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Aqueous Phase Surfactant Selective Shape Controlled Synthesis of Lead Sulfide Nanocrystals Mandeep Singh Bakshi,*,†,‡,§ Pankaj Thakur,§,| Shweta Sachar,§ Gurpreet Kaur,§ Tarlok Singh Banipal,| Fred Possmayer,†,⊥ and Nils O. Petersen*,‡,# Department of Obstetrics and Gynecology, Department of Biochemistry, and Department of Chemistry, UniVersity of Western Ontario, 339 Windermere Road, London, Ontario, Canada N6A 5A5, National Institute for Nanotechnology, Edmonton, Alberta, Canada, and Department of Chemistry and Department of Applied Chemistry, Guru Nanak DeV UniVersity, Amritsar 143005, Punjab, India ReceiVed: July 13, 2007; In Final Form: July 22, 2007



Aqueous phase synthesis at 80 °C was carried out to synthesize lead sulfide (PbS) nanocrystals (NC) and microcrystals (MC) by using cationic twin-tail surfactants (TTS) such as 12-0-12, 10-2-10, 12-2-12, and 14-2-14 as capping agents in the concentration range from 0.1 -to 2 mM. The effect of hydrophobicity on the shape and size of PbS NC was evaluated by choosing DTAB as a reference surfactant for all TTS. TEM micrographs of PbS MC synthesized in the presence of DTAB indicated the formation of star-shaped MC with sizes between 3 -and 5 µm. An increase in the hydrophobicity, by introducing another tail in the basic structure of DTAB to make 12-0-12, significantly controlled the shape and size and lead to the formation of well-defined nanocubes and spheres 50-100 nm in size. Similarly, the effect of the hydrocarbon tail length on the shape controlled synthesis of PbS NC was systematically evaluated. Pyrene fluorescence measurements were used to determine the variation in the degree of hydrophobicity with respect to both chemical structure as well as concentration of TTS. It was concluded that a stronger hydrophobic character and higher concentration produced well-defined geometries of PbS NC. No significant concentration effect within a range of 0.1-2 mM DTAB and 10-2-10 was observed on the morphology of PbS NC probably due to a much weaker hydrophobicity of these surfactants. An attempt was made to present all TEM results in a schematic phase diagram. This phase diagram provided the best correlation between the shape and the size of PbS NC and the surfactant parameters (i.e., hydrophobicity and concentration effects). Apart from this, shape dependence UV-vis absorbance was also noted and discussed in context with an overall preview of all shapes of PbS NC/MC obtained. The shape controlled synthesis of PbS NC was obtained due to the preferential adsorption of TTS on the {111} crystal planes that directed the overall growth predominantly at the {100} planes. FTIR measurements were used to evaluate the adsorption of TTS on the PbS surface. A large shift in the stretching vibrations of TTS head functional groups suggested their orientation toward the PbS surface. This was further supported by the high-resolution XPS spectra of C 1s and N 1s of adsorbed TTS on the PbS surface. An effective interfacial adsorption of TTS on the surface of PbS NC driven by a stronger hydrophobic character is the key to achieve controlled PbS NC growth at the nanoscale.



Introduction Semiconductor nanocrystals have been extensively studied recently due to their vital applications in numerous technological areas such as microelectronics, electrooptics, nonlinear optics, light energy conversion, photocatalysis, photoelectrochemistry, and biological fluorescence labeling.1 Such applications are attributed to their quantum confinement effects, optical, electrical, and chemical properties, which are drastically different from the bulk.2 To synthesize novel architectures based on semiconductor nanocrystals is one of the challenging issues in material science.3 Among conventional semiconductors, lead sulfide (PbS) is particularly important because of its * Corresponding author. E-mails: [email protected]; Nils.Petersen@ nrc-cnrc.gc.ca. † Department of Obstetrics and Gynecology, University of Western Ontario. ‡ Department of Chemistry, University of Western Ontario. § Department of Chemistry, Guru Nanak Dev University. | Department of Applied Chemistry, Guru Nanak Dev University. ⊥ Department of Biochemistry, University of Western Ontario. # National Institute for Nanotechnology.



narrow band gap of 0.41 eV in the bulk form, a large excitation Bohr radius of 18 nm, and diverse morphologies.4 Most prominent among them include spheres,4a cubes,4b rodlike shapes,4a tubes,4c wires,4d truncated octahedrons,4b and dendritic4e, star-shaped4f, and flower-shaped structures.4g Different synthetic routes such as colloidal solutions,5a reverse micelles,5b solvothermal analysis,5c microwave analysis,5d and self-assembly4e have been employed for the fabrication of PbS nanoparticles. Recently, Zhao and Qi6a and Zhou et al.6b have reported the synthesis of various morphologies of PbS NC by using cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), their mixtures, and poly(vinylpyrrolidone) (PVP). They have mentioned that a precise control of surfactant concentration governs the overall morphology of PbS NC. According to their results, the surfactant molecules prefer to adsorb at the {111} facets due the presence of a greater charge density in comparison to {100}. This absorbtion promotes the growth at {100} facets of fcc geometry and results in the formation of various morphologies. Even the reaction time also
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significantly influences the morphology of PbS NC due to Ostwald ripening or surface diffusion effects. While surfactant-assisted synthesis of semiconductor NP has attracted much attention due to its soft-template effect, reproducibility, and aqueous phase reaction, little is known about the influence of surfactant hydrophobicity on the shape controlled aspects. We have attempted to address this issue by choosing a series of twin-tail cationic surfactants (TTS) (Scheme 1) and then using them as capping agents in the synthesis of PbS NC. TTS mentioned in Scheme 1 are more hydrophobic in comparison to their basic monomeric homologous (e.g., dodecyltrimethylammonium bromide, DTAB) and, hence, are considered to be even better shape directing agents due to their stronger amphiphilic nature. The capping ability of a shape directing ionic surfactant is directly related to its surface adsorption behavior, which in return is further related to its hydrophobicity as well as polarity. In the present study, both properties were systematically varied in a series of TTS to understand this effect. It was observed that hydrophobicity is the main contributing factor for a shape directing agent such as a surfactant to control the morphology of PbS NC. Experimental Procedures Materials. DTAB (99%) and sodium dodecyl sulfate (SDS, 99%) were received from Lancaster and Acros, respectively. Didodecyldimethylammonium bromide (12-0-12), dimethylenebis(decyldimethylammonium bromide) (10-2-10), dimethylenebis(dodecyldimethylammonium bromide) (12-2-12), and dimethylenebis(tetradecyldimethylammonium bromide) (14-214) were synthesized as reported in the literature.7 All surfactants were used after repeated crystallization from ethanol. Lead



Bakshi et al. acetate (99.9%), Pluronic P103 ((EO)17(PO)60(EO)17), thioacetamide (TAA, 98%), and acetic acid (99.5%) were purchased from Aldrich. Water was used after purification through double distillation. Preparation of PbS Nanoparticles. In a typical procedure,6 30 mL of distilled water was taken in a round-bottomed glass flask. Under constant stirring, 5 mL of aqueous TTS solution was added to the flask. This was followed by the addition of 4 mL of 1 M aqueous acetic acid. After this, 2 mL of 0.5 M aqueous lead acetate and 2 mL of aqueous 0.5 M thioacetamide were introduced into the solution under constant stirring at room temperature. After mixing all the components, the reaction mixture was kept in an oil bath at a temperature of 80 °C for 48 h under static conditions. This led to the formation of a black colloidal solution, indicating the formation of PbS NC. The colloidal suspension of PbS was collected and washed twice with water followed by several washings with methanol. Table 1 lists various TTS with different concentrations used in this study to synthesize PbS NC. Methods. UV-vis spectra of aqueous solutions were taken by a UV spectrophotometer (PerkinElmer Lambda 25) in the wavelength range of 200-900 nm. The shape and size of PbS NC were characterized by transmission electron microscopy (TEM). The samples were prepared by mounting a drop of a solution on a carbon coated Cu grid and allowing it to dry in air. The samples were observed with the help of a Philips CM10 transmission electron microscope operating at 100 kV. The X-ray diffraction (XRD) patterns were characterized with graphite monochromatized Cu- KR irradiation. The hydrophobicity of TTS in the aqueous reaction solution before heating at 80 °C for 48 h was studied with the help of pyrene fluorescence using a Hitachi fluorescence spectrophotometer F2500. The ratio of the intensities of I1 to I3 vibronic bands of the pyrene emission spectrum gives the polarity of the medium in which it is solubilized. The emission spectra were recorded, employing an excitation wavelength of 334 nm, and the intensities I1 and I3 were measured at wavelengths corresponding to the first and third vibronic bands located at ca. 373 and 384 nm. The surface chemical composition of PbS NC was confirmed with the help of X-ray photoelectron spectroscopy (XPS) measurements. A portion of the PbS solution in MeOH was placed onto a clean silicon wafer and then was put into the introduction chamber of the XPS instrument. The solvent was then pumped away under high vacuum. The sample was analyzed by using a Kratos Axis Ultra X-ray photoelectron spectrometer. XPS can detect all elements except hydrogen and helium and can probe the surface of the sample to a depth of 7-10 nm. Survey scan analyses were carried out with an analysis area of 300 µm × 700 µm. Infrared absorption measurements were recorded with a FTIR spectrometer (Shimadzu) in the range of 4000-400 cm-1 in the form of KBr pellets. Each spectrum was measured in transmission mode with 256 scans and 4 cm-1 resolution. Results Various TTS along with their cmc values used as capping agents in the present study are listed in Table 1. Mainly, a fixed range of concentrations of each TTS from 1 to 2 mM was used in the synthesis of PbS NC, although in some cases (e.g., 142-14), even less than 1 mM amounts were also used to understand the proper capping mechanism. DTAB (single-tail cationic surfactant) and P103 (a block copolymer and a nonionic surfactant) were used for the sake of comparison. The hydrophobicity of the present cationic surfactants was systematically
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TABLE 1: Various TTS with Different Concentrations Used as Shape Directing Agents for Synthesis of PbS Nanoparticlesa TTS/cmc DTABb /15.8 12-0-12 /0.2



concentration (mM), shape (in parentheses), and size 0.1 (star shape) ≈3 µm 0.1 (star shape) ≈2 µm (core-shell) 114 ( 15 nm 0.1 (star shape) ≈4 µm



0.5 (star shape) ≈3 µm 0.5 (cubes) 64.7 ( 5.4 nm



14-2-14 /0.16



0.01 (star shape) ≈3 µm 0.2 (cubes) 120 ( 18 nm



10-2-10 /6.5 P103b /0.026



0.1 (star shape) ≈3 µm 0.05 (star shape) ≈3 µm



0.02 (plate-like) 1.5 µm (cubes, 19%) 227 ( 39.2 nm (hexagonal, 81%) 277 ( 19 nm 0.5 (star shape) ≈3 µm



12-2-12 /0.84



0.5 (tree shape) variable sizes



1.0 (star shape) ≈5 µm 1.0 (cubes) 56 ( 3.8 nm (rods) 2.04 ( 0.11 1.0 (spheres, 62%) 62 ( 6.1 nm (rectangles, 38%) 55 ( 3.0 nm 0.05 (cubes) 144 ( 18 nm (truncated cubes) 103 ( 17.2 nm 1.0 (star shape) ≈3 µm



2.0 (star shape) ≈5 µm 2.0 (truncated cubes) 55.1 ( 7.1 nm 2.0 (hexagonal) 60 ( 4.9 nm 0.1 (cubes) 99 ( 14 nm 2.0 (star shape) ≈3 µm 2.0 (star shape) ≈3 µm



a Different shapes have been listed in parentheses along with the sizes. cmc is the critical micelle concentration (mM). b Listed for the sake of comparison.



Figure 1. TEM micrographs of PbS MC in the presence of DTAB. (a) [DTAB] ) 0.1 mM; (b) [DTAB] ) 1 mM; (c) magnified view of single PbS star-shaped MC with an approximate size of 5 µm; and (d) XRD pattern of PbS MC in the presence of DTAB ([DTAB] ) 5 mM).



increased by choosing DTAB as a reference surfactant. The first column of Table 1 and Scheme 1 lists various TTS and critical micelle concentration (cmc) values in pure water at 25 °C.8 TEM Measurements. All results of TEM measurements are summarized in Table 1. Figure 1 shows a typical fern-like starshaped PbS MC synthesized in the presence of 0.1 mM (Figure 1a) and 1 mM (Figure 1b) DTAB with an average size distribution close to 5 µm (Figure 1c). Similar morphologies in the presence of 0.5 and 2 mM DTAB have been shown in Supporting Information Figures S1a and S1b, respectively. We do not observe any appreciable change in the morphology of PbS MC with an increase in DTAB concentration from 0.1 to 2 mM. The XRD patterns of PbS MC prepared with 5 mM



DTAB are shown in Figure 1d. All peaks are very much prominent and refer to the cubic rock salt structure of a crystalline PbS. The intensity of the (200) peak is much higher than that of the (111) peak, which suggests a higher growth rate on the {100} facets in comparison to the {111} facets. DTAB is a strong ionic surfactant and is expected to adsorb electrostatically at the {111} facets of fcc geometry of PbS (Pb+/ S-) due to the presence of a greater charge driven by high atomic density.6 This would leave low atomic density {100} facets poorly capped or uncapped with surfactant molecules and remain available for further nucleation. This would consequently result in a preferential growth at the {100} facets in comparison to the {111} facets. On the contrary, in the case of a noble metal
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Figure 2. TEM micrographs of PbS NC in the presence of different amounts of 12-0-12. Panel a shows core-shell-type arrangement, the left inset shows the thickness of shell ∼20 nm, and the right inset shows the amorphous nature of both core and shell at [12-0-12] ) 0.1 mM. Panel b shows fine monodispersed cubic crystalline NC at [12-0-12] ) 0.5 mM. Panel c shows spherical NC along with nanorods shown by block arrows at [12-0-12] ) 1 mM. Panel d shows truncated cubic NC at [12-0-12] ) 2 mM.



NP such as Au and Ag, surfactant molecules (CTAB and SDS) prefer to adsorb at the {100} facets of fcc geometry9 in comparison to the {111} facets. This preference practically comes from a relatively low atomic density at the {100} facets with appropriate atomic spacing suitable for the size of surfactant head groups to interact. Thus, PbS being a semiconductor possesses insufficient electron density at the {100} facets to attract surfactant molecules in comparison to that of Au or Ag. This fundamental difference of surfactant preferential adsorption at the {111} facets in the case of the PbS semiconductor from that at the {100} facets of Au or Ag tells us why mostly cubic or star-shaped geometries are obtained in the former case in comparison to nanorods/nanowires in the latter case.9 Interestingly, if another tail is introduced into a DTAB molecule to make it 12-0-12 (Scheme 1), the shape and size of the PbS MC dramatically changed. Figure 2 shows the TEM images at different concentrations of 12-0-12. At 0.1 mM, the sample still contains a few aggregates of predominantly starshaped MC with an average size close to 2 µm (Figure S2) but mostly consists of several small spherical NC (114 ( 15 nm, Figure S3a) with a clear core-shell-type arrangement (Figure 2a). The shell is approximately 20 nm thick (left inset of Figure 2a) and cannot be made up of a surfactant bilayer with a 0.1 mM amount. The identical selected area diffraction pattern (right inset of Figure 2a) for both core and shell indicates that they are amorphous without any crystalline nature. Recently, a similar behavior was also demonstrated by cadmium sulfide NC from our unpublished work and can be attributed to the presence of



an insufficient amount of surfactant (i.e., 0.1 mM). An increase in the amount at 0.5 mM (Figure 2b) produced fine monodisperse crystalline (see selected area diffraction pattern, left inset, XRD pattern shown in Figure S3XRD) cubic NC with an average size distribution of 64.7 ( 5.4 nm (Figure S3b). As the concentration of 12-0-12 is increased to 1 mM, all cubic NC were changed predominantly into spheres (Figure 2c) with an average size distribution of 56.4 ( 3.8 nm (Figure S3csphere). This sample also shows a few nanorods (shown by block arrows in Figure 2c) with an average aspect ratio of 2.04 ( 0.11 (Figure S3crod). A further increase in the concentration to 2 mM produced clear truncated cubic NC (Figure 2d) with an average size distribution still close to 55.1 ( 7.1 nm (Figure S3d). When a spacer of two methylene groups is introduced in the head group of 12-0-12, it is converted into a Gemini surfactant (i.e., 12-2-12). Use of 12-2-12 as a capping agent produces starshaped structures with an average size distribution close to 5 µm at 0.1 mM 12-2-12 (Figure S4a) and 0.2 mM 12-2-12 (Figure S4b). At 0.5 mM 12-2-12 (Figure 3a), the star-shaped morphologies were converted into typical fern-like structures, where one can find dark spots as small polyhedral NC embedded in the branches of a fern (shown by arrows in Figure 3b). Figure 3c shows XRD patterns indicating growth at the {100} facets. An increase in the concentration (12-2-12 ) 1 mM) produces a combination of spherical (62 ( 6.1 nm, Figure S4c) and rectangular (55 ( 3.0 nm, Figure S4d) NC with approximately 62% of the former and 38% of the latter. At 2 mM 12-2-12, a well-defined monodisperse hexagonal geometry with an average
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Figure 3. TEM micrographs of PbS NC in the presence of 12-2-12. Panel a shows fern-like MC at [12-0-12] ) 0.1 mM. Panel b shows small polyhedral NC embedded in the branches of a fern shown by block arrows. (c) XRD patterns showing a growth at {100} facet. Panel d shows spherical and cubic NC at [12-2-12] ) 1 mM. Panel e shows fine monoodisperse rectangular NC at [12-0-12] ) 2 mM.



size distribution of 60 ( 4.9 nm (Figure S4e) is obtained. It shows how a systematic increase in the amount of 12-2-12 from 0.1 to 2 mM transfers the star-shaped MC into monodisperse hexagonal NC. Consequently, if we increase the hydrophobicity further as in the case of 14-2-14 (Figure 4), again different morphologies (i.e., star-shaped and well-defined cubic NC) are observed but at much lower concentrations than those observed in the case of 12-2-12. At 0.01 mM 14-2-14 (Figure S5a), starshaped NC are obtained, while at 0.02 mM 14-2-14 (Figure S5b), the number of star NC decreases, and plate-like geometries appear (indicated by block arrows) that eventually seem to transform into predominantly large cubic NC with an average size distribution of 144 ( 17.8 nm at 0.05 mM 14-2-14 (Figure S5c). A further increase in the concentration (i.e., 0.1 and 0.2 mM) produces well-defined monodisperse cubic NC (Figure 4a,b, respectively) with average size distributions of 99 ( 14.1 nm (Figure S5d) and 120 ( 17.7 nm (Figure S5e), respectively. The shape transformation occurs when the concentration of 142-14 increases to 0.5 mM (Figure 4c). It generates a combination of large cubes (19%) and hexagonal (81%) NC with average size distributions of 227 ( 39.2 nm (Figure S5f) and 277 (



19.0 nm (Figure S5g), respectively. When a similar PbS synthesis was carried out in the presence of 10-2-10, which is less hydrophobic in comparison to 12-2-12 and 14-2-14 due to smaller twin-tails, only star-shaped NC were obtained at all 102-10 concentrations with appreciable anisotropic growth (Figure S6). No appreciable change was observed with an increase in the concentration from 0.1 to 2 mM just like that observed in the case of DTAB. The only noted difference was the predominant presence of hexadentate star-shaped MC (Figure S6e) with an average size of 2.75 µm in comparison to tetradentate (Figure 1c) obtained in the presence of DTAB. To check the surfactant specific shape controlled behavior, we performed identical reactions in mixed surfactant systems by selecting another oppositely charged surfactant component (SDS). The PbS NC/MC thus synthesized in the presence of 12-0-12+SDS ([12-0-12] ) 10 mM + [SDS] ) 10 mM) and 14-2-14+SDS ([14-2-14] ) 0.5 mM + [SDS] ) 0.5 mM) are shown in Figure 5. It should be noted that the addition of SDS in the case of 12-0-12 leads to the formation of star-shaped MC (Figure 5a) in comparison to the presence of well-defined spherical NC (see Figure 2). A similar addition in the case of
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Figure 4. TEM micrographs of PbS NC in the presence of 14-2-14. Panel a shows cubic NC at [14-2-14] ) 0.1 mM. Panel b also shows cubic NC and its XRD pattern at [14-2-14] ) 0.2 mM. Panel c shows a combination of large cubic and hexagonal NC at [14-2-14] ) 0.5 mM.



Figure 5. TEM micrographs of PbS NC in the presence of different combinations of mixed surfactants. Panel a shows star-shaped MC in the presence of 12-0-12+SDS ([12-0-12] ) 10 mM + [SDS] ) 10 mM). Panel b shows large polyhedral and thread-like NC in the presence of 14-2-14+SDS ([14-2-14] ) 0.5 mM + [SDS] ) 0.5 mM).



14-2-14 eliminates the presence of well-defined PbS nanocubes (see Figure 4) and produces several micrometer-sized rod-shaped structures along with polyhedral geometries with an average size distribution of 259 ( 48 nm (Figure 5b). Thus, the induction of a negatively charged anionic surfactant such as SDS alters the capping ability of 12-0-12 and 14-2-14 by undergoing strong electrostatic interactions10 with them, and this consequently changes the morphology of MC. Apart from this, if P103, a nonionic surfactant, is used as a capping agent instead of TTS, then no ordered morphology is obtained except large PbS flaketype structures (Figure S7). Therefore, the absence of any



ordered morphology of PbS MC in the presence of mixed surfactant systems (i.e., 12-0-12+SDS and 14-2-14+SDS) as well as P103 ultimately suggests a high degree of TTS selectivity in controlling the overall shape of PbS NC. Reaction Time Dependent TEM Measurements. All TEM images shown in the previous section were taken for the samples after 48 h of reaction time. To check the effect of reaction time on the growth of PbS NC, samples were drawn out from the reaction mixture at different time intervals. Figure 6 shows various TEM micrographs of PbS NC synthesized in the presence of 1 mM 12-2-12 at different intervals of time. After
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Figure 6. TEM micrographs at different intervals of time with upper frames showing PbS NC in the presence of 12-2-12 ) 1 mM.



30 min after the start of reaction, mainly roughly spherical NC with rugged surfaces arranged in a typical pearl-necklace model were obtained. This situation essentially remains the same even after 1 h of reaction. After 2 h, shape transformation sets on with the appearance of cubic geometries (indicated by block arrows) but still with rugged surfaces, whereas after 4 h of reaction time, the shape of PbS NC becomes even more clear, which ultimately (after 48 h) takes a final clear shape of nanocubes and spheres (Figure 3d). As far as the size of the NC is concerned, there is no appreciable increase up to 4 h (∼30-40 nm), but it becomes almost double in 48 h (∼55-65 nm). This demonstrates that a longer reaction time provides a suitable reaction condition for annealing13 of the amorphous material to acquire well-defined crystalline geometries. The role of surfactant adsorption with respect to time is still unclear, but it seems that the annealing effect is the shape determining factor rather than any change in the surfactant adsorption since the free energy of interfacial adsorption should remain the same in a homogeneous thermodynamically stable system. An overview of TEM images indicates that the hydrophobicity of TTS appears to be the main shape directing factor. Figure 7 shows the variation of the pyrene I1/I3 intensity ratio at 25 °C of a pyrene emission spectrum in the presence of aqueous reaction surfactant solution. A value close to 1.7 suggests an aqueous polar environment, while a value close to 1.0 indicates a complete hydrophobic environment in which pyrene is solubilized.11 Although all reactions were carried out at 80 °C,



Figure 7. Variation of pyrene I1/I3 intensity ratio of the pyrene emission spectrum at 25 °C in a reaction mixture at different surfactant concentrations.



the variation of hydrophobicity for the present surfactants remains the same (not shown). A comparison among these values for all surfactants further demonstrates that DTAB with a maximum higher value produces the least hydrophobic environment, while 12-0-12 with a minimum value generates the maximum hydrophobic environment. Furthermore, there is a significant change in the I1/I3 value from 0.1 to 2 mM in the case of DTAB and 10-2-10, while it remains almost close to
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Figure 8. Schematic phase diagram showing different morphologies of PbS NC/MC with respect to hydrophobicity as well as concentration of each TTS (see text for details).



1.2 for 12-2-12 and 14-2-14. The I1/I3 value shows a regular decrease with the amount of 12-0-12 and remains close to 1. Keeping the hydrophobicity of the present surfactants in consideration, we have found that the shape controlling ability of each surfactant is directly related to this property.12 To authenticate this hypothesis, we summarized all TEM results in a schematic phase diagram (Figure 8) generated by the hydrophobicity parameter (I1/I3) (we used the same order as shown in Figure 7) versus the concentration of each TTS used in the present study. DTAB due to its least hydrophobicity (Figure 7) proves to be the weakest shape directing agent and allows maximum anisotropic growth (Figure 1). Note the tetradentate PbS MC, which is predominantly obtained at all concentrations. 10-2-10 is a little more hydrophobic than DTAB and mostly produces hexadentate star-shaped MC at all concentrations (Figure S6). 12-2-12 is significantly hydrophobic (Figure 7) as compared to DTAB and 10-2-10, and thus, starshaped structures are limited to 0.5 mM. Exceeding this amount shows an effective capping ability that drastically reduces the size of MC to a nanoscale range with a combination of nanocubes that ultimately acquires fine monodisperse hexagonal geometries at 2 mM. 14-2-14 with an even greater hydrophobicity than 12-2-12 (Figure 7) shows the presence of star-shaped and plate-like geometries only below 0.05 mM. From 0.05 to 0.2 mM, it leads to the formation of fairly monodisperse nanocubes that attain a much larger size along with the presence of hexagonal NC as the concentration reaches 0.5 mM. 12-012, being the maximum hydrophobic among all TTS, shows the presence of spherical core-shell-type PbS NC even at 0.1 mM, which take the form of monodisperse nanocubes at 0.5 mM, spherical NC at 1 mM, and truncated nanocubes at 2 mM. Thus, Figure 8 shows a strong dependence of both shape and size of PbS NC on the degree of hydrophobicty of the capping TTS, which is provided by two hydrocarbon chains (12-0-12) instead of one (DTAB) as well as by a longer hydrophobic tail (14-2-14) (Table 1). Apart from this, an increase in the amount of a TTS also proves to be significantly effective in controlling the anisotropic growth and results in the formation of monodisperse NC (Table 1). UV Measurements. The characteristic UV-vis absorbance properties of colloidal PbS NC synthesized in the presence of different TTS are shown in Figure 9. The measurements were performed after diluting at least 10 times the as-prepared solution in each case. Four different kinds of curves were observed for various PbS NC. The type A curve as in the case of DTAB
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Figure 9. UV-vis absorption spectra of aqueous colloidal PbS NC/ MC solution showing four types of curves corresponding to different morphologies of PbS NC/MC in the presence of (A) DTAB, (B) 120-12, (C) 12-0-12+SDS (1:1), and (D) 14-2-14.



shows a broad absorbance without any clear maximum. It is particularly due to the position dependent quantum size effects of multifaceted fern-type large PbS MC including scattering effects (Figure 1). The type B curve for 12-0-12 shows a small hump close to 340 nm (shown by an arrow) for small-sized nanocubes (Figure 2b) and is very much in line with the results reported in the literature for similar shape and size of PbS NC.6 This curve takes the shape of curve C when 12-0-12 is mixed with SDS in a 1:1 mol ratio, where a small hump is still visible around 350 nm (shown by an arrow) and a broad absorbance over the rest of the wavelength region might be due to the scattering of various fern-type morphologies observed for this sample (Figure 5a). On the other hand, the presence of fine PbS nanocubes in the case of 14-2-14 (Figure 4b) with almost double the size than those obtained for 12-0-12 (Figure 2a) shows a clear maximum around 750 nm (curve D in Figure 9). It takes the form similar to curve C when SDS is mixed with 14-2-14 due to the formation of star-shaped NC (not shown). The size dependent UV-vis absorbance for PbS NC has already been mentioned by Zhao and Qi.6 The primary cause for such a behavior arises from the large Bohr radius of PbS, which is close to 18 nm and demonstrates a contrasting difference from other semiconductor materials with a much smaller Bohr radius. This is why the latter materials do not show any significant shape and size dependent optical properties. The four different curves shown in Figure 9 for different kinds of PbS NC/MC are very much reproducible as far as their shape and size are concerned. Hence, one can quantify the UV-vis results of even semiconductor materials such as PbS with a large Bohr radius on the basis of their shape and size. FTIR Measurements. To quantify the surface adsorption of TTS on PbS NC, FTIR spectral studies of PbS NC synthesized in the presence of various TTS were performed. Figure 10 shows representative examples of the FTIR spectra of pure 12-0-12, 14-2-14, and that of PbS NC synthesized in the presence of both surfactants. The results for various surfactants are compared in Table 2. Table 2 shows that the symmetric and antisymmetric CH2 stretching vibrations (νsym(C-H) and νasym(C-H))14 of pure DTAB and in the presence of PbS NC ([DTAB] ) 5 mM) shift toward higher frequencies. Likewise, the scissoring mode of vibrations (δs(C-H)) shows a slight shift toward lower frequencies. There is not much shift in the νasym(N+-CH3) peak for DTAB in the presence of PbS NC, suggesting weak interactions of the alkylammonium head group with the PbS surface.
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Figure 10. FTIR spectra of pure 12-0-12, 14-2-14, and that of PbS NC prepared in the presence of these surfactants.



However, the absence of (ν(C-N+)) bands at 935 and 912 cm-1 and the appearance of new bands at 1193, 1087, and 860 cm-1 in the presence of PbS NC clearly indicates that head groups of DTAB molecules are directed toward the PbS surface. Other weak peaks at 860 and 1165 cm-1 correspond to PbS.15,16 The νsym(C-H) and νasym(C-H) vibrations of 12-0-12 ([120-12] ) 5 mM) in the presence of PbS NC also shift to higher frequencies. The shift in the νasym(C-H) is much higher than that for DTAB. A higher gauche/trans conformer ratio of the methylene chain of 12-0-12 in the presence of PbS NC could be the cause of this shift.17,18 The scissoring modes of vibration have an almost similar behavior to that of DTAB. But, a significant shift in νasym(N+-CH3) toward higher frequencies suggests much stronger interactions of the 12-0-12 head group with the PbS surface in comparison to that of DTAB. This is further evident from the appearance of new bands of symmetric C-N+ stretching modes at 1193, 1135, and 860 cm-1 in the presence of PbS NC. Almost a similar behavior is observed in



J. Phys. Chem. C, Vol. 111, No. 49, 2007 18095 the case of 10-2-10, 12-2-12, and 14-2-14 (each 1 mM) with PbS NC as far as symmetric and antisymmetric CH2 stretching vibrations are concerned, but relatively much weaker shifts in the ν(C-N+) vibration modes of these surfactants in the presence of PbS indicate relatively weaker interactions with the PbS NC surface in comparison to that of 12-0-12. The data reported in Table 2 do not show any significant difference among the behavior of vibrational frequencies of twin-tails of different TTS (i.e., νsym(C-H) and νasym(C-H)), but one can observe a clear difference among the number of symmetric C-N+ stretching (ν(C-N+)) modes that provide useful information regarding the strength of head group interactions with the PbS surface. The number of ν(C-N+) modes is more in the case of DTAB and less in the case of 12-0-12, which demonstrates that some of the 12-0-12 head group stretching modes are absent, most probably due to much stronger interactions with the PbS surface. Although both DTAB and 12-0-12 possess the same tetralkylammonium head group, the much stronger hydrophobicity of the latter might be responsible for stronger interactions and consequently lead to this difference. In the case of dimeric gemini TTS with a spacer (i.e., 10-2-10, 12-2-12, and 14-2-14), the shift in the frequencies is not so significant (e.g., 1082 to 1083 cm-1 in the case of 10-2-10, 1166 to 1160 cm-1 in 12-2-12, and 1050 to 1060 cm-1 in 14-2-14), which shows their relatively weaker head group interactions with the PbS surface in comparison to that of 12-0-12. XPS Measurements. The surface composition of TTS capped PbS NC has been further studied by XPS measurements. Figures S8-S10 show the XPS spectra of PbS NC synthesized in the presence of 0.01, 0.02, and 0.2 mM 14-2-14, respectively. The high-resolution images for Pb 4f, S 2p, C 1s, and N 1s for PbS capped with 0.01 mM 14-2-14 are shown in Figure 11. The corresponding binding energies and area occupied by various species are listed in Table 3. Figure 11a shows strong emission peaks of Pb 4f7/2 and Pb 4f5/2 at 137.11 and 141.97 eV, while similar weak emission peaks are located at 138.30 and 143.16 eV, respectively.19 The former stronger peaks of Pb 4f are due to crystalline PbS, while the corresponding latter ones may be attributed to PbO formation.19d Figure 11b shows clear emission peaks of S 2p1/2 and S 2p3/2 at 161.51 and 160.33 eV, respectively. Figure 11c shows strong emission due to C 1s. Several species of C 1s from different functional groups constitute this strong emission. The percentage area occupied by each species indicates that the maximum emission (82%) comes from C-C and C-H functional groups, which constitute the hydrophobic tails of 14-2-14 (Table 3). On the other hand, weak emission due to N 1s (Figure 11d) is also evident from the dimeric ammonium head groups of 14-2-14. Thus, XPS results clearly indicate the presence of 14-2-14 on the surface of PbS as a capping agent. Similar behavior is shown by PbS NC with 0.02 and 0.2 mM 14-2-14(Table 3). Discussion All results from different studies indicate that TTS are efficient capping agents and hence effectively control the shape and size of PbS NC. Hydrophobicity is considered to be the main shape controlling factor as is evident from the TEM micrographs. However, FTIR and XPS studies as well as reported works6 indicate that the ionic surfactants interact with the {111} facets of PbS fcc geometry through electrostatic interactions and that the surfactant head group is oriented toward the PbS surface. If this is the situation, then how does hydrophobicity play a part in controlling the shape of PbS NC? We know that a stronger hydrophobic surfactant has a lesser
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Figure 11. High-resolution XPS spectra for Pb 4f7/2 (a), S 2p (b), C 1s (c), and N 1s (d) for PbS NC capped with 14-2-14 ([14-2-14] ) 0.01 mM).



TABLE 2: Mode Assignments of Various TTS in the Absence and Presence of PbS NCa peak assignment νsym (C-H) νasym (C-H) δs (C-H) νasym (N+-CH3) ν (C-N+)



a



DTAB



DTAB-PbS



12-012



12-0-12-PbS



10-2-10



10-2-10-PbS



12-2-12



12-2-12-PbS



14-2-14



14-2-14-PbS



2849 2918 1473 1464 1487 1064 1045 1038 964 935 912



2883 2921 1463 1452 1484 1193 1087 961



2853 2921 1475 1468 1487 975 926



2883 2947 1473 1456 1508



2854 2914 1463



2883 2953 1466



2848 2921 1473



2848 2916 1470



1479 1082 1050 989



1508 1083 951



1489 1166 1062 980 937 903



1507 1161 1042 970



2850 2914 1473 1452 1492 1050 1023 984



2881 2947 1462 1456 1506 1060 951



ν, stretching; sym, symmetric; asym, antisymmetric; and δs, methylene scissoring.



solubility in the aqueous phase in comparison to a weaker hydrophobic surfactant. Thus, the former will have higher interfacial adsorption in comparison to the latter. Hence, a stronger hydrophobicity acts as a driving force for a better surface adsorption of surfactant molecules.20 This will push a greater number of strongly hydrophobic surfactant molecules from aqueous bulk at the water-PbS NC interface where they



would undergo preferential adsorption at the {111} planes with a greater charge density. Even a greater amount of a strongly hydrophobic surfactant will have a greater interfacial adsorption and would effectively control the shape evolution during the crystal growth. This is what we have seen in Figure 8 especially for 12-0-12, 12-2-12, and 14-2-14. A shape transformation of cubic geometry to a hexagonal/sphere (Figures 2-4) is expected
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TABLE 3: Binding Energies (eV) (I) and Area (%) (II) of Some Species from the Surface Composition of PbS NC in the Presence of Different Amounts of 14-2-14 as the Capping Agent Pb 4f5/2



Pb 4f7/2



S 2p1/2



S 2p3/2



C 1s



14-2-14



(I)



(II)



(I)



(II)



(I)



(II)



(I)



(II)



(I)



(II)



0.01 mM



141.97 143.16 142.36 143.32 142.07 143.18



31.5 11.2 38.5 4.2 33.5 9.3



137.11 138.30 137.50 138.46 137.21 138.32



42.2 15.0 51.5 5.7 44.8 12.5



161.51



33.3



160.33



66.7



285.00



82.3



161.90



33.3



160.72



66.7



285.00



81.7



161.64



33.3



160.46



66.7



285.00



80.5



0.02 mM 0.2 mM



to be driven by a nucleation shift from the {100} facets to the {110} facets. In the case of fcc noble metals such as Au and Ag, the ionic surfactants (such as CTAB) prefer to adsorb at the {100} or {110} facets due to larger interatomic distances among the surface atoms in comparison to that on the {111} facets, and thus, the growth is directed at the {111} facets.21 But, in the case of semiconductor nanomaterials such as PbS, due to the preferential adsorption of TTS on the {111} facets, the growth is directed at the {100} or {110} planes. It appears that a change in the interfacial environment with the increase in TTS concentration might shift the growth from the {100} planes to the {110} planes because the next preferential planes for TTS adsorption could be from the {111} to {100} facets. Regarding the concentration effects, although a large change in the degree of hydrophobicity of DTAB and 10-2-10 with respect to their amounts is observed (Figure 7), this has brought little change in the morphologies of PbS MC (Figure 8). Apart from this, it is also quite difficult to quantify the size of PbS MC over the range of concentrations of DTAB and 10-2-10 because of their highly anisotropic structures in both cases (Figure 1 and Figure S6, respectively). This means that both parameters(i.e., the hydrophobicity as well as the concentration) are unable to control the shape and size of PbS MC when DTAB and 10-2-10 are used within the said concentration range. A complete absence of well-defined PbS NC (e.g., nanocubes or spheres) even at 2 mM DTAB and 10-2-10 might indicate an insufficient degree of hydrophobicity that might require an effective interfacial adsorption to govern the shape and size. It is to be noted that cmc values of both DTAB and 10-2-10 at 25 °C are much higher than the concentration range selected here. Therefore, the pre-micellar concentration used for these surfactants might be insufficient to produce the required interfacial adsorption. We have preferred not to exceed the concentration range used here to compare the capping behavior among all present surfactants. On the contrary, there is a little change in the hydrophobicity of 12-2-12, 14-2-14, and 12-0-12 over the concentrations used (Figure 7), but an increase in their amounts from 0.1 to 2 mM shows a drastic effect on the shapes of PbS NC (Table 1). Thus, the concentration becomes the predominant shape controlling factor only for TTS with greater hydrophobicity. Conclusion PbS NC were synthesized in the presence of a series of TTS by varying their hydrophobicity and concentration in the range of 0.1-2 mM in an aqueous phase at 80 °C. It was observed that the hydrophobicity is the main contributing parameter for the shape controlled synthesis of PbS NC of ordered geometries. DTAB with the least hydrophobicity within the selected concentration range did not produce any well-defined MC with sizes in the nanometer range. The same is true of 10-2-10 with an almost same degree of hydrophobicity to that of DTAB. On the contrary, 12-0-12, 12-2-12, and 14-2-14 showed a significant
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