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Abstract

:

Given the tunability of their optical properties over the UV–Visible–Near IR spectral range, ligand-capped quantum dots (QDs) are employed for the design of optical biosensors with low detection threshold. Thanks to non-linear optical spectroscopies, the absorption properties of QDs are indeed used to selectively enhance the local vibrational response of molecules located in their vicinity. Previous studies led to assume the existence of a vibroelectronic QD–molecule coupling based on dipolar interaction. However, no systematic study on the strength of this coupling has been performed to date. In order to address this issue, we use non-linear optical Two-Color Sum-Frequency Generation (2C-SFG) spectroscopy to probe thick QD layers deposited on calcium fluoride (CaF   2  ) prisms previously functionalized by a self-assembled monolayer of phenyltriethoxysilane (PhTES) molecules. Here, 2C-SFG is performed in Attenuated Total Reflection (ATR) configuration. By comparing the molecular vibrational enhancement measured for QD–ligand coupling and QD–PhTES coupling, we show that the spatial dependence of the QD–molecule interactions (∼1/r   3  , with r the QD–molecule distance) is in agreement with the hypothesis of a dipole–dipole interaction.
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1. Introduction


As semiconductor nanoparticles, colloidal quantum dots (QDs) evince unique optical and electronic properties deriving from the quantum confinement of their laser-excited electron-hole pairs. With diameters ranging between 1 and 10 nm, QDs are able to absorb and emit light over the visible range [1,2,3,4,5]. Hence, they are largely employed within various scientific fields such as photovoltaics [6,7], photocatalysis [8,9,10], fluorescence spectroscopy [11,12], biomedical imaging [13,14,15], and biosensing [16,17,18,19,20,21]. In the later case, QDs are often used as fluorescent probes. Indeed, their spectral and temporal emission properties are highly sensitive to their chemical environment, including capping ligands, solvent, pH, ion concentration, cross-linking molecules, and biomolecules [12,22,23,24,25,26,27,28,29]. As a result, the literature extensively reports how the chemical medium of QDs influence their optical properties, especially within the framework of biosensors.



For some years now, our team has investigated the possibility of a reciprocal coupling enabling to use the optical and electronic behavior of QDs in order to influence their molecular surroundings [29,30]. Since then, the aim is to design biosensors wherein QDs are employed as optoelectronic enhancers instead of fluorescent probes. Thanks to non-linear Two-color Sum-Frequency Generation (2C-SFG) spectroscopy combining a visible and an infrared laser beams, we previously proved that the amplitude of the vibrational response of the ligands (over the IR range) was modulated by the linear optical susceptibility of the QDs (over the visible range),    χ  ( 1 )    (  ω vis  )    [29]. To evidence such a vibroelectronic correlation, we performed 2C-SFG spectroscopy on thick layers of QDs deposited on CaF   2   prisms. From the symmetry rules proper to second-order optical processes [31], 2C-SFG spectroscopy is actually surface-specific and then constitutes an ideal tool to study the interactions occurring at the interface between QDs and molecules, both immobilized on a solid substrate. Besides, CaF   2   prisms benefit from favorable Local Field correction factors (reflectivity) in ATR configuration (Figure 1a) as explained in Section 3.1. In this way, we succeeded in measuring the vibrational spectrum of the QD ligands (from 3.2 to 3.6  μ m, i.e., 2800 to 3000 cm    − 1   ) under a visible excitation whose wavelength varied between 450 and 620 nm. This previous study thus demonstrated a spectral correlation between the ligand vibration amplitudes    a v   (  ω vis  )    and    χ  ( 1 )    (  ω vis  )    [29]. On a theoretical point of view, we assumed it arose from a dipolar interaction between the QDs, on one side, and the molecules, on the other side. However, this assumption has not been experimentally attested so far. Especially, our aim here is to assess the spatial dependence of the vibroelectronic coupling with respect to the distance between QDs and molecules.



In this paper, we chose to study the interaction between, on the one hand, a thick layer of colloidal CdTe    0.25   S    0.75    QDs capped with mercaptocarboxylic acids and, on the other hand, a self-assembled monolayer of phenyltriethoxysilane molecules (PhTES), both deposited or grafted on a CaF   2   prism. PhTES actually displays two great advantages for our study: first, it can be grafted on CaF   2   in the form of a monolayer and be used as a molecular probe to assess the strength and the range of the vibroelectronic coupling induced by the overlying QDs; second, the IR vibrational response of its aromatic rings is characterized by CH stretching modes located at ∼3060 cm    − 1    [32], which is out of the range of the QD ligands (from 2800 to 3000 cm    − 1   ) [29]. Thanks to this approach, we show that the vibroelectronic coupling already seen between QDs and their ligands, chemically bound to their surface and thus very close to them, can also be observed with molecules which are further from their surface. First, this teaches us that the coupling is not mediated by strong chemical bounds. Second, compared to the ligands, the intensity of the coupling proves to be two times lower in the case of PhTES. This ratio is consistent with a spatial dependence of the coupling following   1 /  r 3   , where r is the QD–molecule distance, therefore compatible with the hypothesis of a dipole–dipole interaction.




2. Materials and Methods


Preparation of CdTe    0 . 25   S    0 . 75    QD. CdTe (cadmium telluride) QDs were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France): Ref. 777935 CdTe core-type 25 mg (www.sigmaaldrich.com/catalog/product/aldrich/777935, accessed on January 2021). These commercial QDs are coated with carboxylic acid functional ligands (COOH) and are provided through water-soluble powders. According to Ref. [33], their mean radius is    R 0  = 1.7 ± 0.3   nm. The stock solution was prepared in Milli-Q water (18 M  Ω ·  cm, Millipore, France) for a QD density   N = 3.66   10 20    m    − 3    (i.e., ∼0.6   μ  M). Previous works [29,30] have shown that the nanocrystals are CdTe    0.25   S    0.75    alloys and that the ligands are HS-(CH   2  )   n  -COOH, with   n ⩽ 3  .



Preparation of Prism/PhTES/QD interface. To graft PhTES molecules and deposit QDs on an equilateral CaF   2   prism (Fichou, flatness:   λ / 4   at 633 nm, sample base size: 25 mm), we first washed the prism in acetone (99.8%, Sigma-Aldrich) and ethanol (99.8%, Sigma-Aldrich) using a sonication bath, and then we cleaned it with a piranha solution (H   2  O   2   30%:H   2  SO   4   96%, 1:2, Sigma-Aldrich). It was rinsed with Milli-Q water (18 M  Ω ·  cm, Millipore, France) and dried under nitrogen gas flow. For the grafting of the PhTES monolayer, we prepared a 5% solution of phenyltriethoxysilane (679291-50G Triethoxyphenylsilane, ≥98%, Sigma-Aldrich) in anhydrous methanol (MeOH, 99.9%,VWR). One percent solution is equivalent to 1 g of PhTES in 100 mL of methanol. The prism was immersed in 4 mL of this solution for 1 h and 30 min under a fume hood at 20 °C, then rinsed in methanol under sonication (four baths of 1 min), and finally dried under nitrogen flow. The result of this process is shown in Figure 1b, step iii. The deposition of QDs then consisted of spreading a droplet (50  μ L) of the stock solution on one face of the prism and drying it with nitrogen.



UV–visible spectroscopy. UV–visible absorbance spectra of the Prism/PhTES/QD sample was recorded using a Cary-5000 spectrophotometer (Agilent) in transmission. A bare CaF   2   prism was used as reference. The absorbance curve was thus obtained by differential measurement.



Non-linear 2C-SFG spectroscopy. Vibrational SFG spectra were acquired thanks to a home-made setup described in Ref. [32]. A pulsed IR laser source (Nd:YVO   4  , 1064 nm, 7.5 ps, HighQ laser) was coupled to an acousto-optic modulator (AA Opto-Electronic, 62.5 MHz micropulse repetition rate, 2  μ s train, 25 Hz macropulse repetition rate) and underwent a power amplification step based on the successive double round-trip passage of the incident beam through two successive water-cooled Nd:YVO   4   crystals (Quantel flash pump laser system); this step temporally widened the pulse up to 12 ps with 1.3 W mean power at the output. The latter was therefore used to pump two optical parametric oscillators (OPO) with a pump power ratio of 35% and 65% for the IR and visible OPOs described, respectively as follows: (i) the IR OPO based on a lithium niobate (LiNBO   3  ) non-linear crystal continuously tunable in the 2500–4000 cm    − 1    spectral range (spectral resolution fixed to 3 cm    − 1    thanks to a Fabry–Perot slide inserted inside the OPO cavity in a direction normal to the beam propagation; output mean power at 3.45 µm: 30 mW) and, (ii) the visible OPO based on a non-linear BBO ( β -BaB   2  O   4  ) crystal continuously tunable between 440 and 710 nm (spectral resolution fixed to 6 cm    − 1    thanks to a Fabry–Perot slide inserted inside the OPO cavity in a direction normal to the beam propagation; output mean power at 520 nm: 20 mW) for which we selected five specific wavelengths in the SFG experiments: 450, 488, 520, 568, and 612 nm, respectively. It is worth noting that the BBO crystal inside the visible OPO cavity was pumped by an ultraviolet beam (wavelength: 355 nm, mean power: 200 mW) obtained after frequency conversion of the pump beam from successive passage through two non-linear crystals: (i) a BBO crystal that converts a part of the incident IR beam (1064 nm) into a green visible beam (532 nm) by frequency doubling, (ii) a LBO (lithium triborate, LiB   3  O   5  ) crystal that mixes the green beam and the remaining part of the incident IR beam, giving rise to the ultraviolet beam by a sum-frequency generation process. The infrared and visible beams were then coherently mixed at the same point of the functionalized surface of the prism, as illustrated in Figure 1a. Both beams were in Gaussian beam mode with 2 mm diameter on the sample surface in order to avoid sample damage. The two input beams were  p -polarized, and the  p -component of the SFG output beam was collected by photomultipliers after spatial and spectral filtering through Raman filters (Kaiser Optical Systems, for each of the five incident corresponding visible wavelengths) and a monochromator (Princeton Instruments, Acton SpectraPro SP-2500, 500 nm triple grating imaging spectrometer). Besides, in order to compensate for the intensity fluctuations of the laser source, the SFG signal of a reference ZnS crystal was acquired in the same conditions and used to normalize the SFG intensity of the sample. 2C-SFG measurements were performed at ambient air in a dark experimental room with temperature fixed at 22 °C. All the laser, OPO, and spectroscopic setups were embedded in a protective box on the optical table with a monitored humidity less than 10% thanks to the presence of a circulating nitrogen flow under the box during measurements, which minimized IR OPO absorption in the probed spectral range.




3. Results


3.1. Structural and Chemical Characterizations of the QD/Molecule Interface


In order to probe the vibroelectronic coupling between QDs and phenyltriethoxysilane (PhTES), the CaF   2   prism was first functionalized by an organic monolayer of PhTES, as depicted in Figure 1b (steps i to iii). The QD layer was then deposited through drop-casting, by drying 50  μ L of a QD colloidal solution under nitrogen (Figure 1b, step iv). The UV–visible absorption spectrum of this Prism/PhTES/QD sample is given in Figure 2a. The semiconductor gap of the CdTe    0.25   S    0.75    QDs was characterized by a first absorption peak located at 488 nm. Thanks to a mathematical model developed in previous works [29,30], it is possible to extract the surface density of QDs, which was here up to 7.68 nm    − 2   , and to estimate a layer thickness of 300 nm. This dense QD layer is expected to contribute to the vibrational SFG signal through the vibration modes of the ligands: mercaptocarboxylic acids, HS-(CH   2  )   n  -COOH, with   n ⩽ 3  . The SFG spectrum of Figure 2b indeed exhibits the five vibration modes of mercaptocarboxylic acids between 2800 and 3000 cm    − 1   . They correspond to [29]: the symmetric (2856 cm    − 1   ), asymmetric (2929 cm    − 1   ), and exotic (2910 cm    − 1   ) stretching modes of CH   2  ; the symmetric (2883 cm    − 1   ) and asymmetric (2871 cm    − 1   ) stretching modes of CH   3   [29,34]. This spectrum also shows a new, intense peak located at 3062 cm    − 1    that can be ascribed to the CH stretching modes of PhTES aromatic rings and, thus, proves how efficient the chemical grafting of PhTES on the prism is. Indeed, such aromatic modes revealed to be hardly observable by SFG spectroscopy on metals [32,35], especially compared with CH   2   and CH   3   stretching modes. Here, we show that the combination of the ATR configuration and the QD layer deposition enhanced the signal associated to aromatic CH stretching modes. The ATR configuration allowed the coupling of light with the PhTES/QD layer through the generation of an evanescent electromagnetic wave at the interface. This evanescent wave had a decreasing intensity through the QD layer in the z-direction normal to the sample surface. The ATR coupling configuration is efficient on a distance related to the wavelength of the beams. In the present case, the visible and incident beams were in total reflection, generating two evanescent waves whose the intensity was significant at least until 450 nm deep in the z-direction because it corresponds to the lowest visible beam wavelength used in the process (while the IR one being around 3 µm is 10 times greater). In both cases, the penetration depth was greater than the sample layer thickness of 300 nm mentioned before. ATR configuration is thus of particular interest in SFG spectroscopy because the surface-specificity of the probe relies on the breaking of symmetry induced by the CaF   2   prism in terms of spatial symmetry (existence of an interface) and local electric field symmetry (existence of a dielectric gap), leading thus to evanescent waves at the sample interface [36]. Moreover, given that SFG is sensitive to the symmetry of the sample in the z-direction pointing out of the interface, the presence of such an intense peak means that the PhTES layer is very well ordered, with a great isotropy of the PhTES monolayer in the   ( x , y )   plane parallel to the prism surface. As a result, PhTES constitutes a very good molecular probe to assess the strength and the range of the vibroelectronic coupling induced by the QDs beyond their ligands.




3.2. Vibroelectronic Correlation between QDs and Aromatic Rings


Benefiting from a tunable visible laser beam, we acquired five vibrational SFG spectra for five different fixed visible wavelengths: 450, 488, 520, 568, and 612 nm (Figure 3a). In order to get a greater precision on the measurement of the vibration amplitude associated to PhTES at 3062 cm    − 1   , we optimized the spatial overlap between the visible and IR beams, at the sample point, over the range 3000–3100 cm    − 1   . This explains why the amplitudes of the aromatic mode (resp. of the ligand modes) were higher (resp. lower) than those of Figure 2b. As expected, the vibration amplitude   a ar   of the aromatic CH stretching mode was maximum when the visible wavelength coincided with the first peak of excitonic absorption at 488 nm. It evidences that the vibroelectronic coupling previously observed with the ligands (chemically bound to the QD surface) was also efficient and above all quantifiable according to the distance, with molecules which are not located within the direct chemical environment of the QDs (and not chemically bound to their surface) as calculated below in Section 4. This was not possible to be calculated in disorganized monolayers made of APTES (3-aminopropyltriethoxysilane) [30]. Here again, the vibration amplitude of the aromatic rings was driven by the linear susceptibility    χ QD  ( 1 )    (  ω vis  )    of the QDs, which was resonant around the semiconductor gap at 488 nm, proving the generality of the first observations [29]. However, contrary to the ligand modes which vanish when the visible wavelength deviated from 488 nm (Figure 3a, 2900–3000 cm    − 1    IR spectral range), the vibration amplitude   a ar   was much less altered at the other four visible wavelengths (Figure 3a, 3062 cm    − 1    IR wave number). This means that the ability of the QDs to modulate the vibrational response of PhTES was weaker than for the ligands.



Arising from a second-order optical process, SFG is driven by the second-order susceptibility tensor of the sample,    χ  i j k   ( 2 )    (  ω vis  ,  ω IR  )   , with   { i , j , k } = { x , y , z }  . Taking into account the planar geometry of the Prism/PhTES/QD interface, it is possible to reduce this tensor to only four components   ( z z z , x x z , x z x , z x x )  , which combine themselves into an effective second-order susceptibility [31,37,38]. Indeed, as calculated in Ref. [29], in [ p : p  p ] polarization combination (for SFG, Vis, IR beams, respectively), only the   z z z  -Local Field factor prevailed in such experiments with an ATR prism; the three other Local Field factors involved   ( x x z , x z x , z x x )   were significantly weaker, and their values were almost constant over the entire visible spectral range. In these conditions, only the   z z z  -component was considered in order to distinguish it from the vibroelectronic coupling between QDs and molecules in our calculations of the vibration mode amplitudes from 2C-SFG experimental data. It is quite logical because this Local Field factor is associated to the z-electric field components of the IR and Visible beams, which are the only ones that probe the sample layer in depth, in the normal direction to the prism base, including therefore the QDs. This leads to consider the well-known following expression of the effective second-order susceptibility to fit the SFG data:


   χ eff  ( 2 )    (  ω vis  ,  ω IR  )  = A  (  ω vis  )    e  l Φ (  ω vis  )   +    a ar   (  ω vis  )     ω ar  −  ω IR  + ı  γ ar    ,  



(1)




thus modeled as the sum of a non IR-resonant term associated to the substrate, whose amplitude and phase are A and  Φ , and an IR-resonant term associated to the PhTES molecules, consisting in a Lorentzian function centered at    ω ar  = 3062   cm    − 1    with the amplitude   a ar   and the damping constant   γ ar  . From the SFG spectra of Figure 3a that give    |   χ eff  ( 2 )    (  ω vis  ,  ω IR  )    |  2    as a function of   ω IR  , it is possible to extract the vibration amplitudes    a ar   (  ω vis  )    of the aromatic rings for the five visible wavelengths. The results of the fitting procedure are gathered in Figure 3b. Figure 3c then reports the five values of    a ar   (  ω vis  )    with respect to the visible wavelength (left-handed color bars). According to the UV-visible absorption spectrum of Figure 2a, the QDs did not absorb at 612 nm, so that we can choose    a ar   ( 612  nm )    as a reference value for which there is no enhancement due to the optoelectronic activity of QDs. The enhancement factor   F ar   at 488 nm is written as follows:


   F ar  =    a ar   ( 488  nm )     a ar   ( 612  nm )    = 1.3 ,  



(2)




which is 1.9 times lower than that of the ligands    F lig  = 2.5   established in Ref. [29] (Figure 3c).





4. Discussion


In order to explain the spectral correlation between    a  lig / ar    (  ω vis  )    and    χ QD  ( 1 )    (  ω vis  )   , we assume the existence of a dipolar coupling between QDs and molecules, stating that the molecules feel the local electric field    E ℓ   (  ω vis  )    produced by the QDs as a response of their excitation by the visible laser beam [29]:


   E ℓ   (  ω vis  )  ∝ κ  ( r )  ·   χ  QD  ( 1 )    (  ω vis  )  · E  (  ω vis  )  ,  



(3)




where the tensor  κ  relates the local electric field produced by the QDs to their dipole moment p:


   E ℓ   (  ω vis  )  = κ  ( r )   p  (  ω vis  )  ,   κ  i j    ( r )  =   3  r i   r j  −  δ  i j    r 2    4 π  ε 0   r 5    ,  



(4)




and   E (  ω vis  )   is the electric field of the input visible beam:   p  (  ω vis  )  ∝   χ  QD  ( 1 )    (  ω vis  )   E  (  ω vis  )   . The dipole–dipole interaction is thus encoded by the tensor   κ ( r )  , depending on the distance r between QDs and molecules. Considering the QDs are isotropic, it is then possible to demonstrate that the vibration amplitudes of the surrounding molecules follow [29]:


   a  lig / ar    (  ω vis  )  ∝  κ  ( r )     χ  QD  ( 1 )    (  ω vis  )   ,  κ  ( r )  =  1  2 π  ε 0   r 3    .  



(5)







Consequently,


    F lig   F ar   =    a lig   ( 488  nm )     a ar   ( 488  nm )    =     r ar   r lig    3      χ  QD / lig   ( 1 )    ( 488  nm )     χ  QD / ar   ( 1 )    ( 488  nm )     = 1.9 .  



(6)







First, we can estimate the QD–ligand distance   r lig   by the mean radius    r 0  = 1.7   nm of QDs [33], and the QD–PhTES distance   r ar   by    r 0  +  L lig   , where   L lig   is the length of mercaptocarboxylic acids. Second, the ratio between the two linear susceptibilities is not equal to 1. Indeed, they are the macroscopic susceptibilities of the QD layers (not the polarizability of an individual QD), and are thus proportional to the QD density within the thick layer. From UV–visible measurements, we extracted a coverage density of 7.68 nm    − 2    for the Prism/PhTES/QD sample. In Ref. [29], we measured a density of 6.6 nm    − 2    for a Prism/QD sample. Hence,


      χ  QD / lig   ( 1 )    ( 488  nm )     χ  QD / ar   ( 1 )    ( 488  nm )     =   6.6   7.68   = 0.86 .  



(7)







Since    F lig  /  F ar  = 1.9  , Equation (6) then leads to


   L lig  =  r 0      1.9   0.86   3  − 1  = 0.51  nm .  



(8)







Given that the QD ligands are mercaptocarboxylic acids of type HS-(CH   2  )   n  -COOH, with   n ⩽ 3  , this value of 0.51 nm must be compared to the lengths of thioglycolic acid, 0.43 nm (  n = 1  ), mercaptopropionic acids, 0.54 nm (  n = 2  ), and mercaptobutyric acid, 0.65 nm (  n = 3  ). As a result, our estimation of    L lig  = 0.51   nm, based on the hypothesis of a dipolar interaction between QD and molecules, is compatible with the chain length of mercaptopropionic acid, which is actually the most commonly used [4,13,39]. In addition, studying the general case of an   r N  -dependence, Figure 4 tells us that the couple of parameters   ( n , N ) = ( 2 , 3 )   is the most consistent. These constitute decisive arguments in favor of an   r 3  -dependence of the vibroelectronic coupling occurring at QD/molecule interface.




5. Conclusions


The strength of a dipolar coupling between semiconductor nanocrystals and phenyl probe molecules was quantified thanks to 2C-SFG spectroscopy performed in ATR configuration. From the measurement of the amplitudes of specific molecular vibration modes as functions of the distance between the QDs and, first, their chemical ligands then, second, a further PhTES monolayer, this study quantitatively evidenced the spatial dependence in ∼1/r   3   of the dipole–dipole interaction. As a collateral result from this observation, 2C-SFG allowed to deduce that, in the present case, the QD ligands are mercaptopropionic acids, information not always given or known by the suppliers whatever the investigated system. Therefore, 2C-SFG spectroscopy proved to be well-suited for molecular recognition by taking profit of such a dipolar coupling from excitons to molecular vibrations. However, it also confirms that neat synthesis protocols and control experiments are mandatory when ligand-capped QDs are operated at the industrial level. Besides, in these extreme conditions, 2C-SFG spectroscopy revealed its potential to be used as an analytical probe for biosensing applications at the nanoscale level. Such an optical technique could therefore be used in the future for any type of sensor based on metal, semiconductor, or hybrid nanocrystals.
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Figure 1. (a) Scheme of the experimental configuration used to perform SFG spectroscopy on a quantum dot (QD) layer deposited on a CaF   2   prism. The surface of the prism is first functionalized by PhTES molecules. (b) Description of the different steps of the chemical preparation of the sample. (i) The prism initially has a surface layer of CaF   2  , which is mainly oxidized. (ii) Hydroxylation then leads to the activation of silanol groups that serve as the attachment base for (iii) the grafting of PhTES molecules. (iv) The deposition of QDs is then obtained by drop-casting. (See Materials and Methods for details.) 
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Figure 2. (a) UV–visible absorption spectra of the Prism/PhTES/QD sample. The continuous curve is a fit to the data. The fitting procedure is only based on two parameters: the surface density   N s   of QDs, and their size dispersion  σ  (radius). (b) Vibrational SFG spectrum of the Prism/PhTES/QD sample performed at a fixed visible wavelength of 488 nm. 
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Figure 3. (a) SFG spectra of the Prism/PhTES/QD interface. These spectra consist in performing the vibrational spectroscopy of the sample over the IR range 2900–3200 cm    − 1    for five different fixed visible wavelengths, as indicated in nanometers on the left. The bold curves are fits to the experimental data. (b) Table gathering the fitting parameters corresponding to the fit curves of Figure 3a. They refer to Equation (1). (c) Superposition of, i, the vibration amplitudes   a ar   of aromatic rings (left-handed color bars), extracted from the fitting procedure, and, ii, the mean vibration amplitudes   a lig   of the five vibration modes of ligands (right-handed color bars), extracted from [29]. To be compared to   a ar  , the vibration amplitudes   a lig   are rescaled so that    a lig   ( 612  nm )  =  a ar   ( 612  nm )   . 
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Figure 4. Drawing of the QD ligand chain length   L lig   (nm) as a function of the order N of the spatial dependence (red curve). The black dots indicate the lengths of the mercaptocarboxylic acids HS-(CH   2  )   n  -COOH (  n ⩽ 3  ). 
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