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Abstract

:

Studies of the growth of large-area free-standing single-crystalline films of p-quinquephenyl are presented. High-quality crystals were grown by slow cooling of a hot chlorobenzene solution. Worse quality large-area free-standing single crystals of p-quinquephenyl were also grown by using physical vapor transport and used for comparison. The crystal structure of p-quinquephenyl at 293 K and 85 K was refined by single-crystal X-ray diffraction. The optical absorption and photoluminescence spectra of solutions and crystalline films were obtained and analyzed; a positive solvatochromic effect was detected.
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1. Introduction


Linear π-conjugated oligomers are of great interest for organic optoelectronics as substances on the basis of which it is possible to grow single-crystal films or plates with a minimum number of defects using growth methods from solutions or by vapor deposition. This makes it possible to achieve high electrical and electro-optical characteristics in devices [1,2,3,4,5,6,7,8]. P-quinquephenyl, consisting of five conjugated phenyl rings (5P), belongs to a family of linear oligophenyls, which are known as highly stable blue emitters with a high external photoluminescence quantum yield (PLQY) in the crystals [9].



5P crystals are still understudied in terms of their electrical properties. In particular, there is a publication on the study of hole transport mobility using the field-effect transistor method in a 5P polycrystalline film [10]. In the other recent work [11], it was reported that potassium-doped p-quinquephenyl crystals exhibit superconducting properties at temperatures below 7.3 K.



As far as growth of 5P crystals is concerned, the literature mainly contains information on the growth of thin polycrystalline films on the substrates by thermal vacuum deposition [12,13,14], while there is no information on the growth of large single-crystalline 5P films. To obtain single crystals, growth methods from solutions are the most attractive because of their simplicity and efficiency, but, in this case, solubility of the oligomer for the crystal growth is a key factor. At room temperature, the solubility of p-quinquephenyl is very low (C < 0.1 g/L [15]) and, therefore, growth of relatively large crystals from solutions under these conditions is hardly possible. One of the approaches to increase solubility of the oligomer in order to improve its crystal growth characteristics is to add branched terminal substituents into the molecular structure. However, this approach will naturally lead to a change in the crystal structure, which will be more friable, and, accordingly, to a greater or lesser extent, will affect the electrical and optical properties of the crystals [16,17,18,19,20]. Without changing the chemical structure, it is possible to significantly improve the solubility of the oligomer due to a substantial increase in the solution temperature.



This work presents the results of large-area film-like free-standing single crystals of p-quinquephenyl growth by slow cooling of a hot chlorobenzene solution. To obtain 5P single crystals, we have also used the method of physical vapor transport, which has been proven to crystallize low-soluble conjugated oligomers [21,22,23]. Using single-crystal X-ray diffraction, the crystal structures were refined at 85 K and 295 K. An analysis of the optical absorption and photoluminescence spectra in 5P solutions and crystalline films is also reported.




2. Experimental Section


2.1. Materials


The 5P was synthesized according to the procedure described earlier [24]. Chlorobenzene (analytical grade) was bought from EKOS-1 (Moscow, Russia). Hexane (analytical grade) and tetrahydrofuran (THF) (analytical grade) were obtained from Sigma-Aldrich (Moscow, Russia). Nitrogen (purity 99.9999%) was purchased from NII KM Ltd. (Moscow, Russia).




2.2. Crystal Growth


A relatively higher solubility of 5P can be achieved by significant heating of its solution. In this regard, the method of slow isochoric cooling of the pre-heated 5P solution was applied. Chlorobenzene was used as a solvent. The 5P solution with an initial concentration of 0.4 g/L was preliminarily prepared in 20 mL glass vials within 2 h at 50–60 °C using an ultrasonic bath PCB-2835-05 (Moscow, Russia). As a result of this treatment, the substance could not be completely dissolved. Therefore, the solution was heated to 120 °C and kept at this temperature for about 2 h until the microfine crystalline precipitate at the bottom visually completely disappeared. After that the solution was slowly cooled down at the linear rate of 0.1 K/h within 32 days, until 43 °C was reached. Heating, isothermal aging and slow cooling of the solution were carried out in a growth resistance furnace of the original design with the use of a Thermodat-16K6 thermo-controller (Thermodat, Permian, Russia). To stabilize the temperature of the solution inside the furnace, a brass cup holder was made with a side wall thickness of 2 mm and a bottom thickness of 5.5 mm. At the bottom of the cup holder, there was a small window to observe the degree of dissolution under UV light.



The method of physical vapor transport (PVT) [21] was also applied for the growth of 5P crystals. The inner diameter of the growth quartz tube was 19 mm. Nitrogen was used for purging the growth tube. Control of the inert gas flow in the growth pipe in low-intensity mode (~0.2 L/h) was carried out using a flow-meter controller RRG-12 with an external control interface RRG-K (Eltochpribor Ltd., Moscow, Russia). Crystal growth was carried out at the temperature of 310–315 °C at the source of the substance over 2.5–3 days (Figure 1). Figure 1 shows a temperature profile inside the growth tube, which specifies positions of the substance source and the crystal growth zones. The surface inside the growth quartz tube was coaxially closed with 20-μm thick aluminum foil for the convenience of subsequent extraction of the crystalline films. Large 5P crystals were formed almost without any adhesion to the surface of the aluminum foil, so that they could be easily removed without violating their integrity.




2.3. Optical and Laser Confocal Microscopy


The surface morphology and the crystal habit were investigated using an Olympus BX61 (Tokyo, Japan) optical microscope and an Olympus LEXT OLS 3100 (Tokyo, Japan) laser scanning confocal microscope. The thickness of crystalline films was determined on the Olympus LEXT OLS 3100 microscope in scanning confocal mode.




2.4. X-Ray Diffraction


X-ray intensity data sets for 5P solution-grown single crystals of no more than 0.5 mm in size were collected at room temperature and at 85 K on an Xcalibur Eos S2 X-ray diffractometer (Rigaku Oxford Diffraction, Abingdon, Oxfordshire, UK) (Mo Kα radiation). The experimental data were processed using the CrysAlis program (Rigaku Oxford Diffraction, Abingdon, Oxfordshire, UK) [25]. The rest of the calculations were performed using a crystallographic software package JANA2006 (Praha, Czech Republic) [26]. A model of the atomic structure of a crystal consisting of carbon atoms was obtained by the charge flipping method, using the SUPERFLIP program [27], which is part of the JANA2006 program package. The structural parameters were refined using the least squares method in the full-matrix version.



The structure of 5P vapor-grown crystals, because of their low morphological quality, was studied using a Miniflex 600 powder X-ray diffractometer (Rigaku, Japan) with Cu Kα radiation (λ = 1.54178 Å, recording speed of 2 deg/min).




2.5. Absorption and Photoluminescence Spectra


The absorption spectra of 5P solutions were measured on a Shimadzu UV-2501PC spectrophotometer (Kyoto, Japan) in quartz cuvettes with an optical path length of 10 mm. The photoluminescence (PL) spectra of 5P solutions and large free-standing single-crystalline films were recorded on an ALS-1M spectrofluorimeter with two MUM-5 monochromators and a quantum counter (developed at the Institute of Synthetic Polymer Materials, Russian Academy of Sciences, Moscow, Russia) [28] and on a spectrophotometer-fluorimeter SFF-2 FLUORAN (VNIIOFI, Moscow, Russia). Standard fluorescence cuvettes made of fused quartz (10 × 10 mm2) were used to measure the PL spectra of the solutions. The photoluminescence quantum yield (PLQY) of dilute solutions (Amax < 0.1) was measured relative to a solution of 1,4-bis-2-(5-phenyloxazolyl)-benzene in cyclohexane (φQYPL = 0.93 [29]). To obtain PL spectra of p-quinquephenyl crystals, the free-standing single-crystalline films were placed between two plates of fused quartz. During the measurements on ALS-01M, the plates were placed on a Teflon integrating sphere installed in the cuvette compartment. During the measurements on SFF-2, the plates were set at an angle of 45° to the exciting radiation so that the reflected radiation was directed in the opposite direction from the input slit of the recording monochromator. The PLQY of p-quinquephenyl single crystals was measured in two ways: (1) in the integrating sphere when luminescence was excited by UVLED255 led radiation (260 nm, 100 mW); (2) by comparison with the luminescence intensity of a tetraphenylbutadiene polycrystalline film with a known quantum yield (0.9) [30,31].





3. Results


3.1. Crystal Growth and Morphology


3.1.1. Growth from Solution


Several growth experiments were carried out, at the end of which large-area free-standing single-crystalline films of 5P were found at the bottom of the growth vial. The dimensions of the largest crystals were limited by the diameter of the vials and thus reached 15–20 mm in length (Video S1 in Supplementary Materials). During extraction from the solution with the help of a metal mesh, large, free-standing single crystals were fragmented. As an example, Figure 2a presents a number of large crystal fragments under the UV light. Individual entire crystals with the regular shape in the form of a parallelogram with the internal angles of 69°–70° and 110°–111°, having small sizes, were found (Figure 2b,c). For example, Figure 2b shows an image (Olympus BX61) of an about 6.5-μm thick single crystal of 5P in the transmitted light with the crossed polarizers. As can be seen from the image, the surface of this crystal is homogeneous and relatively smooth. The crystal shown in Figure 2c has a more convex shape. With a length of the largest side of 1.65 mm, its average thickness is about 120 μm. In this case, the surface of the well-developed crystal face is more heterogeneous, and there are hills up to 9 μm high on the top of it. These growth formations are largely elongated along the crystallographic growth directions and in a number of places form cross-shaped figures (Figure 2c–f). For example, the higher magnification images in Figure 2d,e (Olympus LEXT OLS 4100) show sections of the crystal surface with the elongated hills, which are marked by arrows “1” and “2” in Figure 2c, respectively. The surface morphology developed was observed on the almost all large single crystals. The elongated growths often formed a dense dendritic grid on the crystal surface, as, in particular, can be seen in the reflected light shown in Figure 2f in the mode of deep phase contrast (Olympus BX61). A similar phenomenon was observed earlier when studying the morphology of of p-terphenyl and p-quaterphenyl crystals grown from solutions [18,32].




3.1.2. Growth by PVT Method


5P crystals grown by the PVT method have a different morphology. In this case, relatively large-area free-standing single-crystalline films up to 8 mm long, but much thinner than those obtained from the solution, were grown for about 3 days (Figure 3a,b). Compared to the crystals grown from solutions, the lateral sides of the vapor-grown crystals have an irregular rounded shape (Figure 3a,b), which indicates a nonuniform flow of the substance to the surface during the growth process. This is apparently associated with a significant temperature drop within the film length (~4 K/cm), which causes unequal growth processes on its surface (Figure 1). The crystal shown in Figure 3a has an average thickness at the periphery of about 1.6 μm. There are many dislocation hills up to 1 μm high on the crystal surface (Figure 3c). For example, Figure 3d shows a confocal image of the top of a dislocation hill, which is a multiturn spiral of growth. The crystal shown in Figure 3b has a thickness of about 300–400 nm and has a smoother surface morphology.





3.2. Crystal Structure


The main crystallographic parameters and the results of the structure refinement at temperatures of 293 K and 85 K of a 5P solution-grown single crystal are shown in Table 1 (CIF S1 and CIF S2 in Supplementary Materials).



The unit cell of the lattice of a monoclinic modification of a 5P single crystal at room temperature contains 15 crystallographically independent carbon atoms. At the stage of refining the coordinates and thermal parameters of atoms in the anisotropic approximation, maps of difference syntheses of electron density in the vicinity of carbon atoms were constructed and analyzed. The residual electron density peaks corresponding to 11 hydrogen atoms were revealed. The thermal parameters of hydrogen atoms were refined in the isotropic approximation of displacement atoms. The structure model, consisting of 26 independent atoms, is presented in two projections in Figure 4. It should be noted that, in 1988 [33], the unit cell parameters of a 5P single crystal were obtained at temperatures of 298 K and 110 K, and in 1993 [34] the same authors studied their structure at the room temperature. The data on the lattice parameters and the model of the structure at the room temperature obtained in this work are consistent with the published data. As for the data on the lattice parameters of a 5P single crystal at the low temperature, in this work, in contrast to the literature data, a deviation of the unit cell angles from 90° is revealed that exceeds the measurement error (Table 1). Thus, the structure of the p-quinquephenyl single crystal at 85 K was resolved in the P-1 space group. The unit cell of the lattice of the triclinic modification of the 5P single crystal at 85 K contains 120 crystallographically independent carbon atoms (Figure 5). In the crystal structure at the room temperature, the molecules have an almost flat conformation (the torsion angles between the phenyl groups does not exceed 1.4°) (Figure 4b).



In the low-temperature crystalline modification, the conformation of the molecules is not flat (Figure 5b,c). A model of the molecular structure in the crystal at 85 K with the value of the torsion angles between the phenyl groups is presented in Figure 5c. A similar feature of the conformational structure of the molecule-conjugated core at 293 K and 85 K is also inherent to the p-terphenyl and p-quaterphenyl crystals studied previously [18,32].



Free-standing vapor-grown 5P single-crystalline films were convoluted due to their low thickness, which is a negative factor for obtaining high-quality results of a single crystal X-ray diffraction experiment. The structure of the large-area crystals grown by PVT was studied using a Miniflex 600 powder X-ray diffractometer. For the X-ray structural study, the crystals were laminated on a quartz substrate (Figure 3a,b). Figure 6 above shows a typical X-ray diffraction pattern for one of the crystals (black line). The calculated XRD powder pattern obtained from SCXRD data (CIF S1 in Supplementary Materials) is shown below in this image for comparison. As can seen, the diffraction pattern of single-crystalline film is a set of narrow peaks, the position of the first five of which is a multiple of the angles 2θ ≈ 4.06°. This corresponds to the reflection from the (h00) planes for the crystal structure of 5P at room temperature (Table 1, CIF S1 in Supplementary Materials). Thus, the structure of 5P crystals grown from vapor is identical to the structure of 5P crystals grown from solution.



Let us consider the crystalline packing of p-quinquiphenyl molecules in a crystal at 293 K. The crystals of linear oligophenyls, including 5P, are characterized by a layered structure in the form of a stack of parallel equivalent monomolecular layers in the (100) orientation (Figure 4a). Lateral intermolecular interactions between the nearest molecules in the (100) layer are the strongest, and the end interactions between the molecules in neighboring monolayers are the weakest. Although the face (100) has the highest reticular density N100 = 4.44·1018 m−2, it is characterized by the lowest surface energy. Therefore, it is the most developed one among the other crystal faces due to the Gibbs–Curie–Wulf principle [18,32,35]. Inside the monolayer (100), the molecules are tilted relative to the normal to the plane at an angle χ = 14.76° (Figure 4a) and packed in a herringbone order (Figure 4b). The densest rows of the equivalently spaced molecules are oriented along the [010] direction (Figure 4b). Among the faces characterized by lateral intermolecular bonds, the (011) face has the highest reticular density N011 = 0.933·1018 m−2, and the faces (001) and (010)–N001 = 0.820·1018 m−2 and N010 = 0.567·1018 m−2, respectively. In the [001] and [010] directions, the molecules in adjacent rows are not in the equivalent positions—they are rotated relative to each other by a herringbone angle θ = 110.97°. In the crystal lattice, two subsystems of the molecules can be distinguished, in each of which the plane of the molecule is parallel to either of the planes, (112) or (1−12), which intersect at an angle θ (Figure 4b).




3.3. Photophysical Properties


Figure 7 shows the PL spectra of 5P single crystals with a thickness d of 0.2 to 2 μm. A well-defined vibrational structure is observed for all these luminescence spectra. The maxima of the electron-vibrational bands correspond to the following wavelengths: 406 nm, 430 nm, 459 nm (shoulder), 488 nm (shoulder) [36].



As the thickness of the crystal decreases, an additional peak appears at the short-wave edge of the PL spectrum. Its intensity increases with decreasing crystal thickness (Figure 7). This peak refers to the suppressed self-absorption in the crystal (reabsorption) of 0−0 transition in the 5P molecule. Points on Figure 7 shows a possible view of the unreabsorbed PL spectrum of the crystal obtained by calculation using Expression (1):


IR≠0(λ) = IR=0(λ) × 10−A(λ)



(1)




where IR≠0(λ) is the spectral dependence of the measured photoluminescence; IR=0(λ) is the calculated PL spectrum; A(λ) is the absorption spectrum of the crystal.



The spectral distribution D(λ) = A(λ) + r(λ) + d(λ), obtained on the spectrophotometer, differs from the true absorption A(λ). These differences are due to a large contribution to the attenuation of the parallel beam of probing radiation of reflection-r (λ) and scattering-d(λ) of light. These factors have less influence on the spectral distribution of the luminescence excitation. In the wavelength range of 360–410 nm (the edge of the absorption band with D (λ) < 1), the luminescence excitation spectrum practically does not differ from the true absorption of A(λ). In this regard, the spectral dependence was approximated by the luminescence excitation spectrum of the d4 crystal when registering at a wavelength of 430 nm (Figure 7).



As can be seen from Figure 7, at room temperature in the true PL spectrum of a 5P molecule in a crystal, in addition to the bands mentioned above, there is also a band of 382 nm.



Figure 8 shows the absorption and PL spectra of 5P solutions in hexane and THF, as well as the calculated PL spectrum IR=0(λ) of the crystal. Table 2 shows the 0−0 transition positions for 5P in the crystal and in the solutions (hexane, THF, DMF), as well as the 0−0 transition shift relative to the crystal (ΔE0−0).



As can be seen, transition from the crystal to the solution leads to a hypsochromic shift of the absorption and PL bands. The greater the hypsochromic shift observed, the lower the solvent polarity is. In the transition from the crystal to DMF and THF solutions, the values of the hypsochromic shift are 0.23–0.25 eV, and to hexane solution 0.42 eV. As the hypsochromic shift increases, the PL quantum yield decreases from 0.95 for a crystal to 0.63 for a solution in hexane (Table 2).





4. Discussion


The studies reported have shown that 5P molecules can be crystallized either from the solution or from the vapor phase in the form of large-area free-standing single-crystalline films. In general, for a family of linear oligophenyls, due to their uniform crystal structure, two-dimensional anisotropy of the crystal growth is an inherent quality [18,32,35,38]. It is worth noting that under the conditions of a slow growth from a hot chlorobenzene solution, faceted crystalline films with a higher surface morphological quality were obtained (the average linear growth rate of the films was Vgr ≈ 0.5 mm/day) (Figure 2) than those grown in a shorter time under the PVT method (Figure 3) with a temperature gradient in the growth zone of about 4 K/cm (Figure 1) (the average linear growth rate of the films Vgr was ≈ 2.5 mm/day). The growth anisotropy value, expressed as a ratio of the length l to the thickness h of the largest crystal samples, is ten times higher for the crystals grown from vapor under the less equilibrium conditions (l/h ~ 5.10 × 103) than those grown from the solution (l/h ~ 100–200). This can be explained by the fact that the thermal velocity of translational and rotational motion of 5P molecules in the vapor phase is many times higher than it is in a dense solution medium. For this reason, it is assumed that the probability of capture of the 5P molecule by the adsorption layer on the low-energy surface of the face (100) will be significantly lower in comparison with the lateral faces ((001), (010), (011)) due to a shorter interaction period in collisions than in a viscous solution environment. The large-area free-standing single-crystalline films of 5P obtained from the solution can be easily transferred onto a substrate. Thus, organic optoelectronic devices, for example, field-effect or light-emitting transistors, can be developed on their basis.



It is rather simple to determine the relationship between the packing geometry of the molecules and the habitus of the crystals grown from the solution (Figure 2b,c). As mentioned above, the surface of the monomolecular layer (100) is characterized by the lowest surface energy, which thus determines the main plane of the pinacoid (Figure 9a). It is possible to match the facet shape of a flat crystal with internal angles of 69° and 111°, shown in Figure 9a, with a geometric prototype composed of a compact molecular cluster in (100) monolayer, bounded by the planes (011) and (0-11) (Figure 9b). As can be seen in Figure 9b, the outer contour of the molecular cluster thus selected, with an equal number of molecules in the length of the sides, is a rhombus with internal angles of 69.32° and 110.68°. Thus, in quasi-equilibrium conditions of the growth from a solution, the peculiarity of the crystal packaging of the molecules causes the face shape of the crystals in the form of a thin rhombic film or plate.



The effect of the solvent polarity on the value of the hypsochromic shift of the absorption and PL bands of p-quinquephenyl relative to the crystal spectra is called a positive solvatochromic effect [39]. It can be assumed that the effect observed is due to the influence of the environment on the configuration of 5P molecules. It is known that rotation of the phenyl ring around a single C-C’ bond in oligophenyls leads to a hypochromic effect, and the highest PLQY occurs with a planar configuration [40,41]. According to the X-ray diffraction data described above, 5P molecules in the crystal at the room temperature have an almost flat conformation (the torsion angle between the phenyl groups does not exceed 1.4°). Apparently, after their transition to the solution, the steric difficulties are partially removed, and the phenyl rings start rotating around the single C-C’ bond, which leads to a hypsochromic shift of their optical spectra. In polar solvents (DMF, THF), rotation of the rings around the C’-C bond is "defrosted" to a lesser extent than in a non-polar hexane. The “blurring” of the clear electron-vibrational structure of the crystal luminescence after the transition to solutions is caused by the presence of molecules with different conformations in the solution. A similar behavior of the PL spectra was observed in [18] for p-terphenyl and its trimethylsilyl derivative.




5. Conclusions


In this work, large-area free-standing single-crystalline films of p-quinquephenyl were grown using the growth methods from solution and PVT. They crystal structure and optical properties were investigated. The crystal samples grown by the slow cooling of a hot solution of chlorobenzene for 32 days were noticeably superior in thickness and quality of the surface morphology as compared to the crystals grown under the PVT conditions for 3 days. The structure of the solution-grown p-quinquephenyl single crystals at the room temperature and at 85 K was studied using single crystal X-ray diffraction. The data on the lattice parameters and the structure model at the room temperature were consistent with the literature data [33,34]. However, the structure of p-quinquephenyl single crystals at 85 K was for the first time solved in the space group P−1. In the crystalline state at the room temperature, a conformation of the molecules is close to a flat one, while at the low temperatures, phenyl groups in the structure of the molecule are significantly deployed relative to each other (Figure 5). Different conformational states of p-quinquephenyl molecules, apparently, are the reason for the positive solvatochromic effect observed. It was found that, as the hypsochromic shift increases, the PL quantum yield decreases from 0.95 for a crystal to 0.63 for a solution in hexane. Investigation of the optical properties of 5P single-crystalline films of different thicknesses, 0.2 to 2 μm, made it possible to calculate their PL spectrum without reabsorption, which hides the shortest PL band at 382 nm. High-quality large-area solution-grown crystals of p-quinquephenyl can be easily transferred onto a substrate for the purpose of further development of organic optoelectronic devices based on them.
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Figure 1. Temperature profile inside the quartz growth tube with the specified positions of the substance source and the p-quinquephenyl crystals growth zone. 
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Figure 2. p-Quinquephenyl crystals grown from solution: (a) a group of crystals under the UV light; (b) the optical image of a thin single crystal in the transmitted light with the crossed polarizers; (c) the optical image of a thickened single crystal in the reflected light, enlarged confocal images (in scanning mode) of the crystal section marked by arrows “1” (d) and “2” (e) in Figure (c); (f) the optical image in the reflected light (in deep phase contrast mode) of the dendritic growths network on the crystal surface. 
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Figure 3. p-Quinquephenyl crystals grown by the PVT method: (a,b) photographic images of the crystals laminated on a glass substrate ((b)–under the UV light of 365 nm); (c) the confocal image (scanning mode) of the surface area with a number of dislocation growth hills; (d) the confocal image (scanning mode) of the apex of the multiturn dislocation spiral. 
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Figure 4. Crystal structure of p-quinquephenyl at 293 K: projections onto the planes (010) (a) and (100) (b). 
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Figure 5. Crystal structure of p-quinquephenyl at 85 K: (a,b) the unit cell projections onto the planes (010) (a) and (100) (b) (dark molecules in the upper layer, light molecules in the lower layer); (c) a conformation of the molecule in the crystal with the values of torsion angles between the phenyl rings. 
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Figure 6. Diffraction patterns of a p-quinquephenyl vapor-grown single-crystalline film (black line) and crystalline powder (blue line). 
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Figure 7. PL spectra of p-quinquephenyl crystals with different thicknesses d (d1 > d2 > d3 > d4) and the calculated spectrum without reabsorption IR=0(λ). The excitation wavelength was 325 nm. The luminescence excitation spectrum of the d4 crystal is shown by black solid line (the luminescence registration wavelength was 430 nm). 
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Figure 8. Normalized absorption and PL spectra of p-quinquephenyl in the solutions of hexane and THF. The calculated luminescence spectrum of the crystal without reabsorption IR=0(λ). 
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Figure 9. (a) Image of p-quinquephenyl single crystal under UV light with schematic representation of the growth directions and (b) schematic representation of a compact rhombic molecular cluster in a (100) layer. 
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Table 1. Crystallographic characteristics, experimental data and structure refinement parameters of p-quinquephenyl.
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Formula

	
C30H22




	
Temperature (K)

	
293

	
85




	
Crystal system

	
monoclinic

	
triclinic




	
Space group

	
P21/c

	
P−1




	
a (Å)

	
22.059(1)

	
22.042(1)




	
b (Å)

	
5.579(1)

	
11.018(1)




	
c (Å)

	
8.070(1)

	
15.970(1)




	
α (°)

	
90.0

	
90.049(6)




	
β (°)

	
97.989(7)

	
98.203(5)




	
γ (°)

	
90.0

	
90.425(5)




	
Vo (Å3)

	
983.55(6)

	
3838.6(1)




	
Z

	
2

	
8




	
Dcalc (g/cm3)

	
1.292

	
1.324




	
No. of measured, independent and observed [I > 3σ(I)] reflections

	
20,654, 5233, 1648

	
84,275, 37,255, 5057




	
No. of refined parameters

	
180

	
1081




	
R/wR

	
0.062/0.052

	
0.057/0.068




	
S

	
2.15

	
1.85




	
Δρmin/Δρmax (e·Å−3)

	
−0.47/0.33

	
−0.45/0.54
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Table 2. The position of 0−0 transition and the PL quantum yield of p-quinquephenyl in the crystal and diluted solutions.
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	E0−0

eV/cm−1
	ΔE0−0

eV/cm−1
	PLQY





	crystal
	3.31/26,700
	-
	0.95



	DMF *)
	3.54/28,500
	0.23/1800
	0.89



	THF
	3.56/28,700
	0.25/2000
	0.93



	hexan
	3.73/30,100
	0.42/3400
	0.63







*) Note: data from [37].
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