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Frequency
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Experimental studies of the unrestricted translational (t) diffusion 5r

coefficientD! of molecules in a liquid provide informatibmbout | _______ g B -
. . . ) 4 FC o} 2

the organization of their immediate environment and a way to test ke @ Q\

the models of intermolecular forces and the theories of transport. % 34 T e

In porous media and biological tissu&¥,is important to correlate o D |- T o

the long-range apparent diffusfoonf the molecules explored by =< o R

pulsed gradient spinecho (PGSE) NMR with their interactions 1 Ol mixe

with the fluid/matrix interfaces and/or macromolecules in a crowded Ol mixtp

environment. Here, a simple method is proposed to measure the

relative diffusion coefficient of a pair of small molecules at the 1/2 MHz1 2

nanometer scale. It is easy to use on standard spectrometers and

magnetic resonance (MR) imaging (I) and microscopy (M) instru- ggg”; 1

ments. '
In a liquid solution, consider nuclear spihen solvent or solute

moleculesM, in the presence of electronic spiBon solutesMs

without long-ranged chargecharge or binding interaction witk,.

The longitudinal relaxation rat®;, transverse relaxation ratez,

and longitudinal relaxation rat&,, in the rotating frame of a spin

| can be measured in an external magnetic figddby standard

NMR sequence$Each rateR, is the suM R, = Ry + Ry Of the

valueR,o in the diamagnetic solution without paramagnetic solutes

and of the paramagnetic (p) relaxation enhancement (FRRE)f

the spinl due to its purely outer-sphere (OS) interactions with the

spinsS The PREsSR;, and Ry, are indistinguishable, but are in

extremely viscous solventsThe mixed PRE is defined &s

Relaxivitiesry (o = 1, mix2, mixlp) versus {,)¥2 in DO at

holds for nitroxide radicals and complexed paramagnetic metal ions
in Sstates . = 0), such as M or GB* at sufficiently high field
values®

(P1) Above a moderate fielBy = Bynder (Bjnder > 1.5 T for
Gd(lll) spins), rmix(Bo) reaches the infinite-field valugx(co)

Fmix(Bo) = I'mix(¢0) = I'in(By = )

so that it becomes independent of field.

The measured proton relaxivitg, of M, versusy’? [MHz2]
is reported in Figure 1. In the frequency interval;ZD MHz, it
grows markedly because the electronic relaxation imécreases
rapidly? and becomes significantly longer thariThen, the increase
of Tie has less effect. At a fiel@,"9eP > 3—4 T (120 MHZz),r mix
reaches a plateau, whergy = Imix(©) = 4.1 st mM~1 to within
the experimental accuracy of-3%.

(P2) In the OS medium-field range defined*yr < 1 and
wst > 1, for By = Byn9ep, the longitudinal relaxivity is

~ (Ap/D¥) v, = 1) — (/DY) v, (4)

®3)

R, R
) lexlp ( 1pp lp) (1)

The relaxivity,ro [ mMM™Y] (a0 = 1, 2, Ip, mix), is defined as
the PRER,, divided by the concentratioos [mM] of Ms

e = Ryp/Cs= (R, — Ry)/Cs (2

The relative diffusion coefficienD of M, and Ms can be derived

R = o = (

mIX

from three propertieR?1, P2, andP3, of ryx andr;. The method
was tested in the case of the proton PREs oftéinebutyl alcohol

M, = (CH3)sCOD due to the paramagnetic compléts =
Gd(dtpaj~ in a DO solution with (dtpadd~ = diethylenetriamine
pentaacetate. Let andysbe the gyromagnetic ratios of the spins
I andS andw, = ||By and ws = |ys|Bo, their angular Larmor
frequencies. The relaxation theory used to defivenvolves the
OS variation paramete = (87/45)y2y?d1? St+1)10 5Navogadro

To discusP1—P3, auxiliary geometrical and dynamical molecular
quantities are introduced: denote the collision diametévi,odind
Ms by b and their translational correlation time by= b%D. It is
assumed that the longitudinal electronic time correlation funttion
(TCF) G;°(t) = [5,t)S(0)I[S,(0)S,(0)of the spinSis a decaying
exponential with an electronic relaxation tifig. This assumption
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If By = Bgyndep, the inequality mix — 1) <0.5rmix iS @ conservative
rule ensuring that eq 4 holds.

The experimentat; versu5v|1/2 [MHz?] is shown in Figure 1.
The frequency axis can be split into three field ranges: in the “low”-
field range below 120 MHzr; depends on the detaii$ of the

relative translational and rotational motions of the interacting species

and on the electronic relaxation. Its behavior, just as that,ef
has no simple features. In the OS medium-field (mf) range from
y = 120 MHz tov | = 800 MHz, r; shows the linear
decrease in? of eq 4. The relative diffusion coefficierd =
0.88 x 10°° cm2 s 1 is readily obtained from the; and rpix()
values measured at one frequency. In the “high”-field range
v .”Siaw r; is again a complicated function depending on the details
of the spatial dynamics of the interacting species.
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Figure 2. Relative diffusion coefficients versugy in D2O.

(P3) ForBy = Byn®P, D is inversely proportional t@pmx

D= kst:)l\/rmix = Drefr:ﬁifx/r (5)

whereksqy, is determined by the solvent, that is, the more numerous
species. The solvent-related paramétgy, depends very little on

mix

the temperature, pressure, and concentrations of reasonable amounEtry for Diagnosis and Therapy”

of added neutral or charged spectator species in the solutiere,

treatment involving several parameters. Hé&?é-P3 allow one

to extract relative diffusion rates from experiment with straight-
forward algebra. The practical implementation of the method for a
given M\/Ms pair is as follows. Take a fiel@, (typically By = 2

T), wherernix is independent of electronic relaxation. Determine
the relative diffusion coefficienbf of M, and Mg in a reference
solution, for instance, by using2. Measure'e, in this reference
system. Measumg,i in other solutions oM,/Msin the same solvent
and applyP3 to deriveD. If Msis large enough fob to verify D

< D}, the method can serve to obtain the self-diffusion coefficient
D} = D of M. As noted previously,since the molecular spatial
dynamics responsible for the relaxivities takes place over distances
of the order of a few nanometers, the method applies to molecular
motions in confined medial® Its extension can be envisaged to
large moleculed! in particular, if the PRE is induced by super-
paramagnetic particled,for which P1 andP3 hold.
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M, or Ms for durations of the order af or longer. An experimental
estimate Ofksoy iS ksoy = D' where D' and r®f are the
measured values for thigl/Ms pair in a chosen reference (ref)
system.

The reference system is the (gkCOD/Gd(dtpad~ pair in D,O
at 298 K. The coefficienD, obtained between 283 and 343 K from
eq 5, is plotted versu3/y in Figure 2, where it compares very

well with its usual definition as the sum

(6)

of the self-diffusion coefficient®; and Dg of (CH3);COD and
Lu(dtpa}~, representing Gd(dtp#), which were measured by the
PGSE NMR techniqué$

The applicability of eq 5 was further tested by adding fair
amounts of viscous glycerol or KCI in the reference solution. In
the glyceroldg/D,O mixture containing 42% wi/w of glycerol, the
viscosity increase by a factor e¥3.4 implies a similar reduction
of the diffusion rateD = 0.247 x 10°® cn? s! from eq 5 and

M= 0.243x 1075 cm? s71, which are in good agreement. When
adding 2.65 M of KCI,D =0.835x 107 cn¥ s7! from eq 5 and
Dsum= 0.854x 1075 cn? s ! change very little with respect to the
reference values because the viscosity of a water solution of KCI
is not altered by a rather large concentration of this salt, and the
self-diffusion of Gd(dtp&) is weakly reduced by the Coulomb
interactions with the surrounding io#5.

Moreover, if P1—P3 hold, cs and D can be simultaneously
estimated ass = x3/y? andD = x2/y? with X = Ryix/Ksowv, ¥ = (Rmix
— Ry)/(Aon¥’?) (see Tables S6, S10, S14).

It was recognizetiearly that PRE studies could provide informa-
tion about local diffusion at the cost of an accurate and complex

D™= D, + Dj

Yves Ayant on the occasion of his 80th birthday.

Supporting Information Available: Proofs of P1—P3, the raw
experimental data, and complementary information are given in pp S1
S23. This material is available free of charge via the Internet at http://
pubs.acs.org.
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