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The process of equilibrium intercalation compounds formation based on layered inor-
ganic crystal by organic molecules introduction into interlayer gaps has been first studied.
Using the X-ray analysis in situ, the equilibruim intercalation phase has been shown to be
formed via a series consecutive structure-chemical transformations. The intermediate
states are a set of variuos long-periodic structures. In the course of intercalation, the
initial textured film of the layered crystal undergo dispersion forming fragments of
scale-like shape having characteristic dimension of several tens of Angstroms.

BrnepBrle HcciegoBaH mpolecc o6pazoBaHHsA DABHOBECHBIX WHTEPKANANHMOHHEIX COefHHE-
HUiI HA OCHOBe HEOPraHMYEeCKOro KPHCTAJJIA CJOHCTOH CTPYKTYPHI IPH BHEJPEeHHH B MeX-
clI0eBhle NPOMEXYTKHM Oprammyeckmx Moyexkyn. C HcIonb3oBaHMeM DeHTreHorpadmyeckoro
aHanMaa in situ mokasano, uTo ofpasoBaHMe PABHOBECHOH MHTEPKANANMOHHOH (Dasbl mpomc-
XOAUT Yepes pAJ MOCHeLOBATEIbHBIX CTPYKTYPHO-XHMUYecKuX TpaHchopmanuii. ITpomex-
YTOUHLIE COCTOSAHUSA MPEICTABAAIOT coBoii Habop pasIUYHEIX JIHHHOIEPHOXHEIX CTPYKTYD. B
npolecce HHTePKAJNAIHH HCXOgHAaHA TeKCTYPHPOBAHHAA ILJeHKA CJIOHCTOr'0 KPHCTAJJIa JHC-

nmeprupyerca TakK, 4YTO (DparMeHTHl MMeOT (GopMy demyiKH, & MX XapaKTepHEIe PasMephl

COCTABJAIT HECKOJBKO JeCATHKOB AHICTPEM.

We have given reasons before [1] for
why the intercalation, i.e. the introduction
process of atoms, ions or molecules into lay-
ered crystalline structures as well as the
equilibrium result of that process, is of
both purely scientific and technologic inter-
est. We have pointed in the cited work that
while thermodynamics and electronic prop-
erties of equilibrium intercalation com-
pounds have been studied in sufficient de-
tails, the formation process of intercalation
phases and its kinetics remain still inade-
quately researched. It has been shown on
the qualitative level [2] that the intercala-
tion process is a fast non-diffusional
spreading of the intercalation phase along
the initial matrix layers.

In [1], that process was studied quantita-
tively using texturized films of Pbl, layered
crystal. The process occurs at a speed of an
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express train, of course on the atomic scale
(104 em/s), thus exceeding the rate of any
conceivable solid-phase diffusion processes. It
has been revealed [1, 2] that the intercalation
front displacement is accompanied by cracks
propagation and the crystal matrix disper-
sion. The intercalation process,independent of
its peculiarities, results in formation of an
equilibrium intercalation phase with an or-
dered distribution of intercalated molecules
in the matrix interlayer gaps.

How the phase transformation proceeds?
What is sequence of the crystal structure
transformations during the intercalation?
This paper is aimed at elucidation of those
questions. To that end, structure measure-
ments in situ were to be carries out.

The experiment was realized as follows.
Pbl, films were prepared by vacuum evapo-
ration according to the procedure described
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in [1]"). The samples were placed into a
special chamber provided with thin polyeth-
vlene windows transparent for X-rays and
the chamber was put into a X-ray appara-
tus. The chamber was connected through a
valve with a vessel containing liquid
piperidine (CgH4N). Molecules of this com-
pound have been shown to be capable of
penetration into layered Pbl, matrix form-
ing an intercalation compound [3]. The
opening moment of the valve connecting the
vessel and the chamber containing Pbl, film
corresponded to the start of the intercala-
tion reaction. The evolution of diffraction
patterns allowed to trace the phase composi-
tion dynamics of the layered crystal being
subjected to intercalation.

X-ray diffraction studies were carried
out using a DRON-3K unit in CuK, emis-
sion, the angular range was from 4 to
14 deg and the scanning time about 4 min.
Since the typical duration of the complete
film intercalation amounted three or four
hours, we have obtained an instantaneous
image of the sample structure state at each
X-ray scanning. The total number of dif-
fraction patterns taken during the process
was from 12 to 19. Just this number of
experimental points is presented on kinetic
curves below. During the intercalation in-
terlayer gaps are increased according to the
size of intercalating molecules [3], there-
fore, the use of small angles 26, in X-ray
examinations is of particular importance. In
this angular range, however, a fraction of
the primary beam fall on the receiver thus

causing a background increasing in inten-

sity as the angle diminishes. A collimator
was placed before the counter to reduce that
background.

The diffraction pattern of the initial Pbl,
film is presented in Fig.1. The line
20 = 12.67° is attributed to reflection from
(001) planes of the haxagonal lattice while
the increased intensity at small angles
(inset in Fig.1) is the above-mentioned in-
strumental background due to the primary
beam (1) influence. All diffraction pattern
as well as results of their processing pre-
sented in what follows are corrected by the
instrumental background substraction from
the total reflected intensity at all angles.

The diffraction pattern is seen to undergo
. transformations in the course of intercala-
tion. The intensity of the pure Pbl, line at
20 = 12.67° decreases and drops from 104 to

*Texturized film samples were obtained under
participation of N.V.Tkachenko
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Fig.1. Diffraction pattern of the initial Pbl,
film. Inset: angular dependence of the back-
ground for the film (instrument noise) (1) and
for the same film after the initial intercala-
tion stage (exposure in piperidine vapor for
20 min) (2).
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Fig.2. Time dependence of normalized inten-
sity of X-ray, reflections: the 12.67° reflec-
tion (pure Pbl,) (a); integral reflection inten-
sity in angular range 4-9° (b); integral inten-
sity of band A (c); that of band B (d);
intensity in the maximum of C line (e); that
of D one (f). Notations A, B, C, D see in
Fig.8. I, is the maximum intensity value for
each curve.

40 pulse/s already at an exposure about
120 min. This evidences an essentially com-
plete intercalation of the initial layered ma-
trix. The intensity of that line was deter-
mined by its value at the maximum. Its
variation kinetics is shown in Fig.2a.

_ Simultaneously with intensity reduction
of that line, a background in the angular
range 4-9° appears already at the initial
intercalation stage and then its intensity
increases progressively (inset in Fig.1,
curve 2). In what follows, the word "back-
ground” will be used to denote the reflec-
tion intensity in the small angular range
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Fig.3. Diffraction pattern for Pbl, film ex-
posed in piperidine vapor during 120 min.

where the instrumental background due to
illumination by the primary beam is elimi-
nated. The curve 2 in Fig.l characterizes
the angular dependence of the reflection in-
tensity 20 min after the intercalation start.
As the process continues, three narrow lines
(B, C, D) appear with half-widths almost
unchanged in time (Fig.3). The line B
(8.73°) is formed in the region of the inter-
calation-induced background. After a time,
another very diffuse band A with a maxi-
mum about 6° appears also within that re-
gion (see Fig.3).

Fig.2 presents dependences of A, B, C
and D lines intensities on the exposure time
in piperidine vapor. The intensity of sharp
lines (C, D) was determined by their height.
Since their half-widths are essentially inde-
pendent of the intercalation time, those can
be considered as instrumental constants. As
to the line A with a great half-width that
"grows out” of the background as well as to
the narrower band B, their intensities were
determined by integration over the angular
range where these lines are visible (with
substraction of the background that was in-
terpolated as is shown in Fig.3). All four
kinetic curves (Fig.2) turned out to be identi-
cal; their half-growth times as well as charac-
teristic saturation ones (120-130 min) and
latent periods (about 30 min) are essentially
the same. Thus, all four X-ray reflections are
evidenced to be related to the same phase
arosen due to intercalation.

In the same time, the half-width of re-

flections changes in different manners at
the same integral intensity kinetics for all
lines related to the equilibrium intercalation
phase. Two of four reflections (C and D) are
revealed in the angular range where the in-
tercalation-induced background does not ap-
pear while two others (A and B) are formed
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Fig.4. Time dependence of integral intensity
of the structureless X-ray background in 26
range from 4 to 9°.

in the region of X-ray background arising
in the course of intercalation at small an-
gles of X-ray scattering. We estimated the
integral intensity of X-ray reflection in the
20 range from 4 to 9°. Its variation with
time is presented in Fig.2b. The X-ray back-
ground caused by intercalation is seen to
appear earlier (already after 20 min expo-
sure) than pronounced Bragg reflection can
be revealed. The time dependence of this
integral intensity is strictly antibate to that
for Pbl, phase intensity (Fig.2a,b). It is ap-
parent that the small-angle background is
due to superposition of various long-peri-
odie, very weakly ordered states arosen
from Pbl, in the course of intercalation. We
determined the integral intensity of the
continuous background in the 26 region
from 4 to 9° minus the intensity of formed
A and B reflections. Fig.4 presents the time
dependence of this structureless background
intensity. The solid curve is the approxima-
tion of the experimental dependence by a
6th order polynom using the least square
method. This dependence can be stated with
assurance to pass a maximum. In the expo-
sure time range 40-80 min, so considerable
fluctuations are revealed both in Fig.2b and
in Fig.4 that it seems to be quite likely that
the system evolution is characterized by two
maxima corresponding to weakly structur-
ized intermediate states. The question on
their origin will be discussed later, but no
matter what it is, the integral background
intensity characterizes a certain structure
state of the intercalant-matrix system.

A more detailed analysis based on the
integral intensity determination in angular
ranges 4—-5° and 5-9° within the time inter-
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Fig.5. Dependences of the X-ray reflection in-
tensity on the exposure time in piperidine vapor
for angular ranges 5-9° (1) and 4-5° (2).

val up to 65 min has given the result pre-
sented in Fig.5. It is obvious that it is just
the small-angle reflection that is responsi-
ble for the presence of the maximum shown
in Fig.5 at short exposure durations.  Thus,
the long-periodic states are intermediate
unstable ones in the kinetic of the stable
intercalation phase formation. Conse-
quently, this structure state is the interme-
diate stage of the formation reaction of the
intercalation compound on the basis of the
layered crystal matrix.

In fact, since the Pbl, film was subjected
to intercalation at open surface, the enter-
ing of intercalant molecules occurs homoge-
neously on the whole film surface in sites of
its morphologic defects (see [1]). Therefore,
the process kinetics is independent of space
coordinates of a particular point on the film
and the process rates are defined only by
concentration ratios of corresponding struc-
ture states in the course of their transfor-
mations.

It is not difficult to describe the revealed
processes in a general form. Let Cy, C; and
Cps be concentrations of the initial layered
substance Pbl,, equilibrium intercalation
phase INT and intermediate structure state
M, respectively. The intercalation phase is
supposed to be formed from the initial one
according to consecutive reactions

k k 1
Pbl,+ (pp) 5 M -3 INT, ©

where k; and k, are rate constants of the
corresponding reactions. The kinetics of
such consecutive reactions is described by a
system of equations (see e.g.[4])
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dC, dM (2

Cy=Cy+Cp+Cp.

The last equation is the material balance
condition. Integrating (2) we obtain

Co = C§ exp(-kqt), (3)
k ; 4)
Cy = Cgk—lkz[exp(—kzt) - exp(-kyt)],
o~
. 1
CrmRlag g ®)
X [kg exp(-k;t) + kiexp(-kyt)]}.

It is seen from (3) that C, is diminished
monotonously while according to (5), C; in-
creases monotonously approaching the com-
plete transformation of the initial substance
into the reaction product, in agreement
with real data (Fig.2). At last, Cy, pass a
maximum [5] in the time moment

cg}wx}} ©®

t=oalLn ( ks
where C,/M8% is the highest concentration
value of the intermediate state and o char-
acterizes the rate of the intercalant arrival
to the matrix. It is just this behaviour that
the intermediate state exhibits (Fig.5).

The equation (3) is seen to describe quite
adequately the consequence of Pbl, struc-
ture transformations during the intercala-
tion process. What is the nature of the in-
termediate structure state ?

There are two likely reasons for such a
great half-width of the A band
(8(26) = 2+3°). The first might consist in
that a considerable number of various ma-
trix-intercalant structures is formed at the
intermediate intercalation stage: those
structures differ in interplane distances
which are of course not eqiulibrium ones.
By the completion of the process, equilib-
rium values of the intercalated crystal lat-
tice parameters become established. This in-
terpretation agrees with that the backround
starts to increase before sharp B, C and D
lines can be distinguished in diffraction
patterns. The following analysis evidences,
however, that the above interpretation,
though being looking as a plausible one,
does not describe adequately other process
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features and thus can hardly be considered
as the exhaustive explanation.

In fact, as is shown above, the sharp
lines related to the intercalation phase re-
tain the sharpness during the whole process
at increasing intensity, while the band in
the small-angle region remains blurred even
after the system is passed into the equilib-
rium state. Therefore, another probable ver-
sion is worth to be discussed. It is based on
that the initial crystal matrix undergoes
dispersion in the course of intercalation due
to the Griffith-Rebinder effect [2] thus re-
sulting in a broadening of diffraction lines.
Using the Selyakov-Scherer formula [6], the
mean size of the crystallite reflecting
X-rays coherently can be estimated:

i )
L cos®’

where & is the line angular width, A is the
X-ray wavelength, L, the crystallite dimen-
sion in the specific crystallographic direc-
tion, 6, the angle characterizing the diffrac-
tion maximum position.

Using data of Fig.3, let the charac-
teristic crystallite size be estimated along
the direction corresponding the maximum
X-ray interferention at the diffraction
angle 5-7°. It amounts from 30 to 100 A,
agreeing well with theoretical and experi-
mental estimations of linear size of the lay-
ered matrix fragment after intercalation
(see [3]). How the strange fact can be inter-
preted that the line A is very diffuse while
lines B, C and D related to the same phase
turn out to be very sharp with half-width
not exceeding the instrumental reflection
width? This fact, however, invokes a clear
explanation. It is shown [2, 3], entering of
molecules into interlayer gaps of layered
matrices results in formation of crystalline
fragments with dimensions limited just
along the cleavage planes. Thus, if B, C, D
lines corresponds to (00!) reflections, the
crystallite size does not affect the line
width. If, however, the interferention of re-
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flections is associated with (k, k, I) planes
(h, k# 0), it is the dispersivity along h, k
direction (in the crystal cleavage plane) that
defines the X-ray diffraction band width, 8.

Thus, the obtained estimation (30-100 A)
is to be assigned to the dispersivity of the
phase forming due to breaking-down of quasi
bidimensional packets of Pbl, matrix. In the
case of intercalation, we are dealing with an-
isotropic dispersivity. It is just that causes
the blurring of some reflections in diffraction
patterns and sharpness of others ones.

Note that dispersed matrix fragments
show a trend to recrystallization in the at-
mosphere of intercalant substance vapors
[7], thus, the band A is to be expected to
become narrower at a further exposure of
the film, however, this requires a consider-
ably longer relaxation period. .

Thus, the formation of intercalation com-
pounds occurs by consecutive structure-
chemical transformations. Intermediate states
in this multistage process are strongly dis-
persed anisotropic formations including a
wide set of long-periodic inequilibrium struc-
tures forming, in the end, the equilibrium
intercalation phase.
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by Ministry of the Science of Ukraine.
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IIponec yrBopeHHs iHTEepKANANIHHHAX CIOJIYK
(penTrenorpadgia in situ)

B.M.Kowkin, 0.1.0seukina, [].B.Tornmauos,
0.B.IOpuenko, O.I1. Hexpacoe

Broepme pocnifikeHo mpomec yTBOPeHHS DiBHOBAYKHMX iHTepKanaAmifHMX CIONYK Ha oOc-
HOBi HEOpPraHiYHOro KPHCTAJNY MIAPYBATOI CTPYKTYPH NPH BXOJKEHHi OPraHiYHUX MOJEKYy: y
MixmapoBi mpomixkkH. 3 BHKODHCTAHHAM TeXHIKH peHTreHorpadiusoro amamisy in situ
NOKA3aHO, M0 YTBOPeHHA DiBHOBa)kHOI iHTepkananifinoi ¢asm mpoTikae uyepes HH3KY mO-
CNiIOBHMX CTPYKTYPHO-XiMiWHMX mnepersopens. IIpomiskHi craHH ABAAIOTH coGOIO HH3KY
PisHHX JOBromepiofHMX CTPYKTYp. ¥ mpoueci iHTepxansanii mouaTkoBa TeKCTYpOBaHA ILIiBKA
IMAapyBATOr0 KPHCTANy AUCIEPryeThCs, YTBOPIOIOYWH (parMeHTH ayckomofibHoi dopmu 3 xa-
PaKTePHMMH poaMipamMu y Kineka mecaTkis anrcrpem.

Functional materials, 6, 1, 1999



