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Abstract 
We report on polarization-resolved absorption and photoluminescence spectroscopy experiments that 

investigate the spatial orientation of  excitonic transition dipoles at temperature ranging from 4 K to room 

temperature, in crystalline phthalocyanine thin films prepared with solution-based deposition methods. 

Octabutoxy phthalocyanines are quasi 1D systems, with highly directional intermolecular interactions along 

a preferred crystalline axis. Experiments reveal the existence of  red-shifted delocalized, bulk bandgap 

exciton states  at temperatures below 175 K. These states are the result of the strong π-π short-range 

coupling and long-range Coulomb coupling between nearest neighbour molecules along the stacking axis. 

They are characterized by linearly polarized, non-degenerate dipoles that largely obey the Davydov 

selection rules. The photoluminescence studies reveal these excitons couple to lattice and molecular 

vibrations, forming delocalized exciton-polarons at temperature below 175 K. Finally, by changing the 

incident light wavevector orientation we find additional, circularly and elliptical polarized states that most 

likely result from the mixing of HOMO-n ( n >1) orbitals with aza nitrogen orbitals.  

 

Introduction  
Organic molecules, such as pentacene, rubrene and phthalocyanine which have well-defined π-conjugated 

systems and exhibit great charge carrier mobility, are at the frontier of electronic materials research and 

represent the feasible alternative to traditional silicon-based semiconductor applications like field-effect 

transistors (OFETs) and photovoltaic devices (OPVs) when flexible electronics platforms are required1-5. 

Molecular systems with large intermolecular interactions easily self-assemble into crystalline thin films, a 

highly desirable characteristic for organic semiconductors6-8. Large enhancements in charge carrier mobility 
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and exciton diffusion length are routinely reported when amorphous thin films in devices are replaced with 

polycrystallline thin films or single crystals7, 9-14. Most notably, the formation of robust coherent excitonic 

states in the low dimensional small molecule semiconductors15-16 opens the possibility of ballistic exciton 

diffusion12-14, 17-20, fast carrier transport21 and formation of topologically protected states22.  In this context, 

knowledge of the excitonic states symmetries in the solid state is crucial, since the topological applications 

require orbitally -degenerate states22. 

Phthalocyanine (Pc) and  its derivatives are widely utilized in different applications because of their easy 

synthesis, high stability and tunable π-π* transition in the visible/near IR region23-24. Octabutoxy 

phthalocyanine (H2-OBPc) is a soluble derivative of the Pc which has eight butoxy electron-donating group 

at the non-peripheral benzo positions. It features highly directional intermolecular interactions in the 

crystalline phase due to the nearest -neighbor 𝜋𝜋-orbital overlap and thus has self-assembly properties which 

lead to long-range molecular ordering25 and a one-dimensional character for carrier or exciton transport16, 

26. Previous experiments report that H2-OBPc crystalline thin films with grain sizes on millimeter-scale are 

obtained with solution-based deposition methods26-28. These ordered thin films with large grain sizes 

uniquely offer the opportunity to spatially explore optical and excitonic properties within a single crystalline 

grain, free from the influence of grain boundaries or static disorder, enabling the usage of a variety of 

diffraction-limited optical techniques at low temperatures in a variety of experimental geometries. 

Theoretical studies16, 29 indicate that crystalline phthalocyanines are characterized by strong short range 

intermolecular exchange interactions , comparable to the reorganization energy for exciton energy transfer. 

In such systems, the dynamic disorder favors and, at the same time, limits the delocalization of the excitonic 

state. In the many-body language, this delocalized state coupled to dynamic disorder can be seen as an 

exciton-polaron state. Yamagata and Spano30, for example, propose a 1D many-body hamiltonian that also 

introduces contributions from two and three-particle charge separated vibronic states, in addition to 

Frenkel-like terms. This approach results in a delocalized excitonic state that resembles a Wannier Mott 

exciton coupled to phonons, i. e. an exciton-polaron. These different approaches converge to a few 

characteristics of bandgap excitonic states that include a coherent character controlled by vibrational 

coupling and delocalization over many lattice sites. The short range excitonic exchange depends on the 

relative orientation of  the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied 

Molecular Orbital) from nearest neighbor molecules in the crystal. The formation of these one-dimensional 

delocalized exciton states grants H2-OBPc the potential for efficient excitation energy transport in the 

coherent excitons regime.   

In the work reported here, H2-OBPc thin films with macroscopic grain size were prepared using a solution 

deposition technique. Incident light 𝐾𝐾��⃑ -vector dependent absorption experiments were performed to measure 

the orientation of all excitonic transition dipoles in the temperature range 4 K-300 K. Complementary 
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polarization-resolved photoluminescence (PL) measurements were conducted to probe the polarization of 

the bandgap excitons. Temperature-dependent studies indicate that delocalized excitonic states exist at low 

temperature (below 175 K) as a result of an interplay between short range intermolecular interactions and 

long-range Coulomb coupling in the presence of strong electron-phonon coupling. A total of four bandgap 

excitonic states evolve from the two quasi -resonant molecular Frenkel excitons, obeying Davydov 

selection rules. Furthermore, intermolecular interactions mix states with different symmetries and aza 

nitrogen orbitals, resulting in degenerate, elliptically polarized transition dipoles.  

 

Experiment section 
Thin film preparation. 1,4,8,11,15,18,22,25-

octabutoxy-29H,31H-phthalocyanine (H2-OBPc) 

purchased from Sigma-Aldrich was purified with 

recrystallization and column chromatography31-32.  C-

plane round-shaped single-crystal sapphire substrates 

were rinsed with toluene, dried with nitrogen stream 

and ultra-violet ozone treated for 1 h. Solution was 

prepared by dissolving H2-OBPc in toluene. Spin 

coated (SC) thin films were prepared using a solution 

2% (by weight, e.g., 2.0 mg/100 𝜇𝜇𝜇𝜇) at 500 RPM for 

3 min.  Pen-written (PW) thin films were prepared 

with a hollow capillary pen writing technique33 with 

0.5% solution. Thin films with macroscopic grain 

sizes were achieved at a writing speed of 14 𝜇𝜇𝜇𝜇/𝑠𝑠. 

Previously reported grazing incidence x-ray 

diffraction experiments carried on thin films 

deposited under identical conditions26-27 indicate the 

films are crystalline. In-situ telescope image of a H2-

OBPc PW thin film (Figure 1a) shows the pen-

writing technique produces thin films with 

macroscopic grain sizes on the millimeter scale. The green spot is the quasi-monochromatic beam focused 

within a single grain. The image is recorded during data acquisition. An ex-situ polarized microscopic 

image of the same film (Figure 1b) shows clear color contrast between nearby grains. This is the result  of  

different orientation of  molecular stacking axes in adjacent grains where H2-OBPc molecules are standing 

 
Figure 1. (a) Cross-polarized image of the quasi -

monochromatic beam spot (tuned to green) incident on the 

H2-OBPc thin film ,recorded in-situ,  with the sample located 

inside the cryostat during orientation-dependent absorption 

experiments (b) Ex-situ cross polarized optical microscope 

image of two adjacent grains from the same film reveals 

contrast originating from different stacking axes and 

transition dipoles orientations (c)  SEM image of the same 

grain boundary reveals a stripe-like configuration with 

molecules stacked along the axis. (d) H2-OBPc crystal 

structure and molecular stacking along  [110]. (e) Chemical 

structure or H2-OBPc, Q-band excitons transition dipoles and 

energy level diagrams. The transitions from HOMO-n to 

LUMO are greatly enhanced in the crystalline phase.  
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“edge-on” the substrate to form quasi one-dimension chains (Figure 1d, H2-OBPc molecular structure is 

shown in Figure 1e)26-27, 34-35. More images from pen-written films, deposited under different conditions 

along with more information about the pen-writing technique may be found in reference27. A Scanning 

Electron Microscope (SEM) image (Figure 1c) shows that the grains consist of straight and flat stripes 

oriented along the writing direction. The lack of full substrate coverage causes interference issue in 

absorption measurements that are addressed  in supplemental information (section 3). Continuous thin films 

could be obtained with higher solution concentration or lower writing speed, at the cost of having 

overlapping grains with different crystalline axes orientation and non-uniform thin film thickness, which 

would introduce static disorder to the film.  For this reason, we prefer to conduct the studies on the thin 

films with partial coverage. 

Photoluminescence (PL) measurement. All PL spectra were recorded with a 2300 Princeton 

Instruments spectrometer coupled to a CCD camera 

using a 735 nm narrowband pulsed 200ps laser 

excitation. The laser beam was focused to a 5-micron 

spot on the sample mounted inside a cryostat using a 

microscope objective lens. The location of the 

excitation beam onto the sample was monitored in-situ 

using a long-distance telescope (Figure 1a). This 

ensured the beam was located inside the same grain as 

the temperature rose. The sample temperature was 

varied from 4 to 300 K inside a continuous-flow 

Oxford Microstat He cryostat. The x- and y-polarized 

in-plane components of the photoluminescence (Ix and 

Iy) were detected and the orientation (in x-y plane) of a 

linearly polarized exciton dipole is computed in terms 

of polarization, P=(Ix - Iy)/(Ix + Iy) = cos2𝜑𝜑, where 𝜑𝜑 is 

the in-plane rotation angle the exciton dipole moment 

makes with the horizontal direction.  

Absorption, Linear Dichroism (LD) and 

Magnetic Circular Dichroism (MCD) 

measurements. The absorption setup schematic built 

with free-space optics can be found in supplemental 

information (section 2). Th quasi monochromatic 

tunable, incident light source was linearly polarized at 

 
 

Figure 2. Schematic of incident light 𝐾𝐾��⃑ -vector orientations 

in the polarization-resolved absorption measurements. (a) 

Incident light 𝐾𝐾��⃑  vectors orientation with respect to the (x,y,z) 

lab axes. The planes defined by the z-axis  and each of the 

incident light 𝐾𝐾��⃑ -vectors orientations are highlighted with 

different color. At normal incidence the substrate is in the x-

y plane.  (b) Schematic for angular orientation of dipole 

frame in relation to the lab axes. 𝜃𝜃 is the rotation angle about 

x axis away from lab x-y plane (substrate), 𝜑𝜑 is the rotation 

angle about z axis within lab x-y plane. Grey vectors are 

contained within x-y plane, while blue vectors have out of 

plane components. The dipole moment coordinate system is 

labeled as (𝑥𝑥′, 𝑦𝑦′ , 𝑧𝑧′), 𝑧𝑧′  is not shown for clarity. (c) Top 

view of the sample holder positioning in relation to the 

𝐾𝐾��⃑  vector of light for the case of 𝐾𝐾��⃑ (x-z -30°). 
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an angle 𝛼𝛼 with respect to the horizontal direction (x-axis) (Figure 2a). Absorbance (A) is computed from 

the average of polarized light absorption spectra along orthogonal directions and is thus incident 

polarization independent, that is, 2𝐴𝐴(𝛼𝛼) = 2𝐴𝐴 = 𝐴𝐴∥(𝛼𝛼) + 𝐴𝐴⊥(𝛼𝛼). Linear dichroism (LD) measurements were 

conducted by modulating the incident light polarization between orthogonal directions at 100 kHz with a 

photoelastic modulator PEM. LD represents the difference between angular absorbance along orthogonal 

directions, that is, LD(α) = A∥(α) − A⊥(α). A lock-in technique is employed to enhance signal-to-noise and 

simultaneously detect the overall absorbance and the linear dichroism. Aditional experimental details can 

be found in reference36. Polarized absorbance is then calculated as 𝐴𝐴∥(𝛼𝛼) = �2𝐴𝐴 + 𝐿𝐿𝐿𝐿(𝛼𝛼)�/2  and 𝐴𝐴⊥(𝛼𝛼) =

�2𝐴𝐴 − 𝐿𝐿𝐿𝐿(𝛼𝛼)�/2. The in-plane (x-y) orientation of a transition dipole could be estimated by finding the 

maximum LD(𝛼𝛼) value recorded for its corresponding wavelength. Magnetic circular dichroism (MCD) 

measurements were carried out using the same setup as the linear dichroism experiments with one important 

modification: incident light was modulated into left and right circularly polarized at 50 kHz. Sample was 

mounted in a 5T Oxford superconducting magnet (MicrostatMO). Measurement was conducted at 4K. More 

details about MCD can be found in earlier reported research28. 

Incident light 𝑲𝑲���⃑ -vector dependent absorption measurement. Different incident light 𝐾𝐾��⃑ -vector 

orientations relative to the substrate were employed in order to detect the transition dipoles out-of-plane 

components. Four distinct 𝐾𝐾��⃑ -vector orientations, in addition to normal incidence, are employed as shown in 

Figure 2a. The absorption measurement for 𝐾𝐾��⃑ (x-z -30°) was conducted by rotating the sample holder in the 

manner shown in Figure 2c. Other 𝐾𝐾��⃑ -vector orientations are realized by further rotating the sample inside 

the sample holder in 90° increments relative to the 𝐾𝐾��⃑ (x-z -30°) orientation. For all absorption measurements 

at various  𝐾𝐾��⃑ -vector orientations, the incident light is focused on the sample at the same location within the 

thin film with the assistance of an in-situ long working distance imaging telescope.  

A(α) polar plots. For each 𝐾𝐾��⃑ -vector orientation, average absorbance spectra and polarization-dependent 

linear dichroism LD(𝛼𝛼) were measured with the incident light polarization spanning a 360∘ range. Spectral 

fit analyses were conducted to deconvolute the absorption peaks associated with distinct excitonic 

transitions identified in the Q-band region of the phthalocyanine molecules that spans almost the entire 

visible range (for a peak fit example, see supplemental information section 5). Angular absorbance values 

were then computed as discussed above and polarization-dependent absorbance polar plots are generated 

for each excitonic transition. Simulated absorbance plots were computed for comparison. Briefly, lab 

coordinates (𝑥𝑥𝑥𝑥𝑥𝑥) were utilized to describe the measurement result (𝜇𝜇 = �𝜇𝜇𝑥𝑥, 𝜇𝜇𝑦𝑦 , 𝜇𝜇𝑧𝑧�
𝑇𝑇), and dipole frame (x′y′z′) 

was employed to characterize the nature of the transition dipole. In the present work, linear dipole (𝜇𝜇′���⃑ =

�𝜇𝜇𝑥𝑥′ , 𝜇𝜇𝑦𝑦′ , 𝜇𝜇𝑧𝑧′�
𝑇𝑇) and elliptical(or circular) dipole (𝜇𝜇′���⃑ = �𝜇𝜇𝑥𝑥′ , 𝑖𝑖 · 𝜇𝜇𝑦𝑦′ , 0�𝑇𝑇) were studied. In our notation, the relative 

orientation of the two coordinate frames could be described by 𝜃𝜃  and 𝜑𝜑  as shown in Figure 2b. The 

transition dipole components in the dipole frame 𝜇𝜇′���⃑  were projected onto the lab coordinates 𝜇𝜇 with the 
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procedure presented by Flora et al.8 through rotation operation, 𝜇𝜇 = 𝑅𝑅𝑧𝑧(𝜑𝜑) · 𝑅𝑅𝑥𝑥(𝜃𝜃) · 𝜇𝜇′���⃑ . Detailed description 

can be found in supplemental information (section 4). Therefore, 𝜇𝜇 is a function of the 𝜇𝜇′���⃑  and the dipole 

orientation [𝜃𝜃,𝜑𝜑]. Simulated polar plots were then generated for a variety of 𝜇𝜇′���⃑  and [𝜃𝜃,𝜑𝜑], and compared with 

experimental polar plots to estimate the dipole orientaion. 

Results and Discussion 
Excitonic transitions in individual molecules versus solid state.  

Only a few experiment studies16, 23 report on the excitonic transitions for H2-OBPc. When compared with 

the parent Pc molecule37, the absorption spectrum of H2-OBPc molecules dispersed in toluene solution 

exhibits a similar splitting of the main excitonic peak (738 and 759 nm) (Figure 3a), associated with the 

band gap transitions HOMO to LUMO and HOMO to LUMO+1. The small energy difference between 

LUMO and LUMO+1 is due to the reduced D2h symmetry of the molecule and the two pyrrole nitrogen 

atoms that lift the double degeneracy of the LUMO orbital. These transitions are known as Qx and Qy 

because their corresponding transition dipoles have orthogonal orientations within the Pc molecule plane16, 

26, 38. Earlier studies also established the electrons undergo transitions between non-degenerate molecular 

orbitals , a1u→b2g/b3g
38. A weak 660 nm feature also present in the absorbance spectrum is due to transitions 

from the HOMO-n (fourth or lower) to LUMO and may also involve aza nitrogen orbitals23. The 

polarization of these transitions is less clear as there is a controversy with regards to the possibility of 

 
Figure 3. Absorption and PL measurements of H2OBPc at room temperature. (a) Absorption and PL spectra of H2-OBPc 

measured in toluene solution and SC thin film. (b) and (c) 𝐾𝐾��⃑ -vector dependent absorption and LD spectra of H2-OBPc in 

the SC thin film. (d) Absorption, LD and PL spectra of H2-OBPc in PW thin film. (e) and (f) 𝐾𝐾��⃑ -vector dependent absorption 

and LD spectra of H2-OBPc in crystalline PW thin film. 
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mixing between energetically close states in the Q-band39. In SC thin films, the absorption spectrum is 

broadened and redshifted while the overall spectral shape is preserved (Figure 3a). The main absorption 

peak is now red-shifted to 785 nm. The absorbance at 685 nm is enhanced relative to the 785 nm peak, 

probably due to activation or enhancement of certain transitions through vibrational borrowing and lifting 

of the degeneracy of molecular orbitals with the onset of intermolecular interactions and disorder. More 

interesting, a new feature, located between 800 nm and 900 nm, is observed, indicating the possible 

formation of a bulk band gap exciton transition in the SC thin film. Correspondingly, PL emission peak red 

shifts from 780 nm for H2-OBPc in Toluene to 890 nm in SC and PW thin films (Figure 3a and d). These 

additional transitions are much better resolved in the PW thin film (Figure 3d) as the absorbance spectrum 

clearly contains a new strong absorption feature in the 800 nm to 900 nm range which is the exclusive result 

of long range intermolecular interactions.  

The presence of additional excitonic states can be understood in the simple framework of the Davydov 

model of molecular crystals40-44, with the interplay between the distinct Frenkel exciton states S1 and S2 

originating from the Qx and Qy in the free molecule (See Figure 1e). In H2-OBPc crystals with two 

molecules per unit cell, molecules are densely packed along [110] to form a one-dimensional ordered chain 

(Figure 1d). The Davydov “oriented gas” model predicts that the molecular excitonic states S1 and S2 in 

the presence of Coulomb interactions (JCoul)  will each evolve into two distinct Frenkel excitonic states 

linearly polarized parallel (dipole -forbidden, “dark”) and perpendicular (dipole-allowed, “bright”)  to the 

molecular stacking axis.  We therefore expect four possible bandgap excitonic states in crystalline H2-OBPc 

in the range of 800-950 nm.  

As described in the introduction, recent theoretical studies16 reveal a more complex picture of excitonic 

states in H2-OBPc crystal system where strong intermolecular coupling, originating from short range 

exchange (Jex) must be considered.  Furthermore, the excitonic states become coherent at lower 

temperatures, a process controlled by the coupling to low energy lattice vibrations15, 30, 45-46. In our present 

work, the 855 nm transition dipole orientation in the PW thin film (measured from absorption experiments) 

and the 890 nm transition dipole orientation (as measured from PL experiments) differ by 7°. This confirms 

that the observed bandgap exciton state is the result of interactions that break the known Davydov selection 

rules described above26. 

Peak deconvolution of the LD and MCD spectra is performed in order to accurately identify the transitions 

energies and corresponding absorbances (see supplemental information section 4). Transitions centered at 

around 685 and 755 nm are identified, which likely involve the HOMO-n  orbitals and states that originate 

in the aza nitrogen lone orbitals38, 47-48. The wavelengths associated with the four bandgap excitonic 

transitions born from the molecular S1 and S2 Frenkel excitons, are 800, 835, 865 and 920 nm. 



8 
 

Transition dipoles orientation in H2-OBPc PW thin film. Incident light 𝐾𝐾��⃑ -vector dependent absorption 

spectra were measured on SC and PW thin films. The absorption spectra of SC films are almost identical 

regardless of 𝐾𝐾��⃑ -vector orientations (Figure 3b), lacking Linear Dichroism at 𝐾𝐾��⃑ (normal) (Figure 3c), a 

consequence of disorder. LD spectra at 𝐾𝐾��⃑ (others) (K��⃑ -vector orientations other than K��⃑ (normal)) show 

consistent pattern with small values compared to absorbance (Figure 3c), which suggests that the molecules 

on substrate have some preference towards forming discotic chains, as discussed in literature7, 34. In stark 

contrast, absorption and LD spectra of H2-OBPc PW thin films (Figure 3e and f) are clearly distinct for 

different 𝐾𝐾��⃑ -vector orientations, indicating the transition dipoles have preferred orientations stemming from 

the long-range ordering in molecular stacks along the [110] crystal axis. In order to simplify the analysis, 

we first note that the 685 nm and 755 nm transitions have similar relative absorption strengths for  different 

𝐾𝐾��⃑ -vector orientations, which suggest that the two transition dipoles share similar orientations. Moreover, 

the 855 nm absorption peak and its corresponding LD contribution show similar shapes and values for 

different out of plane 𝐾𝐾��⃑ -vector orientations. This suggests that the transition dipoles around 855 nm may be 

linearly polarized, strictly following the Davydov splitting selection rule. 

 Transition dipole orientations are estimated by comparing the polarization-dependent polar absorption 

plots from measurement and simulation (Figure 4) as discussed in the experimental section. Results are 

summarized in Table 1. In the case of the 685 nm and 755 nm dipoles, their contribution to the experimental 

 
Figure 4. (a)-(d) Polarization-dependent absorbance A(α) plots at wavelengths corresponding to the four strongest 

transition dipoles, extracted from the k-vector dependent measurements at room temperature. (685 nm, 755 nm, 800 nm 

and 865 nm, respectively) The plots are color coded according to figure 1(a). (e)-(h) Simulated polarization-dependent 

absorbance of elliptical (685 nm),  circular (755 nm) , an linear dipoles (800 nm and 865 nm, respectively. Black curves 

are for 𝐾𝐾��⃑ (normal), red for 𝐾𝐾��⃑ (y-z +30°), blue for 𝐾𝐾��⃑ (y-z -30°), pink for 𝐾𝐾��⃑ (x-z +30°) and green for 𝐾𝐾��⃑ (x-z -30°), color coded 

according to figure 1(a). 
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polarization-resolved absorption plots varies dramatically for different 𝐾𝐾��⃑ -vector orientations (Figures 4a 

and b). This indicates the two transition dipoles have significant out-of-plane (x-y plane) components. The 

685 nm and 755 nm dipoles are indeed found to be elliptically polarized ([0.6, 𝑖𝑖, 0]𝑇𝑇 and [0.9, 𝑖𝑖, 0]𝑇𝑇 , 

respectively) with the same long axis orientation ([40°,28°]) relative to the lab axes. The respective simulated 

angular plots are shown in Figure 4e and f. Previous MCD studies of H2-OBPc23 and Pc37 show intense 

magnetically activated terms in this wavelength range and suggest these transitions are circularly polarized, 

residing within the Pc macrocycle ring. The 755 nm dipole is almost circularly polarized, while the elliptic 

polarization of the 685 nm dipole may be resulted from the mixing with other non-degenerate states and 

phonon coupling. Previous grazing incidence X-ray diffraction study26 conducted on these H2-OBPc thin 

films indicate the  [110] stacking axis is contained within the x-y plane i. e. molecules stack “edge-on” the 

substrate.  According to the crystal geometry25, molecules are tilted approximately 45°  out-of-substrate 

plane along stacking axis, which is very similar to the measured out-of-plane angle of the 685 nm and 755 

nm dipoles (Table 1). Therefore, when  H2-OBPc molecules assemble into crystalline thin films, the 685 

nm and 755 nm dipoles are largely confined within a plane parallel to the molecular one.  

Figure 4d shows the 865 nm and 835 nm dipoles have similar orientations at room temperature (see also 

Figure S6). The 865 nm dipole is linear polarized, with orientation [0°, 28°] (Figure 4h for the A(α) plots 

from simulation). Therefore, the 835 nm and 865 nm dipoles strictly follow the Davydov excitons selection 

rule that state the bright (optically allowed) excitonic states are linearly polarized perpendicular to the 

molecular stacking axis. For the transition at  800 nm, best fitting indicate an elliptical dipole [0.3, 𝑖𝑖, 0]𝑇𝑇 with 

orientation [5° ,- 62° ] (Figure 4c and Figure 4g for the A(α) plots from experiment and simulation, 

repectively). This is interpreted as follows: the elliptical dipole has its major component (𝜇𝜇𝑦𝑦′=i) tilted out 

of substrate plane by 5° and 28° away from x axis (-62° away from y axis), which is the direction of the 865 

nm dipoles; the minor component (𝜇𝜇𝑥𝑥′=0.3) is within substrate plane. That is, the 800 nm dipole is not fully 

following expected molecular selection rules. One hypothesis is that the 800 nm state is mixed with the  

755 nm degenerate (circular) dipole. It should be emphasized that the absorption and MCD spectra of Pc 

molecules dispersed in dilute solutions or inert gas matrices (low temp exp) only report very weak 

signatures of transitions on the blue side of the Qx and Qy transitions. In conclusion, our extensive 𝐾𝐾��⃑ -vector 

dependent absorption studies indicate that the long range ordering and interactions in the pen-written 

crystalline thin films are responsible 

for: a) a new bulk (delocalized), 

bandgap excitonic state, characterized 

by a non-degenerate linearly 

polarized transition dipole rotated by 

7° towards the [110] stacking axis and 

Table 1 Summary of dipole orientations 
Dipoles at 
RT (nm) μ′���⃑  [𝜃𝜃,𝜑𝜑] Dipoles at 

4 K (nm) μ′���⃑  [𝜃𝜃,𝜑𝜑] 

685 [0.6, i, 0]𝑇𝑇 [40°,28°] 685 [0.7, i, 0]𝑇𝑇 [40°,28°] 
755 [0.9, i, 0]𝑇𝑇 [40°,28°] 755 [0.9, i, 0]𝑇𝑇 [40°,28°] 
800 [0.3, i, 0]𝑇𝑇  [5°,-62°] 800 [0.3, i, 0]𝑇𝑇 [2°,-62°] 
835 [1, 0, 0]𝑇𝑇 [0°,28°] 835 [1, 0, 0]𝑇𝑇 [0°,28°] 
865 [1, 0, 0]𝑇𝑇 [0°,28°] 865 [1, 0, 0]𝑇𝑇 [0°,28°] 

   900 [1, 0, 0]𝑇𝑇 [0°,28°] 
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b) a large increase in the oscillator strength and mixing of higher energy degenerate  states within the Q-

band. These states are particularly interesting for possible topological applications22, 49.  

Figure 5a and b show the absorption and LD spectra evolution as a function of temperature for H2-OBPc 

PW thin film. The relative strength between 685 nm and 755 nm peaks is similar from 4 K to 200 K 

confirming the states have similar origins. When temperature drops below 175 K, the two peaks become 

narrower mainly due to the decrease in vibrational coupling. At low temperatures, the signature of 

delocalized, bulk, excitonic states is clearly present in the low temperature absorption and LD spectra at 

900nm (Figure 5a and b). The evolution of this feature with temperature is dramatically different from the 

rest of the Q band spectrum, confirming the assignment to a bulk -like delocalized state, as opposed to 

localized Frenkel exciton. The in-plane orientations of the 855 nm and 900 nm transitions dipoles measured 

with LD are found to be the same and remain constant as temperature increases. Dipole orientations at 4 K 

were subsequently evaluated and results are show in Table 1 (full set of polarization-resolved absorption 

polar plots can be found in Figure S7). Same out-of-plane angles were found for the 685 nm and 755 nm 

dipoles at room temperature and 4 K. The excitonic states 800 nm, 835 nm and 865 nm, and the additional 

low temperature delocalized exciton  state at 900 nm are all linearly polarized within the substrate plane 

and pointing perpendicular to the molecular stacking axis.  

Exciton-Polaron orientation in H2-OBPc thin film. The effect of coupling to dynamic disorder on 

excitonic transition dipole orientation is also investigated in present work. Excitons often evolve in polaron 

states in small molecule crystals as a result of the strong coupling between Frenkel excitons and certain 

vibrational modes15, 45, 50-51. In this study, the formation of an exciton-polaron state is the most likely 

explanation for the 25 nm red-shift between the bandgap exciton identified in the absorption spectrum and 

the wavelength associated with the radiative recombination. Figure 5c shows the PL main peak intensity 

increases with the decreasing temperature. Similar results could be found in our previous research which 

involves H2-OBPc,  its “cousin”derivative H2-PcOC8
26, 52 and organic alloy compounds27. As discussed 

earlier, no obvious transition dipole rotation is observed with increasing temperature. Thus, the change of 

the emission peak intensity cannot be the result of a change in dipole-dipole interactions between 

neighboring molecules. Instead, it is likely that we  are observing the formation of delocalized exciton-

polarons described in the introduction. Previous studies indicate that the intermolecular interaction could 

enhance the exciton transport rate16, 29, 53-54 and induce superradiant behavior15, 45 with the formation of 

exciton-polarons. That is, the strong intermolecular coupling of Frenkel excitons in the presence of dynamic 

disorder in H2-OBPc result in exciton delocalization across multiple molecules along the chain and the 

formation of a large, delocalized exciton-polaron. As a result, the PL energy could be red shifted and its 

intensity enhanced, especially when static disorder is absent. 
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In the current work, two possible delocalized 

exciton polaron states, characterized by wavelengths 

equal to 925 nm and 935 nm (marked as EX1 and 

EX2 from here on), are identified at low temperature 

(below 175 K), from the deconvolution of the PL 

spectra. At 4 K the two peaks have similar intensity. 

As temperature increases to 30 K, the EX2 intensity 

increases in favor of EX1. As temperature further 

increases to 50 K, the EX2 intensity decreases with 

respect to the EX1 and thus the overall PL spectrum 

blue shifts to 925 nm. Correspondingly, the PL peak 

energy (shown in Figure 5d) first red shifts from 

1.339 eV at 4 K to 1.334 eV at 35 K, then blue shifts 

to 1.344 eV at 60 K. Meanwhile, the linear 

polarization increases from 0.607 at 10 K to 0.689 at 

60 K, which indicates the radiative transition dipole rotates in x-y plane by approx.  5°. From 60 K to 150 

K, the EX2 intensity further decreases in favor of the EX1 thus making the 925 nm peak  dominant. 

Moreover, the EX1 and EX2 have similar polarization as the peak energy difference of the emission is small 

along orthogonal directions (Ix and Iy in Figure 5d). The temperature dependent polarization implies the 

exciton couples to lattice vibration mode and forms a delocalized polaron with different selection rules. A 

similar evolution of excitonic states was  was previously reported for H2Pc-OC8 crystalline thin films26. In 

that system, the eight-carbon chains attached on the peripheral positions lead to less π orbital overlap. 

Therefore, the intermolecular interactions are expected to be weaker, and the exciton would be less affected 

by the lattice vibration coupling. In that case, noticeable changes in the exciton-polaron dipole orientation 

(as measured from polarized luminescence) were observed for temperatures as low as 75 K. Therefore, we 

conclude that the EX1 and EX2 observed at low temperature are coupled with lattice vibration modes and 

are delocalized exciton-polaron states. 

These states are deactivated as the emission peaks disappear when temperature exceeds 175 K, which 

corresponds to the dissapearance of a 900 nm peak in absorption spectra. An 890 nm emission peak starts 

to dominate the PL feature (Figure 5c insert, adapted from previous study of the Furis group55), leading to 

an overall blue shift of photoluminescence at elevated temperatures. In contrast to the EX1 and EX2, the 

polarization of the 890 nm PL peak remains the same from 160 K to 300 K. Previous result26 also shows 

that the polarization of the 890 nm feature is temperature independent.  

 
Figure 5. Temperature -dependent spectroscopy 

investigations  of the crystalline PW  film  at normal 

incidence (a) Absorbance. (b) LD. (c) PL. (d) Linear 

Polarizations and energies of the main emission peaks as a 

function of temperature. 
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In conclusion  the results here, corroborated with previous theoretical predictions lead to the following 

model for the formation of excitonic states in soluble phthalocyanine films: the bandgap excitonic states 

are the result of the significant short-range exchange interaction when molecules are in close contact in 

crystal geometry (Jex), and the longer range Coulomb interactions. These excitons are identified as the  800, 

835, 865 and 900 nm states,  are linearly polarized within the substrate plane, perpendicular to the stacking 

axis. These excitons couple with intermolecular low energy phonon modes (i.e. dynamic disorder 

fluctuations ) (Jex-ph) to form exciton-polaron states delocalized along the stacking axis. Previous theoretical 

study16 suggests the low frequency vibrations below 100 cm-1 and around 300 cm-1 control the 

intermolecular excitonic coupling while high energy  molecular vibrations (1660 cm-1) localize excitons 

through intramolecular vibration coupling. Our preliminary confocal Raman study on the PW thin films 

indicate all these vibrational modes, including the low energy phonons are clearly present in these films 

(see Figure S8). At low temperature (below 175 K), the exciton coupling with localized molecular  

vibrations is suppressed while the low energy phonon coupling assists the deloclaized exciton-polaron 

formation and results in the spreading of the wavefunction over the π-stacked molecular chain15-16, 45, 56. 

Manning et al.27 estimate the spatial extent of the delocalized exciton along the stacking axis in H2-OBPc  

system to be at least 10 lattice units. Such delocalization of the lowest-energy exciton could also be found 

in pentacene systems44. These exciton- polaron states disappear around 175 K most likely due to the onset 

dynamic disorder  at higher temperatures. Therefore, the 890 nm Frenkel exciton state becomes the lowest 

energy state, that is, coupled with intramolecular vibration and localized within the molecular unit57. In this 

case, it is expected that the exciton transport would happen mainly by incoherent hopping mechanism56. 

The differences in the orientations of the transition dipoles  observed in Figure 4d should therefore be 

explained as being the result of coupling with intramolecular vibration. In this model,  the delocalized 

exciton- polaron binding energy 𝐸𝐸𝐵𝐵,𝑑𝑑𝑑𝑑𝑑𝑑 could be estimated as the difference between the lowest-lying states 

in absorption spectrum and the PL spectrum, that is, 44.4 meV (from 900 nm to 930 nm). Similarly, the 

localized Frenkel-like small polaron binding energy 𝐸𝐸𝐵𝐵,𝑙𝑙𝑙𝑙𝑙𝑙 is 40.3 meV (from 865 to 890 nm). Therefore, 

the binding energies between the localized and delocalized polaron states are close, which suggest a 

possibility to tune the PL property by modifying the two couplings. For example, Manning et al.27 

successfully records the energy shift of the PL main emission peak by tuning the average H2-OBPc 

molecular spacing in organic alloys, which would significantly alter the lattice vibrations. Such energy shift 

is mainly due to the change of the relative peak strength of the two delocalized polaron states (EX1 and 

EX2). By comparing the PL spectra from above study and those from current study, we could conclude that 

the delocalized exciton-polaron states EX2 (935 nm) are more sensitive to the dynamic disorder. Recent 

experiment58 and theoretical59 studies report that the vibration property in small organic molecules could 

be tuned with strain. These studies and our present results together imply a promising way to trigger the 
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formation of delocalized exciton polaron states at room temperature with external applied strain and enable 

the design of a novel semiconductor device with tunable band gap transition in the coherent excitons  regime. 

 

Conclusion 
In the current study, we present an approach to directly measure the optical transition dipole orientations 

and characterize excitonic states in H2-OBPc crystalline thin films using incident light 𝐾𝐾��⃑ -vector dependent 

absorption, linear dichroism and photoluminescence measurements. This approach utilizes the polarized 

absorption spectral evolution patterns for different incident light 𝐾𝐾��⃑ -vector orientations and peak fit analysis, 

to resolve the type (linear or elliptical) and orientation of the transition dipoles within a single crystalline 

grain. Orientations were measured from 4 K to room temperature. First, the larger energy transition dipoles 

(originating from HOMO-n states) 685 nm and 755 nm are elliptically polarized and reside in the plane of 

the Pc macrocycle ring. The bandgap excitonic transition dipoles (800 nm, 835 nm, 865 nm and 900 nm) 

are found to be linearly polarized within substrate plane and  perpendicular to the molecular stacking axis. 

PL results show a localized exciton-polaron state with binding energy 40.3 meV and two delocalized 

exciton-polaron states with average binding energy of 44.4 meV. The delocalized exciton-polaron states 

are only present below 175 K and their transition dipole is rotated by approximately 7° towards the stacking 

axis. These delocalized exciton-polaron states have robust emission properties and they are potentially 

coherent,  a highly desirable attribute in the context of developing novel semiconductor devices. Further 

investigations into the origins and formation/quenching mechanism of the exciton-polaron states include 

ultrafast pump-probe investigations and a strain-dependent photoluminescence study. The strain idea stems 

from the observation that the binding energies of localized and delocalized polaron states are very similar . 

Therefore, strain might trigger the formation of the delocalized exciton-polaron state at higher temperatures 

by changing low energy vibrational modes and their coupling to excitons. 

 

Supporting Information 
Schematics of thin film preparation technique; incident light 𝑲𝑲���⃑ -vector orientation-dependent absorption 

experiment setup; treatment of raw transmitted signal in absorption measurements; generation of incident 

𝑲𝑲���⃑ -vector orientation-dependent absorption polar plots from experiment and simulation; peak fit analysis 

examples; confocal Raman spectrum measurement. 
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