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The results of a 1H nuclear magnetic relaxation dispersion (NMRD) and EPR study on aqueous suspensions of
Gd3+-loaded NaY nanozeolites and AlTUD-1 mesoporous material are described. Upon increase of the Si/Al ratio
from 1.7 to 4.0 in the Gd3+-loaded zeolites, the relaxation rate per mM Gd3+ (r1) at 40 MHz and 25 °C increases
from 14 to 27 s-1 mM-1. The NMRD and EPR data were fitted with a previously developed two-step model that
considers the system as a concentrated aqueous solution of Gd3+ in the interior of the zeolite that is in exchange
with the bulk water outside the zeolite. The results show that the observed increase in relaxivity can mainly be
attributed to the residence lifetime of the water protons in the interior of the material, which decreased from 0.3 to
0.2 µs, upon the increase of the Si/Al ratio. This can be explained by the decreased interaction of water with the
zeolite walls as a result of the increased hydrophobicity. The importance of the exchange rate of water between
the inside and the outside of the material was further demonstrated by the relatively high relaxivity (33 s-1 mM-1

at 40 MHz, 25 °C) observed for a suspension of the Gd3+-loaded mesoporous material AlTUD-1. Unfortunately,
Gd3+ leaches rather easily from that material, but not from the Gd3+-loaded NaY zeolites, which may have potential
as contrast agents for magnetic resonance imaging.

Introduction

The investigation of cellular molecular events involved
in normal and pathological processes by magnetic resonance
imaging (MRI) is a challenging task.1 Although MRI has a
significantly higher spatial resolution (µm) than radiodiag-
nostic techniques (mm), its use in molecular imaging is
seriously hampered by its low sensitivity. Consequently, to
achieve the desired contrast enhancement, a relatively large
local concentration of contrast agent (CA) is required (about
10-5 M)2 as compared with other imaging modalities such
as positron emission tomography, single photon emission
computed tomography (10-11-10-12 M), or optical fluores-
cence imaging (10-15-10-17 M).3

A possible approach to overcome the problems related with
the low sensitivity of MRI is to apply vectorized CAs, which

would bring a high payload of paramagnetic compound to
the site of interest. For lanthanide-based contrast agents, this
was realized in various ways and different materials have
been employed. For example, Gd3+-loaded apoferritin, which
allows the visualization of hepatocytes when the number of
Gd cations per cell is about 4× 107.4 Perfluorocarbon
nanoparticles containing around 94 200 Gd3+ ions per particle
provide an extremely high relaxivity per particle and have
been used successfully in molecular imaging of angio-
genesis.5-10 Gd-loaded nanoparticles consisting of Gd3+

bound to a core polymer that is encapsulated within a thin
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polymeric shell have been shown to provide excellent images
of the gastrointestinal tract.11

Alternatively, this may be achieved via enhancement of
T2 relaxation times with superparamagnetic (SPM) particles,
single domain ferromagnets possessing a very high magnetic
moment (around 104 µB).12,13 When iron-oxide particles are
compartmentalized within cells, the internal magnetization
of the compartment, due to their presence, results in large
enhancements of the tranversal relaxation rate (R2 andR2*).
Under those conditionsR2* . R2 and, therefore,R2*-
weighted MRI images are potentially the most sensitive to
the presence of cellularly compartmentalized magnetized
particles.14-16

For R1-weighted images of the gastrointestinal tract,
gadolinium-loaded NaY zeolites (Gd-NaY) have been
developed.17-24 Later, the synthesis of Gd3+-loaded nanosized
NaY zeolites opened the way for the application of this
material in the imaging of the intravascular system as well.
Gd3+ exchanged NaY nanoparticles of an average size of
80 nm, contain about 40 000 Gd3+ ions per particle. It has
been found that the longitudinal relaxivityr1 (r1 is the
relaxation rate expressed in s-1 mM-1 Gd3+) is limited by
the water exchange between the interior of zeolites and the
bulk.25 This was confirmed by the results of experiments

with Gd3+-loaded NaA nanozeolites,26 which have supercages
of about the same size as NaY but the access to these cages
is through an eight-membered ring with diameter of only
4.1 Å as compared to 7.4 Å for zeolite NaY.27,28

Upon calcination of these Gd3+-loaded zeolites, the
lanthanide ions move irreversibly from the supercages to the
small sodalite cages or their hexagonal entrance windows29

and become less accessible for water, resulting in a decrease
in relaxivity.26 Dealumination causes the destruction of walls
between cavities and by this the number of non-coordinated
water molecules inside the zeolite increases, resulting in the
increase ofr1 relaxivity. Surprisingly, this treatment did not
influence significantly the average residence lifetime of water
protons inside the cavities, which suggested that the windows
of the Gd3+-loaded cavities were not affected by the
dealumination.26

Zeolites Ln-AV-9 have Ln3+ ions incorporated in the
zeolite framework, which prohibits direct interaction between
Ln3+ ions and water molecules. In addition these materials
have small pore sizes (about 4 Å), and consequently, their
r1 relaxivity is negligible, whereas theirr2 relaxivity is high.30

Lin et al. reported a relatively highr1 relaxivity for a
nanosized mesoporous material (Gd-MS), which had Gd3+

located in the framework.31 This high relaxivity is surprising,
since the Gd3+ ions buried in the walls of the material cannot
contribute to the relaxivity to a significant extent. Most likely
the high relaxivity can be attributed almost exclusively to
Gd3+ ions immobilized by silanol groups of the pore walls.
These ions are easily accessible for water molecules, which
can move almost freely in and out the mesopores (pore size
20 Å). From the results of the previous studies,25,26,30it may
be concluded that the residence lifetime of water protons
inside Gd3+ zeolites or mesoporous materials is a major factor
determining the longitudinal1H relaxivity of these materials.
The Si/Al ratio in these materials determines their hydro-
phobicity and acidity, and therefore, it may be expected that
this has an influence on the residence lifetime of water
protons inside these materials and thus on their relaxivity.

In this paper we present the results of an investigation on
the parameters governing the longitudinal1H relaxivities of
a set of Gd3+-loaded zeolite NaY nanoparticles with different
Si/Al ratios. For comparison, we included a Gd3+-loaded
mesoporous material (Gd-AlTUD-1) in this study. The
investigation is thus aimed to provide insight in the effect
of the structure on the parameters governing the relaxivity.
This insight may allow rational design of highly efficientr1

contrast agents for MRI.
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Experimental Section
The zeolites NaY were purchased from NanoScape AG, Munich,

Germany. The Al-TUD-1 material was prepared according to the
procedure described in the literature.32

Elemental analyses were carried out with ICP-AES after dis-
solving the samples in a 1% HF/1.3% H2SO4 mixture. All samples
were measured twice as an independent duplicate. Ther1 nuclear
magnetic resonance dispersion (NMRD) profiles were recorded at
room temperature with a field-cycling system covering a range of
magnetic fields from 2.5× 10-4 to 1.2 T (0.01-50 MHz). The
relaxivities at 7 T (300 MHz) were determined with a Varian
INOVA-300 spectrometer.

The EPR spectra were recorded on a Bruker ESP300E spec-
trometer, operating at 9.43 GHz (0.34 T, X-band) at 298 K. Typical
parameters used were microwave power 4 mW, modulation
amplitude 1.0 mT, and time constant 0.03 s.

Powder XRD spectra were obtained with a Philips PW1710
diffractometer using Cu KR radiation. Both low- and wide-angle
X-ray spectra were collected in order to characterize the crystallinity
of the material. The textural characterization of Gd-AlTUD-1
material was based on the N2 adsorption isotherms, determined at
77 K with a Coulter Omnisorp 100 CX apparatus. The sample was
outgassed at 150°C under vacuum prior to the measurement of
the adsorption isotherm.

Room-temperature FTIR spectra were recorded on a Bomem
MB104 spectrometer. The transmission spectra of the powder
sample was obtained using KBr pellets over the range 4000-
600 cm-1 by averaging 20 scans at a maximum resolution of
4 cm-1.

The Gd3+-loaded NaY and AlTUD-1 were prepared by stirring
zeolite NaY or mesoporous AlTUD-1 in an aqueous 1 M NaCl
solution at room temperature overnight. Then, the suspension was
centrifuged and stirred with deionized water and centrifuged again.
This procedure was repeated until the water was free of chloride
(AgNO3 test). The pretreated material (1 g) was suspended in
deionized water (10 mL). The pH of the suspension obtained was
adjusted to 5.5 with 0.1 M HCl. Then, 0.2 g of GdCl3·6H2O was
added to the mixture and the resulting slurry was stirred overnight
at room temperature.

The Gd3+-loaded NaY suspensions were then dialyzed against
water (cellulose tubing, Sigma, 12 KD cutoff) for 24 h, and the
water was removed under reduced pressure at room temperature.

The Gd3+-loaded AlTUD-1 suspension could not be dialyzed
because of leaching of Gd3+ during the dialysis. Therefore, the
material was dried at room temperature and then calcined at
550 °C in air for 12 h.

The samples for NMRD and EPR were prepared by suspending
10 mg of the solid Gd-NaY or Gd-AlTUD-1 material in doubly
distilled water (10 mL) containing 0.2% of xanthan gum as a
surfactant. The suspensions were dispersed in an ultrasonic bath
for 5 min prior to the measurements. The relaxivities were corrected
for diamagnetic contributions by subtracting relaxivities for similar
suspensions of the Gd-free NaY or AlTUD-1. Relaxivies were
calculated by dividing the corrected values by the Gd3+ concentra-
tion in the samples.

Results and Discussion

Characterization of the Gd3+-Loaded Materials. The
Gd3+-loaded zeolites were prepared from commercially
available NaY nanoparticles (particle size 70 Å) by partially

exchanging the Na+ ions for Gd3+. A detailed structural
analysis of Gd3+-loaded NaY zeolites was performed previ-
ously.25 The framework of zeolite Y is based on sodalite
cages (which can be seen as a truncated octahedron) that
are joined by oxygen bridges between the hexagonal faces.
Eight sodalite cages are linked, leaving a large central cavity
(supercage) with the diameter of 11.8 Å. Super-cages share
a 12-membered ring with an open diameter of 7.4 Å. Because
the diffusion in the small sodalite cages is very slow (1 mol
in 4 days at 295 K),33 only the Gd3+ ions placed in the
supercages are of importance in the relaxivity process.

The mesoporous material TUD-1 is characterized by well-
defined pores with three-dimensional connectivities (spon-
gelike structure, Figure 1), a high surface area, and high
thermal and hydrothermal stability.34-36 This silicate can
readily be prepared with isolated metal ions, such as Al, Co,
Cu, Fe, Zr, and Ti, incorporated into the surface of the pores.
In this way, a negatively charged surface is obtained. The
counterions (usually Na+) can be exchanged for other
cations.37-43

We applied Gd3+-exchanged AlTUD-1 material with a Si/
Al ratio of 3.5, synthesized according to a procedure
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Figure 1. Computer image of spongelike mesoporous material TUD-1,
comprising two endless phases of silica and pores (reproduced with
permission from: Hamdy, M. S. Ph.D. thesis, Delft University of Technol-
ogy, 2005).
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described elsewhere.32 Attempts to purify the material by
dialysis after the exchange with Gd3+ led to leaching of all
Gd3+ present in the material. Therefore, after the ion-
exchange step, the material was dried at room temperature
and then calcined at 550°C in air for 12 h. The resulting
material contained 3.8% Gd.

The XRD pattern of AlTUD-1 is shown in Figure 2a. A
broad peak at low angle indicates a mesoporous and
amorphous character of the material. In Figure 2b the pore
size distribution of AlTUD-1 is presented, as determined
from N2 adsorption. The total pore volume atP/P0 ) 0.98
and at 77 K was determined to be 0.409 mL/g.

The room-temperature FTIR spectra (Figure 3) of the
parent and modified AlTUD-1 are dominated by the strong
broad bands at 3700-3300 and 1650 cm-1, which can be
attributed to surface hydroxylic groups and bands corre-
sponding to the lattice vibrations are observed in the spectral
region between 1300 and 450 cm-1. These bands are typical
for alumina-silicate materials. No shift or broadening of
these AlTUD-1 vibration bands is observed upon gadolinium
loading, which indicates that the framework of AlTUD-1
remains unchanged. It can be concluded that only weak
electrostatic forces are responsible for the immobilization
of the Gd3+ ions.

Before measuring the influence of any material on the
relaxivity of the water protons, it is important to check
whether Gd3+ ions do not leach in water. It has been shown
previously that Gd3+-loaded zeolites NaY are stable and do
not leach in aqueous suspensions at pH>2.5.20 The stability
of Gd3+ in mesoporous AlTUD-1 was evaluated by a xylenol

orange test for free Gd3+.44 When the test was performed on
an aqueous suspension of Gd-AlTUD-1, it was positive.
From a complexometric titration with EDTA and xylenol
orange as the indicator, the amount of “free” Gd3+ was
determined to be 4.2%, which suggests that all Gd3+ was
extracted from the interior of the material. However, the
xylenol orange test for free Gd3+ was negative when it was
performed on the supernatant after centrifugation of a
suspension of Gd-AlTUD-1. This demonstrates that, in
aqueous suspensions, the Gd3+ is efficiently immobilized by
AlTUD-1, but most likely, due to the big pore size of this
material, xylenol orange and EDTA are able to enter the
pores and leach out the Gd3+. It may be concluded that Gd3+

ions in AlTUD-1 are bound relatively weakly and therefore
this material is not suitable for in vivo applications.
Nevertheless, we included this material in the present in vitro
study, since relaxivity measurements on Gd-AlTUD-1 may
provide valuable information on the influence of the pore
size on ther1 water proton relaxivity.

Relaxivity Measurements.The paramagnetic longitudinal
relaxation rate enhancements of the water protons in suspen-
sion of the various materials were measured as a function
of the Larmor frequency (NMRD profiles). For the zeolite
Gd-NaY samples, the relaxivities (see Figure 5) appeared
to be strongly dependent on the Si/Al ratios; higher relax-
ivities were obtained upon increasing Si/Al ratios. Upon
increase of the Si/Al ratio from 1.2 to 4.0, the value ofr1 at
a Larmor frequency 40 Mz increased from 14 to 27 s-1 mM-1

at 25°C. The relaxivities of the Gd-AlTUD-1 sample were

(44) Barge, A.; Cravatto, G.; Gianolio, E.; Fedeli, F.Contrast Med. Mol.
Imaging2006, 1, 184-188.

Figure 2. (a) XRD powder pattern of AlTUD-1. (b) Pore size distribution
of AlTUD-1 determined by N2 adsorption.

Figure 3. FT-IR spectra of AlTUD-1 (a) in comparison with Gd-
AlTUD-1 (b).

Figure 4. Schematic representation of the “two-step” model to account
for the relaxivity in aqueous suspension of Gd3+-loaded zeolite Y.
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substantially higher (33 s-1 mM-1 at 40 MHz, 25°C) than
those of the zeolitic materials. To gain insight into the
parameters governing these phenomena, the data were
analyzed by means of the previously developed two-step
mechanism (see Figure 4).25

In the first step of this model, only the relaxivity inside
the zeolite cavity is considered and the interior of the zeolite
is treated as a concentrated solution of Gd3+ ions. On the
basis of the model in which water protons undergo chemical
exchange between two magnetically distinct environments,45-47

eq 1 for the longitudinal relaxation rate of water protons in
the interior of a zeolite was derived

in which T1m is the longitudinal relaxation time of inner
sphere water protons,τm is the mean residence lifetime of
water protons in the inner sphere,q is the number of inner
sphere water molecules coordinated to the Gd3+ ion, andx
is the number of free water molecules inside the zeolite per
Gd3+ ion. The longitudinal relaxation rate of the inner-sphere
water molecules is dominated be the dipolar interaction and
is given by the Solomon-Bloembergen equation:48,49

Here,rGdH is the effective distance between the gadolinium
electronic spin and the water protons,γS and γI are the
electron and proton gyromagnetic ratios, respectively, and

τdi is given byτdi
-1 ) τm

-1 + τR
-1 + Tie

-1 (i ) 1, 2). The
rotational correlation time,τR, concerns the rotation of the
Gd3+-water proton vector.

The electronic relaxation rates have been explained by the
modulation of the zero field splitting (ZFS) interaction where
the relaxation rates are averaged over different transitions
contributing to the overall line width.50 Later, it was shown
that transverse electronic relaxation rates of some Gd3+

complexes, when averaged over the different relaxation times
rather than over the rates, give a better description of the
magnetic field dependence of the rates.51,52 This approach
resulted in eqs 3 and 4 (eq 4 is simply an empirical function;
the second term should be interpreted as a special kind of
spectral density function).

Here, ωS is the Larmor frequency,∆2 is the trace of the
square of the ZFS tensor, andτν is the correlation time for
the modulation of ZFS.

In the second step the exchange is considered of water
between the inside of the zeolite and the bulk via the
diffusion through the zeolite channels. This step enables the
propagation of the relaxation enhancement from the interior
of the material to the bulk water outside. Again assuming
the chemical exchange between protons in two magnetically
distinct environments, inside and outside the zeolite (this
time, however, the assumption of the dilute solutions of
paramagnetic species was made), eq 5 for the longitudinal
relaxivity was derived.

Here τzeo is the residence lifetime of water protons inside
the zeolite.

The contribution of water molecules diffusing along the
paramagnetic center without being bound to it (the outer
sphere contribution53,54) could be neglected for both the
exterior and the interior of the investigated materials because
it was shown that in the case of zeolite-immobilized Gd3+

the contribution of this mechanism to the overall relaxivity
is small, particularly at Larmor frequencies higher than
0.1 MHz.25

From eqs 1-5, it can be seen that the relaxivities are
dependent on many variables. This makes fitting of the
experimental data to these equations difficult. In order to
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Figure 5. 1H NMRD profiles of an aqueous suspension of Gd-AlTUD-1
material (empty square) and GdNaY zeolites nanoparticles with the Si/Al
ratio of 4.0, 1.7, and 1.2 from top to bottom (filled symbols) at 25°C; the
suspensions always contain 0.2 wt % of xanthan.
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decrease the degrees of freedom of the system, we decided
to determine independently transverse electronic relaxation
rates from the linewidths in EPR spectra of the suspensions
at 298 K and a magnetic field of 0.34 T (X band, 9.43 GHz).
The electronic relaxation times were calculated from the line
broadenings via the equation:55

where ∆Hpp is peak-to-peak EPR line widths; all other
symbols have their usual meaning.

Further constraints were introduced into the fitting pro-
cedure by fixing some of the fitting parameters. Previously,
we have shown that the immobilization of Gd3+ in zeolite
NaY is so effective that the relaxivity data could be fitted
with any τR value above 10-9 s, since above this limitτR

does not affect the relaxivity anymore.25 Therefore, the value
of τR was fixed at 10-5 s. The inner-sphere Gd3+-H distance
was fixed at the commonly observed value of 3.1 Å. For
Gd-NaY zeolite nanoparticles studied here,q was assumed
to be 7 and was fixed as well in the fits. This value was
dictated by EXAFS (X-ray absorption fine structure) inves-
tigations on Eu3+-exchanged zeolite Y,56 which indicate that
one O atom of the framework is coordinated to Eu3+, soq
) 7 if it is assumed that the overall coordination number of
Gd3+ is eight. Previously, we observed that the amount of
water inside zeolite Gd-NaY that is in exchange with the
bulk water outside is 10-12% of the weight of the zeolite,
which corresponds to the amount of water present in the
supercages.25 Then, with the known amount of Gd3+ in the
zeolites, the value of the parameterx for the various zeolites
under study was calculated. These values are included in
Table 1.

The best-fit parameters obtained are gathered in Table 1
and the NMRD curves obtained with these parameters are
represented in Figure 5.

The best-fit values of the parameters governing the
transversal electronic relaxation rates,τv and∆2, are in the
range usually observed for Gd3+ complexes.51 The values

of 1/T2e, measured at 0.34 T, are in a good agreement with
the best-fit values from the fitting procedure (see Table 1).
The increase of the relaxivity observed upon an increase of
the Si/Al ratio can mainly be ascribed to a decrease in both
the residence lifetime of water protons in the first coordina-
tion sphere (τm) and the residence lifetime of water protons
in the interior of the zeolite particles (τzeo). Most likely, both
effects can be explained by a decrease of the interaction
between water and the zeolite walls due to an increased
hydrophobicity of these walls upon increasing the Si/Al
ratios.57

Simulations show that the effect of a decrease inτm is
small compared to that of the decrease inτzeo. Figure 6 shows
as an example simulations of the effects of decreasing the
values forτm andτzeo, respectively, while all other parameters
were kept constant.

A similar fitting was performed on the data for the
GdTUD-1 material. The results are included in Table 1 and
Figure 5. Sinceq is not known in this case,q was included
as an additional fitting parameter; a best-fit value of 3.6 was
obtained, which suggests that about four positions are
occupied due to binding to the pore walls, most likely via
silanol groups. From the pore volume and the Gd3+ content,
the value ofx was calculated to be 94 mol H2O/mol Gd.
Good fits could be obtained with any value ofτzeo smaller
than 10µs, showing that the diffusion of water between the
inside and the outside of the Gd-AlTUD-1 material is not
limiting the diffusion. The value ofτm is an order of
magnitude shorter than those for of NaY zeolites.

Conclusions

This study has demonstrated the strong influence of the
hydrophobicity (Si/Al ratio) of Gd3+-loaded NaY nanozeo-
lites on the longitudinal water protonr1 relaxivity in aqueous
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Table 1. Parameters Obtained from Fits of the NMRD Profiles of the
Various Gd3+-Loaded Materials at 25°Ca

Gd-NaY Gd-AlTUD-1

Gd (wt %)b 5.7 4.9 3.7 3.8
Si/Al ratiob 1.2 1.7 4.0 3.5
τv (ps) 9( 2 25( 2 10.58( 0.03 48( 4
∆2 (1019 s2) 6.3( 0.2 2.8( 0.1 4.2( 0.1 1.2( 0.2
τm (ns) 20( 8 14( 4 6.5( 0.6 0.27( 0.02
τzeo(µs) 31.5( 0.7 25.1( 0.3 20.4( 0.1 <10
x 17 20 26 94
q 7 7 7 3.6
ln 1/T2e(s-1) 22.37 22.08 22.10 21.30
ln 1/T2e(s-1)c 22.10 22.08 22.07 22.10

a Fixed parameters are underlined.b Si, Al, and Gd amounts in the solids
as determined from ICP analysis.c Experimental EPR data measured at 298
K, andB ) 0.34 T.

1
T2e

)
gLµBπx3

h
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Figure 6. Simulation of the effect of the increase ofτm and τzeo,
repectively, on the NMRD profile of Gd-NaY with 5.7 wt % Gd. (a)
Calculated profile for the parameters mentioned in Table 1. (τm ) 20 ×
10-9 s ; τzeo ) 3.15× 10-5 s). (b) Profile calculated forτm ) 6.5 × 10-9

s, while keeping all other parameters at the values used under a. (c) Profile
calculated forτzeo ) 2.04× 10-5 s, while keeping all other parameters at
the values used under a.
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suspensions. The Si/Al ratio influences mostly two param-
eters: the residence lifetime of water protons in the inner
sphereτm and the residence lifetime of water protons in the
interior of zeolitesτzeo. With the increase of Si/Al ratio, both
parameters decrease, which in turn causes an increase in the
value ofr1. The effect ofτzeo is relatively large compared to
that of τm. The results with the mesoporous material Gd-
AlTUD-1 demonstrate that the pore size has a dramatic effect
on the efficiency of these materials on the longitudinal
relaxation enhancing efficiency of this type of materials.
Unfortunately, the Gd3+ ions in these materials are relatively
weakly bound and leach out easily in the presence of
chelating ligands. However, the Gd3+ does not leach out of
the zeolitic materials, and therefore, they may have potential
as contrast agents for MRI. For that application, it probably
will be necessary to modify the outside surface with, for

example, polyethylene glycol chains in order to avoid
unspecific uptake by the reticulo endothelial system.
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