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ABSTRACT. On-surface reactions are rapidly gaining attention as a chemical technique for
synthesizing organic functional materials such as graphene nanoribbons and molecular
semiconductors. Quantitative analysis of such reactions is essential for fabricating high-quality
film structures, but until our recent work using p-polarized multiple-angle incidence resolution
spectrometry (pMAIRS), no analytical technique is available to quantify the reaction rate. In the
present study, the pMAIRS technique is employed to analyze the photochemical reaction from
6,13-dihydro-6,13-ethanopentacene-15,16-dione to pentacene in thin films. The spectral analysis
on a pMAIRS principle readily reveals the photoconversion rate accurately without other
complicated calculations. Thus, this study underlines that the pMAIRS technique is a powerful

tool for quantitative analysis of on-surface reactions, as well as molecular orientation.
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INTRODUCTION

Small-molecule organic semiconductors composed of n-conjugated backbones are used as an
active layer in various organic thin-film devices including field-effect transistors (FETs). Solution-
processed FETs have recently gained considerable attention due to their large-area electronics and
high processability.!* Conventionally used molecular semiconductors for FETs such as pentacene
(PEN), however, have low solubility in most solvents, which has been a technical barrier to their
use in solution processes. To overcome this barrier, a number of soluble precursors that can
chemically be converted to the target substance by heating or photoirradiation have been developed
so far.>”7 In other words, thin films of the target insoluble material can be obtained from the
solution-processed precursor thin films by using chemical conversion reactions.

One of the most representative precursors of PEN is 13,6-N-sulfinylacetamidopentacene (SAP),
and it is thermally converted to the target material,®® as shown in Figure 1. This precursor
compound is fully converted to PEN by the thermal annealing in thin films, and the converted
molecules form a highly ordered polycrystalline structure.!®!! The precursor compound has an
advantage that the desired film is easily obtained, whereas it has a problem that a high annealing
temperature of ~420 K or higher is required to complete the thermal conversion.!! In general, such
a high temperature process poses risks of degradation, sublimation, and oxidization for organic

semiconductors.
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Figure 1. Structural conversion reactions from SAP and PDK to PEN.

As another approach, a photochemically synthetic route to PEN was proposed using 6,13-
dihydro-6,13-ethanopentacene-15,16-dione (PDK) as a soluble precursor (Figure 1).'%!3 Previous
studies reported that the conversion reaction from PDK to PEN proceeds under light irradiation
even at room temperature, and that the photoconverted molecules work as a p-type semiconductor
in organic thin-film devices.'*!¢ In addition, the addition of a high-boiling solvents in the
precursor film was reported to be accelerate the conversion reaction and improve the device
performance.!*!> In other words, the conversion rate has a decisive effect on the device
performance. They proposed a model in which the additive molecules remain in the precursor film
after spin coating to form a semidry film, and the semidry state is essential for promoting the
conversion reaction. This model is acceptable considering that solid-state reactions generally
require high-thermal energy and a long period of time to proceed.!’2°

In this manner, the photoconversion reaction from PDK to PEN in thin films is expected for
practical applications. Nevertheless, some unresolved matters remain with respect to structural
analysis: (1) the residual additives in the model have never been experimentally identified and (2)
quantitative analysis of the conversion reaction has not been performed. Infrared (IR) p-polarized

multiple-angle incidence resolution spectrometry (pMAIRS)?!-*2 is considered best suited for both



purposes. This spectroscopic technique simultaneously provides the in-plane (IP) and out-of-plane
(OP) vibrational spectra of an identical thin film with a common ordinate scale, which enables us
to perform orientation analysis quantitatively for each chemical group. In addition, an optically
isotropic (OI) spectrum that is molecular-orientation free spectrum is also obtained by simply
averaging the IP and OP spectra.!! Since the band intensity of the OI spectrum is proportional only
to the quantity of chemical species, the quantitative analysis of chemical reactions can be
accurately performed.!'’!7?3 IR spectroscopy has another powerful benefit for detecting trace
molecules irrespective of the crystallinity,'? such as impurities including residual solvents.

In the present study, the pMAIRS technique is employed for quantitative analysis of the
photoconversion reaction of PDK in spin-coated films. The spectral analysis quantitatively reveals
that the conversion reaction is enhanced by adding a high-boiling-point solvent. In addition, the
effects of the additive on the film structure in terms of crystallinity and grain size are investigated
by using two-dimensional grazing incidence X-ray diffraction (2D-GIXD) and atomic force
microscopy (AFM). The results show that the accelerating effect of the additive contributes to the

self-aggregation of the converted molecules.

EXPERIMENTAL SECTION

Sample Preparation. A polycrystalline powder sample of PDK was synthesized according to
previous studies.!>!* Chloroform (Chl) and 1,2,4-trichlorobenzene (TCB) of ACS
spectrophotometric grade were purchased from Sigma-Aldrich (Milwaukee, WI). The powder
sample of PDK was dissolved in Chl at a concentration of 1.0 wt %. The solution was heated at

approximately 353 K for 5 min to completely dissolve the solute, and the solution was then cooled



to room temperature. Meanwhile, another solution was prepared by adding TCB to the Chl solution
in a 99:1 weight ratio.'*

Film Preparation. An 8-inch silicon (Si) wafer with a thickness of 625 + 25 pm manufactured
by Valqua-FFT (Tokyo, Japan) was cut into rectangles with a size of 40 x 20 mm?. The wafers
were ultrasonically cleaned with ultrapure water, ethanol, acetone, and 1,2-dichloroethane
sequentially for 1 minute each. The cleaned silicon substrates were further treated with ozone for
10 minutes on each side. Spin-coated films were prepared by dropping 20 pL of the PDK/Chl
solution onto the cleaned wafers and spinning it at 2000 rpm for 1 minute using an Active (Saitama,
Japan) ACT-300T spin coater. In this paper, films prepared from Chl solutions with and without
TCB will be referred to as PDK/Chl and PDK/Chl-TCB films, respectively. The obtained film
samples were photo-irradiated at a substrate temperature of 353 K, measured by a thermocouple
mounted directly on the substrate surface. The photoconversion was performed for 1 hour in a
nitrogen-filled environment using a LED lamp with a wavelength of 470 nm and an output of
approximately 200 mW c¢m™. These are the optimal conditions for the photoconversion to the
target material reported elsewhere.!* The nominal thickness of the converted film was calculated
to be about 25 nm by comparing its IR band intensity to that of a vapor-deposited film with a
thickness of 50 nm.?

IR pMAIRS measurements. IR pMAIRS measurements were performed using a Thermo
Fischer Scientific (Madison, WI, USA) Magna 550 Fourier transform IR (FT-IR) spectrometer
equipped with a MAIRS automated analysis accessory (TN 10-1500). A germanium wire-grid
linear polarizer (090-1500) purchased from PIKE Technologies (Madison, WI, USA) was used to
generate p-polarized light. The aperture was set to the maximum of 150% (inner diameter of

approximately 10 mm), and the wavenumber resolution was set to 4 cm™!. The Blackman-Harris



function was employed for the apodization function through the IR measurements. The angle of
incidence was set from 9 to 44° at 5° intervals, and transmitted light was detected with a mercury
cadmium telluride (MCT) detector cooled with liquid nitrogen for at least 2 hours. The generated
IP and OP spectra were converted to the corresponding OI spectrum by introducing the spectral

intensities (A;p and Agp) into the following equation;'!

Aiso = %(ZAIP + Aop), (1)

where Ajq, is the absorbance of the OI spectrum.

IR attenuated total reflection (ATR) measurements. IR ATR spectra were measured using
a Magna 550 FT-IR spectrometer equipped with a Spectra-Tech (Oak Ridge, TN, USA)
Foundation Thunder Dome ATR accessory without a polarizer. The attachment has a single-
reflection IR element made of germanium with a fixed angle of incidence of 45°. An MCT detector
cooled by liquid nitrogen was used to detect the reflected light. The aperture diameter was set to
34% (inner diameter of approximately 5 mm), and the wavenumber resolution was set to 4 cm! or
1 cm’!. The band assignments were based on density functional theory (DFT) calculations using
the Gaussian 16 software®* with B3LYP/6-31G(d,p) as the base set. The calculated wavenumber
was linearly scaled in accordance with previous reports.!”-?

2D-GIXD measurements. 2D-GIXD measurements were performed using a Rigaku (Tokyo,
Japan) SmartLab diffractometer equipped with a HyPix-3000 two-dimensional image detector. A
sealed X-ray tube operating at 40 kV and 50 mA was used to generate Cu Ka radiation. The
incident angle was fixed at 0.20°, and the exposure time for measuring diffraction images was
1800 seconds. The obtained images were corrected to a reciprocal-space map defined by the

surface-parallel (qx) and perpendicular (g:) components of the scattering vector using the

SmartLab Studio II software.



AFM measurements. AFM measurements were performed using a Seiko Instruments (Chiba,
Japan) NanoNavi IIs control station as the control device and a NanoCute scanning probe
microscope unit as the observation device. Dynamic force mode was selected as the measurement
mode, and a Si cantilever with a force contact of 19 N m™! was used. The obtained AFM images

were corrected for background distortion using the Gwyddion software.

RESULTS AND DISCUSSION

Spectral evidence of residual additives. As described in the introduction section, some
additives promote the photoconversion reaction of PDK through the increase of the mobility of the
precursor molecules in a thin film. For this purpose, good solvents for PDK with high-boiling
points such as 1,2-dichlorobenzene and TCB are used as the additive.!*!> Nevertheless, no
evidence has been obtained so far that the additive molecules remain in the precursor film. In this
study, the pMAIRS measurements are performed to identify the residual additive molecules.

The pMAIRS-OI spectra of the precursor films prepared from Chl solutions without and with
TCB are shown in Figure 2a-i and ii, respectively. The band assignments are performed by
comparing them to the simulated spectra obtained by the DFT calculations (Figure 2b-ii). For
example, the two bands at 1750 cm™ and 1734 cm™ in Figure 2a correspond to the anti-symmetric
and symmetric stretching vibrations of the carbonyl groups (v(C=0)), while the CH out-of-plane
deformation vibration (y(CH)) of the fused ring shows a typical band at 749 ¢m™!. Note that the
spectra of the as-spun films roughly match that of a bulk PDK sample (Figure 2b-i), but some
bands are shifted as typically found for the v(C=0O) and y(CH) bands. These shifts should reflect

differences in crystallinity, which will be discussed later.
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Figure 2. IR pMAIRS-OI spectra of spin-coated PDK films and ATR spectrum of pure TCB
solvent (a). IR ATR spectrum of bulk PDK sample and simulated spectrum predicted by the DFT
calculation (b).

For the precursor films, the two spectra in Figure 2a are basically similar to each other in terms
of band positions and relative intensities, except for the band region of 1100-1050 cm™ due to

absorption of the oxide layer of the Si substrate.?® Upon close inspection, however, some bands
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appear to be unique to the spectrum of the PDK/ChI-TCB film, as found for the bands at 1457,
1035, and 814 cm!. These bands can easily be assigned to the vibrational modes of the solvent,
TCB, by comparing the spectra (Figure 2a-ii and iii). This clearly indicates the presence of TCB
still remained in the as-spun film, which has not been identified so far. Furthermore, the influence
of residual TCB on the photoconversion from PDK to PEN is discussed below.

Quantitative analysis of photoconversion reactions. To discuss the structural conversion
from PDK to PEN, we first examine the wavenumber region of 1800-1700 cm™ in Figure 2a, in
which the v(C=0) bands of “PDK” are uniquely observed. After 1 hour of photoirradiation, the
band intensity decreases dramatically for both PDK/Chl and PDK/ChI-TCB films as shown in
Figure 3a. For the PDK/ChI-TCB film, in particular, the v(C=0) bands of PDK almost disappear
after the photoirradiation, whereas a weak but clear band remains in the spectrum of the
photoconverted PDK/Chl film. Meanwhile, the y(CH) band of “PEN"2728 appears at 906 cm™ in
the spectra (Figure 3b), indicating that the precursor compound reacts photochemically to produce
the target material. This straightforwardly indicates that the conversion reaction quantitatively
proceeds due to the accelerating effect of the additive. Note that the vibrational bands of TCB
disappear after photoirradiation (Figure S1). This indicates that the residual additive is removed in

the photoconverted film.
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Figure 3. IR pMAIRS-OI spectra of photochemically converted PEN thin films in different
wavenumber regions: 1800-1700 cm™ (a) and 950-850 cm™! (b).

An important advantage of using the pMAIRS technique is that the chemical reaction in the
film can quantitatively be pursued for each chemical group by using the OI spectra. Assuming that
sublimation and decomposition are negligible during the conversion reaction, the monitored rate
of the decrease in the v(C=0) band intensity of PDK should be consistent with the conversion rates
before and after the photoirradiation. This assumption is reasonable considering that the substrate
temperature during the photoirradiation is sufficiently low compared to the sublimation and
decomposition temperature of PEN.2 The analytical results of the pMAIRS-OI spectra show that
the conversion rate of the PDK/Chl film is clearly lower than that of the PDK/Chl-TCB film (Table

1), which quantitatively confirms that the additive works out for accelerating the conversion

reaction.
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Table 1. Photoconversion rate of PDK estimated from pMAIRS spectra.

Precursor/Solvent Conversion rate / %
PDK/Chl 87.6
PDK/Chl-TCB ~100

Influence on crystallinity and grain size. In the previous section, we discussed the influence
of TCB on the conversion rate of PDK. In this section, the influences are investigated in terms of
molecular aggregation in thin films. First, let us discuss the crystallographic properties on the basis

of the 2D-GIXD patterns in Figure 4.
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Figure 4. 2D-GIXD patterns of spin-coated PDK films (a, b) and photoconverted PEN films (c,
d) prepared from Chl solutions with and without TCB. In (c) and (d), “TF” and “B” denote the
thin-film and bulk phases of PEN, respectively.
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No Bragg reflections are observed in the diffraction pattern of the as-spun films (Figure 4a, b),
indicating that the precursor films have an amorphous structure for both solvents, which agrees
with previous reports.!*!® Since the precursor compound can form crystalline structures at room
temperature,'>!%20 this result implies that the amorphous structure in the spin-coated films is
kinetically limited.!®3%3! The amorphous structure is indeed confirmed by the featureless

topographic images obtained from the AFM measurements in Figure 5a and b.
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Figure 5. AFM topographic images of spin-coated PDK films (a, b) and photoconverted PEN
films (c, d) prepared from Chl solutions with and without TCB.

After the photoconversion, diffraction spots commonly appear on the g. axis for the PDK/Chl
and PDK/ChI-TCB films as found in Figure 4c and d. The interlayer spacing calculated from the
peak positions nearly corresponds to that of the (001) plane of the “thin-film phase” of PEN (1.54

nm).*2-3* Another polymorph, the “bulk phase”,?>3 is also generated in the PDK/ChI-TCB film as

14



evidenced by the peaks at a tilted position of about 10° from the ¢. axis (Figure 4d). These
characteristic peaks are typically observed for the bulk phase grown on the thin-film phase, and
these are readily attributed to the 00/ series reflections of the bulk phase by referring to literature.’’-
39 It should be emphasized that the presence of the bulk phase in the photoconverted PEN films
has been previously overlooked'* and this is the first report.

The diffraction analysis shows that the thin-film and bulk phases coexist in the “photoconverted”
film. This crystalline polymorphism is different from that of “thermally converted” PEN films,
where the bulk phase is formed predominantly due to heat treatments at a high temperature.'®!!
This analysis suggests that in the case of photoconversion reactions, the use of relatively low
temperatures during the photoconversion prevents a crystal transformation from the thin-film
phase to the bulk phase. This is a practical advantage of using the photoconversion-type precursor
when compared to thermally convertible precursors, since the thin-film phase is favorable for
charge-transport in FETs.*

Comparing the diffraction patterns of the photoconverted films with and without TCB, the
number of diffraction spots (or partial rings) is higher for the thin film having the additive (Figure
4d), indicating a highly crystalized structure of PEN. The additive-free thin film, in other words,
has a less crystalline structure, which can also be understood from the relatively small grains in
the AFM images shown in Figure 5c and d. It is also noteworthy that the diffraction peaks of the
bulk phase are not clearly observed for the additive-free film (Figure 4c). This ambiguously weak
intensity would suggest that the crystallites in the bulk phase are randomly oriented due to the low
crystallinity. According to our previous studies on the precursor method for PEN,!%!! unreacted

precursor molecules disturb molecular aggregation of the product compound, resulting in a less

15



ordered film structure. Therefore, the low crystallinity of PEN in the photoconverted film without

the additive would be due to the low conversion rate, as discussed earlier.
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CONCLUSION

The pMAIRS technique has been applied to analyze the photoconversion reaction from PDK
to PEN in spin-coated films, and the role of TCB used as an additive in the conversion reaction
has been investigated. The spectral analysis demonstrates that the additive molecules remain in the
film even after the evaporation of solvent used for spin coating, and that the residual additive
completes the chemical reaction to produce the target material. This study emphasizes that the
pMAIRS technique can be used to quantify chemical reactions in films. In this manner, this study
provides not only insight into photoconversion chemistry, but also an analytical tool for

quantitative analysis of on-surface reactions.
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