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Analysis of Nuclear Relaxation in Granular Systems
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The longitudinal nuclear magnetic relaxation tinig, of powdered samples was analyzed following the
theory proposed by Browstein and Tarr to explain Theeduction of water confined in biological cells and the
proposed by Rabbani and Edmonds where the molecular diffusion in liquids is substituted by spin diffusion to
interpret theT; behavior in solid particles. We have shown that the multiexponential character of magnetization
decay in solid particles with a narrow band size distribution allows to evaluate the spin diffusion coefficient of
this material. On the other hand if the diffusion coefficient of a material is given and the average size of a sample
of this material is known the relaxation decay curve can be used to determine the surface relaxivity as well as
the relative size of particles present in the other samples of same material. However, this analysis is unable to
provide the absolut measurement of the grain sizes. Furthermore, it is shown that the grain geometry does not
influence the relaxation decay curve.

Keywords: Nuclear relaxation; Granular systems

I. INTRODUCTION time constants. Detectable changes in relaxation rates oce
in cells, pores and grains with sizes of the order of one hui
dred micrometers or less, depending upon the absorbed flt

Longitudinal and transverse magnetic relaxation of nuclelOr the type of granulated solid. The spin diffusion process i

in molecules within confined liquids and small particles show,[hese samples is similar to the spin diffusion toward the par

a distinct behavior as compared to those in bulk samples: th agnetic centers in doped single crystals [4, 6]. Brownstei
relaxation rates are enhanced and even when the decay in tge "+ . [1] (B&T) proposed a simple theor{/ for proton re-

bulk follows a single exponential law its confined counterpart,, ation of water in biological cells, which found widespreac

may require a sum of exponentials for a correct description,, i apjjity [7-11]. It is based on the hypotheses describe
These features are found in the nuclear relaxation of water i arlier in this paragraph, with the spins in the bulk and i

biological samples, fluids in porous media and fine powdere e surface coupled by means of molecular diffusion. Th

solids. The basic physical model is similar in all these Case%ulti-exponential decay arises as a consequence of a sum

spin magnet|;at|on diffuses to the surfacez Whefe it decay; I@igenvalue solutions associated with the size and shape of 1
a very short time due to a stronger coupling with the lattice

o A . - o rcell. Since both water in biological tissue cells and grains ¢
(for longitudinal magnetization) and internal magnetic f'elda powder have similar microstructures of small unconnecte
gradients (for transverse components). This is observed in b{iolumes it is expected that the same solution can be appli
ological cells [1], where the proton relaxation of intracellular to fine gr’ains if the role of the bulk diffusivity of water in cells
water is affected by interactions with free radicals and parar, replaced by the spin diffusion in the solid
magnetic molecules in membranes. Also, in porous sedimen- ’
tary rocks the proton magnetization rate of decay of absorbed
water and hydrocarbons are improved by the molecular dif- . THEORY
fusion of fluids towards the surface [2], where they remain

temporarily close to paramagnetic impurities and are relaxed. . - .
This effect is expected to provide information about the av- Following B&T, the longitudinal magnetization component

erage pore size, as a result of the sampling of the rock-flui(ﬁ;f a solid powder grain can be obtain as a solution of the mo

interface by the protons during the relaxation process. RaH-'Ed diffusion equation

bani and Edmonds [3] (R&E) reported this same effect in fine

solid grains and explained it in terms of a two sites model: _ Pr2M

each grain has molecules in the bulk, with a long relaxation OM/0t = DU'M —M/Tap @)
time, magnetically coupled by spin diffusion to those resident gy pject to the surface boundary condition

in a thin layer at the surface. It is known that the phonon

spectrum in the surface is distinct with respect to that in the

bulk, due to a higher concentration of crystalline defects, like [Dfi-OM + pM]g = 0. )
dislocations, or to the amorphous character caused by plastic

deformations during the grinding process [4, 5]. The conseTyy, is the bulk spin-lattice relaxation timB, is the spin diffu-
qguence is a stronger coupling of spins to the lattice due to vision coefficient ang is the relaxivity, the parameter express-
brations with increased number of degrees of freedom. Thedag the effectiveness of the surface as a “relaxation sink”. Fc
effects act in parallel, thus shortening the characteristic decag well-defined surface layer, with a very short relaxation tim
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compared to that in the bulk, relaxivity is defined as the layeisummation in Eq. (3) is essentially resumed to the first tern

thickness divided by the local relaxation time. The normal-(b) A > 10is the slow diffusion regime; the intensitigsde-

ized amplitude of the detected signal, the relaxation functiorcrease roughly as/n? and are almost independent &f In

St), is this regime, several terms must be considered for a correct
scription of the multiexponential decafe) 1 < A < 10is the
intermediate condition.

S(t) = Mo —m(t) _ Both casegb) and(c) are inherently multiexponentials but
f.m, this may also be observed in case for a powdered sample
with a wide distribution of grain size spreading over a range ¢
© an order of magnitude or greater. In this situation the summ
exp(—t/Ti) 3 In(&n)exp[—(4D/d?)&x] (3) tionin Eq. (3) must be transformed into a volume weighte
n=1 average. Another important result demonstrated by B&T i

that Tp given by Eq. (6) is also the initiat,= 0, decay time
constant in regimeg) and(c).
Nonlinear regression of experimental relaxation data to E

wherem(t) is the magnetic moment of a grain, given by,

z (3) is expected to provide the bulk spin-lattice relaxation tim
m(t) = M(r,t)dv (4) Tip and the following parameters associated to the granul
microstructure:
andm, is its equilibrium value. The factof is 1(2) for a (a) the characteristic time
saturation-recovery (inversion-recovery) sequence, as usual, &
and¢, are roots of a transcendental eigenvalue equation of the 0=—, (7)
form 4D
(b) the surface contribution to the initial decay time constant
pd 1 S /P
F(gn) =A= oo . (5) =) =k(g)- (®)

and(c) A, implicit in the rootsgn), as defined in Eq. (5k

is a geometry dependent integérfor planes4 for cylinders
TABLE I: Characteristic eigenvalue equations derived from Eq. (2)and6 for spheres and cubes. There is yet the following equ:
and the corresponding expansion coefficients of Eq. (3) for differention relating these parameters leaving only two independe

grain geometries, according to B&T. ones
Geometry F(&n) In(&n)
Plane | Zntan(En) =A % ATos_ 2 ©
Cylindrical| €1 (&n) /o(n) = A| ey ey ek o
Spherical| 1—&ncol(En) — A T2in(En) —£nCOSEn)T? .AIthough our de;crlptlon is referring to Iong.|tud|nal requ-
&3[28n—sin(28n)] ation, the conclusions for transverse relaxation are entire

analogous, differing only in the experimental method and th

derived from the boundary condition expressed in Eq. (2).value of the relaxvity.

The functionsF (§,) and the coefficients (intensitie&)(§n)
are characteristic of the assumed shape for the gralins; . EXPERIMENTAL PART
their typical size (diameter of sphere, cylinder, etcA.is

a dimensionless parameter reflecting the effectiveness of the
surface in relaxing the diffusion transported magnetization
the reduced sink strengthThe analytic forms of-(§,,) and

Six powdered maleic acid samples differing in the averag
grain sizes were prepared from the raw commercial grade m
In(%,) for plane, cylindrical and spherical geometr detailedterial (S1). The bulk proton spin-lattice relaxation time in this
n(én) P ' oy P 9 Y substance is very longy{10%), thus making it a good candi-

n Eﬁg E:ﬁgﬁ:g’r?)rfet;]eep:ﬁggﬁzgz'gﬂ-ﬁblgetay is classified aC(_Jlate to study the improvement of magnetic relaxation due |
cording to the value of the reduced sink strenGth << 1 surface contribution. Three samples were prepared by crus

is the fast diffusion regimeM (r,t) is uniform over the grain g a fracn_on_ofs_l In & mortar angl selectlng the grain S1z€

volume and the decay is monoexponential with the time con.2nge by sieving it successively with four different mes_h stz

StantT. aiven b sieves: 1_8(_31m 80 Hm 75umand 53um _Sample two &) is

o9 y the remaining material over the sieve with @@mesh. Sam-

ple three §3) is the remaining material over mesh size| s

1 1 S and sample four34) is the material over the sieve with mesh

To = Tio + p(\7) ) ®) 53 pm Samplesss and S6 were obtained from another frac-
tion of S1 ground in a ball mill during 16 and 72 hours, respec

where(S/V) is its surface area/volume ratio. In this regime tively. The specifications of these samples are summarized

the intensities,,, decrease roughly als/n4 and therefore, the follows:



30 Brazilian Journal of Physics, vol. 36, no. 1A, March, 2006

e S1  commercial grade, unprocessed and the intensities in Table | take the fotpw 6/(Tn)2. Al-
though this may be justified on the ground of the very slov
spin diffusion usually found in nonconducting solids, and tha
one fitting parameter is removed in the computing task, it he
e S3 crushed and sieved, with ghand 75immesh the disadvantage of making the relaxation function, Eqg. (3
size to assume infinite initial slope, thereby eliminating any infor.
mation supplied by Eq. (6) and Eg. (8). Despite the attentio
e S4  crushed and sieved, with @B and 5immesh  given to the recording of decay signal amplitudes for short

e S2 crushed and sieved, with 1@tand 8Qummesh
size

size values, with the purpose of determining the initial relaxatior
oo time constantTps), the poor signal to noise ratio in the begin-
e S5 16 hours grinding, (2@ 2) um(SEM) ning of the decay leads to results both unreliable and strong

dependent upon the extension of the chosen time interval.

was eventually decided for the numerical differentiation of the
All samples were dried in an oven46°C during one hour fittedrelaxation functions at short times.

and stored at room temperature with silica-gel until measure-

ments were carried out. The micrograph of sample S5 was

obtaind using a JEOL JEN 840-A scanning electron micro- IV. RESULTS

scope, which allowed the accurate measurement of grain size

in this sample and it was used as a comparison standard. TheAll samples showed clear multiexponential decay behavio

spin-lattice relaxation of protons of these samples were moras can be seen in Fig. 3, defining the slow diffusion relaxatio

itored at room temperature in a 0.77 T magnetic field (Larregime. The attempts to determine the bulk relaxation tim

mor frequency 33 MHz). The saturation-recovery pulse seas a fitting parameter were unsuccessful. The method or

guence with detection of the solid echo amplitude was electeielded very large values with uncertainties greater than 1(

as the most appropriate technique, mainly due to the very longercent, even when the paramefewas fixed as a very high

characteristic time constants of maleic acid. The NMR spechumber, thus approximating R&E'’s fitting function [3]. This

trometer employed in this experiments was mounted usingjas been interpreted as indicative of a very slow bulk rela

an American Microwave Technology M3446 Pulse amplifier,ation rate, justifying the approximatiohy, > (9/(1)?) and

a MITEQ preamplifier and an APOLLO NMR (TECMAG) the substitution of unity for the exponential factor in Eq. (3).

console. A diagram of the pulse sequence is shown in Fig. IThe notatiorTy = Tos thus will be adopted hereafter.

In these measurements- 100ms Tsg = 35ms Ty = 300ns

andA was varied froml0~2 to 10* seconds in a quasi geomet- o

ric sequence. L o
351 TH}%‘E‘—{f e |

e S6 72 hours grinding.

Comb
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FIG. 1: Pulse sequence for the spin-lattice relaxation monitoring. time(s)

The relaxation function S(t), Eq. (3), as defined for the

three basic grain shapes suggested by B&T (plane, CyIiI’]dricaﬁlG. 2: Fittings of data points of sampl&&to plane, cylindrical and

and S[_)hel’ica_.l!%}l was fitted to experimental data using Microgpnerical grains. The fitted curves are almost indistinguishable.
cal Origin 6.1 ¥ software. The summation was extended to 8

terms and inclusion of additional terms did not lead to any sig-

nificant change or improvement in the accuracy of fitting pa- It was first investigated the possibility of distinguishing the
rametersA was taken as an adjustable parameter,leaving  granular geometric shape through the quality of a specific r
to the nonlinear regression method the task of specifying théaxation function to experimental data. Satisfactory curve
relaxation regime. This procedure differs with respect to thatvere obtained with respect to the “goodness of fit” for the
followed by R&E: they performed nonlinear fittings of theo- three basic geometries, as shown in Fig. 2. ®halues listed
retical expression representing the relaxation of a system ah Table Il are very different according to the assumed grai
uniform grains decaying in the regime of very slow diffusion shape, but it was possible to verify a fair coincidence of th
A — o, when the roots of Eq. (5) assume the licit=nrt  ratio £2/0 for the prevailing leading term in the summation
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of Eq. (3). This means that it is not possible to identify theassumption of uniform grain sizes was maintained for all san
grain shape through the “better fitting selection”: regressiorples: a detailed calculation taking into account a wide prok
does not provide easily interpretable geometric informationability distribution of sizes would be useless when applied t
which must be known in advance in order to assign a dependhe typical decay curves, which do not present features th
able meaning t® (andd). allow such level of resolution. Fig. 3 shows the normalize
experimental detected signal amplitudes and the fitted rela
ation curves, Eq. (10). The values of characteristic and initi:
time constants are both listed in Table Il1.

TABLE llI: Logarithmic time derivative at t=0 (initial slope) and
characteristic times determined as fitting parameters of experime
tal decay data to Eq. (10)(cubic grains)

S()

To(s) O(10%) A [ATp/©
S1]2334+25] 70+2 |158+12] 0.53
S2[ 11322 | 502+15 | 50+5 | 1.10
S3| 344+1 | 146+05 | 39+4 | 0.92
S4| 246+7 | 103406 | 37+8 | 0.89
S5[322+0.5 0.94+0.04 [136+ 14| 0.46
S6|25.1+0.5/0.657+0.012[125+0.5] 0.48

0.0 T T T T
1 10 100 1000 10000 100000

Since the samples were all obtained after different mecha

ical processing — crushing, sieving, milling — of the same rau

FIG. 3: Fittings of data points for all samples with assumed cubicma_terlal they are expected to_ eX_h'b't the same bulk spin di
grains. fusion coefficientD. Eq. (7) indicates thab can be eval-

uated if the diameted, actually the cube side length in this

case, is independently measured. Samples S3, S4 and S5

isfy this requirement. The calculated diffusion coefficient:

TABLE II: Values of ©, in 10%, obtained after fitting of Eq. (3) for &€ INHMF/S. D3 = 0,103+ 0,006 D4 = 0,099+ 0,025

the three elementary grain geometries to experimental data. and Ds = 0,106+ 0,016, its error weighted average being
D = 0,103+ 0,010un?/s. The close agreement among cal-

Geometry[S1]S2] S3] S4] S5 | S6 culatedD values as well as the compatibility between define
Spherical|71|55[ 16| 12| 1.2]0.84 and measured (fitted) supports the assumption of the bulk

Cylindrical| 38| 28(8.6(6.5|0.66]0.46 relaxation time far exceeding the time constants determine

Plane [15] 9| 3 [2.5(0.26/0.18 by surface relaxation mechanism. The use of this average sj

diffusion coefficient makes possible the evaluation of averac
grains sizes for the remainder samples, and with the help
Aside the three basic geometric forms considered by B&TEQ- (8), p = d/(6To), the analysis can proceed toward the
Eq. (1) with thel/Ty, omitted can also be solved for cubic Calculation of surface relaxivities.
grains of sided with six active relaxation sink surfaces, trans-

forming into a simple form, TABLE IV: Experimental (S3, S4 and S5) and extrapolated value
(S1, S2 and S6) of grain sizes, plus calculated relaxivities.

o 3 Sample d(um) [ p(Hny/s)
S{t)=| Y In(&n)exp[-&t/0]| (10) S1 | 170 | 0.0122
=1 S2 | 140 | 0.0205
S3 | 78 | 0.0376

whereg,, are roots of the same eigenvalue equation as that S4 64 | 0.0434
characteristic of plane geometry. The summation raised to the S5 20 | 0.104
third power is a result of the method of separation of variables S6 16 | 0.106

applied to the differential equation and the orthogonality of

eigenfunctions. The fitte® values were essentially the same

as those obtained for assumed spherical symmetry, although Table IV resumes the values of sizkand relaxivitiep de-
with lower associated uncertainties. This coincidence of chartermined after the procedures described in the preceding pa
acteristic times is not surprising if we consider that spheregraph. The relaxivities uncertainties are in the range from fiv
and cubes have the same surface area to volume ratio. Theten percent. Samplé&l andS2do not have homogeneous
regression parameters of the relaxation function in the forngranularities and their tabulated grain sizes and relaxivitie
of Eq. (10) were then chosen for the analyses to follow. Theobtained by extrapolation and indirect calculations, are onl
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rough average values estimations instead of accurate deteret provide absolute measurement of grain sizes, even if tl
minations. However, it is possible to infer that grinding the simplifying assumption of uniform granularity is followed:
commercial grade compound for 16 hours decreases the pahe independent knowledge of the spin diffusion coefficier
ticle linear dimensions by almost an order of magnitude intoor the comparison with the function of a well characterize
a narrow size distribution, whereas grinding it for 48 hoursstandard sample is required. Nor can the prevailing grain ge
more results in the additional decrease of only 20 percenmetric form be identified on the ground of specific features c
Observing the third column we detect an apparent raise in rehe observed decay curves, for they cannot be decomposec
laxivities with increasing surface area to volume ratio in sam-spectra of definite relaxation rates. However, the access to't
plesS1throughS4, suggesting that manual crushing does notrelaxation function of a single sample with a well known grair
equally affect the surfaces of grains with different volumes.size allows, as has been presently done, the evaluation of t
On the other hand, it can be seen that grinding maleic acid idiffusion coefficient for this material. On the other hand, if
a ball mill during 16 hours changes drastically its surface crysthe diffusion coefficient of a material is known and the aver
talline structure, both creating lattice defects which lead to thege size of a sample of this material is known the relaxatio
shortening of the local relaxation time, and certainly produc-decay curve can be used to determine the surface relaxivity
ing thicker boundary layer of stronger relaxation. Additionalwell as the relative size of other samples of the same mate
milling process, which causes little effect on the particle sizesial. These possibilities arise as application of a simple phy:
does not change its relaxivity. As a consequence, samples thigal model which leads to algebraic expressions involving
have already been milled to this limit condition of unalteredfew parameters representing quantities of interest in descri
surface sink strength must present initial decay time constaniag microscopic properties of granular solids. This must b
in the ratio compared to the other common tools employed in the anal
sis of multiexponential relaxation: the numerical inversion o
T d the Laplace transform [12-15], and the stretched exponent
RVl (11) fitting [7, 16, 17]. The first one requires a lot of experimenta
Tok Ok data for every relaxation decay, does not lead to a unique so
tion for relaxation times distribution, and it usually works on
the oversimplified basis of a definite particle or pore size fo
every decay time component. This is not true, as can be o
served in the form of the relaxation function, solution of the
gmgnetization diffusion differential equation. The stretche
exponential and its modified form [18] , on the other hand, in
volve no more than three parameters and good quality fitting
can be achieved with less experimental data, if convenient
distributed. However, they are not associated to an establish
physical model which permits the development of analyses
the kind carried out in this article.

according to Eq. (8). Sampl&bandS6 are expected to
fulfill that condition and to satisfy the relationship above. Ac-
cording to Table Il the ratidTos/Tos) is 1.30+0.05and from
Table IV (ds/ds) is 1.25+ 0.15, a good agreement if the error
spread is taken into account. If the thickness of the surfac
layer is assumed to be of the order ofAl@nd this value is
combined with the relaxivities of sampl8%andS6, it is pos-
sible to obtain the typical spin-lattice relaxation time in that
layer as10ms lower by a factorL0® with respect to the char-
acteristic times measured in those samples.

The values of the parametérextracted from decay data
points, although confirming the slow diffusion regime, do not
show any of the regularities observed for the time parame-
ters. Its determination is quite imprecise, as can be seen in
the third and 4-th columns in Table IlI, particularly in this last
one, where all numbers should be close to 1/3. Large changé¥knowledgements
of A in this range do not affect in appreciable amounts the
rootsé,, and so this quantity was not considered for numeri-
cal evaluation purposes. We thank Dr. Pedro Kiyohara, head of the Laboratory o

Electron Microscopy, IFUSP, for the scanning electron micro

graph used in this article.We are also indebted to Dr. Dc
V. CONCLUSIONS lores Ribeiro Ricci Lazar, (Laboratory of Ceramic Materials -

IPEN), for ceding the ball mill where sampl&§ andS6 were

Under the adopted theoretical basis the analyses of maground. S. R. and J. B. M. received support of FAPESP ar
netic relaxation decay functions of fine powdered materials d&€NPq.
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