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ABSTRACT: Based on visible and mid-infrared transient absorption studies, probing
the inter- and intraband dynamics, respectively, of magnesium phthalocyanine (MgPc)
organic semiconductors, we were able to develop a model to describe the dynamics and
the resulting optical response. We demonstrate how the model could offer insights into
the dynamics of more complicated systems such as amorphous MgPc samples obtained
by established preparation methods. In particular, we show a clear dimensionality
difference of the exciton dissipation mechanism between crystalline and amorphous
MgPc, which we resolve in the intraband dynamics, and how this result can also be
deduced from the interband dynamics through the implementation of the developed
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model.

B INTRODUCTION

Phthalocyanine (Pc) derivatives make up a diverse group of
great interest, not only due to the similarity with compounds
found in the nature, such as chlorophyll, porphyrins, and
hemoglobin, but also because they can host a number of metal
atoms or even metal-containing groups. Pc derivatives tend to
be chemically, thermally, and optically stable. Their symmetry
allows them to form good-quality organic thin-film semi-
conductors and even highly organized mono-layers."”” This
makes them good candidates for a plethora of applications
ranging from catalysts and environment sensing devices”* to
organic electronic and opto-electronic devices such as organic
thin-film transistors,’ organic photovoltaics,é’7 and organic
light-emitting diodes.’

The most common preparation methods of such films are
Lan%mqir—Blodgett,()—“ spin-coating,'>'* and vapor deposi-
tion' *'> methods. Out of the different metal—Pc complexes,
magnesium Pc (MgPc) stands out in the sense that the first
two preparation methods result in a thin film with an intense
and broad near-infrared (NIR) absorption peak centered
around 815 nm (Figure 1A, green line),'®"” which is present
neither in the recorded spectra of solutions (Figure 1A, blue
line) nor when the film is prepared by the latter preparation
method.'® It has been argued that this absorption peak is
caused by the so-called X-phase of MgPc.'"® This structural
configuration gives rise to intense exciton coupling effects that
cause the observed spectral shift of the Q-band to higher
wavelengths.'® Since the vapor deposition method results in
films with absorption spectra that had the greatest similarity to
those of solutions of MgPc, it was considered a higher-quality
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film. This was because of a lower degree of molecular
distortions and a more organized crystal structure, resulting in
minimal broadenings and shifts in the molecular bands.”*’
Therefore, a lot of studies about the optical properties of MgPc
and similar derivatives were carried out, mainly prepared by
vapor deposition methods, giving insights into the exciton
annihilation mechanisms taking place in such samples.”' *°
Nevertheless, all the abovementioned preparation methods
result in polycrystalline and amorphous samples.””**
Recently, a new preparation method, namely, liquid
deposition, was developed, which is expected to produce
single-crystal films.”” It was then demonstrated by Ran et al.*’
that one can obtain thin MgPc films easily and without the
need for extensive setups, as is necessary for vapor deposition.
Most importantly, the resulting films were spectrally closer to
the solutions than the vapor-deposited ones,'® which is
indicative of the absence of molecular distortions,”" making
it an ideal reference system. In the same study, a comparison
between the liquid-deposited film and MgPc dissolved in
dichloromethane (DCM) was performed by means of visible-
pump visible-probe transient absorption spectroscopy.’’ The
two different phases of MgPc were reported to behave almost
identically with respect to the fast dynamics. On the other
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Figure 1. Normalized steady-state UV—vis absorption spectra of MgPc dissolved in DMF and MgPc thin films by different preparation methods
(A). Steady-state FTIR spectrum of the spin-coated MgPc film (B) in absorbance units (a.u.). The designated regions (shaded in red and green)

correspond to the MIR regions studied in this work.

hand, the long-lived nonradiative energy dissipation mecha-
nisms were very different. The decay mechanism of the solid-
phase sample was much faster than the one in the dissolved
sample due to the higher interaction of the close-packed MgPc
molecules. It is already understood that MgPc molecules tend
to z-stack, forming almost one-dimensional columns, allowing
for exciton coupling and charge transport along next
neighbors.*”

In the present work, two sets of MgPc thin films were
prepared, one set fabricated by liquid deposition and the other
by spin-coating. Utilizing pump—probe transient absorption
techniques in the mid-infrared (MIR) and visible spectral
ranges, we studied the intra- and interband dynamics of both
the resulting crystalline and amorphous samples, respectively.
A simulation toy model was developed, which offers a simple
and accurate description of the crystalline sample’s interband
dynamics in terms of transitions between three discrete energy
levels as well as the exciton interactions and energy dissipation.
The amorphous sample’s complex behavior could then be
analyzed in terms of two independent components: one similar
to that of the crystalline sample and one with different optical
and excitonic properties.

B METHODS

Film Fabrication and Characterization. Liquid-depos-
ited samples were manufactured following the process
described elsewhere.”” In our preparation process, a saturated
solution (~0.6 mg/mL) of MgPc in DCM was used instead of
the described concentration in order to obtain films with
reasonable optical density as it was necessary for conducting
the experiments. The films were then transferred to BaF, or
CaF, optical plates according to the spectral range investigated
by MIR transient absorption. A saturated solution of MgPc in
N,N-dimethylformamide (DMF) was also used for the
fabrication of the spin-coated samples with a homemade
spin-coater. BaF, or CaF, plates were stabilized on a rotating
platform with a rotation speed of approximately 5000 rpm. All
samples were characterized using UV—vis spectroscopy.
Nominal values for the UV—vis absorbance maximum of the
samples depicted in Figure 1A are 1.26 a.u. for the solution in
DMF with a concentration of 0.08 mg/mL, 0.45 a.u. for the
liquid-deposited sample, and 0.71 au. for the spin-coated
samples. The fabricated films were also characterized using
grazing incidence X-ray diffraction, which ensured the
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crystallinity of the liquid-deposited sample and the amorphous
nature of the spin-coated sample. For more details, see the
Supporting Information.

MIR Transient Absorption Measurements. In order to
monitor the intraband dynamics and the vibrational cooling
process, we used a visible-pump MIR probe setup based on a
Ti/sapphire amplifier (800 nm, 1 kHz, 100 fs). Pump pulses
were generated using a noncollinear optical amplifier (NOPA)
or the fundamental output of the Ti/sapphire amplifier. The
MIR probe pulses were obtained from a two-stage NIR optical
parametric amplifier with a subsequent difference-frequency
generation in AgGas$, of the signal and idler pulse. To improve
the signal-to-noise ratio, the probe pulses were split into two,
with one pulse passing the sample at the excitation position
and the other pulse passing at some distance to the pump
pulse, allowing referencing. A chopper wheel blocked every
second pump beam to determine the absorbance change [AA
= —log,o(T/T,)] upon excitation, with T being the trans-
mittance through the excited sample and T, being the
reference transmission through the unexcited sample. Both
probe beams were recorded on a 2 X 64-pixel HgCdTe
detector after passing a spectrometer. Pump and probe beams
had a parallel polarization. To ensure that no anisotropy effects
occurred, some measurements were conducted with both
parallel and perpendicular polarizations, yielding no relevant
differences between the polarizations. Perpendicular polar-
ization data are shown in the Supporting Information (Figures
S2 and S3). The pump beam had a focus size (determined by
knife’s edge method 10/90) of approximately 190 pum for the
NOPA beams and of approximately 120 ym for the 800 nm
beam. For all transient absorption measurements, multiple
scans were averaged to improve the signal-to-noise ratio.
Subsequent scans showed no signs of sample degradation.

Visible Transient Absorption Measurements. Tran-
sient absorption measurements on the visible range were
performed with an experimental setup that is based on a
commercial Ti/sapphire laser system, which yields 25 fs pulses
with 1.2 mJ at a repetition rate of 3 kHz.”** These are
broadened in a hollow core fiber setup filled with neon gas (p
= 1.7 bar) and compressed using chirped mirrors to yield few-
cycle pulses around 800 nm. A small portion of the beam (30
nJ) is used as a broadband probe, spanning a bandwidth of
approximately S50—900 nm. The major part (300 uJ) is
doubled in frequency to 400 nm in a thin beta barium borate
crystal and serves as a tunable pump with a typically down to

https://doi.org/10.1021/acs.jpcc.1c04698
J. Phys. Chem. C 2021, 125, 18279—18286


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04698/suppl_file/jp1c04698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04698/suppl_file/jp1c04698_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04698?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

1S fs duration fwhm. A chopper wheel blocks every second
pump pulse, which enables highly sensitive pump—probe
measurements due to shot-to-shot referencing. Using a variable
delay line, the temporal delay between pump and probe pulses
could be adjusted. Aiming the best possible temporal
resolution, a collinear beam geometry was chosen at the
sample. The detection system consists of a home-built
polarization-resolved prism spectrometer and a set of CCD
detectors each for parallel and perpendicular polarizations of
the probe. Here, the perpendicular polarization was used to
ensure the highest signal-to-noise ratio. The energy trans-
mittance of the probing pulse through the excited sample was
compared to the probe transmittance for the blocked pump
beam. As a result, the excitation-induced change of the
absorbance was determined for various probe wavelengths and
delay steps.

Simulations. Simulations of the results in the visible-probe
range were performed by numerically integrating the Lindblad
equation to obtain the population of all states of the system for
all delay times present in the experiments. A time-dependent
perturbation was introduced in the Hamiltonian to describe
the exciting pulse, for which an amplitude of 0.54 V/nm, a
photon energy of 3.0 eV, and a Gaussian envelope with an
FWHM duration of 40 fs were used.

Although it is possible to include an extensive number of
states to accurately describe the entire spectral range under
consideration, the computational load increases drastically,
while no major physical insights would come from such efforts.
Thus, simplicity was a requirement in the system’s description.
Under such conditions, a five-level system was selected as it
exhibits enough complexity for both ground-state bleaching
(GSB) and excited-state absorption (ESA) to take place. The
third and fourth excited states play no active role in the
dynamics other than enabling the ESA to manifest. A
schematic of the system as it was used for the liquid-deposited
sample can be seen in Figure 2, where all the transitions
induced by both the MIR- and visible-probe experiments are
depicted (the intraband dynamics are presented for clarity but
are not described by the model). The eigenenergies of the first
two states (I0> and |1>) were chosen such that the main
absorption peak of the Q-band™ (or the NIR absorption band
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Figure 2. Energy levels and dynamics scheme of the five-level model
for the liquid-deposited sample, with the transitions induced by each
experiment also shown. The MIR-pump refers to the excitation
applied in the MIR transient absorption experiment, while VIS refers
to the visible transient absorption experiment.
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in the case of the amorphous sample) is described accurately.
The eigenenergy of the second excited state (12>) was selected
such that a representation of the B-band™ exists and that the
exciting radiation is reasonably resonant with the 0 — 2
transition. Lastly, the eigenenergies for the higher excited states
(I13>) and (14>) were selected in accordance to the
experimentally measured ESA spectrum. The dipole matrix u
was selected as a matrix of zeros in the diagonal and ones in
the off-diagonal elements. It was then optimized to achieve a
match of the simulation pump intensity with the measured
intensity in the experiment. For modeling the relaxation of the
system, two separate mechanisms have to be considered. First,
the decay of the states was modeled by including sufficient
collapse operators in the Lindblad equation. The only relevant
rate for our case was the decay of the second excited state into
the first excited state, the value of which was selected to match
the experiment. The rest were either irrelevant or had to be set
to values higher than the experimental observation window.
The second is the excitonic dissipation mechanism. To
simulate this mechanism, the model was extended to include
two molecules. An interaction Hamiltonian was added in the
form of*®

H, =g(0,"0,” + 0,70,") (1)
where g is the coupling strength between the molecules and o,
and o, are the ladder operators for the kth—molecule. This
was done to include any exciton effects.’® Furthermore,
another collapse operator was given to include a decay of the
second molecule’s first excited state. This represents a loss of
energy to the environment in a semi-finite chain of molecules
due to the molecules at infinity having virtually no energy. The
inclusion of both modifications allows the system to decay at a
slower rate than what can be achieved by means of collapse
operators alone. A major compromise from oversimplifying the
excitonic interactions in this model, by reducing the number of
molecules down to two, is that the system cannot hold a
realistic amount of energy. The coupling strength can be used
to match the decay rate, and it is only useful in a comparative
study of similar systems. The decay rate defines the time that
this mechanism needs in order to take place, and unlike the
coupling strength, its value is nearly independent of the
number of molecules used in the simulation, which results in
having to use a realistic dissipation rate. This is inevitably
corrected by reducing the coupling strength to limit the
percentage of energy loss to the environment. In turn, if the
effect is long-lived, the simulated molecules end up having
significant differences in their population distribution, which
results in an oscillation of the simulated signal that is not
present in the experiment.

A readily available library was used to set up the system and
perform the integration of the Lindblad equation.””*® Results
from such calculations are depicted and discussed in the
Supporting Information. Once the density matrix (p) was
calculated, the population difference was determined, and a
spectral component was generated for every possible transition
for every delay step. Summing all the spectral components
results in a synthesized spectrum for every delay step. The
bandwidth given for the spectral width of every peak was 4
THz. A reference spectrum (when the system is on the ground
state) was subtracted from all spectra to generate a transient
absorption spectrogram. The temporal evolution of the
synthesized transient absorption at wavelengths equal to the
respective ground- (l0>) to first- (I11>) excited state and first-
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Figure 3. Transient absorption spectra (across the red-designated spectral region of Figure 1B) for the spin-coated sample (A) and the transient
absorption signal at 7950 nm (B) for the two solid samples. The inset in the log—log scale highlights the use for a bimolecular fit.

(I1>) to third- (I3>) excited state (which is the same as the
second- (12>) to fourth- (I4>) excited state) transitions were
evaluated as the GSB and ESA signal, respectively. The
simulated signal intensities were scaled by a multiplication
factor to account for the unknown absorption cross-section
and the number of molecules on each sample.

B RESULTS AND DISCUSSION

The picosecond visible-pump MIR-probe transient absorption
spectroscopy setup was deployed as it is sensitive to the
intraband transitions” taking place in such organic semi-
conductor materials,"*™** as well as to molecular vibrations
and distortions.** Fourier-transform infrared (FTIR) spectra
were recorded for the different MgPc films, as seen in Figure
1B. The two samples were pumped to the first excited state by
610 and 800 nm pulses, for the crystalline and amorphous
samples, respectively. The region between 7400—8000 and
9000—9700 nm were investigated (red- and green-highlighted
regions in Figure 1B, respectively). Typical transient
absorption spectra recorded at different delays for the spin-
coated (amorphous) sample in the 7400—8000 nm region are
depicted in Figure 3A as an example. In all cases and for both
samples, two different effects were present. The first observable
effect was a red shift in all present absorption peaks, as seen by
the characteristic “valley-peak” behavior around the wave-
lengths, where absorption peaks are observable in the steady-
state FTIR spectra. The second effect observed is a uniform
absorption increase in the measured spectral range. The red
shift was found to be primarily caused by the local transient
heating caused by the pump pulse radiation. Comparing the
red shifts in our time-resolved experiments with temperature-
dependent FTIR measurements, it was possible to deduce a
temperature change of a few Kelvins (a more detailed
discussion can be found in the Supporting Information,
together with Figure S1). The uniform absorption increase,
on the other hand, can be assigned to intraband transitions that
become available as electron—hole pairs are generated (see also
Figure 2)." The lack of any characteristic features in the broad
absorption indicates the absence of any significant intraband
relaxation mechanism as the transient absorption in the entire
spectral region decreases in the same way for all wavelengths.
Nonetheless, one is able to deduce the rate at which holes in
the valence band are being filled by the decay of the excited
state. In all cases, the relaxation dynamics were best modeled
after a bimolecular excitonic mechanism described as follows*
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1
N c
”_0 + 2}’0Nt (2)

where A relates to the absorption maximum and the extinction
coefficients of the molecule in ground and excited states, n, is
the initial exciton density, N is the molecule density, y, is the
initial annihilation constant, and ¢ is a factor related to the
dimensionality of exciton motion. In Figure 3B, the absorbance
change at 7950 nm is plotted for different delay times for the
amorphous (blue points) and crystalline (orange points)
samples. The inlay plots present the same data set in a
logarithmic scale to highlight the differences. The solid lines
represent least-square fits of eq 2 for each sample. A significant
difference was found between the two samples mainly in the
dimensionality factor ¢, being 0.62 and 0.85 for the liquid-
deposited and spin-coated samples, respectively. This indicates
that in the liquid-deposited sample, an almost one-dimensional
excitonic dissipation mechanism is taking place, while on the
spin-coated sample, there is higher-dimensionality dissipation
with no favored diffusion direction.*’

Knowing the nature of the relaxation dynamics which are
dominated by the intermolecular relaxation mechanisms, an
investigation in greater depth of the interband dynamics and
with better temporal resolution would give further insights into
the intramolecular processes. This was achieved by utilizing the
femtosecond transient absorption spectroscopy setup using
400 nm pulses for pumping the system and visible broadband
pulses (550—900 nm) for probing the state of the system.
Figure 4 depicts a set of recorded data for the two different
variants of MgPc films. For the crystalline sample (Figure 4A),
we observed a broad ESA over the full observation range.
Furthermore, for every absorption peak (680 and 610 nm),
there is a decrease of the ESA or even inversions of the signal.
These are manifestations of GSB, although the signal from the
second absorption peak was not strong enough to outdo the
ESA. For the case of the amorphous sample (Figure 4B), we
observe again a broad ESA signal interrupted two times due to
GSB: one around 815 nm and one around 600 nm. A decrease
of the ESA around 700 nm is also observed, but the GSB in
this spectral region is not that significant for the specific
sample. A multi-exponential fitting of the time evolution
indicated that all the main contributing effects behave the same
across the entire spectral range and are common between ESA
and GSB for a given sample. By comparing the transient
absorption signal recorded from the two samples (shown in

AA=A
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Figure 4. Transient absorption spectra in the visible region recorded for liquid-deposited (A) and spin-coated (B) samples. The vertical lines
highlight the regions of averaging for ESA and GSB signals, the time evolutions of which are shown on the right side (C,D).

Figure 4C, D), it is evident that the signal amplitude from the
amorphous sample seems to increase faster than the equivalent
signal from the crystalline sample and then decreases faster
with a time constant in the order of 1 ps. The effect is over
within the first 10 ps, and from that point on, the two samples
behave almost identically (see green data points in Figure ).

pmmaLLL | ———— L AL LN LLL ] L ALl L AL
e Liquid-Deposited (LD) e SCminus LD
o Spin-Coated (SC) —— Theory

Absorbance Change (-1073 a.u.)

Delay (fs)

Figure S. Transient absorption signal as predicted for crystalline
MgPc (blue), the amorphous state (orange), and the difference
between liquid-deposited and spin-coated films (green). An overlay
between the measured data (dots) and the model’s prediction (solid
lines) for the GSB is presented.

A toy model of the molecule was developed as described
above. This gave a solid platform for interpreting the results of
the visible-pump visible-probe transient absorption experiment
and helped pin the observed signals to a set of transitions and
dissipation mechanisms taking place in the samples.
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One can derive a good match of the transient absorption
signal in the visible range measured in the present study for the
crystalline sample, explaining the major spectral features and
their temporal evolution in terms of transitions between three
states and an excitonic decay mechanism. The pumping
transfers population from the ground state to the second
excited state (blue arrow in Figure 2). The fast decaying
(second excited) state with an estimated decay rate of 80 fs
puts the population to the first excited state (yellow arrow in
Figure 2). This depicts mainly the intersystem crossing (ISC)
in our model. The long-lived (first excited) state doubles as a
representation of the Q-band and as a triplet state holding the
population there. The triplet state has a time constant, which is
outside of our observation window. In our model, the first
excited state decays only by the exciton mechanism through
which the excited population is returned to ground state.

The signal obtained by the amorphous sample is more
complex. It seems that neither the rise nor the decrease of the
signal can be described by the Lindblad equation with such a
simplistic model. It was possible though to simulate the
difference between the amorphous and crystalline signals. The
difference can be fitted with a five-level model, just like before,
with only a few modifications. One has to vary the
eigenenergies to match the spectral features of the spin-coated
sample. Then, the decay rate from the second to first excited
state needs to be set to S0 fs. Lastly, a change in the exciton
coupling strength and the dissipation rate by approximately an
order of magnitude is necessary. All other excitation-related
parameters were identical.

In Figure S, results of the simulations overlayed with the
data recorded for the liquid-deposited (blue) and spin-coated
(orange) samples as well as the difference between them
(green) are presented. The blue and green lines are the result
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of the abovementioned simulations, while the orange line is the
sum of the two (see the Supporting Information). This leads to
the conclusion that the signal obtained from the spin-coated
sample behaves as if there were two components in it: one
similar to the liquid-deposited sample, dominated by the
excitonic decay from neatly stacked MgPc molecules and one
where the exciton coupling and dissipation rate are much
higher, likely attributed to the close-packed formations (X-
phase) that give rise to the NIR absorption peak. Both
parameters indicate a structural change, which leads to tighter
binding, higher dimensionality of the exciton dissipation
mechanism, which in turn leads to faster decay. There was a
good fit without having to change any excitation parameters,
nor including any interaction effects between the two
subsystems, which indicate no major interaction within the
two subsystems present in the amorphous sample. In essence,
from the scope of transient absorption, the amorphous sample
behaves as a mix of two independent subsystems. This finding
agrees with the results of the MIR study above where it was
shown that there is a direct dimensionality difference in the
decay mechanism between the both samples.

B CONCLUSIONS

In summary, we demonstrated the transient dynamics taking
place in the MIR spectral range for MgPc thin-film
semiconductors of varying structural complexity. We per-
formed a study of the dynamics of these samples within the
visible range. Thereby, we were able to construct a simple and
viable computational model for simulating the dynamics in
high-quality MgPc thin films, at least in the scope of optical
properties. In that, we demonstrated how the observed
differences in the optical range can be traced back to structural
differences of the samples and specifically a different exciton
annihilation mechanism taking place and how this ties back to
the effects observed in the MIR spectral range. The accuracy of
the model can be improved by performing density functional
theory calculations to obtain a better description of the
molecular systems in terms of eigenenergies, dipole matrix,
decay rates, and the nature of the states involved. All these can
easily be used instead of the phenomenological matrices
implemented here to enhance the quality of the results and the
physical understanding of the system.
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