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Aqueous suspensions of metal organic frameworks (MOF) containing different Ln3þ ions, consisting of a series of layered Ln3þ

networks formulated as [Ln(H2cmp)(H2O)] (where H5cmp is (carboxymethyl)iminodi(methylphosphonic acid), with a relatively
wide size distribution (400 nm to 1 μm) were studied by relaxometry. The water 1H longitudinal (r1) and transverse (r2)
relaxivities were obtained for aqueous suspensions of these materials with different lanthanide ions. The values of r1 are very
small and varied only slightly with the effective magnetic moment (μeff) of the lanthanide ions, while r2 values are larger and
proportional to the value of μeff

2. The dependence ofR2 on τCP (the time interval between two consecutive refocusing pulses in
the train of 180� pulses applied in aCPMGpulse sequence) was evaluated. The value ofR2 initially increaseswith τCP and then
saturates at higher τCP at a value that is about 3 to 5 times lower thanR2p*. This can be explained by the static dephasing regime
(SDR) theory, in which the diffusion effect is taken into account andwhere the condition τD >Δω(rp)

-1 holds (τD = rp
2/D, where

D is the diffusion coefficient, rp is the radius of the particle, andΔω(rp) is the Larmor frequency shift at the particle’s surface).
Separation of the particles into two fractions with different particle sizes led to a significant enhancement of the r2 relaxivity of the
smaller particles with a narrow size distribution. Magnetometric measurements performed with the particles containing Dy(III),
Ho(III), and Gd(III) showed a typical paramagnetic behavior from 4 to 100 K, used to determine the Curie constants.

Introduction

Molecular Imaging applications of Magnetic Resonance
Imaging (MRI), despite the high spatial resolution (μm) of
the technique, must overcome its low sensitivity.1 Because of
this limitation, the investigation of molecular events at the
cellular level requires a relatively large local concentration of
contrast agent (CA) reporting groups to achieve an observable
contrast enhancement. The ideal targeted MRI CA should
allow the detection of molecular events at the nanomolar
concentration range. This is usually not feasible with targeted
CAs containing as reporting group(s) one or even a small num-
ber of Gd3þ chelates per targeting group, which have limited
efficiency in enhancing the water proton relaxation rates (1/T1

and/or 1/T2), usually expressed as the longitudinal and trans-
verse relaxivity values, r1 and r2, respectively (in s-1 per mM

of Gd).2a,b Nanoparticulate CAs enable the delivery of a high
payload (tens, hundreds, or even thousands) of paramagnetic
ions reporters to each target site.3-5

Magnetic nanoparticles have a wide range of applications as
CAs6 and, depending on the r2/r1 ratios, they can be useful as
CAs for T2-weighted (negative contrast) and/or T1-weighted
(positive contrast) imaging. Their pharmacokinetics depends
on the particle size,7,8 and intravenous administration is only
possible for particle sizes below the micrometer range. Larger
particles, such as Gadolite, a Gd3þ-modified NaY zeolite,9 are
trapped in lung alveoli and can only be used for the examina-
tion of the gastrointestinal tract. Intermediate size particles are
taken up by the reticulo- endothelial system of the liver and
otherorgans,while particles smaller than100nmcanbeused to
image lymph nodes.10 Nanoparticles have been conjugated
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with targeting groups. For example, perfluorocarbon Gd3þ-
containing nanoparticles have been conjugated with antibo-
dies to target a human thrombus,11 or the RVβ3 integrin
receptor in cancer angiogenesis.12,13 Lanthanide oxides (in
particular dysprosium and holmium oxide) are an interesting
class of magnetic materials, which have been studied in terms
of their transverse relaxivity properties at high magnetic field
strengths.14,15a Luminescent hybrid nanoparticles with a
paramagnetic gadolinium oxide core have been applied as
bimodal CAs for in vivo optical andMR imaging.15b Finally,
colloidal suspensions of superparamagnetic (SPM) particles
have been extensively studied, and depending on their sizes
and r2/r1 ratios, have found applications as CAs to obtain
negative or positive contrast in T2- or T1-weighted images,
respectively.6,16-18

The vastmajority of nanosized imaging probes have purely
inorganic materials, such as quantum dots, SPM metal
oxides, and gold nanoparticles. Metal organic frameworks
(MOFs) are a new class of crystalline hybrid materials
consisting of metal ions or clusters coordinated to often rigid
organic molecules to form one-, two-, or three-dimensional
structures that can be porous, making them applicable in gas

purification and separation,19-25 catalysis,26-29 and optical/
magnetic sensors.30-33 Furthermore, nanoscale MOFs have
been proposed as a new class of imaging probes.34

We have recently reported a series of new Ln3þ-containing
hybrid materials consisting of a series of layered Ln3þ net-
works formulated as [Ln(H2cmp)(H2O)] (H5cmp is (carboxy-
methyl)iminodi(methylphosphonic acid); Ln = La3þ, Pr3þ,
Nd3þ, Sm3þ, Eu3þ, Gd3þ, Tb3þ, Dy3þ, Ho3þ and Er3þ).35

The Ln3þ centers in these networks have a highly distorted
dodecahedral coordination environment with one water
molecule in the first coordination sphere (Figure 1). Note-
worthy, in the polymeric structures the organic molecule
H5cmp undergoes proton transfer to originate H2cmp3-

(Figure 1).These hybrid materials have been developed for
potential applications in many different areas and for that,
the photoluminescent and catalytic properties were exten-
sively studied.35 Some intrinsic characteristics of the [Ln-
(H2cmp)(H2O)] particles lead us to evaluate their potential as
MRI CAs, such as (i) the presence of the lanthanide ions in
the framework, contributing to the lower possibility of
leaching of the toxic Ln3þ ion and (ii) the evidence for the
presence of one water molecule in the inner coordination
sphere of theLn3þ ion. Thus, in this paperwe describe a study
on aqueous suspensions of these novel MOFs, namely, their
size distribution and relaxometric properties, in particular the
r1, r2* and r2 relaxivities. The results obtained are compared
with those recently reported for other Ln3þ-containing hy-
brid materials.34a-c

Experimental Section

Synthetic procedures and characterization of the [Ln(H2-
cmp)(H2O)] materials were described previously.35 NMR
measurements were carried out with aqueous suspensions
of thesematerials, preparedby suspending aweighed amount
of the concerning particles in a weighed amount of doubly
distilledwater followedbydispersionusinganultrasonicbath
during 10 min. No leaching of lanthanide ions from the

Figure 1. Perspective views of the crystalline structure of the [Ln-
(H2cmp)(H2O)] particles (left) and chemical drawing of the organic
moiety (H2cmp3-) (right).
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particles (specifically for Gd3þ-containing particles) was de-
tected in aqueous suspensions during at least 30 days at
physiological pH by using the xylenol orange method.36

All the 1H NMR experiments were carried out at 499.82
MHz (Varian Unity 500 spectrometer). The bulk magnetic
susceptibility (BMS) shifts (ΔBMS) of the particle suspensions
were measured using the Evans method37,38 to determine
accurate concentrations of lanthanide ions. In this method,
the BMS is determined from the frequency shift of the tert-
butyl alcohol signalwith respect to adiamagnetic sample (1%
tert-butyl alcohol in D2O), which is proportional to the
concentrationof theparamagnetic ionwithaccuracyofabout
1%.38 Water proton longitudinal relaxation times (T1) were
measured using the inversion recovery pulse sequence, while
water proton transverse relaxation times (T2) were measured
using a Carr-Purcell-Meiboon-Gill (CPMG) pulse se-
quence.The time interval between twoconsecutive refocusing
pulses (τCP) in the train of 180� pulses applied was varied
between 0.05 and 10 ms. The values of T2*, the transverse
relaxation time in the presence local field inhomogeneities,
were obtained from the spectral linewidths. All the experi-
mental values of the relaxation rates were corrected for
diamagnetic contributions using aqueous suspensions of the
Y3þ-containing particles under the same conditions. The
samples had a concentration of 0.32mgparticle/mLofwater.
Measurements of the line width as a function of the concen-
tration (data not shown) demonstrated that the R2* was
linearlydependent on the concentration for the concentration
rangeused in this study.The computer fittingsof theR2 (1/T2)
data were carried out with a homemade computer program
using the Micromath Scientist version 2.0 (Salt Lake City,
Utah, U.S.A.) software.
Dynamic Light Scattering (DLS) measurements were car-

ried out with aMalvern ZetaSizer Nano ZS series equipment
(Malvern, U.K.). Scanning and Transmission Electron
Microscopy (SEM and TEM, respectively) were collected
using a (i)Hitachi SU-70 field emission gun tungsten filament
instruments working typically at 25 kV for SEM and
(ii) JEOL-TEM 200 kV for TEM. Magnetic susceptibility
measurements were performed by Dr. Soma Das at the
University of Aveiro, with a Quantum Design MPMS5
SQUID (superconducting quantum interference device)
magnetometer. The measurements were taken under an
applied magnetic field 51 mT on heating from 4.5 K up to
300K.The samples were previously cooledwith themagnetic
field applied from room temperature to 4.5 K. Theoretical
fitting of the magnetic susceptibility data was carried out by
Dr. Victor Amaral at the University of Aveiro.

Results and Discussion

The size distribution of the [Ln(H2cmp)(H2O)] particles
differs slightlywith the lanthanide ion used.As these particles
appeared to be very beam sensitive, the respective TEM
images were not easy to obtain. For [Eu(H2cmp)(H2O)] only
TEM images of particles were obtained, showing a very
broad size distribution. The SEM and TEM images of the
[Ln(H2cmp)(H2O)] crystals (Figure 2) show that the particles
are thin plates (about 60 nm thick) with length and width
varying between 400 and more than 1000 nm.
Magnetometric measurements of the susceptibility of [Ln-

(H2cmp)(H2O)] particles (Ln = Gd, Ho, and Dy) as a func-
tion of temperature (from 4 to 100 K) exhibit a simple

paramagnetic behavior following a Curie law (Figure 3).
From these data, effective magnetic moments (μeff) were
calculated which are in good agreement with the expected
values for the respective ground states (Table 2). This indi-
cates that nomagnetic coupling occurs between theLn3þ ions
in the framework.
DLS measurements of aqueous suspensions (without any

surfactant) showed that they are stable for a considerable
time, varying from about 20 min in a strong magnetic field
(11.7T), tomore than 2 hwithoutmagnetic field applied. The
size distributions as obtained by DLS are in agreement with
the results of TEMandSEM.This is illustrated for theHo3þ-
containing particles in Supporting Information, Figure S1,
showing a size distribution between 400 and 1000 nm, with
maximum intensity at 615 nm.
The MOF particles remained suspended throughout the

NMRmeasurements and, therefore, it was possible to collect
consistent relaxation data. Each lanthanide ion in the parti-
cles has one water molecule in its first coordination sphere,
leading to significant longitudinal (r1) and transverse (r2)
relaxivities to be expected for these [Gd(H2cmp)(H2O)] parti-
cles in aqueous suspensions on the basis of standard inner-
sphere relaxation mechanisms operating for small water-
soluble complexes.2,3 However, this theory does not necessa-
rily apply to such particles. In fact, the r1 values obtained
were very low (r1=1.08( 0.23 s-1mM-1, 500MHz, 298K),
which could be due to several factors: inadequate exchange
rate between the Gd-coordinated water molecules and the
bulk water, leading to a too long residence time of the water
molecule at the inner coordination sphere; or hindered diffu-
sion of this water molecule through the framework. By con-
trast, a high transverse relaxivity (r2=121.7( 0.3 s-1 mM-1,
500 MHz, 298 K) was observed for the suspensions of these
Gd3þ-containing particles (Figure 4). These r1 and r2 relax-
ivities are very similar to those reported at 400 MHz (9.4 T)
for [Gd2(bhc)(H2O)6] (bhc=benzenehexacarboxylate)MOF
nanoparticles,34a although in thatmaterial eachGd3þ ion has
three watermolecules in its inner coordination sphere instead

Figure 2. SEM images of [Ln(H2cmp)(H2O)] (Ln = Nd, Gd, Ho, Tb)
(top four) andTEM images of [Eu(H2cmp)(H2O)] samples (bottom two).
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of one found for the system studied here. This confirms that
the water proton relaxation in these MOF materials occurs
through an outer-sphere mechanism. Higher r1 values are ob-
served for aqueous suspensions of other MOFs, such as for
crystalline [Gd(1,4-bdc)1.5(H2O)2] nanorods (1,4-bdc=ben-
zene-1,4-dicarboxylate) of lengths in the 100-1000 nm range
and 40-100 nm diameters, with r1 and r2 values of 35.8-20.1
s-1mM-1 and 55.6-45.7 s-1mM-1, respectively, and of [Gd-
(1,2,4-btc)(H2O)3] nanoplates (1,2,4-btc=benzene-1,2,4-tri-
carboxylate) of 100 nm in diameter and an average thick-
ness of 35 nm, with r1 of 13.0 s-1 mM-1 and r2 of 29.4 s-1

mM-1.34b The inverse size dependence of the r1 and r2 relaxi-
vities obtained for the nanorods indicates that the Gd3þ

centers at or near the surface are primarily responsible for
their values, since those in the nanomaterial interior may have
a decreased water exchange because of hindered diffusion of
water molecules through the frame.15b,34b A similar situation
was reported for the r1 relaxivities of amorphous nanoparticles
of supramolecular coordination polymer networks sponta-
neously self-assembled fromnucleotides, such as 50-AMP, and
Gd3þ ions in water.34c Surprisingly high relaxivities (r1 and r2
up to 105.36 and 129.63 s-1 mM-1 at 64 MHz, respectively)
have been reported for [Gd(1,4-bdc)1.5(H2O)2] nanoparticles
surface modified with poly[N-(2-hydroxypropyl)methylacryl-

amide].34c This phenomenon has been attributed to the
increasedwater retention by the hydrophilic polymer attached
to the surface of these particles.
The water resonances of the aqueous samples of the

various [Ln(H2cmp)(H2O)] particles showed substantial line
broadenings, which can be attributed to the dephasing of the
water proton magnetic moments diffusing through the mag-
netic field gradients in the vicinity of themagnetizedparticles.
The effective transverse relaxivities (r2*) were obtained from
1H spectral linewidths of the water resonances and the
paramagnetic contribution was obtained by subtraction of
the r2* values measured for analogous samples of the dia-
magnetic [Y(H2cmp)(H2O)] (see Table 1). The R2 values,
measured as a function of the time interval between two
consecutive 180� pulses (τCP) in a CPMG pulse sequence,
increase with τCP and reach a limiting value which is, for all
paramagnetic lanthanides studied, about 3-5 times lower
than the observed r2* (Figure 5). This behavior is typical for
particles for which the transverse relaxivities of aqueous
suspensions can be explained by the static dephasing regime

Figure 3. Susceptibility data for [Ln(H2cmp)(H2O)] (Ln = Gd, Dy, and Ho). The results are present as the inverse of susceptibility as a function of
temperature (K).

Table 2.Magnetic SusceptibilityMeasurements of [Ln(H2cmp)(H2O)] (Ln=Gd,
Ho and Dy), at 51 mT

Ln
Curie constant
(emuK/gGauss)

effective magnetic
moment μeff (B.M.)
(experimental)*

effective magnetic
moment μeff (B.M.)

(expected)

Gd 0.74 (0.05) 7.73 7.94
Ho 0.84 (0.05) 10.40 10.65
Dy 1.52 (0.26) 10.20 10.61

*The measurement of magnetization causes an uncertainty of about
1% (mainly by deviations of the model). Since the determination of the
mass has an uncertainty of about 0.2 mg, the values can be considered
consistentwith those expected.Because of the lowmass ofmaterial in the
Gd samples, the inaccuracy was higher in this case, and two measure-
ments at different magnetic fields were performed to determine μeff
independently of the measurement of the mass.

Table 1. Parameters Obtained from Analysis of R2 and R2* Values of Aqueous Suspensions of [Ln(H2cmp)(H2O)] at B = 11.7 T and 298 Ka

Ho Tb Gd Nd Eu Gd (small) Gd (large)

Δω(rp)/MHzb 4.45 (0.02) 3.61 (0.03) 2.22 (0.04) 1.24 (0.01) 1.07 (0.01) 7.65 (0.10) 2.89 (0.01)
τD(rp)/msb 2.42 (0.38) 2.32 (0.49) 1.33 (0.42) 0.82 (0.18) 0.67 (0.16) 0.55 (0.20) 1.54 (0.46)
104 reff/rdiff

b 0.75 (0.08) 8.77 (1.39) 3.31 (0.84) 3.38 (0.66) 4.77 (1.08) 1.20 (0.44) 0.67 (0.18)
R2

0b 28.4 (4.1) 24.3 (4.4) 30.4 (6.6) 10.3 (0.9) 13.1 (1.0) 62.8 (18.6) 7.0 (2.3)
rp/μm

c 2.20 (0.17) 2.16(0.09) 1.67 (0.17) 1.28 (0.13) 1.16 (0.13) 1.05 (0.22) 1.76 (0.30)
r2*/mM-1.s-1 857.1 677.3 451.3 236.3 217.0 1513.0 556.5

a r2* relaxivities are also shown.
bFrom fitting of experimental datawith eqs 5 and 6 (Appendix). cCalculated from the best-fit values of τD(rp), and the

experimentally determined value of D0.

Figure 4. Longitudinal R1 (b) and transverse R2 (9) relaxation rates of
aqueous suspensions of [Gd(H2cmp)(H2O)] as a functionofGd3þ content
(11.7 T, 298 K).
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(SDR) theory,39-41 in which the diffusion effect is taken into
account and where the condition τD > Δω(rp)

-1 holds (τD=
rp

2/D, whereD is the diffusion coefficient, rp is the radius of the
particle and Δω(rp) is the Larmor frequency shift at the parti-
cle’s surface). The saturation values of r2 relaxivities are pro-
portional toμeff

2,whereμeff is the effectivemagneticmoment of
the lanthanide ions (Supporting Information, Figure S2).
The [Ln(H2cmp)(H2O)] MOF particles are not spherical;

they are thin plates or plate-like aggregates. Therefore, we
applied a simplified and qualitativemodel that previously was
used to explain the transverse relaxivities of Ln-AV-9 micro-
particles.42 Thus, the particles were approximated with sphe-
rical particles with a radius rp, and it was assumed that the
SDR condition, τD(rp) . 1/Δω(rp), is fulfilled for these
effective spheres. At that regime, the local differences in the
nuclear frequencies occur faster than the diffusionphenomena
manage to average out the phases of different nuclei and a
continuum of proton Larmor frequencies Δωloc (Δωloc =
γBloc). As a consequence, the dependence of R2 on τCP comes
from the existence of one specific regime, in which the
condition τD(rp)< 1/Δωloc is valid. Then, when τCP< τD(rp),
R2 increaseswith τCP, but when τCP reaches values higher than
τD(rp), the dephasing is complete and R2 is no longer depen-
dent on τCP and becomes constant. In this case, the protons
present in the region where this regime (denoted previously as
regimeA) applies contribute toR2.However, another possible
regime (regime B) is characterized by τD(rp) > 1/Δωloc. If τCP
>1/Δωloc, the situation is similar to that described for regime
Aand τCP> τD(rp). Protons under this condition are basically
lost from themagnetization pool because their dephasing time
is shorter than both the diffusion time and the time interval
between two refocusing pulses and, consequently, they are not
refocused by theπpulses anddonot contribute toR2. If τCP<
1/Δωloc (and τCP< τD(rp)), the protons are fully refocused, so
they do not contribute to R2 as well. The whole system was
approached as theweighted average of two regions, represent-
ing the locations where regime A and B apply. The equations

that describe the transverse relaxivities under these conditions
(eqs 5 and 6) are given in the Appendix.
The experimental R2 and R2* data for different aqueous

suspensions of [Ln(H2cmp)(H2O)] particles atB=11.7T and
298 K were fitted to eqs 5 and 6 usingΔω(rp), τD(rp), reff/rdiff,
andR2

0 as adjustable parameters. As defined previously,14 reff
is the radius of an imaginary sphere in which protons that are
present in this region contribute to R2 and rdiff is another
imaginary sphere defined as rdiff=Δω(rp) rp

3/D0 and which
forms the border between protons contributing to R2 and
those not contributing to the transverse relaxation rate
(Figure 6). R2

0 is the contribution due to other relaxation
mechanisms, such as the diamagnetic relaxation and a con-
tribution resulting from chemical exchange of protons be-
tween the surface of the particles and the bulk water protons.
The best-fit parameters are given in Table 1 and curves
calculated with these parameters are displayed in Figure 5.
The relaxivity fitting results and rp values are in reasonable
agreement with the DLS data, considering the shape of the
particles, the assumptions made during the fittings, and
mainly the very broad size distribution of these particles.

Figure 5. Dependence of r2 on τCP for different aqueous suspensions of
[Ln(H2cmp)(H2O)], at 11.7 T, 298K ([Ln]=0.735mM);Ho (9), Gd (b),
Tb (2), Eu (1) and Nd (().

Figure 6. Schematic representation of an approximation of a non-
spherical particle to a sphere with radius rp and the imaginary spheres
with radii reff and rdiff (adapted from ref 42).

Figure 7. Dependence of r2 on τCP for aqueous suspensions of
[Gd(H2cmp)(H2O)] before and after separation of fractions with different
size distributions: not separated (9), smaller (b) and larger particles (2) at
11.7 T, 298 K.
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The best-fit values for the diffusion correlation time (see
Table 1) are between 0.6-2.4 ms, which is substantially larger
than the values for 1/Δω(rp) (0.9-2.2 μs), which is consistent
with the assumptionmade above that the SDR regime applies
for these particles.39

To evaluate the effect of the particle size, the [Gd(H2cmp)-
(H2O)] sample was separated into two fractions of particles
(smaller and bigger ones) by means of centrifugation. Relax-
ivitymeasurements followedby the theoretical fittingswereper-
formed (Figure 7). The particle sizes were estimated by DLS
measurements (Supporting Information, Figure S1), showing a
narrower size distribution for the smaller particles (with maxi-
mum intensity at 400 nm) than for the larger ones (with maxi-
mum intensity at 1000 nm). As expected from the SDRmodel,
the smaller particles display larger r2 values than the larger
particles.

Conclusions

[Ln(H2cmp)(H2O)] microparticles appear to be very effi-
cient as potentialMRICAs forT2-weighted imaging, but not
efficient forT1-weighted imaging, despite the presence of one
water molecule in the inner-sphere of coordination. The r2
relaxivity of these MOF particles is similar to that reported
for [Gd2(bch)(H2O)6] MOF nanoparticles.34a The transverse
relaxivity effects can be explained well by using a previously
described simplified qualitativemodel14 considering the SDR
adapted for non-spherical and large particles. From the
synthetic procedure, we obtained a very broad size distribu-
tion of these particles. As expected for the SDR model, the
transverse relaxivities increase with decreasing particle size. It
should be expected that amaximum relaxivitywill be reached
at the border between the SDR and the outer sphere (OS)
regimes. In the OS regime, the values of r2 and r2* are about
equal and increase linearly with the value of τD.
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The r2 values of [Gd(H2cmp)(H2O)] MOF particles are
much larger than those measured for xanthan coated Gd2O3

nanoparticles14 orGd-AV-9 particles,42 and the r2* values are
similar. However, a direct comparison of these systems is not
possible since in those cases xanthan, used as an emulsifier,
reduces the r2 values largely, since the water layer in and close
to the adsorbed xanthan is relaxation-silent.14
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Appendix

The theory of Jensen and Chandra44 can be applied in our
case ifwe assume that the particles are spherical with radius rp
and they cause weakmagnetic inhomogeneities with a radius
reff. Assuming a Gaussian shape of the field correlation

function and irregular objects with unrestricted diffusion,
eq 1 is obtained:

R2 ¼ R0
2 þ

1

2
ðΔωeffÞ2f effτDeffFðxÞ ð1Þ

where

FðxÞ ¼ 1ffiffiffi
π

p
Z ¥

0

dy
e-yffiffiffi
y

p 1-
1

xy
tanhðxyÞ

� �

and

x ¼ 4τCP
τDðreffÞ

Here, feff is the volume fraction of the sphere with radius reff,
R2

0 and rdiff have the same meaning as explained in the text.
To obtain Δωeff, τD

eff, and feff, the parameters Δω(rp),
τD(rp), and f(rp) are scaled as follows:

Δωeff ¼ ΔωðrpÞ reff

rdiff

� �3

ð2Þ

τD
eff ¼ τDðrpÞ rdiff

reff

� �2
D

D0

� �
ð3Þ

f eff ¼ f ðrpÞ rdiff

reff

� �3

ð4Þ

D0 corresponds to the majority of water protons at some
distance from the surface of the particle, whileD corresponds
to the protons in the closest vicinity of the particles, where the
conditions are such that the diffusionmaybe restricted.R2* is
approximated with the SDR equation for spherical particles
(eq 5), where the diffusion correlation time is completely
neglected.40-42,45,46

R�
2 ¼ 1

T�
2

¼ R0
2 þ 2π

ffiffiffi
3

p
f ðrpÞ ΔωðrpÞ=9 ð5Þ

where f(rp) is a volume fraction occupied by the particles.
Substitution of eqs 2-4 into eq 1, gives eq 6:

R2 ¼ R0
2 þ

1

2
ΔωðrpÞ2 f ðrpÞ τDðrpÞ reff

rdiff

� �
D

D0

� �
FðxÞ ð6Þ

For long τCP (τCP > τD(rp)), eq 6 simplifies to

R2 ¼ R0
2 þ

1

2
ΔωðrpÞ2 f ðrpÞ τDðrpÞ reff

rdiff

� �
D

D0

� �
ð7Þ

Substitution of rdiff into eq 6 gives:

R2 ¼ R0
2 þ

1

2
ΔωðrpÞ f ðrpÞ reff

rp

 !
ð8Þ

Supporting Information Available: DLS of (A) [Ho(H2cmp)-
(H2O)] aqueous suspensionas a functionof time; (B) [Gd(H2cmp)-
(H2O)] aqueous suspensionbeforeandaftermechanical separation
(Figure S1); Plot of water r2 versus μeff

2 of the Ln3þ ions for
different aqueous suspensions of [Ln(H2cmp)(H2O)] particles at
B = 11.7 T (500 MHz) and 298 K (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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