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Abstract: It has been reported that when irradiated with laser light non-resonant with the main
absorption peaks, porphyrin molecules (4-[10,15,20-tris(4-sulfophenyl)-21,24-dihydroporphyrin-
5-yl]benzenesulfonic acid, TPPS) in an aqueous solution become 10,000 to 100,000 times more efficient
in light-induced molecular aggregation than expected from the ratio of gradient force potential to the
thermal energy of molecules at room temperature. To determine the mechanism of this phenomenon,
experiments on the light-induced aggregation of TPPS in alcohol solutions (methanol, ethanol, and
butanol) were performed. In these alcohol solutions, the absorbance change was orders of magnitude
smaller than in the aqueous solution. Furthermore, it was found that the absorbance change in
the aqueous solution tended to be saturated with the increase of the irradiation intensity, but in
the ethanol solution, the absorbance change increased linearly. These results can be qualitatively
explained by the model in which intermolecular light-induced interactions between molecules within
a close distance among randomly distributed molecules in the laser irradiation volume are highly
relevant to the signal intensity. However, conventional dipole–dipole interactions, such as the Keesom
interaction, are not quantitatively consistent with the results.

Keywords: light-induced force; gradient force; J-aggregate; porphyrin; aqueous solution; alcohol
solution; TPPS; Frenkel exciton; pump-probe spectroscopy; nonlinear absorption spectroscopy

1. Introduction

Since optical trapping and manipulation of a micro-meter size particle were achieved by A. Ashkin
and co-workers in 1970–80s [1,2], laser trapping has been applied not only to biological cells [3,4],
but also to smaller particles such as biomolecules [5] and nanoparticles [6–9]. Although there have
also been reports on the possibility of single molecular trapping at room temperature [10,11] and
a manipulation method of single molecules with resonant laser irradiation has been theoretically
proposed [12–14], stable trapping and manipulation of 1-nm-sized molecules at room temperature
via light-gradient force is challenging. This is because the optical trapping potential ((1/2)αF2) of
molecules due to the light-induced force (gradient force) is much smaller than the kinetic energy of the
thermal motion of the molecules (KBT) at room temperature due to the tiny polarizability volume for α
of the molecules.

In general, for stable trapping of particles or other moieties at room temperature, the trapping
potential has to be deeper than the thermal energy at the temperature. Although the use of a sufficiently
high-power laser is a possible choice to approach this condition, it can cause thermal effects and
disturbs optical trapping. Therefore, recent research has focused on enhancing the laser-induced force
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by exploiting the surface plasmonic effects to overcome the thermal disturbance and limited focus size
due to diffraction [15,16]. In many cases, plasmon optical tweezers employ metal nano structures to
enhance the optical force between metal nano-gaps [17,18]. Another experimental method exploits the
opto-thermoelectric field generated from opto-thermal fluidics [19].

Photophysical crystallization or aggregation with non-resonant laser irradiation has also been
studied for decades [20,21] and is applied for preparing protein single crystals for X-ray diffraction
analysis of the atomic structure of proteins [22–25]. The optical trapping force is also applied for
laser crystallization and aggregation [26,27]. In most of these studies, supersaturated solutions of
solute molecules that form crystals or aggregates in equilibrium states were irradiated with laser light.
In these experiments, the laser works as either a trigger for nucleation or an accelerator of crystal
growth [28,29]. Recently, there have been interesting reports on the crystallization or aggregation
of organic molecules “on air-liquid surfaces” utilizing light-induced force as a direct trapping force
instead of a mere trigger [30–32].

For molecular J-aggregates [33,34], some reports have demonstrated the formation of J-aggregates
in a saturated solution via laser irradiation [26,27]. The “bottom-up” approach exploits the self-assembly
nature of J-aggregates to form nanostructures, e.g., layer structures [35–37]. It is well known that the
concentration of solutes and electrolytes, pH [38–40], temperature [41], and solution viscosity [42]
contribute to formation of J-aggregates. Moreover, there is a collaborative effect on aggregation
formation among the molecular hydrophobic effect and molecular-solvent and intermolecular hydrogen
bonding [43–45], making the solvent effect on the aggregation phenomenon diverse. Additionally,
it is difficult to control the size of micro-aggregates that configure macro-aggregates [46] because the
generation of micro-aggregates occurs during the rapid change of the first-order phase transition and
is highly dependent on the surrounding environment [41,47]. Intermediate states in the formation
process of micro-aggregates are considered to have a very short transient lifetime and are difficult to
clearly identify.

In our preceding paper [48], we proposed to employ an absorption spectrum to observe the
changes in molecular aggregation states introduced by light-induced force. In previous research, the
processes of crystal growth or aggregation of amino acids and proteins by light-induced force have
been observed primarily via fluorescence imaging, light-scattering imaging, or fluorescence spectrum
measurement [26,27]. However, fluorescence signals generally reflect only the lowest excited electronic
states, and light-scattering signal intensity is too weak to provide the properties of micro-aggregates.
Thus, it is difficult to obtain detailed information about aggregation states such as aggregation numbers
from the spectroscopic methods listed above.

We have successfully identified in the previous report [48] that the aggregation states of porphyrin
molecules, 4-[10,15,20-tris(4-sulfophenyl)-21,24-dihydroporphyrin-5-yl]benzenesulfonic acid (TPPS),
are formed in an unsaturated solution with continuous-wave laser irradiation, off-resonant from main
molecular absorption peaks. We have observed absorbance change, ∆A ∼ 10−3, in the resonance region
of the optical transition to the aggregation state. Surprisingly, this absorbance change is approximately
104–105 times larger than the ratio of the optical trapping potential energy to the thermal energy
(10−7–10−8), and its physical mechanism is unknown. Differing from previous studies [10,26–30], our
study employs neither a metal nanostructure to enhance the optical force via a plasmonic effect [15–18]
nor other surface effects [30–32]. In this paper, to determine how to elucidate the mechanism of the
phenomenon, we investigate the solvent dependence of the light-induced absorbance change.

2. Materials and Methods

2.1. J-Aggregate

TPPS has three states with different absorption peaks: free-base “F” monomers, diacid “D”
monomers, and J-aggregates. The state of TPPS changes depending on the pH and solute concentration.
When the pH value is lowered and the proton concentration is raised, its state changes from F monomers
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to D monomers and from D- to J-aggregates [38,39]. For the F monomer state, TPPS absorbs the near
far-red region and blue region, called the Q band and B band, respectively. This band structure can be
explained by Gouterman’s four-orbital model and originates from HOMO-LUMO (Highest Occupied
Molecular Orbital-Lowest Unoccupied Molecular Orbital) splitting due to asymmetry of the molecular
electronic structure [49,50]. The TPPS monomer exists as an F monomer whose absorption peaks at
414 nm in poor solvent of protons. When protons are contained in the solution at a sufficiently high
concentration, they coordinate to nitrogen atoms in porphyrin rings, and the TPPS molecules change
into the D monomers, whose absorption peaks at 433 nm, 19-nm redshifted from the F monomers.
The D monomers form stable J-aggregates with the Coulomb interaction, which is enhanced by proton
coordination to nitrogen atoms in porphyrins [51]. When porphyrins form J-aggregates, the molecules
align straight in the microscale, and the absorption peak redshifts to 490 nm and narrows due to the
Coulomb interaction between the molecules’ transition dipole moments, forming a so-called “Frenkel
exciton” (Figure 1). The energy level is redshifted by the exciton formation described by the following
Equations (1) and (2):

Ek = E0 + 2J cos
(

kπ
N + 1

)
, (1)

J =
M2

4πεr3

(
1− 3 cos2 θ0

)
, (2)

where M is the transition dipole moment, r is the distance between molecules, θ0 is the aggregation
angle, ε is the permittivity of the solvent, and k is the state number of the Frenkel exciton.

A one dimensional aggregated state is termed a micro-aggregate or coherent aggregate, and its
exciton wave function stays coherent. Then, micro-aggregates form a higher-order structure called
“macro-aggregates”, e.g., with a sheet or tube structure [52,53]. Figure 1 shows the absorption spectra
of TPPS samples in water in a 1-mm-thick quartz cell that were measured with a spectrophotometer
(Shimadzu, UV-3150). When the monomer state was dominant in the sample solution, the F monomer
absorption peak at 414 nm and the D monomer absorption peak at 433 nm appeared, forming the
B band. However, when the J-aggregate was dominant, the J-aggregate absorption peak at 490 nm
became prominent. During the change from monomers to aggregates, the absorption peak in the Q
band was also redshifted.
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Figure 1. The electronic absorption spectra of 4-[10,15,20-tris(4-sulfophenyl)-21,24-dihydroporphyrin-
5-yl]benzenesulfonic acid (TPPS) in water, at room temperature in a 1-mm-thick quartz cell, measured
with a spectrophotometer (Shimadzu, UV-3150). The TPPS concentration is 82 µmol/L for monomer
sample (black line), and J-aggregate sample (red line) obtained by adding 100 µL of 1M, HCl aq. to
3.6 mL of 82 µmol/L monomer sample.
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2.2. Sample Preparation

In this experiment, we prepared several liquid samples wherein TPPS molecules (Tokyo Chemical
Industry, Tokyo, Japan) were dissolved in different solvents. We used purified water (San-ei Chemical
Co., Kumamoto, Japan), ethanol, methanol, and butanol (Kanto Chemical Co., Tokyo, Japan) as the
sample solutions. We prepared a 0.82-mmol/L water solution of TPPS by dissolving 3.9 mg of TPPS
in 5.1 mL of purified water. Then, 400 µL of the 0.82-mmol/L TPPS water solution was measured
with a micro-pipet and diluted with 5 mL of water, methanol, ethanol, and butanol. To prepare the F
monomer state samples for each solvent, 200 µL of 0.1-mol/L NaOH aqueous solution was added to
the prepared diluted sample for the aqueous and methanol samples, and 400 µL for the ethanol and
butanol samples. The twofold amount of the NaOH aqueous solution was needed for ethanol and
butanol solutions to be in the F monomer state. The prepared samples were all in the F monomer state
and had an absorption peak at 414 nm. The concentrations of the samples are listed in Table 1. For the
alcohol solutions, the listed concentrations were estimated from the ratio of absorption spectrum area
of the TPPS F monomer peak (These concentration values are nearly the same as those estimated from
the above dilution process, but the estimation based on the oscillator strength may be more accurate
considering the measurement errors).

Table 1. TPPS concentration and the amount of 0.1 mol/L NaOHaq for each solvent sample.

Water Methanol Ethanol Butanol

Concentration (µmol/L) 59 62 52 54
The amount of NaOH (µL) 200 200 400 400

2.3. Experimental Set-up

In our experiment, through the absorbance change spectra, we observed the aggregation state
of the TPPS changes with laser irradiation. The pump-probe experimental set-up to detect the
absorbance change spectra is shown in Figure 2. The stationary white light from the laser-driven Xe
light source (EQ-99, Energetiq Technology, Inc., Wilmington, MA, United States) used as the probe
was collimated and focused on a sample with achromatic lenses in general cases and with quartz
lenses when we studied a shorter wavelength region than the F monomer peak for the results of
Section 3.3. The transmitted light was detected by a spectrometer (Acton SpectraPro 300i, Acton
Research Co., Acton, MA, USA) with a 128-channel lock-in detector. When the pump was intercepted
at 227 Hz by a mechanical chopper, the laser light was commonly focused on the sample with the
probe light. Pump-induced change in the transmitted probe light spectrum was observed primarily
in the wavelength range of the B band. The change in the transmitted light intensity synchronized
with the pump modulation frequency included photoluminescence from the sample, therefore the
probe light was also modulated using a shutter to detect the change correlated with both pump and
probe modulations via tandem lock-in detection. This procedure prevented contribution from the
photoluminescence in the detected signal. A detailed description of the tandem multichannel lock-in
detection method is given as an example in Refrences [54,55]. The irradiation laser light source was a
diode-laser-pumped solid-state laser (MGL-FN-532-1W, Changchun New Industries Optoelectronics
Tech. Co., Changchun, China) at 532 nm. We observed the irradiation intensity dependence of
absorption change spectra by increasing the irradiation power from 173 mW to 1260 mW for the water
and ethanol samples. To prevent decolorization from heating via laser absorption, the sample solution
was flowed at 4 cm/s with a perista pump (SJ-1211, ATTO Co., Tokyo, Japan) in a cell constructed from
two slide glasses and an inserted 300-µm flouroplastic spacer.
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Figure 2. Experimental set-up (L: lens, APD: avalanche photodiode).

3. Results and Discussion

3.1. Solvent Dependence of Absorption Change Spectra

We determined the absorbance change spectra of the prepared samples via laser irradiation.
Figure 3a–d shows the absorbance change spectra when 532-nm laser light was irradiated to the
F-monomer-dominant water, ethanol, methanol, and butanol solution samples.
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Figure 3. (a) The absorbance change for water solution (solid line) and absorption spectra (dotted line);
(b–d) The absorbance change for methanol, ethanol, and butanol solution (solid line) and absorption
spectra (dotted line). For Figures 3–6, absorption spectrum measured in 1-mm-thick quartz cell at room
temperature and absorbance change measured in 0.3-mm-thick glass cell.

The absorption decreased by ∆A ∼ 10−4 at the monomer absorption peak and increased by
∆A ∼ 10−5 in the broad spectral region of the aggregates. Table 2 lists the decreased and increased
peak values of the absorbance change for each sample.

Table 2. The peak values of absorbance increase and decrease in B band for each sample.

Water Methanol Ethanol Butanol

Absorbance Increase 1.77× 10−4 1.68× 10−5 1.58× 10−5 2.90× 10−5

Absorbance Decrease −1.13× 10−3
−8.39× 10−5

−1.08× 10−4
−1.62× 10−4

We observed an absorption increase of ∆A ∼ 10−3 for the 16-µmol/L TPPS aqueous sample in our
former report [48]; the difference between reference [48] and the present paper was due to differences in
the NaOH concentration and laser intensity (2 times larger and 10 times smaller than in reference [48],
respectively). The absorbance change in the organic solvent was smaller by one order of magnitude
compared with the water solvent case (Figure 3a). There have been reports that the viscosity of solvents
affects molecular aggregation [23] and that the viscosity depends on the solvents’ hydrogen bonds [56].
Thus, it is conceivable that solvent hydrogen bonds could contribute to molecular aggregation and
light-induced aggregation. In Table 3, the fractional volumes of the hydroxyl group in each solvent
molecule are compared at room temperature.

Table 3. Molar volume of a hydroxyl group in each solvent.

Water Methanol Ethanol Butanol

Hydroxyl group [mol/cm3] 0.111 0.025 0.017 0.011

The fractional volume of the hydroxyl group in water was the largest; it was 4.5 times, 6.5 times,
and 10.2 times larger than in methanol, ethanol, and butanol, respectively. The aggregation efficiency
(absorbance increase/the ratio of light-gradient force potential to molecular thermal kinetic energy)
was over 10 times larger for the water sample than for the alcohol samples. The fractional volume of
the OH group can be correlated with the difference of absorbance change between the water solution
and the alcohol solutions, as shown in Figure 3b–d and Tables 2 and 3.
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Throughout the TPPS molecular aggregation process, protonation of the porphyrin ring contributed
to the formation of J-aggregates. Each solvent had different values for the TPPS protonation constant [57].
The constant in water is larger by one to two orders of magnitude than that in methanol and ethanol
according to reference [57], which could have caused the light-induced aggregation change to differ
between different solvents.

Comparing the absorbance change of the aqueous sample ( ∆A ∼ 1.77 × 10−4 for 59 µmol/L)
with that of the methanol sample ( ∆A ∼ 1.68 × 10−5, for 62 µmol/L), the absorbance change in the
former normalized by the TPPS concentration was approximately 11 times larger than in the latter.
The protonation constant in water was approximately 100 times larger than in organic solutions.
Therefore, the difference in absorbance change for each solvent could be explained by a difference in
the protonation constant. To the best of our knowledge, there has been no quantitative discussion
about the relationship between the protonation constant and aggregation constant of TPPS. However, a
previous report indicated that TPPS J-aggregates are made from protonated TPPS molecules, which are
generated as the pH value lowers and the “proton concentration rises” [38]. Therefore, it is reasonable
to assume that the observed light-induced aggregation was related to the protonation constant.

3.2. Irradiation Intensity Dependence

In addition to the solvent dependence of the laser-induced absorbance change spectra, we
investigated the irradiation intensity dependence of the absorbance change for newly prepared water
and ethanol samples (Figures 4 and 5).

Figure 4a shows the absorbance change spectra in the water sample for the irradiation intensity,
from 3.7 to 25.7 W/cm2. Figure 4b displays the absorbance change vs. irradiation intensity at the
absorbance increase peak (444 nm) and absorbance decrease peak (413 nm). Both the increase and
decrease depended nonlinearly on the irradiation power and converged as the irradiation intensity
increased. The observed curves could be fitted to y = A(1− exp(−Bx)) with the fitting parameters in
Table 4.
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Table 4. Fitting parameters for absorbance increase (at 444 nm) and decrease (at 413 nm) against laser
irradiation power.

A B

Absorbance increase at 444 nm 0.0018 0.037
Absorbance decrease at 413 nm −0.0101 0.038

For the absorbance decrease, the fitting parameter A was −0.0101, which indicated the maximum
attainable change in the F monomer peak absorbance in the limit of the infinite irradiation intensity.
This maximum change (decrease) in the absorbance was 70 times smaller than the sample absorbance
considering the cell thickness, indicating that only a part of TPPS molecules within the laser irradiation
spot can change its aggregation states.

Figure 5 shows the absorbance change spectra in the ethanol solution for the same irradiation
intensity as that in Figure 4. The absorbance change spectra in ethanol were similar to those in water,
observed as the increase in the broad spectral range and decrease at the monomer absorption peak.
However, this sample’s dependence on the irradiation intensity was linear over the whole intensity
range, differing from that for the water solution sample.
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Figure 5. (a) The laser irradiation intensity dependence of the absorbance change spectra for the ethanol
sample (colored solid lines) and sample absorption spectrum (dashed line). (b) Absorbance increase
peak values (green circle) and decrease peak values (blue square).

In the water solution sample, the absorbance change was large and seemed to be saturated.
The maximum change estimated from the saturation behavior was smaller by two orders of magnitude
than the original sample absorbance. In contrast, in the ethanol sample, the absorbance change
was smaller and depended linearly on the irradiation intensity. These features could be explained
qualitatively as follows: There was an upper limit to the ratio of aggregated molecules to monomer
molecules in the laser-irradiated volume because only those molecules that were located statistically
as closely as they could interact were aggregated. The capability of the formation of J-aggregate
depends on the solvent species, resulting in the different intensity dependence in different solvents
observed here.

3.3. Absorbance Change in the Shorter Wavelength Region (Light-Induced Formation of H- and J-Aggregates)

If light-induced absorbance changes occur among molecules in a random arrangement, both
J-aggregates and H-aggregates are expected to be created upon light irradiation depending on the



Appl. Sci. 2019, 9, 5381 9 of 14

angle between the aggregate axes and the molecular transition dipole moments [58]. If this was the
case in the present experiment, the absorbance of higher energy ranges than the F monomer absorption
peak was assumed to increase. To confirm this, the achromatic lenses in our optics were exchanged
with quartz lenses, and the absorbance change spectra were observed, including higher energy regions
than the F monomer absorption peak in Figure 6.
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Figure 6. The absorbance change spectrum includes shorter wavelength area than F monomer
absorption peak excited by 548 W/cm2 intensity laser (solid line) and sample absorption spectra
(dotted line).

As such, we observed that the absorbance change also increased at a higher energy than the F
monomer absorption. According to the Frenkel exciton model for aggregation molecules, the sign of
the energy level shift of the excited state due to the association formation changes depending on the
association angle. In the model (Equation (2)), the aggregation energy is positive when the aggregation
angle is over 54.7◦, and its absorption peak shifts to a higher energy and shorter wavelength. Thus,
the observed absorbance change at a shorter wavelength than the monomer absorption indicated
that aggregation states with a larger aggregation angle, such as H-aggregates, were generated via the
light irradiation.

TPPS monomer molecules have transition dipole moments that are orthogonal due to their D2h

symmetry. Thus, in the equilibrium state wherein the aggregates were fully developed, J-aggregates
appeared at 490 nm (with respect to the D monomer at 434 nm), and H-aggregates appeared at
424 nm [58]. However, we observed an increase in absorption at wavelengths shorter than 390 nm,
which is shorter than the peak wavelength of 414 nm of the F monomer. This means that an H-aggregate
with a configuration that does not exist in the equilibrium state was generated by laser irradiation. This
is characteristic of the non-equilibrium association caused by light-induced force, wherein the broad
absorption increase of J-aggregates occurs in the energy region corresponding to the J-aggregates with
aggregation numbers 2, 3, 4, and so on [40] or J-aggregates whose association angles and intermolecular
distances are different from the equilibrium state. This could explain the increase in absorption on
both sides of the F monomer absorption peak.

3.4. Contribution by Keesom Interaction

In Section 3.2, regarding the irradiation intensity dependence of the absorbance change, we
proposed a plausible model based on the concept that those molecules within the transition
dipole-transition dipole interaction distance in the light irradiation volume interact with one another
to create the absorption spectra characteristic of J- or H-aggregates. Although this is qualitatively
reasonable, it needed to be validated quantitatively.
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We considered the Keesom interaction as a possible intermolecular interaction in the model. The
Keesom interaction [59–61] is known as the electric dipole interaction between molecules in thermal
motion, as described below:

U(r) = −
1

3kBT

(
µ1µ2

4πε0εr

)2 1
r6 , (3)

(r: distance between dipoles, µi: electric dipole of molecule i, T: absolute temperature, kB: Boltzmann
constant, ε0: permittivity of vacuum, εr: relative permittivity of solution)

The concentrations of the TPPS molecules were 59 µmol/L in the water solution and 52 µmol/L
in the ethanol solution. For these concentrations, the average center-to-center distance between
neighboring TPPS molecules was 72 nm in the water and 76 nm in the ethanol. Taking the TPPS
oscillator strength as 1.723 at 413 nm [62], the Keesom potential energy between molecules in the
average distance was −1.2 × 10−19 eV in the water and −9 × 10−20 eV in the ethanol. This potential
energy was far smaller than the light-gradient force potential. Therefore, the Keesom interaction could
not quantitatively explain the light-induced aggregation.

3.5. Other Effects (Surface and Thermal Convection Effect)

When the probe light and pump laser light were focused on the solvent/glass surface, we did
not observe an amplification of the absorbance change. Though an air/solvent surface effect on the
laser-induced crystallization was reported in reference [32], no indication of a contribution from the
surface effect was found in our experiment. The phenomena, which we observed as absorbance change,
are most likely to occur in bulk solvent circumstances.

When the temperature gradient occurs in a solvent, the thermal convection should affect the
molecular motion. The volume force by convection is described as follows [63]:

F = gρβT (4)

where g is the gravitational acceleration, ρ is the density of water, β is the thermal expansion coefficient,
and T is the temperature difference from room temperature. As discussed in the former report [48], the
TPPS molecular volume (

∑
i

4
3πri

3; ri is van der Waals radius of TPPS atom i) and temperature rise for
laser irradiation were estimated to be 1.46 nm2 and 20 degrees, respectively. For these parameters and
estimation, the force on the TPPS molecule by convection was 6.0× 10−26 N. The light-gradient force
was 1.0 × 10−24 N with a laser irradiation power of 265 W/cm2, radii of the irradiation spot of 120 µm,
and TPPS polarizability of 3.9× 10−38 cm2/V, as estimated with the following formula [64]:

α = 3ε0v (5)

where ε0 is the vacuum permittivity and v is the TPPS volume mentioned above. Thus, the thermal
convection effect was even smaller than the effect of the light-gradient force.

4. Conclusions

In this paper, we observed light-induced changes in the molecular aggregation states in the
absorption spectra and performed comparative experiments with different solvents. Moreover, the
irradiation intensity dependence of the absorption change spectra was compared between an aqueous
solution and ethanol solution.

In the aqueous solution, the absorbance change per TPPS concentration grew larger by one
order of magnitude than in the alcohol solutions. The protonation of TPPS could have been related
to the solvent effect because of the larger protonation constant in the water compared with that
in the alcohol solutions [57]. However, it has been argued that intermolecular hydrogen bonds in
the molecular J-aggregates are disturbed by interactions with surrounding solvent molecules [44],
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so further experiments are needed regarding the role of hydrogen bonds in the aggregate formation of
porphyrin molecules.

The irradiation intensity dependence of the absorbance change was nonlinear and showed
saturation behavior for the aqueous solution; however, it was linear without saturation for the ethanol
solution. The absorption change tended to be saturated with intensity only in the aqueous solution, and
its saturated value determined from the fitting was two orders of magnitude smaller than the sample
absorbance. This means that there was a limit to the change induced by the aggregate formation, even
if the irradiated light intensity increased to infinity.

These results and the increase in absorbance in higher energy regions than the F monomer
are qualitatively consistent with a model wherein light-induced interactions work only between
molecules that are accidentally closely located among those randomly distributed and oriented within
the light-irradiated volume as a mechanism of light-induced molecular aggregation. However, the
Keesom interaction and thermal convection effect are not enough to explain our results, although the
thermophoresis effect has not been considered. To consider the contribution of the thermophoresis
effect, the Soret coefficient of TPPS has to be estimated. However, no literature on the Soret coefficient
of TPPS or porphyrin has been found yet, and no experimental or computational estimation of the
coefficient was performed herein.

Although the mechanism is still unknown, the difference in the efficiency of light-induced
aggregation between each solvent observed in this paper is an interesting result that contributes to
determining the mechanism of highly efficient molecular aggregation via light-induced force for further
improvement of efficiency.
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