groups directed toward the center of the struc-
ture, away from the silicate surface. None of the -NH+s groups are keyed into the ditrigonal
cavities of the tetrahedral sheet, due probably to intermolecular association with neighboring
-COO- groups. Five water molecules per each ornithine cation cover the silicate surface. The
rest of the water forms a bimolecular layer at the center of the structure.

Tho 16.3 A phase has the interlayer material (Fig. 2) arranged in two layers. Organic cations
and water molecules are adsorbed on each surface with the same disposition as before, but
the crystal has lost the intermediate water layer.

The 14.63 A phase has the peptide cations arranged in one layer. The plane of tbe cyclic
ring is inclined 60' to the vermiculite layers, with the )C r= O groups at the center of tbe
structure and the >N-H groups each directed to one surface. Both lateral chains are on
planes normal to the layers, resulting from a 50' rotation around the )CH-CHz- bonds.

Introduction
Since the early work on organic complexes of

montmorillonite (Bradley, 1.945; MacEwan, 1.948),
the nature and properties of clay-organic complexes
have been extensively studied by X-ray diffraction,
because the most obvious manifestation of the ad-
so{ption of organic molecules into the interlayer
space is a modification of the basal spacing of the
mineral. Reliable X-ray data will show if such com-
plexes possess long range regularity or are formed
by mixedJayer sequences. Accurate basal spacings,
derived from at least a few integrlal diffraction
maxima, place important restrictions on possible
packing and orientation arrangements, which, com-
bined with considerations of molecular geometry,
may lead to probable molecular orientations (Brind-
ley, I97O).

Complexes giving complete integral series of dif-
fraction of the basal spacing, extending to OOI spac-
ings of 1A or lower, may be studied by one-
dimensional Fourier svntheses normal to 001. thus

providing more rigorous information on the orienta-
tion of the organic molecules. Examples in which
the method has been successfully applied are ethy-
lene glycol complexes of smectites and vermiculites
(Brindley, 1966; Brindley and Hoffmann, 1962;
Bradley, Weiss, and Rowland, 1963; Reynolds,
1965), certain intercalation complexes of kaolinite
(Weiss, Thielepape, and Orth, 1966), complexes
of aliphatic amines and vermiculites (Johns and
Sengupta, 1,967) and of ,e-aminocaproic acid and
vermiculite (Kanamaru, Tsunashima, and Koizumi,
1969\.

Mifsud, Forn6s, and Rausell-Colom (1970) de-
scribe the formation of cationic complexes of ver-
miculite-ornithine-water, with basal spacings rang-
ing between 42.2 A (stable in the presence of amino

" 
acid solutio,n) and 14.35 A (fully dehydrated
phase). We will refer in particular to three crystal-
line phases, with basal spacings of 2O.3 A, 16.3 A,
and 14.63 A. These appear to be sufficiently stable
under ambient atmospheric conditions and to' pos-
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sess sumcient long range regularity, as indicated
by 001 reflections up to 20 values near 140o, to
make their structural study by Fourier methods
worthwhile.

Additional information by IR absorption spec-
troscopy, regarding the disposition and interaction
of the functional groups of the amino acid molecules
with the silicate layer and with themselves, has been
obtained by Forn6s et al (1974), and has been used
advantageously for determining the orientation
adopted by the organic molecules in interlayer space.

Experimental Materials

Vermiculite frorn Kapirikamodzi (Malawi) (min-
eral formula and C.E.C. supplied by Dr. G. F.
Walker, Division of Applied Mineralogy, C.S.I.R.O.,
Melbourne, Australia) had the formula:

(Si2. 8?Alr. oBFet 
*o 

ro;1Fet 
*o 

3rFe'*6. onTie. 6u Mgr. ur) Or6

(OH)rMgs rrCao or. 4.76H2O.

,Its cation exchange capacity was 150 meq/lOo g
(interlayer water-free material) .

The l-ornithine hydrochloride is from Sigma
Chemical Company, with purity grade l, molecular
weight, 168.6.

Sample Preparation

Single crystals of homoionic vermiculite (Sr), of
-50 p thickness, were cut to appropriate size (1 x
O.2 cm). They were treated repeatedly with a 0.5M
solution of l-ornithine hydrochloride for several
hours, washed slightly with distilled water to elimi-
nate excess amino acid, and dried at room tempera-
ture for about 2 hours.

The resultant material has a 20.3 A basal spac-
ing (Mifsud et al, l97A) and is stable under normal
atmospheric conditions for 2-3 hours. Dehydratio,n
of the above complex at 60oC overnight leads to
a phase with d-t = 16.3 A stable at room tempera-
ture for 6-7 hours. Finally, a stable phase with
d*t - L4.63 A is obtained by heating the former
at 180'C for 2O hours.

Studies by IR absorption spectroscopy (Forn6s
et al, 1974) and by X-ray fluorescence spectrG
graphy (Mifsud, Forn6s, and Rausell-Colom, 1970),
show that, in the 2O.3 A and 16.3 A phases, orni-
thine cations replace the interlayer inorganic cat-
ions of the vermiculite; in the 14.63 A phase the
amino acid adsorbed has reacted to form the cvclic
peptide,
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NH*, - (CHr), -

-'"(:,?--:5>" - (cH,),- NH*,
which contains a ring of the diketopiperazine type.

Carbon and Nitrogen Determinations

Determinatio,ns of C and N conte.nts of these
complexes were made with a F.M. Analyzer Model
H185. Hydrogen contents determined with the same
instrument are not significant since they depend on
the degree of hydration of the complex at the mo-
ment that the sample is injected into the oxidation
furnace. But the specimen has to remain for several
minutes inr the instrument prechamber at around
60oC, and a pafi of the total water content is thus
lost before analysis.

C and N contents have been calculated relative
to the weight of the original Mg-vermiculite crystal
in equilibrium with an atmosphere of 80 percent
R.H. (15 percent interlayer water). Results show
that the organic matter content of the three com-
plexes corresponds to the C.E.C. of mineral.

X-ray Diftraction Meazurements

The X-ray diffraction measurements were made
with a Philips Diffractometer type PW1010, equipped
with goniometer, scintillation counter, linear ampli-
fier, pulse height analyzer, rate meter, and recorder.
With CuKo radiation, a total of 24 orders were
recorded for the 2O.3 A phase, of 19 orders fo,r the
16.3 A phase, and of 17 orders for the 14.63 A
phase.

The diffraction peaks were recorded using scan-
ning speeds, time constants, and chart speeds com-
patible with the stability over time of the different
complexes. Under cptimum instrumental conditions,
recording of all the 001 'drftraction orders of each
crystal would take from 4 to 5 hours. Exposure of
the crystal to ambient conditions for this length
of time can produce irreversible structural changes,
such as loss of interlayer water (even if these do
not affect the basal spacing). Therefore, after com-
pleting the recording of all of the diffraction orders
for each crystal, the first three orders were again
recorded. If there were no variations in the position
and intensity of these first three peaks during the
time of recording, then the whole set of integrated
intensities was accepted as reliable.

A slit system was chosen so that the specimen
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was totally within the beam at all angles of incidence.
The angular correction applicable is, thus, that
defined by Brindley and Gillery (1956).

The crystal thickness was measured in all cases,
in order to apply the corresponding absorption cor-
rections.

Integrated diftraction intensities are given in

Table 1.

Structural Analysis

Integrated intensities were converted into observed
structure factors, Foo", by applying the appropriate
L-P, angular, and absorption colTections. A first set

of sigrrs for the Fo5* was obtained by calculating the

contribution of the atoms of the silicate layer alone,
using the atomic coordinates and temperature factors
of Shirozu and Bailey (1966) for Mg-vermiculite.
With those signs, electron density functions p(z) for
the three phases were calculated to see if they were

correct in their general features; that is, to see if the

maxima corresponding to the silicate layer were in

appropriate positions and that the areas under p(z)

in the z intervals of 0-2.05 A (octahedral layer)

and of 2.A5-4.82 A (tetrahedral layer) were propor-

tional to 93.8 and to 102.6 electrons respectively.
Then, the rest of the area under p(z) gives the
electron content, in interlayer space, that corresponds
to the organic cations and adsorbed water molecules.
This permits calculating by difference the approxi-
mate content of interlayer water in each phase.

Atomic scattering factors were taken from the

I nter nat ional T able s of Cry s tallo graphy (L9 62'1 . The
atoms of the silicate layer were assumed to be

totally ionized (Radoslovich, 1960), but the atoms
of the organic cation and water molecules were
assumed to be in a neutral state.

Teere 1. Integrated Diffraction Intensities The 14.63 A Ph.ase

The profile of the electron density function p(z)

shows (1) an electron content in interlayer space
of 80 r, corresponding to 0.6(NaCroOzHzz) mole-

cules per unit cell; (2) a one layer disposition of

the organic matter; and (3) an accumulation of

electron density near z = 0.5 and z : O.425.
A disposition for the organic cations, compatible

with the basal spacing of the complex and with the

electron density profile, has been deduced with the

aid of molecular models, using the values of bond

distances and bond angles of Degeilh and Marsh
(1959) for the diketopiperazine structure. Such dis-

position (Fig. 1) consists of (1) the cyclic peptide

symmetrically arranged with respect to the plane

z : 0.5; (2) the electronegative groups )C = O

in z = 0.5; (3) the unit -HN-CH-CH2- in a plane

parallel to the silicate layer, in z = 0.43; and (4)

the rest of the molecule, that is, the unit -CH"-911r-

NH.3 with the zig-zag chain on a plane normal to

the silicate layer.
The plane of the peptide ring is inclined 60o to

Frc. 1. 14.63 A phase
(Siz rzAL. o sFe3+0, oXFes+o azFe2+o orTi o 66Mgz. ss)

Oro(OH)r(NCroOrHzz)2+0. r

Electron density function (p) and structural model.



the silicate plane, resulting from the double tendency
of the >NH goups to approach the silicate surfaces
while the )C :,O groups remain equidistant between
the layers. A 60' rotation around the >CH-CH,-
bond places each lateral chain on a plane normal to
the layers. Coordinates ei for the atoms of the
organic molecule were obtained and the correspond-
ing structure factors were calculated using the above
disposition. A temperature coefficient of B : 2.85
was obtained by the method of Wilson (1942).

Table 2 gives the final values of Fo* and F."6. The
R factor equals 0.085 for the 17 observed 001 reflec-
tions and 0.06 for the first nine orders. Figure 1
(lower part) shows the electron density profiles
p(z) obtained with F.6* (continuous line) and with
F""6 (broken line).

The 16.3 A Phase
The profile of the electron density function shows

(1) an electron content in interlayer space of 156 r

Tenrt 2. Structure Factors

14.634 phase J.5.3i.  phase 20.3i '  phase
rob" F.a1c Fobs r"alc rot" F".1c
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FIc. 2. 16.3 A phase

(Sir.e?Alr 6sFe3+s.1 6{Fe3+0. azFe2*o orTi o. oeMgz. ra)

Or o(OH)dNrCsO2Hr a)+0.6' 3.4H2O-

Electron density function (p) and structural model.

corresponding to 1.2(N2CuogHrr) * 6.8 H:O mole-
cules per unit cell; (2) a disposition of the interlayer
material in two layers; and (3) arr accumulation of
electron density in z : 0.5. An appropriate dispo".
sition for the organic cation and water molecules in
interlayer space was deduced as before, using the
values of bond distances and bond angles of Marsh
and Donohue (1967) for the amino acid structure.
Such disposition (Fig. 2) has the following charac-
teristics: (1) The amino acid cation, in all TnlNs
conformation is parallel to the oxygen surfaces of
the silicate, with the zig-zag chain in a plane nonnal
to the layer. Two C atoms occur at z = 437 and
two C atoms and the terminal N atom at z = 0.43.
(2) The,a-NII*3, the CH, and the COO- groups are
in a plane perpendicular to the chain plane. The C
atom of the carboxyl group and the N atom in z =
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0.48. (3) A total of 3.4 water molecules is next to
each silicate surface, in z: 0.37; and (4) layers of
water molecules alternate with layers of organic
cations.

With the above disposition, coordinates za for the
atoms of the amino acid cation and water molecules
were obtained, and the corresponding structure fac-
tors were calculated. The temperature coefficients
used were B : 6 for the interlayer water, B : 4 fot
the atoms of the organic cations, and the B values
of Shirozu and Bailey (1966) for the atoms in the
silicate layer. Table 2 gives the final values of F"m
and F"ur.. The agreement factor is R = 0.14 for the
19 reflections observed, and R = 0.10 for the first
nine orders. Figure 2 shows the electron density pro-
files obtained with F"6" (continuous line) and with
F""6 (broken line).

The 20.3 A Phase

The profile o,f the electron density function shows
(1) an electron content in interlayer space of 2OB r
corresponding to 1.2(N2C5O2HrB) * 12 HzO mole-
cules per unit cell; (2) a disposition of interlayer
material in three layers; and (3) an accumulation
of electron density in 7 '- 0.32 and in z = 0.5. An
appropriate disposition of the organic cation and
water molecules in interlayer space (Fig. 3) is:
( 1) the organic cation with the same disposition as
in the 16.3 A phase; (2) three water molecules next
to each silicate surface, in z = 0.295; (3) six water
molecules symmetrically arranged with respect to the
plane z - 0.5, in coordinates z : 0.46 and z:0.54,
occupying the remaining interlayer space.

Coordinates zifor all the atoms were obtained and
structure factors were calculated. Values for the
temperature coefficients were taken as before (16.3
A phase). Table 2 gives the final values of Flu" and
F"u1". The agreement factor was R = 0.175 for the
24 orders observed, and 0.16 for the first 12 orders.
Figure 3 shows the electron density profiles obtained
with F"5" (continuous line) and with F*k (broken
l ine).

Discussion

In discussing the structural models for the ver-
miculite complexes, it should be verified that the
amino acid cations are disposed so that positively
charged groutrx approach negative charge sites as
closely as other factors will permit, while negatively
charged groups are located apart from negative
sites. The organic cations adopt identical dispositions

in both the 20.3 A and the 16.3 A crystalline phases.
The aliphatic chain lies parallel to the layer and the
COO- group is directed towards the center of the
structure, away from the silicate surface. The two
-NH*a groups, however, are at 6.95 A and at 7.85 A
from the octahedral Mg plane, apparently in contra-
diction with the general trend of minimizing charge
separations. By analogy with vermiculite-alkylam-
monium complexes, one would have expected to find
-NH*, groups "keyed" into the ditrigonal cavities
formed by the surface oxygens of the silicate. In
such complexes the position of the N atom has been
determined to be at 4.65 A from the central Mg
plane (Johns and Sengupta, 1967), and there is
evidence, from IR spectroscopy data, of strong
H-bonding of the -NH.3 to the surface oxygens and
of a disposition of the N-C bond normal to the layer
(Serratosa, Johns, and Shimoyama, 1970; Martin-
Rubi, Rausell-Colom, and Serratosa, 1974).

In the case of the present complexes, IR spectra
have been obtained by Forn6s et aI (1'974), and
none of the above features is evident from the data.
Here, the -NH*, symmetric deformation band ap
pears at 1505 cm-' and is not dichroic (Cs axis not
directed normal to the layer). This result agrees
well with the coordinates found for the -NH*s groups,
and excludes the poesibility of association of these
groups with the surface oxygens of the silicate. More-
over, displacements of *18 cm-l and of -14 cm-l
were observed by Forn6s et al (1974) for the posi-
tions of the -NH*3 symmetric deformation band and
of the COO- symmetric stretching band, relative to
the positions of the corresponding absorptions in
ornithine C1-. This result, coupled with the coordi-
nates found for the O atoms of the carboxyl groups
(at 7.37 A and 9.12 A from the octahedral Mg
plane), suggests the poesibility of intermolecular as-
sociation through carboxyl and amino groups, either
by coulombic interaction or by H-bonding.

It seems, then, that intermolecular interaction is
energetically more favorable than the tendency of
the -NH.s groups to enter into association with the
surface oxygens of the silicate, thus determining the
configuration adopted by the organic cations in inter-
layer space.

The manner in which organic cations and water
molecules are packed together in the complex
should be directly related to the available surface
area in the vermiculite. The ab projection of the
adsorbed ornithine molecule is shown in Figure 4A,
enclosed for convenience into a T-shaped surface
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Electron density function (p) and structural model.
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may be appreciatod that each occupied po'sition
alternates with a site of identical shape and area in
which five water molecules can be accommodated to
complete surface coverage (assuming water mole-
cules as spheres of r'= 1.34 A, Evans, 1964).

The 20.3 A phase of the complex consists of a
stacking of vermiculite layers having their surfaces
covered in the above manner and separated by two
monolayers of water molecules (six molecules per
structural unit, symmetrically distributed with respect
to z = 0.5, at z - 0.46 and z = 0.54) which are

of. 44 42. The area available per monovalent ex-
change cation in the vermiculite can be computed
from the structural formula as 82 Ar. A scheme for
the dispoeition of the organic cations relative to the
exchange sitesl is illustrated in Figure 5,A,, and it

'An idealized distribution of negative charge sites is
represented in Figure 5 (black dots) corresponding to a
surface charge density of 6.5 X lG esu/cmr. Since the
actual charge density in the vermiculite used is l0 percent
lower, the areas covered in the diagram by the organic
cations are reduced in the same proportion.

FoBS -
FCAL -.----
R=0.175

Fic. 3. 20.3A phase
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FIc, 4. Projection on the ab plane of vermiculite, of adsorbed species
A. L-ornithine cation (20.3A and 16.3A phases); B. Peptide cation
(14.63 A phase); C. Peptide cation in all TnlNs configuration.

probably bonded to the amino groups and to the
carboxyl goups of the ornithine cations (Fig. 3).
The 16.3 A phase results from the former by tp-
moval of the interrnediate water layer at a tempera-
ture of 60"C, and with the stacking of the vermiculite
layers such that the ornithine cations of bne surface
are positioned against the water molecules of the
adjacent surface (Fig. 2). Furthermore, both the
COO- and the a-NH*3 groups from each ornithine

cation on one layer are mutually faced against the

*-NH*s and COO- groups of each ornithine cation

on the adjacent layer and, with such disposition,
condensation of the amino acid into a cyclic peptide

of the diketopiperazine type is favored upon dehy-

drqtion at 180'C.
The configuration of the peptide cations in the

14.63 A phase offers characteristics which are worth

discussing. Relative to the cyclic ring, the two lateral



chains are in the TnaNs configuratioh, but modified
by a 60' rotation around each of the two >CH-
CHz- bonds. A Crs peptide otrght to be obtained,
instead, from the l-isomer of ornithine; therefore, it
must be concluded that at the tenlperature of the
reaction the amino acid is racemiced prior to con-
densation, or else that the Crs peptide is converted
to the more stable Tn^q,NS peptide after condensation.
Which of the two mechanisms is operative can-
not be inferred from the present data, but it is known
that amino acids are racemiced in clay-water suspen-
sions (Kraepeling and Koust, 1968), so it seems
quite probable that, in an electronegative environ-
ment and at elevated temperature, l-ornithine will
be racemiced readily.

If the peptide cations had adopted the more stable
all-TnnNs configuration, then a crystalline phase of
13.2 A basal spacing would be formed which would
be energetically more favorable than the observed
L4.63 A phase. With such configuration, however,
the surface area covered per catio'n amounts to 85 A
(Fig. 4C), which is just greater than the surface
available in the vermiutlite, i.e., 82 A' per divalent
cation, for a monolayer cornplex. Space will not ac-
commodate the dimers if exchange capacity is to be
balanced unless exclusion from the crystal as nzutral
molecules of sorne ornithine cations from the pre-
ceding phase could provide protons to the )C,= O
or even to the amide N during the heat treatment
to increase the charge per pair. The need for exclu-
sion is avoided with the disposition adopted in the
14.63 A phase, where rotation of the -(CH),- re-
duces surface requirements to 71 A'per dimer (Fig.
4B). Molecular packing in the ab plane is accomp
lished as illustrated in the scheme of Figure 58,
showing almost complete surface coverage.

Conformational changes of the type described
have been proposed by Lagaly and Weiss ( 1973) tp
explain shorter than expected d6o, spacings in
vermiculite complexes with long chain alkylammo
nium ions. The activation energy required is small,
of the order of 3 - 4 kcal/mole (Hiigele and Pech-
hold, 1970). Confirmation of their existence has
been obtained by Martin-Rubi el aI (1974) in butyl-
ammonium complexes of low charge vermiculites,
where surface requirements were appropriate.

For both the 16.3 A phase and the 20.3 A phase,
attempts to obtain an isotropic temperature coeffi-
cient by the method of Wilson (L942) were unsuc-
cessful. Plots of ln (Fouyf For") us sin,d failed to give
a linear correlation. The B values chosen for the
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Frc. 5. Surfacb covefage and inierlayer pack-
ing of adsorbed species A. Vermiculite - l-
ornithine complexes; B. Vermiculite - peptide
complex.

different atoms weie considered to be the most

appropriate but, with these, the final agreement fac-
tors could not be droppgd below 0.15 and 0.17
respectively. This, in turri, may reflect uncertainties
in the structure deterihirtation, mainly in the location
and number gf Hrp molecules present. In the case
of the 14.63 A phdse, frowever, the Wilson plot
yielded a straight line fror-n which an isotropic tem-
perature'coefficient, B, ot2.85 A'was obtained. It
represents an average root mean square vibrational
amplitude parallel to (0O1) of 0.19 A, which is high
fof a layer silic[te. Comparable values are B t=
3.75 A2 for cotht'lexes of vermicufite with cyclic
amine cations (Moll, 1p63) and B = 3.75 - 5 A'
for complexes with aliphatic amine cations (Johns
and Senguptil, 1967). They are all higher than the
isotropic temperature coefficient for Mg-vermiculite
(Mathieson and Walker, 1954), indicating that,
in organic complexes, layers are more poorly held
together than in the mineral itself.
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