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hresholds in laser-induced
carbonization of sumanene derivatives through in
situ observation utilizing a Raman spectroscope†

Yuhi Inada,a Toru Amayaa and Toshikazu Hirao*ab

A useful method was demonstrated to investigate 532 nm laser energy threshold to carbonize various

compounds including sumanene derivatives through in situ observation utilizing a micro-Raman

spectrometer. It was revealed that the thresholds of sumanene derivatives are lower than those of the

planar partial structures of sumanene derivatives. Moreover, [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM) shows a considerably lower threshold than the sumanene derivatives utilizing this method. This

work can be expected to contribute toward the evolution of laser-induced carbonization-based chemistry.
1. Introduction

Carbon-based compounds that include a graphitic carbon lattice
have been attracting considerable interest due to their wide
applications such as in electrically-conductive1 and catalytic2,3

materials. These carbon-based compounds have been synthe-
sized by the pyrolysis of various organic compounds, including
polymers, such as polyimide and p-conjugated low-molecular-
weight compounds, using heat sources such as electric
furnaces4–10 and lasers.11–30 Among these sources, laser is an
attractive heat source because it has advantages that other heat
sources do not possess. For example, laser enables a target to be
heated rapidly to a very high temperature.31 In addition, a focused
laser can carbonize the surface of a target in a minute region.
Thus, this laser-induced carbonization is expected to be an
important technique, especially for applications such as elec-
tronic devices.11,17,18,30 However, systematic examination of the
minimum laser energy required for carbonization (carbonization
energy threshold) still remains to be studied as one of the critical
factors in laser-induced carbonization. Therefore, if a funda-
mental method can be developed to systematically investigate the
carbonization energy threshold, it will contribute toward the
evolution of laser-induced carbonization-based chemistry.

Laser Raman spectroscopy is one of the best methods to
conrm carbonization through the detection of the G and D
bands, which are attributed to the graphitic carbon lattice and
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sp3-bonded carbon or structural defects, respectively (Fig. 1a).32

Therefore, we combined laser-induced carbonization with laser
Raman spectroscopy, enabling us to efficiently perform the two
Fig. 1 (a) Schematic illustration of in situ observation of laser-induced
carbonization. Inset shows the schematic diagram of Raman spectra
and samples after exposure to a laser for carbonization, where the
detection of G and D bands depends on the laser energy for
carbonization. The spectra are schematic illustrations. (b) Sumanene
(1a) and its molecular structure based on X-ray crystallographic anal-
ysis.33 (c) Investigation of the carbonization threshold by the in situ
observation of laser-induced carbonization of sumanene, cyclo-
pentaphenanthrene, fluorene derivatives etc.
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http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra00747j&domain=pdf&date_stamp=2015-02-11
http://dx.doi.org/10.1039/c5ra00747j
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA005024


Fig. 2 Dependence of Raman spectra on 532 nm laser energy for carbonization in (a)–(c) non-substituted, (d)–(f) imino-substituted, and (g)–(i)
carbonyl-substituted derivatives of sumanene, cyclopentaphenanthrene, and fluorene. The spectra are arranged in sequence as going from up
to down in the order of the lowest to the highest in laser energy. G and D in the graphs denote the G and D bands, respectively. Note that all
spectra are displayed after subtracting the linear background and normalizing the spectra for ease of comparison.48 The raw spectra are available
in Tables S1–S15.†

18524 | RSC Adv., 2015, 5, 18523–18530 This journal is © The Royal Society of Chemistry 2015
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Fig. 3 532 nm laser-induced carbonization energy thresholds of
compounds 1–9. —: Threshold range, �: no observation of G and D
bands,:: difficult to judge whether the G and D bands were observed
or not. The susceptibility to carbonization increases as the threshold
range is shifted to the right.
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processes, carbonization and Raman spectroscopy measure-
ments, simultaneously in one spectroscope (Fig. 1a). We believe
that this method is very suitable for investigating carbonization
energy threshold, permitting us to perform a rapid screening. In
fact, Kostecki et al. reported the fabrication of micro electrodes
through this method.27 However, to the best of our knowledge,
there are no reports of the investigation on the carbonization
energy threshold utilizing such in situ observation of laser-
induced carbonization.

We have been strenuously investigating the bowl-shaped p-
conjugated molecule sumanene (1a) (Fig. 1b)34 since its
synthesis.35 In our previous work, we reported the synthesis of
nitrogen-doped graphitic carbons (NGCs) through laser
annealing (355 nm) of sumanenemonoone imine derivatives,
including 1b (Fig. 2), while retaining the ratio of nitrogen to
carbon (N/C ratio).36,37 We wonder if the retention of the N/C
ratio may be due to the fact that the sumanenemonoone
imine derivatives can be carbonized at a lower energy than other
typical compounds.38 Actually, in our previous work,36 no
conductivity change was observed in the laser annealing of the
uorenone imine derivative 3b (Fig. 2), a compound that has the
planar partial structure of sumanenemonoone imine deriva-
tives under the same conditions, implying that their carbon-
ization energy thresholds differ greatly. If this signicant
difference results from a property of bowl-shaped molecules, we
could identify a novel aspect in the properties of a p bowl.39

In this context, herein, we report a useful method to inves-
tigate the carbonization energy thresholds of sumanene deriv-
atives and other compounds by in situ observation of their laser-
induced carbonization in amicro-Raman spectrometer (Fig. 1c),
which revealed that sumanene derivatives tend to have lower
thresholds than the other compounds.

2. Experimental methods
2.1 Materials preparation

2.1.1 Materials. In this paper, compounds 1a–c, 2a–c, 3a–c,
and 4–9 (Fig. 3) were used for the experiments. Compounds 2a,
3a, 3c, 4, 5, 6, 7 and 9 were purchased from commercial sources.
The other compounds used were synthesized according to the
following procedures.

2.1.2 Synthesis. Compounds 1a,35 1b,36 1c40 and 3b36 were
synthesized according to the previously reported procedures.
The preparation of 2c, 2b, and 8 is described in this section.

General. 1H (400 MHz) and 13C (100 MHz) NMR spectra were
measured on a JEOL JNM-ECS 400 spectrometer. CDCl3 or
CD2Cl2 was used as a solvent. The residual CHCl3 or CHDCl2
peak (d ¼ 7.26 or 5.32 ppm) was used as the reference for 1H
NMR, respectively. The CDCl3 or CD2Cl2 peak (d ¼ 77.0 or 53.8
ppm) was used as the reference for 13C NMR, respectively.
Infrared spectra were recorded on a JASCO FT/IR-480plus
spectrometer. Mass spectra were recorded on a BRUKER
AUTOFLEX III (MALDI-TOF) mass spectrometer. Reagents were
purchased from commercial sources and used without further
purication unless otherwise indicated.

4H-Cyclopenta[def]phenanthren-4-one (2c). A round-bottomed
ask equipped with a magnetic stirring bar was charged with
This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 18523–18530 | 18525
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4H-cyclopenta[def]phenanthrene (2a) (72.1 mg, 0.379 mmol),
ruthenium(III) chloride hydrate (133.4 mg), pyridine (5 mL), and
dichloromethane (20 mL). To the stirred reaction mixture, t-
butyl hydroperoxide solution (70% in H2O, 1.0mL) was added at
room temperature. Aer stirring at room temperature for 4
days, the reaction was quenched by the addition of a solution
mixture (�4 mL) [aqueous Na2S2O3 solution (32 wt%)/saturated
aqueous NaHCO3 solution ¼ 1/2 (volume ratio)]. The reaction
mixture was poured into desalinated water and dichloro-
methane. The aqueous layer was extracted twice with
dichloromethane. The combined organic layer was washed with
1 N HCl aqueous solution (twice) and brine, dried over Na2SO4,
and evaporated in vacuo. The residue was puried through a
short pad of silica gel (height: �3 cm) with dichloromethane to
afford the crude product (69.4 mg). The product was puried by
reprecipitation (dichloromethane/methanol). Aer the precipi-
tated yellow solid of 2c was collected (17.0 mg), the ltrate was
recovered. From the ltrate, the reprecipitation was performed
again, and then 2c (11.7 mg) was separated from the ltrate.
Using the ltrate, further recrystallization (dichloromethane/
methanol ¼ 1/8) was carried out to yield 2c as a yellow solid
(15.0 mg). These purications gave the pure desired compound
2c (43.7 mg in total, 0.214 mmol, 56% yield): 1H NMR (400 MHz,
CDCl3): d ¼ 7.90 (dd, J ¼ 8.0, 0.4 Hz, 2H), 7.79 (dd, J ¼ 7.0, 0.4
Hz, 2H), 7.77 (s, 2H), 7.58 (dd, J ¼ 8.0, 7.0 Hz, 2H) ppm [lit.,41

(CDCl3): d ¼ 7.82 (dd, J ¼ 7.5, 1.4 Hz, 2H), 7.72 (dd, J ¼ 6.8, 1.4
Hz, 2H), 7.67 (s, 2H), 7.45 (dd, J ¼ 7.5, 6.8 Hz, 2H) ppm]. The
slight difference between the chemical shis of our sample and
the reported chemical shis are believed to possibly arise from
the concentration difference.

N-(p-Tolyl)-4H-cyclopenta[def]phenanthren-4-imine (2b). A
dried reaction apparatus purged with nitrogen was equipped
with a reux condenser, a dried 20 mL two-necked ask was set
with a magnetic stirring bar, and activated MS4A molecular
sieves (pellets, 5.0 g) were placed in a solvent reservoir (see
diagram below). Aer the ask was charged with 4H-cyclopenta
[def]phenanthren-4-one (2c) (15.0 mg, 0.0734 mmol), p-tolui-
dine (63.0 mg, 0.588 mmol, 8 eq.), and anhydrous toluene (10
mL), the mixture was stirred and heated to 130 �C. During the
reaction, the following operation was repeated several times:
once the solvent entirely evaporated through path 1, the solvent
in the reservoir was returned to the ask from path 2 through
the MS4A sieves by opening cock 1. In the rst 90 min, this
operation was repeated aer each 30 min. In the next 80 min,
this operation was repeated aer each 10 min, and further p-
toluidine (63.0 mg, 0.588 mmol, 8 eq.) was added in the h
operation. In the nal 60 min, this operation was repeated aer
each 30min. Subsequently, the reactionmixture was evaporated
in vacuo to obtain the crude product as a yellow solid (21.7 mg,
95% conversion). The residue was puried by preparative thin-
layer chromatography (hexane/dichloromethane ¼ 1/1) to
afford 2b (18.7 mg, 3% impurity) as a yellow solid. Further
purication was undertaken by preparative thin-layer chroma-
tography (hexane/ethyl acetate ¼ 2/1) to provide 2b (including
1% 2c) as a yellow solid. Finally, the solid was rened by
recrystallization (hexane/dichloromethane, cooling from 25 �C
to �7 �C at the rate of 0.1 �C min�1) to yield the target
18526 | RSC Adv., 2015, 5, 18523–18530
compound 2b (4.2 mg, 0.0143 mmol, including 1% 2c) as
needle-like yellow crystals: FT-IR (ATR, powder): n ¼ 3053, 2918,
2855, 1621, 1504 cm�1 (Fig. S1†); 1H NMR (400MHz, CDCl3): d¼
8.02 (d, J ¼ 7.1 Hz, 1H), 7.89 (d, J ¼ 8.0 Hz, 1H), 7.82–7.71 (m,
3H), 7.66 (m, 1H), 7.30–7.24 (m, 3H), 7.03 (d, J ¼ 8.0 Hz, 2H),
6.74 (d, J ¼ 7.3 Hz, 1H), 2.46 (s, 3H) ppm (Fig. S2†); 13C NMR
(100 MHz, CDCl3): d ¼ 164.61, 149.28, 138.46, 137.78, 136.21,
134.26, 130.48, 130.00, 128.78, 128.13, 128.10, 127.77, 127.65,
127.43, 125.35, 124.97, 121.08, 119.00, 21.23 ppm (because
these results lack one peak, two peaks are considered to be
accidentally coincident; Fig. S3†); HRMS (MALDI-TOF): m/z
calcd for C22H15N [M+] 293.1199, found 293.1188.

Sumanenetrione triimine 8. Trioxosumanene40 (10.3 mg, 33.6
mmol) and p-toluidine (21.6 mg, 20.2 mmol, 6 eq.) were charged
into a dried round-bottomed ask equipped with a magnetic
stirring bar and activatedmolecular sieves (MS4A, pellets, 0.5 g).
Aer evacuation followed by purging with argon, 10 mL of
absolute toluene was added to the mixture. The reaction
mixture was heated to 120 �C and stirred for 4 h under argon.
Aer the addition of activated molecular sieves (MS4A, pellets,
0.5 g) again to the reaction mixture under argon, the mixture
was stirred for 14 h under argon at 120 �C. The reaction mixture
was cooled to ambient temperature, and then ltered through
cotton. The ltrate was evaporated in vacuo. The residue was
puried by preparative thin-layer chromatography (dichloro-
methane) to obtain the desired compound 8 as a red-orange
solid. Furthermore, the solid was rened by reprecipitation
(dichloromethane/cooled hexane) to provide 8 (6.5 mg, 11.3
mmol, 34%) as needle-like red-orange crystals: FT-IR (KBr): n ¼
3023, 2921, 2856, 1891, 1719, 1648, 1618, 1560, 1502, 1392,
1327, 1194, 1108, 1016 cm�1 (Fig. S4†); 1H NMR (400 MHz,
CD2Cl2): d ¼ 7.62 (d, J ¼ 7.7 Hz, 1H), 7.60 (d, J ¼ 7.7 Hz, 1H),
7.32–7.21 (m, 6H), 7.21–7.14 (m, 6H), 7.11 (d, J ¼ 8.2 Hz, 2H),
7.04 (d, J ¼ 8.2 Hz, 2H), 6.99 (d, J ¼ 8.2 Hz, 2H), 6.51 (d, J ¼ 7.9
Hz, 1H), 6.98 (d, J¼ 7.9 Hz, 1H), 6.10 (d, J¼ 7.9 Hz, 1H), 6.07 (d,
J¼ 7.9 Hz, 1H), 2.45 (s, 3H), 2.43 (s, 3H), 2.37 (s, 3H), 2.36 (s, 3H)
ppm (Fig. S5†); 13C NMR (100 MHz, CD2Cl2): d¼ 163.05, 163.01,
162.92, 162.87, 148.94, 148.76, 148.47, 148.44, 148.37, 148.30,
148.29, 148.27, 148.19, 148.16, 147.93, 147.87, 146.36, 146.04,
145.86, 145.50, 139.77, 139.55, 139.37, 139.11, 136.32, 136.30,
136.17, 136.13, 130.24, 130.22, 130.10, 130.09, 126.78, 126.64,
126.60, 126.52, 124.88, 124.81, 124.66, 124.63, 120.96, 120.90,
120.76, 120.70, 21.21, 21.20, 21.12, 21.11 ppm (Fig. S6†); HRMS
(MALDI-TOF):m/z calcd for C42H28N3

+ [M + H]+ 574.2278, found
574.2275.
This journal is © The Royal Society of Chemistry 2015
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2.2 Materials characterization

2.2.1 Sample preparation. Each compound (�1 mg) was
generally dissolved in 100 mL of dichloromethane (toluene was
used for 9). The solution (�5 mL) was drop-cast onto a glass
substrate. Aer drying in air, it was further dried in vacuo. The
solvents were commercially available and employed without
further purication.

2.2.2 Carbonization and Raman measurements. To inves-
tigate the energy thresholds in the laser-induced carbonization
of the above-mentioned samples, a green continuous-wave laser
(532 nm) equipped in a micro-Raman spectrometer (JASCO,
NRS-3100) was utilized not only as the exciting source for
Raman measurements but also as the heat source for carbon-
ization. The laser energy can be monitored at any time and
controlled stepwise through a neutral density (ND) lter with
optical densities (OD) of 3, 2, 1, 0.6, and 0.3, which can be
manually switched using the soware. In the case when an ND
lter was not inserted, the value of OD was represented as 0. The
laser output energy depends on the ambient conditions. The
laser beam can be focused through an objective lens (20 or 100
times), where the beam diameters are �4 or �1 mm, respec-
tively. The incident power of the laser was monitored between
an ND lter and the objective lens using a power meter that is
incorporated in the Raman spectrometer. The laser energy
under the objective lens was calculated by dividing the as-
obtained power of the laser by the beam waist area.

First, each sample was mounted onto the stage of the micro-
Raman spectrometer. Numerous particles with various sizes
were observed through the microscope of the spectrometer in
each sample. Note that the particle size chosen for the
measurement should be similar in size to the laser beam
diameter because it affects the spectrum aer the sample is
exposed to the laser. In fact, if the particle was too large, the
signal derived from the carbonized region was buried within
that of an intrinsic region. In contrast, if the particle was very
small, the signal was too small to be detected. In particular,
when a sample emits uorescence resulting from excitation by
the laser, the particle should be carefully chosen such that the
signal obtained from the carbonized region is not buried due to
the uorescence.

Second, each sample was exposed to a laser under the
conditions for carbonization, as shown in Tables S1–S15.†
Then, the spectra aer laser exposure were obtained under the
conditions for Raman measurement, as listed in Tables S1–
S15.† The laser energy for the measurements was carefully
chosen such that it does not exceed that required for carbon-
ization. The raw spectra were modied by subtracting the linear
background and normalizing the spectra to easily locate the G
and D bands (�1600 and �1360 cm�1, respectively) and
compare them with each other. The modication was under-
taken using an analysis soware (JASCO, Spectra Manager
Version 2).

Third, a judgment was performed regarding whether the G
and D bands could be detected. The results are listed in Tables
S1–S15,† where the denotations �, :, and B were used in the
cases when the G and D bands were not detected, when it was
This journal is © The Royal Society of Chemistry 2015
difficult to judge the detection of the G and D bands, and when
the G and D bands were clearly detected, respectively.

Finally, the carbonization energy threshold was determined
as the range of the laser energy corresponding to the region
between : and B or between � and B. The results are visu-
alized in Fig. 3.
2.3 Density functional theory (DFT) calculation

To estimate the bond dissociation energy (BDE), energy levels of
the various species were calculated by the density functional
theory (DFT) method using the Gaussian 09 program.42 The
vibrational analysis was performed aer the optimization of the
molecular structures. For both the vibrational analysis and
structure optimization, the hybrid functional and basis sets
were B3LYP/6-31G(d,p) and UB3LYP/6-31+G(d,p) for the closed-
shell and open-shell molecules, respectively.

2.3.1 Calculation of BDEs. Table S16† summarizes the
sums of the electronic and zero-point energies (E) for each
species. E of species n is denoted by En. Based on these results,
the BDEs of various bonds were calculated by subtracting the E
of the species before bond dissociation from that aer bond
dissociation [see an example in eqn (1)]. In the case that two
species were generated through bond dissociation, the E of the
species before bond dissociation was subtracted from the sum
of E aer bond dissociation [see an example in eqn (2)]. These
results are also listed in Table S16.†

(1)

BDE (Ar–CH2 in 1a) ¼ E1aa � E1a

(2)

BDE (C]N–Tol in 1b) ¼ E1bc + E11a � E1b

2.3.2 Estimation of strain energy of sumanene. As
described in the results and discussion section, the Ar–CH2

bond in sumanene (1a) shows a considerably lower BDE than
that of cyclopentaphenanthrene 2a and uorene 3a [125 (1a) �
327 (2a) < 376 kJ mol�1 (3a)] (see Table S16†). These results can
be explained by the strain energy inherent in sumanene (1a), as
shown in Fig. S7a.† The structure of bowl-shaped biradical 1ab
was optimized to obtain a planar biradical 1aa. When the
structure of 1ab changes from bowl-shaped to planar, its strain
energy can be released. As a result, E1ab was decreased by the
RSC Adv., 2015, 5, 18523–18530 | 18527
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strain energy, which results in a lowering of the BDE. If E1ab can
be calculated, the strain energy can be directly estimated
(Fig. S7a†). However, it is difficult to calculate E1ab because the
structure optimization of bowl-shaped biradical 1ab produced
planar biradical 1aa, as described above. If the BDE of
unstrained sumanene can be calculated, the strain energy can be
directly estimated, but such a compound cannot be obtained.
Instead of this unstrained compound, 1,7-dimethyl-4H-cyclo-
penta[def]triphenylene (10, Fig. S7b†) was designed. The
structure of 10 corresponds to that where two Ar–CH2 bonds in
sumanene (1a) are dissociated to possess an unstrained struc-
ture. The strain energy can be estimated as 164 kJ mol�1 by
subtracting the BDE (Ar–CH2) of 1a (E1aa � E1a ¼ 125 kJ mol�1)
from that of 10 (E10a � E10 ¼ 289 kJ mol�1).

2.3.3 Calculation of temperature increase corresponding to
strain energy in sumanene. To intuitively grasp the extent to
which the strain energy of sumanene (1a) supports the
carbonization, the strain energy (164 kJ mol�1) was converted to
the temperature increase of 1a. Note that the results of this
calculation do not indicate the actual temperature increase. The
estimation includes the following assumptions. (1) Specic heat
capacity was xed at a constant value, although this value
depends on the temperature. (2) The melting and/or decom-
position of 1a does not occur even when the temperature has
reached an actual melting and/or decomposition point. For
these reasons, the estimated temperature increase is a
maximum value. The specic heat capacity at constant pressure
(Cp) was calculated as 247 J mol�1 K�1 at 298.15 K, which was
derived from the specic heat capacity at constant volume (Cv ¼
57 cal mol�1 K�1) obtained by DFT calculation and Mayer's
relation (Cp ¼ Cv + R, where R represents the gas constant).
Therefore, the strain energy (164 kJ mol�1) divided by Cv (57 cal
mol�1 K�1) gives the temperature increase (660 K). Moreover,
for both structure optimization and vibrational analysis, B3LYP/
6-31G(d,p) was used as the hybrid functional and basis set.

3. Results and discussion

We employed a micro-Raman spectrometer with an objective
lens and continuous-wave laser (532 nm) as an exciting source,
allowing microscope observation and Raman spectral
measurement of the target compound in a minute region
(Fig. 1). Moreover, the laser energy can be controlled stepwise
with soware through neutral density lters incorporated in the
spectroscope. Generally, considerable attention must be paid to
the laser energy because a high-energy laser can damage a
sample. Here, the laser was utilized not only as the exciting
source for micro-Raman spectroscopy measurement, but also as
the heating source for carbonization, by appropriately adjusting
the laser energy (Fig. 1).

Fig. 2 shows the dependence of the Raman spectra on the
532 nm laser energy for carbonization of nine compounds,
including sumanene derivatives. The laser energy threshold to
detect the G and D bands is summarized in Fig. 3. First, we
checked the carbonization energy threshold of sumanene (1a)
and the compounds 2a and 3a with their planar partial struc-
tures. The results of the laser-induced carbonization of 1a are
18528 | RSC Adv., 2015, 5, 18523–18530
shown in Fig. 2a. The Raman spectra signals aer exposing 1a to
a lower-energy laser (4.1 � 103 and 4.1 � 104 W cm�2) for 1 min
were too weak to be clearly observed. As the laser energy for
carbonization was increased (7.5 � 104, 1.5 � 105, and 2.9 � 105

W cm�2), G and D bands were clearly detected. The spectrum
aer laser exposure (2.9� 105 W cm�2) is similar to that formed
by heating to approximately 600–1500 �C.6,43–47 In this case, the
range of the carbonization energy threshold for 1a was deter-
mined to be 4.1 � 104 to 7.5 � 104 W cm�2 (1a in Fig. 3). On the
other hand, in the case of cyclopentaphenanthrene 2a, its
intrinsic spectra were observed when the laser energy for
carbonization fell below 3.5 � 104 W cm�2 (Fig. 2b). In the next
step (8.8 � 104 W cm�2), the intrinsic peaks disappeared, sug-
gesting that 2a was damaged due to the laser exposure. Further
enhancement of the laser energy (1.8 � 105 and 3.5 � 105 W
cm�2) resulted in obvious G and D bands, showing that the
threshold exists over the range from 8.8 � 104 to 1.8 � 105 W
cm�2. Regarding the similar compound 3a (Fig. 2c), G and D
bands were not detected even though the laser worked at full
power (1.9 � 105 W cm�2), and the intrinsic peaks vanished.
These results show that the threshold increases in the order of
sumanene 1a < cyclopentaphenanthrene 2a < uorene 3a. This
order is in accordance with the increase of the lowest bond
dissociation energy (BDE) among the bonds included in each
compound, where the lowest BDE was estimated by density
functional theory (DFT) calculation [Ar–CH2: 125 (1a) < 327 (2a)
< 376 kJ mol�1 (3a)] (see Table S16†). The BDE of sumanene (1a)
is considerably lower than of the other compounds, which is
clearly induced by its inherent strain energy. The strain energy
was estimated by DFT calculation to be 164 kJ mol�1 (see
Experimental section 2.3.2 for details). If the whole strain
energy is assumed to contribute toward the increase of
temperature in solid 1a aer the bond dissociation, the strain
energy can be converted to the temperature increase by
�660 �C 49 (see Experimental section 2.3.3 for details), which
may also support the results mentioned above. Although these
compounds have virtually no light absorption at 532 nm, at
least in a solution state,50–52 it has been suggested that they
absorb 532 nm light in a solid state and/or multiphoton
absorption53,54 occurs.

Next, similar experiments were performed considering
imines 1b, 2b, and 3b and ketones 1c, 2c, and 3c. The results are
summarized in Fig. 2d–i. When the substituent (C]N–Tol or
C]O) is xed, the order of the threshold exhibits the same
tendency (1b < 2b < 3b and 1c < 2c < 3c) as the above-mentioned
non-substituted compounds (1a < 2a < 3a). These results are
consistent with those of the laser-induced carbonization (355
nm) of 1b and 3b, which were reported in our previous work as
described in the introduction. In contrast, when the skeleton of
the compound (sumanene, cyclopentaphenanthrene, or uo-
rene) is xed, the threshold range tends to increase in the
following order (nb < nc < na, n ¼ 1–3). This tendency may also
be accounted for by the increase of each lowest BDE [95 (1b: Ar–
CH2) < 111 (1c: Ar–CH2) < 125 (1a: Ar–CH2), 253 (2b: Ar–C]N) <
284 (2c: Ar–C]O) < 327 (2a: Ar–CH2), 273 (3b: N–Tol) < 327 (3c:
Ar–C]O) < 376 kJ mol�1 (3a: Ar–CH2)] (see Table S16†). The
efficiency of light absorption can also be included as one of the
This journal is © The Royal Society of Chemistry 2015
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other factors affecting the results. Indeed, 532 nm light
absorption in the solid state is observed in 1b36 but is not in 1a.51

Furthermore, to demonstrate the further scope of the pre-
sented method, additional experiments were performed for six
additional compounds as follows (Fig. 3): coronene (4), triphe-
nylene (5), [2.2]paracyclophane (6), hexabromobenzene (7),
sumanenetrione triimine 8, and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM, 9). The carbonization energy thresholds are
summarized in Fig. 3 for all the compounds that were studied in
this paper. Non-substituted compounds 4 and 5 could not be
carbonized, even when the laser energy was increased to the
maximum value (1.9 � 105 and 2.9 � 105 W cm�2, respectively),
implying that the introduction of substituents is likely important
to reduce the threshold. Furthermore, cyclophane 6, which bears
four methylene carbons, was employed to observe its carboniza-
tion at the laser energy of 1.9 � 105 W cm�2. In the case of
hexabromobenzene (7), which has weaker bonds, carbonization
occurred under the lower laser-energy conditions (4.9 � 104 W
cm�2) than for 6. Sumanenetrione triimine 8, which contains
more imino groups than sumanenemonoone 1c, showed a
similar threshold range to 1c. Finally, PCBM (9) was tested as
well, and was found to have the lowest threshold range (2.2� 102

to 2.2 � 103 W cm�2) among all the candidates studied in this
paper. This might be due to reasons such as inherent high strain
and/or good absorption of visible light55,56 in the fullerene
derivative. Because the UV16,22,30 or NIR21 laser-induced carbon-
ization of fullerene itself has been already known, it was inter-
esting to nd that fullerene derivative 9 was carbonized by 532
nm laser using the presented method.

4. Conclusions

In summary, the in situ observation of laser-induced carbon-
ization for een compounds revealed that sumanene deriva-
tives tend to possess the lower carbonization energy thresholds
than the corresponding planar compounds with the partial
structures. Moreover, PCBM was found to have a considerably
lower threshold than the sumanene derivatives utilizing the
present method. We expect this report to be useful for system-
atically investigating the carbonization energy thresholds in
various compounds, leading to contributions toward the
development of laser-induced carbonization-based chemistry.
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