

  crystals-14-00362




crystals-14-00362







Crystals 2024, 14(4), 362; doi:10.3390/cryst14040362




Article



Analysing the Photo-Physical Properties of Liquid Crystals



Jordan Hobbs, Johan Mattsson and Mamatha Nagaraj *





School of Physics and Astronomy, University of Leeds, Leeds LS2 9BW, UK









*



Correspondence: m.nagaraj@leeds.ac.uk







Citation: Hobbs, J.; Mattsson, J.; Nagaraj, M. Analysing the Photo-Physical Properties of Liquid Crystals. Crystals 2024, 14, 362. https://doi.org/10.3390/cryst14040362



Academic Editor: Serguei Petrovich Palto



Received: 15 March 2024 / Revised: 27 March 2024 / Accepted: 29 March 2024 / Published: 11 April 2024



Abstract

:

Intrinsically fluorescent liquid crystals are highly sought after for a variety of applications. Most of the measurements of photo-physical properties of liquid crystals are made in dilute solutions, which is mainly due to the relative ease of both these measurements and the interpretation of data. The fluorescence spectra depend on a number of parameters including the concentration in liquid crystal solutions, the device geometry, and the mesophase in which the spectra have been measured. Working with neat, or concentrated, liquid crystal samples adds experimental complexities such as the inner filter effect (IFE), which affects the collection of data, interpretation of the results, and accuracy of the conclusions. In this paper, we present a systematic study of the photo-physical properties of both a model reference material, Nile red, and a nematic liquid crystal, 4-cyano-4′-pentylbiphenyl (5CB). The influence on the emission spectra of an increasing solute concentration is investigated and discussed. Moreover, a detailed investigation of the influence of the used device geometry, as well as the choice of appropriate data fitting methodologies, are presented.
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1. Introduction


Thermotropic liquid crystals (LCs) have been used in many applications, such as the now ubiquitous LC displays (LCDs), as the LC director (bulk molecular orientation) can be controlled by external manipulation which, in turn, produces unique changes to the optical behaviour. In LCDs, by far the most successful application of LCs to date [1], an electric field is used to reorient the director in order to obtain optical contrast [2]. Similarly, intrinsically fluorescent LCs are desirable for many applications as their emission properties could be electrically controlled by reorientation of the LC director.



Fluorescence, in general, is the process of spontaneous emission of light by electronically excited species of an organic or inorganic material. To achieve fluorescence, various methods of electronic excitation can be used, including: light in photo-luminescence [3], an electric field in electro-luminescence [4], and ultrasound in sono-luminescence [5]. Applications of intrinsically fluorescent LCs are widespread and include polarised lasers [6,7], fluorescent LCD materials to replace the back-light component found in LCDs [8,9] and improve viewing angles [10], anisotropic organic light-emitting diodes [11,12], fluorescent LC gels for photonic applications [13,14], ink-jet print dyes [15], and 1D semiconductors [16].



The fluorescence emission from LCs has been studied previously. A number of these studies investigate cyano-biphenyl (CB)-based LCs. Through these studies, it has been identified that CB-based LCs form ’excimers’. An excimer is a transient complex formed between the same type of molecules, where one is in the ground state, while the other in the excited state [17]. Excimers are observed in CB materials both in solutions at higher concentrations (>100 mM) and in the neat form [18,19,20,21,22,23]. While LCs are often highly fluorescent in dilute solution, once they are concentrated, either due to the nature of the particular LC phase, or simply due to the increased solution concentration, excimer formation either red-shifts and alters the spectrum, or it quenches the emission entirely [24]. In neat LCs, excimers have been identified both in their LC and isotropic phases [19,21,22]. These excimers are typically found to be long-lived, and they have been suggested to be related to the anti-parallel pair formation that occurs in CB-based materials [23,25,26].



Understanding the photo-physical properties of LCs in solution, i.e., as single molecules isolated from neighbouring LC molecules, is an important precursor to understanding the photo-physical properties of neat LCs. As high-quality UV-Vis and photoluminescence spectrometers are relatively commonplace, making photo-physical measurements on LCs in solution is relatively straightforward. However, interpretation of the data can be more complex, and it is not clear that conclusions based on measurements of LCs in dilute solution apply to LCs used in the neat form. Furthermore, often when the fluorescence behaviour is studied for high concentration solutions and for neat LCs, either the contributions from the so-called inner-filter effect (IFE) (details in Section 2.2) are ignored, or not enough details are provided in the description of the experimental geometry to accurately interpret and understand the presented results. In CB-based LCs, often the IFE, and its contribution to measured emission and excitation spectra, has not been considered and discussed. We note that the shift in emission wavelength caused by the excimer formation is often large enough in CB-based LCs that correct conclusions have often been reached in spite of this oversight even though this is not always true.



To address these issues, this paper provides a systematic investigation of some key photo-physical properties of a cyanobiphenyl LC, 5CB, which is often used in the literature as a ‘standard’ nematic LC for such investigations. The photo-physical effects are first investigated using a standard fluorophore, Nile red, which does not show excimer formation unlike the cyanobiphenyl LCs. The results from Nile red are compared to corresponding results from 5CB. The paper establishes the effect of Nile red and 5CB concentrations (in solution) on the emission properties, and it explains how the IFE can alter the observed spectral concentration dependencies seen in both materials. The investigation of the emission and excitation spectra of Nile red also shows how such spectra can distort at high concentrations in sample geometries such as cuvettes. Even though Nile red does not undergo any changes to the ground state at the concentrations studied here, spectral distortions to the emission and excitation spectra of Nile red are still observed even at relatively low concentrations. We further evaluate the role of the measurement device geometry on the measured emission spectra, using results from front-facing (defined in detail in Section 2.2) measurements on LC cells, which significantly minimise spectral alterations due to the IFE. Finally, the influence of the applied analysis procedures such as fitting routines of the emission spectra, on the final results, are discussed in detail.




2. Theory


2.1. The Effect of Concentration


The quantum yield of a fluorophore,   Φ F  , is defined as the number of emitted photons relative to the number of absorbed photons. Mathematically, this can be written as


   Φ F  =  ∫  0  ∞   F λ   (  λ F  )  d  λ F  ,  



(1)




where    F λ   (  λ F  )    represents the probability that an absorbed photon is emitted at a specific wavelength,   λ F   [3]. The fluorescence intensity,   I F  , is thus simply proportional to    F λ   (  λ F  )    and the number of photons absorbed by the fluorophore,    I A   (   λ E   ). This means that the fluorescence intensity of a fluorophore can be written as


   I F   (  λ E  ,  λ F  )  = k  F λ   (  λ F  )   I A   (  λ E  )  ,  



(2)




where   λ E   and   λ F   denote the wavelength of excitation and emission, respectively, and k is a constant which includes various experimental contributions, such as the bandwidth of the monochromators and the optical configuration [3].



   I A   ( λ )    can be written as:


   I A   (  λ E  )  =  I 0   (  λ E  )  −  I T   (  λ E  )  ,  



(3)




where    I T   ( λ )    is the intensity transmitted through the sample. From the Beer–Lambert law,    I T   (  λ E  )    can be written as:


   I T   (  λ E  )  =  I 0   (  λ E  )  exp  ( − 2.3 ε  (  λ E  )  l c )  ,  



(4)




where l is the path length through the sample, epsilon(symbol) is the molar absorption coefficient and c is the concentration of the fluorophore in solution. All three of the Equations (2)–(4) can be combined to give the following:


   I F   (  λ E  ,  λ F  )  = k  F λ   (  λ F  )   I 0   (  λ E  )   [ 1 − exp  ( − 2.3 ε  (  λ E  )  l c )  ]  .  



(5)




The exponential can then be expanded to an infinite series for which the higher-order terms become negligible at low concentrations, allowing for further simplification:


   I F   (  λ E  ,  λ F  )  = 2.3 k  F λ   (  λ F  )   I 0   (  λ E  )  A  (  λ E  )  ,  



(6)




where   A  (  λ E  )  = ε  (  λ E  )  l c   is the absorption at the excitation wavelength   λ E   (i.e., the Beer–Lambert law [27]). The final step is to integrate over the whole emission spectrum, which yields the following:


   I F   (  λ E  )  = 2.3 k  Φ F   I 0   (  λ E  )  A  (  λ E  )  .  



(7)




This expression gives the fluorescence intensity as a function of parameters that are relatively simple to measure, except for k. Equation (7) shows that for lower concentrations, the fluorescence intensity of emission is directly proportional to the fluorophore concentration. However, expansion of the exponential concentration dependence (   I F   (  λ E  )  ∝  e c   ) to a linear behaviour (   I F   (  λ E  )  ∝ c  ) is only valid for low concentrations, and at some concentration, all of the incoming light will be absorbed by the fluorophore, leading to an upper-limit/saturation in fluorescence intensity. Equations (2) and (3) can be combined and then integrated over all emission wavelengths to give [28]:


   I F   (  λ E  , c )  = k  Φ F   [  I 0   (  λ E  )  −  I T   (  λ E  , c )  ]  .  



(8)




A clear implication of this is that when all the light is absorbed by the sample, i.e.,    I 0   (  λ E  )  > >  I T   (  λ E  )   , the effect of concentration on the emitted intensity is lost. By measuring the fluorescence intensity for increasing concentrations e.g., of LCs in solution, this behaviour is often not observed due to another effect called the inner filter effect [28].




2.2. The Inner Filter Effect (IFE)


Liquid crystals are generally optically very dense in their LC state due to high amounts of absorption and scattering, which makes them difficult to study in neat form using traditional fluorescence spectroscopy methods. The IFE is suggested to be the root cause for this [28,29]. The IFE has been suggested to be present at some level in almost all published emission measurements [30]. However, despite its almost universal appearance, it is often ignored in the literature, which can lead to incorrect and misleading conclusions; the IFE can both dramatically quench emission intensity and induce significant spectral distortions [28,29].



There are two key types of IFE: primary and secondary IFE. Primary IFE is a natural consequence of the sample absorbing light. As light travels through the sample, individual photons are absorbed before being emitted in a random direction, resulting in fewer photons reaching the measurement volume. If the concentration of absorbing species is high enough, almost no light will reach the measurement volume and the measured fluorescence intensity will be significantly reduced. Secondary IFE, sometimes known as secondary absorption, is where a photon emitted by the fluorophore is absorbed by another molecule and is then emitted in a random direction before it reaches the detector. This will induce significant spectral distortions due to lost photons. The smaller the overlap between the emission and absorption, or excitation peaks (the Stoke’s shift), the stronger the effect of secondary IFE becomes [29].



In the most commonly used experimental geometry for measuring fluorescence spectra, the sample is contained in a cuvette placed along the beam path, and the data are collected at a right angle (shown in Figure 1a). As both primary and secondary IFEs significantly influence experiments in this geometry, many suggestions to correct for these effects have been proposed [28,29,31,32]. However, these correction methods often require complicated experimental setups, significant time for data collection, and do not provide notable reduction in errors. Therefore, it has been suggested that front-face measurements (such as the one shown in Figure 1b) offer significant advantages over these other techniques; the front-face measurement geometry avoids the excitation and emission paths passing through the entire sample [33], which makes correcting for IFE simpler. It has recently been shown that it is extremely difficult to completely eliminate the IFE from any measurements, and the IFE can only be minimised by use of front-face measurements on thin-film samples [29]. Thus, importantly, the thin sandwich cells typically used to study many properties of LCs provide an ideal geometry for front-facing photo-physical studies.





3. Materials and Methods


All materials, including solvents, used in this study were purchased from the commercial supplier Sigma-Aldrich and used without further purification. Care was taken to only use spectroscopic grade solvents of the highest purity (>99.5% as rated by the manufacturer) since trace impurities are often fluorescent and so would be detectable in the measured emission and excitation spectra. The chemical structures of 9-(Diethylamino)-5H-benzo[a]phenoxazin-5-one (Nile red) and the liquid crystal used in this study, 4′-pentyl-[1,1′-biphenyl]-4-carbonitrile (5CB), are shown in Figure 2. The LC exhibits a nematic phase at room temperature and a nematic to isotropic phase transition at 35.5 °C. Both Nile red and 5CB are easily soluble at relatively high concentrations using standard solvents such as methanol.



The fluorescence experiments were carried out using an Edinburgh Instruments FLS1000 photoluminescence spectrometer equipped with dual monochromators on both the excitation and emission sections of the fluorimeter. An ozone-free xenon arc lamp was used to excite the samples. The slit bandgaps, which control the bandwidth of the emission and excitation, were set to values between 0.5 and 1 nm depending on the intensity of the sample. The values were kept consistent for each individual sample in order to allow for a direct comparison of intensities. For experiments involving a cuvette geometry, quartz cuvettes with a 1 cm path length were used for the solutions. A N-K02exd TE sample holder was used to hold the cuvettes within the spectrometer. All measurements using cuvettes were conducted using the right-angle geometry shown in Figure 1a.



In experiments where LC cells were used, the light was directed via optical fibres to a temperature-controlled hotstage (T95, Linkam Instruments). The hotstage was mounted in a reflection geometry, such that the excitation and subsequent collected emission light were normal to the LC director for samples in a planar aligned nematic LC cell. A schematic representation of this experimental geometry is provided in Figure 1c. The LC cells/devices used in this study were purchased from commercial suppliers (AWAT, Poland), and the cells were filled in the nematic phase of 5CB. Planar alignment is achieved using rubbed polyimides with the two substrates assembled in an anti-parallel arrangement. The alignment quality and phase transition temperatures in the cells were checked using polarised optical microscopy (POM) before being used. The glass substrates (with a glass thickness of ∼1 mm) cause an attenuation of the excitation beam and a slight distortion of the emission spectra at wavelengths below 350 nm. Beam attenuation reduces the overall emission intensity, and this will be wavelength independent. The soda-lime glass shows reduced transparency below 350 nm (≃20% at 320 nm), which in turn reduces the intensity of the emission spectra below 350 nm. These effects are consistent across all experiments conducted in LC cells and do not change as a function of temperature, cell gap or concentration; therefore, these effects could be ignored. Cells fabricated using quartz glass could be used instead if the investigated material requires access to wavelengths below 350 nm. For the materials used in this study, this was not necessary. All emission and excitation measurements were corrected for the optical efficiency of the optical components within the spectrometer, and for a variation in bulb intensity across the spectrum using the stock correction files provided by the spectrometer manufacturer, which includes the optical efficiency of the optical fibres.




4. Results and Discussion


4.1. Nile Red—A Non Liquid Crystalline Fluorophore


Nile red is a commonly used dye [35,36] that can form H-aggregates (these are side-to-side parallel aggregates [37]) while in aqueous solution, which quenches the emission [38]. The dye does not undergo any changes in its photo-physical behaviour for the concentrations studied here in non-aqueous solutions such as methanol [36,39]. Typical excitation and emission spectra for three different concentrations of Nile red in methanol, recorded at 640 nm and 555 nm, respectively, are shown in Figure 3. From these graphs, it is clear that Nile red in 100 μM solution has a lower emission intensity than in the 10 μM solution. The normalised spectra also demonstrate that as the concentration of Nile red increases, the shape of the peak changes on the lower wavelength side.



Equation (7) shows a linear relationship between intensity and concentration though it should be noted that this equation is specifically only valid for low concentrations as discussed in Section 2.1, and the results here could be interpreted as a violation of that linear dependence. However, the lack of a linear relationship between intensity and concentration, and the variation in peak shape, can in fact be attributed to the IFE. As the primary IFE acts to absorb the excitation beam before it reaches the measurement volume, the observed reduction in emission intensity can be unrelated to any changes in material properties, such as quantum yield or intermolecular interactions. Similarly, the distortion in the emission shape profile is due to the secondary IFE, where the light that is emitted from the measurement volume is re-absorbed by Nile red molecules situated between the measurement volume and the detector. These photons are then re-emitted in random directions, which means that the chance of them being captured by the detector is low, and many of these photons are effectively lost [40].



The excitation spectra of Nile red also show effects of IFEs: both the lack of a linear concentration dependence of the peak intensity, and shape changes of the emission peaks are observed; the latter is most clearly observed for the 100 μM solution, where the single emission peak splits into two. The latter behaviour could be interpreted as a physical change in the ground state of the sample; however, we know for Nile red that this is not likely for these concentrations in this solvent. The more likely cause is primary IFE, where Nile red absorbs strongly at the investigated concentrations, thus preventing the excitation beam from reaching the measurement volume at its full strength, which reduces the emission intensity. Outside of the peak center, Nile red is less absorbent, and more incoming light can thus reach the measurement volume, resulting in artificial peaks at 480 nm and 605 nm.



The peak positions shown in the excitation spectra are thus determined from a balance between the increased intensity of the excitation source reaching the measurement volume and the reduced absorption coefficient of Nile red at these wavelengths. Spectral distortions due to IFE can be seen even at the relatively low concentrations of 10 μM where a slight increase in peak width can be seen when compared to the peak of the 1 μM solution.



Table 1 provides the intensity counts for the Nile red excitation peaks observed at different concentrations. The table shows that the intensity for the 550 nm emission peak at a concentration of 10 μM is 6.4 times the intensity of the 1 μM solution, even though a 10 times increase is expected based on a linear intensity vs. concentration. These non-linearities are reduced at the edges of the peak, where the absorption is reduced and hence also the effect of primary IFE. Excitation measurements at 450 nm, well away from the peak absorption, show the best agreement with the linear concentration vs. intensity dependence, even though the correlation is still not accurately following a linear behaviour.



Overall, the investigation of the emission and excitation spectra of Nile red shows the limitations of these types of measurements performed in cuvettes, especially at relatively high fluorophore concentrations. Even though Nile red does not undergo any changes to its ground state for the concentrations studied here [36,39], spectral distortions to the emission and excitation spectra are observed for concentrations even as low as 10 μM. While the concentration at which one begins to observe spectral distortions due to IFE changes from sample to sample (as demonstrated in the next section for 5CB), as shown from the work presented here, 10 μM is a commonly used dilute concentration. The presented results also show that the spectra, even for concentrations as low as 10 μM, are slightly distorted, which is a fact that must be considered when analysing the photo-physical measurements of liquid crystals.




4.2. 5CB—Measurements Made in Cuvettes


Figure 4 shows the emission and excitation spectra of 5CB measured at 280 nm and 340 nm, respectively. Since 5CB is a nematic LC at room temperature, it is easily dispersed even at high concentrations using standard lab solvents such as methanol or acetone. This allows measurements of emission spectra up to concentrations as high as 100 mM. In the excitation spectra, the same splitting of the excitation peak that was seen for Nile red occurs also for 5CB at a concentration of 100 μM. As the concentration was increased further, the double peak increasingly separates until it becomes a single peak, which then continuously moves to longer wavelengths.



Similar to the behaviour of Nile red, the emission spectrum of 5CB does not follow a linear relationship over the investigated concentrations as we would expect from the simplified expression in Equation (7), although it should be noted that this equation is specifically only valid for low concentrations as discussed in Section 2.1. Spectral distortions are clearly visible, and the blue edge of the emission spectra red-shifts for increasing concentrations. 5CB has a smaller emission and excitation peak overlap compared to Nile red and is thus less affected by secondary IFE: concentrations as high as 1 mM are required for red-shifting to become visible, while for Nile red, red-shifting effects became visible at 10 μM. As mentioned before, we note that both the peak shape, the peak width, and the Stoke’s shift affects the overlap between the emission and excitation peaks of a given material and thus how much a particular material is affected by the IFE.



An additional effect that is present in 5CB, but does not occur in Nile red, is the formation and subsequent emission from excimers. The presence of excimer emission in liquid crystals has been proposed based on the emission measurements of highly concentrated solutions of LCs in isotropic solvents [19,20,21,22,23]. For example, the calamitic LC, 5CB, dissolved at low concentration (1.7 μM) in isopropyl alcohol (IPA) showed fluorescence emission at 335 nm, while at high concentrations (0.5 M), it instead showed a new emission peak at 380 nm but with a shoulder at 335 nm [21]. This red shift was attributed to excimer formation between anti-parallel (AP) pairs of 5CB molecules. These AP pairs are also known as ‘dimers’. Moreover, it has been shown that excimer formation in all nCBs and nOCBs is related to the same anti-parallel (AP) pair formation that is often stated as a ‘stabiliser’ for the LC phase [23,25,26]. However, although excimer emission for the nCB and nOCB series of LCs has been well studied [19,20,21,22,23,41,42,43,44], correct consideration to how the IFE may have affected those results has not always been given.



In Figure 4, for the high concentration samples (10 mM and 100 mM), an increase in the relative intensity can be seen near 400 nm. While some of this effect will be due to the secondary IFE, IFE-induced spectral distortions affect the lower wavelength side of the peaks more strongly and would be unlikely to be the cause of the big growth in emission at 375 nm for the 100 mM solutions. The main cause of this significant red-shift is more likely to be due to excimer formation, which for 5CB tends to happen in highly concentrated solutions. For the 100 mM sample, 5CB now emits more strongly at 375 nm than at the original peak position of 330 nm, which suggests that excimers appear to be the dominant emitting species. However, without being able to fully deconvolute the IFE and excimer induced red-shifts, it is difficult to conclude this for certain. Therefore, both better understanding excimer emission, and being able to effectively separate it from the primary and secondary IFE, is key to properly understanding the photo-physical properties of nCB liquid crystals.




4.3. 5CB—Front-Facing Measurements


Measurements of 5CB in methanol at concentrations of 100 mM and comparisons with literature where excimer formation has been demonstrated in solutions of 5CB in IPA [21] demonstrate that excimers are present and that they influence the measured spectra. It is also clear that above a certain system-dependent concentration, the IFE is very strong in these optically dense systems, and this effect will be exacerbated for neat materials as the nematic phase will have considerably higher scattering due to director fluctuations and defect formation.



To minimise the IFE effects, measurements were performed in a front-facing geometry using LC cells, as discussed in Section 3. As described in Figure 1c, fibre optics are used both for the excitation light and for collecting the emission from the sample; the LC sample was contained in a LC cell and placed on a hot-stage connected to a temperature controller. The LC cells contained alignment layers on both the top and bottom substrates. These layers, and the rest of the LC cell assembly, induce a stable and weak spectral contribution; this contribution can be accurately removed by subtraction from the recorded data. This process is shown in Figure 5a. For 5CB, a relatively highly fluorescent fluorophore, the empty cell is not particularly significant; however, for very thin samples or samples with a lower fluorescence output, this step can become extremely important.



Figure 5b,c show the emission spectra of neat 5CB in its isotropic and nematic phases respectively, which were obtained using front-facing measurements in both LC cells and in a cuvette using the 90° angle method, respectively. The figure contains results from LC cells of different cell gaps, varying from 2 to 110 μm. These cells thus correspond to different optical path lengths for the excitation and emission beams. In both the isotropic and nematic LC phases, the IFE effects are minimised in the front-facing geometry compared with results from cuvettes. Therefore, the spectra presented here are highly accurate emission spectra of 5CB without experimental artefacts. A comparison of measurements from cells and cuvettes also demonstrates the magnitude of the IFE-induced spectral distortions in 5CB (both in the nematic and isotropic phases).



Overall, spectra for all of the investigated cell gaps, for 5CB in both its isotropic and nematic phase, show good agreement. This demonstrates that the resulting spectra remain largely unchanged even though thinner cells show significant surface anchoring effects, whereas for thicker cells (e.g., 110 μm), the anchoring effects are much less relevant. At 30 °C, in the nematic phase, a good agreement between different cells is observed for front-facing measurements. The spectra from the 110 μm cell show a slight change compared to the rest, which could be due an imperfect director alignment in the cell; this will increase scattering effects and slightly change the spectra. However, these distortions are negligible when compared to the significant differences between the spectra from cells and cuvettes, where different peak positions, and shapes, are observed for cells vs. cuvettes.



The comparison of results from cells and cuvettes shows the significance of correct consideration, and minimisation of the IFEs, in photo-physical studies. The effects of IFE could also be used to understand the penetration depth of incoming light in optically dense materials. We know that primary IFE attenuates the excitation light, which implies that the sample fluorescence only has contributions from before this sample-characteristic depth.



Figure 5c shows a plot of the overall intensity, defined as the numerically integrated area of the peak, as a function of the cell gap, for a 5CB LC in both its isotropic and nematic phases. It is clear that by 20 μm, the emitted intensity is significantly saturated, suggesting that the measurement can only study the sample to a depth of around 20 μm.




4.4. 5CB—Fitting the Emission Spectra


Once the emission spectra have been measured, a quantitative analysis can be conducted. Often, Gaussian peaks are used to fit fluorescence data [42,45,46,47,48,49], although sometimes other peak types [50] are being used. The fitting of peaks to the fluorescence spectra can be an important step and needs to be carried out correctly to reach correct conclusions on the physical origin of these spectra.



Spectrometers record photon counts per wavelength; however, processes that act to broaden emission spectra act on the energy scale, not on a wavelength scale. Furthermore, inhomogeneous broadening effects such as Doppler broadening [51] and the solvent ‘cage’ effect, where the variations in local environment leads to a statistical distribution [52], often result in the emission shape being Gaussian on an energy-based scale [53,54,55]. The wavelength is inversely proportional to energy; therefore, the y-axis conversion from intensity as a function of wavelength to intensity as a function of energy is not as simple as the x-axis conversion. Instead, a Jacobian conversion is required to convert the y-axis of the measured emission spectra. The conversion is needed before applying a fitting procedure using Gaussians [56].



Due to the inverse relationship between wavelength and energy, measurements evenly spaced on a wavelength scale will not be evenly spaced on an energy-scale. For example, a properly converted constant signal on a wavelength scale will not be constant on the energy scale; instead, the counts per unit energy is higher at lower energy/higher wavelength, resulting in a curved behaviour. The conversion has an even more significant effect on a Gaussian peak, and incorrectly fitting Gaussians on a wavelength-scale can thus lead to erroneous results. Figure 6 shows how three Gaussians, differing only in their peak positions, change shape when converted from wavenumber to wavelength scales. Peak 1 (black; left in Figure 6a) and right in Figure 6b) is significantly stretched in width and shrunk in height compared to peak 3 (blue; right in Figure 6a and left in Figure 6b). Note that all the Gaussians in the wavelength scale plot (Figure 6b) have been normalised relative to the tallest Gaussian, which has also been normalised to 1.



The Jacobian conversion is defined as


  f  ( E )  = f  ( λ )    d λ   d E   ,  



(9)




where E is the energy and  λ  is the wavelength, although E can be any quantity that is proportional to the energy. For the wavenumber-scale, this means that


  f  (  ν ¯  )  = − f  ( λ )   λ 2  ,  



(10)




where   ν ¯   is the wavenumber and


   ν ¯  =  1 λ  .  



(11)







Once the data have been correctly converted, Gaussians can be fitted to obtain details about the spectra. A good general approach is to first perform a fit using only a single Gaussian, which is followed by checking the resulting fit residuals. If the fit residuals show only random noise, the Gaussian fit can be accepted. However, if the residual demonstrates a trend beyond random noise, an approach using a sum of multiple Gaussians can be attempted. The investigation of the residuals is repeated until a sufficiently good fit is obtained.



Figure 7 shows the emission spectrum of 5CB in its isotropic phase at 60 °C. The graphs show the results of fitting (a) one and (b) two Gaussians to the experimental spectra. For the single Gaussian fit, the residual contains a significant structure clearly not resulting from random noise. This is also clear from Figure 7a, which further confirms the inadequate quality of the fit. By adding a second Gaussian, the structure in the residuals is significantly decreased, and a good agreement between the fit and the data are observed, as shown in Figure 7b. For 5CB, the dual Gaussians correspond to ‘monomer’ emission and ‘excimer’ emission for the high wavenumber (lower wavelength) and low wavenumber (high wavelength) peaks, respectively. For the cuvette measurements, only a small emission shoulder at 350 nm (28,600 cm−1) is observed for the monomer contribution (Figure 4 100 mM), suggesting that the excimer emission is the dominant contribution. However, due to the dominance of IFE, this is difficult to conclude with certainty. Using front-facing measurements, the IFE can be significantly reduced, and hence it can be concluded with certainty that the excimer emission is the dominant contribution even at 60 °C, which is 25 °C above the transition to the nematic phase. Since excimer formation has been linked to AP pair formation in cyanobiphenyl liquid crystals [23], from front-facing experimental results, it is clear that the AP pair formation occurs far from the nematic phase, which is in agreement with the measurements made using dielectric spectroscopy on these liquid crystals [57].



The approach discussed here can be applied to the emission spectra of materials in general, and even though the interpretation of the physical/molecular origin of each fitted Gaussian is not necessarily trivial, performed correctly, this simple analysis can allow for a deeper understanding of the photo-physical properties of materials [58].





5. Conclusions


Fluorescent LCs are highly desirable for a wide variety of applications. However, measuring, understanding, and interpreting their photo-physical properties can be difficult due to secondary effects such as the IFE. Both highly concentrated LC solutions, and neat LCs, are optically highly dense and even though IFEs are present in almost all photo-physical measurements, they are exacerbated in optically dense media. This paper provides a systematic investigation of how IFEs can manifest in the fluorescence data. We illustrate the effects for two classes of materials, using (i) the fluorophore, Nile red, which does not show any spectral changes due to aggregation/collective behaviour for the solvents used here, and (ii) the liquid crystal, 5CB, which shows excimer formation at high concentrations and in neat solutions. The influences of solute concentration and optical path length on the results and the interpretations are discussed in detail. We demonstrate that by using front-face measurements, spectral distortions can be minimised, resulting in highly accurate emission spectra. Once, accurate spectra are obtained, the Jacobian wavelength-to-energy conversion should be used for correct descriptions of the peak behaviour; this procedure is illustrated using a sum of two Gaussians to describe the monomer and the excimer emission contributions, respectively, for 5CB.
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Figure 1. Schematic diagram of two commonly used sample geometries for fluorescence measurements. (a) Shows the most commonly found 90° geometry and (b) shows the alternative front-facing geometry, in cuvettes. (c) Schematic representation of the alternative geometry of measurement compatible with ‘standard’ LC cells, which allows for measurement of the emission properties of LCs as function of temperature, surface conditions etc. As the angle  α  is 20°, this can be considered as a front-face measurement [34]. In all figures, blue arrows indicates the direction of excitation, green arrow indicates the direction of observed emission and the orange area indicates the samples’ measurement volume. 
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Figure 2. Chemical structures of (a) Nile red and (b) 5CB, the fluorescent materials used in this study. 
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Figure 3. Excitation (dashed lines) and emission (solid lines) spectra of Nile red at various concentrations in methanol. The excitation and emission spectra were recorded at 640 nm and 555 nm, respectively. Shown on (a) is the raw spectra while on the (b) is the normalised spectra. The flattening of the excitation spectra of 10 μM and the subsequent splitting of the spectra into two peaks at 100 μM are due to the primary IFE. The normalised emission spectra show the effects of secondary IFE on its blue edge where there is some spectral distortion. 
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Figure 4. Excitation (dashed lines) emission (solid lines) spectra of 5CB in various concentrations in methanol recorded at 340 nm and 280 nm, respectively. The raw spectra are shown in (a), and the normalised spectra is shown in (b). 
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Figure 5. (a) Demonstration of the background subtraction process for 5CB at 40 °C. Emission spectra of neat 5CB liquid crystal at (b) 40 °C (isotropic phase) and (c) 30 °C (nematic phase). The results were obtained using front-face measurements in LC cells with various cell gaps. This is compared with the result obtained from neat 5CB in a cuvette of 1cm path length using the 90° angle method (orange solid line). (d) shows the cell gap dependence of emitted intensity, obtained by integrating the area under the emission spectra, for isotropic (black squares) and nematic phases (red circles). 
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Figure 6. (a) Arbitrary Gaussian peaks with the same height and width parameters evenly spaced on a wavenumber scale. (b) The same arbitrary Gaussian peaks correctly converted to the wavelength scale showing how Gaussian-shaped spectra are asymmetrically stretched on the wavelength scale vs. the wavenumber. 
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Figure 7. Results from fitting (a) a single Gaussian peak and (b) a double Gaussian peak to the emission spectra of 5CB in the isotropic phase using front-facing measurements. Figures (c,d) show the fitting residuals. Studying the fitting residuals here shows how a single Gaussian does not adequately describe the emission spectra of 5CB at this temperature. 
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Table 1. List of intensity counts taken from the raw excitation spectra of Figure 3 for specific wavelengths for the three different concentrations of Nile red in methanol. The factors in brackets indicate the multiplication factor of the counts from their respective lower concentrations.
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	c (μM)
	450 nm
	500 nm
	550 nm
	600 nm





	1
	43,000
	254,100
	491,500
	169,000



	10
	419,400 (9.7×)
	2,005,200 (7.9×)
	3,161,100 (6.4×)
	1,429,100 (8.5×)



	100
	2,665,800 (6.4×)
	3,267,200 (1.6×)
	1,077,500 (0.34×)
	3,743,100 (2.6×)
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