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Abstract

:

Highly crystalline, organic-solvent-dispersible titanium dioxide (TiO2) nanorods (NRs) present promising chemicophysical properties in many diverse applications. In this paper, based on a modified procedure from literature, TiO2 NRs were synthesized via a ligand-assisted nonhydrolytic sol-gel route using oleic acid as the solvent, reagent, and ligand and titanium (IV) isopropoxide as the titanium precursor. This procedure produced monodisperse TiO2 NRs, as well as some semi-spherical titania nanocrystals (NCs) that could be removed by size-selective precipitation. X-ray diffraction and selected area electron diffraction results showed that the nanorods were anatase, while the semipheres also contained the TiO2(B) phase. By taking samples during the particle growth, it was found that the average length of the initially grown NRs decreased during the synthesis. Possible reasons for this unusual growth path, partially based on high-resolution transmission electron microscopy (HRTEM) observations during the growth, were discussed. The dispersion of anatase TiO2 nanorods was capable of spontaneous formation of lyotropic liquid crystals on the TEM grid and in bulk. Considering high colloidal stability together with the large optical birefringence displayed by these high refractive index liquid crystalline domains, we believe these TiO2 NRs dispersions are promising candidates for application in transparent and switchable optics.
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1. Introduction


Nanocrystalline TiO2 has been receiving increasing attention in many applications such as optoelectronics [1], catalysis and photocatalysis (such as water splitting, air, and water purification) [2,3,4,5,6,7,8], solar energy conversion [9], gas sensing [10], and nanostructured coatings for biomedical implants due to its modified material properties and chemical reactivity at the nanoscale [11]. The literature on producing nanocrystalline titania is quite extensive, leading to TiO2 nanoparticles (NPs) in various sizes, morphologies, and crystalline phases in different yield scales [7,12]. Therefore, choosing an appropriate method to synthesize titania NPs consistent with the desired characteristics for the final application is of great importance. Among titania polymorphs that are commonly recognized, rutile is known to be thermodynamically the most stable phase for bulk material at standard pressure (1 bar) within the range 300–1000° K [13]. However, anatase and the less common brookite and titanium dioxide bronze phase (TiO2(B)), are also formed commonly at the nanoscale [14,15]. Though brookite and TiO2(B) are rarely observed in nature, their importance in photocatalysis, photovoltaics, and lithium-ion insertion has been recently recognized [16]. The transformation sequence among anatase, brookite, and rutile is size-dependent and their transformation into each other can be reversed even by slight differences in the surface energies [8]. In the case of TiO2(B), it can be nucleated directly from the solution as a metastable phase and tends to transform into anatase titania at temperatures above 800° K [17].



We are interested in the unique intrinsic properties of crystalline titania NPs, such as high refractive indexes, wide bandgap, and strong UV absorption with no light absorption in the visible part of the spectrum. Additionally, we want to benefit from the shape and orientation-dependent collective properties of these inorganic NPs in liquid crystalline states for optical applications, as such nanorod (NR) liquid crystal phases can be switched at lower field strengths than molecular counterparts [18,19]. Thus, we focused on titania NRs as colloidal anisotropic building blocks to not only benefit from their spontaneous liquid crystal (LC) formation but also to gain other advantages over spherical titania counterparts in terms of high surface-to-volume ratio, improved number of delocalized carriers, and enhanced charge transport provided by their anisotropic geometry for relevant research in optoelectronics and photocatalysis [20,21]. To achieve crystalline titania NRs, solution-phase methods, and in particular non-hydrolytic sol-gel techniques, are well known to give precise control over particle size, shape, and polymorphic phases by employing structure-directing agents, i.e., ligand organic molecules. Furthermore, these ligand molecules offer general dispersibility in diverse organic solvents [22]. Therefore, preparation of concentrated dispersions of titania NRs is achievable, which is important for lyotropic liquid crystal formation [23,24]. Many reports by different research groups such as Colvin et al. [25], Moritz et al. [26], Alivisatos et al. [27], Niederberger et al. [28], Vioux et al. [29,30], Han et al. [31], Cozzoli et al. [20,32,33], Murray et al. [3,5,22], and Hyeon et al. [34,35] have been devoted to the optimizing and understanding of titania NRs synthesis via non-hydrolytic sol-gel methods. In all of those experiments, the TiO2 NRs are formed via hydrolysis and condensation reactions. In these reactions, the oxygen for the oxide NPs formation is provided by the solvent (ethers, alcohols, ketones, or aldehydes) or by the organic constituent of the precursor (alkoxides or acetylacetonates) [30,36]. Along with that, several key condensation reactions are proposed depending on the precursor and solvent in the reaction system such as alkyl halide elimination by a titanium alkoxide and a titanium halide reaction [27,29,35], ester elimination between titanium carboxylates and titanium alkoxides reaction [30,34], and ether elimination by two titanium alkoxides reaction [37].



Herein we report a synthesis route, based on a modified procedure from the literature [34], to produce titanium dioxide NRs from ultrathin NRs via a ligand-assisted nonhydrolytic sol-gel pathway in which the ligands (oleic acid, OLAC) also acted as the solvent and reagent. The used synthetic procedure also produced semispherical nanocrystals (NCs), but these could be removed from the NRs by size-selective precipitation. A possible formation mechanism for the ultrathin NRs, morphological evolution, and accompanying NCs is discussed as it was observed that the initial nanorod length was seen to decrease after the first 10 min of synthesis. Moreover, we showed that the anatase NRs we obtained were monodisperse enough to spontaneously self-organize into inorganic smectic liquid crystal phases on the TEM grid and in bulk, making them a promising candidate for LC-based optoelectronic applications.




2. Materials and Methods


2.1. Materials


Titanium (IV) isopropoxide or TTIP (Ti(OCH(CH3)2)4, 97.0%), oleic acid (OLAC, 90%), acetone, and toluene were purchased from Sigma Aldrich (Amsterdam, the Netherlands) and used as received. All experimental procedures were carried out either in an inert atmosphere using a standard Schlenk line setup or in a glove box.




2.2. The Modified Synthesis of TiO2 NRs


Anatase titanium dioxide NRs were synthesized following a slightly modified version of the synthesis described in the literature by Joo et al. [34] Our modifications were mainly related to the following factors: (I) we reduced the precursor amounts by half, (II) lowered the reaction temperature from 270 °C to 250 °C, and (III) performed a careful size-selective washing step, as discussed below. In a typical synthesis, OLAC (100.0 mmol, 31.6 mL) was degassed in a 250 mL three-neck round bottom flask at 120 °C for an hour under vacuum and vigorous stirring. Then the flask was cooled down under vacuum to 40 °C, followed by switching to nitrogen and the swift addition of TTIP (34.0 mmol, 10 mL) which was prepared in the glove box in advance. The mixture was then heated up to 250 °C in 20 min and kept at this temperature for 2 h. Caution should be taken as the reaction is rather violent with the concomitant release of gases and foam formation expanding in the flask and should be controlled by nitrogen overflow/pressure. After thermal fluctuations at high temperatures, the yellow solution gradually turned into a white-gray foam and finally a gray solution. The heating mantle was then removed after 2 h and the flask was allowed to cool to room temperature. To effectively separate TiO2 NRs specifically in terms of their length with the desired polydispersity index (standard deviation divided by mean length), a size-selective precipitation process was performed on as-synthesized TiO2 NCs. We observed that to achieve a higher yield of NRs, it was crucial to separate larger NCs (here TiO2 NRs) from the reaction mixture just through centrifugation prior to the addition of antisolvent in the size-selective precipitation process. Therefore, at first, we centrifuged the crude reaction mixture at 6000 rcf for 10 min and extracted the supernatant. In the next step, we separated the TiO2 NRs that were redispersed in toluene by the addition of acetone dropwise as an antisolvent to the NRs dispersion. The milky solution was centrifuged at 3400 rcf for 5 min and then NRs precipitations were redispersed in toluene. The washing step was repeated at least two times to achieve optically clear dispersions of titania NRs. The titania NRs were relatively monodisperse in their length (σL = 14%). The dimension of the NRs was on average 3.6 ± 0.3 nm (diameter) and 24.6 ± 3.4 nm (length) while the semispherical NCs had an average diameter of 5.7 nm. The NCs were redispersible in a variety of nonpolar solvents such as toluene or hexane. However, we chose toluene as a solvent in purification steps since it has a high refractive index which reduces the van der Waals attractions between the rods and is also a good solvent for OLAC. It has been shown that hexane has a higher solubility for oleic acid than toluene and can strip off ligands in the presence of antisolvent, while in toluene ligands remain at the surface of the NPs [38]. To monitor the evolution of the TiO2 NCs, we extracted aliquots of the hot reaction mixture at scheduled time intervals using long capillary soda-lime glass Pasteur pipettes. These hot extractions were swiftly cooled down to room temperature via quenching in a toluene medium to stop further crystal growth and investigated by the transmission electron microscopy technique.




2.3. Self-Assembly of TiO2 NRs


Typically, a droplet (~5 µL) of ligand-capped titania NRs dispersion with a low concentration (roughly 4 mg/mL) was dropcast on a carbon-coated 300 mesh copper TEM grids (Agar Scientific). The TEM grids were further dried in a vacuum chamber to remove residuals and used for microscopy analysis. To examine liquid crystalline structures of self-assembled domains in bulk, a sedimentation experiment was performed as previously reported elsewhere [18,39]. Briefly, a glass capillary (0.1 × 1.0 × 60.0 mm3, Vitrocom) was filled with ligand-capped titania NRs dispersion with an initial volume fraction of 29.8 vol.%, effective length L = 27.6 nm, diameter D = 6.6 nm, and an aspect ratio of 4.18, in which the ligand length of 1.5 nm was taken into account. Then, the capillary was sealed using a two-component epoxy glue (Bison Kombi rapid), left vertically to sediment for 10 days, and was further investigated by polarizing optical microscopy (POM) technique.




2.4. Characterization of TiO2 NCs


The X-ray diffraction analysis (XRD) was performed using a Bruker-AXS D2 Phaser X-ray diffractometer with Co Kα radiation (λ = 1.79026 Å) operated at 30 kV and 10 mA. Transmission electron microscopy and selected area electron diffraction (SAED) of the brookite NRs were performed on an FEI Tecnai 20 electron microscope operating at 200 kV. The crystalline structures of the TiO2 NRs were measured by a high-resolution transmission electron microscope (FEI-Talos F200X electron microscope). Typically, at least 100 particles were counted to calculate the anatase NRs size distribution and polydispersity index. The bandgap of the NRs was studied at room temperature (20 °C) with a diffuse reflectance UV-Vis spectrometer (HP 8452a model). Typically, the NRs dispersion was diluted in toluene and added to a quartz cuvette (optical path: 10 mm) sealed with a Teflon stopper. The absorption spectrum was measured while the wavelength was varied from 250 nm to 700 nm. For POM images, a Leica DM2700P microscope equipped with crossed polarizers a Nikon Z6 camera was utilized.





3. Results and Discussions


3.1. Growth Mechanism of TiO2 Nanocrystals


Titanium dioxide nanocrystals (NCs) were synthesized following a slightly modified synthesis method as described by Joo et al. [34] where oleic acid (OLAC) was used as the solvent, reagent, and ligand [40]. Our modifications were mainly related to the reduced precursor amounts and lowering the reaction temperature from 270 °C to 250 °C to control the reaction temperature fluctuations and foam expansions. Figure 1 shows the as-synthesized TiO2 NCs characterized by TEM and high-resolution TEM (HRTEM) images. As can be seen in Figure 1a, as-synthesized TiO2 NCs mostly consisted of nanorods (NRs) with various lengths as well as some semispherical NCs. To effectively separate the TiO2 NRs specifically in terms of their length to obtain the desired polydispersity index (standard deviation divided by mean length), size-selective precipitation, or more correctly aggregation, was performed on the TiO2 mixture. This well-known purification technique is mainly based on the magnitude of the van der Waals attraction forces between particles which increase with particle size [41]. In the case of NRs, the van der Waals attraction forces induced the aggregation between NRs with larger lengths [42]. We found that to achieve a higher yield of monodisperse NRs (yield of ~50% or almost 1 g of NRs), it was crucial to separate first the larger NCs (here TiO2 NRs) from the reaction mixture just through centrifugation prior to the addition of antisolvent in the size-selective precipitation process. After centrifugation of the reaction mixture, separation of the TiO2 NRs by length was highly efficient by the dropwise addition of acetone as an antisolvent to the dispersion of the NRs in toluene. Due to the hydrophobicity of the ligand layer around TiO2 NRs, the dispersion of the NRs was destabilized by the addition of the polar acetone which resulted in the aggregation and fast sedimentation of the NRs leaving many of the synthetic by-products and shorter rods in solution. Finally, both the TiO2 NRs as main products and the semispherical NCs left in the supernatant were redispersible in a variety of nonpolar solvents such as toluene as shown in Figure 1d,e and resulted in the isolation of relatively monodisperse TiO2 NRs (σL = 14%). The dimension of the NRs was on average 3.6 ± 0.4 nm (thickness) and 24.6 ± 3.4 nm (length), while the semispherical NCs had an average diameter of 5.7 nm.



Figure 1b shows the selected area electron diffraction (SAED) pattern of these NRs revealing the highly crystalline anatase phase. The reflected rings were clearly indexed to (101), (103), (004), (200), and (105) planes of anatase indicating the high crystallinity of these particles which is consistent with the HRTEM images and X-ray diffraction (XRD) results in Figure 4. In Figure 1c where a (010) zone axis is perpendicular to the imaging plane, a single nanorod can be seen to have grown along its c axis in the (001) direction. The reason is that {001} surfaces in the anatase phase have a higher surface energy in comparison to (101) surfaces [26,43]. Thus, the typical fast growth in anisotropic anatase NRs is observed with a preferential growth in the (001) direction as was also the case in our synthesis. The lattice fringes of approximately 0.35 nm are depicted with yellow parallel lines corresponding to the (101) planes of the anatase phase.



In the following, we will discuss the mechanism of the titania NRs formation in our experiment based on the literature on the nonhydrolytic sol-gel routes to synthesize titanium oxide NPs [27,31,34,44,45,46,47] and on what we observed by following our synthesis in time by taking samples of reaction mixtures at 10-min intervals.



In general, nonhydrolytic sol-gel processes can be divided into two main categories: ligand-assisted and solvent-controlled routes. In the case of the ligand-assisted process, ligands, mainly in the form of hot ligand solutions (e.g., trioctylphosphine oxide, oleic acid, and oleylamine), are present in the reaction mixture, either as a solvent or as a coordinating ligand providing control over the growth, size, and shape of the metal oxide NPs [46]. However, in solvent-controlled approaches, the initial reaction mixture mainly consists of two components, metal oxide precursors and common organic solvents. Thus the role of solvents may include acting as a reactant, oxygen donor, structure-directing agent, or reducing factor [28,48]. One should also keep in mind that these nonhydrolytic sol-gel routes, also known as nonaqueous reactions, are not necessarily totally water-free. In fact, even though the initial components of the reaction mixture have been dried and degassed, specific organic reactions are able to produce water in situ (e.g., aldol condensation and esterification reactions), rendering the system in principle hydrolytic. Therefore, even in the (virtual) absence of water, it is possible to have hydroxylation reactions [36].



In our experiment, titania NRs were synthesized via a ligand-assisted nonhydrolytic sol-gel method in which the rapid thermal decomposition of a titanium precursor (titanium (IV) isopropoxide or TTIP) occurred in a hot solvent solution (OLAC), at a relatively high temperature (around 250 °C). It is well-known that titanium alkoxides are relatively reactive (e.g., as compared to silicon alkoxides) and almost instantly react with carboxylic acids (e.g., oleic acid, decanoic acid, linoleic acid, etc.,) even under mild conditions producing mixed alkoxy carboxylates and hydroxyalkoxides [20,40,49]. For instance, it was shown that titanium (IV) butoxide (Ti(OBu)4 where Bu refers to −C4H9) can readily react with linoleic acid (C17H31CO2H) yielding a titanium butoxide-carboxylate complex Ti(OBu)4-x(C17H31CO2)x with the release of xBuOH. This BuOH formed, may react with unreacted linoleic acid left in the mixture leading to the formation of water by an esterification reaction [46,49]. Analogous to the literature, we believe that in our experiment, upon the addition of TTIP (Ti(OiPr)4 where Pr refers to −C3H7) to the degassed OLAC (C17H33COOH) solution at room temperature and as indicated by a color change of the mixture to pale yellow, a titanium carboxylate complex ((C17H33COO)x−Ti(OiPr)4-x) formed with the release of xPrOH. Since the OLAC molecules were present in an excess amount acting as both ligand and solvent, therefore xPrOH could react with OLAC molecules and release water molecules via an esterification reaction. The water produced could then react with the titanium carboxylate complex to generate Ti−OH and subsequently through a hydrolysis–condensation process, Ti−O−Ti bonds were formed [50]. It has been shown that in synthetic routes where the ligand and solvent are the same, the desorption rate of ligand bound at the surface of the NCs is low giving them higher colloidal stability [47].



It has also been demonstrated that the in situ water generated during the esterification reaction favors the formation of anatase and TiO2(B) which is in agreement with our results in Figure 4, as well [51]. The abovementioned reaction route is described in Equations (1)–(3):


  Ti (  O i  Pr  ) 4  + x  C 17   H 33  COOH → (  C 17   H 33  COO  ) x  − Ti (  O i  Pr  )  4 - x   + x PrOH  



(1)






  PrOH +  C 17   H 33  COOH →  C 17   H 33  COOPr +  H 2  O  



(2)






    (  C 17   H 33  COO )  x  −   Ti (  O i  Pr )   4 - x   +  H 2  O →   (  C 17   H 33  COO )  x    (  O i  Pr )   3 - x   TiOH + x PrOH    (  C 17   H 33  COO )  x    (  O i  Pr )   3 - x   TiOH +   (  C 17   H 33  COO )  x    (  O i  Pr )   3 - x   TiOH →    (  C 17   H 33  COO )  x    (  O i  Pr )   3 - x   Ti − O − Ti   (  C 17   H 33  COO )  x    (  O i  Pr )   3 - x   +  H 2  O  



(3)







Although we think that the hydrolysis followed by condensation is the main route of oxide formation, the possibility of a nonhydrolytic condensation of titanium carboxylate complex to form Ti−O−Ti bonds cannot be ruled out, either [20]. It is known that an oxo bridge can be formed by a condensation reaction between two functional groups bonded to two metal centers (here titanium atoms) along with eliminating an organic ester molecule [46]. Thus, after the formation of the titanium carboxylate complex, also a transesterification can occur between the complex and TTIP precursor to generate the Ti−O−Ti bonds and eliminate an ester. These reaction steps are shown in Equations (4) and (5):


  Ti (  O i  Pr  ) 4  + (  C 17   H 33  COO  ) x  − Ti (  O i  Pr  )  4 - x   → (  C 17   H 33  COO  )  x - 1     (  O i  Pr  )  4 - x   Ti − O − Ti   (  O i  Pr  ) 3  + (  C 17   H 33  COOPr )  



(4)






  n (  C 17   H 33  COO  ) x  − Ti (  O i  Pr  )  4 - x   →   n 2   [ (  O i  Pr  )  3 - x   Ti − O − Ti (  C 17   H 33  COOPr  )  x - 1   ] +   n 2    (  C 17   H 33  COOPr )   



(5)







Cozzoli et al. suggested that these molecular species were enclosing a compact Ti−O−Ti framework of hexa-coordinated Ti atoms and could be regarded as titania monomers protected by carboxylate ligands. In these monomers, OLAC molecules have a tendency to bridge titanium centers [20]. Therefore, we surmise that titania NCs synthesized in our experiment might have been formed via both hydrolytic–condensation and nonhydrolytic–condensation routes, but it is not clear to what extent each path contributed.



In Figure 2, we monitored the progressive evolution of TiO2 NCs by extracting aliquots of the hot reaction mixture at scheduled time intervals. These hot extractions were swiftly cooled down to room temperature via quenching in toluene to stop further crystal growth. Interestingly, ultrathin TiO2 NRs (1.8 ± 0.3 nm (thickness) and 36.4 ± 10.1 nm (length)) were produced in the early stages of the reaction (first 10 min). These ultrathin NRs were of the anatase polymorph. This relatively fast formation of the titania NRs was also reported in the literature for the case of Ti(OBu)4 decomposed in a pure OLAC medium leading to anatase NRs in less than 15 min [47]. In each panel of Figure 2, the length distribution of TiO2 is shown as a histogram. In addition to the length distributions, we can observe that the ultrathin TiO2 NRs became thicker over time from 1.8 ± 0.3 nm to 3.6 ± 0.4 nm. Moreover, in the first 10 min of the experiment, ultrathin NRs had a broad length distribution of 36.4 ± 10.1 nm. After 10 more minutes, shorter but thicker NRs of 21.8 ± 2.8 nm were mostly detected in the reaction mixture, which then increased in both thickness and length, finally resulting in nanorods with a broad length distribution of 27.6 ± 6.9 nm and a collection of semispherical NCs. We also noticed that during the growth steps, some NRs became unequally thicker such that the thickness was somewhat larger in either one tip of the NRs (matchstick-like NR shown in Figure 2b-inset) or in both tips (dumbbell-like NR shown in Figure 2d-inset).



For titania NRs, a process of shape evolution after initial crystallization has been described in several previous reports, as well [26,27,43,49,52,53]. In some cases, anatase NCs that were formed in acidic conditions nucleated almost exclusively as truncated tetragonal bipyramidal NCs with (101), (001), and (010) facets [22,54]. Then, these primary NCs were kinetically promoted to grow via the oriented attachment mechanism [55,56]. We note that oriented attachment in one, two, three dimensions as well as mesocrystal formation have been reported frequently for surface-functionalized titania NPs synthesized in both hydrolytic and nonhydrolytic media [26,55,57]. Elaborate investigations by Dalmaschio and Leite [47] on anatase NRs, synthesized by thermal decomposition of titanium(IV) butoxide in an OLAC mixture revealed that the oriented attachment of these truncated tetragonal bipyramidal NCs occurs via sharing the (001) plane with a preferential growth in the (001) direction. In our results, we also observe typical morphological evolution as a function of time, for instance, an increase in the thickness of the NRs while the length reduced in the NRs and the emergence of relatively smaller NRs and NCs. Dalmaschio and Leite attributed these shape alterations to the fragmentation of the titania NRs into smaller NCs induced by a Rayleigh instability-like phenomenon [36,47]. Furthermore, they stated that the mass transportation to the tips of the NRs via a surface diffusion process could kinetically advance the detachment process. In the Rayleigh instability phenomenon, an unstable liquid cylinder breaks into droplets driven by surface tension fluctuations coupled with a lowering of the total energy. It has been proposed that under certain circumstances, this concept can be extended to solid NPs and therefore NRs could also be vulnerable to fragmentation into smaller NPs [58,59,60,61].



Although we cannot rule out the occurrence of directed attachment during the growth steps, we believe that due to the existence of ligands in the solution, the growth mechanism in Figure 2 is mainly attributed to the fast out-of-equilibrium growth of the NRs from the solution.



In Figure 3, HRTEM images of several synthesized anatase NRs have been presented. As can be observed, the structural features depicted by yellow arrows and lines on the surface of the NRs such as steps, corrugated sides, zigzag patterns, and sharp edges give indications of the critical pinch points formed during the surface diffusion step that are vulnerable to the detachment. Considering TEM images of ultrathin NRs formed in the early stages of the reaction (Figure 2) and HRTEM images of final NRs in Figure 3, the Rayleigh instability-like detachment phenomena could also be the reason in our experiment that led to shorter titania NRs and pinched off semispherical titania NCs. However, further in-depth investigations are needed to precisely confirm the exact mechanism behind these TiO2 NRs growth and their shape evolution during this experiment.




3.2. Characterization of Synthesized TiO2 Nanocrystals


The crystallinity of the synthesized NCs was analyzed by the XRD technique (next to HRTEM observations and selected area electron diffraction results). Contrary to the results presented in the paper from which we follow the synthesis protocol (Joo et al. [34]) our XRD patterns (Figure 4) confirmed the existence of two titanium oxide polymorphs in the resulting NCs. Both the anatase phase and the titanium dioxide bronze phase (TiO2(B)) could be recognized in our data. The XRD data, together with reference data of anatase TiO2 (JCPDS-01-086-1155) and TiO2(B) (JCPDS-00-046-1238), respectively, are shown in Figure 4, as well. In the case of anatase NRs, the relative intensity of the diffraction peak for (004) planes has been reported to become more pronounced as compared to the intensity of (200) planes [31,62]. This is a well-known phenomenon for anatase crystals if their anisotropic growth occurs along the c axis of the anatase lattice: the (004) diffraction peaks become stronger and sharper in comparison to (200) diffraction peaks and this is consistent with our TEM observations and the NRs SAED pattern in Figure 1b [26,34,49,63]. Furthermore, the bandgap of the anatase NRs was found to be ca. 3.28 eV by using their light absorption spectrum. The measured bandgap value was indeed analogous to reported optical bandgaps for nanocrystalline anatase NPs [5,34,64] (See Figure S1). To confirm that the peak broadening arose from NCs’ size and shape effects, the average crystallite sizes of the anatase NCs were calculated by using the Scherrer formula [65] (See Table S1). Scherrer analysis from the (101), (200), and (004) diffraction peaks yields approximately 3.8, 3.5, and 19.9 nm, respectively, for the dimensions of the anatase NRs which are in agreement with the measured width and length from the TEM micrographs. Furthermore, the optical properties of the anatase NRs were characterized using their light absorption spectrum. Even though several diffraction peaks could be matched with the anatase reference signal, some other peaks at 34.4°, 35.4°, 36.2°, and 52.3° were pointing at the existence of another phase. Dickerson et al. suggested that these peaks could correspond to crystalline OLAC aggregated present among the TiO2 NRs due to the fact that these NRs were formed in an excess amount of OLAC [66]. However, in our experiment, TiO2 NRs were purified via a size-selective aggregation process after the synthesis step, therefore the presence of aggregated OLAC seems less likely to us. Moreover, a possible explanation of these signals could be the formation of brookite titania as an impurity, as it has been reported before during the synthesis of the other polymorphs [25,63,67]. Although the diffraction peak located at 36.2° could be assigned to the (121) plane of the brookite phase, the other three diffraction peaks at 34.4°, 35.4°, and 52.3° are not compatible with the brookite, anatase, or rutile polymorphs [68]. After careful examination, we concluded that the last four measured reflections could be a fit for the TiO2(B) phase of titania, which is given in the reference card (JCPDS-00-046-1238). The (001), (−111), (003) reflections are typical of TiO2(B) titania which were detected in the XRD patterns of both the NRs and the semispherical NCs [17,69]. These peaks are relatively more prevalent in the semispherical NCs rather than NRs. The reason could be the existence of semispherical NCs left after the size-selective process among anatase NRs since the full separation of the small NCs from bigger NRs is practically difficult. Furthermore, it has been shown that surface hydroxylation during TiO2(B) NCs formation will introduce surface relaxation and thereby the TiO2(B) NCs may exhibit an ellipsoidal shape in the c direction [17,69]. Therefore, not only the semispherical NCs, found mostly in the supernatant, but also some of the shorter NRs left among anatase NRs after the purification step could be elongated TiO2(B) NCs.




3.3. Liquid Crystalline Phases of TiO2 NRs


In the next step, we investigate liquid crystal phases formed by the self-assembly of the anatase NRs made. As we showed in our early work elsewhere [18] that we are interested in the collective properties of TiO2 NRs specifically for optical applications. We already showed that brookite TiO2 NRs exhibit an intriguing LC phase behavior in bulk as well as promising switchability in external fields. Here, to compare anatase TiO2 NRs with their brookite counterparts, we represent several self-assembled domains achieved on a carbon-coated copper TEM grid in the dry state as well as LC domains along with the sedimentation profile in a capillary in bulk (Figure 5). Similar to brookite TiO2 NRs, anatase TiO2 NRs can be fairly well approximated as spherocylinders with an effective aspect ratio (L/T) defined by the total length (L) divided by thickness (T). To obtain the relevant aspect ratio (AR) for self-assembly we also added 3.0 nm to both L and T, reflecting twice the effective length of the ligand molecules based on interparticle spacings measured from TEM images. The phase diagram for hard anisotropic shapes has been determined by Frenkel and Bolhuis using computer simulations [70]. However, colloidal rods are never all the same due to polydispersity in their length and diameter. Initially, Onsager predicted that length polydispersity in the system of hard rods broadens the biphasic region where longer rods preferentially enter the nematic phase [71]. Later, many papers investigated the effects of polydispersity for continuous distributions of rigid rods where they also found that increase in polydispersity shifts the isotropic boundary to lower concentrations while the nematic boundary moves to notably higher ones leading to a broadened biphasic region [39,72,73,74,75,76]. In our system, based on the average dimensions of the examined anatase NRs (L = 24.6 ± 3.4 nm and T = 3.6 ± 0.3 nm measured by TEM images), an effective aspect ratio of 4.2 was calculated which for monodisperse hard rods is close to the AR where next to nematic, also smectic LC phases can be formed and ABC-stacked crystals at high volume fractions [39,77,78]. Figure 5a depicts short smectic tracks of NRs aligned side-by-side in several domains. For rods with hard interactions, it has been shown that smectic phases of hard rods nucleate first in 2D smectic layers which are most likely related to why such tracks form on top of a flat wall, but it should also be remembered that the drying forces are large compared to the average kinetic energy kT, where k is the Boltzmann’s constant and T the absolute temperature. Therefore, it is also possible that these tracks are formed at the liquid–air interface, as it is known that being attached to the interface induces lateral forces between the rods because of the deformation of the interface [79].



Although the self-assembled arrays in Figure 5a seem to be a single layer, we presented some self-assembled domains in Figure 5b,c where part of the titania NRs were imaged standing normal to the TEM grid evidencing more extended 2D smectic layer formation. The vertically aligned NR layers were seen to form with close-packed hexagonal order within the smectic layers (Figure 5b inset) [39]. Additionally, in some parts of the 2D smectic layers with the rods standing perpendicular most likely the drying forces made parts of the rods end up in a tilted orientation. Some of the rods fell over like dominoes in a certain direction; similar observations were made with different systems of NRs such as TiO2 [18,80,81,82], CdS [83], CdSe [84], and CoO [85]. By considering the electron diffraction data, we conclude that these structures are otherwise the same as the vertically aligned arrays with a precise orientational and positional order and also the same interparticle separation as observed for the vertical superlattices. In Figure 5b,c we could also observe part of a vortex structure centered on one or a small cluster of locally homeotropically ordered rods. Since the orientation of the individual nanorods changed continuously around the vortex defect, it is similar to a disclination of strength +1 that can be observed in nematic liquid crystal phases [84,86]. The presence of this structure can be linked to twist or bend distortions of the nematic, and possibly also smectic liquid crystal domains produced by microflows during drying [87,88,89].



In Figure 5e–g, polarized optical microscopy (POM) images of the LC domains of anatase NRs are displayed. The initial volume fraction of these NRs was approximately 29 vol% and they were in an isotropic state showing no optical activity between cross polarizers. Analogous to our remarks in the previous report on brookite NRs lyotropic LCs [18], the dispersion of anatase NRs exhibited an equilibrium phase behavior along the concentration gradient that occurred in the capillary. Since these NRs were too small to sediment under gravity, this gradient was most likely formed by phase separation as a result of sufficiently high initial volume fraction and weak long-ranged van der Waals attractions. Along the capillary, three main regions were observed: the isotropic region on the top of the capillary, a biphasic region consisting of nematic tactoids nucleating and floating in the isotropic liquid, and a biphasic region of sharp-edged smectic domains in coexistence with a nematic at the bottom of the capillary that was quite identical to that of smectic-A LC phases of brookite NRs [18]. No striated LC texture indicative of a pure smectic phase was detected at the bottom of the capillary in the case of anatase NRs in comparison to brookite LCs. This could be attributed to the higher level of polydispersity in the length of the anatase NRs or the initial volume fraction could be too low to form such a phase. We also note that similar to the dispersion of brookite NRs reported elsewhere [18], a dispersion of anatase NRs in an isotropic state responded to an external electric field. An induced nematic LC phase was reversibly achieved known as a para nematic phase (results are not shown here). In our follow-up work in the near future, we intend to study these behaviors and dynamics in external electric fields.



As can be seen in Figure 5f,g, needle-like nematic tactoids nucleated in the isotropic liquid, and resulted in a biphasic region of sharp-edged smectic domains in coexistence with nematic domains. One should consider that tactoids are generally known to adopt a spindle shape depending on mesogen orientation, interfacial tensions, and elastic constants of the nematic phase [90,91]. Besides that, it has been shown that the existence of attractions among these colloidal mesogens in lyotropic LCs enhances this anisotropy toward needle-like tactoids [92,93,94]. In this regard, Green et al. [94] showed the phase behavior of rodlike particles with solvent-mediated attractions and repulsions. They showed that rods in the nematic tactoids are separated by average distances much smaller than their counterparts in the isotropic phase. Therefore, these rods in the nematic tactoid would spend considerably more time in the attractive well, which existed as a result of short-range electrostatic repulsive forces in combination with van der Waals attraction forces. Due to these attraction forces, the LC tactoids became needle-like and even in the case of highly attractive single-walled carbon nanotubes in superacids, they were referred to as “spaghetti” LC domains [94].



To roughly estimate the van der Waals attraction forces between the anatase cores and compare them with brookite counterparts, we calculate the van der Waals interactions between anatase NRs and brookite NRs of the same size (solid and dashed lines, respectively in Figure 6) for three different relative orientations by using the Hamaker constants of anatase and brookite in toluene. The details of van der Waals interactions calculations have been described in detail in our earlier work [18]. As expected, the strongest attractions occur when rods are perfectly aligned face-to-face. However, the calculated interactions are an overestimation as they assume perfectly smooth inorganic cores with atomically flat interfaces. Any surface roughness and irregularities, as shown in HRTEM images in Figure 3, also would make the “perfect” parallel approach between the two rods much less efficient and reduce the actual van der Waals interactions [18,42]. The difference between anatase and brookite is seen to be very small. The vertical line at 3.0 nm shows the distance of the closest approach based on twice the ligand length. Therefore, both anatase and brookite NRs are expected to experience van der Waals attractions of a few kT, which may be sufficiently large to induce parallel alignment at high volume fractions, caused by their high refractive indexes. Nevertheless, employing apolar solvents with high refractive indexes in combination with the existence of atomic irregularities at the surface of NRs and sufficient steric repulsion between NRs by adsorbing ligand molecules could still efficiently reduce van der Waals attractions, making both of these material systems promising candidates for LC-based optical applications.





4. Conclusions


In this work, we successfully synthesized highly crystalline organic-solvent-dispersible TiO2 NRs based on a modified procedure from literature via a ligand-assisted nonhydrolytic sol-gel route. X-ray diffraction and selected area electron diffraction results showed the coexistence of anatase and TiO2(B) phases of titania in the particles made. This synthesis yielded relatively concentrated dispersions of the anatase NRs (~500 mg/mL), after careful size-selective precipitation steps (yield of nearly 50%) to remove the largest rods as well as semispherical particles, which is twice the amount reported for the same size brookite NRs in ref. [18]. Possible reaction and formation mechanisms for the NRs were discussed based on the unusual observation that relatively early in the synthesis (after 10 min) rods were already present that subsequently reduced in length and increased in thickness during further growth, while semispherical particles were formed as well. Furthermore, we showed that anatase NRs were monodisperse enough to spontaneously self-assemble into smectic liquid crystalline phases on the TEM grid and in bulk. Because of their high refractive indexes and at the same time minimal light scattering due to their size, both anatase and brookite TiO2 dispersions are promising candidates for application in electro-optical devices based on inorganic liquid crystals.
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Figure 1. (a) As-synthesized TiO2 NCs including NRs of different aspect ratios and semispherical NCs; (b) SAED pattern of anatase NRs presenting reflected rings clearly indexed to typical planes of anatase; (c) an individual anatase NR that has a (010) zone axis growing along the (001) direction. (d–g) TiO2 NCs after the size-selective process in two main categories, NRs and semispherical NCs, and their corresponding size distributions from a statistical analysis of TEM images. 
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Figure 2. (a–d) TEM micrographs of TiO2 NCs depicting progressive evolution of NCs at different time intervals (10 min, 20 min, 60 min, and 120 min, respectively) from ultrathin NRs to the final mixture of NRs of various lengths and semispherical NCs. The length distributions of TiO2 are shown in histograms as insets with black columns. The average thickness of the NRs are 1.8 ± 0.3 nm in (a), 2.6 ± 0.5 nm in (b), 2.9 ± 0.7 nm in (c), and 3.6 ± 0.4 nm in (d). Inset in (b) shows the occurrence of irregularities at the tip of the NRs. Inset in (d) shows an HRTEM image of a single NR exhibiting a dumbbell shape at higher resolutions. Scale bar in b-inset is 25 nm and in d-inset is 5 nm. 
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Figure 3. HRTEM micrographs of anatase NRs. (a–e) Surface features labeled by yellow arrows and lines on the surface of the NRs such as steps, corrugated sides, zigzag patterns, and sharp edges demonstrating give indications of the critical pinch points vulnerable to the detachment. 
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Figure 4. XRD patterns of synthesized TiO2 NRs and semispherical NCs. Bragg peaks at 30.5°, 45.4°, 57.0°, 64.6°, 66.1°, and 74.6° indicate the existence of the anatase phase of TiO2 (JCPDS No.01-086-1155) for NRs. XRD analyses clearly show the occurrence of other Bragg peaks at 34.6°, 35.9°, 52.7°, and 57.9° mainly due to semispherical NCs that are fit with the TiO2(B) phase of titania with the reference card (JCPDS-00-046-1238). The (002), (−111), (003), and (020) reflections are typical of TiO2(B) titania. 
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Figure 5. TEM micrographs of anatase NRs self-assembled on a TEM grid (a–d) and optical micrographs of a dispersion in toluene between crossed polarizers (e–g). (a) Anatase NRs in small smectic liquid crystal-like domains. (b,c) Hexagonal superlattices of vertically aligned anatase NRs. Inset in (b) shows the corresponding FFT pattern illustrating a close-packed hexagonal order. In (c), NRs have a tilted orientation, similar to rows of fallen dominoes (yellow arrows) around a vortex structure centered on a small cluster of locally homeotropically oriented NRs. In (d), a linear “rail-track” pattern was observed from the side-by-side assembly of the NRs into the rail-tracks of various lengths. (e) A sedimenting sample from a dispersion of anatase NRs in toluene (~29 vol%) in a capillary with three distinct regions. From top to bottom: isotropic fluid at the top, (f) elongated nematic tactoids floating in the isotropic fluid, and (g) coexistence of nematic domains and sharped-edge smectic LC phases. Scale bar in (e) is 500 µm. 
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Figure 6. (a) van der Waals interaction potentials between two bare TiO2 NRs of anatase (solid lines) and brookite (dashed lines) phase of the same size in toluene. Vertical gray solid lines represent one and two times the effective ligand length of 1.5 nm corresponding to the interparticle spacing observed in the TEM images. (b) Schematic representation of NRs encounter each other in parallel, diagonal, or crossed configuration shown in blue, red, and green colors, respectively. Nanorods are assumed as parallelepipeds of length 27.4 nm and thickness 3.4 nm. 
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