
 

  

 

 

        

  

[Year] 

ACCEPTED MANUSCRIPT 

This article may be downloaded for personal use only. Any other use requires prior permission 
of the author and The Royal Society of Chemistry. 

This article appeared in J. Mater. Chem. C, 2023, 11, 10266-10273, DOI:10.1039/D3TC00734K 
and may be found at https://pubs.rsc.org/en/content/articlelanding/2023/tc/d3tc00734k   

Modulation of charge transfer exciton dynamics in organic semiconductors using different 
structural arrangements 

Cristian Soncini, Abhishek Kumar, Federica Bondino, Elena Magnano,  Matija Stupar, Barbara 
Ressel, Giovanni De Ninno, Antonis Papadopoulos,  Efthymis Serpetzoglou, Emmanuel 
Stratakis and Maddalena Pedio, J. Mater. Chem. C, 2023, 11, 10266-10273, 
DOI:10.1039/D3TC00734K  

To request permission to reproduce material from this article, please go to the Copyright 
Clearence Center request page. 

If you are an author contributing to an RSC publication, you do not need to request 
permission provided correct acknowledgement is given. 

If you are the author of this article, you do not need to request permission to reproduce 
figures and diagrams provided correct acknowledgement is given. If you want to reproduce 
the whole article in a third-party publication (excluding your thesis/dissertation for which 
permission is not required) please go to the Copyright Clearence Center request page. 

Read more about how to correctly acknowledge RSC content. 

 



Journal Name  ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

a. Istituto Officina dei Materiali, Consiglio Nazionale delle Ricerche, Trieste, Italy. 
b. Department of Physics, Chandigarh University, Chandigarh, India. 
c. Department of Physics, University of Johannesburg, Johannesburg, South Africa. 
d. Laboratory of Quantum Optics, University of Nova Gorica, Ajdovščina, Slovenia. 
e. Elettra - Sincrotrone Trieste S.C.p.A, Trieste, Italy. 
f. FORTH Institute of Electronic Structure and Laser Foundation for Research and 

Technology Hellas and University Of Crete, Hellas. 
*Corresponding author, E-mail: cristian.soncini@ifn.cnr.it 
† Technische Universität Dortmund, Experimentelle Physik VI, Dortmund, 
Germany. 
Electronic Supplementary Information (ESI) available: Methods, Structural 
characterization of the films, PES-IPES spectra analysis, TAS in the ns time domain 
and α-CoPc crystal structures. See DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI:   

 

 

Modulation of Charge Transfer Exciton Dynamics in Organic 
Semiconductors Using Different Structural Arrangements    
Cristian Soncini,*a Abhishek Kumar,b Federica Bondino,a Elena Magnano,a,c Matija Stupar,d† Barbara 
Ressel,d Giovanni De Ninno,d,e Antonis Papadopoulos,f Efthymis Serpetzoglou,f Emmanuel Stratakis,f 
and Maddalena Pedioa 

In devices based on organic semiconductors, aggregation and inter-molecular interactions play a key role in affecting the 
photo-physical and dynamical carrier properties of the material, potentially becoming a limiting factor to achieving high 
efficiency. As a consequence, a detailed understanding of the interplay between the film molecular structure and the 
material properties is essential to properly design devices with optimized performance. Here we demonstrate how different 
molecular structural arrangements modulate the charge transfer (CT) dynamics in cobalt phthalocyanine (CoPc) thin films. By 
transient absorption spectroscopy and time-resolved photoemission spectroscopy, we study the influence of different CoPc 
structures on the dynamical electronic properties, the CoPc intra and inter-molecular de-excitation pathways up to 7 ns. We 
rationalize the ultrafast formation of triplet states in the CoPc through an electron exchange process between the single-
occupied Co3dz2 orbital and π orbitals of the macrocycle, which obviate for an energetically unfavourable spin-flip.  We 
found enhanced CT exciton lifetime in the case of the herringbone structure with respect to the brickstone one, possibly 
explainable by a more efficient CT exciton delocalization along the stacking axis.  

1 Introduction  
 

Charge transfer (CT) processes in organic semiconductors play 
a key role in several physical phenomena and technological 
applications, including electron transport, solar cells, organic 
light-emitting devices and spintronics1-4. One critical issue to 
overcome toward highly-efficient devices is the need for a 
deeper understanding of the fundamental factors that 
influence the CT process to achieve thorough control at the 
nanoscale. In this framework, the CT in conjugated systems is 
strongly related to the optimal overlap of the π orbitals along 
the direction of carrier flow3-5. Therefore, molecules with rigid 
and planar π systems which self-assemble in long-range 
columnar structures exhibit great potential in achieving 
enhanced charge transport properties6-7. In recent years, many 
studies pointed out the active role of the aggregation and 
inter-molecular interactions in tuning the photo-physical and 
dynamical carrier properties of the film, affecting the light 
absorption, the energy level alignment, the exciton diffusion, 
allowing for more efficient charge transport in the material6-11. 
As a consequence, accurate control of the molecular structure 
in the solid aggregation is a key factor in designing and 
optimizing the device performance, implying the possibility of 
ad-hoc engineering of the electronic properties and the carrier 
transport dynamics in molecular films. Here we demonstrate 
how different molecular structural arrangements modulate the 

CT exciton dynamic in ordered cobalt phthalocyanine (CoPc) 
thin films. The CoPc represents a case system of particular 
interest since, in the solid state, forms π-conjugated structures 
with significant structural anisotropy along the stacking axis. 
Substantial anisotropy may therefore exist in the CT exciton 
delocalization in CoPc films. As a case in point, Gadalla and co-
workers reported the possibility of a preferential CT exciton 
energy transfer along the CoPc stacking axis due to a band of 
CT exciton states12. They suggest that such CT states band may 
be originated from the strong coupling between adjacent CoPc 
molecules (along the stacking axis) induced by the single-
occupied out-of-plane Co3dz2 orbital. The substantial impact of 
the Co3dz2 orbital in the molecular dynamics can be 
understood simply by comparing the transient absorption 
spectroscopy (TAS) studies on α-CoPc and α-copper 
phthalocyanine (CuPc) films of ref. 12 and ref. 13, respectively 
(we recall that in the CuPc the single-occupied metal orbital is 
the 3dx2-y2 - in-plane oriented). The TAS spectra show different 
evolution in time of the singlet excited states, decaying in a 
few of ps in the CoPc12 and hundreds of ps in the CuPc13. 
Furthermore, the CoPc spectra show an additional excited 
state absorption (ESA) feature directly related to the formation 
of triplet states12. Such differences suggest a possible 
important contribution of the Co3dz2 in modifying as well as 
providing additional relaxation channels to the excited states. 
For these reasons, we used a multi-technique approach to get 
a deeper understanding of how the molecular stacking 
geometry and the Co3dz2 orbital influence the CoPc dynamical 
electronic properties. In this regard, the optimization of the 
intermolecular interactions to promote an efficient orbital 
overlap between adjacent planes is strongly determined by the 
molecular stacking geometry in the film (stacking angle, sliding 
angle and Co-Co inter-plane distance)14. As demonstrated in 
ref. 15 it is possible to obtain a specific molecular arrangement 
avoiding the admixture of the ordered phases. In this way, we 
have grown α-CoPc thin films with herringbone and brickstone-
like structures onto graphene (Gr) and Au(111) substrates, 
respectively. A disorded α-CoPc thin film (CoPc/ITO sample) 
was also fabricated as reference to clarify the molecular 
dynamics independently of the stacking geometry. Combined 
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photoemission spectroscopy (PES)-inverse photoemission 
spectroscopy (IPES) spectra was used to determine the 
molecular orbitals involved in the excited state dynamics. The 
complementary use of the information gained through TAS 
and time-resolved PES (TR-PES) allowed us to reconstruct the 
CoPc de-excitation pathways over 7 ns. Within few hundreds 
of fs we observe both rapid decay to the ground state, due to 
the non-radiative relaxation of the singlet excited states, and 
the formation of triplet states by ultrafast intersystem crossing 
(ISC). To rationalize the ultrafast ISC (spin-forbidden character 
process), we suggest the possible direct contribution of the 
Co3dz2 orbital in enabling a rapid evolution between singlet 
and triplet configurations: acting as intermediate may obviate 
the need for an energetically unfavorable spin-flip. 
Furthermore, we found a direct dependence of the CT exciton 
decay times on the molecular stacking, going from a few ps 
(brickstone structure) to tens of ps (herringbone structure). 
We ascribe such difference to the different π-conjugation 
along the molecular stacking axis, favoring the CT exciton 
delocalization in the herringbone geometry.  
 
 

2 Results 
 
2.1 Energy level alignment of CoPc/Gr and CoPc/Au(111) 
samples  
 
The details of the samples’ growth and structural 
characterization are reported in the ESI (Methods and Section 
S1). Before studying the molecular dynamics of α-CoPc 
herringbone and brickstone-like structures, we clarified the 
molecular orbitals involved in the excited state dynamics by 
PES and IPES measurements. The combined PES-IPES spectra 
of the two samples (thickness of about 24+2 nm) are shown in 
Figure 1a. The peaks labelled b and a, below EF, are assigned to 
the ligand highest occupied molecular orbital (HOMO) and 
HOMO-1, respectively16-19. The unoccupied states, probed by 
IPES, show two distinct peaks within 1.5 eV (above EF), namely 
c and d. Several theoretical works on the CoPc empty states 
are reported in the literature14,17,20-23. However, most of the 
published calculations are performed on the isolated molecule 
approximation, even though solid aggregation induces changes 
in the electronic properties of the organic semiconductors24,25. 
The calculated CoPc electronic structure is very sensitive to the 
theoretical functional used to model the exchange-correlation 
interactions. As a consequence, the nature of the first empty 
state is found either as a1g symmetry state (orbital of mostly 
Co3dz2 character mainly localized on the Co atom) or ligand 
character (lowest unoccupied molecular orbital – LUMO – 
mostly localized over the Pc macrocycle)17,21. Before further 
discussing, we emphasize that a definitive assignment of the 
unoccupied states is beyond the scope of this article. In the 
following, we briefly report experimental works from the 
literature as a guideline to draw out a possible assignment of 
the features in our IPES spectra. IPES measurements of CoPc 
films assign the LUMO to an empty state feature located at 
about 1.7 eV above EF26,27, an energy comparable to our peak 
d. Furthermore, Yoshida and co-workers, similarly to our peak 
c, observe a shoulder below the LUMO which is tentatively 
attributed to an unoccupied state originating from the Co3dz2 

26 (In our case we observe two distinct peaks because of the 

higher IPES energy resolution). Betti et al.28 from linear 
polarization XAS of the Co L23 edge of a CoPc/Au(110) thin film, 
assign the first resonance peak to the Co3dz2 orbital and the 
second one to Co3d orbitals with eg symmetry (Co orbitals 
mixed in the LUMO states), confirming the assignment 
proposed by Yoshida and co-workers. Accordingly, as 
suggested by the reported literature, strictly by definition the 
LUMO should be defined as the a1g symmetry state mainly 
originating from the Co3dz2 orbital. However, in the literature 
the LUMO is related to the final state of the CoPc optical 
transitions located at 1.8-2 eV in linear absorption spectra12 (π-
π* transitions localized on ligand-character orbitals)§. 
Therefore, to be consistent with the existing literature, in the 
following the LUMO is intended as the ligand-based eg 
symmetry state involved in the optical absorption spectra.   
 

 
Figure 1. a) Combined PES-IPES spectra of the CoPc/Gr and 
CoPc/Au(111) samples. The evaluation of the energy level 
position of the peaks a, b, c and d is discussed in section S2 of 
the ESI; b) PES spectra of the CoPc/Gr and CoPc/Au(111) 
samples in the energy region close to EF in logarithmic scale; c) 
sketch of the CoPc herringbone and brickstone structures. 
 

 
Table 1. Summary of the peaks a, b, c and d in the two samples 
and the estimated b-d and b-c energy gaps obtained by linear 
extrapolation of the PES and IPES data (see ESI section S2). 
 
Table 1 summarizes the binding energies and energy 
differences between filled and empty states estimated from 
the combined PES-IPES spectra. Considering that the CoPc 
HOMO-LUMO optical gap is 1.65 eV‡, the peak d is compatible 
with the ligand LUMO (it shows an energy separation from the 
HOMO of about 1.9-2 eV). We recall that the transport gap 
measured by combined PES-IPES spectra which differs from 
the optical gap by the exciton binding energy. Therefore, 
similarly to previous reports of CoPc films in the literature26-28, 
the peak c is compatible with the a1g symmetry state 
originating from the unoccupied part of the Co3dz2 orbital. The 
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presence of additional states with Co3d character in the 
HOMO-LUMO gap is supported by DFT calculations based on 
the β-CoPc crystal phase23.  
As shown in Figure 1b, a shoulder of the ligand HOMO at about 
-0.5 eV, labelled h’, is observed. As discussed in the ESI 
(Section S3), broadening of the HOMO induced by radiation 
damage can be safely excluded. Previous STM measurements31 
and VB spectra of CoPc thin films16,18,32 point out the presence 
of a low-lying state to the HOMO and assigned it to the a1g 
symmetry state originating from the occupied part of the 
Co3dz2 orbital.  
It is worth noting that even though the screening effect could 
have a significant impact on the charge injection/extraction 
barrier at the metal/organic interface and gap evaluation of 
organic films deposited on metal surfaces (Au(111) in our 
case), its effect results strongly decreased at a thickness of 
about 10 nm33. For this reason, we ascribe the difference in 
the electronic properties detected in the two films (Table 1) to 
the different molecular arrangements. 
 
2.2 Relaxation kinetics of α-CoPc films 
 
Before discussing the excited state dynamics in the CoPc films, 
for the sake of clarity, the CoPc optical properties are briefly 
reported. The UV/Vis absorption of CoPc shows two bands, the 
Q band (S0→S1 transition), ranging between 1.7 eV-2.4 eV, and 
the Soret band (S0→S2 transition) at 3.7 eV, both involving π-π* 
excitations localized on the macrocycle34-36. The Q band is split 
into two components located at about 1.8 eV and 2 eV. The 
presence of a transition metal with half-filled d shell origins an 
additional component in the high-energy side of the Q band, 
the CT states (about 2.2 eV)12,37,38. Inter-molecular CT states 
are often coupled with intra-molecular exciton states gaining 
an appreciable intensity in the optical absorption spectra from 
excitation of the S1 states39,40 and refs therein.  

The disordered CoPc/ITO film was first studied as a reference 
to point out the CoPc relaxation dynamics independently of 
the influence of molecular ordering. Figure 2a shows the TAS 
spectra obtained by using three different pump pulse energies, 
3.1 eV (Soret band excitation, S2), 2.41 eV (Q band excitation, 
S1) and 1.21 eV (excitation into the CoPc HOMO-LUMO gap) at 
0.25 ps and after 15 ps. Independently of the pump energy, all 
spectra in the Q band region show the same ESA features, 
namely I, II and III. The negative ESA signals I and III are 
assigned to the ground state bleaching due to the population 
of singlet excited states after the pump excitation12. The 
positive signal II is the induced absorption of triplet states 
(T1→T2) originated, through ISC from the singlet excited states 
after excitation (S1→T1)12. The decay times of the ESA features, 
obtained by fit (eq. S2), are summarized in Table 2. All three 
pumps show the same kinds of decay times. The kinetics of the 
ground state bleaching signals require to be modelled by a 
double exponential function, the signature of two distinct de-
excitation pathways of the singlet states (decay times τ1 and 
τ2). However, the complete decay is not achieved within 15 ps. 
A residual bleaching signal is detectable over the ns time 
domain (ESI Figure S4), suggesting the need for an additional 
relaxation channel to fully restore the ground state. An 
additional feature at about 1.3 eV, marked H’, is observed by 
using 3.1 eV and 1.21 eV pump pulses¶. Noteworthy, exciting 
the system with 1.21 eV (an energy comparable to the HOMO-
Co3dz2 (unoccupied) energy separation in the combined PES-

IPES spectra), H’ becomes the dominant ESA feature. We will 
show that the dynamical process associated with H’ may 
specifically involve the Co3dz2 orbital. 
 
 

 

 
 
Figure 2. a) TAS spectra in transmittance mode of the 
CoPc/ITO sample using three different pump pulse energies; b) 
CoPc/ITO decay curves of the transient bands I, II and III using 
a 2.41 eV pump pulse and of H’ using a 1.21 eV pump pulse; c) 
CoPc/Gr and CoPc/Au(111) TAS spectra in the Q band energy 
region; d) CoPc/Gr and CoPc/Au(111) decay time τ2 (assigned 
to CT exciton kinetics) as a function of the probe photon 
energy. The bleaching signal III of both samples (blue and red 
curves) from TAS spectra are shown for comparison to 
highlight the energy position of the decay times within the 
transient band. 
 

 
Table 2. Decay times of the CoPc samples (estimated by using 
eq. S2, see ESI section Methods) as a function of the probe 
photon energy. 
 
The TAS spectra (2.41 eV pump) of the ordered CoPc/Gr and 
CoPc/Au(111) films are shown in Figure 2c. Both show TAS 
spectral features qualitatively identical to those of the 
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CoPc/ITO thin film, showing the ESA signals I, II, III and H’ (the 
origin of I, II, and III has been previously discussed). The decay 
times obtained by fit (ESI eq. S2) are summarized in Table 2. In 
the ordered films, the decay time of H’ is substantially 
different: sub-ps in the CoPc/Au(111) sample (similarly to the 
CoPc/ITO case) and ns in the CoPc/Gr sample. As discussed in 
the ESI Section S5, the ESA signal H’ in the CoPc/Gr sample is 
due to a long-living dynamic of the Gr substrates i.e. not to the 
molecular film as in the other samples. Similarly, the intense 
ESA feature at 1.6 eV in the CoPc/Au(111) sample is a dynamic 
process of the Au(111) substrate. Due to the opaque 
substrates, TAS measurements were performed in reflection 
mode i.e. we were also sensitive to the kinetics of the 
substrates. 
 

 
Figure 3. a) CoPc/Au(111) sample TR-PES spectra before and 
after the pump pulse; b) decay curve of the HOMO 
repopulation, ΔI is defined as the difference between the PES 
intensity with and without (I) the excitation pulse.  
 
As shown in Table 2, the decay time τ1 of the ground state 
bleaching signals is independent of the molecular structure, 
showing almost identical values in all three samples. This is a 
first suggestion of a relaxation process with intra-molecular 
character. On the contrary, at about 2.1 eV of photon energy, 
the decay time τ2 shows a clear dependence on the CoPc 
structure (Figure 2d), going from 4 ps (brickstone structure) to 
tens of ps (herringbone structure). Noteworthy, this photon 
energy closely matches the energy region of the CT exciton 
component in the optical absorption spectra. Previous TAS 
measurements of a CoPc/quartz film in the literature, similarly 
to our case, report a relaxation dynamic centred at 2.04 eV 
assigned to the presence of a delocalized CT exciton band12. 
However, even though CT states are located in the high-energy 
side of the Q band, we observe CT exciton kinetics (decay time 
τ2) over the whole Q band (ESA features I and III). This fact can 
be rationalized by taking into account the hybridization effects 
between CT and S1 states. The degree of mixing between 
states is strongly related to their energy separation39. Due to 
the small energy difference between S1 states of the LUMO 
(0.2 eV), a partial CT character is expected over the whole Q 
band energy region (even though with a lower degree of 
mixing at the low-energy side).  
Figure 3a shows the CoPc/Au(111) TR-PES spectra using a 2 eV 
pump pulse. After pump excitation two effects are observable, 
the HOMO bleaching, due to the promotion of electrons into 
the LUMO, and a shift in energy toward EF of the Co3dz2 peak. 
The decay curves are shown in Figure 3b. The HOMO bleaching 

shows a decay time of 298 fs, a value comparable to τ1 of the 
ground state bleaching signals in TAS spectra. While the decay 
time of the Co3dz2 peak shift (148 fs) is highly similar to the 
decay time of H’ in the CoPc/ITO and CoPc/Au(111) TAS 
spectra (Table 2). 
 

3 Discussion 
 
The complementary use of the information gained by TAS and 
TR-PES allowed us to reconstruct the CoPc de-excitation 
pathways up to 7 ns. A sketch of all the possible relaxation 
kinetics after excitation is shown in Figure 4. Firstly, the 
comparison between the TAS spectra of the CoPc/ITO sample 
(2.41 eV and 3.1 eV excitation energy) allows us to rule out the 
contribution of ultrafast intra-band (vibrational cooling) and 
inter-band relaxation processes (if detectable with TAS, they 
are faster than 250 fs). Exciting the system to S2 or S1, the ESA 
features are qualitatively identical (Figure 1a). In other words, 
the initial ultrafast relaxation (τ1) in the Q band energy region 
is not due to the vibrational cooling (Kasha’s rule predicts that 
it should be the first relaxation process to occur). Secondly, we 
observe the development of triplet states (ESA feature II) 
within 250 fs, suggesting that ISC from singlet to triplet states 
is faster and not assignable to the initial ultrafast relaxation 
(τ1) of the ESA features I and III.  
 

 
 
Figure 4. Energy level model of the CoPc in solid state 
describing the a) excitation in the molecular film using 1.21 eV, 
2.41 eV and 3.1 eV pump pulses and the ultrafast inter-band 
and intra-band (vibrational cooling) relaxation processes; b) 
relaxation pathways in the CoPc film related to the ESA 
features observed in TAS spectra. The ESA feature II (T1→T2 
transition) is observable only after the generation of triplet 
states.  
 
 As previously mentioned, the HOMO bleaching in TR-PES 
spectra has a decay time (repopulation of the HOMO from 
excited states) comparable to the τ1 values of the ground state 
bleaching signals in TAS spectra (Figure 3a). Considering the 
lack of fluorescence of the CoPc40,41 and that the de-excitation 
of triplet states occurs in the ns time domain (ESI Figure S4), 
we assign τ1 to the non-radiative relaxation from S1 to the 
ground state by internal conversion (S1→S0). Despite the spin-
forbidden character of the ISC process, several studies in the 
literature, similarly to our case, report ultrafast ISC kinetics in 
transition metal phthalocyanines (MPcs) and porphyrins12,13,42-

44. This behaviour has been rationalized supposing that the 
coupling between the metal 3d orbitals and the 
phthalocyanine-based exciton states provides additional 
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channels for the relaxation of the excited states, leading to 
high ISC quantum yield42-44,45. The substantial impact of the 3d 
orbitals in the molecular dynamics can be understood simply 
by comparing our CoPc TAS spectra with those of the CuPc film 
of ref. 13 (we recall that in the CuPc the single-occupied metal 
orbital is the 3dx2-y2 - in-plane oriented). The singlet excited 
states (S1) of the CuPc decay in hundreds of ps (in the CoPc we 
observe an initial fast relaxation of a few ps). Furthermore, the 
CoPc spectra show an additional ESA feature (II) directly 
related to the formation of triplet states (not observed in the 
CuPc TAS spectra). Such differences highlight a possible 
important role of the Co3dz2 orbital in modifying as well as 
providing additional relaxation channels to the excited states. 
Our data suggest a possible direct contribution of the Co3dz2 
orbital in enabling the ultrafast evolution between singlet and 
triplet configurations without involving spin-orbit coupling. In 
TR-PES spectra, although we selectively excite the S1 states (2 
eV pump pulse), a shift of the Co3dz2 peak toward EF is also 
induced (Figure 3a). We hypothesize that a partial 
redistribution of the charge density between different atomic 
sites of the molecule would result in an energy shift of the 
Co3dz2 peak46. The promotion of an electron from the 
macrocycle to the single-occupied Co3dz2 orbital (intra-
molecular CT process) would lead to its complete occupancy 
and charge redistribution toward the Co atomic site. We recall 
that the HOMO has mainly atomic orbital contribution from 
the C atoms of the macrocycle and the Co3dz2 orbital is 
localized on the Co atom17,18,32. Such electron transfer changes 
the CoPc electronic configuration from 2A1g to 2A1u (high-
energy configuration of about 0.2 eV)22. Ha-Thi and co-workers 
show that CT states (involving half-filled metal 3d orbitals) 
acting as intermediate (2S→2CT→2T), may obviate the need for 
an unfavourable spin-orbit coupling enabling the rapid 
evolution between singlet and triplet configurations42. We 
invoke a similar mechanism, hypothesizing that the ultrafast 
generation of triplet states is a consequence of electron 
exchange between phthalocyanine S1 states and the Co3dz2 
orbital. After electron pairing in the Co3dz2 (2S1→2CT), an 
electron with opposite spin (with respect to the received) is 
returned generating the T1 state (2CT→2T1). This return is 
driven by the indiscernibility of paired electrons and the 
energy minimization of the T state as compared to the S state. 
This mechanism seems reasonable considering that T states 
are usually located at about half-energy of the S states, being 
in this case, energetically close to the Co3dz2 orbital. 
Furthermore, we note that de-excitation through T states is 
one of the main relaxation channels of S1 states in CoPc thin 
films. As shown in Figures 2a-c, after an initial partial 
relaxation through IC, a long-lasting bleaching signal of the S1 
states persists over the ns time domain (ESI Figure S4). 
Similarly, the ESA signal of the T1 states is almost constant over 
7 ns (ESI Figure S4). This fact suggests that no further 
relaxation of S1 states occurs as long as the T1 states decays to 
the ground state. 
Finally, our data show that the kinetics of the CT exciton (τ2) in 
CoPc films depends on the molecular arrangement, leading to 
an enhanced lifetime in the herringbone case (Figure 2d). The 
decay kinetics of CT excitons in anisotropic π-conjugated 
systems is modelled by two rate constants, which consider the 
intrinsic exciton lifetime and the decay rate through the 
exciton-exciton annihilation mechanism47,48. The higher the 
concentration of CT excitons, the more the recombination by 

the CT bi-exciton annihilation process is relevant. In our case 
considering the excitation density of 1021 cm-3, both 
recombination mechanisms are expected in determining the 
CT exciton lifetime. The interplay between CT exciton transfer 
(hopping) to neighbour molecular sites and the annihilation 
radius (generally approximated by the distance between 
donor-acceptor pairs) determines the mobility of CT excitons 
48,49. Delocalizing the charge of CT excitons reduces the 
Coulomb attraction of CT states and the probability of charge 
recombination49. In other words, a more efficient 
delocalization (higher hopping rate) due to a more favourable 
orbital overlap between adjacent molecules leads to an 
enhanced CT exciton lifetime.  

 
Figure 5. Two neighbouring CoPc molecules in the brickstone 
and herringbone structures (top view) illustrate the different 
sliding angle in the two cases. The atoms are colour coded, i.e., 
Co is in red, C is in grey and N is in blue. The sliding angle is 
labelled θ. The vector r and the X and Y axes are used to define 
the sliding angle. 
 

 
Table 3. Summary of the brickstone and herringbone lattice 
parameters reported from literature50,51. For further details 
see ESI section S6. 
 
As a consequence, the crystal structure plays a key role in the 
CT exciton kinetics, possibly explaining the enhanced lifetime 
observed in the herringbone stacking. In highly anisotropic 
crystals it is unlikely to assume isotropic CT diffusion, so 
hopping along a preferential axis is a more realistic description. 
Considering the significant π-π interaction along the CoPc 
stacking axis, CT exciton energy transfer is expected to be 
fastest along this axis. Possible CT exciton delocalization 
through inter-stack axes may also be present. However, their 
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contributions should be substantially lower (significantly lower 
orbital overlap). Table 3 summarizes the lattice parameters of 
the herringbone and brickstone structures of α-CoPc crystals 
reported from literature50-51. The edge-to-edge distances 
(inter-stack distance along the axes perpendicular to the 
molecular stacking) are comparable, suggesting that the 
difference in CT exciton kinetics most likely originates along 
the stacking axis. However, the almost identical inter-plane 
distances (assumed as the annihilation radius), Co-Co distances 
and stacking angles suggest comparable annihilation rates and 
metal orbital coupling along the stacking axis. Nevertheless, 
the significant difference in the sliding angle could be the 
origin of the different CT exciton kinetics (Figure 5). A different 
sliding angle may induce differences in the orbital overlap 
between adjacent molecules along the stack. In highly 
conjugated π-systems, an increased intermolecular overlap of 
electronic wave functions leads to increased bandwidth, which 
is directly related to charge transport52. We hypothesize that 
due to a higher π-wavefunction overlap in the herringbone 
stacking geometry, the CT exciton is delocalized more 
efficiently along the stacking axis, enhancing its lifetime. 
 

4 Conclusions 
 
In summary, CoPc films with different structural arrangements 
(disordered, herringbone and brickstone) were fabricated and 
the influence of the different intermolecular interactions on 
the CT dynamical properties was evaluated. A detailed 
characterization of the electronic and dynamical properties of 
the CoPc thin films was obtained by using a muti-technique 
approach. Combined PES-IPES clarified the molecular orbitals 
involved in the excited state dynamics. The complementary 
use of the information gained by TAS and TR-PES allowed us to 
reconstruct the CoPc intra and inter-molecular de-excitation 
pathways up to 7 ns. We suggest that the ultrafast ISC (faster 
than 250 fs) observed in CoPc could be driven by an 
intermediate intra-molecular CT state, enabling a rapid 
evolution between singlet and triplet configurations. The 
mechanism involves the electron exchange between the 
Co3dz2 orbital and π orbitals of the macrocycle, avoiding an 
energetically unfavourable spin-flip. Finally, the CoPc film with 
herringbone structure shows enhanced CT exciton lifetime, 
demonstrating the active role of the molecular arrangement in 
modulating CT dynamics. We hypothesize a more efficient CT 
exciton delocalization due to a higher π-wavefunction overlap 
in the herringbone stacking geometry. This work highlights the 
significant role of the 3d metal orbitals in providing additional 
channels for energy transfer as well as that a fine-tuning of the 
molecular structure allows modulating CT processes at the 
nanoscale. 
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§ We hypothesize that due to drastically different transition 
probabilities, in CoPc optical absorption spectra, the dominant 
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transition is not observed. Even though the energy range of the 
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