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ABSTRACT 

Paramagnetic lanthanide-based NPs are currently designed as magnetic resonance 

imaging (MRI) contrast agents to obtain optimal relaxivities at high magnetic fields of 7, 9.4 and 

11.7 T where human imaging has been possible yielding high contrast to noise ratio in the MR 

images compared to the clinical field of 3 T. However, the underlying longitudinal (T1) and 

transverse (T2) relaxation mechanisms of the NP-based contrast agents based on the spatial 

motion and proximity of water protons with respect to the paramagnetic ions on the surface of 

NPs are still not well understood, specifically, in terms of contributions from inner, second, and 

outer spheres of coordination of water molecules to the NPs. Gd
3+

-based NPs, e.g., NaGdF4, are 

promising T1 contrast agents owing to the paramagnetic Gd
3+

 possessing a symmetric 
8
S7/2-state 

and slow electronic relaxation relevant to its efficiency to produce a positive (T1) contrast. Here, 

water-dispersed NaGdF4:Eu
3+

 (3 nm diameter, TEM) and NaYF4-NaGdF4:Eu
3+

 core-shell NPs 

(18.3 nm core diameter with 0.5 nm thick shell, TEM) were studied for their r1 and r2 relaxivities 

at 9.4 T. Excited state lifetime decays of Eu
3+ 

dopants, which are highly sensitive to proximate 

water molecules, were analyzed, demonstrating a dominance of inner and second sphere 

contribution over outer sphere to the T1 and T2 relaxations in smaller NaGdF4:Eu
3+ 

NPs while 

exclusively outer sphere in NaYF4-NaGdF4:Eu
3+

 core-shell NPs.  
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INTRODUCTION 

Magnetic resonance imaging (MRI) is a non-invasive diagnostic technique that produces 

tomographic information about whole tissue samples, animals and humans with high spatial 

resolution and excellent soft tissue contrast.
1 

The radiofrequency (RF) pulses, external static 

magnetic field and time variable magnetic fields influence the nuclear spin of water protons 

allowing MR signal acquisition and image reconstruction. Following RF excitation longitudinal 

or spin-lattice (T1) and transverse or spin-spin (T2) relaxation processes at the tissue sites 

generate contrast in the MR image.
 
Contrast agents are often introduced to enhance the relaxation 

rates of water protons and, thus, improve diagnostic capabilities of MRI.
2-6 

Such agents, in the 

form of chelates of paramagnetic lanthanide (Ln
3+

) ions, for example, Gd
3+

 possessing half-filled 

f-orbitals with 7 unpaired electrons, have widely been studied and employed clinically due to 

their ability to effectively shorten the T1 proton relaxation time.
7
 Despite progress in their design 

and synthesis, Gd
3+

 chelates are limited by low specificity, short blood half-life, fast renal 

clearance and very low relaxivity at high magnetic fields (≥ 3 T).
2-4,7-8

 To overcome these 

constraints, nanoparticle (NP) based contrast agents, possessing high density of metal ions per 

NP probe, are being developed and can be used at low doses or detect low concentration targets, 

thereby, mitigating dosage toxicity issues.
9-12

 Their physiochemical, surface and magnetic 

properties can be tuned to generate MR images with high contrast-to-noise ratio at high magnetic 

fields. A high magnetic field, such as 9.4 T, is advantageous over low fields (< 3 T) because it 

yields images with high signal to noise ratio, hence high spatial resolution and/or reduced 

acquisition time. These benefits have led to the need for human imaging at 7, 9.4 and even 11.7 

T.
13-16

 To design and optimize potential NP-based contrast agents for MRI applications, it is 

essential to understand the mechanism of how the NPs influence the relaxation rates 

(relaxivities) of surrounding water protons to produce the image contrast.  

An NP, containing paramagnetic Ln
3+

 ions (e.g., Gd
3+

) and dispersed in water, can be 

viewed as having three consecutive solvation spheres: (i) the inner sphere (IS) where the 

ligands/water molecules directly coordinate to surface Gd
3+

 ions and follow the NPs in its 

Brownian reorientation and exchange with the surrounding free water molecules, (ii) the second 

sphere (2S) where the water molecules significantly bind to the surface coating ligands of the 

NP, develop an electrostatic interaction with the surface lanthanide and sodium cations of the 
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NP, rotate with the NP and exchange with the surrounding free water molecules and the ones 

coordinated to the ligands, and (iii) the outer sphere (OS) where free water molecules translate, 

diffuse, and rotate with their Brownian motion with respect to the NP.
2,17-18

 Relaxivity of NPs is 

influenced by the proximity of water protons to the Gd
3+

 ions. The penetration of water in any of 

the solvation spheres is entirely governed by the surface functionalization of the NP. Although 

several theoretical studies and nuclear magnetic relaxation dispersion profiling have been carried 

out to understand the parameters regulating the relaxation rates of Gd
3+

 ions when water diffuses 

into the inner, second, or/and outer spheres of coordination,
2,7,19-20 

there is no direct experimental 

evidence that elucidates the proportion of contribution of inner, second, or/and outer sphere 

relaxation mechanisms towards the relaxivities of Ln
3+

-based NPs.
 
Articles simply assume one or 

the other for the interpretation of the results.  

In this work, we investigate the water permeation into the solvation spheres of PVP 

(polyvinylpyrrolidone) and DSPE-mPEG [1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

{methoxy(polyethylene glycol)}] coated NaGdF4:Eu
3+

 NPs (3 nm core diameter) and NaYF4-

NaGdF4:Eu
3+

 core-shell NPs (18.3 nm core diameter with a shell thickness of 0.5 nm) by 

analyzing the excited state lifetime decay of trivalent europium Eu
3+

 ions doped in these NPs to 

understand the contribution of inner, second, and/or outer sphere relaxation mechanisms towards 

the relaxivities of NPs at 9.4 T. Eu
3+ 

is well known for its strong luminescence in the red spectral 

region due to its characteristic emission transitions from the 
5
D0 to the 

7
FJ manifolds (J = 0–6).

21-

22
 Eu

3+
 doped in a low phonon energy (~360 cm

-1
) bearing fluoride host has widely been studied 

for optical and optoelectronic applications.
23 

Also, Eu
3+

 ions at the ground state are not expected 

to influence the paramagnetic properties of the NPs because the total electronic angular 

momentum of Eu
3+

, J, is zero (Eu
3+

, 4f
6
, L = S = 3).

24
 The surface features of particles of 

nanosize dimensions play a vital role in influencing the luminescence properties of Eu
3+

 due to 

the particle’s large surface to volume ratio.
25

 Furthermore, the photoluminescence intensity of 

Eu
3+

 is sensitive to O–H vibrations in proximate water molecules, thus, yielding an excellent tool 

to probe water accessibility to Eu
3+

 ions on the surface of the NPs. As such, emission and excited 

state decay times of Eu
3+

 were investigated in two differently sized Gd
3+

-based NPs serving as 

potential T1-contrast agents: (1) NaGdF4 NPs doped with Eu
3+ 

(3 nm core diameter) and (2) 

NaYF4-NaGdF4 core-shell NPs (18.3 nm NaYF4 core diameter) with a 0.5 nm thick NaGdF4 

shell doped with Eu
3+

. Both types of NPs were synthesized in an organic medium containing 
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oleic acid and octadecene. These NPs dispersed in hexanes are then coated with PVP or DSPE-

mPEG, which are water soluble molecules that impart excellent biocompatibility and 

hydrophilicity to the NPs.
26-27

 The smaller NPs have a mean curvature of about 6 times larger 

than the bigger core-shell NPs which may provide easy accessibility of water molecules to 

coordinate to the surface cations of smaller NPs. In case of PVP coated NPs, the oleate ligands 

on the surface of the NPs are completely replaced by the PVP molecules,
26

 this may allow water 

access to the surface cationic sites of NPs. On the other hand, in DSPE-mPEG coated NPs, the 

oleate ligands remain on the NP surface as their alkyl chains interlock with the distearoyl 

phosphoethanolamine moieties of DSPE-mPEGs via hydrophobic interactions and the PEGs 

interact with the aqueous environment, likely allowing no direct access of water molecules to the 

surface of the NPs. The surface coatings of PVP and DSPE-mPEG were assessed with the extent 

of water accessibility by analyzing the lifetime decay curves of Eu
3+

. MR relaxivity 

measurements were performed for PVP and DSPE-mPEG coated NaGdF4 NPs at 9.4 T to 

correlate the underlying relaxation mechanism with the lifetime curves. 

The excited state lifetime decay of Eu
3+

 ions which are present on the surface of NPs and 

are in proximity of water molecules prove to be an ideal probe to investigate the contribution of 

inner, second, and outer sphere relaxivities in NPs, thus, providing an appropriate approach to 

design NP-based MRI contrast agents.   

 

 

EXPERIMENTAL SECTION 

Chemicals. Gadolinium(III) oxide (99.9%), gadolinium(III) chloride hexahydrate (99.9%), 

europium(III) oxide (99.9%), europium(III) chloride hexahydrate (99.9%), yttrium(III) acetate 

hydrate, sodium trifluoroacetate (98%), ammonium fluoride (≥ 99.99%), polyvinylpyrrolidone 

(PVP-10, MW 10,000 Da), oleic acid (tech grade, 90%), 1-octadecene (tech grade, 90%), 

deuterium oxide (99.9%) and hexanes were purchased from Sigma Aldrich. Oleylamine (97%) 

was purchased from Acros, dichloromethane (DCM) from EMD chemicals, sodium hydroxide, 

trifluoroacetic acid, dimethyl sulphoxide (99.9%), toluene, dimethylformamide (DMF), 

anhydrous ethanol and methanol from Caledon laboratories and 1,2-distearoyl-sn-glycero-3-
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phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) from Avanti 

Polar Lipids.  

Synthesis of hexagonal (β) phase NaGdF4 NPs.
11

 GdCl3.6H2O (1 mmol), oleic acid (4 mL) and 

1-octadecene (15 mL) were stirred together in a 100 mL three-necked round bottom flask and 

heated at 140 
o
C under vacuum until a clear solution formed. It was cooled down to room 

temperature after which a solution of NaOH (2.5 mmol) and NH4F (4 mmol) in methanol (10 

mL) was added. The reaction mixture was stirred at room temperature for 1 h. It was heated to 80 

o
C to remove methanol under an argon flow. Subsequently, the solution was heated (15 

o
C/min) 

and maintained at 260 
o
C for 10 min under an argon flow. It was cooled to room temperature 

under air and the NPs were precipitated using 60 mL of ethanol, centrifuged (7,000 g, 10 min, 

Beckman Coulter Spinchron 15-rotor F0830) and washed with 60 mL of ethanol thrice. The 

collected NPs were dispersed in 10 mL of hexanes. To synthesize 5% Eu
3+

-doped β-NaGdF4 

NPs, GdCl3.6H2O (0.95 mmol) and EuCl3.6H2O (0.05 mmol) were used in this procedure.  

Synthesis of 5% Eu
3+

-doped cubic (α) phase NaGdF4 NPs (denoted as NaGdF4:Eu
3+ 

NPs). 

Gd2O3 (0.95 mmol), Eu2O3 (0.05 mmol) and 50% trifluoroacetic acid (10 mL) were mixed 

together in a 100 mL three-necked round bottom flask and refluxed at 85 °C for 5 h. Excess 

water was evaporated at 65 °C overnight to yield gadolinium trifluoroacetate. Sodium 

trifluoroacetate (2 mmol), oleic acid (5 mL), oleylamine (5 mL) and 1-octadecene (10 mL) were 

added to it and heated at 130 °C for 45 min under vacuum to remove residual water and oxygen. 

Subsequently, the solution was heated to 285 °C under an argon atmosphere and stirred 

vigorously for 45 min. The solution was cooled down to room temperature in air. The NPs were 

precipitated and washed with 60 mL of ethanol thrice by centrifugation (7,000 g, 10 min, 

Beckman Coulter Spinchron 15-rotor F0830) and finally dispersed in 10 mL of hexanes.   

Synthesis of hexagonal (β) phase NaYF4-NaGdF4 core-shell NPs with the shell doped with 

5% Eu
3+

 (denoted as NaYF4-NaGdF4:Eu
3+

 core-shell NPs).
28

 Yttrium (III) acetate hydrate (1 

mmol), oleic acid (6 mL) and 1-octadecene (17 mL) were mixed in a 100 mL three-necked round 

bottom flask and stirred under vacuum at 130 °C for 45 min. The solution was cooled to room 

temperature, added with a solution of NaOH (2.5 mmol) and NH4F (4 mmol) in methanol (10 

mL) and stirred for 1 h. Methanol was removed thereafter at 80 °C. The temperature was raised 
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to 300 °C (15 °C/min) under argon flow and the solution was stirred vigorously for 1 h. The 

cubic (α) NaGdF4 (Eu
3+

-doped) NPs in 1-octadecene (1 mL) was injected into the solution and 

stirred at 300 °C for 10 min to form a core-shell nanocrystal structure. The solution was cooled 

down to room temperature under air condition. The NPs were precipitated and washed with 60 

mL of ethanol thrice by centrifugation (7,000 g, 10 min, Beckman Coulter Spinchron 15-rotor 

F0830) and finally dispersed in 10 mL of hexanes. 

Phase transfer of NPs to water (and/or D2O) using PVP-10.
11

 Oleate capped NPs were 

exchanged with PVP-10 (molecular weight of 10,000 Da) in 1:1 DCM and DMF solvent 

mixture, refluxed at 85 
o
C for 18 h. NPs were precipitated in ethyl ether (100 mL) and dried 

under vacuum for 15 min. The amount of polymer for exchange was based on the NP size and 

calculated as such to accommodate ~60 PVP molecules per nm
2
 of NP surface. After the 

exchange NPs were dispersed in appropriate solvents (deionized water and/or D2O). 

Phase transfer of NPs to water using phospholipids.
27

 NPs were dispersed in 0.4 mL toluene 

at 7.0 mg/mL and added with DSPE-mPEG in 0.8 mL chloroform taking appropriate weight ratio 

of DSPE-mPEG to NP. 4 mL of DMSO was added slowly to the solution which was then 

incubated on a shaker for 30 minutes at room temperature. Chloroform and toluene were 

removed completely by vaporization under vacuum. Deionized water was added to the colloidal 

solution in DMSO to reach a total volume of 20 ml. DMSO was completely substituted with 

deionized water by three rounds of centrifugation in centrifugal filter tubes (Vivaspin Turbo 15, 

100 kDa cutoff size). 

Phase transfer of NPs to D2O (or a 1:1 volumetric mixture of D2O and deionized water) 

using phospholipids. NPs were dispersed in 0.4 mL toluene at 7.0 mg/mL and added with 

DSPE-mPEG in 0.8 mL chloroform taking appropriate weight ratio of DSPE-mPEG to NP. 

Chloroform and toluene were completely removed with a rotary evaporator followed by storage 

under vacuum for 18 h. The NPs were dispersed in 10 mL D2O (or a 1:1 volumetric mixture of 

D2O and deionized water). 

Characterization. Transmission electron microscopy (TEM) images were acquired using a 

JEOL JEM-1400 microscope operating at 80 kV. The NP dispersion in hexane was drop-cast 

onto a formvar carbon film supported on a 300 mesh copper grid (3 mm in diameter) and 
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allowed to dry in air at room temperature, before imaging. The size distribution was obtained 

from averaging a minimum of 250 NPs using ImageJ software (version 1.50i). Electron energy 

loss spectroscopy (EELS) and Energy-dispersive X-ray spectroscopy (EDX) measurements were 

done with an Hitachi HF-3300V Scanning Transmission Electron Holography Microscope 

(STEHM) operated at 200 kV and equipped with EELS (Gatan) and EDX (Bruker) detectors. 

The NP dispersion in hexane was drop-cast on a lacey carbon grid, dried in vacuum and cleaned 

in a UV chamber. 

X-ray Diffraction (XRD) patterns were collected using a Rigaku Miniflex diffractometer 

with Cr Kα radiation (λ = 0.2290 nm, 30 kV, 15 mA) with a scan step size of 0.05 degrees (2θ). 

15 drops of the NP dispersion in hexane were added onto an indented zero-background sample 

holder and dried to get the diffraction patterns. 

Dynamic light scattering (DLS) measurements were done using a Brookhaven Zeta 

PALS instrument with a 90Plus/BI-MAS Multi Angle Particle Sizing option, equipped with a 15 

mW solid-state laser (658 nm). All data were obtained at a single scattering angle (90
o
) and 

averaged over ten scans of the scattered intensity-weighted plots of the NPs dispersed in 

deionized water, filtered through glass microfiber filter of 0.45 μm pore size (Whatman, Sigma 

Aldrich) to get rid of dust. 

Inductively coupled plasma mass spectroscopy (ICP-MS) analysis was carried out using a 

Thermo X-Series II (X7) quadrupole ICP-MS to determine the concentration of Eu
3+

, Gd
3+

 and 

Y
3+

 ions in the NP stock solution. The aqueous dispersion of NPs was digested in concentrated 

nitric acid at 135 
o
C in sealed Teflon vials for 3 days and diluted with ultrapure water before 

analysis. Calibration was done by analyzing serial dilutions of a mixed element synthetic 

standard containing a known amount of europium, gadolinium and yttrium. Each sample, 

standard and blank, were spiked with indium (to a concentration of ∼7 ppb) as the internal 

standard to correct for signal drift and matrix effects.  

Steady state excitation and emission and time resolved lifetime decay measurements were done 

using an Edinburgh Instruments’ FLS920 fluorimeter equipped with a tunable pulsed optical 

parametric oscillator (OPOTEK Radiant 355 HE 35 LD UVDM), pumped by the third harmonic 

(355 mm) of the Quantel Q-smart Nd:YAG pump laser. All the emission was collected using a 
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Hamamatsu R928P PMT (200–700 nm) detector and the spectra were corrected for the 

instrument sensitivity. All NP dispersions were measured in a 1 cm path length quartz cuvette. 

Lifetime measurements were done by excitation of Eu
3+ 

at 394 nm in the 
5
L6 level and emission 

at 615 nm using the OPOTEK Radiant 355 high energy tunable UV-VIS-NIR laser system. A 

420 nm short band-pass filter was used to block unwanted scattered wavelengths before the 

emitted light entered the detector. The data points for lifetime trace of the 
5
D0 level of the Eu

3+
-

doped NPs were collected over a time range of 80 ms collected in bins of 16 µs. The data were 

analyzed using OriginPro 2015 (OriginLab, Northampton, MA, version b9.2.272) using relevant 

first-, second- and third-order exponential decay fittings: 𝐼𝑡 = 𝐼0𝑒−𝑡/𝜏1 + 𝐵, 
𝐼𝑡

𝐼0
= 𝐴1𝑒−𝑡 𝜏1⁄ +

𝐴2𝑒−𝑡 𝜏2⁄ + 𝐵, and 
𝐼𝑡

𝐼0
= 𝐴1𝑒−𝑡 𝜏1⁄ + 𝐴2𝑒−𝑡 𝜏2⁄ + 𝐴3𝑒−𝑡/𝜏3 + 𝐵, where τ1, τ2 and τ3 are the decay 

lifetime values, I0 is the intensity at time t = 0, B is the background intensity and A1, A2 and A3 

denote the pre-exponential factors. The values of τ1, τ2 and τ3 obtained from the exponential fits 

had statistical uncertainties in the range of 0.001–0.010 ms. The experimental uncertainties were 

in the range of 0.010–0.100 ms. The average lifetime in case of a biexponential decay was 

calculated using the equation, 𝜏𝑎𝑣 =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
 and for a triexponential decay, 𝜏𝑎𝑣 =

𝐴1𝜏1
2+𝐴2𝜏2

2+𝐴3𝜏3
2

𝐴1𝜏1+𝐴2𝜏2+𝐴3𝜏3
.
29

 When nonlinear curve fitting was performed using OriginPro 2015, the reduced 

chi-square was obtained by dividing the residual sum of squares by the degrees of freedom. This 

quantity is typically not a good measure to determine the goodness of fit because if the y-axis 

data is multiplied by a scaling factor, the reduced chi-square is scaled as well. The r-square 

value, also known as coefficient of determination gives a good measure of the goodness of fit. If 

the fit is closer to the data points, the r-square value is closer to 1. Nevertheless, the adjusted r-

square value, which accounts for the degrees of freedom, provides a better measure of the 

goodness of fit than r-square. The adjusted r-square value of all the Eu
3+

 decay curve fittings 

presented in this article lies in the range 0.99427–0.99939.  

Relaxivity measurements. Aqueous dispersions of NPs were used to determine the 

relaxation times. The T1 and T2 measurements were carried out using a 9.4 T/21 cm bore magnet 

(Magnex, UK) and a Bruker console (Bruker, Germany). A transmit/receive radio frequency 

volume birdcage coil was applied to excite protons and obtain resonant signal. For the T2 

measurements, a single slice multi-echo pulse sequence was used with the following pulse 
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parameters: repetition time (TR) 5 s, matrix size 128 × 128, field of view (FOV) 3 cm × 3 cm, 

slice thickness 2 mm, 128 echoes 4 ms apart. T2 relaxation times were calculated using a single 

exponential fitting of the echo train (Marevisi, Canada). For the T1 measurements, TRUE FISP 

method was used with the following pulse sequence parameters: TR 3 s, TE 1.5 ms, matrix size 

128 × 128, FOV 3 cm × 3 cm, slice thickness 3 mm, 60 frames × 4 segments, segment time 192 

ms. The T1 relaxation times were calculated using single exponential fitting of the data 

(MATLAB “1sqcurvefit”) for different concentrations of NPs in deionized water.  

The r1 and r2 relaxivities were obtained from the concentration dependent plots of the 

measured T1 and T2 relaxation times in OriginPro 2015 (OriginLab, Northampton, MA, version 

b9.2.272) using the equation,  
𝟏

𝑻𝒊
=

𝟏

𝑻𝒊
𝟎 + 𝒓𝒊[𝑮𝒅𝟑+]; i = 1, 2, where [Gd

3+
] is the concentration of 

Gd
3+

 ions in an NP solution obtained from ICP-MS, 𝑇𝑖
0 denote the relaxation times of the water 

protons in absence of the paramagnetic NPs.   

 

RESULTS AND DISCUSSION 

 

Synthesis and characterization.  

Oleate-stabilized NaGdF4, NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+ 

core-shell NPs were 

all synthesized in a binary solvent mixture of oleic acid and 1-octadecene following a high 

temperature route.
11,28

 NaGdF4 (including NaGdF4:Eu
3+

) NPs are known to grow fast.
11

 As such, 

to obtain monodisperse NPs, controlling the nucleation stage in the reaction medium is vital to 

enable enough nuclei formation to achieve consistent growth of NPs. To obtain NaYF4-

NaGdF4:Eu
3+ 

core-shell NPs, β-NaYF4 NPs were grown first serving as seeds for the growth of 

the (Eu
3+

-doped) NaGdF4 shell. The shell precursor are small (~6 nm diameter) sacrificial α-

NaGdF4 NPs possessing cubic phase as revealed from TEM image and XRD analysis in Figure 

S1 in Supplementary information, respectively. These α-NaGdF4 NPs were injected into the 

reaction medium with core β-NaYF4 NPs. The growth process proceeds via Ostwald ripening in 

which larger core particles with smaller surface to volume ratios are favored energetically and 

grow at the expense of the smaller particles.
28

 The NPs dispersed in hexanes were then 
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transferred to deionized water by coating them with DSPE-mPEG
27

 or exchanging the oleate 

ligands with PVP
26

 on their surface which imparted colloidal stability, as illustrated in Figure 1. 

The as-synthesized NPs have pure hexagonal crystal phase, as confirmed by the XRD patterns of 

the NPs, which are well indexed with the standard patterns of their corresponding hexagonal 

phases, β-NaGdF4 and β-NaYF4 (see Figures 2 and S2A). The broad peaks in the XRD pattern of 

NaGdF4:Eu
3+

 NPs is indicative of the small size of the particles. The peaks for NaYF4-

NaGdF4:Eu
3+

 NPs are slightly shifted compared to the standard patterns due to the compressive 

strain induced by the NaGdF4 shell on the core NaYF4 NPs since ionic radius of Gd (0.938 Å)
30

 

is slightly larger than that of Y (0.900 Å).
30-31

 Figures 3, 4A and S2B show TEM analyses of the 

three sets of NPs confirming a fairly uniform particle size distribution: β-NaGdF4:Eu
3+

, β-

NaYF4-NaGdF4:Eu
3+ 

core-shell and β-NaGdF4 NPs have diameters of 3.0 ± 0.8, 18.8 ± 1.8 and 

3.2 ± 0.7 nm, respectively. These average sizes from the TEM images validate the sizes 

calculated from XRD peaks using the Scherrer equation (see Table S1). Furthermore, Figure S3 

shows the TEM image of NaYF4 core NPs before the injection of NaGdF4:Eu
3+

 NPs to form 

NaYF4-NaGdF4:Eu
3+ 

core-shell NPs. The difference in the diameters of the NaYF4 core NPs 

(Figure S3) and NaYF4-NaGdF4:Eu
3+ 

core-shell NPs (Figure 4A) indicates the thickness of the 

NaGdF4:Eu
3+ 

shell which is about 0.5 nm. Electron energy loss spectroscopy (EELS) line scans 

were acquired across a single β-NaYF4-NaGdF4:Eu
3+ 

core-shell NP to provide evidence on the 

composition of core and shell. Figures S4 (A, B, C) show the high resolution scanning 

transmission electron microscopy (STEM) image of a single core-shell NP with the 

corresponding EELS spectrum of the Gd N4,5 edge
32

 at 140 eV. The signal intensity of Gd 

changes with position across the particle. The EELS signal intensity of Y in Figure S4B clearly 

indicates that Y is in the core of the NP while the Gd signal intensity confirms the presence of 

Gd in the shell. The signal intensity of Eu
3+

 was too low to be resolved. To complement with the 

EELS data on the structural analyses of the core-shell NP, elemental maps of Y, Gd and Eu 

acquired from energy dispersive X-ray (EDX) analyses were merged which confirm that Y is 

located at the core of the particle with Gd in the shell. It further substantiates the presence of 

Eu
3+

 ions in the shell (see Figures 4 B, C). Inductively coupled plasma mass spectrometry (ICP-

MS) was done to obtain the lanthanide ion concentration after digesting the NaYF4-NaGdF4:Eu
3+ 

core-shell NPs in concentrated nitric acid. The ionic concentration of Eu
3+

 was found to be 5 

atomic % of the total lanthanide (Eu
3+

 and Gd
3+

) composition in the shell of the NP. 
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MR relaxivity results. 

NaGdF4 NPs are characterized by their longitudinal and transverse relaxivity (r1 and r2, 

respectively), which is the change in relaxation rate (1/T1 and 1/T2, respectively) of solvent water 

protons in presence of the NP, normalized to the concentration of Gd
3+

 ions, [Gd
3+

], or NPs, as 

shown in the equation: 
𝟏

𝑻𝒊
=

𝟏

𝑻𝒊
𝟎 + 𝒓𝒊[𝑮𝒅𝟑+]; i = 1, 2 

To determine Gd
3+

 ionic r1 and r2 relaxivities, the Gd
3+

 ion concentration in the dispersions of 

NaGdF4 NPs coated with PVP and DSPE-mPEG was determined to be 1.15 mM and 1.12 mM in 

the colloidal dispersion, respectively, using ICP-MS. Gd
3+

 ionic relaxivities (r1 and r2) of 

NaGdF4 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs were obtained from the slope of the linear 

regression fit in the relaxivity plots obtained at 9.4 T shown in Figure 5 and S5, and the values 

are tabulated in Table 1. PVP and DSPE-mPEG coated NaGdF4 NPs have r1 values of 1.77 ± 

0.29 mM
-1

 s
-1 

and 1.84 ± 0.01 mM
-1

 s
-1

, respectively, at 9.4 T. The corresponding r1 relaxivity 

values calculated per NP
11

: 443 and 420 mMNP
-1

 s
-1

. Similarly, PVP and DSPE-mPEG coated 

NaYF4-NaGdF4:Eu
3+

 core-shell NPs show almost identical Gd
3+

 ionic r1 relaxivities: 7.27 ± 0.72 

mM
-1

 s
-1 

and 6.46 ± 0.35 mM
-1

 s
-1

, respectively. The corresponding values per NP concentration 

are 15,800 and 17,500 mMNP
-1

 s
-1

. Furthermore, PVP and DSPE-mPEG coated NaGdF4 NPs 

have r2 values of 14.44 ± 0.59 mM
-1

 s
-1 

and 27.42 ± 0.73 mM
-1

 s
-1

, respectively. The 

corresponding r2 values for NaYF4-NaGdF4:Eu
3+

 core-shell NPs are 52.34 ± 2.53 mM
-1

 s
-1 

and 

60.75 ± 2.38 mM
-1

 s
-1

. We acknowledge the fact that the values for the Eu
3+

-doped core-shell 

NPs will be slightly lower than the undoped analogues. However, they may serve nicely as 

bimodal contrast agents (i.e. MRI and optical contrast). Dynamic light scattering (DLS) results, 

as shown in Figure S6 and summarized in Table S1, indicate similar hydrodynamic radii for PVP 

and DSPE-mPEG coated NaGdF4 NPs: 8.9 nm ± 1.9 nm and 8.8 nm ± 1.8 nm, respectively. The 

hydrodynamic radii for larger sized NaYF4-NaGdF4:Eu
3+

 core-shell NPs coated with PVP and 

DSPE-mPEG are also close in values: 33.9 ± 1.2 nm and 34.3 nm ± 1.6 nm, respectively. Such 

close values of thicknesses of the surface coatings of NPs can be related to the similar r1 (or r2) 

relaxivities but these results do not explain the difference between T1 and T2 relaxation 

mechanisms and the role of inner, second, and/or outer spheres of coordination of water 

molecules, if any, to approach the Gd
3+

 ions on the surface of NPs. In addition, they do not 

explicitly say much about the characteristics of the surface coatings in terms of assisting with 
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water accessibility to the surface Gd
3+

 ions on NPs. To understand these relaxation phenomena 

of Gd
3+

-based NPs, NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs were subjected to 

steady-state and time-resolved measurements to assess the photoluminescence properties of Eu
3+

 

ions which are sensitive to proximate water molecules. The photoluminescence lifetime decay of 

Eu
3+

 ions in NPs enabled us to comprehend the relaxation mechanisms of Gd
3+

 ions in NPs since 

either of the events are susceptible to the proximity of water molecules to Eu
3+

 and Gd
3+

 ions, 

respectively. 

 

Steady-state photoluminescence measurements.     

In Figure 6, NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+ 

core-shell NPs dispersed in hexanes 

show emission patterns characteristic of transitions of Eu
3+

 as reported in the past: 
5
D1 – 

7
F0 at 

525 nm, 
5
D1 – 

7
F1 at 535 nm, 

5
D1 – 

7
F2 at 554 nm, 

5
D0 – 

7
F0 at 578 nm, 

5
D1 – 

7
F3 at 582 nm, 

5
D0 – 

7
F1 at 591 nm, 

5
D0 – 

7
F2 at 615 nm and 

5
D0 – 

7
F4 at 680–700 nm.

21,23,33
 The excitation wavelength 

was chosen to be 394 nm because it corresponds to the most intense direct excitation of Eu
3+

 

ions. The 
5
D0 and 

7
F0 states are non-degenerate implying that only a single Gaussian peak should 

appear for the 
5
D0 – 

7
F0 transition at 578 nm if all the Eu

3+
 ions are in the same crystal site. 

Deconvolution of the peak centered at 578 nm, obtained with the minimum measurable step size 

of 0.05 nm, is shown in Figure S7 which reveals three Gaussian peaks indicating the presence of 

Eu
3+

 ions in more than one symmetry site in the NPs such as the 1a and 1f sites with C3h 

symmetry,
34

 or the sites of lower symmetry, Cs, C3, and/or C1.
35

  

 

 

Time-resolved photoluminescence measurements.  

In the present study, the deconvolution of the 
5
D0 – 

7
F0 transition peak suggests the 

presence of Eu
3+

 ions in more than one crystal site in the NaGdF4:Eu
3+

 NP lattice. They are in the 

bulk of the particles away from the surface and on the surface of the particles. As depicted in the 

crystallographic representation of β-NaGdF4 NP in Figure S8, Eu
3+

 ions (ionic radius = 0.947 

Å)
30

 can substitute for Gd
3+

 (ionic radius = 0.938 Å)
30

 since Eu
3+

 has a slightly larger ionic 

radius and its occupation at 1a and 1f sites/Gd
3+

 is favorable energetically.
34

 On the other hand, 
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to occupy the position of larger Na
+
 (ionic radius = 1.020 Å)

30
 at the expense of more binding 

energy and charge compensation, e.g., cation vacancy, and/or interstitial defects, it is almost 

impossible for Eu
3+

 to substitute for Na
+
. Thus, Eu

3+
 ions in the “bulk” of the NPs are surrounded 

by nine F
–
 ions while those on the surface by a lower number of F

–
 ions and O (from oleates) or 

O (from water) depending upon the coordinating ligand. Assuming spherical particles, the model 

describing the lifetime distribution of a NaGdF4:Eu
3+

 NP can be divided into shells of equal 

volumes,
36

 with Eu
3+

 ions present in the inner shell having a longer lifetime than the outer shell 

since the core Eu
3+

 ions are devoid of surface quenching effects, especially, in presence of 

aqueous medium. Similarly, the model describing the lifetime distribution of a NaYF4-

NaGdF4:Eu
3+

 core-shell NP can be divided into shells in which the Eu
3+

 ions present on the 

surface have a shorter lifetime than those penetrating the undoped NaYF4 core. The decay curves 

for NaYF4-NaGdF4:Eu
3+

 core-shell NPs in hexanes and deuterated water are best fitted using the 

single exponential equation: 𝐼𝑡 = 𝐼0𝑒−𝑡/𝜏1 + 𝐵. The decay curves of the NaGdF4:Eu
3+

 NPs 

dispersed in hexanes and deuterated water were fitted using the bi-exponential equation,  

𝐼𝑡

𝐼0
= 𝐴1𝑒−𝑡 𝜏1⁄ + 𝐴2𝑒−𝑡 𝜏2⁄ + 𝐵, while for the both types of NPs dispersed in deionized water or 

in a mixture of deionized and deuterated water, the tri-exponential equation, 
𝐼𝑡

𝐼0
= 𝐴1𝑒−𝑡 𝜏1⁄ +

𝐴2𝑒−𝑡 𝜏2⁄ + 𝐴3𝑒−𝑡/𝜏3 + 𝐵, was used. The average lifetime in case of a biexponential decay is 

calculated using the equation, 𝜏𝑎𝑣 =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
 and for a triexponential decay, 𝜏𝑎𝑣 =

𝐴1𝜏1
2+𝐴2𝜏2

2+𝐴3𝜏3
2

𝐴1𝜏1+𝐴2𝜏2+𝐴3𝜏3
.
29

 

 

Lifetime decay of Eu
3+

-doped in NaGdF4 NPs (~3 nm diameter; TEM). 

The decay of the excited state of Eu
3+

 ions in NaGdF4:Eu
3+

 NPs, dispersed in hexanes, 

was measured yielding an average lifetime value of 5.23 ms. Following their surface 

modification with PVP and DSPE-mPEG and then transfer to deionized water, the NPs displayed 

average lifetime values of 1.74 ms and 1.86 ms, respectively (in Figures 7–8). The average 

lifetime values are collated in Table 2. Quenching dominates on or near the surface of the NPs 

when dispersed in water due to vibrational de-excitation of the Eu
3+

 excited state in presence of 

O–H bond, which is explained as follows. The energy gap between the luminescent state and the 
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ground state manifold is approximately 12,000 cm
−1

 for Eu
3+

. The energy gap between the 

emissive state and the highest lying sublevel of the ground state of Eu
3+

 are effectively spanned 

by the vibrational modes of O–H oscillators coordinated to Eu
3+

. The coupling of the Eu
3+

 

excited states to the high-frequency vibrational overtones of the O–H bond (ṽO−H = 3,600 cm
−1

) 

provides an efficient mechanism for energy transfer, resulting in radiationless de-excitation of 

the Eu
3+

 ion excited state. The quenching efficiency is sharply decreased in presence of the O–D 

bond as inferred from the average lifetime values of PVP coated (4.40 ms) and DSPE-mPEG 

coated (4.19 ms) NaGdF4:Eu
3+

 NPs dispersed in D2O (Table 2, Figure 7–8). Coupling to a higher 

energy overtone, as required for the O–D oscillator (ṽO−D = 2,200 cm
−1

), results in much less 

efficient quenching of the Eu
3+

 excited state and, thus, longer-lived Eu
3+

 luminescence. This 

phenomenon is aptly exhibited by free Eu
3+

 ions [from Eu(NO3)3
.
5H2O] when dispersed in D2O, 

deionized water or a combination of two (Figure S10). When Eu(NO3)3
.
5H2O is dispersed in 

deuterated water, deionized water or a mixture of the two (1:1 v/v ratio), the corresponding 

lifetime values of Eu
3+

 are 2.94 ms, 0.11 ms and 0.24 ms substantiating exchange of water 

molecules at the Eu
3+

 coordination sites. 

When PVP and DSPE-mPEG coated NaGdF4:Eu
3+ 

NPs are dispersed in a 1:1 v/v mixture 

of deuterated and deionized water, the corresponding values of τav increase to 2.36 ms (from 1.74 

ms in deionized water) and 3.53 ms (from 1.86 ms in deionized water). Such consistent 

increment of τav validates varying number of coordinated water molecules to surface Eu
3+

 ions of 

NPs dispersed in deionized water and a 1:1 v/v mixture of D2O and H2O substantiating exchange 

of the coordinated water molecules on the surface of NPs with the bulk water. These lifetime 

measurements were repeated after six months using the same batch of NPs in the 1:1 v/v mixture 

of deuterated and deionized water yielding τav values of 3.59 ms for PVP coated and 2.61 ms for 

DSPE-mPEG coated NaGdF4:Eu
3+ 

NPs, as shown in Table 2 and Figure S11. These τav values 

(measured after 6 months of NP dispersion) are higher for the NPs dispersed in a 1:1 v/v mixture 

of deuterated and deionized water than that of the NPs dispersed in deionized water only, 

evincing water exchange at surface Eu
3+

 sites. Such exchange of water in the inner coordination 

sphere of Eu
3+

, despite having a hydrophobic barrier of PVP and DSPE-mPEG, can be ascribed 

to a “leaky” surface coatings owing to the very high curvature of the 3 nm core sized 

NaGdF4:Eu
3+ 

NPs that creates loopholes for water accessibility. 
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Lifetime decay of Eu
3+

 in NaYF4-NaGdF4:Eu
3+

 core-shell NPs (~19 nm diameter; TEM). 

The single exponential decay curve of Eu
3+

 in NaYF4-NaGdF4:Eu
3+ 

core-shell NPs 

dispersed in hexanes is shown in Figure S9 which yields an average lifetime value of 5.92 ms 

owing to minimal quenching effects. When dispersed in deionized water after coating them with 

PVP and DSPE-mPEG, the NPs display quenched lifetimes, 3.44 ms and 3.76 ms, respectively, 

after tri-exponential fitting of the decay curves as shown in Figures S12–S13. These vibrational 

quenching phenomena in deionized water due to overlapping energy levels of Eu
3+ 

and O–H are 

the same as those observed in case of NaGdF4:Eu
3+

 NPs. When NaYF4-NaGdF4:Eu
3+

 core-shell 

NPs are dispersed in 1:1 v/v mixture of deuterated and deionized water, the average lifetime 

values were obtained as 3.93 ms and 4.51 ms for PVP coated and DSPE-mPEG coated NPs, 

respectively. These τav values do not vary substantially from their corresponding values, 3.44 ms 

and 3.76 ms, in deionized water. This is contrary to the observations in case of NaGdF4:Eu
3+

 

NPs. Such similar lifetime values in deionized water and in a 1:1 v/v mixture of deionized and 

deuterated water suggests hardly any exchange of water molecules coordinated to the surface 

Eu
3+

 ions with the bulk in the outer sphere coordination environment. Such an inference of a no, 

or a very slow water exchange, is further evidenced in the lifetime measurements repeated after 

six months using the same batch of NPs in the 1:1 v/v mixture of deuterated and deionized water. 

As shown in Table 2 and Figure S14, post 6 months of their dispersion, PVP coated and DSPE-

mPEG coated NaYF4-NaGdF4:Eu
3+ 

core-shell NPs display an average lifetime of 3.57 ms and 

4.58 ms, respectively, similar to their corresponding values of 3.93 ms and 4.51 ms obtained just 

after dispersion. Such exchange restraints can be attributed to the dense hydrophobic barrier of 

PVP and DSPE-mPEG on the surface of the bigger NPs which possess a lower curvature 

compared to the 3 nm core NP. 

In DSPE-mPEG coated NaYF4-NaGdF4:Eu
3+

 core-shell NPs, the methoxy-terminated 

PEG chains act as the extended hydrophilic head groups for electrostatic interactions and 

hydrogen bonding with water. In case of PVP coated NaYF4-NaGdF4:Eu
3+

 core-shell NPs, there 

is an extensive hydrogen bonding among free water molecules and the C–N and C=O group in 

the pyrrolidone moieties. As depicted in Figure 1, the distearoyl phosphoethanolamine moieties 

of DSPE-mPEGs interlock with the hydrophobic alkyl chains of oleates on the surface of NPs 
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via hydrophobic interactions. When coated with PVP, oleate ligands on the NPs are completely 

exchanged by the PVP molecules.
11

 As per DLS results, the hydrodynamic diameter of the 

DSPE-mPEG and PVP coated NaYF4-NaGdF4:Eu
3+

 core-shell NPs is similar (33.9 and 34.3 nm; 

Table S1 in Supplementary Information) indicating no marked difference in the thickness of the 

hydrophobic layer of the coatings of the NPs. The length of PEG2000 chain with a DSPE head, 

the PEG chain length can be about 2 nm
37

 when in mushroom or brush confirmation or it can 

extend to a maximum length of 15 nm.
38

 These values support the DLS results from which a 

thickness of about 7.5 nm of DSPE-mPEG coating interlocked with oleates around the ~19 nm 

sized NPs is implied. Previous reports on assessment of water permeability across Mn
2+

 

entrapped dipalmitoyl phosphatidylcholine vesicles, employing 
17

O and 
1
H NMR, revealed that 

below 37 
o
C, these phospholipids acquire a gel phase.

39
 In the gel phase, phospholipids are more 

or less locked in place and have limited mobility, as a result the water diffusion into the 

hydrophobic region is highly restricted, owing to the very high activation energy (15 kcal/mol) 

for water permeation. Hence, at the physiological (37 
o
C) and room (25 

o
C) temperatures, there is 

hardly any exchange of water with the bulk in the outer coordination sphere. This is evident from 

the lifetime value, τ3, of NaYF4-NaGdF4:Eu
3+

 core-shell NPs dispersed in a mixture of deuterated 

and deionized water in a volumetric ratio of 1:1 being similar to that in deionized water (Table 

2). In D2O, phospholipids become more compact than in H2O as D2O raises the temperature of 

gel to liquid phase transition resulting in a dry hydrophobic interior. Molecular dynamics 

simulations have shown that there is a huge difference in the self-diffusion coefficient of H2O 

and D2O molecules hydrating the membrane.
40

 Diffusion of D2O molecules is 43% slower than 

that of H2O molecules which leads to hydration of the polar head groups of DSPE-mPEGs 

including the PEG corona in H2O in the 1:1 mixture of H2O and D2O. Studies have also shown 

that there is a strong preference for H2O to hydrate the phospholipids even in a mixture 

composed of 98:2 D2O:H2O; such solvent isotope effect is more pronounced in hydration of a 

phospholipid than in bulk solvent mixture.
41

 In case of PVP coated NPs dispersed in water, 

although the glass to liquid transition temperature of PVP (Mw = 10,000 Da) is decreased (below 

130 
o
C),

42
 which imparts slight molecular mobility, the polyvinyl moieties entangled with each 

other create a hydrophobic barrier excluding the water molecules to enter into the inner 

coordination sphere of Eu
3+ 

ions. Because PVP-10 chain can extend to a length of 16 nm,
43

 DLS 

data indicate that the NPs are coated with extended alkyl chains of PVP. In D2O, the PVP 
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coating is apparently completely dehydrated and forms a dense packed structure. To infer from 

the interpretation of the lifetime decays, DSPE-mPEG and PVP coatings around bigger NaYF4-

NaGdF4:Eu
3+

 core-shell NPs exclude water molecules from directly exchanging with the ones 

coordinated with the Eu
3+

 ions on the surface of NPs in the inner coordination sphere. On the 

contrary, the smaller NaGdF4:Eu
3+ 

NPs have adequate exchange of water molecules with the 

coordinated ones at Eu
3+

 sites on the surface of the NPs. 

 

Lifetime decay based on the priority of choice of a solvent (D2O or H2O) for a final dispersion 

of NPs in 1:1 v/v D2O:H2O.  

To further show evidence for the predominant contribution of inner and second sphere 

relaxation in small NPs and outer sphere relaxation in big NPs, the Eu
3+

 lifetime decay was 

analyzed after adding an equal volume of deionized water to the dispersion of NPs in D2O and 

vice versa. As shown in Table S2 and Figure S15, the average lifetime values in the small PVP 

coated and DSPE-mPEG coated NaGdF4:Eu
3+

 NPs do not change drastically when D2O was 

added to the NP dispersion in water or, vice versa. This supports our conclusion of water 

exchange at the Eu
3+

 sites on the surface of the small NPs consistent with that observed when the 

NPs were dispersed in a 1:1 v/v mixture of D2O and H2O (Table 2). Such water exchange 

advocates for inner and second sphere contribution in the small NPs.  

On the other hand, as seen in Table S2 and Figure S16, the average lifetime values in the 

big NaYF4-NaGdF4:Eu
3+

 core-shell NPs are quite different when D2O was added to the NP 

dispersion in water or, vice versa. The value of τav is longer when water was added to the PVP 

coated and DSPE-mPEG coated NPs dispersed in D2O (4.67 ms and 4.82 ms, respectively, Table 

S2), than that observed in the NP dispersion in a 1:1 v/v mixture of D2O and H2O (3.93 ms and 

4.51 ms, respectively, Table 2). This can be explained by the compact and rigid hydrophobic 

barrier of the surface coating (PVP or DSPE-mPEG) that does not allow water exchange across 

it. Further, when D2O was added to the PVP coated and DSPE-mPEG coated NPs dispersed in 

water, the lifetime values (3.37 ms and 2.94 ms, respectively, Table S2) are smaller than that 

observed in the NP dispersion in a 1:1 v/v mixture of D2O and H2O (3.93 ms and 4.51 ms, 

respectively, Table 2) and comparable to that of the NP dispersion in water (3.44 ms and 3.76 
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ms, respectively, Table 2). This is consistent with a slow or negligible water exchange across the 

hydrophobic barrier surrounding the NPs from the bulk solvent which, thus, suffices for the outer 

sphere contribution in the big NPs.        

Contribution of inner, second, and outer spheres of relaxation of water protons towards NP 

relaxivities. 

High-field regime relaxation (B0 ≥ 3 T). Relaxivities ri (i = 1, 2) of an NP are the sum of the 

inner sphere (IS), second sphere (2S) and outer sphere (OS) contributions from the water proton 

dynamics with respect to the NP, 𝑟𝑖 = 𝑟𝑖
𝐼𝑆 + 𝑟𝑖

2𝑆 + 𝑟𝑖
𝑂𝑆. A schematic representation of these 

contributions from the water protons with respect to an NP is depicted in Figure 9. The relaxivity 

equations discussed below for IS, 2S and OS of relaxation are from the Grenoble method.
44-45

 In 

the high-field domain (B0 ≥ 3 T), the relaxivities are independent of the electronic spin 

relaxation.
2,17

  

High-field inner and second sphere relaxation. The IS relaxivity is proportional to the number 

q of water molecules coordinated to the surface Gd
3+

 ions of NP and decreases rapidly with the 

mean distance rH between NP (Gd
3+

) and water proton distance as 1/rH
6
. It is a function of the 

mean residence time of the coordinated water molecules τM and Brownian motion of the NP 

characterized by a tumbling time or a rotation correlation time of rr. The IS relaxivity is given by 

𝑟𝑖
𝐼𝑆 = 𝑃𝑞/(𝑇𝑖𝑀 + 𝜏𝑀), 

where i = 1, 2; P is the ratio of the number of NPs to number of water molecules in a 1 mM 

solution, TiM are the relaxation times of the protons of water molecules coordinated directly to 

the NP which are given by
44

  

1

𝑇1𝑀
= 𝐴

1

4𝜋𝑟𝐻
6

𝜏𝑟

1 + 𝜔𝐼
2𝜏𝑟

2
 

1

𝑇2𝑀
= 𝐴

𝜏𝑟

4𝜋𝑟𝐻
6 [

2

3
+

1

2

1

1 + 𝜔𝐼
2𝜏𝑟

2
] 

 where, 𝐴 = (
𝜇0

4𝜋
)

2

(
8𝜋

5
)𝛾𝐼

2𝜇𝑒𝑓𝑓
2  and 𝜇𝑒𝑓𝑓 = 𝑔𝑆𝜇𝐵[𝑆(𝑆 + 1)]1/2, 𝑔𝑆 is the Landé factor of the 

electronic spin S, γI and γS (= −𝑔𝑆𝜇𝐵/ħ) are the gyromagnetic ratios of the interacting spins I 
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and S through the dipolar coupling factor μ0 is the permeability of vacuum, and 𝜔𝐼 and 𝜔𝑆 are 

the angular Larmor frequencies of the spins such that 𝜔𝐼 = 2𝜋𝜈𝐼 = −𝛾𝐼𝐵0 and 𝜔𝑆 = −𝛾𝑆𝐵0. 

The Eu
3+

 lifetime analyses of PVP and DSPE-mPEG coated NaGdF4:Eu
3+ 

NPs 

manifested adequate exchange of water molecules with the coordinated ones at Eu
3+

 sites on the 

surface of these small NPs. This implies the direct access and coordination of water protons to 

the surface Gd
3+

 ions of the smaller NPs clearly showing the dominance of the inner sphere 

relaxation mechanism. Further, the contribution from the second sphere (2S) is obvious from the 

fact that a realistic model considers the 2S longitudinal and transverse relaxivities ri
2S 

resulting 

from hydrogen bonding of the water molecules to the sites on the NP surface coating, for 

example, C=O and >N– sites in PVP and C=O, –NH– sites and PO4 moiety in DSPE-mPEG, in 

which the water molecules are at different distances from the surface Gd
3+

 ions of the NP. The 

high field 2S relaxivity equations are simplified to follow the parameters similar to those in IS 

relaxivity equations because, ideally, there are many parameters involved in the 2S relaxivity 

description and their determination is beyond the scope of obtaining all experimental information 

from all possible available techniques. The 2S relaxivities, 𝑟𝑖
2𝑆 = 𝑃𝑞′/(𝑇𝑖𝑀

′ + 𝜏𝑖𝑀
′ ), where 𝑇𝑖𝑀

′
 

are the relaxation times of the protons of 2S water molecules and the number of 2S water 

molecules is 𝑞′, with effective residence time 𝜏𝑀
′  and the effective distance between these water 

protons and NP is 𝑟𝐻
′ . The 2S relaxivities are given by
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1

𝑇1𝑀
′ = 𝐴

1

4𝜋𝑟𝐻
′ 6

𝜏𝑐
′

1 + 𝜔𝐼
2𝜏𝑐

′ 2 

1

𝑇2𝑀
′ = 𝐴

𝜏𝑐
′

4𝜋𝑟𝐻
′ 6 [

2

3
+

1

2

1

1 + 𝜔𝐼
2𝜏𝑐

′ 2] 

where the 2S correlation time 𝜏𝑐
′  is given by 

1

𝜏𝑐
′

=
1

𝜏𝑟
+

1

𝜏𝑀
′  

High-field outer sphere relaxation. OS relaxivity theory is based on the OS dipolar time 

correlation function 𝑔2(𝑡). Suppose r is the vector joining the nuclear spin I of a water molecule 

MI to the electronic spin S of Gd
3+

 ions in the NP and (r, θ, ϕ) are spherical coordinates in the 
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laboratory (L) frame, the z axis of which is parallel to B0. Let Y2q(θ, ϕ) (– 2 ≤ q ≤ 2) be the 

spherical harmonics of order 2. The function 𝑔2(𝑡) of the random functions r
–3

Y2q(θ, ϕ) of the 

interspin vector r, independent of the index q, is defined as
2,46

 

𝑔2(𝑡) = 𝑁𝑆 ∬
𝑌2𝑞(𝜃0, 𝜙0)

𝑟0
3

𝑌2𝑞
∗ (𝜃, 𝜙)

𝑟3
𝑔𝑠𝑖𝑡𝑒 𝐼−𝑠𝑖𝑡𝑒 𝑆

𝑂𝑆 (𝑟0)𝜌(𝐫0, 𝐫, 𝑡)d𝐫0𝑑𝐫 

where NS is the number of electron spins S or Gd
3+

 ions per unit volume, 𝑔𝑠𝑖𝑡𝑒 𝐼−𝑠𝑖𝑡𝑒 𝑆
𝑂𝑆 (𝑟0) is the 

radial distribution function of the interspin distance r0 at equilibrium and 𝜌(𝐫0, 𝐫, 𝑡) is the OS 

propagator describing the random evolution of the interspin vector r in the course of time. In 

other words, 𝜌(𝐫0, 𝐫, 𝑡) is the conditional probability that the interspin position is r ≡ (r, θ, ϕ) at 

time t given that it was at r0 ≡ (r0, θ0, ϕ0) at initial time t = 0. 𝜌(𝐫0, 𝐫, 𝑡) is governed by the 

anisotropic translational and rotational Brownian motions of water protons and NPs without 

binding to the water molecules. The translational correlation time 𝜏𝑑  characterizes the time decay 

of 𝑔2(𝑡) and is defined as 𝜏𝑑 = 𝑎2/𝐷, where a is the average of all the closest inter-center 

distance between NP and water proton for a given relative orientation of the two, over all their 

possible orientations, and D is the relative diffusion coefficient which is the sum of the self-

diffusion coefficients of water proton and NP, 𝐷 = 𝐷𝑀𝐼

𝑡 + 𝐷𝑁𝑃
𝑡 . In case of an NP, its 

hydrodynamic radius is the distance of closest approach a of the water proton to the surface Gd
3+

 

ions since an NP on its whole impacts on the relaxation of water protons. The dipolar spectral 

density is the Fourier transform of 𝑔2(𝑡) defined as 𝑗2(𝜔) = ∫ 𝑔2(𝑡) cos(𝜔𝑡) 𝑑𝑡
∞

0
 and given by 

𝑗2(𝜔) =
𝑁𝑆

𝐷𝑎
𝑅𝑒 [

4 + 𝑥

3(9 + 9𝑥 + 4𝑥2 + 𝑥3)
] 

where 𝑥 = √𝑖𝜔𝜏𝑑. The OS relaxivities are linear combinations of spectral density 𝑗2(𝜔) of 

𝑔2(𝑡), and given by 𝑟1
𝑂𝑆 = 𝐴𝑗2(𝜔𝐼) and 𝑟2

𝑂𝑆 = 𝐴 [
2

3
𝑗2(0) +

1

2
𝑗2(𝜔𝐼)] 

In case of PVP and DSPE-mPEG coated NaYF4-NaGdF4:Eu
3+

 core-shell NPs, the Eu
3+

 

lifetime decay analyses of the doped Eu
3+

 ions conveyed about the hydrophobic barrier around 

the NP that debars the access and exchange of water molecules with the ones coordinated to the 

surface Eu
3+

 ions of NPs in the inner coordination sphere. This suggests no water coordination, 

exchange or accessibility to the surface Gd
3+

 ions of the NPs indicating the dominance of outer 
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sphere relaxation mechanism. This is consistent with the O-17 and H-1 NMR studies by us and 

collaborators which demonstrate exclusive contribution of the outer sphere relaxation towards 

the relaxivities of oleic acid/poly(maleic anhydride-alt-1-octadecene)−polyethylene glycol 

coated Ln
3+

-based core-shell NPs (diameters in the range of 16.5–20.5 nm).
47

 

The difference in the hydrodynamic diameter obtained from DLS and diameter of NPs 

determined from histograms developed from the corresponding TEM images gives the thickness 

of the hydrophobic barrier between the surface Gd
3+

 sites of NPs and the water protons. From 

Table S1, the hydrophobic layer is ~15 nm thick in both PVP and DSPE-mPEG coated NaYF4-

NaGdF4:Eu
3+

 core-shell NPs indicating almost equal contribution from the OS relaxation. This is 

in agreement with the corresponding close values of r1 relaxivities 15,800 and 17,500 mMNP
-1

 s
-1 

per NP concentration (Gd
3+

 ionic relaxivities are 7.27 and 6.46 mM
-1

 s
-1

) and r2 relaxivities 

115,200 and 114,200 mMNP
-1

 s
-1 

per NP concentration (Gd
3+

 ionic relaxivities are 52.34 and 

60.75 mM
-1

 s
-1

). The difference in the r1 and r2 relaxivities (r1 < r2) of an NP comes largely from 

the spectral density terms 𝑗2(0) and 𝑗2(𝜔𝐼). 

The contribution of Curie relaxivity in the inner and outer spheres of relaxation has been 

discussed in published works.
4,48

 Curie relaxation arises from the interaction of the fluctuating 

local magnetic fields at the position of the studied nuclear spin I with the various average 

magnetic moments of the spins S of the Gd
3+

 ions. The Curie correction factor is given by
17

  

𝜀𝐶𝑢𝑟𝑖𝑒 ≡
1

3
𝑆(𝑆 + 1) (

𝑔𝑆𝜇𝐵𝐵0

𝑘𝐵𝑇
)

2

 

At magnetic field B0 ≤ 10 T at room temperature, the Curie correction factor, 𝜀𝐶𝑢𝑟𝑖𝑒, 

which varies with field as 𝐵0
2, is smaller than 1 %. As such, the Curie relaxivities can be 

neglected. 𝑟𝑖
𝑡𝑜𝑡𝑎𝑙 = 𝑟𝑖 + 𝜀𝐶𝑢𝑟𝑖𝑒𝑟𝑖 = (1 + 𝜀𝐶𝑢𝑟𝑖𝑒)𝑟𝑖 ≅ 𝑟𝑖 

From the comprehensive analyses of Eu
3+

 lifetime decays, it is conclusive that at an 

applied magnetic field ≥ 3 T, the smaller NaGdF4:Eu
3+

 NPs have a dominant contribution from 

the inner and second spheres towards their relaxivities while the larger NaYF4-NaGdF4:Eu
3+

 

core-shell NPs have a predominant contribution from outer sphere relaxation of water protons 

with respect to the surface Gd
3+

 ions of the NPs.  
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CONCLUSIONS 

In conclusion, to understand the qualitative contribution of inner, second, and outer 

spheres of T1 and T2 relaxation mechanisms of water protons with respect to water dispersed 

Gd
3+

-based NPs at a magnetic field of 9.4 T, systematic investigation on europium decay curves 

of NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+ 

core-shell NPs have been carried out. Inner and 

second sphere contributions have been proved to be predominant towards r1 and r2 relaxivities of 

the smaller NaGdF4 NPs (3 nm diameter) owing to the “leaky” coatings on the high curvature NP 

surface and easy accessibility and exchange of water protons with the ones coordinated directly 

to the surface Eu
3+

 or Gd
3+

 ions. On the other hand, outer sphere contribution governs the 

relaxivities in the larger NaYF4-NaGdF4:Eu
3+ 

core-shell NPs (18.3 nm core diameter with 0.5 nm 

thick shell) since the hydrophobic barrier on the low curvature NP surface forbids water 

accessibility to the surface Eu
3+

 or Gd
3+

 ions. The r1 values of NaGdF4 NPs were found to be 

almost identical for either type of surface coatings of PVP and DSPE-mPEG at 9.4 T. Similar 

observations were made for the r1 and r2 relaxivities of NaYF4-NaGdF4:Eu
3+ 

core-shell NPs. The 

very many parameters, such as the time periods of different exchange processes and residence of 

water protons at the surface of a NP, translational correlation time, and spectral density terms, 

governing the inner, second, and outer sphere relaxation mechanisms of a paramagnetic 

ion/Gd
3+

-based NP need to be well understood to design NPs with optimal relaxivities to obtain 

MR image with high contrast to noise ratio for efficient medical diagnosis.  
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Figure 1. Schematic representation of NPs coated with (A) DSPE-mPEG and (B) PVP. A 

hydrophobic barrier is formed when the oleate chains on NPs interlock with the alkyl moieties of 

DSPE-mPEGs. In case of PVP coated NPs, the C=O group of the pyrrolidone ring coordinates to 

metal cations on the surface of the NPs while the polyvinyl moieties organize in a densely 

compact structure due to hydrophobic interaction. The C=O groups of the PVP coating, which 

are not bonded to the metal cations, coordinate to water molecules via hydrogen bonding. 



 25 

 

Figure 2. XRD patterns of NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs indexed with 

the corresponding standard patterns of the hexagonal phase of NaGdF4 (PDF 00-027-0699) and 

NaYF4 (PDF 00-016-0334). 
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Figure 3. NaGdF4:Eu
3+ 

NPs: TEM image (white scale bar: 50 nm) and the corresponding 

histogram of particle size distribution. 
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Figure 4. NaYF4-NaGdF4:Eu
3+ 

core-shell NPs: (A) TEM image (white scale bar: 100 nm) and 

the corresponding histogram of particle size distribution. Single particle elemental maps from 

EDX analyses on STEHM in which (B) Y (blue) and Eu (red) maps are merged and (C) Y (blue) 

and Gd (green) maps are merged.  

A

B C

8 nm 8 nm
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Figure 5. Longitudinal (r1) and transverse (r2) relaxivities obtained for PVP and DSPE-mPEG 

coated NaGdF4 NPs at 9.4 T.  

 

 

Figure 6. Emission spectra of NaGdF4:Eu
3+

 NPs and NaYF4-NaGdF4:Eu
3+

 core-shell NPs 

dispersed in hexanes. The NPs were excited at 394 nm.  
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Figure 7. Decay curves monitored at 615 nm and fitted with corresponding exponential 

equations for NaGdF4:Eu
3+

 NPs coated with PVP and dispersed in D2O and/or H2O. The NPs 

were excited at 394 nm. R-squared (COD) for the curves is in the range of 0.99539–0.99937.  

 

Figure 8. Decay curves monitored at 615 nm and fitted with corresponding exponential 

equations for NaGdF4:Eu
3+

 NPs coated with DSPE-mPEG and dispersed in D2O and/or H2O. The 

NPs were excited at 394 nm. R-squared (COD) for the curves is in the range of 0.99753–

0.99904.  
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Figure 9. Schematic representation of contributions from inner, second, and outer spheres of 

relaxation of water protons towards relaxivities of an NP. Dipole-dipole interaction is between 

electron spin (S) of Gd
3+

 ion ensemble in NP and nuclear spin (I) of water molecule.  

 

Table 1. r1 and r2 relaxivities for β-NaGdF4 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs with 

different surface coatings at 9.4 T.  

NP type NP surface 

coating 

Ionic 

relaxivity 

r1/[Gd
3+

] 

(mM
-1

 s
-1

) 

Ionic 

relaxivity 

r2/[Gd
3+

] 

(mM
-1

 s
-1

) 

Ionic 

relaxivity 

ratio r2/r1 

NP relaxivity 

r1/NP 

(mMNP
-1

 s
-1

) 

NP relaxivity 

r2/NP 

(mMNP
-1

 s
-1

) 

NaGdF4 PVP  1.77 ± 0.29 14.44 ± 0.59 8.15 443 3443 

DSPE-mPEG  1.84 ± 0.01 27.42 ± 0.73 14.90 420 6263 

NaYF4-

NaGdF4:Eu
3+

 

PVP  7.27 ± 0.72 52.34 ± 2.53 7.20 15,800 115,200 

DSPE-mPEG  6.46 ± 0.35 60.75 ± 2.38 9.40 17,500 114,200 
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Table 2. Average lifetime values (τav) obtained from the exponential decay curves monitored at 

615 nm.  

  Sample Surface 

coating 

Solvent τav 

(ms) 

 Sample Surface 

coating 

Solvent τav 

(ms) 

NaGdF4:Eu
3+

 

NPs 

Oleic 

acid 

Hexanes 5.23 NaYF4-

NaGdF4:Eu
3+ 

core-shell NPs 

Oleic 

acid 

Hexanes 5.92 

PVP D2O 4.40 PVP D2O 6.14 

Deionized 

water 

1.74 Deionized 

water 

3.44 

D2O : 

Deionized 

water 1:1 

2.36 D2O : 

Deionized  

water 1:1 

3.93 

D2O : 

Deionized 

water 1:1 (6 

months after) 

3.59 D2O : 

Deionized  

water 1:1 (6 

months after) 

3.57 

DSPE-

mPEG 

 

D2O 4.19 DSPE-

mPEG 

D2O 6.57 

Deionized 

water 

1.86 Deionized 

water 

3.76 

D2O : 

Deionized 

water 1:1 

3.53 D2O : 

Deionized 

water 1:1 

4.51 

D2O : 

Deionized 

water 1:1 (6 

months after) 

2.61 D2O : 

Deionized  

water 1:1 (6 

months after) 

4.58 

Eu(NO3)3
. 

5H2O 

 D2O 2.94 

Deionized 

water 

0.11 

D2O : 

Deionized 

water 1:1 

0.24 

The values of τav determined from the exponential fits had statistical uncertainties in the range of 

0.001–0.010 ms. The experimental uncertainties were in the range of 0.010–0.200 ms. 
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Supporting Information. XRD, TEM, histograms of particle size distribution of α- and β-

NaGdF4 NPs. TEM of core NaYF4 NPs before injecting NaGdF4:Eu
3+

 NPs to form NaYF4-

NaGdF4:Eu
3+

 core-shell NPs. EELS of NaYF4-NaGdF4:Eu
3+

 core-shell NPs. Relaxivity plots, r1 

and r2, of NaYF4-NaGdF4:Eu
3+

 core-shell NPs. DLS plots of NaGdF4, NaGdF4:Eu
3+

 and NaYF4-

NaGdF4:Eu
3+

 core-shell NPs. Table of sizes of NaGdF4, NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+

 

core-shell NPs from XRD, TEM and DLS. Deconvolution of the emission spectra of 

NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs at 578 nm obtained with step size of 0.05 

nm. Crystallographic representation of hexagonal phase of NaGdF4:Eu
3+ 

NP. Decay curves of 

NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs in hexanes. Decay curves of 

NaGdF4:Eu
3+

 and NaYF4-NaGdF4:Eu
3+

 core-shell NPs measured after 6 months of sample 

preparation in 1:1 v/v mixture of D2O and H2O. Lifetimes values and decay curves when 

deionized water is added to the NP dispersion in D2O and vice versa. This material is available 

free of charge via the Internet at http://pubs.acs.org. 
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