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Nuclear-spin-lattice relaxation in natural clays via paramagnetic centers
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Nuclear-spin-lattice relaxation time measurements were mad@3imuclei in a series of 2:1 natural clay
minerals. The magnetization recovery was found to be nonexponential. The nuclear relaxation arises from
coupling to fixed paramagnetic impurities in the absence of spin diffusion. A theory is developed in which the
nuclear spin relaxation behavior is expressed as an error function. These clays have very similar structures
which allow the relative concentration of paramagnetic centers to be obtained from the fit of the magnetization
recovery curves.S0163-18206)03137-3

I. INTRODUCTION The nuclear spins must interact only weakly between them-
selves so nuclear spin diffusion is effectively quenched. This
In the early stages of NMR Bloembergen proposed themeans that they must be separated by large distances due to
concept of nuclear relaxation via spin diffusion to paramag-structure or magnetic dilution or must have very weak mag-
netic impurities to explain the abnormally short spin-latticenetic moments. Thus the primary nuclear relaxation is
relaxation times observédindependently de Genrfeand  through direct coupling between the nuclei and the paramag-
Khutsishvil® developed the concepts and mathematicahets. Within this physical system, one arrives at an equation
equations for spin difusion to relaxation centers, obtainingsimilar to our Eq.(10a (vide infra), Eq.(12) in Blumberg?
the same results from slightly different starting assumptionsand Eq.(6) in Tse and HartmanhThe difference lies in the
Since those days, the concepts of spin diffusion, exponentialpproximations used to make this equation integrable. In our
recovery of magnetization, and expressions Tgr under  work, we assume that the nucleus couples only to the nearest
conditions where spin diffusion operates are now well underparamagnetic center while Tse assumes that it couples to all
stood and established. The relaxation rate is proportional tparamagnets in the volume of the sample. We predict that the
the impurity concentration, to the spin-diffusion coefficient, magnetization recovery is an error function.
and to the relaxation length, whose value depends on the Philosophically, we would like to point out that math-
behavior of the nuclear spins in the vicinity of the paramag-ematical models for relaxation in these slowly relaxing sys-
netic centers. Nuclear-spin-lattice relaxation via paramagtems are truly just models. The stretched exponential model
netic centers in the absence of spin diffusion is not as welis a perfectly good model with its implicit model dependen-
developed. Blumbefgdeveloped a model which predicts cies and assumptions. Our single relaxation center model is
that the nuclear magnetization grows @€ following satu-  simply another way for an experimentalist to treat magneti-
ration of the nuclear spins, wheteis the time after satura- zation recovery data. The disadvantage to our model is that it
tion. More recently, Tse and Lowdollowed by Tse and may oversimplify the physics by considering only the nearest
Hartmanfi developed a multirelaxation-center model with paramagnetic center. However, the stretched exponential
suppressed spin diffusion. Their theory predicts that the spifunction contains two highly correlated parametersand
system ultimately relaxes as éxp(t/7?)]. This expression n, in the exponential. Neither model is unique and “good-
reduces to Blumberg's*? result at short times. This theory ness of fit” cannot be used as proof of correctness because it
has been extended to one- and two-dimensional systems liyyclear that one can obtain a good fit with a polynomial with
replacing the 1/2 exponent loy i.e., exp— (t/7)"], resulting  sufficient terms but such an equation would give no physical
in a model generally known as a stretched exponentiainsight into the spin system considered. The advantages and
model. The stretched exponential has been successfully usdisadvantages of these models will be further discussed in
to fit the spin-lattice relaxation of several different systemsSec. VI.
containing paramagnetic impuritiés® The value ofh ranges Our model was developed as the result of work on natural
between 0.5 and 1. Higher levels of fixed impurities shouldclay minerals which contain paramagnetic impurities, par-
tend to a limitingn=0.5 stretched exponential relaxation ticularly Fe>* and/or Fé*. To test the theory, we selected
which agrees with Tse®sheory. several clays which are chemically representative of the 2:1
In this manuscript, we use approximations originatinglayer silicates with varying amounts of paramagnetic iron.
with Fedderset al1° to describe the relaxation of a spin-1/2 The structure of an idealized 2:1 layered clay can be de-
system in the absence of spin diffusion. In Fedders originascribed as a layer of octahedrally coordinated cations sand-
work, the experimental system of interest was relaxation byviched between two layers of tetrahedrally coordinated sili-
rapidly relaxing protons or deuterons but the concept equallgon atoms. The tetrahedra and octahedra have oxygen as the
applies to relaxation by paramagnets. charge balancing anions. Aluminum is the usual octahedral
The physical model for BlumbergsTse’'s>® Fedders?  action in which case, for charge balance, one-third of the
and our work is the same. The system consists of dilutepctahedral sites are vacant. Since each half unit cell contains
randomly distributed, fixed relaxation sinkparamagnejs three octahedral sites these are referred to as dioctahedral
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TABLE |. Characteristics of the 2:1 layer silicate samples used in this study. The sypibal the
structural formula indicates a monovalent interlayer cation.

Mineral Origin Structural formula Impurity
name (unit cell) concentratiorNp, in
10%cm 3
SWy-1 Wyoming (Sizga Al g 19 (Fegaz Al 347 9.24
Mg .49 Oz (OH)4 X068
SAz-1 Cheto, Arizona (Si7 g6 Al 014 (Fep1gAl2ga 3.53
Mg 100 Oz (OH)4 X714
STx-1 Texas (Si7g4 Al 919 (Fepo7 Al 353 1.52
Mg .40 Oz (OH)4 Xos6
SHCa-1 Hector, (Si798 Al 5029 (Al goaMgs.19Liges 2.02
California Feo 11 Oz (OH) 4 Xoss
Talc Malinkrodt (Mg 341 Fep19 Sig Oy (OH)4 4.10
Chem. Company
Barasym NL (Siga Al 1) (Al 398 Fego19 Oo 0.34
SYN-1 industries (OH) 4x7 6

clays. Trioctahedral silicates are constructed from divalentk 10'° to 9% 10'® cm™3. Hectorite(SHCa-1 is a trioctahe-
octahedral cations, usually magnesium, thus all three octahéral smectite with layer charge developed by the substitution
dral sites are occupied. Some of the octahedral cations mayf Li * for Mg2* in the octahedral sheet. This material con-
be naturally replaced by Bé or Fe**. In this description, tains carbonates as impurities which must be removed prior
the layers are electrically neutral but isomorphous replaceto sedimentation of the clay fraction. A 10 g sample of
ment of cations confers a net negative charge, e.g., replac&HCa-1 was treated with ptb, sodium acetate/acetic acid
ment of SF* by AI®* in the tetrahedral layer or A" by  buffer to remove carbonates. The sample was washed with
Mg?2* in the octahedral layer. The negative charge is comdeionized water to remove excess salts. The resulting
pensated by interlayer cations, usually N&K *, or Ca™. SHCa-1 clay was Na exchanged by several washes with
We had originally embarked on a study of'Lexchange and 0.5 M NaCl and then washed free of excess salt by repeated
diffusion in clays but discovered that it was critical to under-centrifugation with deionized water. The2um size frac-
stand the general properties of nuclear relaxation due to thigon was collected by centrifugation. The montmorillonite
paramagnetic ions in these clay minerals. We chose to studsamples, SAz-1, SWy-1, and STx-1, are dioctahedral smec-
the magnetization recovery dfSi, instead of’Li because tites with AI®* partially substituted by M§". The layer
29Sj is a simpler spin system with an angular moment ofcharge ranges from 0.2 to 0.6, and most of the charge is
h/4A7 and thus no electric quadrupole moment to complicatdocated in the octahedral layer. Neexchanged montmoril-
the nuclear spin relaxation. Additionally’Si is only 4.70% lonites were prepared using the procedure described for hec-
abundant which makes it a magnetically dilute nucleustorite, except that these samples have negligible carbonate
Therefore eact?®Si nucleus is essentially isolated and spincontent and were not washed with the buffered acetic acid.
diffusion betweer?Si sites in the clay is negligible. Barasym is a pure synthetic dioctahedral clay with*Spar-
There are several other NMR experiments reported in théially substituted by AP*. Thus the layer charge is located in
literature where relaxation by paramagnets has been effethe tetrahedral layers. The interlayer cation was exchanged
tively exploited. In particular, Devreux and co-workerde-  for Na™ using the same procedure described above. Talc is a
veloped a theory for obtaining fractal dimensionality from trioctahedral 2:1 clay with negligible layer charge. The
the detailed magnetization recovery 98i in synthethc sili-  sample was used as received because it has a very small
cates. Sen and StebblAsused this theoretical approach to exchange capacity. All samples were dried in a 60° C oven
obtain fractal dimensionality and information about phaseovernight and then powdered in a mortar and pestle and
separation in glasses. These approaches are natural ostered over phosphorus pentoxide for at least three days to

growths of the work by Tse. dry. The reason for careful and reproducible sample drying is
that these clays contain interlayer water which may provide

Il. EXPERIMENTAL SECTION additional relaxation mechanisms via dipolar couplings to

mobile protons in the water. Although the procedure de-

A. Samples scribed does not remove all water of hydration, the remain-

Measurements were made on five natural clay mineral§19 Water is immobile and does not produce significant re-

and a synthetic barasym sample. All samples were obtaine@*ation.
from the Source Clay Repository of the Clay Minerals Soci-
ety except the talc sample which was obtained from Malink-
rodt Chemical Company. Table | lists representative chemi-
cal analysis, localities, and structural formulas for these The 2°Si MAS NMR spectra were recorded on a Varian
samples. Samples have iron contents ranging from 0.8nity 400 Spectrometer operating at 79.459 MHz. A Varian

B. NMR procedures
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MAS probe was used, with 7 mm rotors and spinning speedsaturation, spin diffusion will start to contribute to the recov-
of about 6.2 kHz. Spectra were obtained with 2048 dataery of magnetization, i.e., spin diffusion cannot be com-
points, and a spectral width of 100 kHz. The 90° pulse widthpletely eliminated but it is negligible compared to direct re-
was ~6 us. The inversion recovery methd80°—7—90°  laxation at short times. Blumberg’s formula for the initial
was used for magnetization recovery experiments. Approximagnetization recovery is

mately fifteen recovery delays, were used ranging from

0.001 to 65 s. For each delay;128 scans were accumu- Mz(t)=(4m*43)N,CY2*2, when 7>b%/C, (3)
lated. For the montmorillonite SWy-1 sample, 4096 tran- here N
sients were collected per delay because of the poor signal ume
noise ratio. The delay times, for the barasym sample var-

p is the number of paramagnetic centers per unit
andC is a constant,

ied between 0.032 to 1048 s because of the slow magnetiza- 3 27,
tion recovery in this sample. The recycle delay, between rep- C=§y,3)yﬁ pye Sirfe cosHS(S+ 1)m, 4
n‘c

etitions of the inversion recovery pulse sequence, ranged

from 3 to 300 s depending on the magnetization recoveryyhereg is the angle between the line joining the nucleus and
rate for the particular sample. Chemical shifts were obtaineghe paramagnet and the applied field directignand y, are

using tetramethylsilane as an external standard. the magnetogyric ratios of the nucleus and the paramagnet,
respectively S is the spin quantum number of the paramag-
C. EPR spectroscopy net, . is the longitudinal electron relaxation time, ang is

The spectrum of the sample with the highest concentra?he Larmo.r frequency of the nucleus. The radial dependence
tion of iron (SWy-1) was recorded on a Bruker ER 200 I Eq. (4) is much stronger than the angular one so the an-

D-SRC EPR sepctrometer operating at 9.6 GHz. gular dependence can be neglected resulting in a simplified
equation:
Ill. BLUMBERG'S MODEL (NO SPIN DIFFUSION) o 2
=227 M s srny ®)
Blumberd proposed a model of a diffusionless spin sys- 57p7n| 24 (1+ wﬁrg) '

tem relaxed by paramagnetic impurities. We use essentially L

the same model but use different assumptions in the math- Blumberg noted that it is possible to compuEefrom a
ematical treatment and arrive at slightly different equationsnuclear magnetization recovery experiment and thus deter-
Since elements of Blumberg’s model are required in ouimine the electronic relaxation, for the paramagnetic cen-

treatment we will summarize his description. ter without doing a paramagnetic resonance experiment.
The system is described by very dilute paramagnetic im-
purities and nuclei with a large internuclear spacing or which IV. SINGLE RELAXATION CENTER MODEL

are magnetically dilute. He defines a barrier radysas the

distance from the paramagnetic ion at which the magnetic The general diffusion equation to be solved for the behav-
field due to the paramagnetism is equal to the local dipolaior of the nuclear spin system'is

field of the crystal. Nuclear spins within the barrier radius are 5 .

shifted and broadened so they do not contribute to the NMR P = B

line and since they have different local fields, they do not st PV p—C(p—po)<§ R- R”) —2h,, (6
undergo mutual spin flips with neighboring spins. If the cor-

relation time for the electron spin;.>T,, the transverse Wherep(R,t) is the magnetization of a nuclear spin located

relaxation time of the nucleus, thénis given by at a pointR, p, is the thermal equilibrium value gf, and
D is the spin-diffusion coefficient. It will be assumed that the
b=(,up/,un)2/3a, 7>Ts. (1) nuclear spins and the paramagnetic centers occupy fixed po-

sitions in space, i.e., there is no physical diffusion. The term

C(R—R,) ® represents the probability of transition due to

the nth impurity. Finally, the last term, 2Ais the probability
b=(up?By/u KT) R0, r.<T,, ?) of trans@_n dug to a sgturatlng radiofrequency field. The

constantC is defined as in Eq(5).

wherea is the characteristic lattice spacing between nuclei, If spin diffusion is negligible and in the absence of a

un and u, are the nuclear and electron magnetic momentsadiofrequency excitation equatigf) reduces to

respectively B, is the applied magnetic field;. is the cor-

relation time for the paramagnetic ion, aifid is the trans- p — -6

verse relaxation time of the nucleus. ot P~ po)( Z [R- Rn|> : ™

If the internuclear distances are large or the nuclei are

magnetically dilute, the effect of spin diffusion is negligible. The physical model used assumes that the paramagnetic cen-

Thus the only change in nuclear magnetization is due tders are dilute and homogeneously distributed throughout the

direct interaction with the paramagnet which is assumed t@ample. The simplifying assumption is made that each

be a dipole-dipole interaction with~3 dependence. After nucleus under consideration is dipole coupled only to the

saturation or inversion, the nuclear magnetization grows byearest paramagnet. This is justifiable in a system with very

direct relaxation with an initial rate proportional te"?, dilute paramagnets and because of the strong depen-

wherer is the time after saturation. At very long times after dence of the dipole coupling. Then, we can consider that

When the reverse obtains, tzecomponent of the electron
spin is motionally averaged arulis
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each paramagnet influences all nuclei within a sphere with gers in the sample. Therefore,is the only parameter that is
radius which is one-half the distance to the next paramagnes function of the number of paramagnetic centers:
i.e., an average radiug:

a3
47N,

c=(4m/3)b3N,. (11)
, (8)  Whent=0, Eq.(10) reduces to

1/3

where N, is the number of paramagnetic centers per unit M.(t) = _nK(l_C)

volume. In reality, the impurities are distributed randomly Mo Np
over the lattice. If we now take the origin as the paramag—rn,s to normalize Eq12)
netic center, the solution to E() is ' '

+1. (12)

— N
P

Po— P(r,t)=npeexp —Ct/r®), (9) sz.
wherer is the distance of thg nucleus gnder con5|derat|on|_he solution to Eq(10) yields the magnetization at any time:
from the nearest paramagnetic center and equal to 1 or 2
depending on whether it is a saturation recovery or inversion M,(t)=Mq[1—nG(1)], (139
recovery experiment, respectively.

Conceptually, we note that the magnetization recovery ofvhere

a given nucleus is dependent on its distance from the nearest
paramagnet. Thus there is a distribution of exponential mag- G(t)= C\/E{F(c\/a)— F( \/a)} (13b)
netization recovery rates and the overall nuclear magnetiza- 1-c
tion recovery will be nonexponential. The total magnetiza- . . '
tion M4(t) at any time is given by the following equation: and the functiorF is defined as

exp(—s?)
Mz(t):f p(r,t)dv. (109 F(S):TﬂL\/; erf(s). (139

As noted in the Introduction, this integral cannot be solved In this notation, er{s) is the standard error function. The
analytically without making simplifying assumptions. Our €xperimental data can be fit to these equations to estimate the
assumption of a single relaxation center places limits on th@aramagnetic concentration, and the relaxation ratey. In
integral from the barrier radius t8, the point at which the general, we get excellent fits to these equations.

next paramagnetic center becomes the relaxation center, ~ Since the magnetization within the barrier radius is not
observable, Eq(13b results in the constraint thatt>1.

M, (1) R 6 ) The magnetization recovery is nearly complete when
Mo __”be exp—Ct/rP)4mrsdr+1. (10D  c241~2 "When the concentration of paramagnets,is
greater than 0.2, a fit of the nuclear magnetization recovery
In this solution,M is the observed equilibrium magnetiza- data provides a reasonable estimate of the paramagnetic re-
tion, the radiusb, is the barrier radius defined in Blumberg’s laxation rate,«, and concentratiorg. However, the magne-
model andK is a constant to be determined. The local fieldtization recovery does not fit the equations at very short
due to the paramagnetic center broadens the NMR line fatimes. In a standard NMR saturation recovery experiment,
nuclei within the critical radiusb, to the extent that their Eg. (133 reduces to Blumberg'’s result whénr-0. Expand-
contribution to the measured NMR signal is negligible. Theing Eq. (139 and only keeping the constant and terms in
main difference between this model and Blumberg’s calcu~/at results in
lation is that the limits of the volume integral in E4.0b) are
different. In his model, the integral is carried out over the M, (t)=Mgycymat (149
entire crystal, excluding only nuclei that are inside the radius
b. Tse and Hartmarfrevaluated an integral similar to that in or

Eqg. (10b. However, in their model, they consider that all 4732
impurity sites are important to the problem. They obtain a M,(t)=M, )Npclfztl’z_ (14b
complicated expression that reduces to[ex@/)Y?] when 3

—1/2_ 3/2 1 .
b—0, where ) (2.31r""N,C 9. The exponential Also, there is a large magnetization at very short time.

. n i i
has been further generalized to pxi(+/7,)"]. This expres Therefore, using Blumberg’s expression for lag&vithout

sion, known as a stretched exponential, has been used 'Sccounting for the magnetization offset results in underesti-
cently to fit the relaxation of a nuclear spin system by para. - on ofgz 9
magnetic inpuritie. @

For simplicity in the derivation below, we define two pa-
rameters: V. RESULTS AND DISCUSSION

A. Fitting the NMR data to different magnetization

—C/h6 —h3/p3
a=C/b®> and c=b"/R". recovery functions

We note that the barrier radius, and the coupling constant,  Equation(13) above and the stretched exponential func-
C, are independent of the concentration of paramagnetic cettion are slightly different mathematical models, resulting
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lattice relaxation times; one for each nuclear-paramagnet dis-
tance. Therefore the nonexponential relaxation is interpreted
as a linear superposition of exponentials, each arising from a
particular Si-paramagnet distance.

80
60 3

40 y/ 3
{4 B. Dependence of the nuclear-spin-lattice relaxation time

i on paramagnet concentration
20 i E The 2°Si MAS-NMR spectra of all samples studied have a

i single peak ranging from-83 to —98 ppm(except for bara-
0 3 sym), depending on the sample. This suggests the existence
3 of only one environment for the Si atoms. The difference in
3 chemical shift between the samples is a consequence of both
structural distortions in the tetrahedral sheets and composi-
tional variations in the octahedral shé&tChemical shifts
-40 3 due to the composition of the octahedral sheet are the con-
SO T DOV R TV ITY DU sequence of substitutions, for example, the montmorillonites,
0.001 0.01 0.1 1 10 SAz-1, STx-1, SWy-1, have layer charges due to’Mgub-
7 Recovery Time (sec) stitution for AI** in the octahedral sheet, while hectorite has
Li * partially substituting Mg* as the octahedral cation.

FIG. 1. Magnetization recovery vs lggof time in a*Si inver-  \yegisset al. discussed the effects of structural distortions on
sion recovery experiment with hectorite. The open circles are the9g; chemical shiftd® These structural distortions can be
ex_penme_ntal data._ Curves rep_rese-ntlng the flh/pj(t) were ob- relatively large and arise because tetrahedral sheets are larger
F’“lned u_s'nngoé'rd'f{g’rem_f“_nc_t'oni'_(’t_'t_h) d: single extpolnen- 4 than the octahedral ones and must be distorted to match at
'a _( ),2 a. (19, ( ) strefched exponential, and the shared oxygen plan&sAluminum substitution in the
[---1=7 tetrahedral layer increases the distortion by increasing the

ideal dimensions of the tetrahedrhl axis. In calculating
from different assumptions in the mathematical solution foer, the concentration of paramagnetic centers pef,one
nuclear magnetic relaxation due to coupling to dilute parahave considered structural differences between the samples.
magnetic impurities. Both can be used to described magnedlthough small, the structural differences change the volume
tization recovery in an NMR experiment. In Fig. 1, we plot per unit cell and thus affect the concentrations significantly.
the magnetization recovery éfSi in hectorite and the non- Unit cell dimensions,a, b, ¢ axes, are taken from the
linear fits from Eq.(13), a stretched exponential with literaturel®819
n=0.5, a “normal”’ exponential recovery, and a recovery The ?°Si MAS-NMR spectrum of barasym has three com-
with 72, It can be seen that both the stretched exponentigbonents at-83, —88, and— 92 ppm. Since all of the layer
and erfs) functions do a credible job of fitting the data. charge in barasym is due to Al substitution in the tetrahedral
However, we should point out that EQL3) might not be a  sheet, there exist four possible distinct environments for Si,
good function to fit data whemt>1. In this case, the term i.e., SiO, surrounded by three Si) two SiO,, and one
F(\/at) in Eq. (130 is essentially equal to 1 and conse- AlO 4, one SiQ, and two AlO,, and three AIQ. These sites
quently thus the parametessandc are very dependent on have chemical shifts which increase in fi€ldrger negative
one another. Similarly with the stretched exponential funcvalues as the number of Al next nearest neighbors
tion, the values of-, andn are often strongly correlated, so increases? In barasym the Si/Al ratio per unit cell is near 4
there may be large errors in both parameté®ne thing is  so statistically, the probability of an Si with three A|O
clear from Fig. 1: the magnetization does not follow an ex-neighbors is very low. Figure 2 showsSSi spectra of bara-
ponential recovery, indication that spin diffusion is not thesym and talc. Talc has no Al substitution in the tetrahedral
major mechanism for the overall relaxation process. Addilayer and consequently all Si atoms have three Si next neigh-
tionally, the 72 function works well at short recovery times bors, and a singlé®Si peak at— 98 ppm. The NMR lines for
but not well at long recoveries, as is implicit in the assump-talc are broader than for barasym due to a distribution of
tions in Blumberg’s derivatiofi. dipolar couplings to the paramagnets.

Nonexponential relaxation is also known in the general The magnetization recovery curves for all clay samples
literature of chemical reactions and other physical relaxatiorstudied exhibited nonexponential decay. Results of the inver-
process in disordered systems such as gldésédés an ex-  sion recovery experiments for these clay minerals are shown
ample, Siebrand and Wildm&hrelate nonexponential de- in Fig. 3. The ordinate of Fig. 3 i ,(t)/M(0), where
cays to structural disorder. They propose an equation to déviz(0) is the signal intensity at equilibrium mangetization.
scribe the relaxation in disordered systems that is veryrhe abscissa is plotted on a logarithmic scale. This method
similar to the stretched exponential function, except at shorof plotting the data is useful to see deviations from exponen-
times. In the case considered in our work, the random distritiality at short recoverty times. The sample with the highest
bution of fixed paramagnetic centers introduces a structurgdaramagnetic concentration, SWy-1, contains almost 27
disorder. Since the electron-nuclear interaction is distancémes more iron than that with the lowest paramagnetic con-
dependent (t?) and there is a distribution of nuclear- centration(barasym, and the recovery times span four de-
paramagnet distances there will be a distribution of spincades in magnitude. Although th&Si NMR spectrum of

M,(t)

-20 E
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(A

FIG. 2. 2°Si MAS NMR spectra of(a) bara-
sym and(b) talc.

(B)

LN B LI LB TN AN Mt L L NI B LML LN 0 L LA LA LALLM LA M B L D B B B B A

-50 ~60 -70 -80 -80 -100 ~110 ~120 ~130 <~140 ~150 ppm

barasym shows three peaks, they all have the same “spimuclear Larmor frequencyTq minimum).?’ Thus F&€" is
lattice relaxation time.” The six experimental curves werenot an effective relaxation center f87Si nuclei because the
nonlinearly fit to Eq.(13) using IGOR?! The parametew electron relaxation times are too short. We have only in-
should not depend on the paramagnetic concentration argluded the concentration of Bé in Fig. 4 and subsequent
although there are structural differences between dioctahealculations. The electronic relaxation timg,, is the longi-
dral and trioctahedral samples,is primarily related to mi- tudinal relaxation time which, to our knowledge, has not
nor structural differences in angles, not distanf®=e Eq. been measured for clay systems such as these.

(4)]. Therefore, we held fixed between fitting the different We can roughly estimate the electrdn by assuming that
curves in Fig. 3. The best value of that fits all samples, the longitudinal and transverse relaxation times are nearly
especially those with relatively high paramagnetic concentraequal and that the transverse electronic relaxation time is
tion, is =280 s~ 1. In addition, the fit of each curve gives a given by the linewidth of an EPR spectrum. We measured an
different value for the parameter, which is related to the EPR spectrum of the most concentrated san{@&/y-1)
number of paramagnetic centers per unit volume. Figure 4vhich consists of two peaks: a broad resonange=2.0 and
contains the values af at 300 K plotted against the concen- a sharper signal aj=4.2. In the literature, the resonance at
tration of paramagnets obtained from chemical analysegy=4.2 is assigned to irodll) ions occupying distorted oc-
N, . The dependence is approximately linear. From &Q) tahedral sites within the clay structuféwhereas the broad
the dependence should be linear with a slope af/@b®.

From this data, we obtain a value for the barrier radiysf

the order of 10 A. Using the value for the barrier radioisit 100
is possible to estimate a value for the coupling cons@nt
Since this factor involves the electron relaxation timeas

the only unknown, it may be used to obtatp. Using Eq.

(5), C and 7, are calculated to be 2810~ 4% cnP/s and
8x10° s, respectively.

There are a number of relevant observations about the _
paramagnetic relaxation in these systems. First, we assumeZ
that all of the iron in the chemical analysis of the samples
except talc is in the form of Fé. Several papers in the
literature indicate that such is the c&8&* However, assum-
ing that the iron in talc is all in the ferric state made it an
outlier on Fig. 4. A more careful analysis of the iron in talc
resulted in an F& concentration of 2.%10'%c.c. and
Fe*™ of 2.2x10'%c.c. There are several EPR studies of
clays, none of which explicitly addresses the question of the
electron relaxation times:2® However, there are clear sig- o

. 0.001 0.01 0.1 1 10 100 1000
nals from FE€* and no signals from F& because the relax- < Recovery Time (sec)
ation time for the latter is extremely short. In an NMR ex-
periment where the nuclear relaxation is determined by FIG. 3. Nuclear magnetization recovery vs |g@f time from
dipole coupling to a paramagnet and the time dependenGgversion recovery experiments for the six samples studied:
causing relaxation is the relaxation of the paramagnet, thBarasym, &) hectorite,(*) STx-1, () SAz-1, (§) Swy-1, and
most effective nuclear relaxation occurs when the paramag-O) talc. The solid lines represent the fitkif,(t)/M,(0) using Eq.
netic relaxation time is approximately the same as theg13).

50

(0

M,(t)/M
o
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0.5 . where the paramagnets are dilute and nuclear spin diffusion
5 ] is quenched. Using this model the recovery of nuclear mag-
netization is described by an error function rather than a
“normal” exponential function. This model allows us to ob-
tain the relative concentration of paramagnetic centers from
the fit of the magnetization recovery curves. Tse and Hart-
mann used fewer simplifying assumptions in the mathemati-
cal treatment of the model for nuclear relaxation by coupling
to dilute paramagnets, in the absence of spin diffusion. Their
model results in a stretched exponential function for the
magnetization recovery. The primary difference between
their model and ours is the fact that they consider that a
given nucleus interacts with all paramagnets in the sample
while we restrict the interaction to the single nearest para-
magnet. Both the stretched exponential and error function
10 °N produce excellent fits to all of our data so there is no reason,
P based in “goodness of fit” to select one over the other. We
believe that our model has certain advantages in that we can
FIG. 4. The concentration of paramagnets,obtained from  extract the concentration of paramagnets from fitting the
fitting the #Si magnetization recovery data using E83) vsN,,  NMR magnetization recovery curves. Additionally, in our
the concentration of F& ions per unit volume, obtained from in- hands the stretched exponential function results in a high
dependent chemical analysis of the clays or from literature analyseg relation between two parametersandn in the fit. This
means that good fits can be obtained with a very different
value of one parameter simply by changing the other one.
F0 s Thus it is difficult to assign physical meaning to these pa-
the order of 4.7X10  s. Although the agreement is Nt \ameters, To take this a bit farther, this correlation between
perfect, this is reasonably close to the value 8fB) " ob- 5 ameters makes it difficult to obtain unique values of the

tained from the fit of the NMR magnetization recovery gy noneni, which can be correlated to the fractal dimension
curves using Eq(12). Part of the difference may arise be- ¢ e system. However, Tse and Hartmann's assumption of

causgbofinhomﬁgenec;us.(tj)rr?%der_]ing in(;he EPR ISiQ“"?" whic upling to all electron spins in the sample may be more
contributes to the total width but Is not due to relaxation.  ,ysically realistic. To some extent the choice of which

model to apply is at the liberty of the experimentalist and
VI. CONCLUSIONS may depend on the detailed nature of the sample and what
The 2°Si relaxation times in many materials, including physical interpretation or picture she would like to obtain
most minerals is likely determined by distant coupling toToM the data.
paramagnetic centers. The dilute nature’¥i, due to both
isotopic and chemical dilution, means that spin diffusion will
be very limited. We propose a model to describe the nuclear- This work was supported by the U.S. Department of En-
spin-lattice relaxation through coupling to paramagnetsergy under Contract No. W-7405-ENG-36.

signal reflects Fe-O-Fe groupings within the latficélhe
linewidth of the sharper peak is about 380 g, so thais of
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