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ABSTRACT

A high-resolution absorption spectrum of the S;-Sy transition of free-base phthalocyanine was observed and analyzed with improved relia-
bility. The spectrum, with a partially resolved rotational structure, was obtained by using the buffer-gas cooling technique and a single-mode
tunable laser. Our new analysis reveals that the S; < Sp 08 band belongs to the a-type transition, where the electronic transition moment
aligns parallel to the NH-HN direction, allowing the assignment of the S, state to ' Bs,. These results agree with a prior study using supersonic
expansion and are well supported by theoretical calculations. Interestingly, the rotational constant B in the S; state, which is often smaller
than that in the ground state for typical molecules, was found to be slightly larger than that in the Sy ' A state. This suggests a change in the

character of  bonds with the electronic excitation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191810

INTRODUCTION

Recent advancements in electron microscopy' and scanning
probe microscopy’ enable precise determination of structures of
large molecules with an unprecedented spatial resolution. However,
understanding the structures of these molecules and their quan-
tum properties remains challenging, particularly in the gas phase.
Consequently, the spectroscopic study of these molecules in the gas
phase at the rotationally resolved precision is essential because the
high-resolution spectra contain rich and detailed information. The
combination of buffer-gas cooling technique with narrow band-
width lasers has proven to be a powerful tool for high-resolution
spectroscopy.” *> We have developed a measurement system that
allows for the observation of a high-resolution electronic spectrum
using a single-mode tunable ring dye laser.

Free-base phthalocyanine (FBPc, C3;HisNg) holds a pivotal
role in pigment chemistry, being vital for various applications such
as organic semiconductors, organic electro-luminescence displays,
and phototherapy. Despite numerous spectroscopic studies,” * a
comprehensive examination and discussion regarding its molecular
geometric structure and electronic excited states are necessary for
optimizing the utilization of this molecule. Recently, Schlaghaufer
and Slenczka have reported a high-resolution fluorescence excita-
tion spectrum of FBPc with partially resolved rotational structures
in a supersonic jet.”” The authors presented a computational method
to analyze the spectrum and derived the rotational constants. They
concluded that the S; < Sy transition is predominantly a-type and
assigned the S; state to the 1B,, state. Later, we reported a high-
resolution absorption spectrum of buffer-gas-cooled FBPc.”> How-
ever, our initial analysis does not align with their findings. This
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disparity highlights the challenges in analyzing the spectra with par-
tially resolved rotational structures. Obtaining an accurate spectrum
and incorporating quantum chemical calculations for molecular
structure and energies are essential for a more reliable analysis.
While the analysis of experimental results yields solely spectro-
scopic constants, we can estimate the molecular structure through
quantum chemical calculations that align with these experimental
constants.

In a previous paper,” we roughly reproduced the overall spec-
trum shape by simulation. In this paper, we present a newly obtained
spectrum with high stability and its analysis with improved reliabil-
ity, accompanied with a theoretical calculation using density func-
tional theory (DFT) and high-level ab initio methods. Our present
analysis yields results that are fundamentally consistent with those
of Ref. 32. We delve into the molecular geometry and electronic
excited states of the isolated FBPc molecule based on theoretical cal-
culations, discussing the resulting rotational constants and inertial
defects.

EXPERIMENTAL

Figure 1(a) depicts the chemical structure diagram of FBPc. In
this paper, we designate the x-axis as the a-axis and the y-axis as the
b-axis. The apparatus is schematically illustrated in Fig. 1(b), resem-
bling the setup already presented in our prior reports."””’ Com-
mercially obtained free-base phthalocyanine (FBPc) from Tokyo
Chemical Industry, with a purity exceeding 93%, was utilized with-
out further purification. The powder sample was compressed at
70 MPa to form a solid pellet. This pellet was placed in a buffer
gas cell, cooled to ~5 K during the experiment using a pulse tube
cryocooler. FBPc vapor was produced by laser ablation (pulsed
Nd:YAG laser, wavelength 532 nm, width ~10 ns) inside the cell and
subsequently cooled through collisions with the helium buffer-gas
atoms.

(@) (b)

FBPc Monitor T

ARTICLE pubs.aip.org/aipl/jcp

A single-mode ring dye laser (Coherent, 699-21, wavelength
661 nm, linewidth ~0.0001 cm™!, dye: DCM), pumped by a diode
laser (Civil Laser, wavelength 455 nm), was introduced into the cell
to measure the absorption spectra. The power of the laser light trans-
mitted through the cell was measured using a silicon photodetector.
The laser power fluctuation was monitored before entering the
chamber by sampling a small portion of the laser beam (not shown
in the figure) and was used to derive the absorbance. In addition, we
monitored the absorbance at a specific wavelength (15131.7 cm™)
using a diode laser (Thorlabs, HL6545MG). This absorbance corre-
sponds to the amount of vaporized FBPc molecules due to ablation.
The instability in the amount of vaporized molecules had previously
caused fluctuations in the spectra. Normalizing the absorption signal
by the amount of vaporized FBPc significantly improved the reliabil-
ity and repeatability of the measurements. The wavenumber of the
lasers was measured using a wavemeter (Highfinesse, WS-6) and cal-
ibrated by measuring a Doppler-free saturation spectrum of iodine
molecules.”* The uncertainty of the wavenumber was approximately
estimated to be 0.0003 cm™".

RESULTS AND DISCUSSION

The S; < So 05 band of buffer-gas-cooled FBPc is observed
around 15 132 cm™". The observed high-resolution spectrum is illus-
trated in Fig. 2. The red line represents the observed spectrum, while
the blue line represents the simulated spectrum discussed below. The
black line is the simulated spectrum using the rotational constants
reported in Ref. 32. These spectra exhibit good agreement, especially
around the center. Based on the simulation, the rotational temper-
ature is estimated to be around 6 K, and the Doppler width of each
rotational line is 0.0016 cm ™", corresponding to a translational tem-
perature of 10 K. The gentle structure around the band center with
a dip was assigned to the Q transitions (AJ = 0), and the regular
peak series on both sides were assigned to the P and R transitions
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FIG. 1. (a) Chemical structure of FBPc. (b) Experimental apparatus.
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FIG. 2. (a) Observed (red) and simulated (blue, black) spectra of the Sy « Sy transition of FBPc. (b)-(d) Enlarged spectra. For clarity, arbitrary offsets have been applied to
the spectra. A gray trace in (b) shows the difference between the experiment (red) and simulation (blue). The stick spectrum (green) at the bottom in (b) depicts individual

rotational lines as per our simulation.

(A] = +1). Each peak is composed of many rotational lines
[Fig. 2(b)]. We found that the rotational constants in Ref. 32 can
reproduce the spectrum very well around the center. However, there
are deviations on the order of 10 MHz in the outer regions [Figs. 2(c)
and 2(d)]. Although this potentially arises from a miscalibration of
the laser frequency, we attempted an alternative analysis of our spec-
trum. The current spectrum exhibits slight variations compared to
that of Ref. 32. This discrepancy is notable especially in the cen-
tral region of the spectrum, where the shape deviates from that of
Ref. 32. In addition, the contrast of the oscillatory pattern is more
pronounced in the current spectrum compared to the reference.
These distinctions can be ascribed to differences in the rotational
distribution.

The FBPc molecule has been conventionally regarded as planar
(Dan) in its ground state (Sop), as supported by earlier spectro-
scopic and theoretical studies. We conducted ab initio theoretical
calculations for geometry optimization using various methods by
the Gaussianl6 program package,’” assuming the Dy, symmetry.
Subsequently, we performed spectral analysis using the PGOPHER
program,”® utilizing the calculated rotational constants as initial
parameters. We employed the A-reduced Hamiltonian method
designed for asymmetric-top molecules, as presented by Watson.”
We fine-tuned the rotational constants manually to replicate the
observed spectrum accurately. Through a series of trial-and-error
fitting procedures, we achieved a spectral contour that closely
matched the observed one, assuming an a-type band, consistent
with the findings of Ref. 32. We attempted a more precise repro-
duction of the spectral contour using the contour fitting function

of PGOPHER. The optimal-fit rotational constants are tabulated
in Table I.

It is essential to note that the observed spectrum could not be
accurately reproduced using solely the rigid-rotor rotational con-
stants (A, B, and C). Second-order terms were necessary to achieve a
good correspondence. Aj, Ajk, and Ak are quartic centrifugal dis-
tortion constants for symmetric-top molecules, while §; and §x
represent asymmetric-top distortion constants. The A, B, and C val-
ues were obtained by fitting the central portion of the spectrum
(15131.60-15131.75 cm™") using fixed higher-order terms. Subse-
quently, the higher-order terms were determined by fitting a wider
range profile (15 131.4-15 132.0 cm™') while keeping the rigid-rotor
terms constant. This iterative process was carried out to derive
the result. The selection of these regions is arbitrary and influ-
ences the results. This also suggests that the criteria for a good fit
carry a degree of arbitrariness. While this arbitrariness complicates
a strictly quantitative discussion, we maintain that the fundamental
conclusion remains unchanged. By including higher-order terms, we
achieved a better reproduction of the spectrum’s outer regions while
maintaining good agreement at the center. The obtained rotational
constants are mostly in agreement between the two experiments
(Table I), although minor discrepancies exist. The consistency of
the rotational constants derived from slightly different spectra lends
credibility to both analyses. Notably, T exhibits a relatively large
deviation of 0.0009 cm ™", exceeding our uncertainty of 0.0003 cm™"
There is a slight deviation in peak positions at higher wavenumber
regions above 15 131.85 cm ™", This discrepancy may be attributed to
experimental factors or higher-order effects.
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TABLE I. Summary of spectroscopic constants of the Sy and Sy states of FBPc.
A, B, and C are rigid-rotor rotational constants. Ay, Ay, and Ak are quartic cen-
trifugal distortion constants for symmetric-top molecules, while 8, and 8 represent
asymmetric-top distortion constants. T is a band origin. A is the inertial defect. Single
(double) primes show constants for the Sy (Sp) state. The unit for all values is cm =",
except for inertial defects. Numbers in parentheses represent fitting errors provided
by PGOPHER or errors given by Ref. 32.

Experiment Calculation Reference 32

A" (x1073) 2.9899 (40) 2.9900 2.9903 (12)
B (x107%) 2.9760 (13) 2.9831 2.9758 (10)
C" (x107%) 1.4916 (24) 1.4933 1.4930 (2)

A" (x1071) 1.44 (3)

A" (x10710) 1.80 (5)

A" (x10710) -232(3)

8k’ (x1071) 5.06 (10)

8" (x10719) 0.50 (1)

A" (amu A?) -1.1 -0.2 -11

To 15131.6882 16243 15131.6891
A’ (x107%) 2.9804 (31) 2.9859 2.9805 (11)
B (x107%) 2.9783 (22) 2.9848 2.9783 (10)
C' (x107%) 1.4901 (24) 1.4927 1.4911 (2)
Ax’ (x10719) 1.60 (3)

A’ (x10710) 2.20 (5)

A" (x10719) —-24.6 (3)

8k’ (x10710) 5.20 (10)

8 (x10710) 0.57 (1)

A" (amu A?) -3.2 -0.19 -11

The previous SAC-CI calculations have predicted that there
are two closely situated low-lying excited states, 1B,, and 'Bs,,
which are linked to the ground S, 'A; state through allowed mtr*
transitions.”*”” These states are potential candidates for the observed
S1 state. According to molecular symmetry, the 1By (1B3u) state
can be excited via a b(a)-type transition from the Sy state. Because
the S; « S 0 band is of a-type, we concluded that the S state is
assigned to the 'Bs, state. As mentioned earlier, this aligns with the
conclusions drawn in Ref. 32. This result is consistent not only with
the previous SAC-CI calculation but also with our own calculations.

It is valuable to compare the experimentally obtained rotational
constants with the results of theoretical calculations. Because the
dispersion correction of the functionals is crucial for accurate cal-
culation in DFT,""*" we employed wB97XD, APFD, and MN15 for
the functionals and 6-31G(d) and 6-311+G(2d,p) for the basis set.
wB97XD*’ and APFD"! are functionals that incorporate recently
developed dispersion corrections. MN15," although lacking dis-
persion correction, has been optimized using a large database and
shows good results even in systems dominated by dispersion. As a
result, the calculation using the MN15 functional and 6-31G(d) basis
set [MN15/6-31G(d)] provided rotational constants closest to our
best-fit values for both Sy and S; states (Table I).

Although the fundamental reason for the best match with
MN15/6-31G(d) is not clear, it is plausible to infer that differences
arise from the unique characteristics on the dispersion correction.
The fact that rotational constants align with high accuracy for both

ARTICLE pubs.aip.org/aipl/jcp

TABLE II. Results of SAC-CI/6-31G(d)//MN15/6-31G(d) calculation.

State Main configuration (|d| > 0.2) EE* Osc”
"Bsy  —0.93 (4ay — 6bsg) +0.20 (7by, — 6byg) 15426 0.679
"Bau 0.95 (4ay — 6bag) 16191  0.719

*Excitation energy in cm ™.
®Qscillator strength.

So and S; suggests that the calculation is robust enough to discuss
the structures of the molecule. Although the rotational constants of
So and S; states are well reproduced by DFT and time-dependent
(TD-)DFT calculations, the §; < Sy transition energy (T) is overes-
timated to the observed ones. Table II shows the results of SAC-CI
calculations for the S; 'Bsy and S, 'Bsy states with MN15/6-31G(d)
optimized geometry. The excitation energy of the S; 'Bs, state is
close to the observed values. The S; (S;) state predominantly con-
sists of the 4ay— 6b3g (4au— 6byg) configuration. Figure 3 depicts
the calculated occupied and unoccupied molecular orbitals at HF/6-
31G(d)//MN15/6-31G(d). The first and second HOMOs are a, and
biu, and the first and second LUMOs are byg and bsg. The calcu-
lation exhibits separated HOMOs and nearly degenerate LUMOs.
These results agree with the previous SAC-CI calculation.””” A
more quantitative discussion of the calculations will be presented in
a separate paper.

Here, we discuss the molecular structure in the electronically
excited state S; of FBPc. It is generally expected that the m bond is
slightly lengthened by ™ electronic excitation due to an increase
in the anti-bonding character in the n* orbital. This usually results
in smaller rotational constants in the excited state. However, our
analysis of the experimental results reveals that the rotational con-
stant B in the S state is slightly larger than that in the Sy state. We
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FIG. 3. Occupied and unoccupied molecular orbitals at HF/6-31G(d)//MN15/6-
31G(d).
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FIG. 4. Numbering of atoms in the FBPc molecule.

found that this bond shortening in the S; state can be explained
by the spatial distribution of the m and ©* orbitals (Fig. 3). The S;
state is mainly represented by electronic excitation from 4ay to 6bsg.
The 6b3; molecular orbital exhibits a strong n bonding character in
the N4-C7, C12-C16, and C11-C15 bonds, while the C1-C6 and
C3-C4 bonds have a node in 4a,. These bonds are indicated by
red lines in Fig. 4. Table III presents the results of theoretical cal-
culations with geometry optimization for the bond lengths in the
So and S; states. The bonds N4-C7, C1-C6, C3-C4, and C12-C16
and their equivalent bonds are shorter in the S; state (C11-C15 is
equivalent to C12-C16). These bonds are along the x(a) axis, caus-
ing the rotational constant B to increase due to the nn* excitation.
Our calculated A and B values exhibit consistent trends. The larger
rotational constants in the excited states are observed in some poly-
cyclic aromatic hydrocarbons (PAHs) of D,y symmetry, such as
tetracene*’ and anthracene.**

TABLE |Il. Calculated equilibrium bond lengths in the Sy 1Ag and Sy 'Bj, states
of FBPc by MN15/6-31G(d) and TD-MN15/6-31G(d) calculations in the units of
nanometer.

Bond So 'Ag Si 'Bsy S1-So
N1-C7 0.1361 0.1367 0.0007
N4-C7 0.1335 0.1330 ~0.0005
N4-C16 0.1317 0.1330 0.0013
N2-C16 0.1375 0.1377 0.0002
C1-C2 0.1395 0.1401 0.0006
C1-C6 0.1406 0.1401 -0.0005
C2-C3 0.1392 0.1388 ~0.0004
C3-C4 0.1399 0.1397 ~0.0002
C3-C7 0.1465 0.1470 0.0005
C9-Cl14 0.1411 0.1413 0.0002
Cl11-C12 0.1407 0.1414 0.0007
C12-C13 0.1397 0.1399 0.0001
C12-C16 0.1451 0.1442 ~0.0009
C13-Cl4 0.1389 0.1399 0.0010

ARTICLE pubs.aip.org/aipl/jcp

We should also validate the rotational constants by consid-
ering the inertial defect, which is zero for rigid planar molecules
and a small positive value for small planar molecules due to
vibration-rotation interactions. Both Ref. 32 and our analysis sug-
gested the small negative values in the Sy and S; states even with sig-
nificant uncertainties. As already discussed in Ref. 32, the occurrence
of a negative inertial defect is common in many planar molecules
and has been attributed to low-frequency out-of-plane vibrations.
Oka derived empirical formulas for the inertial defect for aliphatic
(Aai) and aromatic (Aar) molecules as follows:*”

33.715
Agi = ———= +0.0186\/T,
v

33.715
+0.008 031,

aro =

where v is the energy of the lowest out-of-plane vibration in cm™.
The units of A and I. are amu A2, In the case of the large molecules,
there are many low-frequency out-of-plane vibrations. Assuming
the contribution of each low-frequency mode to be additive, we can
make an approximate estimate of the inertial defect. Menapace and
Bernstein reported nine low-frequency out-of-plane modes of FBPc
from 16 to 102 cm™'.”” Our estimated value of C”" = 0.00149 cm ™"
implies I = 1.1 x 10* amu A? in the Sy states. The estimated inertial
defect is Ay = —5.5 amu A? and Ayo = —6.6 amu A2, These neg-
ative values substantiate the reliability of our estimated rotational
constants.

SUMMARY

The high-resolution absorption spectrum of the S; « S 05
band of FBPc was observed using the buffer-gas cooling technique
and a single-mode tunable laser. In this study, we improved our
experimental and analytical methods for better reliability compared
to our previous research. The observed spectrum was accurately
reproduced through simulation and contour fitting, assuming an
a-type transition where the transition moment is parallel to the
rotational principal axis x(a). Therefore, we conclude that the tran-
sition is a-type, and the S; state is 'Bsy, consistent with Ref. 32.
The fitting indicated a rotational temperature of 6 K and a Doppler
width of 0.0016 cm™, corresponding to a translational temperature
of 10K.

The best-fit rotational constants in the Sy state aligned well
with both those in Ref. 32 and the calculated values using MN15/6-
31G(d) under the assumption of D,, symmetry. Slightly negative
inertial defects in the Sy and S; can be explained by the empirical
formula. The larger B in the S; state can be understood through the
characters of 4a, and 6b3; molecular orbitals, which are the main
components in the S; < Sy transition.
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