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Abstract

:

The optical properties of organic materials are very sensitive to subtle structural modification, and a proper understanding of the structure-property relationship is essential to improve the performance of organic electronic devices. The phase transitions of the η-CuPc to the α-CuPc, then to the β-CuPc were investigated using In situ X-ray diffraction and the differential scanning calorimetry (DSC). The five stages in the phase-transition process from low to high-temperature were observed, which consisted of (1) the η-CuPc; (2) a mixture of the η- and α-CuPc; (3) a mixture of the η-, α- and β-CuPc; (4) a mixture of the α- and β-CuPc; and (5) the β-CuPc. The vibrational and optical properties at different phase-transition stages were correlated to molecular packing motif and molecule overlap type through systematic analyses of the Fourier–transform infrared, Raman and UV-VIS spectra. Moreover, the mechanism for the morphology evolution was also discussed in detail.
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1. Introduction


Organic nanomaterials have been widely used in the fabrication of electronic devices over the last few decades, such as organic field-effect transistors (OFET) [1], organic photovoltaics (OPV) [2] and sensors [3]. These extensive application prospects require a proper understanding of the effect of fundamental aspects in crystal structure, such as molecular packing motifs and molecular orbital overlap, on the performance of organic electronic devices. For planar small molecules, such as copper-phthalocyanine (CuPc), molecular packing motifs, typically herringbone and parallel (lamellar) packings, will significantly influence the inter-molecular overlaps and transfer integrals and, thus, the optical and electrical properties, which determine the performance characteristics of organic electronic devices [4,5]. For example, although both rubrene and pentacene have herringbone packing motifs, rubrene shows a higher carrier mobility owing to a larger co-facial π-π overlap [5,6]. The strong intermolecular vibrionic coupling is observed in the co-facial packing motif in distyrylbenzene derivatives as well, resulting in an excimer-like emission spectrum [7]. The effects of molecular packing in a series of π-conjugated organic materials on the optical properties have been discussed in the previous review [8].



It remains highly challenging to achieve desired functionality by controlling molecular packing motifs and molecular orbital overlap in organic materials [9,10]. Bredas et al. have studied the relationship between structures and transport properties from a few aspects, including inter-molecular separations, lateral displacements and chain lengths [10]. Bao’s group have reported a solution-processing technique, by which they obtained the shortest π-π stacking distance in organic semiconductors with a large orbital overlap, thus leading to increased charge carrier mobility [9]. The relative position of adjacent molecules is another important aspect in affecting the optical and electronic properties.



As one of the most well studied organic semiconducting materials, the planar small molecule, copper-phthalocyanine (CuPc), is an ideal platform for fundamental studies, not only due to its chemical and thermal stability, but also numerous polymorphs, which can be achieved by self-assembly into nanostructures. By carefully analyzing the parameters of different crystal structures of CuPc, as shown in Figure 1, we noticed that the η- and the α-CuPc show different packing motifs while sharing similar nearest-neighboring molecular displacement distances (Cu-Cu distance ~3.77 Å) within a chain [11]. In contrast, both the η- and the β-CuPc have a herringbone motif, but have different molecule displacement distances. These crystal-structure features make them suitable for the comparison study on the structure-property relationship. Although the studies of the α- and the β-CuPc phases have been reported in a large body of work, a systematic demonstration of the transitions from the η- to α-, then to β-CuPc, is scarce. In addition, we have explored the mechanism of crystal-structure phase transition, including the molecular packing motif transition and the change of molecule overlap type, and their impact on the morphological, optical, and electronic properties of these systems.



In this work, the transitions of the crystal structure of CuPc were investigated via in situ X-ray diffraction (XRD). As-prepared η-CuPc nanowires were annealed at a range of temperatures, and then measured by XRD and differential scanning calorimetry (DSC). The structure-property relationship was studied by Fourier-transformed infrared (FTIR), Raman and ultraviolet-visible (UV-VIS) spectroscopy.




2. Experimental and Computational Section


CuPc powders were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and used without further purification. They were then loaded in a quartz tube in a single-zone heating furnace. Before heating the powders, N2 gas (99.999%) was used to flush out ambient air at a rate of 400 standard cubic centimeters per minute (sccm) for 30 min. Then, the powders were heated at a precursor temperature of 450 °C for 300 min at a flow rate of 400 sccm and the η-CuPc nanowires were deposited at the room-temperature area. The as-prepared η-CuPc nanowires were annealed using a single-zone heating furnace under vacuum condition (~1 Pa) at a series of temperatures, 100 °C, 150 °C, 200 °C, 240 °C, 250 °C, 260 °C, 270 °C, 280 °C, 290 °C, 300 °C and 350 °C.



The in situ XRD patterns were collected with PANalytic EMPYREAN diffractometer (PANalytical, Almelo, The Netherlands) using Cu Kα (λ = 0.154056 nm) at 40 mA and 40 kV and the samples were loaded into an alumina boat for measurement. The morphology of CuPc crystals was observed using a scanning electron microscope (SEM, S-3400N, Hitachi, Tokyo, Japan). The FTIR spectra were obtained using a Cary 600 Series spectrophotometer (Agilent Technologies, California, USA) and the samples were prepared by the KBr pellet method. The Raman spectroscopy was carried out using an inVia Raman Microscope (Renishaw, Wotton under Edge, UK) with samples attached on the glass substrate. The UV-VIS optical absorption spectra of CuPc crystals with/without annealing were measured using a Hitachi U-4100 UV-VIS spectrometer (Hitachi, Tokyo, Japan) after slightly milling the sample on the quartz substrate. TGA and DSC measurements were performed on a METTLER TOLEDO STARe System (Mettler Toledo, Greifensee, Switzerland). As-prepared sample were placed in the vacuum drying oven at 50 °C for 12 h before measurements to remove the absorbed water on the surface. Approximately 4.65 mg of sample material was used for the measurement with a heating rate of 5 °C/min from room temperature to 600 °C under N2 atmosphere.



The first-principles calculations of the vibrational modes of a CuPc single molecule have been carried out based on density-functional theory (DFT), using hybrid-exchange density functional, B3LYP [12], with a 6-31G basis set, implemented in the Gaussian 09 code [13,14]. The advantages of B3LYP have been demonstrated in the previous work, including a partial elimination of self-interaction errors and a balancing between the tendencies to delocalize and localize one-electron Kohn-Sham orbitals, with an optimized mixture of exact Fock exchange energy with that from a generalized gradient approximation (GGA) exchange functional [12]. The previous calculation results based on the B3LYP functional have shown an accurate description of the electronic structure and magnetic properties for both inorganic and organic compounds [15,16,17,18,19,20].




3. Results


3.1. In Situ XRD Study on the Molecular Packing Transition


Since the crystal structure is known to have a significant impact on the performance of organic electronic devices, the identification and manipulation of molecular packing motifs and molecular overlap type are important for optimization of materials properties. The heating process of the sample during the In-situ XRD measurement was presented in Figure 2a. As shown in Figure 2b, in situ XRD patterns reveal the phase transitions among the η-, α-, and β-phases. For the as-prepared η-CuPc nanowires, three feature diffraction peaks at 6.76°, 7.21°, and 8.45°correspond to the lattice plane distances of 13.06 Å (d(001)), 12.25 Å (d(200)) and 10.46 Å (d(20-1)), respectively. At the temperature of 200 °C, the η-CuPc (with herringbone-packing motif) starts to change to the α-CuPc (with parallel-packing motif). By qualitatively analyzing the peak intensities as a function of the heating temperatures ranging from 200 °C to 230 °C, we can explain the transition process from the η- to the α-CuPc in the following two steps. First, the diffraction peak intensities at the peaks of 6.76° and 7.21° increased, while the intensity at 8.45° did not show any change, implying the major crystal-structure change happened in the (100) and (200) planes, which might cause the overlapping change of neighboring molecules from (x) type to (+) type. When the temperature rose to 230 °C, the intensity of the dominant peak at 8.45°, corresponding to (20-1) plane, dramatically decreased, indicating the herringbone-type molecular packing in (200) plane change gradually to parallel packing, as shown in Figure 3a–f. From the in situ XRD patterns, the η-CuPc mainly exists when the heating temperature is below 200 °C, and the η- and α-CuPc co-exist from the temperature of 200 °C to 220 °C.



The coexistence of the three phases can be observed at the heating temperature ranging from 230 °C to 245 °C; the α-CuPc is the dominant one among the three. The disappearance of the peak at 8.45° suggests a complete transition from the η- to the α-CuPc. As the temperature rises to 245 °C, the peaks at 6.92° and 8.99° strengthen; they are related to the (001) and (20-1) planes of the β-CuPc. This indicates a transition from the α- to the β-phase. The characteristic peak of the β-CuPc moves to 6.92°, corresponding to the (001) plane; the overlapping type changes from ‘+’ type to ‘x’ type.




3.2. XRD and TGA Analyses of CuPc Crystals Annealed at Different Temperature


The XRD patterns of CuPc crystals annealed at different temperatures in Figure 4a shows the crystal-structure phase transitions. When the annealing temperature is below 200 °C, the η-CuPc is the dominant phase with feature diffraction plans of (001), (200), and (20-1). As the annealing temperature is increased to 240 °C, the relatively strong intensity of the (001) reflection of the α-CuPc, along with a weaker intensity at the (20-1) reflection of the η-CuPc, indicates that, due to the molecule re-arrangement in the crystals, the molecular packing motif begins to transform from the herringbone type to the parallel type. On the other hand, the peaks of the η-CuPc at 6.76° and 7.21° are very close to those of the α-CuPc at 6.77° and 7.40°, which may be due to the similar displacement distance within one column in the η- and the α-CuPc. Additionally, the transition process from the η- to the α-CuPc can be simply considered as the molecule re-arrangement from herringbone to parallel type and molecule overlap adjustment within the molecule column from ‘x’-type to ‘+’-type, which results in the change of crystal structure. Furthermore, XRD patterns in Figure 4a illustrate the transition process from the α- to the β-CuPc. At the temperature of 250 °C, the α- and β-CuPc are the two dominant phases. Unlike the η- and the α-CuPc, the β-CuPc crystal shows totally different feature peaks at 7.031° and 9.209°, related to (001) and (20-1) diffraction planes, which implies the significant change in crystal structure. TGA and DSC measurements can also provide information about the phase-transition properties in Figure 4c. As the temperature goes up to 256 (±10) °C, an endothermic process occurs, which can be assigned to the phase transition to the stable β-phase, suggested by the significant changes of the molecular packing motif and the Cu-Cu distance within one molecule column. A clear peak happens at 574 °C which may correspond to the complete transition to β-CuPc. The XRD patterns of the sample after the TGA and DSC measurements up to 600 °C in Figure 4b further confirm the complete phase transition to β-CuPc.



The enthalpy difference between the α- and β-CuPc was measured by Beynon and Humphries, which revealed that the inner energy of the β-phase is lower than the α-phase by 2.57 kcal/mol [21]. Thus, we can infer that the η-phase should have a higher energy than the α-phase and can be another metastable state. In this work, the η-CuPc nanowires were rapidly grown by self-assembly from a vapor phase at the room temperature, which results in the extra energy in the crystallites. However, if the system can gain sufficient energy to overcome the activation barrier, such as by heat treatment, the η-CuPc crystals can naturally change to the α-phase (the other metastable phase), then to the stable β-phase, as shown in the Figure 2 and Figure 4.



Molecular orbital overlap type will determine the physical properties of the organic semiconductors, such as the optical and vibrational properties. Although the α- and η-phases have a similar molecule displacement distance between adjacent molecules, the properties of the two phases are different, essentially owing to the different molecule overlapping types, which cause the variance of molecular orbital overlap, as we can see in the following section.




3.3. Morphology Transition of CuPc Crystals


To gain more insight into the morphology evolution mechanism, the morphologies at different annealing temperatures were further investigated. The materials take on an obvious transition from flexible nanowires to nano-rods, then to ribbon crystal, as shown in Figure 5a–f. The transition mechanism can be analyzed in the following steps, as illustrated in Figure 5g. (1) The as-prepared η-CuPc is uniform flexible nanowire with a diameter of ~50 nm, which has beneficial properties, such as a large surface-to-volume ratio and excellent flexibility, implying a great potential for applications in the future flexible and bendable electronics; (2) at the annealing temperature of 240 °C, nanorods appear as shown in Figure 5b. It should be noted that the size distribution of the nanorods remains approximately the same as that of nanowires; (3) raising the annealing temperature, the diameters of nanorods increase, as shown in the inset of Figure 5c; (4) as the temperature increases, longer ribbon-like crystals are formed. Meanwhile, the borderline can be easily distinguished in the ribbon-like crystals, as indicated in the inset of Figure 5d,e, which gives a strong indication that the ribbon-like crystals derive from nanorods, due to the molecular thermodynamic movements during the annealing treatment; and (5) the long ribbon-like crystal may break and form short ribbon-like and sheet-like crystals with a further increase of the annealing temperature.




3.4. Vibrational and Optical Properties of CuPc Crystals


Vibrational spectroscopies (FTIR and Raman) and UV-VIS spectra have been found to be very useful techniques for studying crystal-structure phase transitions and molecular orientation in a wide range of materials, especially organic semiconductors. FTIR and Raman spectra of CuPc have been extensively explored to determine the orientation of thin films and the polymorphic transitions [22,23,24]. UV-VIS spectrum has been proved to be suitable to study the crystal structures of CuPc, especially as shown in the recent report of Microscopic UV-VIS absorption measurements [25].



The previous studies of Raman spectra of CuPc crystals have revealed that the low-wavenumber region (below 200 cm−1) corresponds to the lattice vibrations and is determined by crystal symmetry, whereas the high-wavenumber regions (above 200 cm−1) are assigned to the intra-molecular modes, determined by the symmetry of CuPc (D4h) [24,26]. Moreover, Raman peaks in the high-wavenumber region are also strongly related to the intermolecular vibration [24]. The vibrational modes of a CuPc molecule can be found in [23,24,26], in which the A1g, B1g, and B2g are defined as in-plane vibrations and Eg an out-of-plane vibration mode. The Raman spectra of a CuPc crystal annealed at different temperatures are presented in Figure 6a with the wavenumbers ranging from 100 to 1600 cm−1. Meanwhile, to investigate the influence of lattice and molecular vibrations on the Raman spectra, more detailed spectra at high- and low-wavenumbers regions are shown in Figure 6b,c, respectively.



The region between 1300 and 1600 cm−1 is a fingerprint for intra-molecular vibrations to distinguish the crystal transition [26], the orientation of molecules [27], and metal ions in the center [23]. In Figure 6b, three dominant Raman peaks can be seen at 1341.9 cm−1, 1450.8 cm−1, and 1531.6 cm−1. The peak at 1341.9 cm−1 is due to B1g mode from C2-C2, C1-C2-C2, C3-C4, and C2-C3 (these labels are shown in Figure 1) in-plane vibrations. The peak at 1450.8 cm−1 can be assigned to B1g mode from C2-C2 and C2-C3-H in-plane and B2g mode from C1-N2, N1-C1-C2, and C-C-H in-plane vibrations. The peak at 1531.6 cm−1 can be attributed to the B1g mode from C1-C2 in-plane vibrations. A Raman shift appears for the peaks at 1450.8 cm−1 and 1531.6 cm−1. The dominant Raman peaks shift from 1450.8 and 1531.6 cm−1 in the η-CuPc to 1453.6 and 1530.0 cm−1 in the α-CuPc, then to 1452.1 and 1528.6 cm−1 in the β-CuPc. In Figure 6c, at the wavenumber above 200 cm−1, the peak at 233.3 cm−1 is due to the B2g mode from N1-Cu-N1 and C1-N2-C1 in-plane vibrations and Eg mode from C1-N1-Cu and C1-C2-C3 out-of-plane vibrations. The peak at 258.3 cm−1 is due to the A1g mode from Cu-N1 in-plane vibration and Eg mode form Cu-N1-C1 out-of-plane vibration. The Raman peaks shift from 300 cm−1 in the η-CuPc to 289 cm−1 in the α- and β-CuPc. The peak at 289 cm−1 is consistent with the previous report [22]. Raman shift may be influenced jointly by the nearest-neighboring molecular displacement distance within a chain which is 3.77 Å, 3.769 Å and 4.79 Å in the η-, α- and β-CuPc, respectively, and by overlap type of the η-(‘x’-type) , α-(‘+’-type), and β-phases (‘x’-type).



At the region below 200 cm−1, the peak at 158 cm−1 in the β-CuPc is best suited for the description of the crystal structure [24], however, this peak is absent in the η-CuPc. An additional peak at 170 cm−1 is observed, which may be ascribed to the lattice vibration in the α-CuPc. The Raman shift at the region below 200 cm–1 is mainly due to the lattice vibration, as we can see that the distances between adjacent molecule columns for η-CuPc are 12.4 Å in the a axis and 13.2 Å in the c axis, while for the β-CuPc, they are 19.4 Å and 14.628 Å, correspondingly. At the temperature of 240 °C, as the important spectral signature of structure modification, an abrupt variation in Raman shift can be easily identified both in the high- and low-wavenumber regions, which is the stagnation temperature point of the complete transition from the η-CuPc to the α-CuPc and the initial temperature point of the transition from the α-CuPc to β-CuPc, in agreement with the XRD patterns discussed above.



The experimental and calculated FTIR spectra are presented in Figure 7. The calculated CuPc single-molecule vibrational modes are given in Figure 7a and the featured peaks show a broad vibrational mode in the crystals structures of the η-, α-, and β-CuPc. The calculation results qualitatively cover the dominant areas in the experimental spectra, while the differences between them can be attributed to the interactions between molecules in the lattice. The main spectral features, especially the peaks at 726.1 and 1332.6 cm−1, can be used to distinguish the different crystalline forms of CuPc [28,29,30]. The featured peaks exhibit a clear dependence on the temperature, indicating the process of phase transitions. The bands at 722 and 1332 cm−1 originate from the macrocycle ring deformation and aromatic phenyl-ring vibration of the CuPc molecule [28,31]. At 100 °C, only the peak at 726.1 cm−1 shows up, which can be attributed to the η-CuPc. At 240 °C, the appearance of the peak at 722.2 cm−1 confirms the existence of the α-CuPc [28,32], indicating the coexistence of the α- and η-phases. At the annealing temperature of 250 °C, the peak at 729.9 cm−1 is due to the vibration of molecule in the β-CuPc. At the temperature of 250 °C, the annealed crystal contains the α-, η-, and β-CuPc phases. When the annealing temperature rises to 280 °C, the two peaks at 726.1 and 729.9 cm−1 are due to the vibrations in the α- and β-CuPc. Finally, only the peak at 729.9 cm−1 is found, implying a completed transition to the β-CuPc. Again, the transition process can be concluded as (1) the η-CuPc; (2) the η and α-CuPc; (3) the η, α, and β-CuPc; (4) the α and β-CuPc; and (5) the β-CuPc, which is in agreement with XRD results on CuPc structure. In addition, when increasing annealing temperature, the peaks at 1092.5 and 1332.6 cm−1 from the vibration in the η-CuPc shift to 1091.5 and 1333.5 cm−1 in the α-CuPc, then to 1089.6 and 1334.5 cm−1 in the β-CuPc. Moreover, the presence of peaks at 1101.2 and 1174.4 cm−1 is only observed in the β phase, consistent with the previous work [31].



To have a better understanding of the impact of the orientation transition of the molecules and the crystal phase on the optical properties, UV-VIS spectroscopy was employed on the crystals annealed at different temperatures, as shown in Figure 8. The UV-VIS spectrum (250–800 nm, equivalent to ~1 to 5 eV) observed for CuPc originates from molecular orbitals within the aromatic 18-π-electron system and from overlapping orbitals on the central metal [33,34,35]. In the near-UV region, the B (or Soret) band, with a peak ranging from 335 to 350 nm for CuPc crystals in this work, is assigned to the electronic transition between π-π* (b2u to eg) orbitals [36]. In the visible region, the Q band representing the π-π* transition (b1u to eg) is usually split, probably by the Davydov splitting [35]. In the Q band, the high-energy peak is related to the electronic transition from π to π* orbitals of the phthalocyanine macrocycle [37,38], while the low-energy peak may be explained as a second π-π* transition (charge-transfer excited state), an exciton peak, a vibrational interval, or a surface state [39]. Nevertheless, the Q band is strongly localized on the phthalocyanine ring and is very sensitive to the environment of the molecule and to changes in the number and orientation of the nearest-neighbor Pcs in the crystal [40]. From Figure 8, it is clear that the position and relative intensity of peaks and the amount of Davydov splitting for the η-, α-, and β-CuPc are totally different, which depends strongly on the molecular orbital overlap. For the as-prepared η-CuPc crystal, the intensity of the higher-energy maximum peak (610 nm) is almost the same as that of the lower-energy peak (760 nm), with the largest amount of Davydov splitting of 150 nm among the three phases. The broad absorption spectrum in the visible light region in the η-CuPc is one of the most important features for achieving high performance of solar cell device. For the annealed CuPc crystals at 240 °C, as shown in Figure 8b, the higher-energy maximum peak (615 nm) is stronger than that of the lower-energy peak (684 nm), suggesting that the α-CuPc phase is the main phase [41]. When the annealing temperature is above 250 °C, the formation of the β-CuPc can be confirmed and become the dominant phase, as we can see that the lower-energy maximum peak (724 nm) is stronger than that of the higher-energy peak (647 nm) [41]. Interestingly, the higher-energy peaks for the η- and the α-CuPc are very close; we infer that this can be attributed to the similar Cu-Cu distance of neighboring molecules within one molecule column. However, the difference at the lower-energy peak for the η-CuPc (760 nm) and the α-CuPc (684 nm) is probably due to the overlapping type of neighboring molecules in one molecule column. It is the ‘x’-type for the η-CuPc phase, while the α-CuPc phase is the ‘+’-type, thus leading to the modification in the molecular orbital overlap, then the electronic transitions. We have, therefore, pointed out the routes for advanced optical properties by tuning the crystal structure including molecular displacement distance, molecular packing motif, and overlap type.





4. Conclusions


We have systematically studied the structure-property relationship for copper phthalocyanine from the point of view of the molecular packing motif and molecule overlap type. The crystal-structure transition and morphology evolution process consist of following stages: (1) the η-CuPc nanowires were obtained at room temperature; (2) the α-CuPc nanorods became dominant at a temperature of 240 °C; (3) β-CuPc, large micro- and nanoribbon, were formed at temperature of 300 °C. Combined with the DSC data, we found that the η-CuPc should be a metastable state of CuPc with the highest energy state among them. The spectra of FTIR, Raman and UV-VIS revealed that the optical properties were very sensitive to the subtle structural modification and imply that the molecule overlap type is one of the most important aspects that affect the optical properties in the organic materials. UV-VIS spectra manifested that the η-CuPc nanowires had the largest Davydov splitting among the three phases, suggesting the great potential in organic photovoltaic devices. This work provides a deep understanding of molecular packing motif and molecule overlap type of CuPc and their corresponding optical properties evolve with increasing annealing temperatures, which is critical for further improvement of organic electronic device performance and stability.
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Figure 1. (a) Schematic of the molecular structure of CuPc, where H atoms are in light grey, C in grey, N in blue, and Cu in red. Schematic packings of the η-, α-, and β-phases of CuPc are shown in (b–d), respectively. Notice that a herringbone-packing motif in the η- and β- phases, but a parallel-packing motif in the α-phase. 
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Figure 2. (a) The heating process of the sample during the In-situ XRD measurement. (b) The in situ XRD patterns of CuPc crystals as a function of temperature with the panel on the right show the phase type at different temperature regions. 
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Figure 3. Schematic packings of CuPc molecules into the η, α, and β-phase is shown in (a,d,g) respectively. Molecular arrangement schemes of them are shown in (b,e,h) respectively, as seen along [010]. CuPc molecule overlap types are shown in (c,f,i) respectively. 






Figure 3. Schematic packings of CuPc molecules into the η, α, and β-phase is shown in (a,d,g) respectively. Molecular arrangement schemes of them are shown in (b,e,h) respectively, as seen along [010]. CuPc molecule overlap types are shown in (c,f,i) respectively.



[image: Crystals 08 00022 g003]







[image: Crystals 08 00022 g004 550] 





Figure 4. (a) XRD patterns of CuPc crystals annealed at different temperature; (b) the XRD pattern of the remaining sample for CuPc materials after TGA and DSC measurements; and (c) the TGA curve and heat flow in the DSC curve as a function of temperature for as-prepared CuPc nanowires. 
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Figure 5. SEM images of CuPc nanowires annealed at different temperatures: (a) without annealing, (b) 240 °C, (c) 270 °C, (d) 290 °C, (e) 300 °C, and (f) 350 °C (scale bar = 1 μm). (g) Schematic of the morphology transition process. 
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Figure 6. The Raman spectra of CuPc crystals annealed at different temperatures. The Raman spectra with the wavenumber ranging from 100 to 1600 cm−1 are shown in (a), while more detailed spectra with the wavenumber at high (1300–1600 cm−1) and low regions (100–350 cm−1) are shown in (b,c), respectively. 
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Figure 7. (a) Calculated CuPc single molecule vibrational modes by using density-functional theory; and (b) FTIR spectra of CuPc crystals annealed at different temperatures. 
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Figure 8. (a) UV-VIS spectra of CuPc crystals annealed at different temperatures; and (b) observed and fitted spectra for CuPc crystals annealed at 240 °C in the visible region. 
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