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T, images are obtained by two interleaved B;-gradient imaging Some time ago, we devised a method based on radiofrequen
experiments preceded by CPMG trains of different lengths. The field gradients B; gradients) and on the SUFIR (super fast in-
method is assessed by means of a phantom involving compartments  yersion recovery 1)) experiment with the goal of obtaining
of different, though relatively close, T, values. T, images arise from spatially resolved longitudinal relaxation timeg) (12). This
a previously published procedure also based on two interleaved was motivated by the fact th&; gradients are not hampered
B;-gradient imaging experiments involving different evolution of by the problems encountered when usBgradients, whereas
the longitudinal magnetization. Both types of image appear to be SUEIR | vt . ts f ¢ ’I det -
useful in view of the structural characterization of polymer samples employs on y_ WO exp.er.|men S tor agcurq ely aetermin
through the T, and T, distribution of a solvent embedded in the "9 T1 and thus requires a minimal measuring time. Along the
material.  © 2001 Academic Press same lines, we present in this paper a method for the spati

determination of transverse relaxation times; it involves a com
bination of the CPMG experiment and the imaging procedure

Most NMR images are inherently contrasted by the action By radiofrequenc_y f_ield gra_dients currently in_use in this labora
spin relaxation during the experimert)( However, obtaining tory (13). The main idea relies on the comparison of a referenc

accurate relaxation time value (or T,) in the third dimension Mage &) and a partially relaxed imag&), both experiments
(instead of the spin density) may be less straightforward, es

FIi)g_ing interleaved. The measuring time is thus reduced with re:
cially in the case of biological tissueg,(3). We are mostly in- pect to the classical methods which involve the repetition o

terested here in the determination of transverse relaxation tinia& imaging experiment for several values of some interval ser
(T,). They can be mapped by performing a pixel-by-pixel analf-'t've to the relaxation time and subsequently, the analysis c

sis of the images acquired with different values of the echo tinfa® evelution curve for each pixel. The accuracy of the pro-

in a pulsed field gradient (PFG) spin-echo sequence. HowepSed method will be checked with phantoms and shown to b
diffusion processes may heavily affect thevalues 4) and dif- adequa_lte so as to perfqrm_ a meanlngful_ analy5|§ of transver:
ferent methods have been proposed to circumvent this probldfiaxation of a solvent inside a polymeric material. Concern.
One of them, which concerns the spin—echo imaging sequer®8, this latter issue, we shall suppleméntimages byT; im-
consists of placing the phase gradient pulse immediately bef@@eS in order to assess the characterization of anisotropic vers
the read gradient in such a way they do not form a PFG dgotropic polymeric materials. The interpretation of the different
quence§); another one makes use of a preparation period of tfratures of both types ofimage will be shown to be consistent an
CPMG (Carr Purcell Meiboom Gill)g, 7) type which precedes COmplementary. _

the spin—echo sequence in such away that the effe@igrefax- 10 renderthe CPMG experiment space dependent, the norm
ation and diffusion are uncoupled by the fact that the echo tifiél @cquisition is replaced by a train of shé@i gradient pulses

remains constan8]. These methods make use of static magnetfiith acquisition of asingle pointbetween two consecutive pulse
field gradients BO gradientS) and suffer from the ||m|tat|0nS(Flg 1) The Fourier transform of the pseUdO'fld which has bee

inherent in such gradients (e.g., magnetic field inhomogeneﬂ?tai”ed that way yields the spatial profile of the projection upor

effects and magnetic susceptibility variations inside the sami B1 gradient direction14). A 2D map is obtained by a step-
©, 10). by-step sample rotation and a treatment based on the projectio

reconstruction principle along with an adaptation of the “filtered
back projection” algorithmi(3). A pixel-by-pixel analysis leads
1 To whom correspondence should be addressed. to the required’, map, assuming only orne for each pixel. The
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(A o n 5 ny x ~ 5 TABLE 1
Transverse Relaxation Times (in ms) of the Sample
LI PRI H — H Made of Three Capillaries
. H . Imagin
) " e n “Classical” gne
Hiadic'd bisiiy Method T2 Taave Tomin Tomax o
Capillary 1 330 332 314 350 8.0

Capillary 2 250 247 234 256 4.1
Capillary 3 370 376 354 389 7.5

i Note.Data have been obtained by the classical method (CPMG) and by thi

P proposed imaging experiment described h&pgn and Tomax are the extreme

/.\ ; )'\. values, wherea§,,eis the average value awdis the standard deviation. These
\/ two latter quantities have been calculated over all the pixels defining a capillary

FIG. 1. (A) Scheme of the sequence used for the spatial determination of . . .
Ty; it stems from the comparison of a reference imegg#&nd a partially relaxed Brocedure for producing images. Moreover, if thd, value

image &). ¢; andc; correspond to the numbers of loops for the reference arf@Und for a given pixel is outside the expected range, it will
relaxed spectra, respectively. Solid rectangles correspond to rf (radiofrequerf2g) also set to zero. The first test was carried out with a phar
pulses assumed to be homogeneous (acting in the same way at any locatidoim made of three capillaries containing water with different
thel ObjeCBt U;gséii”l‘ée;“t%zt:?n”;’ ;’r‘:herr‘ziz 3:?;‘22]rﬁgt?:gffaztizrf‘if%’er:lgr‘}‘i‘:éﬁﬁounts of copper sulfate so that the corresponding transver:
S;Ja?j?:ﬁt(. 'I)'he grazient is appligd i?\ ltohe form of a p?:ls); trgain, with acqquisiti};n é&laxatlor,] times (measured separately by the CPMG method fc
a single data point between two consecutive pulses. each capillary) are 330, 250, and 370 ms, respectively. As show
in Fig. 2, the results of the imaging experiment are especially
clean, the limits of the capillaries are well defined, andThe
alternate block acquisition mode affords compensation for abhgsed discrimination appears convincing. It can be especiall
instrumental drift, and’, can then be accurately obtained by noticed that Eq. [1] could be applied &l pixels within each
capillary. The noise at the top of each cylinder is representativs
of the accuracy with whicf, is determined and is seen to lie
in a somewhat narrow range, so that the capillaries for whict
theT, values differ by about 10% are differentiated quite unam-
wherel; andl, are the signal intensities in blocks 1 and 2, rediguously. In Table 1 are reported the average &ndxtreme
pectively, andr the time interval of the CPMG pulse train (seevalues for each capillary along with the standard deviations cal
Fig. 1). The retained pixels are those for which the intensity oulated over all pixels defining each capillary; the latter provide
the reference image (block 1) is greater than a threshold valreestimation of the experimental uncertainty which can be see
defined by the user (above the noise level). If, by chance, a pixelbe+1%.
intensity in the partially relaxed image would be greater than theThe second example (Fig. 3) is more directed toward possibl
one in the reference image, the correspondingvould be set applications and concerns a solvent (toluene) within a polymeri
to zero. In practice, such a situation was never (or scarcely) material (high-density polyethylene, HDPE). Two types of sam-
Nevertheless, this was included as a safeguard in the automptes (in the form of parallelepipedic bars) were prepared:

-2t (02 — Cl)

(/1) s

2 =

75" =376ms

T = 247ms

FIG.2. T, map of three capillaries containing water doped with different amounts of copper siilfdfés(the average value calculated over all the pixels of
the considered capillaryy, c1, andc, were set to 40Qks, 2, and 500, respectively (see Fig. 1A). Two-dimensional images were obtained by rotating the sarr
in 3.6° stepsH measurements were performed at 100 MHz with a probe deliverByggradient of 46 gauss cm (sample temperature: 26).
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FIG.3. Toluene within HDPE (high density polyethylene) samptes;, andc, were setto 10@s, 2, and 80, respectively (see Fig. 1A). The two-dimensional
images were obtained by rotating the sample ifi $t8ps. Pixel by pixel comparison of reference (A) and partially relaxed (B) images yiel@srtep (C). These
images correspond to an “anisotropic” sample of HDPE (see text) which has been immersed in toluene for 30 h. The three lower Tnaggssarerresponding
respectively to “isotropic” (D) and “anisotropic” (E) HDPE (both after immersion time of 30 h) and to the “anisotropic” sample at saturation (F§idmanme
NMR experiment temperature: 25.

(A)

(D)

(i) One is referred to as “isotropic” because it has been cuijection mold). In fact, the thre&, images (3C—3E) have not
from the core material (spherolitic polyethylene), all sides beirgeen normalized, so that deceptive large variations can be a
in principle identical. cribed to a small difference between the highest and lowest pixe

(ii) The other sample is denoted “anisotropic,” its sides diintensities.
fering two by two, because it has been cut from a plate and notindeed, differences ifi; values observed in each map which,
from core material. Two opposite sides correspond to the origithough small, are significant with regard to the experimenta
nal surfaces of the plates in contact with the injection mold anghcertainty, cannot, at first sight, be associated with any mol
are known to possess a skin of ca.; 3@ with transcrystalline phological property. It must however be borne in mind that &
morphology (crystalline lamellae aligned along the directiogiven pixel encompasses a very large area at the macromole
perpendicular to the surface). The other two opposite sides watar scale and thus can be representative of several differe
cut in the bulk of the plates and correspond to the core materisttuctural features (e.g., amorphous, crystalline, orientel

with unpredictable proportions (and possibly varying randomly

These bars were immersed in liquid toluene. The solvent nfiiem one experiment to the other). As suggested by Kettad.
grates faster through the surfaces that have been in contact Wit8) in another context, we have thus represented the distributic
the injection mold, presumably due to the particular propertie§toluene transverse relaxation times in the form of histogram:
of the skin mentioned above. (Fig. 4) and subsequently fitted this distribution according tc

We have obtained, maps for each sample and for two im-gaussian functions with the hope of gaining some insight intc
mersion times (30 h and saturation). These maps correspaing structural properties of the polymer sample. We can notic
exclusively to toluene within the polymeric material, the huge strong asymmetry (involving two well-characterized gaussial
linewidths of the latter precluding any significant contributiofunctions) for “anisotropic” HDPE after an immersion time of
to images obtained by the experimental procedures used her&0rh. (Fig. 4B), whereas essentially a single gaussian functio
spite of spin density images clearly exhibiting a heterogeneitfgscribed thd, distribution in the “isotropic” sample after the
of toluene concentration (shortage of toluene can be seen atthme immersion time (Fig. 4A); thisis also true for “anisotropic”
center of the sample, Figs. 3A and 3B), enap is much more HDPE at saturation (Fig. 4C). For these two latter samples, th
uniform (Fig. 3C), indicating that toluene transverse relaxatiatistribution exhibits nearly the same shape. We can explain th
time is quasi-constant, regardless of the actual concentratiomsymmetric distribution ot in “anisotropic” HDPE by the par-

a given location within the sample. This feature is indeed oleular structure of the two sides involving a skin as describec
served for the two samples after an identical immersion tinaove. When toluene penetrates the polymer by the skin (ar
(30 h, Figs. 3D and 3E); concerning the anisotropic samplesatlvent uptake occurs preferentially that way), its environmen
saturation (Fig. 3F), some variations (though in a narrow range)more organized and the fact th&t is smaller can be ex-

are visible but they do not appear to be correlated with the speglained by the unique property of transverse relaxation rate:
ficity of this sample (two sides having been in contact with th&hich are dominated by spectral densities at zero frequency
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to toluene in the core material; the major one involves a shorte
T, (centered around 19.5 ms) and would correspond to more o
ganized regions of the material, which are preferentially presen
in the “anisotropic” sample. Of course, after a long time of im-
mersion, this organization tends to decrease due to swelling pr
cesses and a situation analogous to that of the “isotropic” sampl
is retrieved (this can be appreciated by comparison of Figs. 4
and 4A).

In order to assess and possibly complement the relaxatio
time approach for material characterization, we have Tun

Tz(ms) imaging experiments according to the method above mentione
800 - (12) (thus, no further explanation needs to be given). Experi-
700 mental conditions are identical to those prevailing Terim-
600 ] ages and will not be repeated. Again, we had recourse to hi:
500 1 tograms which are displayed in Fig. 5. As can be observed, th
400 ] “isotropic” sample after an immersion time of 30 h as well as
300 1
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FIG. 4. Distribution of the transverse relaxation time of toluene within 400 1
“isotropic” (A) and “anisotropic” (B) HDPE after immersion time of 30 h and 300 4
within the “anisotropic” sample at saturation (C) (corresponding to Fig. 3D, 3E, 200 1 ‘|
and 3F, respectively). 100 ] 4|;ﬂ||
~ t
01 NMN ‘.

slow motions are present (this is certainly the case here due to

. . ] - . B 200 - 300 ‘ 460 ‘ 560
the interaction of the solvent with the polymeric matrix), and by ) T (ms)
relying on a simple model such as the one of Lipari and Szabo

. . 800
(16), which yields
700
1 600
=~ K. S, [2] 500 ]
2
400 -
whereK is a scaling factor related to the interactions affecting 300
the toluene protong, a correlation time associated with slow 200 -
motions, andS an order parameter which increases with the 100 ]
degree of organization. Indeed, as already mentioned, Fig. 4B o] ot

reveals that two distributions exist for the “anisotropic” sample (©) 1300
after 30 h ofimmersion: the minor one, centered around 21 ms, is
similar to the predominant distribution in the “isotropic” sample fiG. 5. Distribution of the longitudinal relaxation time of toluene within

after the same immersion time (Fig. 4A) and would be assignae same samples and with the same conditions of immersion as in Fig. 4.

1500
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the “anisotropic” sample at saturation exhibit a single gaussiahdifferent types of motions affecting solvent molecules within
distribution. By contrast, two distinct gaussian distributions agepolymeric material. These results appear consistent if it is re
clearly visible for the “anisotropic” sample after 30 h ofimmeralized thafT, is dominated by slow motions wherebsdepends
sion. In this respect, it appears that discrimination of the twanly on fast motions. Both types of motion are superimposed
types of sample is possible from symmetry (or dissymmetry) tife former arises from interaction of solvent molecules with the
T, distribution, as this was done fdp distributions. However, polymer while the latter corresponds to reorientation of solven
the values found for longitudinal relaxation times, as well as tmeolecules inside the cavities or channels which have been cri
location of the minor distribution with respect to the major onated in the swelling process.

(when two distributions exist), require some further interpreta-
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