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The motion of hydrated Na ions in the galleries of layered, JdSNa, 5(H,O), have been
investigated by proton amfNa NMR and impedance measurements as a function of temperature.
The material is conducting and the frequency dependent conductivity exhibits a power law
characteristic of non-Debye-like electrical conductivity relaxation, arising from Coulomb
correlation among charge carriers. The NMR spectra indicates that the interlamellar Na ions are
mobile and there is good agreement betweerfiNa spin-lattice relaxation rates and the electrical
conductivity relaxation. The proton NMR exhibits a well resolved orientation dependent dipolar
splitting which has been rationalized by considering the anisotropic rotational motion of water
molecules in the pseudo-octahedral hydration shell of the Na ion. Isotropically tumbling water as
well as proton hopping among water molecules is absent i§;£&Na, 5(H,0),. Evidence is
presented to show that within the galleries the Na ion moves along with its hydration shell, the
motion being such that the orientation of tliy axis of the water molecule with respect to the
normal to the layers is always preserved. The motion of the hydrated Na ions are correlated through
their mutual Coulombic interaction but the rotational motion of the water molecule in the ions
hydration shell may still be described by a single exponential Debye-like relaxation.

I. INTRODUCTION proposed for the interlamellar hydrated ions in mica type
silicates? The density of the interlamellar water, as calcu-
; . ! S ) lated from the stoichiometry and lattice parameters, indicates
an unusual ion-exchange intercalation reaction in which hy’[hat the two dimensional bilayer is not infinite but broken up

drated alkali cations from an agueous solution insert into th‘?nto islands or clusters. Alternatively these clusters may be

mter_lam_ellar space with an ec_]uwalent loss of cadmlur_n ions; . ved as being formed by edge sharing(MiD), octahe-
leaving immobile vacancies in the laykiThe host lattice, . )
dra. This model accounts not only for the density of the

gﬁ:glsurgfmltoﬁgﬁp;gg ;sr];?{%eg)gge;é: Cgé?)?hggédpsinterlamellar water but also the average Na t@Hbtoichio-
The va’n der Waals gap is 3.2%ntercalation occurs with .a metric ratio of 1:4 which is in between that of an isolated

dilation of the lattice along the interlayer axis, the extent 01"\“"('_'20)6 and .the infi_nite . NEt0), s.hget.
which depends on the nature of the guest cation and thfr%.75” N8 5(H20), is conducting with a dc conductivity of

76 . . .
extent of its hydration. The intercalation reaction may bel0  S/cm at 300 K and Arrhenius activation energy 15.6

The layered cadmium thiophosphate, CdR&dergoes

written as kcal/mol® In these compounds the negatively charged
Cdy 8PS sheets are electrically inert and the conductivity is
CdPS+ 2xNa+(aq)—>Cdl,xPSSNaZX(HZO)er Cc'(ag) due entirely to the interlamellar hydrated iottsIn this pa-

per we report the results of our study on the motion ¢®H
molecules and Na ions confined in the galleries of
where the guest species, hydrated Na ions, reside in the it 78?SNay s(H0), by *H and*Na NMR spectroscopy in
terlamellar space. The lattice expansion on intercalafi@h, ~ conjunction with frequency-dependent impedance measure-
is 5.6 A; this is twice the van der Waals diameter of a waterments. This system is particularly attractive since it may be
molecule. The projected electron density as calculated frorgffectively modeled as hydrated alkali ions confined between
the x-ray diffraction 00 peaks show that the water molecules two uniformly charged insulating sheets.

in the galleries form a bilayer with Na ions located in the Line shape analysis and relaxation measurements in
center of the gap.In conjunction with the lattice expansion NMR spectra have been widely used to investigate molecular
this suggests that the Na ions are probably located in thenotion. The line shape provides direct evidence of nuclear
octahedral interstities of the B bilayer (Fig. 1). The octa-  couplings that depend on the relative positions of the nuclei.
hedral hydration shell for the Na ion would be similar to thatin the presence of rapid, isotropic motion position and ori-
entation dependent nuclear-spin interactions are averaged to
3Electronic mail: svipc@ipc.iisc.emet.in zero. However, in samples where molecules undergo aniso-
PElectronic mail: kvr@sif.iisc.eret.in tropic motions the NMR spectra can exhibit structures due to
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D,0. The formation of the intercalated compound was con-
firmed by powder x-ray diffraction(Shimadzu XD-D1;
/// %M/ Cu-K,). Cadmium and sodium ion stoichiometries were es-
tablished by atomic absorption spectrometfAS) and the
extent of hydration by thermogravimetric measurements.

V Static*H and?*Na spectra of the powder and single crystal
¢ samples of Cgl;sPSNa, 5(H,0), were recorded on a Bruker
56A “‘ I DSX-300 solid state FT-NMR spectrometer at Larmor fre-
quencies of 300.13 and 79.35 MHz, respectively. Static

v v ab NMR spectra of Cgl,d°PSNay 5(D,0), powder was also re-

corded, at a Larmor frequency of 46.07 MHz. All thEH(

‘ ‘ 2Na, and’H) spectra were obtained by a Fourier transform
of the free induction decayFID) following a single #/2
pulse. Temperature variation studies on both single crystal

L and powder samples were done using the Bruker temperature
V/ // ///%/ ///// // accessory(B-VT 2000). Angular variation of the crystal
FIG. 1. The bilayer arrangement of water molecules in the galleries ofSpeCtra lNaS Stuzgled US_Ing ar_] assembl}_/ Slm_”ar to that I_n Ref.
layered Cg,°SNa,5(H;0),. The Na ions occupy the octahedral voids. 14 The™H and“*Na spin-lattice relaxation times at various
temperatures were determined by sampling the free induction
decays(FID) following the #/2 pulse in thewr—7— /2
an incomplete averaging of the nUClear-Spin interactions. Theinversion_recovery” sequence followed by Fourier trans-
NMR spectra in such situations provide a probe for the dytorm of the FIDs for about 12 values of
namics and type of motion of the nuclear spins. The tech-  Electrical measurements were made on pelletized
nique has been used to study the motion of guest moleculegamples using platinum electrodes. Sample temperature
intercalated in layered host latticBsdotion of the guest in  could be varied from 30 to 250 K with-0.5 K accuracy
such systems has been shown to be strongly anisotropic dyging a closed cycle cryostéETl-cryogenics. The complex
to the constrained environment imposed by the host latticgdmittance,Y* =Y’ +iY”, was measured in the frequency
layers. There have been previous reports'hNMR of  range 10— 19 Hz using a dual phase lock-in analyZ&AR
hydrated layered compounds especially clagmd the lay- 520815 The physical quantities of interest, the real and
ered hydrated chalcogenid®$n most of these compounds imaginary parts of the complex dielectric permittivity and
the proton NMR displays a nearly classical Pake line shapghe complex electrical modult§,M* , which is the recipro-
as calculated for a two proton dipole—dipole interaction. Thiscal of the complex dielectric permittivitye*, were derived
feature had been assigned to water molecules undergoifigom the complex admittanc&*. * =Y*/iwC, whereC,
anisotropic two dimensional diffusion while an additional js the vacuum capacitance of the c&ly=e,A/d. A is the
narrow central line in théH Spectra to water molecule un- area of the electrodal is the thickness of the Samp|e, and
dergoing isotropic tumbling and/or proton exchange. €0,=8.854<10 *? F/m. The conductivity measurements
In compounds which exhibit ionic conductivity, NMR in \yere limited to 250 K since above this temperature there was

combination with electrical conductivity measurements carpartial loss of water from GghdPSNay(H,0), due to
provide information on the nature and dynamics of the transgyacuation of the cryostat. ' '

port process. Frequency-dependent conductivity measure-

ments have been widely used to explore correlation effectﬁl_ RESULTS AND DISCUSSION
among charge carriers. The close relation between the elec-

trical conductivity relaxationfECR) derived from the com- A. *H NMR spectroscopy

plex impedance and the nuclear spin lattice relaxat®irR) The H powder NMR spectrum of GgPSNa, 5(H,0),
have been pointed out by various work&r$t The correla- shows a well resolved Pake powder pét’cérat room tem-
tion function describing ECR and SLR in ionic conductorsperature (Fig. 2), characteristic of an isolated, dipolar-
usually show a s_imilar deviation from single exponential de'coupled pair of spins. The separation between the singulari-
cay characteristic of Bloembergen—Purcell-POUW8BP) or  tjes and the shoulders are 6.7 and 13.4 kHz, respectively.
ideal Debye-like relaxatioff. The 'H NMR spectra of oriented crystals of
Cdy 78PNy s(H,0), were recorded as a function of the
angleé betweenC*, the vector normal to the layers, and the
Cadmium thiophosphate, CdRSvas prepared from the external magnetic field;l,. At all angles a pair of lines was
elements following the procedure reported in Ref. 13.obtained. The angular variation of the doublet separation,
Platelet-like crystals of CdRSvere grown by chemical va- is shown in Fig. 3, and follows =13(3 cod §—1)/2. The
por transport using sulfur as a transporting agent. Powder a@smperature variation of thtH NMR spectra of crystals of
well as crystals of Cgl,s?SNa, 5(H,0), were prepared by Cd, 7P SN, 5(H,0), for §=0° is shown in Fig. 4. The most
stirring CdPS with 1 M aqueous solution of NaCl in the striking feature is that the doublet separation, 13 kHz, shows
presence of EDTA.Cd, .PSNa, 5(D,0), was prepared by a no change with temperature; the only temperature dependent
similar procedure with the appropriate solutions made irfeature is the linewidth of the individual components, which
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FIG. 2. 'H NMR spectra of Cgl;PSNa, (H,0), powder at various tem-
peratures.

The *H NMR spectra(Figs. 2 and # correlates fairly

¢ full width at half i ¢ well with the spectra expected of a solid in which nuclear
narrovvzs rom a full widt a; a maxméFWHM) of 2850 spins occur in isolated pairs. In the case of isolated water
Hz at 230 K to 800 Hz at 295 KFig. 4) (;pectra were NOt  molecules it is well knowH that intramolecular dipolar in-
recorded below 230 K due to extreme line broadening an(ﬂeractions give rise to a doublet with separatiof
poor S/N ratio) A similar behavior was observed in the pow- _ (3 cof 6—1)/2 wherea=3v24/r3_, and f is the anglée
; . ; ; - - H-H
der spectruniFig. 2); on cooling the separation between the between the interproton vector and the magnetic field and
singularities and the shoulders remain essentially the sarr}elz4 . the interproton distance. Far,  of 1.58 A, corre-
exciptl:ha(ljt thsly aﬁi less well gefmet()j due to bro;ld_enmg. sponding to water molecules in their equilibrium geometry,
axe doublet-like spectra ave been reported in a num&equ”=91 kHz. The fact that the ratio of the splitting for
ber of hydrated layered intercalates but is usually observed in. 90° and 0° in the crystal spectra is 1:2 and these values are
a;ssomanqn with a centra}l componer_lt which has been 3%¥lose to that for the inner singularities and outer steps, re-
sgned glther tq isotropically tymbllng water mOIeCUIesspectiver, of the powder spectrutFiig. 2), implies that the
Wh'ﬁh "g_;’T”;S'di the h¥dratloT Ishell and/c;r' F{L‘:c’n intramolecular H-H vectors of all the interlamellar water
ﬁl)l(\;Raggec.:tra seh(?w?\ei%cle:ios azc:lrrll(;a 4C3;nae?ni:]|e;n out themolecules have the same orientation with respect taCthe
existenge of either ong ' these  two yrocesses inaxis. Assuming that,,_ of the intercalated water molecules
P is 1.58 A, i.e., the water molecules maintain their equilib-

Cdy.7°SN2 5(H;0), and indicates similar motion for allin- ;- geometry even after intercalation, then the observed

terlamellar water molecules. It may also be concluded that,. o . . .
. L . Lo . “dipolar splitting would require an interpretation based on the
there is no significant protonic contribution to the conductiv-

ity of Cdly 2P SiNa, (H,0), which, then, must be due to mo- n;otlon of.watgr mo!ecules. A mott:)lond Whlcg bsatISer'Sd th.e
bile Na ions. aforementioned requirements may be derived by considering

the position of the interlamellar water molecules in
Cdy 7PSNay 5(H,0), (Fig. 1). In this model the Na ion sits
15 , . ; . . - . in an octahedral void formed by the two sets of three water
oxygens. For a regular octahedra the sides of the equilateral
triangle formed by the centers of the water molecules, would
be the van der Waals diameter of a water molecule 2.8 A.
The C; axis is parallel taC*, the normal to the layers. If the
water molecules in the hydration shell rotate about @fe
axis at a rate much greater than the frequency corresponding
to the dipolar splitting ;<10 ° s) then #, the angle be-
tween the H—H vector and the magnetic field, fluctuates
rapidly. The function (3 cds¥—1)/2 which is the second de-
gree Legendre polynomidP,(cosé) must be averaged for
this free rotation,P,(cos6)=P,(cosd)-P,(cosp) where g,
the angle between th€* axis and the H-H vector, is a
o ' ' ' ' ' ' ' constant and’ the angle between th@* axis andH,, is the

° oo An;:(:wf” oo experimental variabléthe definition of the angles is indi-

cated in Fig. 5. The NMR spectra would therefore consist of

FIG. 3. Variation of the doublet splitting as a function of the andle, two lines with splitting
between the normal to the layers of GePSNay 5(H,0), and the external
magnetic field. The solid line is a plot of the functian=13(3 cod 6—1). A=a((3cog 6—1)/2)-((3cog B—1)/2). D

Splitting(kHz)




If ry_4=1.58 A as in an isolated water molecule therin
Eqg. (1) would have a value obqy=91 kHz. The experi-
mentally observed angular dependende=13(3 cog s

—1)/2 then requires thags in Eq. (1) be 49.1 or 60.8°, de- /
pending on the sign oA. Correspondinglyy the angle be-

tween theC, axis of the water molecule and tf&* axis, N
will have a value of 40.9 or 29.2% is also the angle be-
tween theC, axis of the water molecule and the octahedral
C; axis thereby implying a trigonal elongation of the
Na(H,0)g octahedrdfor a regular octahedréa=54.7°). This
model is, however, in conflict with the observed crystallo-
graphic lattice expansion on intercalation, 5.6 A. A trigonally
elongated octahedra would require a lattice expansion greater HO
than twice the van der Waals diameter of the water molecule

(2.8 A). If, on the other hand, the H-H vector of the water

molecule, too, were to precess freely about @eaxis then

Eg. (1) would have to be madified to account for the further
averaging due to this motion. This may be derived by con-

HO
2

sidering the rapid rotation of the H—H vector around @
axis leading to the decomposition oP;(cos¢) as
P,(cosg)-P(cosy) where ¢ is the angle between the, N

axis andH, and v, the angle between the H—H vector and
62 axis of water molecule, is 90°. Rotation of t@ axis of FIG. 5. Definition of the angles used in the analysis of tHeNMR spectra
the water molecules in the hydration shell, about@feaxis ~ ©f Cth7°SNayH;0),. TheC; axis of the NaH,0); octahedra and thé,
would further decomposB,(cosd) as P,(cosy)-P,(coss). axis of the water molecule are shown as dotted lines.

Thus if both rotations are presenB,(cos6t)=P,(cosy)

-P3(c0sé)-Py(cosy) and the observed splitting the C* axis, about which rotation occurs, passes through the
water molecule, i.e., a spinning motion of individual water
A= aequil (3 €08 y—1)/2)-((3 co$ §-1)/2) molecules. This would allow the water molecule to maintain
-((83cog y—1)/2). 2) an identical orientation towards neighboring Na ions while at
the same time satisfying requirements for the obseAtd
The observed angular dependencedofan be satisfied for Pake doublet splitting and its angular dependence. It may be
)=67.8 or 43.6°. The value of=67.8° is similar to that seen from Fig. 5 that rotation of th@, axis of the water
obtained for hydrated ions in mica type silicate clays ( molecule about th€* axis as marked in the figure would
=65°)" and corresponds to Nig,0)g octahedra being trigo-  allow the water molecule an identical time averaged orienta-
nally compressed. This may be achieved by an elongation gfon towards neighboring Na ior&ig. 1). It may be empha-
the sides of the equilateral triangle formed by the two sets o§jzed that the choice between collective versus individual
three water molecules. This network of octahedral hydratiomotion of the water molecules have to be arrived at from
shells in which water molecules rotate around tl@jraxis  considerations other than the present NMR results. An expla-
which is also the coordinate bond of the water oxygen to thenation for the observed Pake doublet splitting and its angular
Na ions and with the&C, axis in turn rotating around thé* dependence requires fast motion of the H-H vectors about
axis would fit the geometrical requirements of the crystallo-the C, axis and rotation of th€, axis, in turn about th€*
graphic interlayer lattice spacing as well as the NMR spectraaxis; it does not specify the nature of this motion.
If the C* axis about which theC, axis rotates, coincides The 2H NMR of powder samples of
with the C; axis of the N&H,0)s pseudo-octahedridrig. 5,  Cdy7PSNags(D,0), was also recorded. The spectrum
the motion would correspond to rotation of the hydrationshowed a single quadrupolar powder pattern expected of an
shell as a whole. Such motion has been invoked for hydratet=1 nuclei in an axial fieldFig. 6). The powders were not
Na ions in the galleries of mica type silicate$f isolated  free flowing and showed considerable preferred orientation
Na(H,O)s polyhedra existed in the galleries a collective mo-and consequently the spectrum is not a typical powder pat-
tion of the entire hydration shell may easily be envisaged. Ifern. The separation of the inner singulariti@8 kHz and
Cdy 7 PSNa, 5(H,0), it is difficult to reconcile a rotational outer stepg76 kHz) are in the ratio 1:2, corresponding to a
motion involving the hydration shell as a whole with the facttime averaged quadrupole coupling constaityQ/h of
that the Na to HO stoichiometric ratio requires an edge shar-50.75 kHz. The position and separation of the doublet did
ing of the Nd&H,0)s polyhedra. A water molecule would, not show any significant variation in the temperature range
therefore, be part of the hydration shell of more than one N&90-360 K.
ion. In such situations one would expect the time averaged In many deuterated hydrates it has been observed that in
orientation of the water molecule towards these ions to béhe absence of rotation about ti axis of the water of
identical. A more likely motion, therefore, is one in which crystallization, the two deuterium atoms are magnetically in-
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FIG. 6. “H NMR spectrum of Cgl,PSNa, 5(D,0), powder at 300 K. for Ccby7PSNap £(H,0),. Solid lines are a fit to Eq3).

equivalent and two sets of quadrupolar splittings are ob-

served with the quadrupolar coupling constafgQ/h typi-  Legendre polynomiaP,(cos#) in Egs.(1) and (2) requires
cally equal to 225—-250 kHz. When fast rotation about@e that the rotation be much faster than 91 kHz, the dipolar
axis is present, however, ttefqQ/h values are scaled by splitting observed for an isolated pair of protons separated by
half (120—130 kH and is the same for both deuterium at- a distance of 1.58 A. The intramolecular dipolar splitting,
oms; only one averaged electric field gradient tensor is obthus provides an internal probe for the motion of the water
served with the principal axis corresponding to fleO-D  molecules as well as their orientation. The fact that the dipo-
bisector'® Further reduction in the quadrupolar splitting lar splitting does not change with temperature, implies from
would require additional motion to be invoked. Extendingthe above analysis, that the orientations of the water mol-
the above argument to the spectra o G#SNay (D,0), it ecules do not change and the assumption of fast rotation
may be seen that téd NMR results are in agreement with about theirC, axis and theC* holds good in the range of
the *H NMR results and its interpretation. The fast rotation temperatures investigated.

about theéz andC* axes required to explain thiéd NMR The temperature dependence of the linewidth of a com-
spectra implies that all O—D bonds of the corresponding deuponent of the'H Pake doublet of a GgsPSNays(H,0),
terated compound be equivalent and consequently therystal is shown in Fig. 7. The linewidth values and their
e?qQ/h values for theH nuclei identical. Derivation of geo- temperature dependence show no angular variation. The line-
metrical parameters from tHél NMR spectra, as in the case width may be related to a correlation timey, by the phe-

of 1H spectra, was however not attempted. This would haveiomenological relatiorf

required an exact knowledge of the magnitude and orienta- o . 2 2

tion of the quadrupolar tensor for ZH nuclei of a DO Aw™=Awpr+ (2/m)- Aog arctatad wTg), ©)
molecule directly coordinated to a positively charged Na ionwhere the numerical factaz is of order unity.Awyr is the

In such situations, to assume that the valueet§Q/h is  high temperature limiting linewidth anflwg, the rigid lat-
identical to that for &@H nuclei of a free or uncoordinated tice linewidth. Assuming an Arrhenius temperature depen-
D,0O molecule would be in serious error. dence, 4= 7, eXpE,/KT), Eq. (3) may be fitted to the ex-

In general?H NMR experiments are superior tH  perimental linewidth. The best fit was obtained fy=7.5
NMR for studying the motion of molecules because of itskcal/mol and the pre-exponential factar,=3.5x10 12 s
higher angular resolution and negligible dipolar broadening(solid line in Fig. 7.

The present compound ggPSNay 5(H,0), is an exception The temperature variation of thidd spin lattice relax-

in that, 'H NMR, itself is able to provide detailed informa- ation time is shown in Fig. 8. A well defined minimum is
tion. This is because thiéd NMR spectrum resembles that of observed in thel; versus temperature plot. The spin lattice
an isolated pair of spins. Moreover by recording the spectraelaxation rate, is related to the real part(w) of the com-

on oriented crystals, sharp, well resolved litt€&y. 4 which  plex spectral density function Via

do not suffer from the effects of orientational distribution as , ,

observed in powder samples have been obtained, enabling 1T =K[J (@, T)+J3 (20, T)]. (4)
quantitative interpretation of thH spectra, in a straightfor- The relaxation data of GaPSNa, §(H,0), was analyzed
ward manner. using the Bloembergen—Purcell-Poun@PP model®

The validity of Eq.(2) rests on the assumption that water which requires that the correlation functigiit), decay as a
molecules undergo rapid rotation around th@jraxis which,  single exponentialg(t) =exp(-t/z,). The resulting BPP ex-
in turn, rotates rapidly abo@*. The decomposition of the pression for spin lattice relaxation times is given by
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these temperatures, however, was not possible; at low tem-
FIG. 8. Temperature variation of thel NMR spin-lattice relaxation time of peratures there_ 1S Cons'qerab"? line broademng a_‘nd hence
Cdy 7PSNay 5(H,0),. The solid line is a fit to the BPP expressidy. (5)].  POOr data. quality for an 'nver3|0n'r?COV9TM experiment
while at higher temperatures there is loss of water and de-
composition of the sample.

UT=K[7/(1+ wzrg) +4TC/(1+4w27—(2:)], (5) B. 2Na NMR spectroscopy

whereK depends on the spin interaction responsible for the  11a static2®Na NMR spectrum of a powder sample of

relaxation. Assumingr, has an Arrhenius temperature de- Cdy -PSNay «(H,0), shows a single Lorentzian line at room
pendence, Eq5) may be fitted to the experimental data. Thetem'perature'with a FWHM of 480 Hz. On cooling the line
fit shown as a solid line in ZFig. 8 was obtained 8=6.3 ) 534ens to a FWHM value of 4.1 kHz at 175(Rig. 9.
kcal/mol andK =3.2¢ 10° s2 The correlfx§|on timere Var- - 1he 23\g NMR spectra were recorded with a spectral width
les from 7.3<10° s at 300 K10 1.X10° " s at 230 K. ¢ 550 kHz but the+ 3/2 = 1/2 satellites could not be ob-
The proton spin-lattice relaxation would have Cont”bu'served. The room temperati#a NMR in the bilayer hy-
tions from both intra- as well as intermolecular interactions,j,ated mica type silicate clays, in which NA environments

LTy =1T1 intert 11 inwa T inter N@S contribution from both 50 gimilar to that in the present sample, also show only a
intermolecular homo- and heteronuclear interactions. Thesgingle line (FWHM)=1 kHz2° In the NMR spectra of the

would be modulated by the motion of the water molecules ingaus 100, no satellites were observed and the reduction of
the hydration shellTy jyy,, due to intramolecular proton—jine\idths on magic angle spinning was less than half the
proton interactions, however would reflect the correlationg;, - jinewidth. The linewidth of the NMR spectra of Fig. 9
times associated with the rotations of the water molecule% a measure of the dipolar coupling of tFda with neigh-
about theirC, axis. The fact that the protoh, data fits well boring spins and, possibly, second order quadrupolar cou-
to the BPP expression suggests that the temperature dep&fling and chemical shift anisotropy. These interactions are
dence in this temperature range is due to a single mechanisigyeraged by the increased mobility of the Na ions at higher
For a purely intramolecular interaction the valuekoin Eq.  temperatures, leading to a decrease in the linewidth.

(5) may be calculated assuming the interproton distance as in - The temperature variation of tHéNa linewidth (Fig. 7)

a free water molecule. For intramolecular homonuclear intershows a similar trend as tHef linewidths and may be fitted
actions,K=2y*2I (1+1)/5r,_,, which forr,_4=1.58 A ysing Eq.(3). The best fitsolid line in Fig. 7 was obtained

is 2.8<10° s~2 This value is close to that obtained from the for an Arrhenius activation energf,=7.3 kcal/mol and a
BPP fit suggesting that the temperature dependence dTlthg pre-exponential factorr,=4.7x10 12 s; these values are
data in the temperature range shown in Fig. 8 is due to ingjose to those obtained from the fitting of thi linewidth
tramolecular interactions and the correlation timg, likely  gata. The temperature variation &Na spin lattice relax-

to be characteristic of the rotational motion of the interlamel-atjon times(Fig. 10, however, is quite different from that of
lar water molecules about the@, axis. The value of the the proton(Fig. 8. The ?®Na T, shows a broad poorly de-
activation barrier 6.3 kcal/mol obtained from the fit is alsofined minima and obviously cannot be fitted using the BPP
close to that reported for rotation about 1@ig axis for water  expression for a single exponential decay function. Neither is
molecules in hydrate&=6.2 kcal/mo).'® These results imply  the temperature dependence of tiida T, characteristic of
that the time scale associated with rotation of the water molthe spin-lattice relaxation expected for a distribution of cor-
ecules about th€* axis is very different—much faster or relation times, e.g., the Cole—Cole, Cole—Davidson, or
much slower—tharr, obtained from the data of Fig. 8. The Haveriliak—Negami distribution functiorfs.The data of Fig.
minimum in theT, versus temperature data corresponding tol0 suggests that the correlation function may be temperature
this motion would, therefore, occur at temperatures muctdependent so that attempts to interpret the data assuming a
higher or much lower than that of Fig. 8. Measurements atemperature independent decay function with Arrhenius ac-
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FIG. 10. Temperature variation of tHéNa NMR spin-lattice relaxation
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FIG. 11. Conductivity versus frequency for GaPSNa, 5(H,0),, presented
in a double logarithmic scale, at different temperatures. Solid lines are fits to
the expression in E(7).

tlva_tet(_j decf"’;g’,\l“mTes_WgF“d be L:jn_succests)ful. Thettemi)_eratug?arious temperatures is shown in Fig. I&.(w) shows a
varation o alq IS discussed In a subsequent section. o yjineay frequency dispersion and follows a simple power

IaW.24,25

C. Impedance spectroscopy o' ()= Tgt Aw® 7
C il

In order to underst_and the origin of thNa T, behavior whereo . is the dc conductivityA a temperature dependent
frequency dependen't impedance measu.remen'ts were carrl grameter, and a fractional exponent between 0 and 1. This
out. The close relatlon betvygen the spin lattice relaxatio ehavior is characteristic of hopping conductivity and has
(SI.‘R) and e'ec”'ca?' ConductlvnyllrelaxatldrECR) has been o0, “universally” observed in a number of ionic conduc-
pomte_d out by various workefs, _the two can usual_ly be tors. The fractional exponens, has been interpreted to ap-
des_crlbed by similar decay fun_ctlons. Two a_dternatwe for-near as a result of correlation among charge carriers. For a
mahsms_ are usuall_y employed in the analysis 9f ECR, th ingle exponential Debye-like ECR the expongitt Eq. (7)
conductivity formalism in the frequency domain and theiS zero. In Cg -PSNa (H,0), the value of the conductiv-
electrical modulus formalism from which a conductivity de- ity exponent decreases with increasing temperafeige 12
cay fu_nction in time_ domain may be deri_ved. In the Iatterln the light of the NMR results the charge carriers in
formalism the electric modulusl™* (= 1/e*) is expressed as Cdh 7P SN, (H,0), may be identified as the Na ions. The
impedance measurements indicate a non-Debye-like behav-

M*(w)=M..[1— fo (—dd/dtye''dt|, ) jor of the ECR in Cg-PSNa, 5(H,0), due to slowing down

where® (t), the electrical conductivity relaxation, is the de-

cay of the electrical field at constant displacement vector due 1 - . : : : :
to the conduction proce$é?® A previous analysis of the %
impedance data of GgPLSNa«H,0), in the modulus oo
formalisn? found that the ECR followed a Kohlraussch— 0al *
William-Watts (KWW) or stretched-exponential decay
function: o7 x
d(t)=exp —t/Tgp)? 0<B<1. osr
It was found that in Cgl,dPSNag 5(H,0), the value of osr
the 8 parameter which represents an index of correlation ,| *
among charge carriers, increases with increasing
temperaturé.The departure of8 from unity is a measure of o3r
the deviation from a single exponential Debye-like relax- | .
ation. "

In the conductivity representation the dispersion of the 015 160 170 o o0 20 210 20
real part of the conductivity’ (w) =i we* (w), wheree* is
the imaginary component of the complex permittivity is ana-
lyzed. The dispersion of’ (w) of Cdy,8PSNays(H,0), at  FIG. 12. Temperature variation of the fractional exporeased in Eq(7).

Temperature (K)



of the relaxation process as a result of Coulombic correlatiomehavior ¢’ (w)— 0gd/ 0" () =cot(sm/2) or ¢”"(w)=Aw®
among Na ions. The extent of correlation is temperature detan(s/2). Substituting foro’ (w) and o’ (w) in Eq. (11),
pendent, being much stronger at lower temperatures. The _ =~ = s

ECR is almost Debye like at higher temperatures. I (@)= (04t Aw’)(T/Toe)

+i(w+Awstansm/2))(T/Tye.)]. (12)
The T, rates at any temperature may therefore be calculated
D. Electrical conductivity relaxation and ZNa spin from Eq. (4) using the values ofr4,, A and the exponers
lattice relaxation: A comparison obtained from fitting the frequency dependent conductivity

The impedance measurements @ida NMR are in  to power law[Eq. (7)]. The T, values as obtained from the
qualitative agreement. The impedance measurements indionductivity data of Fig. 11 are shown in Fig. 10. The cal-
cate that ECR decay functions are temperature dependefilatedT; values are foK=4.2x10' s7? and T,=503 K
since the extent of correlation among the charge carriers vagbtained by floating these parameters in the fitting procedure.
ies with temperature. Similarly the temperature variation ofSince there are no paramagnetic impurities present in
the 22Na spin lattice relaxatiofSLR) suggests a temperature Cto.78?SNag 5(H;0), the observed value df could be due
dependent correlation function. A more quantitative com-to either dipolar or quadrupolar relaxation mechanisms.
parison may be made if wassumehat o* () may be rea- These values are similar to those reported on other ionically
sonably well approximated as a single particle conductivityconducting solids:*°
related to the ions self-diffusion coefficient via the Nernst—  The agreement between tfig values calculated from
Einstein relation. In such situations the SLR and ECR maythe conductivity and those obtained from the NMR experi-
both be expressed in terms of the frequency spectrum obhent are surprisingly good. In many ionic materials, e.g.,
tained from the Fourier transform of the same auto-iONic glasses, the observed relaxation as probed by nuclear
correlation decay functiod(t).° The desired relation be- Spin relaxation is quite different from that probed by conduc-
tween the SLR and ECR may be obtained by eliminatingivity measurements. As shown by N@athese differences
@ (t) from the expressions of; ando™* (w). We derive this arise from the fact that the™* () is not strictly a single-
relation for a situation where the conductivity exhibits aparticle conductivity and therefore additional cross-
power law dispersion. The electric modulMg' is related to ~ Correlation terms between ions appear in the conductivity
the Fourier transform of the time derivative of the ECR cor-correlation function which are absent in the SLR correlation

relation function®(t), henceforth written aé)(w). Equation function. Moreover if the mechanism of the SLR is dipolar in

(6) may be rewritten as origin, the contribution of ion pairs at shorter distances to the
SLR correlation function would be more significant since the
|\/|*(a,):(H(i)(w))/foc . (8) dipolar interaction varies as rf/ It has, however,

] A A been pointed out by Ng#i that these factors would
Since ®(w)=iw®(w)—1, the modulus may also be ex- pe more significant at higher ion concentrations. In
presged in terms of the Fourier transform of the correlatlor];;dO]LJ’D53|\|ao_5(|-|20)2 the good agreement between thg
function values is probably because the number density of Na ions in

NN the interlamellar space is small so that the mean distance
M*(0) =loP(w)/e, . ©  petween the Na ions is 8.1 AThe distance of closest ap-
The electric modulugyl* = 1/e*, may be written in terms of proach is 4.8 A It had been shown previously that the ECR
the conductivity sinces* (w)=[(o* (w)/iw)+ €,,]. Substi- follows a stretched exponential decay function with a tem-
tuting in Eq.(9) one obtains perature dependent exponérit. follows from Fig. 10 that
. the SLR, too, may be described by a similar function.
P(w)=U(c*(w)le,) +iw]. (10

For an ideal Debye case* (w)= oy and the ECR rate is _ _
simple o4/ €.. but for frequency dependent conductivity it E. Motion of the hydrated Na ion

has a spectrum of the form™ (w)/e.. . In Cdy,PSNay 5(H,0), interlamellar Na ions are mo-

If o* (w) is essentially a single particle conductivity, the pije and responsible for the conductivity. At the same time,
spectral density functiod* (w) may be obtained via the a5 had been shown in the preceding section, the proton spec-
Nernst-Einstein relatioh: tra exhibits a Pake doublet and no other features indicating

* _ « . that all interlamellar water molecules have similar orienta-

I (0) =1 (07 (0)/ &) (TITo) Fiw], (11 tion and undergo identical motions. Thi dipolar splitting
whereT,= (nqzxg)IGEOkB, nis the concentration of mobile and the?H quadrupolar splitting show no variation with tem-
ions, g andx, are the charge and hopping distances legd perature implying that water molecules in the ion’s hydration
the Boltzmann constanT., depends on the material proper- shell maintain the same orientation and rotational motion at
ties of the compound. Since the conductivity of all temperatures. Since the Na ions are mobile this can be
Cdy 7PSNay 5(H,0), obeys a power law the above realized, only if the hydration shell moves along with the Na
expression may be further simplified. The real,, and ions or in other words the relaxation of the hydration shell
imaginary, o”, components of the conductivity are relat- during the ions motion is much faster than the intramolecular
ed by the Kramers—Kmig transforn?® For power law *H dipolar interactions of the 0 molecule(91 kH2). The



observed dipolar splitting and its angular variation requires  In conclusion the present studies have shown that the
that the diffusive motion of the hydrated ions be such @at  conductivity of the layered GdsPSNays(H,0), arises

of the pseudo-octahedral hydration shell remains parallel téfrom the anisotropic motion of the hydrated Na ion in the
theC* _)axis (the normal to the layejso that the orienta}}tion galleries. The mgtion of the hydrated ion is such that the
of the C, axis of the water molecule with respect to @&  orientation of theC, axis of the HO molecules with respect
axis is retained at all temperatures. The motion of the hyio the normal to the layer&*, is always preserved.

drated ion in the galleries is such that no further averaging of

the intramoleculartH dipolar interactions occurs with in-

creasing temperature. Ordering of water molecules due to the

negatively charged Gd4LS; layers is unlikely. If it were so,

an orientation with the kO protons close to the layer would *R. Clement, I. Lagadic, A. Leaustic, J. P. Andiere, and L. LonGemi-
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