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Abstract14

A reverse microemulsion approach has been explored for the synthesis of layered gadolinium15

hydroxide (LGdH) nanoparticles in this work. This method uses oleylamine as a multifunctional16

agent, acting as surfactant, oil phase and base. 1-butanol is additionally used as a co-surfactant. A17

systematic study of the key reaction parameters was undertaken, including the volume ratio of18

surfactant (oleylamine) to water, the reaction time, synthesis temperature, and the amount of co-19

surfactant (1-butanol) added. It proved possible to obtain pristine LGdH materials at temperatures of20

120 °C or below with an oleylamine : water ratio of 1:4. Using larger amounts of surfactant or higher21

temperatures caused the formation of Gd(OH)3, either as the sole product or as a major impurity22

phase. The LGdH particles produced have sizes of ca. 200 nm, with this size being largely23

independent of temperature or reaction time. Adjusting the amount of 1-butanol co-surfactant24

added permits the size to be varied between 200 and 300 nm.25
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1. Introduction29

Ion-exchangeable layered materials have attracted widespread attention for a broad range of30

applications. Materials able to exchange both cations and anions are known [1], with the latter31

having been more widely studied [2, 3]. In both cases, the incorporation of guest ions into the32

interlayer space of the host materials can have a number of benefits: for instance, the stability of33

guest species can be improved by intercalation [4, 5].34

35

One family of materials which has been particularly extensively studied is the layered double36

hydroxides (LDHs) [2]. LDHs comprise positively-charged mixed-metal hydroxide layers, with charge-37

balancing anions in the interlayer region [2]. A large variety of inorganic and organic anions can be38

incorporated into their interlayer space by ion-exchange reactions [6-8]. This rich intercalation39

chemistry has been extensively exploited: LDHs have been investigated for applications such as40

flame retardants [9, 10], catalysts and catalyst precursors [11], CO2 adsorbents [12-16], cement41

additives [17] and drug delivery systems [7, 18-20]. Bioactive molecules have been intercalated into42

the interlayer space of LDHs on a number of occasions. Examples include non-steroidal anti-43

inflammatory drugs such as naproxen, diclofenac, gemfibrozil, ibuprofen and 2-propylpenpenoic acid44

[7, 19]. There are also reports of the encapsulation of anticancer drugs (e.g. 5-fluorouracil and45

methotrexate) [21, 22]. LDH-drug intercalates have been found to lead to sustained drug release46

profiles and reduced side effects compared to the free drug [7, 19].47

48

Beyond LDHs, there exists a range of alternative layered materials capable of anion exchange. These49

include the recently reported layered rare-earth hydroxides (LRHs). There are a range of LRHs50

possible, but those capable of anion exchange have the general formula [R2(OH)5]+(An-)1/n·yH2O51

(where R = Ln3+, An- = an anion, and 1 ≤ y ≤ 2). LRHs contain lanthanide cations and hydroxide ions in 52 

their positively charged layers, and charge-balancing anions in the interlayer region [23-25]. Typical53

examples include [Gd2(OH)5]Cl·1.5H2O and [Yb2(OH)5]Cl·1.5H2O [3]. The inorganic anions typically54

present in the gallery of LRHs immediately after synthesis can be readily replaced by other inorganic55

or organic species such as azamacrocyclic crown ether [26], or amino acids [27].56

57

LRHs could thus be potent alternatives to LDHs for use as, for instance, drug delivery systems.58

Moreover, LRHs possess the magnetic and fluorescent properties of the rare-earth metals they59

contain, which could give additional benefits. The combination of ion exchange intercalation60

chemistry and rare earth elements in the layers can lead to integrated materials with many61

applications in medical science [28, 29], catalysis [30], separation science [26], sensor technologies62



[31], and luminescence devices [5, 27, 32-40]. Some studies have focused on incorporating63

sensitizers or quenchers to tune the colour emission of LRH hybrids, for instance [3, 5, 27].64

65

Magnetic resonance imaging (MRI) is a technique widely used in biomedical imaging. It is popular in66

part because it does not use radioactive agents or high-energy electromagnetic waves, and has high67

spatial and temporal resolution [41]. To obtain good quality images, however, the patient must be68

administered what is termed a “contrast agent”, a chemical entity used to enhance the quality of the69

images obtained and permit accurate diagnoses. Commercial contrast agents are commonly based70

on Gd3+. This is because the electronic relaxation time of Gd3+ is very long and it has a high number71

of unpaired electrons, which means that it can enhance both the longitudinal (r1) and transverse (r2)72

relaxation times of water protons [42]. Free Gd3+ is extremely toxic, and thus the agents used in the73

clinic are based on chelation complexes designed to ensure that the Gd present remains complexed74

at all times. An alternative route to preclude free Gd3+ getting into solution is to incorporate it into75

an inorganic matrix, and hence layered gadolinium hydroxides (LGdHs) might be viable contrast76

agents [43]. The potential of LGdHs in this regard has been explored in several reports [28, 29, 43,77

44], and the results obtained are promising. The LGdH matrix has also attracted a little attention for78

use as a drug delivery system, with the intercalation of several pharmaceutically active molecules79

including antibiotics, amino acids, and microRNA [43, 45].80

81

Control of particle size can be extremely important to achieve the desired results in vivo, and for this82

reason much attention has been paid in particular to the production of nanoscale materials, which83

have been explored in many fields [46]. The size of LDH particles has been shown to play an84

important role in their interactions with cells, for instance [47]. Therefore, controlling the particle85

size of LGdH will be important to ensure uptake by cells, and thus to improve its performance in MRI86

applications. However, little effort has been applied to the synthesis of LRH nanoparticles to date.87

88

One route to control particle size is the use of reverse microemulsion systems. These comprise water89

droplets dispersed in an oil continuous phase; when materials are grown from an aqueous solution,90

performing the reaction in such systems means that the particle size is controlled by the size of the91

droplets, so long as that the emulsion is stable and there is no coalescence. This approach has been92

found to lead to high degrees of control over particle size, morphology, geometry, and surface area93

[46], and microemulsion systems have emerged as an effective approach to synthesize94

nanomaterials such as metallic catalysts [48], semiconductors [49], ceramics [50], and silica [51].95

Here, we apply this approach for the first time to the synthesis of nanosized LGdH materials, aiming96



to produce particles with sizes suitable for cellular uptake. We report the synthesis of LGdH97

nanoparticles using a method in which oleylamine acts as oil phase, base and surfactant, permitting98

an extremely simple microemulsion formulation to be employed.99

100

2 Experimental101

2.1 Materials102

Oleylamine and 1-butanol were purchased from Sigma-Aldrich (Gillingham, UK), while gadolinium103

chloride hexahydrate was supplied by Alfa Aesar (Heysham, UK). All water used was deionized, and104

all other chemicals were of analytical grade and used without further purification.105

106

2.2 Methods107

2.2.1 General protocol108

A novel reverse microemulsion method which employs oleylamine as oil phase, base and surfactant109

was developed in 2012 to synthesize LDHs [47]. Experiments were carried out following this method110

with minor modifications. A 0.5 M solution of GdCl3·6H2O in deionized water was first prepared, and111

to this a mixture of oleylamine and 1-butanol was added dropwise with vigorous stirring. After 10112

min of constant stirring, the resultant mixture was transferred to a Telfon-lined stainless steel113

autoclave (23 mL) and treated hydrothermally. The resulting precipitates were collected by114

centrifugation, washed with a mixture of water and ethanol (1:1, v/v), and dried at 40 ˚C for one day. 115 

116

2.2.2 Optimization117

A detailed optimization process was undertaken in this work. First, since the volume ratio of118

surfactant to water is known to be a determining factor for particle size [47, 52], a range of119

oleylamine : water ratios were explored (4:1, 3:2, 1:3 and 1:4). Specifically, 8, 6, 2.5 or 2 mL of120

oleylamine was first combined with 5 mL of 1-butanol. The resultant mixtures were added to 2, 4,121

7.5 or 8 mL of a 0.5 M Gd chloride solution. The total volume of oleylamine and water was kept at 10122

mL, and the total solution volume in the autoclave was 15 mL. Hydrothermal treatment was123

undertaken at 120 ˚C for 18 h. The resulting samples are denoted as LGdH-Om-Wn (m = volume of124

oleylamine, n= volume of water).125

126

Second, the temperature was optimized. With an increase in temperature in a hydrothermal127

process, the particle size of the product tends to be larger [51]; however, high temperatures could128

also lead to potential degradation or phase transformation. The surfactant to water volume ratio129

was set to 1:4, and each reaction mixture comprised 2 mL oleylamine, 5 mL 1-butanol, and 8 mL Gd130



chloride solution. Hydrothermal treatments were carried out at temperatures ranging from 90 ˚C to 131 

150˚C for 18 h. The products are denoted LGdH-90˚C, LGdH-120˚C, and LGdH-150˚C. 132 

Third, the aging duration is another factor which could determine the particle size: the longer the133

crystals grow, the larger they will be. A volume ratio of surfactant to water of 1:4 was used, and134

again each reaction mixture comprised 2 mL oleylamine, 5 mL 1-butanol, and 8 mL Gd chloride135

solution. LGdH nanoparticles were prepared with hydrothermal treatment at 12 h, 18 h or 24 h at136

120 ˚C. The products were named LGdH-12h, LGdH-18h, and LGdH-24h. 137 

Finally, the co-surfactant amount in water-in-oil microemulsion systems has been reported to have138

an important effect on particle growth, with nanoparticle size rising with an increasing amount of co-139

surfactant [51]. Hence, the volume of 1-butanol was varied from 3 to 9 mL. The ratio of surfactant to140

water was fixed at 1:4, so each reaction mixture comprised 2 mL of oleylamine, 8 mL of Gd chloride141

solution, and between 3 and 9 mL of 1-butanol. Experiments were carried out at 120 ˚C for 12 h. The 142 

materials obtained were designated LGdH-3mL, LGdH-5mL, LGdH-7mL and LGdH-9mL.143

2.3 Characterization144

2.3.1 X-ray diffraction (XRD)145

Power XRD patterns were recorded over the 2θ range from 3 to 45° on a Rigaku MiniFlex 600 146 

diffractometer (Tokyo, Japan), using Cu Kα radiation (λ = 1.5418 Å) at 40 kV and 15 mA. 147 

2.3.2 Fourier transform infrared (FTIR) spectroscopy148

Infrared spectra were obtained using a Spectrum 100 FTIR spectrometer (Perkin Elmer, Waltham,149

MA, USA) over the range 650–4000 cm-1 with a resolution of 2 cm-1.150

2.3.3 Dynamic light scattering (DLS)151

Dynamic light scattering measurements were performed on a Zetasizer Nano ZS instrument152

(Malvern Instruments, Malvern, UK). 1-2 mg of LGdH nanoparticles was suspended in ethanol and153

sonicated for ca. 15 min prior to measurements.154

2.3.4 Transmission electron microscopy (TEM)155

LGdH nanoparticles (5 mg) were dispersed in ethanol (1 mL), followed by 20 minutes of sonication. A156

few drops of each suspension were then placed onto a lacey carbon coated copper grid, and ethanol157



allowed to evaporate. TEM was performed using a FEI CM120 Bio Twin microscope (Philips,158

Amsterdam, Netherlands) with an accelerating voltage of 120 kV.159

160

3. Results161

The synthesis of LGdH nanoparticles was first attempted using a previously explored protocol in162

which Triton X-100, 2,2,4–trimethylpentane and 1-butanol act as surfactant, oil phase and co-163

surfactant [53]. However, this method was time-consuming (3 days) and suffered from low yields. In164

addition, the obtained nanoparticles were of very low crystallinity (ascribed to stacking defects), and165

had a wide range of sizes (from tens of nanometers to several micrometers). Replacing 1-butanol166

with propan-2-ol had no significant effect on the findings. This route was thus deemed unsuitable.167

We then turned to an alternative literature protocol. Wang and O’Hare [47] have reported an168

approach using oleylamine (Figure 1) as an multi-functional agent which acts as the oil phase, base,169

and surfactant simultaneously. Alkaline conditions are provided as a result of the amine group, and170

the amine head group along with its alkyl chain tail acts as a surfactant. This leads to the formation171

of reverse micelles in a water-in-oil system. 1-butanol was also added as a co-surfactant, separating172

the oleylamine units and reducing the repulsive forces between the protonated head groups [47].173

Wang and O’Hare’s oleylamine method was systematically explored for the synthesis of LGdH in this174

work.175

176

Figure 1: The chemical structure of oleylamine.177

178

3.1 Effect of surfactant to water ratio179

The first reaction parameter to be investigated was the ratio of surfactant to water in the system. A180

series of emulsions were prepared as detailed in Table 1.181

182



Table 1: Details of reactions performed with different ratios of oleylamine to water. All were performed at 120 °C for 18 h,183
with 5 mL of 1-butanol added.184

Sample ID
Oleylamine volume

(mL)
Aqueous solution

volume (mL)
Oleylamine/water volume

ratio

LGdH-O8-W2 8 2 4:1

LGdH-O6-W4 6 4 3:2

LGdH-O2.5-W7.5 2.5 7.5 1:3

LGdH-O2-W8 2 8 1:4

The powder XRD patterns of the products obtained are presented in Figure 2. Phase-pure LGdH185

nanoparticles could be synthesized only with a 1:4 volume ratio of oleylamine to water. At ratios186

below this, the diffraction patterns very closely resemble that of Gd(OH)3 (JCPDS #38-1042). At ratios187

of 4:1 and 3:2, no lamellar (00l) reflections at all were observed in the XRD data. At a volume ratio of188

1:3, a weak reflection (marked with an arrow in Figure 2) at ca. 10.5° was observed, which189

corresponds to the (001) Bragg reflection of LGdH and indicates the presence of a small amount of190

the LRH alongside the Gd(OH)3 majority product. The pattern obtained for sample LGdH-O2-W8,191

with a 1:4 ratio of surfactant to water, matches literature data for chloride intercalated LGdH (LGdH-192

Cl) [54-56]. The position of the (001) Bragg reflection corresponds to an interlayer spacing of 8.48 Å,193

in excellent agreement with previously reported values for chloride intercalates [28, 56].194

195

Figure 2: Powder X-ray diffraction patterns of LGdH nanoparticles prepared with different volume ratios of surfactant to196
water: (a) LGdH-O8-W2; (b) LGdH-O6-W4; (c) LGdH-O2.5-W7.5; (d) LGdH-O2-W8. The calculated reflection positions are197
also shown for (e, purple) LGdH-Cl [56] and (f, black) Gd(OH)3 [JCPDS #38-1042]. The Bragg reflection marked *198
corresponds to the sample holder.199

200

201



3.2 Effect of temperature202

Data for samples prepared at different temperatures with a 1:4 surfactant to water ratio are given in203

Figure 3.204

205

206

Figure 3: Experimental data for syntheses conducted at 90, 120, and 150 °C. (a) XRD patterns; and, (b) IR spectra.207
Reflections marked with * in (a) arise from Gd(OH)3.208

209

The materials generated at 90, 120 and 150 °C all present basal (00l) reflections (Figure 3), indicative210

of an interlayer spacing of 8.42 Å. Significant amounts of Gd(OH)3 can be seen in the sample211

synthesized at 150 °C, but phase pure LGdH was successfully synthesized at 90 and 120 °C. The Bragg212

reflections of product from the 120 °C reaction are somewhat stronger and sharper than those of213

the 90 °C analogue, implying that samples heated at the higher temperature are better crystallized214

and have larger crystallite sizes. IR spectra (Figure 3(b)) confirm the successful synthesis of LGdHs at215

90 and 120 °C. The two spectra contain the same features, with the broad set of bands centred at ca.216
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size obtained from Scherrer analysis (as would be expected given the

and 120 °C,

while the aging time was varied from 12 to 24 h. XRD patterns of the products are given in Figure

) basal reflections in each case indicates the formation of

, consistent with the



literature for LGdH-Cl materials [28, 56]. Scherrer analysis of the (001) and (220) reflections (see242

120°C.243

Table 3) reveals that the crystallite size in the ab plane seems to increase with reaction time, but244

that in the c-diameter is largely constant, with possibly a decrease in size after reaction times longer245

than 12 h. The IR spectra (Figure 5(b)) are analogous to those discussed previously in terms of the246

peak positions (see discussion of Figure 3(b)).247

Figure 5: Data on the LGdH products obtained after different reaction times. (a) XRD patterns; (b) IR spectra; and, (c)248
particle size data.249

250

DLS measurements were employed to determine the hydrodynamic particle size (120°C.251

Table 3). There appears to be a trend to larger particles with longer reaction times (Figure 5(c)). TEM252

data are presented in Figure 6. For each of LGdH-12h, LGdH-18h and LGdH-24h the samples253

comprise small aggregates of platelets, with sizes roughly in the ranges 250 – 500 nm, 300 – 700 nm,254

and 250 – 750 nm respectively. These sizes are rather larger than those observed in DLS, which is255
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264

265

266

267
268

269

270

271

272

273

274

275

276

277

278

279

ascribed to aggregation occurring during the TEM sample preparation process,259

support the idea of larger particles forming with increased reaction times. However, the differences260

observed are slight, and overall it appears that the reaction time has little effect on the particle size.261

The LGdH267

in Section 3.2 and shown in Figure 4. The c268

Scherrer equation, are comparable for the two samples (28.2 nm for LGdH269

LGdH-120270
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Scherrer analysis of the data (Table 4) does not reveal any clear relationship between the amount of280

co-surfactant and crystallite size. LGdH-3mL has the largest crystallites in the c-direction, but the281

non-basal reflections are too broad to permit measurement of their FWHM values. The other three282

materials have essentially the same crystallite size in the c-direction, and a small amount of variation283

in the ab plane, with LGdH-7mL presenting the smallest value for the latter.284

Figure 7: The effect of changing the co-surfactant volume on LGdH synthesis. (a) XRD patterns; (b) IR spectra; and, (c)285

particle size data.286

The IR spectra (Figure 7(b)) show the same absorbance peaks as discussed previously,287

corresponding to -OH, -NH2 and CO3
2- and confirming the formation of LGdH materials.288

Hydrodynamic diameters were measured by DLS (Table 4), and their relationship with the 1-butanol289

volume is presented in Figure 7(c). As the amount of co-surfactant increases, there is a general trend290

for the diameter of the LGdH nanoparticles to increase. This agrees with the literature findings for291

hollow silica nanoparticles [51]. However, this trend is not completely clear, and it also apparent that292

there is some batch-to-batch variation in the sizes: LGdH-5mL was prepared under identical293

synthetic conditions to LGdH-12h, but the two have somewhat different sizes both in terms of XRD294



crystallite sizes and DLS particle sizes. Thus, although it seems that using larger amounts of co-295

surfactant can help to increase the particle size produced a little, this effect is not hugely296

pronounced. TEM images were obtained on LGdH-3mL and LGdH-5mL (data not shown), and both297

found to be very similar. The samples comprise aggragrates of platelets, with sizes in the region of298

100 – 300 nm.299

Table 4: Summary of the particle sizes of LGdH obtained with 3, 5, 7, and 9 mL of 1-butanol. * denotes that values could300
not be obtained.301

Sample ID c-direction
crystallite size (nm)

ab-plane crystallite
size (nm)

DLS hydrodynamic diameter (nm)
Mean S.D.

LGdH-3mL 20.4 * 231 1.5
LGdH-5mL 16.4 44.1 239 5.2
LGdH-7mL 15.6 37.3 300 7.8
LGdH-9mL 16.2 47.1 277 3.0

302

4. Discussion303

The effect of the surfactant to water ratio [58], reaction temperature, reaction time and the amount304

of co-surfactant [51] used for the reverse microemulsion synthesis of LGdH have been systematically305

investigated in this work. We find that the surfactant : water ratio and the reaction temperature306

must be carefully controlled to ensure that the desired product is formed phase-pure; the use of307

excessive amounts of surfactant (> 1:4 surfactant : water ratio) or temperatures above 120 °C lead to308

the formation of Gd(OH)3, either phase-pure or as a major impurity. With a 1:4 ratio and309

temperatures of 120 °C or below, however, LGdH can be obtained phase-pure. The reaction time310

and co-surfactant volume have some effect on particle size, but in all cases the sizes are found to be311

between 200 and 300 nm.312

313

It is reported that as the ratio of surfactant to water increases, the microemulsion droplets tend to314

become smaller. If the reaction is confined to the aqueous phase, as is the case here, this should315

lead to smaller particles being generated [46, 58]. LGdH particle size cannot be controlled in this way316

in the oleylamine/1-butanol system however, because gadolinium hydroxide is found to form with317

high ratios. Our findings are thus in conflict with the literature on LDH materials [47]. This is because318

LDHs are typically synthesized at ca. pH 9 – 10, while LGdHs are prepared at ca. pH 6.7 – 7.2 [54, 59].319

Oleylamine acts both as base and surfactant, and the transformation of LGdH to Gd(OH)3320

presumably arises due to the increasingly strong alkaline environment as the oleylamine content of321

the system is increased. This problem does not occur with the previously-reported LDH synthesis322

using oleylamine because of the fact that LDHs are more stable at high pHs. Therefore, the LDH323



nanoparticle size can be controlled, and reduced to as little as 49 nm by tuning the surfactant to324

water volume ratios [47].325

326

5. Conclusions327

Layered gadolinium hydroxide (LGdH) nanoparticles have been successfully synthesized by328

employing a novel reverse microemulsion method. Pristine LGdH materials were obtained at329

temperatures below 150 °C with an oleylamine : water ratio of 1:4. Control of particle size is difficult,330

however. Attempts to achieve this by using more surfactant and increasing the reaction temperature331

were unsuccessful because of the propensity of Gd(OH)3 to form. It was found that at 120 °C and332

below the temperature and the duration of heating have little effect on the size distribution,333

producing particles around 200 nm. Varying the amount of co-surfactant (1-butanol) used allowed334

the size to be increased from ca. 200 nm to 300 nm, with use of more butanol giving larger particles.335

Overall, microemulsions have proved to be an effective and efficient way to synthesized LGdH336

nanoparticles of 200 – 300 nm in size, but in order to obtain more control over particle size337

alternative surfactants should be investigated.338

339
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