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The composition dependence of the Raman spectra of the mixed ion vermiculites [(CH,),N*],_.[(CH,);NH*] -V
(V = vermiculite) have been studied in the range 0 < x < 1. The torsional mode frequencies exhibit a small shift
(ca. 2 ecm™ ") to lower energy with increasing x and their composition dependence is distinct from that shown by the
corresponding modes of Cs, __Rb_—V. These differences are attributed to a variation of the guest-host force con-
stants and in particular to the interactions between the guest ions and the basal oxygens, which depend strongly on
the size difference, AD, between the guest ion pairs. Using a van der Waals-type force model and the nearest
neighbor approximation, the torsional mode frequencies of the pure end-member compounds of the two mixed ion
systems discussed above have been successfully accounted for.

. symmetrically bound to two sheets of corner connected
ODUCTION tetrahedra (M"Y = Si, Al) as shown in Fig. 1. The layers

B of oxygen atoms which terminate the clay layers are
“6lay intercalation compounds (CICs) have recently arranged .in a Kagom§ lattice whose. hexagonal pockets
ifatiracted interest in solid-state physics because of their form a triangular lattice of gallery sites. Overall charge
Binteresting physical properties.' One of the most neutrality of the clay system is derived from the pre-
@important features of CICs is that they can be used as sence of 1nt1:agallery cations WPICh can be reafilly
Mantideal quasi-two-dimensional (2D) system with which exchanged w1th_ other cations pu! the ‘mt.ercjalatlon’
MioFinvestigate 2D physical and chemical processes. process. In the interlayer galleries of vermiculite and
@ilhese solids exhibit unique structures,*> in which other _c“lz‘tyS chemical reactions can be selec@we, spec.lﬁc
B ultilayers of guests can intercalate monolayers of host. ?nd distinct compared with the corr f:'spondlng reaction
Mlihey are therefore a novel class of quasi-two-dimen- in the free 'space.g Thq range of stability, structure and
fisional material and have many advantages for physics other physical properties dePE"I}dS ﬂOt_OIﬂY on the type
flivestigations. For instance, CICs are ideal systems to of exchange cation that occupies the interlayer gallery,

study the 2D percolation process because one can accu-
fgLitcly control (to 1 part in 10°-10°) the number of
eLonds’ by controlling the concentration x (0 < x < 1)
ka2 compound such as A,_, B~V [V = vermiculite,
k= (CH,;),N* and B = (CH,);NH™ in this paper].
s 3lliis control is especially important near the percolation
g hf:shtald'5 where fractals’ dominate the structural
paslangement of the intercalated species. Such control is

L1

450t readily obtained with other types of intercalated

cgamellar solids. Although clays and CICs have been

 Budied for many years by geologists, chemists, soil
qcntists, etc.,® the above-described novel properties
he‘OIlly recently stimulated attention in the solid-state
:QRLysics community.
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®'CImiculite, the host system of interest here, is a spe-
y~ Xample of a trioctahedral 2:1 layered silicate.:

* I : Fiqure 1. Schematic illustration of the tetrahedral and octahedral
|2 e .°gatively charged layers are formed from a Shf:et ?f sitgs in a 2:1 layered silicate. Open circles are oxygen, closed
? Connected octahedra (I\’IVI — Mg, Al, Fe) which 1s circles are cations in tetrahedral (Si, Al) and octahedral (Al, Fe,
‘i?fii“- Mg, Li) pos:itions. Hydroxyl groups (not _distinguished from
A Tesent address: NEC Research Institute, Princeton, NJ 08540, oxygen) are located in the second and third basal planes of

3 oxygens.
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but also on the intrinsic composition and properties of
the silicate layer itself.

For the ternary CICs A,_,B,—V, it 1s important to
understand the physical properties as a function of com-
position, x. This understanding reveals the fundamental
aspects of interactions between ions A and B (guest—
guest interactions) and between ions A (or B) with and
basal oxygens of the host clay layers (guest—host
interactions). Additional important properties of a
ternary CIC are the x dependence of layer rigidity, the
structure (such as basal spacing) and the distributions of
A and B ions in the galleries, all of which are heavily
influenced by the guest—-guest and guest—host force con-
stants. Extensive work on graphite intercalation
compounds'®!! and other layered solids has shown
that Raman spectroscopy is an effective tool with which
to study these force constants. Accordingly, we report in
this paper the application of this technique to the
[(CH),N"], _,[(CH,;);NH "]~V system.

The x dependence of the Raman spectra of a related
system, Cs, _,Rb,~V, has been studied previously." Of
particular interest was the host layer torsional mode,
whose eigenvector is shown schematically in the inset in
Fig. 2. The frequency of that mode showed a contin-
uous nonlinear shift to low energy as x increased from O
to 1. This behaviour has been qualitatively attributed to
force constant variations which result from the different

degree to which the Rb and Cs cations are ‘enveloped”

by the hexagonal oxygen cavities of the bounding clay
layers. The nonlinear shift in torsional mode frequency
of Cs, _.Rb,~V has also been calculated quantitatively
by Gupta et al.,'?> who used an angular force model and
the virtual crystal approximation. Their calculation elu-
cidated the mechanism for the intrasystem nonlinear x
dependence of the torsional mode of Cs; _,Rb.~V. In
this paper, we present the results for the composition
dependence of the torsional Raman mode of
[(CH,),N*], _,[(CH;);NH"]-V in the range
0 < x < 1. In an effort to understand the intersystem
properties of vermiculite-based CICs, our results are
compared with those for Cs,_,Rb,~V.' The distinct
behaviors of the torsional mode in these two systems
suggests the important role of the relative cation sizes
r,/rg and size difference r, — rg (where r is the radius of
the ion), since these parameters of are very different for
[(CH;),N*],_,[(CH;);NH"]-V and Cs;_,Rb,-V.
The different force constants between guest ions and the
basal oxygens also plays an important role. To probe
this role quantitatively we used a van der Waals force
model and the nearest neighbor approximation to
account successfully for the torsional mode frequencies
of the pure end-member, compounds of the two mixed
jon systems. - ;

EXPERIMENTAL

[(CH,),N*], _,[(CH;);NH"].—V was prepared from
Mg-V using an ion-exchange method.'> The samples
were madé of powder in which each crystallite was a
few micrometers in diameter. The samples are well
ordered and water free. Highly oriented. films were
prepared from powdered natural vermiculite by first
ion exchanging with (CH;);NH™ in the presence of

EDTA anion and subsequently exchanging wit,
(CH,),N* by adding (CH;);NH" salt solution contajp,
ing the desired relative concentrations of (CH3) N™ ¢,
the salt-free (CH,);NH "V suspension. The water wy,
removed by heating the samples in an oven for 12 h
100°C. Film samples formed on glass slides exhibitey
mosaic spreads of Q ~ 5°, indicating an oriented moy. §
phology with the silicate layers parallel to the slig,
surface. The x values were determined by a titratigy,
method in which the [(CH;),N*],; -.[(CH;);NH™] -y
was treated with NaOH solution and liberateg
(CH,),N* was distilled and titrated with standard H()
Available interlayer lattice sites within a given gallery |
are randomly occupied by the (CHj3),N™ apg
(CH,);NH™" ions and the average cell composition* jg
{[(CH),N*1,_, [(CH3);NH*1};7 (SisgsAl,,)
[Mgs.25Alo.45]020(0OH)4(zH,0) where z 1s a sma]
number after water is removed.

Raman spectra were measured using the 514.5-ny
line of an argon ion laser at typical power levels of 15
mW, a Spex 1402 double spectrometer and a photop
counting detection system. All measurements were
made with the scattered light collected at 90° to the
direction of propagation of the laser light which was
incident at an angle about 45° to the sample plane and
polarized in the plane of incidence. The data were taken |
at room temperature and the polarization of the scat.
tered light was not analyzed. o

RESULTS - -

Typical room-temperature Raman spectra for the
low-frequency  vibrations of  [(CH3),N™];_;
[(CH,),NH"] -V are shown for five different com
positions of x in Fig. 2.'The torsional mode, whose fre-
quency and eigenvector are well known from the
calculations of Ishii et al.'* and Gupta et al.,*? occurs at

Raman Int. (Arb. Units)
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Raman Shift (em™!)
Figure 2. Raman spectra of the low-fiequency vibrations 0
[(CH.).N*1,_, [(CH3)sNH*] -V for five different composition® 0

x. Inset: the vermiculite structure viewed along the c-axis showil
oxygen (O), Si or Al (@) and [(CH,) ;N*] or [(CHg)NH*1 (O

[

R



Raman Shift {cm-t)

¥

Figure 3. x Dependence of the Raman shift of the torsional mode
of [(CH3)sN*];_[(CH3);NH*],-V. The line in the figure is a
quide to the eye. The error bar is indicated on the right.

about 118 cm~!. A few other high-frequency modes
have also been observed which correspond to intralayer
.modes of the host layer. These high-frequency modes
will not be discussed here. The focus of this paper is the
broad 118 cm ™! A” interlayer mode. In the inset in Fig.
2, we show the vermiculite structure viewed along the
‘c-axis and the oxygen (Q), Si or Al (@) and
[(CH,),N*] or [(CH;);NH"] ions (®). The’ AITOWS
-indicate the eigenvector of this torsional A” mode This
mode is identified on the basis of its energy,'®> x depen-
«dence and the correspondence with Cs,__.Rb_—V. On
comparison with Cs, -, Rb,~V, the torsional mode fre-
iquency of [(CH,),N'],_.[(CH3);NH"].-V shifts to
thigh energy (from 106 to about 118 cm™*!). This shift is
caused by two effects. First, the interactions between
(CH,),N™ and (CH,;);NH™ and the basal oxygens of
the host clay are stronger than those of Cs and Rb.
Second, the (CH,),N* and (CH;);NH™ ions are larger
than Cs and Rb; this increases the basal spacing d.
The torsional mode frequencies are mainly deter-
mined by these two parameters. As the x value in-

125| l

Raman Shift (cm!)

’ d(A)
Figure 4. Raman shift of the torsional mode as a function of

basal spacing d for M+-V, where M* = Hb"‘ Cs*, (CH3)3NH+ and

’ (CH3)4N+ The'basal spacings d were obtained from x-ray experi-
mEnts 1,2 !
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creases, the torsional mode frequency of
[(CH3)4N"']1 x[(CHs)SNH“"] ~V shifts nonlinearly to
low frequency in a manner similar to that of
Cs,_,Rb-V.1

The x dependence of the: torsional mode frequency of
[(CH3),N*], _.[(CH3;);NH*]. -V is plotted in Fig. 3.
The line in the figure is a guide to the eye. The error bar
is shown on the right. It can be seen that at the jtwo
ends (x 0 or x & 1), there 1s minimal -shift as the
composition x changes while the frequéency shifts
almost linearly with x in the region 0.2 < x < 0.6.
This behavior of the torsional mode of
[(CH,);N*],_.[(CH,);NH*] -V is distinct- from that
shown’ by the corresponding mode of Cs;_, Rb,-V,
where the frequency shift is highly nonlinear throughout
the entire range of x. We cannot at present account
quantitatively for the frequency dependence exhibited in
Fig. 3 (see Ref. 12 for a discussion of the x dependence
of the Raman frequency of the torsional maode of
Cs, _.Rb,—V).

Although Fig. 3 shows the x dependence of the
Raman shift of the torsional mode ' of
[(CH,),N"],_,[(CH;);NH "] ~V, the Raman, shift of
the torsional mode as a function of basal spacing d is
more fundamental, since these two should be connected
directly. For mixed ion vermiculite CICs with known
force constants, the frequency of the torsional mode
should be uniquely determined by the basal spacing d
and the relationship between them can be calculated.
The basal spacing of [(CH;3),N*1],_.[(CH;);NH*],~V
has been previously determined for 0 < x <1 from
x-ray measurements.”? By combining the data in Fig. 3
with the x-ray results for the end-member compounds,
x =0 and x =1, and the corresponding results for
Cs,_,Rb.—V, we have deduced the Raman shift as a
function of d for MT-V with M* =Rb*, Cs™,
(CH,);NH™ and (CH,),N™. The resulting intersystem
plot, which shows a linear relationship between the tor-
sional mode Raman shift and basal spacing, 1s presented
in Fig, 4.

We have concentrated on the end-member com-
pounds in this discussion because they possess a spa-
tially homogeneous environment that determines the
basal spacing and force constants. In contrast, in the
mixed 1on systems with 0 < x < 1 there are spatial fluc-
tuations in the local environment. Hence the inter-
atomic forces and gallery height can vary significantly
from site to site within a given interlayer space.
Although there are well established methods for treating
such variations, e.g. the virtual crystal approximation,
we feel that in this initial attempt to understand inter-
system effects it would be prudent to avoid the com-
plications attendant on spatial fluctuations.

CALCULATION

In this section, we present a calculation of the Raman
frequency of the torsional mode of a binary vermiculite
system, i.e. one which contains a single type of cation in
the gallery: There are two assumptions in this calcu-
lation. Fiist, we assume that the interactions between
the oxygen—oxygen and oxygen—guest ion are molecular
so that they are well described by a van der Waals type
force.!® Second, we assume that the guest ions are
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located .in the centers of the hexagonal pockets of the
Kagomé lattice of the bounding oxygen planes. This
should be true if we consider the minimum energy of
the system or the equilibrium position of the guest ions.
Under these two assumptions, the positions of the
oxygen atoms and of the guest ions are all known
explicitly. One should note that when the system
vibrates in the torsional mode, the position of each
oxygen atom in' the basal plane 1s also determined
uniquely, since we know the eigenvector of the mode
(guest ions are motionless in the torsional mode).

Figure 5 shows the configuration of oxygen atoms
and guest ions of A, _,B.—V viewed in the direction (a)
along and (b) ‘perpendicular to the c-axis with lattice
parameter b = 2.67 A. The arrows in Fig. 5(a) indicate
the -distorted positions of oxygen atoms in the torsional
mode. Note that the distortions for the positions of each
of the oxygen atoms are equal. We concentrate on the
vibrational motion of the oxygen atom labeled 1 since
the vibrations of other oxygen atoms are identical. We
only show the nearest neighbors of oxygen atoms, as we
shall use the nearest neighbor approximation later. X
and Y are two axes in the cartesian coordinate system.
The guest ions are located at a height h above (or
below) the basal plane, as shown 1n Fig. 5(b), where d 1s
the basal spacing which was measured In an Xx-ray
experiment.Z The thickness of the silicate layer is 9.34
A.! From the known diameter of the oxygen atom (2.92

Guest lon

Oxygen

Figure 5. Configuration of oxygen atoms and guest ions of
A, _.B-V viewed in the direction .(a) along and (b) perpendicular
to the c-axis. The lattice parameter is b =2.67 A. h=(d —6.42)/2
(A) is the distance between the center of the guest ion in the
gallery and the basal plane and d is the basal spacing. The arrows
indicate the distorted positions of oxygen atoms in the torsional

mode.

A),!7 the distance between the top and bottom of tp, |

silicate layers can be determined and 1s 6.42 A. Conse.
quently, the distance between the center of the guest joy

and the basal plane is h = (d — 6.42)/2 (A). From thege |

parameters and Fig. 5, we can write the relative distang,
of the six nearest neighbors to the oxygen atom 1 in thg
torsional mode vibration as Ry; = Xyi+ yuj + 2,k

which can be written in shortened form as [ x;y, yiy, 2;,], |

Then we have

R,; = [(/3/2)(b + 3), (—1/2)(b — 36), O]
Rj; = [(—+/3/2)(b + 9), (—1/2)(b — 35), 0]
R,; = [(/3/2)(b — 6), (1/2)(b + 30), 0]

Rs; = [(—~/3/2)b — 9), (1/2)(b + 30), O]
Rﬁl — [0, b + 5, h]

R,, =0,0—b, h]

where o 1s the distortion of oxygens.

Assuming that the forces between oxygen—oxygen ;

and oxygen—guest ion have the following form:
F;; oc R{(R;1/| Ry ]),

written as

0 7
F,= _Z.z'fRﬂ(Rn/ |Ri; ) = _ZZ’TIRE /IR ]) () ]

where

, a, i=2, 34,5 (oxygen-oxygen)
N = (3)

B, i=6,7, (oxygen—guest 10n)

and o, f <0 correspond to the attractive force con- |
stants between oxygen—oxygen and oxygen—guest ion. |
The parameter § will be different with different binary |
CICs. In Eqn (2), we have used the nearest neighbor |}

approximation and there is a total of six nearest neigh-

bors for each oxygen in the basal plane. The total force |

acting on the oxygen atom 1 in the y direction which

determines the vibration frequency 1s (to first order in 0) |

I
F}'F — .ZZFH"‘P — 2b"_1

x {30 + B(1 + /b~ %(m + K*[b*)}6  (4)
Also, we have
F,=md ()

y

where m is the mass of the oxygen atom. From Eqns (4)
and (5), we have

w? = (—2b""1/m)
x [3a + B(1 + h?/b3)"=32(n + K2/b%)] (6)

The relationship between the vibration frequency of
the oxygens, o, and the Raman shift of the torsional
mode, V, 1S

W = 27CY (7)
From Eqns (6) and (7), we finally obtain
V2 = (=2b"" 1 /m)(et/4n*c?)
x [3 + (1 + h2/b¥)= 32 + h2/p?)] (8)

where y = f/a 1s the ratio of force constants betweer
oxygen—guest 10n to oxygen—oxygen. .
Equation (8) connects the Raman shift of the tor-
sional mode with the physical parameters of M*-V:
From the parameters b, & and m and the experimental

W

i=2,3...,7 (1)

the total force acting on the oxygen atom 1 can be

- beaa [T T




Raman Shift (Nor.)
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Fi“re 6. Calculation .results [see Eqn (8)] of the _normalized
Raman shift of the torsional mode of M*-V as a function of nor-
v lized basal spacing with three different ratios of force constants
Between oxygen—guest ion to oxygen—oxygen. The experimental
M. ults are shown with the same symbols as in Fig. 4.

scults, we can calculate the force constant ratio y. We
i also calculate the Raman shift of the torsional mode
».a function of basal spacing d, and of « and B. For the
van der Waals type force, n = —7.

i[n Fig. 6, we plot from Eqn (8) the normalized Raman
shift of the torsional mode, V_,..,, as a function of the
normalized basal spacing, d,.n,, for three different

VIUCS of 7 Here dnurm — (dnbs T dmin)/ (dmax ""' dmin):
where d.,, 1S the observed basal spacing and d,, =

.+ =133 A and d, =dg,=1023 A The
Raman shifts are normalized to the Raman frequency of
b-V, that is, V_,... = V/¥g, With Vg, = 106 cm ™', The
reason we plotted ¥____ as a function of d_,., instead of
ikvs. d directly is that we only have four groups of
experimental data of d;, V; [i = 1-4, corresponding to
Rb*—, Cs*—, (CH;),NH*— and (CH,),N"-V], whereas
there are five unknown parameters (o, f;, i = 1-4). In
ig. 6, the symbols used are the same as 1n Fig. 5. The

L

I» B. R. York, S. A. Solin, N. Wada, R. Raythatha, 1. D. Johnson
r and T. J. Pinnavaia, Solid State Commun. 54, 475 (1985).

2. S. Lee, H. Kim, S. A. Solin_and T. J. Pinnavaia, in Chemical
¥ Physics of Intercalation, edited by A. P. Legrand and S. Flan-
3 drois. Nato ASI, 172, 497 (1987).

3. N. Wada, R. Raythatha and S. Minomura, Solid State
¢ Commun. 63, 783 (1987).

d. R. E. Grim, Clay Mineralogy. McGraw-Hill, New York (1968),
¢ and references cited therein.

O: G. W, Brindly and G. Brown (Eds), Crystal Structures of Clay
f Minerals and Their X-Ray Identification. Minerological
I, Society, London (1980).

S. R. Zallen, The Physics of Amorphous Solids, Chapt. 4. Wiley,
. New York (1983).

1:1. 9Wong, J. Howard and J. Lin, Phys. Rev. Lett. 57, 637
: 86).

8. J. J. Fripiat (Ed.), Advanced Techniques For Clay Mineral

RAMAN SPECTRA OF MIXED ION VERMICULITES 107

calculation results are in reasonable agreement with
experiment, as can be seen from Fig. 6. For a fixed value
of y, the Raman shift of the torsional mode increases
with basal spacing d. The force constant for the oxygen—
guest 10n interaction is of the order of 0.2-0.3 times that
for the oxygen—oxygen interaction. The same method
can also be used for other vibrational modes of CICs.

CONCLUSION

The Raman spectra of the torsional mode of
[(CH;),N"],_,[(CH;);NH"],-V has been studied
and the Raman frequency of this mode is larger
than that of corresponding mode of Cs;_.Rb.-V.
The x dependence of Raman shift of the torsional
mode shows a shift to low energy with increasing x,
but the x dependence of this mode for
[(CH3),N*"1, . [(CH3);NH"],-V is distinct from that
of Cs, _.Rb.~V. By using the nearest neighbor approx-
imation and assuming a van der Waals-type interaction
force, we have calculated the Raman shift as a function
of the basal spacing and the ratio of the force constants
between oxygen—guest ions and oxygen—oxygen. The
calculation results are consistent with the experimental
observations. If the spatial distribution of guest ions in
the interlayer space were known, we could in principle
use the same methods as described above to calculate
the Raman shift of the torsional mode of A, .. B,—V as
a function of basal spacing in the region of 0 < x < 1.
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