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Preface

I was born on March 29, 1944 and turned 77 years old this year. In Japan, 77 years old is called
the age of longevity and is a memorable age to celebrate. In the first half of my elementary school life, I
was weak due to childhood tuberculosis. I did not attend elementary school for two years. I am amazed
that [ have been able to live and continue my research until 77.

I have been wanting to write my scientific journey to mark milestone anniversaries and to
introduce recent activity at the National Yang Ming Chiao Tung University in Taiwan (which name was
changed from National Chiao Tung University in February 2021). Fortunately I was invited to submit
Essay and Personal Accounts in The Chemical Recordand Review in Annual Review of Physical Chemistry.
I have summarized them as included in this issue. In addition, I wrote my essay “Thirteen Years Life in
Taiwan and COVID-19” and copied the report by Professor Yuan-Pern Lee, former Dean of the College
of Science, National Chiao Tung University, in the 40th-anniversary issue of the College of Science.

I have been very happy throughout my research life, particularly, I have published more than 100
papers of The Journal Physical Chemistry among 600 publications and graduated more than 100
professors and doctors from my group. I would like to express my sincere thanks to National Yang Ming
Chiao Tung University for offering me a chance to perform experimental research since 2008. Thanks are
also due to my colleagues, researchers, graduate students, secretaries and family for their kind

understanding and strong support so far.

July 7, 2021
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BIOGRAPHY

Chair Professor, National Yang Ming Chiao Tung
University

Professor Emeritus, Osaka University

Foreign Fellow, National Academy of Sciences, India
(2010-present)

Doctor Honoris Causa de Ecole Normale Superier de
Cachan, France (2006-2013)

Foreign Member, Royal Flemish Academy of Belgium
for Science and the Arts (1998-present)

Dr. Hiroshi Masuhara graduated from Tohoku
University (1966) in Sendai and obtained Ph.D. degree
from Osaka University (1971). He is a physical chemist
working in multidisciplinary areas in departments of
chemistry (Tohoku University), synthetic chemistry
(Osaka University), polymer science and engineering
(Kyoto Institute of Technology), applied physics
(Osaka University), (Osaka
University), life science (Hamano Foundation), and

frontier bioscience
materials science (Nara Institute of Science and
Technology). In 2008 he joined Department of Applied
Chemistry of National Yang Ming Chiao Tung
University as Chair Professor. In Laser Bio/Nano
Science Laboratory he extended seminal researches on
(1) laser trapping dynamics of nanoparticles, (2) laser
trapping crystallization of molecules and proteins, and
(3) application of femtosecond laser for fabricating
individual cell-based devices.

Links

Masuhara Lab in NYCU
https://masuhara.nctu.edu.tw/

Hiroshi Masuhara website
http://www.masuhara.jp/

Publications
About 600 papers in English, 120 Japanese mini-
reviews, and 20 writing and editing books.

Research Articles (2016-2021)
Optically Evolved Assembling of Polystyrene
Particle at Solution Interface

J. Chin. Chem. Soc., Accepted (2021)

J. Phys. Chem. C, 124, 27107-27117 (2020)

J. Phys. Chem. Lett., 11, 6057-6062 (2020)

Langmuir, 36, 14234-14242 (2020)

J. Phys. Chem. C, 120, 15578-15585 (2016)
Langmuir, 32, 12488-12496 (2016)

Nano Lett., 16, 3058-3062 (2016)

Optically Evolved Swarming of Au Nanoparticle at
Solution Interface

J. Phys. Chem. C, Accepted (2021)

J. Phys. Chem. C, 124, 16604-16615 (2020)

Opt. Express, 28, 27727-27735 (2020)

Nano Lett., 18, 5846-5853 (2018)

J. Photochem. Photobiol. A: Chem., 346, 177-186
(2017)

Optically Evolved Assembling of Molecules and
proteins

J. Phys. Chem. C, Accepted (2021)

J. Mater. Chem. C, 9, 7545-7554 (2021)

Angew. Chem. Int. Ed., 59, 7063-7068 (2020)

Appl. Phys. Express, 12, 112008 (2019)

Appl. Phys. Express, 11, 85502 (2018)

Cryst. Growth Des., 18, 7079-7087 (2018)

Phys. Chem. Chem. Phys., 20, 6034-6039 (2018)
Angew. Chem. Int. Ed., 56, 6739-6743 (2017)
Langmuir, 33, 755-763 (2017)

Langmuir, 33, 8311-8318 (2017)

Cryst. Growth Des., 16, 1953-960 (2016)

J. Mater. Chem. C, 4, 5231-5240 (2016)
Femtosecond Trapping and Optical Resonance
Effect

ACS Photonics, 8, 1832-1839 (2021)

Opt. Express, 28, 28656-28671 (2020)

J. Phys. Chem. C, 123, 27823-27833 (2019)

J. Phys. Chem. C, 122, 13233-13242 (2018)

Opt. Express, 25, 655-4664 (2017)

RSC Adv., 7, 42606-42613 (2017)

J. Phys. Chem. C, 120, 392-2399 (2016)

J. Phys. Chem. C, 120, 251-5256 (2016)



Review, Accounts, and Feature Articles
Annu. Rev. Phys. Chem., 72, 565-589 (2021)
Chem. Rec., 21, 1473-1488 (2021)

Chem. Rec.,21,1261-1269 (2021)

J. Photochem. Photobiol. C, 28, 1-28 (2016)
Opt. Rev., 22, 143-148 (2015)

Chem. Soc. Rev., 43, 2147-2158 (2014)
Bull. Chem. Soc. Jpn., 86, 755-783 (2013)
Acc. Chem. Res., 45, 1946-1954 (2012)
Pure Appl. Chem., 83, 869-883 (2011)
Chem. Asian /., 6,2878-2889 (2011)

Acc. Chem. Res., 41, 1790-1798 (2008)
Pure Appl. Chem., 78, 2205-2226 (2006)

J. Phys. Chem. B, 106, 3049-3060 (2002)

J. Photochem. Photobiol. C, 1, 57-78 (2000)
Pure and Appl. Chem., 64, 1279-1284 (1992)
Accounts Chem. Res., 14, 312-318 (1981)

Awards

2017

2010
2010
2008
2006
2006

2006

2005

1994
1994
1993

1989

The Order of the Sacred Treasure, Gold Rays
with Neck Ribbon (%ii 5 H1#%Z )

Asian Photochemistry Association Award
Mukai Prize (Tokyo Ohka Foundation)

Medal with Purple Ribbon (35X %8 &)

The Spectroscopic Society of Japan Award
Porter Medal (European, American & Asian
Photochemistry Associations)

The Chemical Society of Japan Award

Kenjiro Sakurai Memorial Prize (Optoelectronic
Industry and  Technology  Development
Association, Japan)

Osaka Science Prize

Divisional Award of Chemical Society of Japan
Moet Hennessy Louis Vuitton International
Prize “Science for Art” Da Vinci of Excellence
(France)

Japanese Photochemical Association

The List of Professors and Doctors from Masuhara Laboratory and Group

23 Underlined members studied and/or worked in National Yang Ming Chiao Tung University, Taiwan

{Outside Japan)
Wei-Yi Chiang, Rice University, USA

Victor Volkov, Nottingham Trent University, UK

Johan Hofkens, Katholieke Universiteit Leuven (KU Leuven), Belgium

Hiroshi Ujii, KU Leuven, Belgium/Hokkaido University, Japan

Roger Bresoli-Obach, KU Leuven, Belgium

Ursula Pfeifer-Fukumura, RheinMain University, Germany

Rachel Méallet-Renault, Université Paris-Sud Paris-Saclay, France

Michel Sliwa, Université de Lille, France

Takuji Adachi, University of Geneva, Switzerland

Jino George, Indian Institute of Science Education and Research, Mohali, India

Anwar Usman, Universiti Brunei Darussalam, Brunei
Trevor Smith, University of Melbourne, Australia

Yugiang Jiang, Chinese Academy of Science, China

Koji Hatanaka, Academia Sinica, Taiwan

Teruki Sugiyama, National Yang Ming Chiao Tung University, Taiwan

Shuichi Toyouchi, National Yang Ming Chiao Tung University, Taiwan

Shun-Fa Wang, National Yang Ming Chiao Tung University, Taiwan



Jaihyung Won, Tokyo Electron Korea Ltd., Korea

Jing-Ru Tu, Taiwan Semiconductor Manufacturing Company Limited, Taiwan
Chi-Shiun Wu, Standard Foods Corporation, Taiwan

Pawel Borowicz (UK)

Christopher F. Porter (UK)

Klaus Kemnitz (Germany)

Guillame Louit (France)

Kalman Pasztor (Hungary)

Marc Hauer (Switzerland)

(In Japan)
Noboru Kitamura, Hokkaido University
Yasutaka Matsuo, Hokkaido University
Hiroaki Misawa, Hokkaido University
Keiji Sasaki, Hokkaido University
An-Chie Cheng, Hokkaido University
Atsushi Miura, Hokkaido University

Hideki Fujiwara, Hokkai-Gakuen University

Sanyo Hamai, Akita University

Jun'ichi Hotta, Yamagata University

Hiroshi Fukumura, Tohoku University

Muneaki Hase, University of Tsukuba

Kiyoharu Nakatani, University of Tsukuba

Shuichi Hashimoto, National Institute of Technology, Gunma College
Sho Fujii, National Institute of Technology, Kisarazu College
Norihiko Hayazawa, RIKEN

Atsushi Sekiguchi, Kogakuin University

Mototsugu Suzuki, Metropolitan Police Department

Yoshito Tanaka, The University of Tokyo

Yuriko Matsumura, Tokyo Helthcare University

Tatsuya Uchida, Tokyo University of Pharmacy and Life Sciences
Takayuki Uwada, Josai University

Musubu Ichikawa, Shinshu University

Tetsuhiro Kudo, Toyota Technological Institute

Nobuyuki Ichinose, Kyoto Institute of Technology
Noriaki Ikeda, Kyoto Institute of Technology
Akira Itaya, Kyoto Institute of Technology
Hiroyuki Sugimura, Kyoto University

Kazuya Watanabe, Kyoto University

Hiroshi Furutani, Osaka University



Syoji Ito, Osaka University

Masayasu Muramatsu, Osaka University

Hiroshi Y. Yoshikawa, Osaka University
Chie Hosokawa, Osaka City University

Yasuyuki Tsuboi, Osaka City University
Ken-ichi Yuyama, Osaka City University

Tamitake Itoh, National Institute of Advanced Industrial Science and Technology
Kenji Kamada, National Institute of Advanced Industrial Science and Technology
Mitsuru Tsukima, Osaka Electro-Communication University

Yoichiroh Hosokawa, Nara Institute of Science and Technology

Ryohei Yasukuni, Nara Institute of Science and Technology

Kazunori Okano, Nara Institute of Science and Technology

Takahiro Kaji, National Institute of Information and Communications Technology
Sadahiro Masuo, Kwansei Gakuin University

Naoto Tamai, Kwansei Gakuin University

Tsung-Han Liu, Kwansei Gakuin University

Morihiko Hamada, Kobe City College of Technology

Hisashi Fujiwara, Hiroshima City University

Hiroyuki Yoshikawa, Hiroshima Institute of Technology
Akihiro Furube, Tokushima University

Tsuyoshi Asahi, Ehime University

Hyeon Gu Jeon, Ehime University

Hideki Matsune, University of Miyazaki

Yu Nabetani, University of Miyazaki

Yoshiaki Tamaki, University of the Ryukyus

Norimasa Fukazawa, DIC Corporation

Seiji Funakura, DIC Corporation

Tetsuyuki Kurata, Mitsubishi Electric Corporation
Naonori Kurokawa, The University of Tokyo Edge Capital Partners Co., Ltd.
Kazuhiko Nakamura, Toyo Seikan Co.,Ltd.
Takayuki Negishi, Tokuyama Corporation

Nobuo Shimo, Idemitsu Kosan Co.,Ltd.

Minoru Toriumi, Hitachi, Ltd.

Masatoshi Yanagimachi, Mitsui Chemicals, Inc.
Yugo Hayashi, Sartorius Japan

Shino Sasaki, 3M Japan

Issei Aibara, NuFlare Technology Inc.

Takuji Tada, Fujifilm Corporation

Hisamasa Sakai, Kyocera Corporation



Yasuyo Maezawa, Sumitomo Dainippon Parma Co., Ltd.
Chie Matsubara, Saraya Co., Ltd.

Isamu Oh, ABsize

Takanori lino, Sysmex Corporation

Tomoaki Hinoue

Hayato Inoue

Ryo Kihara

Takashi Mito

Tsuyoshi Ohmoto

Atsushi Yamaguchi

Kenji Suzuki (Passed away)
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40th Anniversary Book of College of Science,
National Chiao Tung University (NCTU)
page 111-115, 2019
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“GOING INTERNATIONAL?” by placing full time leading experts from Japan

Among all in-depth international exchange promoted by both Applied Chemistry
department and Electrophysics department, the collaborations with Japan were
bonded the most.

With the lead of Professor Hiroshi Masuhara and Professor Hiro-o Hamaguchi, both
honored with Medal of Purple Ribbon, many other Japanese professors have joined
the faculty of the Applied Chemistry. The Department of Electrophysics, too, have the
world famous, Takayoshi Kobayashi, who is the expert of ultrafast laser in the early
stage, worked in SPROUT, NCTU for over ten years. And Kimitoshi Kono, the low-

temperature physics expert has also joined us last year.

Professor Lee found it difficult to invite prominent Japanese professors to NCTU full-
time without any prior interaction. So he planned first to invite professors’ students to
deepen exchanges with NCTU students having them build up an academic bridge and
then invite professors. However, NCTU has prepared ample research funds. NCTU
thought that by inviting the entire group, including associate professors and assistant
professors, NCTU could attract prominent Japanese professors to NCTU. And then,
professors would accept the invitation from NCTU.

Until the past few years, the reputation of accepting Japanese professors has spread
out, a lot of Japanese professors are willing to come to NCTU with their equipment to
continue on their research career. “Professor Kimitoshi Kono joined NCTU last year.
He brought not only his existing equipment, but also with JPY¥10 million/per year for

research use.”

Amazing Professor Hiroshi Masuhara —
Promoting academic exchange between Taiwan and Japan

Among all these Japanese Professors in NCTU, Prof. Masuhara has the greatest
contribution to Taiwan. Speaking of his contribution, Prof. YP Lee knows better than
anyone. Who would have known that a small talk between Prof. Masuhara and him
would turn out to today’s Taiwan-Japan academic exchange, not even Prof. Lee
himself. At that time, while Prof. Masuhara was invited to NCTU ten years ago, the
original plan was going to hire his student to NCTU for the collaboration. But around

the same time, Prof. Masuhara’s private foundation in Japan was going to closed for
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some certain reasons. Prof. Lee, “So I asked him, why don’t you come to Taiwan

instead? I believed that he also found it unbelievable himself.”

With the support from the President of NCTU, Mr. Chong-Yu Wu, on one hand, and
enough funds from the Ministry of Education on the other, he went on continuing
contact with Prof. Masuhara. Not only providing research funds, but Prof. YP Lee
also committed to Prof. Masuhara that he will maintain the Japanese System, which is
to keep “a research team™ as a unit for him as much as he can. Prof. Lee, “It is
different in Japan. In Japan, apart from a Professor, a research team also includes an
Associate Professor and an Assistant Professor. So, we kept this system for him.” It
only took about nearly two months to went from coming to an agreement to going
through all the DAC procedures and preparing a lab. “I believe his contribution will
be extraordinary after he joins us,” said Prof. Lee. While Prof. Masuhara continues to
his research, he also pulls strings for the young researchers in Taiwan with the ones in
Japan, have them to join international conferences in Japan, and even recommended
awards. Prof. Lee mentioned that Prof. Masuhara guides a research team in Japan as
well, which has about 30 to 40 young researchers. “He had all these 30 to 40
researchers come to Taiwan for meeting because he thinks that the young generations
should take the chance to know more about Taiwan, learn from each other, or make

friends.”

In the past few years, Prof. Masuhara has put his influence on “research” to the
“education” level. He called out to the teachers and students of science high schools
in Japan and had them come to visit NCTU and join a seminar. Prof. Lee, “Not just
one high school, but 2 to 3 high schools, which includes 80 to over 100 people.” He
also hosts a Summer Course every year inviting various top foreign professors to join
and give a lecture. We had 25 Japanese students joined us last year, this year, we even
had students from Australia as well. This is a great opportunity for our students to
build up their international connections. Prof. Lee was impressed to say, “His energy
is really something, and these international experiences is a good thing for our

students.”

Little by little, this academic exchange mode has opened its publicity, and we have
even more Japanese Professors joining us, and more people in Japan recognizes
NCTU. These top researchers have brought us a great amount of energy in research,
and for them, coming to Taiwan and continue on their research life is also a good way

to go. One of our NCTU students is now an Assistant Professor in Japan.
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After more than a decade, this win-win path is still been carried on through
succeeding Deans with great supports from the past Principles. As a pioneer,
Professor Yuan-Pern Lee didn’t take it all for himself but to give all the credits to
others. “This requires the right time, the right place, and the right people. It needs
NCTU’s open atmosphere and the flexible administration to achieve; and nothing can
be done without the 500 million in 5 years from the Ministry of Education. I am truly
grateful to our President, Mr. Chong-Yu Wu, and the following two as well, Ms. Yan-
Hwa Wu, Mr. Mau-Chung Chang. With their 100% of trust and fully support, I can go
ahead and do it without asking everything one by one.”
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Translated and edited from
APFELHAN BT3K FH1E  (2021)
Seisan to Gijutsu (Osaka University)

Thirteen Years Research Life in Taiwan and COVID-19

Hiroshi MASUHARA

Chair Professor, Department of Applied Chemistry,
National Chiao Tung University (NCTU), Taiwan

1. Introduction

I have been staying and extending
research on "Optical Force Chemistry at
Solution Surface” in NCTU after | retired
from Osaka University in 2008. Also, | have
devoted a lot of effort to make NCTU more
visible in Science and in Japan. My life and
research are based on frequent international
travels. However, everything has been
changing much, and those nice days seem to
have passed away. With COVID-19
spreading all over the world, universities,
academies, their ideals and evaluations are
changing and will change significantly.
Taiwan is now attracting worldwide
attention as a democratic country with
minimal COVID-19. The current COVID-19
situation makes me, as a researcher who has
been looking at Japan and Taiwan, think
about the future development of society,
customs, universities, and international
relations. Fortunately, 1 would like to take
the opportunity to write about Taiwan's
dynamism in the society, science and
technology, and academia.

2. The dynamism of Taiwanese society

and its anti-COVID-19 measures

I am writing this manuscript in December
2020. Taiwan has a population of 23 million
people, and the number of COVID patients to
date is about 760. Among democratic

16

countries where people can behave freely and
selfishly, Taiwan is a rare country that has
succeeded in anti-COVID-19 measures. The
author has frequently traveled back and forth
between Japan and Taiwan for the past 13
years. When | returned to Taiwan at the end
of February this year, and was preparing to
start classes for the new semester, | was
suddenly told, "You can't hold classes or
seminars for two weeks after entering
Taiwan." When | went to the hospital about a
week after | arrived in Taiwan, the
receptionist scanned my health insurance
card and immediately said, "It's been less
than two weeks since you returned to Taiwan
from abroad. Therefore, you cannot see a
doctor. Please go home soon.” In Taiwan,
insurance card data exchanges link with
passport data. At that time, | lived in a staff
dormitory on campus. A dormitory assistant
usually works from 8 am to 5 pm. She takes
a rest on Saturdays and Sundays. However,
the university suddenly increased the
number of assistants, and the assistant
stayed there all day long after Covid-19. It is
a quick response. Shortly after the beginning
of March, the assistant started measuring
our temperature every morning. If I have no
fever, they will give us a small sticker. | put
this on a prominent place on my shirt, and
then I could enter any building in the school,
a cafeteria, or a convenience store. If not put,
a staff member will measure my temperature
each time | enter any buildings. One day,
when | forgot to measure the temperature



and went to the laboratory, | received a
confirmation call from the dormitory.

(Photo1) Stickers that people can get if they are OK with the

temperature check. Colors and numbers change every day.
This system was terminated around May when the safety
of Taiwan was confirmed.

The color of the sticker changes every day,
so the check is perfect. Photol shows a
collection of stickers for several weeks. While
regulations such as temperature
measurement, masks (Photo2), and Social
Distance have begun, the iRun campaign to
run the campus together once a week also
started. | said “iWalk” and walked around the

campus for two laps, 2.1 kilometers each time.

| participated more than ten times (Photo3),
so | got an iRun T-shirt. In Taiwan, while
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strict regulation of daily activities, exercise
events for health are planned. When | told my
American friend about this, she said, “Your
University is cool.” Regulations have been
relaxed since summer, but the school shuttle
bus and city bus are not available to people
without masks still in December. The Central
Epidemic Command Center (CECC) of the
Ministry of Health and Welfare seems to
have ordered such quick responses to
COVID-19. Mr. Chen Shih-Chung, Minister
of Health and Welfare, Taiwan, held press
conferences many times a day. He became a
hero of the time, along with Audrey Tang, 41
years old, a digital minister.

(Photo2) Masks purchased online with health insurance card
and credit card numbers. 9 masks per person per two weeks
for 52 NTD (1 NTD is about 3,5 JPY), delivered to the nearest
convenience store in the school.

I returned to my home in Osaka in mid-
September. After | quarantined at home for
two weeks, | worked for a week and returned
to Taiwan. | experienced a two-week
guarantine life in Hsinchu's apartment again.
By comparing the two quarantine lives in
Japan and Taiwan, we can see the difference
in the two countries’ management systems.
In Japan, people somehow loosely monitor
each other. And it is mainly due to self-
regulation that comes from the national
character of hating to bother others. Taiwan,



on the other hand, is taking dynamic
organizational measures. When | returned to
Japan from Taiwan, | went to Taiwan
Taoyuan Airport. At the time of departure, it
was no difference from usual. Of course, the
Japanese can return to Japan without any
problems. Taiwan is not a dangerous area, so
the Japanese government does not request us
anything before departure. After arriving at
Kansai International Airport, I lined up for a
PCR test using saliva and waited for the
results. Two hours after landing, | finished
everything | had to do, and I could go outside.
Arrived people are told not to use public
transport, but no one manages it. I had an
acquaintance pick me up. Every day from the
next morning, the Ministry of Health, Labor
and Welfare returnee follow-up staff asked
guestions on the app and inquiries by phone.
My interaction with them lasted for two
weeks. However, how you actually act is
entirely up to your personal conscience.

On the other hand, when | returned to
Taiwan, the person who had an Alien
Residence Certificate did not need a PCR test
in advance, so | went to Kansai International
Airport without doing anything. At the same
time as showing my passport at the check-in
counter, an airline officer asked me to open
the LINE on my smartphone, download the
Taiwanese Quarantine Electronic Report
Certificate, and enter my personal
information in it. When | arrived at Taiwan
Taoyuan Airport, the airport officer asked me
to connect my smartphone to the internet.
Looking at the line on my smartphone, | had
already received a “CIVID 19 Health
Declaration and Home Quarantine Notice”
and a “Health Declaration Certificate”. |
showed this to the airport officer and
proceeded to the quarantine station, and

18

entered Taiwan smoothly. When | picked up
my luggage and went outside, an officer led
me to a quarantine taxi stand. Here, an
officer disinfected not only the big baggage
but also all clothes and the soles of shoes. The
Taiwanese government paid a little less than
half the quarantine taxi fare. Arriving in
front of the apartment, | went straight to my
room and started a two-week quarantine life.

IRUN
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(Photo3) Every Wednesday, between 3:30 p.m. and 5:30
p.m., you can get a stamp for every 2.1 km, and if you
participate 10 times, you can get a T-shirt with "iRun" onit. |
received two stamps at a time. | got two stamps at a time,
i.e. 4.2km at a time, but | enjoyed the iWalk, not the iRun.



The next day, | started to report my health
status to CECC every morning at 10:00 am
on LINE. Meanwhile, a foreign affairs police
officer in Hsinchu City sent me her
identification on LINE and asked me to send
my passport photo on LINE. That morning,
two female police officers came to my room
with a grocery set distributed by the
government (Photo4), which is useful for
guarantine life. They took a picture of my face
from outside the door. They also asked me to
fill out a health status form and send it to
them every day. Every afternoon | wrote on
the form that there was no change in my
health status, took a picture of it, and sent it
on LINE. The officer in charge was a woman,
and each time I sent it, | received a thank you
response with a cute stamp. It was a relaxing
moment. A week later, halfway through the
guarantine period, the CECC and the foreign
affairs police officer called me to confirm my
health status and then came to my house
again to take another face shott. They were
very kind, and | was glad to have someone to
talk to for a moment during the quarantine.
After two weeks, | was able to get out of my
room. However, | still needed to spend one
more week before 1 go to the university.
During this week, | could not have any
classes or seminars. The university has been
very thorough in its response. The Taiwanese
government has prepared such responses
based on its experience during the severe
pneumonia SARS epidemic of 2002-2003.
During the quarantine, | felt stressed that
the government was monitoring me and
restricting my behavior. However, | could feel
their compassion. | was strongly impressed
by the Taiwanese government's dynamic and
proactive management for COVID-19, as well
as the Taiwanese community's willingness to
cooperate.
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3. COVID-19 will change the research
world, and a generational shift is

underway

Local wars, terrorism, earthquakes,
typhoons, floods put people's lives in danger
and severely damage their surroundings. The
damage, however, is still limited to the people
involved. COVID-19 is experienced by the
entire world simultaneously. In almost every
country in the world, people are stopping
traveling and visiting simultaneously, losing
their jobs simultaneously, people's research
activities are stopping simultaneously,
schools are changing to online classes at the
same time. It is happening all over the world
at the same time, and everyone is
experiencing it simultaneously. And the
economy is getting worse, companies are
losing money, and the country's income is
decreasing. Suppose this situation continues
for a few years longer. In that case, | believe
that society, economy, population, technology;,
academia, and universities will suffer the
same level of severe damage as in World War
Il. After the end of World War 11, our
generation grew up hearing people say, "I
grew up before the war, so...”, “I grew up
during the war, so...” or “I grew up after the
war, so...". In the same way, after 20 years, we
will probably hear the same lines. "l grew up
before COVID-19, so...”, “I grew up during
COVID-19, so...”, or “I grew up after COVID-
19, so...". I think we are at such a significant
turning point in time. What will happen to
chemical research then? 1 will try to
remember the old days.

Before and for a while after World War 11,
people said that chemical research was a



study of experience. However, that changed
dramatically with World War Il. The elders
quickly lost their power, and up-and-coming
young professors in their thirties began to
emerge. Chemical research was transformed
into a logical discipline based on quantum
mechanics. However, on further reflection,
the logic of the discipline was not changed by
the war. It was always in that trend. World
War 1l seems to have been the catalyst for a
great acceleration of that trend not only in
Japan but also in Europe and the United
States. Now let's consider the future of
chemistry research by analogy. | think that
COVID-19 will realize what | have predicted
about the future development of chemistry.
COVID-19 will accelerate the trend of
academics, and there will be a great leap
forward. People say that one of them is Al-
based chemical research after COVID-19.
Just as there was a shift from the chemistry
of experience before the war to the chemistry
of quantum mechanics-based logic after the
war, | predict that main stream of chemistry
research will move toward Al-based studies
after COVID-19.

On the other hand, how will COVID-19
change the international collaborative
research system, which is especially essential
for basic research in Taiwan. After World War
I, the internationalization of research has
been a consistent trend that can never
reverse. | also think so and have worked hard
to develop my research life in such a way and
to accelerate it in Taiwan. | started my
research in Taiwan in 2008. During the next
three years, | also had a laboratory at Nara
Institute of Science and Technology. The
simultaneous pursuit of overlapping topics in
Taiwan and Japan has been very effective in
both research and graduate education. This
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situation also gave me the experience of
double funding. Later, I promoted Double
Degree programs with the Katholieke
Universiteit of Leuven in Belgium, Saitama
University, and Nara Institute of Science and
Technology in Japan, etc. Besides, | believe
that Double Appointment should be realized.
In Taiwan, NCTU has established the
deepest and most extensive research
collaboration with Japanese universities.)
Many young Japanese people have worked
here at NCTU for a few years. They have
taken their experience as a career path? to
return to their universities in Japan to
develop their research. | have invited many
Japanese professors to Taiwan, set up
summer courses in collaboration with
Japan's Grant-in-Aid for Scientific Research
(Kakenhi), and offered a research school for
Japanese graduate students.® | have also
recommended young Taiwanese professors to
be invited to international conferences and
laboratory seminars in Japan. In the past few
years, about 130 students from Super Science
High School in Japan have been visiting
NCTU every year for overseas study. We have
made NCTU more visible in Japan.® |
attended as many meetings in Japan as |
could from Taiwan as if | were coming to
Tokyo or Sapporo from Osaka. The flight from
Taiwan to Osaka only takes a little over two
hours. The flight time is comparable to the
flight time from Osaka to Sapporo. But that
still takes time, so | have been trying to buy
time by living in campus housing and
working on weekends. However, my
internationalization strategy is no longer
possible with COVID-19.

As long as the current situation does not
return to what it was before COVID-19, my
model for the existing internationalization



before COVID-19 will not be viable. Even if
COVID-19 disappears in a few years, society,
academia, universities, and research
conditions will not retrieve the former state.
Predicting post-war society during World
War 1l would have been difficult. Also,
Predicting and preparing for post-COVID-19
research and education in the midst of
COVID-19 is not easy. For the time being,
people have no choice but to get through this
situation by having discussions and meetings
in Zoom. But in this way, people can not do
more than keep their existing relationships.
There are master students who can only
experience presentations online.
Unfortunately, | can not give them the reality
of an international conference. They will join
the company next summer without any real
experience of attending international
conferences and start manufacturing online
or doing business online. After all, we cannot
raise a child online. Research and education
cannot be done online forever. As long as | am
in Taiwan, | want to continue to try to
understand what Taiwanese dynamism is
and prepare for post-COVID-19.

4. What COVID-19 suggests

Taiwan has succeeded in minimizing the
damage of COVID-19 while protecting its free
democratic society. At first, | thought it was
just a success against infectious diseases. As
time passed, it has turned out to be a
remarkable success in Taiwanese society.
Needless to say, Taiwan is a free society with
a democratic rule of law. However, | think
that democracy in Taiwan is different from
the liberalism of southern Europe, where
people oppose the lockdown and say, " | want
to go out for dinner or a drinking party at
night ". In Taiwan, there seems to be some
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great mechanism. Although Japan is a
democratic country and people are serious
about obeying the law, the situation changes
during the debate about how to do it fairly,
equally, and without fail. Their measures
often fall behind. Fortunately, the
relationship is so strong in Japanese society
that the situation is never the worst. In
Taiwan, society changes quickly. Taiwanese
society is capable of quickly detecting changes
in circumstances. Those in authority are also
always sensitive to change and have the
dynamism to take action ahead of time. As a
Japanese researcher, | will keep a close eye on
the development of Taiwanese society and
Taiwanese science and technology during and
after COVID-19.

Another significant world change that has
come to be understood by the coronavirus
epidemic has a lot to do with Taiwan's choice.
Taiwan has many science parks around the
country. The oldest and most famous is the
Hsinchu Science Park. Among them are the
NCTU, National Tsing Hua University,
National Synchrotron Radiation Research
Center, National Center for High-
performance Computing, and Taiwan
Instrument Research Institute. In this aspect,
the Hsinchu Science Park is similar to the
Tsukuba Science Park. The difference is that
Taiwan  Semiconductor  Manufacturing
Company, Ltd., and other leading Taiwanese
electronics companies have not only their
laboratories but also manufacturing plants.
We can learn about the latest global trends in
science and technology at the Science Park in
Hsinchu.® Why? Taiwan is basically in line
with the U.S. global strategy in science and
technology. In the 80s, IBM stopped
manufacturing personal computers by
themselves. After that, the United States



decided to manufacture their hearts in the
United States, their peripherals in Taiwan,
and assemble them in China. In Taiwan, the
Hsinchu Science Park was responsible for
manufacturing the peripherals for personal
computers. Since then, Taiwan's electronics
industry has developed dramatically and
surpassed Japan's. Nowadays, there is a
global competition for 5G dominance, Al
technology, and internet technology. Looking
at the United States' recent global strategic
measures, | feel that "something"
reminiscent of the United States' decisions in
the 80s is going on in the United States under
the current COVID situation. The
reconfiguration of the supply chain is an
example of "something" that is easy for us to
understand.

I have written about my thoughts while
comparing the experiences in Japan and
Taiwan under the COVID-19 epidemic,
which is comparable to the devastation by
World War 1l. In the era of significant
changes caused by COVID-19, the sooner we
detect and respond to them, the better our
chances of survival after COVID-19. | hope
that the flexible nature and the academics of
NCTU will create a new path suitable for the
post-COVID-19 era and take the leadership
of the post-COVID-19 world as quickly as
possible.
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Photo 4) Those who enter Taiwan must be quarantined at home

or in a designated hotel for two weeks. If they step out of the
guarantine area, they can be fined between 350,000 and 3.5
million JPY On the first day of quarantine, two female
policewomen of the Hsinchu City Foreign Affairs Police geve me
this bag and took my mug shot. From left to right: garbage bag,
thermometer, face mask. From top right: canned foods, drip

coffees, crackers, retort pouch curry, and Instant noodles.
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From Nanosecond Photochemistry to
Optical Force Chemistry: My Journey

Hiroshi Masuhara*®

Abstract: Laser was invented in 1960 and soon introduced to chemistry research. We started
time-resolved spectroscopy and photochemistry and initial trial was focused to nanosecond and
then picosecond electronic absorption spectroscopy for studying molecular electronic excited
states, charge separation in molecular complexes, and intermolecular electron transfer in solution.
We considered that not only time-resolved but also space-resolved chemistry would be important
for future laser-based chemistry and combined pulsed lasers with optical microscopes.
Spectroscopy, photochemistry, ablation, and spatial arrangement of single microparticles and
microdroplets in solution were carried out. Further we shifted from micro to nano and opened a
new field covering spectroscopy, ablation, phase transition, crystallization, patterning, and
fabrication. The progress is summarized and discussed as time-resolved nano spectroscopy,
ablation nano dynamics, and optical force chemistry.

Keywords: Ablation, laser chemistry, nanoparticles, optical force, photochemistry

1. Starting Chemistry in Sendai, Japan

Laser oscillation was first achieved for ruby laser by Mainman
in 1960 and introduced to wide fields of science and
technology. It is indeed influential and innovative, which no
one doubts now. Characteristic nature of laser light such as
monochromaticity, short pulse, directionality, and so on has
given many breakthroughs in chemistry. Still in 1985 laser was
nominated as an indispensable tool for chemistry research with
synchrotron and computer.” In my research life 1 feel its
reality, utilize high potential of laser, and understand how laser
cnables us to develop new methodologies, explore new
chemical phenomena, and propose new concepts. Here I
summarize our past and present experimental studies by
following my research experience, which would be one research
example of a chemist working in Japan and Taiwan for

1960°s-2020’s.
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I entered Tohoku Univ. in 1962 and joined the laboratory
of Prof. Masao Koizumi (Late Emeritus Prof. of Tohoku
Univ.) of Physical Chemistry and Photochemistry in the
fourth year of undergraduate. I was trying to read “The Nature
of the Chemical Bond” written by Pauling and translated into
Japanese by Prof. Koizumi, and his large book “Survey of
Photochemistry” (Figure 1). At that time, Profs. Tetsuo Nozoe
and Koji Nakanishi were two giants in organic chemistry at
Tohoku Univ. and had a strong presence in the field of
Natural Products Chemistry. However, I thought that the
intermediate between physics (research on the theory of things)
and chemistry (rescarch on the abundance of things) was very
interesting, and it fitted me. That is the reason I choose
physical chemistry and I felc Prof. Koizumi was a sincere
scientist and real gentleman. However, his rescarch life was
more than what I, a vague young man, had thought. Every
morning, he walked from his home in Yagiyama to the Faculty
of Science in Katahira campus and worked on a well-prepared
schedule, while he sometimes rushed to the toilet with his shirt
outside on his back. I remember, like as if it were just
yesterday, that I had a strong impression from him about what
research is and what research life is.

In 1968, I went on to a doctoral program at the Faculty of
Engincering Science, Osaka Univ., and decided to try to get a

Wiley Online Library 1261
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Figure 1. (Left) L. Pauling, “The Nature of the Chemical Bond”. (Translated to Japanese by M. Koizumi), Kyoritsu Shuppan, Tokyo, 1962. (Middle) M.
Koizumi, “Survey of Photochemistry” (in Japanese), Asakura Shoten, Tokyo, 1963. (Right upper) N. Mataga, “Introduction to Photochemistry” (in Japanese),
Kyoritsu Shuppan, Tokyo, 1975. (Right lower) N. Mataga, T. Kubota, “Molecular Interactions and Electronic Spectra”, Marcel-Dekker, 1970.

Ph.D. degree under the supervision of Prof. Noboru Mataga
(Late Emeritus Prof. of Osaka Univ.). In front of the
nanosecond ruby laser installed in that year, Prof. Mataga told
me, “Lasers will replace all light sources in the future, and
photochemical research using lasers will have unlimited
possibilities.” T was so excited by his words. I became the first
graduate student at Mataga Lab who obtained a degree in
laser-based research. My first work was to oscillate a nano-
second ruby laser stably. I realized I could be awarded Ph.D. if
I could write papers unique to nanosecond lasers. So, I was
very free to choose a theme. At this time, I think that I enjoyed
the real (true) fun of exploratory research. Since then, I have
been studying molecular systems unique to lasers and working
in the so-called interdisciplinary area, belonging to the depart-
ments of chemistry, synthetic chemistry, polymer science,
applied physics, life science, materials science, and applied
chemistry. However, my research has been consistently laser-
based molecular science and photochemistry. I think that there
is no other field that enables pioneering research and gives the
real thrill of physics and chemistry as much as physical
chemistry. In 2020 I turned 76 years old. I am still conducting

exploratory research using lasers and microscopes at the

National Chiao Tung Univ. (NCTU) in Hsinchu, Taiwan.

2. Dye Photochemistry and Flash Photolysis
Method at Koizumi Lab, Tohoku University
(1965-1968)

I heard that Prof. Koizumi considered on critical energy
problem of future Japan after the World War II, as we had
and have no natural resource, and decided to study photo-
oxidation and -reduction reactions of dye molecules aiming
solar energy utilization. When 1 joined his laboratory, two
methods were introduced and utilized to identify photo-
chemical intermediates directly; one was rigid matrix isolation
method and the other was flash photolysis method. The
former is carried out with ESR spectroscopy by Prof. Michio
Okuda (Late Chief Researcher of the Inst. of Environmental
Science, Environment Agency) and Dr. Shigeya Niizuma
(Emeritus Prof. of Iwate Univ.). Prof. Okuda gave me the
theme of stably capturing the pi-radical of the dye intermedi-
ates in rigid solvent, measuring their absorption spectra, and

Hiroshi Masuhara received his B.S. and M.S. degrees from Tohoku University and started his Ph.D. work
on nanosecond laser photochemistry at the laboratory of Prof. Noboru Mataga in Osaka University.
Following his Ph.D degree in 1971, he extended there a systematic study on nanosecond and picosecond
dynamics and mechanism of electron donor-acceptor systems. In 1984 he was promoted as a full professor of
Kyoto Institute of Technology and started time-resolved reflection spectroscopy and laser ablation of organic
materials. Then he combined pulsed laser with optical microscopes and opened a new filed of laser
microchemistry. After moving to Department of Applied Physics of Osaka university, He developed a
systematic study on nano spectroscopy, nano ablation, and nano manipulation of organic molecules and

materials by exploring new laser-induced molecular phenomena and elucidating their dynamics and

mechanism. Since 2008 he is working in Taiwan to open a new research field of optical force chemistry at
solution surfaces. He is awarded Chemical Society of Japan Award, Porter Medal, The Medal of Purple
Ribbon, and The Order of the Sacred Treasure-Gold Rays with Neck Ribbon, and many others, as well as
serves as foreign fellows of Royal Flemish Academy of Belgium and National Academy of Sciences India.
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assigning its clectronic absorption bands. At that time all
computer programs calculating for molecular electronic
structure and electronic transition must be developed by
ourselves. Learning a lot from the books and reviews written
by Profs. Saburo Nagakura, Kenichi Fukui, and Haruo Hosoya
groups, I developed a program for calculating the open-shell
electronic structure of the Pariser-Parr-Pople formulation.
Flash photolysis method was instrumented by utilizing
home-made flash lamp and pulse circuit using vacuum tubes.
In 1959, Drs. Shunji Kato (Late Emeritus Prof. of Osaka
Univ.), Kengo Uchida (Emeritus Prof. of Hirosaki Univ.) and
Masao Koizumi reported the first transient absorption spectra
of dyes intermediates in Nature.” In the flash photolysis where
the first flashlight forms excited states of dyes and the second
flashlight monitors the induced photoreaction. It was proposed
by Late Dr. Ronald G. W. Norrish and Late Dr. George
Porter (Figure 2), and they were awarded the Nobel Prize in
1967 together with Late Dr. Manfred Eigen, the developer of
the stopped flow method. In late 1960’ Dr. Yoshiharu Usui
(Emeritus Prof. of Ibaragi Univ.), Mr. Akira Kira (Emeritus
Rescarcher of RIKEN, Former Director of Japan Synchrotron
Radiation Research Inst.), Mr. Masaharu Morita (Late Prof. of
Matsumoto Dental College), and Mr. Koichi Kikuchi (Emer-
itus Prof. of Kitasato Univ.) were engaged in the flash
photolysis studies. It was developed to a luminescence
absorption flash method (named by Prof. Koizumi),” which
was a simultaneous measurement of delayed fluorescence and
absorption. According to Dr. Keitaro Yoshihara (Emeritus
Prof. of Inst. for Molecular Science),”” the flash photolysis
system was also in operation in the Laboratory of Prof. Saburo
Nagakura (Late Emeritus Prof. of the Univ. of Tokyo, Former
director of Inst. for Molecular Science) at the Inst. for Solid
State Physics, the Univ. of Tokyo. In the carly days, time-
resolved spectroscopy was technically possible only for the
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molecular electronic spectral measurement in the visible
wavelength, although it is now commonplace in all wavelength
regions from X-ray to terahertz spectroscopy.

3. Nano-picosecond Laser Photochemistry at
Mataga Laboratory, Osaka University (1968-1984)

Prof. Mataga became a Professor of the newly established
Faculty of Engincering Science of Osaka University when he
was already known worldwide as the proposer of the Mataga-
Lippert Mataga-Nishimoto
approximation® at that time. Two reports on these works

equation” and the
[6]
were later cited in Iwanami’s “50 Years of Japanese Scientific
Papers” (Iwanami Shoten, Publishers.),”” which summarizes
typical postwar research examples. In addition, Prof. Mataga
published a famous paper in 1968 that proposed the concept
BT consider these three papers
the most notable work by Prof. Mataga before entering the
brilliant laser photochemistry era. A little bit later two books
on the clectronic state and photochemistry of molecules were

of molecular ferromagnetism.

written by Prof. Mataga (Figure 1).

My work was to operate the laser and enable the
nanosecond time-resolved electronic absorption spectroscopy
first in Japan. I started experimenting with making and
running the equipment from scratch. We managed to operate
a ruby laser to measure nanosecond transient absorption
spectra while learning vacuum tube circuits from Mr. Tadashi
Okada (Emeritus Prof. of Osaka Univ.). After that, a
picosecond ruby laser was introduced and managed by Mr.
Nobuaki Nakashima (Emeritus Prof. of Osaka City Univ.).
These ruby lasers could oscillate every 3 min, we adjusted the
optical system without a viewer to look at the beam, we
measured transient absorption spectra and rise and decay

Figure 2. (Left) G. Porter, “Chemistry in Microtime: Selected Writings on Flash Photolysis, Free Radicals, and the Excited State”, Imperial College Press,
London, 1977. (Middle) D. Phillips, J. Barber, “The Life and Scientific Legacy of George Porter”, Imperial College Press, London, 2006. (Right) Profs. Noboru
Mataga (left) and George Porter (right) at IUPAC Symposium on Photochemsitry in Helsinki in 1996. Prof. Mataga was awarded the Porter Medal directly from
Prof. Porter. The photo was taken by Prof. Iwao Yamazaki (Emeritus Prof. of Hokkaido Univ.).
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curves of absorption band with photographic film, and ran
into a dark room for developing the film.”'” After that, we
could know whether it worked well or not, and we performed
this procedure for longer than 10 hours every day. Windsor,!""
Albrecht," and Porter™® groups had already reported the
nanosecond absorption spectra of the excited singlet state of 7-
electronic molecules. Our target was intermolecular charge
transfer and electron transfer processes in solution, that is,
Prof. Maraga’s specialty. Fluorescence spectra of such electron
donor-acceptor system cover all the visible wavelength, so that
it was not easy to measure the absorption spectra of the
fluorescent state. Proposing re-absorption method, we success-
fully measured a charge-transfer complex of s-tetracyanoben-
zene and toluene, whose excited-state absorption, S-S,
absorption, was very similar to that of the anion of the electron

04 We were surprised to see that

acceptor s-tetracyanobenzene.
Otrolenghi also reported the similar spectra in the same
volume of Chem. Phys. Lett.!" This direct indication thar the
excited state of charge transfer complex is an electronic state
similar to an ion pair reccived much attention, and the result
became one of the topics at that time.

Sincere discussion was extended world widely, including
exciplexes that form a charge-transfer complex only in an
excited state. At the time, those were called hetero-excimer by
Prof. Mataga, while excimers were formed between the same
molecules. He considered that electronic structure of donor-
acceptor system is determined by interaction with solvent and
the charge transfer degree gradually changes depending solvent
polarity."” Another idea was that the charge separation and
recombination leading to non-radiative relaxation compete
with cach other and its ratio depends on solvent polarity. This
issue was developed from intermolecular to intramolecular
systems, leading to the discussion on twisted intramolecular
charge transfer dynamics. I remember fruicful discussion
among Profs. Mataga,[m Ottolenghi, Weller,™® Nagakura,“g]
De Schryver,[zo] Grabowski,?" Rettig,m] (22]
Zachariasse,?” et al.

In the early 1980s, we were able to install a picosecond
Nd:YAG laser at Mataga Lab with the JSPS grants. With the
laser oscillating at 10 Hz, streak cameras, and diode array

Verhoeven,

detectors, we were a bit relieved that we had finally reached
some level in front of these modern advanced laser spectro-
scopy systems. lts optical set up for picosecond transient

4 . .
Y was introduced as a representative

absorption spectroscopy
in the textbook written by Fleming.” Many researchers not
only in physical chemistry but also in organic chemistry,
polymer chemistry, photobiology, and solid state physics
highly evaluated the research of clectron and charge transfer
dynamics and developed collaborative studies with Mataga
Lab. I think Prof. Mataga has just proved this proverb; the

peach and the plum do not speak and try hard to appeal to
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people, yet a path is born beneath them because of their flower
and fruit.?

Prof. Mataga did not say anything about my research trial,
but when I came to his office with the data, he always
discussed on the progress for hours. After explaining and
discussing the experiment results, I had more time to talk with
him about what to do next and what might be the future of
the research. Prof. Mataga was often silent for a while. Still, on
the other hand, the conversation with him flourished, and I
was sometimes moved to tears. I think that this discussion-
style with the manuscript that was turned red by Prof. Mataga
became the basis for my research life. His seminal work was
highly evaluated and he was awarded the Purple Ribbon Medal
in 1995, Porter Medal in 1996 (Figure 3), Japan Academy
Prize in 2006, and many others.

4. Time-resolved Nano Spectroscopy

In 1984 I was appointed as Prof. of the Department of
Polymer Science, Faculty of Textile Science, Kyoto Inst. of
Tech., and started nanosecond diffuse reflectance spectroscopy
of light scattering powder system, referring the first paper by
Wilkinson.”” T remember the discussion with Prof. Kazuhito
Hashimoto (currently Dean of NIMS, Japan) about the future
possibility of laser study on nanoparticles. 1 talked on high
potential of laser spectroscopy in studying organic solids, while
he was negative to use lasers. Laser means usually high
intensity irradiation, limiting the development of photo-
chemistry, as role of light in nature is always with weak
intensity. That was his opinion, on which he has developed his
way to contribute to environmental and sustainable research.
My direction toward measuring and clucidating dynamics of
nano films, nano surface of solid, and nanoparticles was settled
in this way.

incident light

Figure 3. Illustration of light scattering spectroscopy of a single granum, the
light scattering image of grana, and light scattering spectrum of a single
granum. These are observed for a fresh leaf of Egaria densa. Reproduced with
permission from Reference 37; Copyright 2017 American Chemical Society
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In 1991 I shifted to Department of Applied Physics, Osaka
University, when we improved the time resolution of diffuse
reflectance spectroscopy to femtosecond and studied TiO,

28] Although many mechanistic studies were extended,

powders.
fundamental analysis based on direct spectroscopic measure-
ment was limited so that our paper is still contributing to the
relevant field. Also, we applied the spectroscopy to photo-
chromic molecular crystal powders and proposed cooperative
photochromic reaction mechanism where high density of
chemical intermediates enables their conformational change.””
The cooperativity is indeed one of key viewpoints to under-
stand laser-induced photochemistry of molecular solids.
Further, we developed femtosecond regular/specular reflection
spectroscopy and applied it to probe photothermal relaxation
dynamics of dye films.®” In general reflection spectroscopy
was established in 1960’s mainly by physicists, while its time-
resolution had not received much attention and was not
improved. As a chemistry group we developed initially nano-
second and later femrtosecond reflection spectroscopy systems
and applied them to representative polymer films and nano-
powders.

By combining pulsed lasers and microscope, we developed
femtosecond single crystal absorption spectroscopy and single
nanoparticle light scattering spectroscopy, with which meas-
urements relaxation dynamics of perylene crystal®” and gold
nanoparticle® were clarified, respectively. Also, we launched a
new system by combining an optical microscope and AFM,
and clarified the correlation between the morphology of
individual organic nanoparticles and their fluorescence/light

B3 These results indicate the size

scattering spectroscopic data.
effect of the electronic spectrum of organic solids, and we
proposed “structural confinement” instead of “electronic
confinement” for semiconductor nanocrystals. Usually time-
and space-resolved spectroscopy is developed and applied to a
target in laboratory, however, direct application to real world

(3435] working device,P” living cell and

like fabrication process,
natural plant is important and promising in future. Here we
introduce our single nanoparticle light scattering spectroscopy
to Egaria densa, a typical example plant in research.””’ As
shown in Figure3, a single granum consists of many
thylakoids and its scattering spectrum changes as a function of

the size, giving a new insight.

5. Ablation Nano Dynamics

High intensity laser pulse irradiation induces materials
ablation, which has high potential in cutting and welding of
metals, fabrication of various materials, medical operation, and
electronics lithography were proposed.®***! Laser is a useful
light source for fragmentation of targets for mass spectrometer,
which led to Nobel Prize in Chemistry 2002. In microscopic
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level the ablation seemed very complex to understand, while
we performed our studies to understand ablation processes in
terms of photoexcitation, vibrational relaxation, and the
following processes. This was started in 1985, when Dr.
Hiroyuki Hiraoka invited me as a Summer Faculty Fellow at
the IBM Almaden Rescarch Center for three months. We
decided to extend a spectroscopic study of laser ablation of
aromatic molecule-doped polymer film as new nonlinear
photochemical processes. Already Srinivasan (IBM Thomas ]
Watson Research Center) wrote a famous paper on polymer
ablation in 1982, but there had been no fundamental
examination of the molecular electronic levels. I posted the
results at IBM to Prof. Mitsuo Ito (Late Emeritus Prof. of
Tohoku Univ.),"”) who was editing Chem. Phys. Lett. I
wondered if this was not physical chemistry and would be
refused by Prof. Ito. However, he accepted this as being new
physical chemistry. I think that my research attitude may have
been more conservative if Prof. Ito refused at that time.

We developed nanosecond interferometry and femtosecond
surface light scattering imaging and applied them together
with conventional transient absorption and fluorescence
spectroscopies.™
processes with expansion and contraction dynamics of polymer

! This enables us to correlate photophysical

films and with fragmentation of dye films. As a nonlinear
electronic absorption process we could propose that cyclic
multiphotonic absorption of the excited singlet state during its
lifetime is critical for laser ablation."” Further we succeeded in
proving that gradual temperature rise in nanosecond ablation
and abrupt local pressure increase in femtosecond ablation are
the keys to understanding ablation dynamics and mechanism

0435 These results are base for developing

of organic materials.
new applications; nanoparticle fabrication, protein crystalliza-
tion, and non-destructive manipulation of living cells.

Laser ablation of organic crystals results in formation of
fragments which are usually cjected in vacuum chamber or in
air. Contrarily we carried out nanosecond and femtosecond
laser ablation in aqueous solution, and found that the ejected
nanoparticles were dispersed homogencously. We confirmed
their size distributing from a few tens to a few hundreds of
nanometers, namely, solution ablation is a best laboratory scale
fabrication method of organic nanocrystals.” The colloidal
solution of nanoparticles is casy to handle for the next
applications such as nanodrug preparation, device fabrication,
and so on.

It is well known that femtosecond laser ablation of solution
results in bubble formation. We found for the first time that
this ablation in supersaturated aqueous protein solution leads

bubble and

shrinking concentrates proteins and induces nucleation, which

to protein crystallization.”” The formation
is considered to be spatio-temporal crystal formation. Various
experiments were designed and performed to confirm the
mechanism, while its practical application was realized by
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organizing a spin-out company. Recently we extended this
method to prepare protein amyloid fibril, another non-crystal
aggregation,”® which is considered to cause of Alzheimer’s and
Parkinson’s diseases. Its result is shown in Figure 4.

The femtosecond laser-induced bubbling expands quickly,
generating shockwaves and inducing convection flow. As a
result, living cells located around the laser focus receive
mechanical force. We utilized this bubbling phenomenon to
freely manipulate the single cells in solution. Since the cells are
not illuminated directly by laser, no photo-decomposition is
induced, which is extremely important for manipulating bio-
samples. This performance was demonstrated with using
protein- and macromolecule-patterned glass substrates. Heter-
ologous cells are manipulated individually and arranged
arbitrarily on the patterns in a non-contact and non-
destructive manner. We have reported various trials to realize
particular functions of cells based on the spatial arrangement,
on which we set the goal of producing biosensors and

biodevices arranging living cells."”

6. Optical Force Chemistry

Light-material interactions in spectroscopy and ablation studies
are absorption, emission, scattering, and diffraction of photons
by materials. Another interaction is momentum transfer from
photons to materials, and we can load mechanical force on
micrometer-sized targets by irradiating a focused laser beam
under a microscope. Ashkin proposed optical tweezers based
on this principle and was awarded the Nobel Prize in Physics
2018. This
manipulation
bacteria, DNA strands, and so on is intensively extended.
Optical manipulation was also introduced to chemistry

opened rescarch  arca  of  optical

[48-50]

new
and their application to single living cells,

research and various kinds of molecules and nanomaterials

Figure 4. SEM images of insulin amyloid fibrils obtained under laser
irradiation and incubation (a—d) and under incubation only as controls (¢ —
h). Femtosecond laser ablation of insulin solution leads to enhancement of
amyloid fibril formation. Reproduced with permission from Reference 46;

Copyright 2017 American Chemical Society.
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have been widely studied in solution. We combined optical
manipulation with fluorescence spectroscopy, time-resolved
absorption spectroscopy, micro-electrochemistry, laser abla-
tion, and photopolymerization, and reported various chemical
phenomena for individual microparticles and microdroplets.
Further by integrating these approaches with surface micro-
machining by scanning microscope and CVD, we were ahead
of laser microchemistry. To show this research stream, we
organized an international conference on microchemistry in
Brussels in 1993 with excellent cooperation by Profs. F. C.
De Schryver. G. Whiteside, M. S. Wrighton, A.]. Bard, J.
Klafter, R. Srinivasan, D. D. Dlott, I. Tanaka, K. Honda,

BU We could launch a new research area of time- and

etal.
space-resolved chemistry to the world. Indeed, these results
were introduced as optical trapping-based microchemistry by
Ashkin."” In parallel with our approach, microchemistry
research has been developed also in organic photochemistry
and analytical chemistry, where microchannels and micro-
fluidics are coupled with light emitting diode (LED).">"

Laser trapping of micrometer-sized targets are interpreted
by Mie theory and geometrical optics, optical force exerted on
nanometer-sized is understood in the framework of light
scattering theory and point dipole approximation.” It consists
of scattering and gradient forces and, in case that the latter is
stronger than that of the former, optical trapping is realized.
As the cffective volume of the laser focus is much larger
compared to molecules and nanoparticles, a number of them
are confined and interact with each other in an oprical
potential, leading to efficient formation of a single character-
istic assembly. We have been studying the trapping and
assembling phenomena, which is introduced and discussed
here. The first is on femtosecond laser trapping of nano-
particles in solution. We demonstrated that nanoparticles are
gathered within the focus, forming an assembly, and ejected
upon its size increase. It is worth noting that the cjection takes
place in the direction perpendicular to laser polarization and
alternatively switched from one side to the other.’® This is
never observed with CW laser and indicates a high potential of
pulsed optical force in exploring new chemical processes.
Indeed, femtosecond laser induces temporal force in addition
to gradient and scattering forces, and efficient multiphoton
absorption results in optical resonance effect in optical
trapping and sometimes in laser ablation.

The second is on optical trapping-induced molecular
crystallization at solution surface. As local concentration of
molecules at and around the focus becomes high, association,
aggregation, and cluster formation of molecules are made
possible and nucleation can be triggered. It is surprising to see
that
solution.

crystallization is achicved even in unsaturated

B738 Also we proposed a crystal growth mechanism in
which focused trapping light is scattered and propagated

through the prepared crystal. Recently Prof. T. Sugiyama is
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Figure 5. Illustrations of the focused trapping laser and the expanded distribution of nanoparticles. (Left) a single disc-like assembly of 200 nm polystyrene
nanoparticles at solution surface, (middle) a single assembly of 500 nm polystyrene nanoparticles well arranged with horn-like elongated linear aggregates at a
solution/glass interface, and (right) 200 nm Au nanoparticles at a solution/glass interface. The top of each illustration corresponds to flat interface. The focal
volume of the 1064 nm trapping laser is approximately 1 pm?’, while the optically evolving assemblies reach a few tens of micrometers. The expansion direction

depends on the laser polarization.

extending new trials by introducing plasmonics to lower the
threshold of laser power required for crystallization, to realize
chiral crystallization, and to control crystal morphology. The
chirality control in crystallization is currently receiving much
attention, through which optical trapping will be recognized as
a new methodology in chemistry.

The third is on optically evolving assembling and swarming
of nanoparticles at solution surfaces. A single disc-like assembly
of polystyrene particles of 200 nm in diameter is formed at the
surface, expanding to 8 micrometers from the focus. Polystyr-
ene particles of 500 nm at solution-glass interface give a well-
arranged assembly with tetragonal and hexagonal packing
depending linearly and circularly polarized trapping laser,
respectively.  Further we found a new phenomenon of
swarming in the case of gold nanoparticles where the scattering
is very strong. Gold nanoparticles interact with each other to
form a periodic structure, and scatter trapping laser light far
away like the Yagi-Uda antenna. Then, many gold nano-

Figure 6. (Left) H. Fukumura, F. Wilkinson, Edt., “Special Issue of Life and
Research of Prof. Hiroshi Masuhara”, Photochemical and Photobiological
Sciences, Royal Society of Chemistry, 2005, 4, 1-164. (Right) P. F. Barbara,
J. Hofkens, H. Misawa, K. Murakoshi, T. Asahi, and H. Miyasaka, Edc.,
“The Hiroshi Masuhara Festschrift: Exploration with Lasers into New Areas
of Molecular Photoscience”, J. Phys. Chem. C, American Chemical Society,
2009, 113 (27), 11425-11974
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particles gathered and moved like a group of bees. We name
these phenomenon optical assembling and swarming and are
studying their dynamics and mechanism.®® We conclude that
all these optical trapping behaviors are characteristic of
solution surface and interface. Our understanding is illustrated
in Figure 5, where optical potential can be expanded by
scattering of the trapping laser by nanoparticles. Also, we
consider that optical scattering and absorption forces contrib-
ute to immobilize particles at interfaces, which opens a new
avenue for optical force chemistry.

7. Summary

We have described our research stream where development of
new methodologies, exploration of new chemical phenomena,
and elucidation of their microscopic dynamics and mechanism
have been performed by utilizing advancing lasers. Initially
nanosecond and picosecond, and later femtosecond spectro-
scopy and photochemistry were our interest, and then we
shifted to space-resolved chemistry, initially micrometer and
then nanometer in 1980’s. Thus, our research is often regarded
as one of nanoscience and nanotechnology researches. Still,
nanotechnology began to gain social attention because the US
President Clinton issued a textbook in 2000°” and invested in
rescarch. Already we were heading toward nano by integrating
lasers and optical microscopes earlier before the 2000s. At
Osaka Univ. Profs. Satoshi Kawarta, Toshio Yanagida, and
Tomoji Kawai were playing leading roles in the world of
nanoscience and nanotechnology, while we could demonstrate
our uniqueness by focusing on lasers and molecular
systems. ™) Our activity was recognized in photochemistry
and physical chemistry worlds, and a special issue for my
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Figure 7. Group photo of Laser Bio/Nano Science Laboratory at NCTU in August 2020. The author and Prof. Sugiyama are the 1st and the 2nd from the left
on the top row, rcspcctivcly. Dr. Kudo is the 4th from the left on the middle row. Dr. Shun-Fa Wang is the far right on the back row.

60 years birthday was published in Photochem. and Photobiol.
Sci. in 2005. Further Profs. G. Schatz and P. Kamart, Editors-
in-Chief of J. Phys. Chem. issued my Festschrift in December
2009 (Figure 6). I clearly remember the old day in late 1960’s
when I read J. Phys. Chem. at Department of Chemistry in
Katahira campus of Tohoku Univ. during my master's course.
At that time, I wondered if T could submit a paper to this
journal in future.

Our study of optical force chemistry at NCTU in Taiwan
is still very unique in the world, and our laboratory would be
the largest group in the relevant research fields (Figure 7). Our
rescarch is exactly on exploration and elucidation of new
molecular phenomena induced by lasers. Many professors and
rescarchers have come from this field, and we expect many
more in the future.
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1. INTRODUCTION

The laser (light amplification by stimulated emission of radiation) has been contributing to the
development of physical chemistry since its invention in 1960 (1). Coherent oscillation from a
cavity shows characteristics of light such as monochromaticity, pulse mode, and directionality.
"This allows light-matter interactions to be studied in more detail and the microscopic nature of
molecules to be clarified. The monochromaticity has opened state-to-state chemistry in which a
particular rotational, vibrational, and electronic level of the molecule is excited, and the resulting
excited state in a specific rotational, vibrational, and electronic energy level undergoes selective
relaxation and reaction. This fundamental chemistry on isolated molecules in the gas phase has
been one of the major research areas in physical chemistry (2). The pulsed laser was soon in-
troduced to time-resolved spectroscopy, which was originally called flash photolysis before the
use of the laser was introduced (3). Nanosecond, picosecond, and then femtosecond chemistry
have received a great amount of attention as new frontiers in physical chemistry (4-6). Because
the laser can be well focused under a microscope, this allowed the development of many inno-
vative tools and studies, such as optical imaging, super-resolution microscopy, single-molecule
fluorescence spectroscopy, and multiplane observation (7-11). In all of this research, laser light is
used as an energy source for molecular reactions or as a light source for monitoring physical and
chemical processes; in these studies, laser light is generally absorbed, scattered, and/or diffracted.
However, light was not widely recognized as a source of mechanical force, and many scientists
did not expect chemistry by optical force even when Ashkin and colleagues (12) proposed optical
tweezers.

Upon light—matter interaction, the momentum of photons can be transferred to the material,
exerting mechanical force on it. This idea was first experimentally tested by Lebedev (13). A large
yet lightweight target set in vacuum showed a small tilt when it was irradiated by a conventional
light. Now the high-intensity light of lasers can be focused on a small area so that a large transfer
of momentum from light to matter is possible. This opens up the new research area of optical
manipulation (14-31). Ashkin first demonstrated thata polymer microparticle (MP) can be pushed,
levitated, and transferred by two counterpropagating continuous-wave (CW) laser beams in 1970
(32) and proposed optical tweezers by tightly focusing a single laser beam on a single MP (12,
33). This technique was soon applied to biological targets such as living single cells, bacteria,
and DNA (34-37). One of the authors of this review (H. Masuhara), with colleagues (38, 39),
introduced a Galvano mirror set to microscopic systems and achieved free manipulation of single
MPs and single liquid droplets in the focal plane. This idea was then integrated with fluorescence
spectroscopy (40), time-resolved absorption spectroscopy (41), microelectrochemistry (42), laser
ablation (43), and photopolymerization (44) to explore and analyze various chemical phenomena
by utilizing optical force. The results for single MPs and single microdroplets based on optical
trapping were summarized by our research groups (45, 46) and then Ashkin (47, 48) introduced
the research area called optical trapping—based microchemistry.

In optical manipulation, the smallest target is atoms, and indeed, atom trapping is made possi-
ble by laser cooling (49). For the nanometer-sized targets between MPs and atoms, various kinds
of molecules and nanomaterials have been widely studied; typical examples are molecular clusters
(50-53), aggregates (54, 55), polymers (56-61), supramolecules (62-64), DNA molecules (65), car-
bon nanotubes (66, 67), micelles or vesicles (68-70), quantum dots (71-73), nanodiamonds (74),
nanowires (75-77), polymer nanoparticles (NPs) (78, 79), and metal NPs (80-85). In this review,
these targets are called generally referred to as NPs. To provide background for this discussion,
we first summarize the theoretical framework for how mechanical force is loaded onto NPs based
on Rayleigh scattering and point-dipole approximation (86).
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When the radius of an NP is sufficiently smaller than the wavelength of the laser, this approx-
imation can be used to describe the behavior of the NP in an electromagnetic wave. An NP is
treated as an induced, simple point dipole, and optical force is exerted on this dipole. The force
can be divided into two components: a scattering force component (F,) and a gradient force
component (Fy,q). The scattering force is associated with the momentum change of the electro-
magnetic wave. Upon laser irradiation, light scattering is induced by the dipole, and the moment
of the incident light is transferred to an NP. Due to this momentum change, the scattering force
(Ficar) is exerted on an NP. This force is given by the equation

Cscut ° (S(T, t))’l‘

Ecat(r) = C/H?

) 1.

where 7, is the refractive index of a surrounding medium, ¢ is the speed of light in a vacuum, Cy,,
is the scattering cross section of an NP, and (S(r, 7))t is the time-averaged Poynting vector at
position 7. When the radius of the NP (#) is used, the scattering force increases in proportion to
as.

The gradient force is associated with a Lorentz force that acts on a dipole located in an inho-
mogeneous electromagnetic field. The gradient force that an NP experiences in a steady state is
given by

m? —1
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where & is the dielectric constant in the vacuum, 7z is the relative refractive index of the NP, and
E(r) is the electric-field vector. The intensity of the laser, I(r), is defined as

)vmvw, 2.

1
I(r) = 5122804:|E(7’)|2. 3.

Given this definition, the gradient force is then calculated in terms of the intensity distribution of

the beam by
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Considering the relationship between force and potential, the optical potental energy well is
described by
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Different from the scattering force, the gradient force is proportional to #°. In an optically evolved
phenomenon, assembly size increases with time so that the balance between the scattering force
and gradient force is dynamically changed.

"The optical forces that are exerted on MPs consist of gradient and scattering forces. When
the gradient force is larger than the scattering force, optical trapping is possible. This is generally
true in bulk solution; however, the situation is different at liquid/air, liquid/liquid, and liquid/solid
interfaces, where the scattering forces toward the interfaces can also immobilize the object. Thus,
even small objects can be trapped at an interface with relatively weak gradient forces, leading to
new optical assembling phenomena.

We usually use a 1,064-nm CW laser as a trapping light source, as its long wavelength tends to
hamper multiphoton excitation of the trapping targets. NPs are much smaller than the focal area,
so a number of NPs can be confined in a given potential. The NPs physically and chemically inter-
act with one another, producing various phenomena under optical trapping. As the local concen-
tration of NPs in the confined potential increases above a certain level, association, aggregation,
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cluster formation, and even nucleation can be induced. The range of phenomena produced can
be expanded. If the trapping laser light is absorbed by solvent molecules through their vibrational
overtone mode, the local temperature becomes elevated. For example, an elevation of 22 K per
1 W of laser power is estimated for 1,064-nm laser trapping in aqueous solution (87). The temper-
ature distribution is wider than the focal volume due to thermal conduction. Therefore, a thermal
phase transition that starts at the focus expands into the area where the temperature is high. In
these cases, the optical potential only triggers the phenomena, and the assembly expands outside
of the focus following thermodynamic conditions determined by temperature, concentration, and
other factors.

At the surface and interface, the trapping laser at the focus is strongly scattered by the trapped
NPs and is propagated through the gathered NPs, forming an attractive potential at their edge.
The multiple scattering results in a decrease in the laser’s intensity; however, a small gradient force
is usually enough to immobilize the NPs. Also, the scattering force pushes NPs toward the surface
and interface, contributing to their immobilization. As a result, a single assembly of NPs can grow
to become much larger than the focus along the solution surface and interface. In the past decades,
we have demonstrated various interesting phenomena that we call optically evolved assembling,
and we have been elucidating their dynamics and mechanisms that are characteristic of solution
surface and solution/glass interfaces.

In this review, we mainly summarize our seminal research and discuss the evolved trapping of
molecules and NPs at solutions and interfaces. Our viewpoint for comprehensively understanding
their dynamics and mechanisms is based on optical trapping potential expansion by nonlinearly
evolving interactions between the trapping laser and the NPs. The Gaussian beam potential is
tightly focused on a solution surface and interface where a single NP is trapped (Figure 14). When
the NP concentration of the mother solution is high, many NPs are confined, triggering cluster
formation, crystallization, and crystal growth of molecules as well as phase transition of the poly-
mer solution, phenomena that are similar to those observed under conventional thermodynamic
conditions. In the case of low solute concentration, the trapping potential does not change much.
"The advantage of optical trapping is its high spatiotemporal controllability. When the trapping
laser light is scattered by the trapped NPs at a surface and interface, the laser propagates through
the trapped NPs and they interfere with one another, expanding the optical trapping potential.
Optically evolving crystallization, periodic arrangement of polystyrene (PS) NPs, and the assem-
bly and swarm of Au NPs, which are never observed in solution, are illustrated in Figure 15—,
respectively. In the following sections, we present how new molecular and NP phenomena are
induced at a solution interface by optical force, propose their dynamics and mechanisms, and de-
scribe possible applications.

2. CHEMICALLY EXPANDING ASSEMBLY OF MOLECULES
AND POLYMERS IN SOLUTION

Under the optical conditions in our group’s experiments, the effective focal volume is diffraction
limited so that the attractive potential size is about 1 pm. Conventional organic molecules and
inorganic compounds are small, so the exerted optical force is weak and does not stop vigorous
Brownian motion in solution at room temperature. Their movement is just slowed down, which is
called biased diffusion (88-90). Our optical trapping experiments have shown that a few nanome-
ters and 20 nm are the necessary diameters for metal and organic NPs, respectively. One example
is shown in Figure 24 (58), in which polymers were trapped at a focus and aggregated with each
other, producing a single assembly. The assembly, which was saturated by radiation, was about
1 wm in size, similar to its focal volume. In this case, the gradient force overcame the scattering
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Figure 1

Tllustrations of optically evolved assembly. The modification of optical potential and the expansion of the
distribution of molecules and nanoparticles (NPs) are induced by interactions between the trapping laser and
the NPs. (#) A single NP at a solution surface, (J) a single crystal of L-phenylalanine at a solution surface, (¢) a
single assembly of polystyrene (PS) NPs with hornlike elongated linear aggregates at a solution/glass interface,
and (d) Au NPs at a solution/glass interface. As NPs are distributed only below the solution surface and
interface, the top of each illustration is flat. The focal volume of the 1,064-nm trapping laser is approximately
1 wm?, while the optically evolving molecular crystal shown in panel 4, the periodic arrangement of PS

NPs with four horns in panel ¢, and the two swarms of Au NPs in panel d reach a few tens of micrometers.

force in the focal volume; however, for a larger trapped aggregate, the scattering force can be
stronger than the gradient force. In the latter case, the aggregate was then ejected from the fo-
cus. This is one reason why an assembly in solution usually has a size similar to that of the focal
volume. This behavior is quite common in solutions and has been systematically confirmed for
poly(N-isopropylacrylamide) (PNIPAM) and its family (56, 57).

The 1,064-nm trapping laser excites the overtone vibrational mode of H, O, leading to local
laser heating (87) and subsequent thermal conduction. In the case of PNIPAM in aqueous solu-
tion, the polymer changes from random coil to globule conformation with prolonged irradiation,
exhibiting a sol-gel phase transition. Indeed, one assembly observed at the focus reached a size
of 10 pm, much larger that the focal volume, reflecting the heated area (56). To monitor the
local structures of polymers, pyrene-labeled PNIPAM (Py-PNIPAM) was studied, as shown in
Figure 2b (57). Dimer fluorescence around 480 nm reflects a high local concentration of dimer
configurations in the ground state, while the vibrational structure of pyrene fluorescence indicates
local polarity. Both photothermal and optical trapping effects determine the assembly structure in
H, O, but the former effect is hampered in D,O and the characteristic spectral change indicates
strong packing of PNIPAM by optical trapping.
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Another example shown in Figure 2c¢ is the formation of ordered fibril- and particle-like as-
semblies during the solvent evaporation process on a glass substrate (60). This is achieved by
combining laser irradiation with convection flow in the cast solution. When the viscous drag of
the solution in the convection is stronger than the optical force, fibril-like assemblies can form.
The molecular orientation in these assemblies differs from that in self-assembled fibril-like struc-
tures, and such orientation can be controlled by the polarization direction of the focused laser
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Figure 2 (Figure appears on preceding page)

Optical trapping and assembling phenomena coupled with thermal effects. (Left, 7) Illustrations of the experiments. (Right, 7i) Schematic
illustrations of respective laser trapping behaviors. The laser power is given in corresponding optical images. (#) Laser trapping
behavior of poly(N-vinylcarbazole) in N,N-dimethylformamide. (/) Optical transmission micrographs around the focal spot, showing a
particle-like molecular assembly. Panel # subpanel 7 adapted with permission from Reference 58; copyright 1998 American Chemical
Society. (b) Fluorescence analysis of laser trapping of pyrene-labeled poly(N-isopropylacrylamide) in H,O and D;O. (7) Optical
transmission micrographs around the focal spot in Hy O, producing (i7) a large molecular assembly due to photothermal effects.

(7ii, iv) Normalized fluorescence spectra, which were obtained by laser trapping in (subpanel ii7) H,O and (subpanel iv) D, O solutions,
are shown at the different irradiation times. Panel 4 subpanels 7, ii7, and iv adapted with permission from Reference 57; copyright 1997
American Chemical Society. (c) Laser trapping behavior of poly{2,7-[9,9-bis(2-ethylhexyl)fluorene]} in tetrahydrofuran. (7) Fluorescence
images and (i) illustrations show the fibril-like assembly growing along the solvent flow. The chemical structure of the polymer is given
in the inset to subpanel i. Panel ¢ subpanel 7 adapted with permission from Reference 60; copyright 2007 American Chemical Society.
(d) A millimeter-scale dense liquid droplet of glycine (23 wt%) formed under focused laser irradiation of a thin film of the D,O
solution. (7, Top) Optical micrographs are shown of the sample and (bottor) the corresponding solution surface profiles before and after
irradiation. Panel d adapted with permission from Reference 95; copyright 2012 American Chemical Society.

beam. When the viscous drag of the convection solution is weak, particle-like assemblies form in
which polymer orientation is still controllable by the polarization direction of the trapping laser.

Heat generated at the focal spot diffuses to the surroundings, and surface tension decreases with
increasing temperature. Due to the resultant inhomogeneous distribution of surface tension, the
solution surface becomes depressed around the laser focus (91, 92), leading to the formation of an
ultrathin film just a few micrometers in thickness. In parallel, convection flow transports solutes
to the depressed area upon which optical force is acting (93). As a result, the efficient optical
trapping of transported solutes is achieved, and the local solute concentration quickly increases,
resulting in nucleation for liquid-liquid phase separation (LLPS). In fact, a dense liquid droplet is
formed through phase separation in a thin film of a supersaturated D, O solution of glycine (94,
95). Liquid nucleation takes place after the surface depression occurs, and the liquid nucleus grows
increasingly larger by absorbing solutes from the surrounding solution. As shown in Figure 24,
the droplet takes on a thin convex shape with a diameter of 5 mm, which is 5,000 larger than
the focal spot (about 1 pm in diameter). The saturation degree of the dropletis 2.7, but it remains
a liquid without crystallization under laser irradiation. Similar droplet formation is observed for
other amino acids, potassium chloride, and urea. As introduced in Figure 25—, optical trapping
occasionally accompanies thermal effects, such as the phase transition of polymers, convection
flow, and surface deformation, through which a unique molecular assembly with a size much larger
than that of the focal volume is formed in a spatially and temporally controlled manner.

3. OPTICALLY EVOLVING CRYSTALS AT THE SOLUTION SURFACE

During laser trapping at a solution surface, molecular or ionic crystals are formed at the focal
spot. This crystallization was first demonstrated for glycine in 2007 (96). Since then, it has been
observed for other amino acids (97-105), potassium chloride (106), sodium chlorate (107), and lead
halide perovskites (108, 109). Laser trapping locally and transiently increases the concentration
of solutes not only at but also around the focus. Therefore, crystallization can be induced even in
an unsaturated solution. A representative example is given in Figure 34 (101). The trapping laser
was focused onto the surface of an unsaturated solution of r-phenylalanine (L-Phe). The initial
solution has a saturation degree of 50%, a situation that never exhibits spontaneous crystalliza-
tion. After several minutes of irradiation, crystallization is induced at the focal spot. The resultant
plate-like L-Phe crystal is stably trapped at the focus and continuously grows larger. This crystal
growth pauses when the laser power is decreased to one-twentieth of the original value. The crys-
tal is stably trapped even at this low laser power but starts to dissolve after a certain amount of
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Laser trapping—induced crystallization of L-phenylalanine (L-Phe) in H>O. (#) Optical transmission micrographs around the focal spot
and (b) a graph of time evolution of the crystal plate area during laser trapping at the air/solution interface. Panels # and b adapted with
permission from Reference 104; copyright 2018 American Chemical Society. (¢) A schematic illustration of laser trapping dynamics at
1.1 and then 0.06 W. (d) Optical micrographs of particles around an L-Phe crystal. Panel 4 reproduced with permission from Reference
101; copyright 2013 American Chemical Society. (e) An optical reflection image of an L-Phe crystal. Panel e reproduced with permission
from Reference 105; copyright 2019 The Japan Society of Applied Physics. (f) A graph showing the temporal change in the crystal
plate arca upon the step-by-step decrease of laser power. The 2D crystal growth rate at cach laser power is shown. Panel fadapted with
permission from Reference 103; copyright 2016 American Chemical Society.
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time (Figure 34,b). The stationary state keeping crystal size constant can be explained by assum-

ing a highly concentrated area of solute around the crystal (Figure 3¢). This dense area gradually

diffuses into the surrounding solution during the laser irradiation at low power. As a result, the

surrounding solution is homogenized, and the crystal is exposed to the unsaturated solution, ini-

tiating crystal dissolution. Indeed, the crystal quickly dissolves when it is optically manipulated to

a position far from the original focal spot. The size of the highly concentrated area was estimated

by the optical manipulation experiment to be a few tens of micrometers.
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The mechanism of formation of a highly concentrated, large area of L-Phe may be similar
to that of the dense liquid droplet of glycine (Figure 3¢). L-Phe liquid-like clusters, in which
solute and solvent molecules are associated with weak interactions, are attracted by optical force
and merge with each other, forming larger clusters. Through this process, the optical potential
becomes increasingly deeper, and the local concentration is gradually increased. As a result, liquid
nucleation takes place at the focal spot. While being irradiated, the resulting liquid nucleus is
more energetically favorable than the surrounding solution and so enlarges through spontaneous
growth. We call the dense area a cluster domain, as it is formed by the association of L-Phe liquid-
like clusters. Actually, two order parameters and a concentration of solutes with their associated
structures are known to be necessary for crystallization. Before crystallization, the optical potential
forms only at the focal spot, and the shape of the potential reflects the intensity distribution of the
incident laser beam. In contrast, the optical potential is spatially modified after crystallization, as
illustrated in Figure 15. The potential is extended to the outside of the focal spot, which enables
optical trapping at the edge of the crystal.

The expansion of optical potential is visually confirmed by trapping PS MPs with a diameter
of 1 pm. Upon focused laser irradiation, the MPs gather at the edge of an L-Phe crystal. The
MPs are closely arranged at the crystal edge, although they are not directly irradiated by the laser
(Figure 3d). After switching off the laser, the gathered MPs start to diffuse into the surrounding
solution, meaning that the particles are transiently attracted by the laser irradiation. This remote
trapping at the crystal edge can be explained by an optical mechanism. The laser light sent into
the center of the crystal propagates inside the crystal outward from the focus and forms an optical
potential at the crystal edge. This extended optical potential attracts MPs to the crystal from the
surrounding solution. Similarly, .-Phe in a surrounding cluster domain is also trapped at the crystal
edge, which leads to continuous crystal growth even in the unsaturated solution. The mechanism
of light propagation is supported by the observed framework-like structure of the crystal. We
investigated the crystal growth behavior of L-Phe with reflection microscopy under laser trapping
conditions. L-Phe crystals appear to be colored in reflection micrographs due to the interference
of white light being reflected at the upper and lower crystal faces. The interference is strongly
dependent on crystal thickness, so the inhomogeneity of crystal thicknesses is visualized. We found
that a framework-like structure with a wider thickness is formed from the focus toward the crystal
edge (Figure 3e). This structure likely acts as a waveguide to propagate the laser outward from the
focal point, and the propagated light modifies the optical potential, enabling the optical trapping
of L-Phe and MPs at the crystal edge. How L-Phe molecules are trapped and concentrated at and
around the focus is dependent on the power of the laser. Thus, the 2D growth rate of plate-like L-
Phe is slowed down by a decrease in the input laser power (Figure 3f). Therefore, crystal growth
can be optically controlled by tuning the laser power.

4. OPTICALLY EVOLVING ASSEMBLY OF POLYMER NANOPARTICLES
AT THE SOLUTION SURFACE

The optical assembly of PS NPs is itself an interesting topic in colloid science and technology and
is also considered to be a useful reference for the optically evolving crystallization of molecules. In
the case of 200-nm PS NPs at a solution surface (110), a disklike assembly is formed and continu-
ously grows, keeping a circular shape during the irradiation as shown in Figure 44. The trapping
laser seems to gather NPs, propagate through the formed NP assembly, and expand the trapping
potential further, thus growing the aggregates outward at the solution surface. NPs confined in
focal volume induce the scattering of the trapping laser, and the surrounding NPs propagate the
scattered laser, forming a potential just outside the circular assembly. PS NPs are trapped in the
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Figure 4

(@) Optical transmission micrographs and (b) backscattering images from the optical trapping of 200-nm PS NPs at an aqueous solution
surface after switching on the trapping 1,064-nm laser. Panels # and 4 adapted with permission from Reference 110; copyright 2016
American Chemical Society. () Optical transmission micrographs and (d) a schematic illustration for the optical trapping—induced
assembly and rearrangement of 1-pm PS MPs at a D, O solution surface. Hornlike assembly, CC-like structure, pistol-like ejection
(outlined by red rectangle), and HCP-like structures are indicated in corresponding images. Panels ¢ and d adapted with permission from
Reference 111; copyright 2020 American Chemical Society. Abbreviations: CC, concentric circle; HCP, hexagonal close-packed; MP,
microparticle; NP, nanoparticle; PS, polystyrene.

potential, increasing the circular assembly size. This optically evolved assembling proceeds until
the formed optical potential becomes shallow, comparable to the thermal energy of NPs. To con-
firm this idea, we monitored the backscattering pattern from the assembly. Figure 45 shows the
time evolution of the backscattering images from the 1,064-nm trapping laser, in which the con-
centric circle (CC) pattern extends continuously and symmetrically into the surrounding solution.
The growth of the circular shape of backscattered light corresponds well to the images shown in
Figure 4a.

How intense laser irradiation traps NPs and MPs at the focus in a solution has been studied
by many groups, but it is not widely accepted that optical force is useful for forming a large disk-
like assembly of molecules and NPs at the solution interface. To visualize the trapping assembly
dynamics, we have sampled 1-pm PS MPs (111). When the 1,064-nm laser is focused, the MPs
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gather far from the focus, leading to the formation of a single large assembly with CC-like packing.
The assembly evolves with the irradiation time, exhibiting an increase in lateral size, producing the
pistol-like ejection of several MPs in a linearly aligned manner, rearranging to another CC-like
assembly, and eventually forming a hexagonal close-packed (I1CP) structure of PS MPs. Repre-
sentative sequential transmission optical micrographs are shown in Figure 4¢. The CC-like struc-
ture is considered to be kinetically prepared, while the 2D HCP structure is thermodynamically
favored at the interface (112, 113). This is an experimental model of what happens microscopically
at the solution surface upon optical trapping. The behavior presently observed with continuous
irradiation is illustrated in Figure 44.

Pistol-like ejection is always induced radially from the center to the outside, so we think that
the light scattering and propagation of the trapping laser inside the CC assembly has an impor-
tant role in this process. Occasionally, we observed that the 1-pm PS MPs were radially extended,
forming a line, and then they were ejected. This occurred along the scattering lines of the trap-
ping laser from the focus, as similarly observed for 200-nm PS NPs at the solution surface (114)
and for 500-nm PS NPs at the solution/glass interface (115). Here the 1-pm PS MPs in the line
were ejected when the incoming MPs collided with the assembly, as illustrated in Figure 4d. We
observed that the laser scattering always looked like multiple radial white streams expanding from
the center of the CC-like structure. This supports our idea that the scattered light of the trap-
ping laser from the central part of the CC-like assembly and its directional propagation through
the structure is the origin of pistol-like ejection at the solution surface. Quantitative analysis of
pistol-like ejection is being performed; for example, the ejection speed for the highest laser power
(1.4 W) was estimated to be 200 pwm/s, and the ejection angle was tilted by 11—15° from the
solution surface.

5. OPTICALLY EVOLVING ASSEMBLY OF POLYMER NANOPARTICLES
AT THE SOLUTION/GLASS INTERFACE

Light scattering and propagation of the trapping laser are critical for molecular crystallization
and disklike assembly formation of NPs, which is directly demonstrated by the periodic assem-
bly formation of 500-nm PS NPs at the solution/glass interface (Figure 54) (115). Compared to
that with the solution surface, the interface with glass is rigid, so PS NP packing is more stable,
leading to an arrangement that allows more efficient scattering and propagation of the trapping
laser. The single lateral assembly is deformed and becomes elongated along the linear polariza-
tion direction of the trapping laser. This is due to the high numerical aperture of the objective
lens used. For the circularly polarized laser, the assembly shape is circular. A long period of irra-
diation with a linearly and circularly polarized laser produces elongated and circular assemblies
with four and six horns at their edges, respectively. The packing structure at the center determines
the expanding assembly shape by propagating the trapping laser. The tetragonal and hexagonal
packing structures at the assembly center, which correspond to four and six horns, respectively,
are monitored by diffraction pattern measurement, as shown in Figure 55. In addition, Figure 5¢
shows the transmission spectra for four and no horns, which agree well with the images of these
structures. This polarization-dependent assembly is well explained by theoretical calculation of
the laser beam profiles at a focal plane. The calculated profiles in Figure 54 match the shapes of
the corresponding NP assemblies, so the PS NPs seem to be arranged according to the trapping
laser intensity distribution. The results confirm that propagation of light from the trapping laser
through packed PS NPs yields the horns, which is illustrated in Figure 1c. This mechanism has
great potential for assembling and fabricating fascinating materials.
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Figure 5

(@) Optical transmission micrographs of the optical trapping of 500-nm polystyrene (PS) nanoparticles (NPs) at an aqueous
solution/glass interface. (1op) Linearly and (bottorm) circularly polarized lasers produce four and six hornlike structures, respectively, at
the edges of the single disklike assemblies. The polarization is shown by straight and circular black arrows. () Temporal changes in
optical transmission micrographs and diffraction patterns of the optical trapping of 500-nm PS NPs at an aqueous solution/glass
interface with the linearly polarized laser. (¢) Optical transmission micrographs of NP assemblies (/ef#) with horns and (right) without
horns and the corresponding transmission spectra measured at the focus. These assemblies are formed at different times during the
optical trapping of 500-nm PS NPs at an aqueous solution/glass interface with a linearly polarized laser. (4, left) Images and illustrations
showing the spatial distribution of calculated laser intensity with a high-numerical aperture lens for linearly and circularly polarized
lasers. (Middle) Schematic illustrations showing assembly growth of 500-nm PS NPs with (70p) tetragonal and (bottomz) hexagonal
structures for linearly and circularly polarized trapping lasers, respectively. The trapping laser propagates along the structures,
producing either four or six horns. (Right) Backscattering images of the trapping laser observed from the assembly. Images in panels #
and d reproduced with permission from Reference 115; copyright 2016 American Chemical Society.
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6. OPTICALLY EVOLVING SWARMING OF GOLD NANOPARTICLES
AT THE SOLUTION/GLASS INTERFACE

Recently, we have extended these experiments at the solution/glass interface to gold (Au) NPs,
and we have found a new phenomenon that is characteristic of their inherent surface plasmon
resonance (SPR) (116). The heavy 200-nm Au NPs sink to the bottom of the sample but are lifted
upward upon trapping laser irradiation, as shown in Figure 64. Initially, a few Au NPs are trapped
at the focal spot at the interface and efficiently scatter the trapping laser light. With linearly po-
larized laser irradiation, dipolar scattering of Au NPs renders the light distribution perpendicular
to the direction of laser polarization. The scattered light expands the optical potential and col-
lects more Au NPs at both sides of the assembly outside the focal spot (Figure 65). The NPs
fluctuate as a group like flying bees and form a dumbbell-shaped assembly of about 5 x 10 pm?
at the solution/glass interface. In the case of circularly polarized laser irradiation (Figure 6c¢), the
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Figure 6

(@) A schematic illustration of the optical trapping and swarming of 200-nm Au NPs at an aqueous solution/glass interface. Au NPs sink
to the bottom of the sample cell and are then lifted up by trapping laser irradiation. (b,¢) Temporal change in light-scattering images
showing the optical trapping or swarming of Au NPs with a linearly (panel 4) or circularly (panel ¢) polarized laser. Panels 4 and ¢
adapted with permission from Reference 116; copyright 2018 American Chemical Society. (d) Light-scattering images of Au NP
trapping and swarming using two linearly polarized trapping laser beams of equal power. The distance between the centers of the two
laser beams is given in the images. (¢) Schematic illustrations of Au NPs first swarming and then stopped in a single microdroplet of
PNIPAM, which is prepared by local phase transition due to photothermal heating of the NPs. Abbreviations: NP, nanoparticle;
PNIPAM, poly(N-isopropylacrylamide).

www.annualreviews.org o Optical Force Chemistry 577

44



Annu. Rev. Phys. Chem. 2021.72:565-589. Downloaded from www.annualreviews.org
Access provided by National Chiao Tung University on 07/29/21. For personal use only.

trapping laser expands isotopically in all directions, and consequently a circular swarming assem-
bly is formed. The Au NPs undergo vigorous fluctuation, and back-and-forth movement between
left and right swarms is observed. Multiple scattering among multiple NPs must be intrinsic, and
the position of NPs can be replaceable, that is, one NP can be replaced with another. To demon-
strate this characteristic, we split the trapping laser into two and manipulated the NPs freely with
a Galvano mirror. Figure 6d shows that the number of swarms and the distance between them
can be controlled by changing the distance between the foci of the two trapping lasers.

Au NPs efficiently scatter the trapping laser, which leads to larger NP swarms when the laser
wavelength matches the SPR band (117). In the beginning of this section, we described the results
of trapping 200-nm Au NPs with a 1,064-nm laser. Under the same conditions, the swarm is not
found when the diameter of the NPs is smaller than 200 nm. The SPR band shifts to a shorter
wavelength when the Au NP size decreases; as a result, the 1,064-nm laser becomes off-resonance
for the smaller NPs. In other words, the swarming assembly for smaller Au NPs should be ob-
served if the laser wavelength is shifted toward the SPR band. Of course, a larger swarm could be
achieved if the wavelength is exactly resonant to the SPR band. Optically evolved assembling and
swarming are considered to be complex behaviors, and a large number of Au NPs interact with
each other through attractive multiple light scattering and electrostatic repulsion, which expands
the effective optical trapping potential, as illustrated in Figure 1d. Brownian motion, hydrody-
namic interaction, and thermal heating must be coupled with the swarming (118); however, the
swarming surely starts from the scattered light of Au NPs, and matching the trapping laser with
the SPR band is critical.

In general, heating and convection induced by the laser irradiation of Au NPs have been ex-
tensively studied (119, 120), and these modes should be involved in the present assembly and
swarming phenomena. One important issue to examine is how the dumbbell-shaped swarm de-
pends on the heating and convection caused by irradiation of Au NPs. We designed an experiment
to add PNIPAM to an aqueous solution of Au NPs. As mentioned previously, this polymer is solu-
ble in water but undergoes LLPS above its lower critical solution temperature (32°C) (121, 122).
"T'his behavior is locally achieved by irradiating a single Au NP under a microscope (123, 124). In
the case of Au NPs in PNIPAM solution, trapping, local heating, and local LLPS develop simul-
taneously, as they are coupled with each other (118). The Au NPs are embedded in the prepared
droplet of PNIPAM and no longer show swarming, as illustrated in Figure 6e. The observation
and analysis of such dynamically evolving processes provide information on the morphology and
sizes of swarms and assemblies.

7. MECHANISM AND APPLICATION OF OPTICALLY EVOLVED
ASSEMBLING AT SOLUTION SURFACES AND INTERFACES

We have described the optical force—induced assembling phenomena of molecules and NPs at
solution surfaces and interfaces, showing that the assembly size is much larger than the focus.
Our proposed mechanism is supported by direct observation of light scattering and propagation
of the trapping laser, and we know that surface tension, convection flow, and thermophoretic ef-
fects (125-127) are all involved to various degrees. We plan to integrate all possible dynamics
and mechanisms to enable a comprehensive understanding of this process. Here we introduce our
recent results on the optical trapping and assembling of 100-nm PS NPs at the solution surface
and point out a new possible mechanism. Upon irradiation of a 1-pum focal spot, we found a single
large, disklike assembly a few tens of micrometers in diameter around the spot (Figure 7). Appar-
ently, this assembly is similar to that produced by 200-nm PS NPs; however, needlelike structures
expanding radially out of the focus are also formed (128). After switching off the trapping laser,
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Figure 7

(@) Optical transmission micrographs of the optical trapping of 100-nm polystyrene (PS) nanoparticles (INPs) at an aqueous solution
surface. (b)) Optical transmission micrographs of the optical trapping of 100-nm PS NPs around an optically trapped 10-pm PS
microparticle at the surface of a D, O solution. Micrographs in figure reproduced with permission from Reference 128; copyright 2020
American Chemical Society.

the assembly dissolves and the needlelike structures disappear while the highly concentrated NP
domain slowly dissipates. If the trapping laser is switched on again soon, the domain shifts back
toward the focus, the disklike assembly is restored, and even the needles reform.

We have designed a new experiment to hamper the light scattering of the trapping laser from
the focus, that is, the optical trapping of 100-nm PS NPs around a single optically trapped 10-pm
PS MP at a D,0 solution surface. Surprisingly, a similar disklike assembly of NPs as well as
needlelike structures forms outside the large 10-pm PS MP (Figure 75). A similar behavior is
observed when switching on and off the laser sequentially. Most of the trapping light irradiates the
big MP while the surrounding area is affected by leaked trapping light. These needlelike structures
are similar to a discharge pattern from material after a high voltage is applied to its center. The
power of the 1,064-nm trapping laser, which is 1.4 W, is focused onto a small 1-pum? area so
that the laser fluence is roughly 140 MW/cm?. This power density may result in an optical Kerr
effect in which the optical properties of materials are changed; such changes are conventionally
examined by irradiating with a nanosecond to femtosecond laser pulse (129, 130). In our case,
CW high-power irradiation may orient phenyl substituents and modify the segment structures
inside the PS MP, accompanied by a change in surface charge; consequently, water molecules,
being coupled with rearrangement of the 100-nm PS NPs, are dynamically reoriented.

In fact, the assembly of 1-pm PS MPs and the formation of needlelike structures both start
at the MP surface. The simulation study reports that the dielectric particles are rearranged in a
linear manner under electrical and magnetic fields (131). At the molecular level, these behaviors
should be assisted by charge transfer and electron transfer through the hydrogen-bonding net-
work of water molecules. The collected 100-nm PS NPs must be coupled with this network, which
induces the electronic polarization of water molecules. We infer that the radially expanding as-
sembly of 100-nm PS NPs may be ascribed to the formation of a giant dipole consisting of water
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molecules and the small NPs at the solution surface. The giant dipole and needlelike structures
might enable the local electrostatic effect to propagate further than a few tens of micrometers.
Such an electrostatic effect may be coupled with the light scattering and propagation.

As previously discussed, optical trapping is usually limited to the area of focus, conventionally
about 1 wm?, but at solution surfaces and interfaces the area affected by irradiation expands into an
area with a diameter of a few tens of micrometers, which suggests the great potential of optically
evolved assembly in materials applications. The first example of an application is the preparation
of a large assembly of MPs, such as our recent successful fabrication of a submillimeter disklike
assembly of 20-pm PS MPs with a necklace-like structure of 1-pm PS MPs (132). In the initial
solution, I-pm MPs are homogeneously dispersed in D, O but 20-wm MPs float on the solution
surface due to their having a lesser density than the solvent. Upon trapping a 20-pm MP, 1-
pm MPs gather at the surface of the trapped MP and arrange into a circular pattern, forming
a necklace-like structure. With further irradiation, more 1-um MPs are trapped in a concentric
manner, producing multiple necklace-like structures at the surface of the 20-pum MP. This hybrid
colloidal assembly is shown in Figure 84 expanding to 150 pm away from the focal spot, although
the focal spot diameter is approximately 1 pm as usual. The extension of the optical potential
coupled with a specific light propagation mode such as the whispering gallery mode gives us an
opportunity to fabricate such a large millimeter-scale assembly with a unique structure.

The second example is the application to lead halide perovskites, a new class of semicon-
ductor materials for next generation optoelectronic devices (108, 133). Optical trapping occurs
at the air/solution interface of unsaturated precursor solutions {MABr/PbBr,/MACI/PbCl, [MA
(methylammonium) = CH;NH; 7] in a mixture of DMSO (dimethyl sulfoxide)/DMF (dimethyl-
formamide)}. After laser irradiation for a few minutes, a single perovskite crystal (MAPbBr;_,Cl,)
is formed at the focal spot. This is due to a local increase in the concentration of perovskite pre-
cursors. Indeed, the precursor solutions remain unsaturated after irradiation. Laser trapping of
perovskite precursors also enables control of the halide exchange reaction. In the process of trap-
ping MAI (methylammonium iodide) at the surface of a MAPbBr; crystal, an exchange reaction
of MAPbBr; with iodide ions is induced, and MAPbBr;_,1,,, which has a narrower band gap, is
formed only around the focal spot. Photoluminescence at the trapping site gradually changes to
red from green, while the nonirradiated parts continue to emit green light, as shown in Figure 8.
The optically controlled anion exchange offers a new methodology for the band gap tuning of per-
ovskite crystals, enabling the fabrication of a heterogeneous or gradient band gap structure with
unique optical and electronic properties.

The third example involves the use of supramolecular gels derived from low-molecular-mass
compounds that are formed through the self-assembly of molecules with multiple noncovalent
weak interactions such as hydrogen bonding, dipole-dipole interactions, van der Waals forces,
and solute-solvent interactions. The transition from solution to gel occurs at an elevated solute
concentration, so optical force acts as a new perturbation for assembling gelator molecules.
Supramolecular gelators with an azobenzene-based biscalix[4]arene exhibit unique assembly
formation (63), which accompanies the morphological change into the assembly (Figure 8c¢). In
optical trapping at the solution surface, a supramolecular assembly is formed at the focal spot. The
strong optical force results in a specific molecular association structure, and the resultant stable
assembly spontaneously increases in size. Upon switching off the laser, needle-like structures
are generated at the assembly surface, transforming it into a structure with a stable sea urchin-like
morphology. The molecular association pinned at the focal spot undergoes relaxation, and the
constituent molecules reorient due to their intrinsic weak intermolecular interactions, producing
a morphological change in the assembly. This shows that laser trapping is a new and promising
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(@) Schematic illustration of a huge submillimeter-scale arrangement of a necklace-like hybrid colloidal assembly of 1-pm and 20-pm
polystyrene (PS) microparticles (MPs) by optical trapping. () llustration and micrographs of a site-specific halide exchange reaction by
optical trapping perovskite [MA(methylammonium)PbBr3]. Panel 4 adapted with permission from Reference 133; copyright 2020
American Chemical Society. (¢) Illustration and micrographs of the formation of a supramolecular assembly accompanying
morphological change after switching off the trapping laser. Panel ¢ adapted with permission from Reference 63; copyright 2017
American Chemical Society. (d) Illustration and micrographs of an aggregation-induced emission during laser trapping. Panel d adapted
with permission from Reference 134; copyright 2020 John Wiley & Sons.

approach for preparing a single spherical assembly of supramolecules, analyzing its assembly
dynamics, and fabricating microstructures from single assemblies.

The fourth application involves an aggregation-induced emission enhancement (AIEE) of a
tetraphenylethylene (TPE) derivative known as AIEE-active dye. Upon laser irradiation, TPE
monomers undergo conformational transformation, and photoexcitation energy is dissipated via a
nonradiative pathway. As a result, TPE monomers exhibit weak, almost negligible, emission. When
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the monomers are densely aggregated and their conformational transformation is restricted, their
fluorescence is greatly enhanced. This emission behavior can be used to investigate the dynamics
of molecular assembly under optical trapping conditions. Upon the trapping of TPE at the solu-
tion surface, a small molecular assembly is formed at the focal spot after a few minutes (134). The
small assembly has a weak, almost negligible, fluorescence. This shows that the TPE molecules
constituting the small assembly continue the conformational transformation that accompanies
the dissipation of the photoexcited energy. With further irradiation, the assembly continuously
increases in size and suddenly strong fluorescence is generated, as shown in Figure 84. This flu-
orescence enhancement indicates that the assembly has changed into a densely packed aggregate
in which the intrinsic repulsive force of the protonated TPE is overcome by the strong optical
force. In laser trapping at an interface, local TPE concentration is efficiently increased, and in-
trinsic attractive and repulsive interactions are modified by the strong optical force, resulting in
the formation of unique molecular assemblies.

8. CONCLUDING REMARKS

The optical trapping dynamics and mechanisms of molecules, polymers, and NPs at solution sur-
faces are completely different from those of conventional ones inside the solution, and their as-
sembly sizes reach a few tens of micrometers larger than the focus. Optically evolving molecular
crystals, PS NP assemblies, and Au NP swarms at surfaces are described and discussed, in which
the gathering, trapping, arrangement, ejection, repulsion, and swarming processes are all driven
by optical force. This review indicates that a new chemistry field is being paved by optical trapping
at solution surfaces and that new applications are possible.

The development of optically evolved assembling is being advanced by designing new experi-
ments. One is plasmonic trapping, which is currently receiving a large amount of attention because
of the recent enhancement of optical force itself (135-141). In such experiments, metal nano-
structures and semiconductor needles are fabricated on their substrates. The surface and inter-
face leading to scattering and propagation of the trapping laser may also be involved in plasmonic
trapping. For example, morphology control and enantioselectivity in molecular crystallization are
being demonstrated by plasmonic trapping at the solution surface.

Another way to enhance optical force is to use the optical resonance effect in which the trap-
ping laser wavelength matches the electronic transitions of molecules and NPs in the trapping
target (142-144). In this method, optical stiffness and trapping time are used as measures of en-
hancement. Usually this technique is carried out in solution, but its extension to the solution/glass
interface should enable us to study the optical resonance effect of not only the gradient force but
also the scattering and absorption forces. This is due to the NPs being immobilized at the interface
by being pushed by scattering and absorption forces.

The introduction of various microscopic techniques should allow the optically evolving as-
sembly and swarming of molecules and NPs to be studied more widely and in greater detail.
Single-molecule fluorescence microscopy and super-resolution analysis should enable us to extend
dynamics and mechanism studies to nanometer-scale resolution (9, 10). Multiplane microscopy
will provide 3D information on optical trapping dynamics (145), while dynamic differential mi-
croscopy will be useful to elucidate 2D assembling dynamics, as in Figure 7 (146).

Further, pulsed lasers are useful to explore new optically evolved assembling and swarming
phenomena. We have extended femtosecond studies on the optical trapping dynamics of PS NPs
in solution, found trapping and ejection behavior, and proposed a mechanism based on the tran-
sient assembly formation of PS NPs in the optical potential (147-150). The assembly becomes
large, the scattering force overcomes the gradient force, and then the assembly is ejected from the
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optical potential. Such femtosecond optical trapping can be extended to solution surfaces, which
will enable us to explore new optical force—induced molecular phenomena. Thus, the study of
the optically evolved assembling of molecules and NPs is fundamentally important and provides
promising materials applications that will be more fully developed by new types of microscopy
and related tools and by theoretical analysis. We hope that our viewpoint, illustrated in Figure 1,
will be more widely developed and more deeply elucidated and that a new research field of optical
force-induced chemistry will open up.
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Abstract: Femtosecond (fs) laser trapping dynamics is summarized for silica, hydrophobically
modified silica, and polystyrene nanoparticles (NPs) in aqueous solution, highlighting their
distinct optical trapping dynamics under CW laser. Mutually repulsive silica nanoparticles are
tightly confined under fs laser compared to CW laser trapping and, upon increasing laser power,
they are ejected from the focus as an assembly. Hydrophobically modified silica and polystyrene
(PS) NPs are sequentially ejected just like a stream or ablated, giving bubbles. The ejection and
bubbling take place with the direction perpendicular to laser polarization and its direction is
randomly switched from one to the other. These characteristic features are interpreted from the
viewpoint of single assembly formation of NPs at an asymmetric position in the optical potential.
Temporal change in optical forces map is prepared for a single PS NP by calculating scattering,
gradient, and temporal forces. The relative contribution of the forces changes with the volume
increase of the assembly and, when the pushing force along the trapping pulse propagation
overcome the gradient in the focal plane, the assembly undergoes the ejection. Further fs
multiphoton absorption is induced for the larger assembly leading to bubble generation. The
assembling, ejection, and bubbling dynamics of NPs are characteristic features of pulsed optical
force and are considered as a new platform for developing new material fabrication method.

Keywords: Optical trapping, optical assembling, optical force, nanoparticle, femtosecond laser

1. Introduction

Laser was introduced to chemistry research soon after its
invention in 1960 and has been widely used because of its

superior nature such as monochromaticity, short pulse, high
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rotational, vibrational, and electronic energy levels of mole-

chemistry.” The pulsed laser has enabled time-resolved

spectroscopy and chemistry to describe the ultrafast processes
with initially nanosecond and recently attosecond time

have brought innovative development in optical microscopy.
Single molecule fluorescence spectroscopy, super resolution
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molecules, nanoparticles, and so on and its energy is used to
excite them electronically, which enables spectroscopy, photo-
physics, photochemistry, photothermal heating, ablation,
patterning, photobiology, phototherapy, and photomedicine
studies.

Recently laser receives much attendon as a light source for
exerting mechanical force on small microparticles and living
cells, particularly after Ashkin was awarded the Nobel Prize in
Physics 2018. He proposed optical tweezers by tightly focusing
a single laser beam to a single microparticle (MP)."" This is
completely different light-matter interactions, as photons are
not absorbed by the target. Large photon momentum of the
laser is transferred to the target by scattering, refraction, and
reflection, and mechanical force is loaded on the MP under a
microscope. We know that this concept of photon pressure
itself was experimentally examined by Lebedev!'” much before
ruby laser was oscillated. Now we have laser and its high
intensity can be focused to a small area, so that large
momentum transfer from light to matter is achieved. This
enables scientists to open a new rescarch area of optical

[13-25

manipulation. ! Tt was soon applied to biological targets

such as single living cell, bacterium, DNA strand, and so
[26-28]
on.
Optical manipulation was also extended to chemistry
research. Various kinds of molecules and nanomaterials have
been widely studied in solutions. Molecular clusters"®* and

(30,31] polymel‘s,[awﬂ DNA strands,?” micelles and
37-41]

aggregates,

130]

vesicles, nanomaterials, ! polymer NPs,“” and meral

NPs'“ are those of typical examples. One of the authors
(H.M.) introduced a Galvano mirror set to microscope systems

and achicved free manipulation of single MPs and single liquid

“" Fluorescence spectroscopy,™ time-

resolved absorption spectroscopy,®! micro-electrochemistry,*”!

[48] [49]

droplets in solution.

laser ablation,”™ and photopolymerization,”™ and various
chemical phenomena were explored for individual MPs and
microdroplets and were analyzed as a new physical chemistry.
These results were introduced as optical trapping-based micro-
chemistry by Ashkin.®"

When trapping laser is focused at solution surface and
glass/solution interface, completely different phenomena are
observed for molecules and NPs. A single assembly of them is
initially prepared inside the focus, and it scatters and
propagates the trapping laser, growing the assembly larger than
the focal volume. The scattered and propagated laser through
the assembly are further able to trap molecules and NPs at the
edge of the assembly. In the cases of amino acids and inorganic
ionic compounds, nucleation takes place during the growing
and it undergoes crystallization and crystal growth."¥ In the
case of polystyrene (PS) nanoparticles (NPs) their periodical
array and disc-like structure with concentric circle or hexagonal
23] Interestingly, Au NPs demonstrate
assembling and swarming at glass/solution interface, where the

packing are formed.!
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NPs fluctuate like a group of bees.’* We call these

phenomena “optically evolved assembling and swarming”, and
we have elucidated their dynamics and mechanism.P? As the
promising application of optical trapping at solution surfaces
to material science, halide pcrovskitc,[m supramolcculc,[58] and

(AIEE)-active

enhancement
[59]

aggregation-induced  emission
molecule have received much attention.

Most of the above chemistry research has been carried out
by focusing a 1064 nm CW laser into the small area of - pm®.
Usually light power as high as 1 W/um® is used for optical
trapping of NPs in solution, so that we notice about 100 MW/
cm’ is continuously irradiated on the focus area. Once the
trapping laser is turned on, NPs in the irradiated area receive
optical force and move toward the focal center, and there they
are trapped. With the irradiation, NPs are trapped in the
optical potential and form a single assembly, being accom-
panied with local heating, convection flow, phoretic effect, and
so on. All processes occur cooperatively and continuously. In
the case of pulsed laser irradiation this trapping behavior is
changed. Usually femtosecond (fs) Tizsapphire laser is utilized
in optical trapping, whose characteristics are typically the
wavelength of 800 nm, the pulse width of 100 fs, and the
repetition rate of 80 MHz. Optical force is loaded on NPs in
the irradiated area only during the pulse irradiation, and then
the NPs start free diffusion tll the next pulse comes. The high
peak intensity laser transiently gives a large momentum,
pushing the NPs toward the focus during the 100 fs and for a
while even after the pulse passed through. This loading of the
high attractive force and free movement are repeated with
80 MHz as illustrated in Figure 1, which leads to unique
trapping and assembling dynamics of NPs. The trapped NPs
form a single assembly, growing to a certain size. Since the
scattering force overcomes the gradient force for a large
assembly, it is ¢jected and dissociated to smaller aggregates.
Also, bubbles are generated and ejected, which is ascribed to
laser ablation of the single assembly of NPs by the trapping
laser itself. For a larger assembly, more efficient multiphoton
absorption of the trapping laser is possible, enabling laser
ablation to occur. It is well known that laser ablation of
molecules and NPs in solution induces bubbling.® These
results indicate that the assembly formation of NPs is a key
process to understand trapping dynamics by pulsed optical
force. In this Accounts we summarize our results on NP
assembling dynamics of the representative dielectric NPs®'-%
and consider the characteristic mechanism.

2. Optical Trapping of Silica Nanoparticles by

Pulsed and Continuous-wave Lasers

Since Ashkin reported optical tweezers by using PS MPs in
water, this solution has been used for demonstrating new
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Figure 1. Schemes of optical trapping of nanoparticles by repetitive femto-
second laser pulses. (1) Within the femtosecond laser pulse, impulsive
trapping force toward the focal point (shown in red arrows) is exerted on the
nanoparticles. (2) Even after the pulse has passed away, nanoparticles are
pushed to the focal point with the given inertia force (shown in red arrows).
(2') The inertia force loaded on the nanoparticles is decreased by the collision
with solvent molecules. (3) During the following time period before the next
pulse comes, nanoparticles undergo dispersion (shown in black arrows) from
the focal volume. In parallel, some nanoparticles are translated into the focal
volume from outside through Brownian motion (shown in black dotted
arrows). Reproduced with permission of ref. [63]. Copyright 2016 American
Chemical Society.

optical trapping phenomena and for proposing new manipu-
lation methods. PS MPs and NPs are stable, while their surface
can be chemically modified and functionalized. The size-
controlled MPs and NPs are commercially available. No
clectronic absorption band is located at the trapping laser
wavelength. The polymer particles are partially oxidized in air
and probably —COOH groups are prepared for PS MPs and
NPs, so they are charged more or less and well dispersed in
water. They can be good models for optical trapping of living
cells and organic matters. Silica particles have roughly similar
optical properties to the polymer particles, and have been used
as well. Their surface is hydrophilic and the particles are well
dissolved in water, which makes the particles biocompatible.
Metal MPs and NPs are also very popular and commercially
prepared. Mutual optical interactions between metal particles
are strong, modifying the trapping laser intensity distribution
and changing oprtical trapping phenomena. Thus, PS and silica
particles have been generally used and we find that their
unique trapping behaviors are induced by fs laser irradiation.
Optical trapping is made possible by focusing tightly an
intense trapping laser under a microscope, so the effective
diameter is usually less than 1 pm. Thus, one MP is trapped at
the focus, which is the cases of Ashkin’s early demonstration

Chem. Rec. 2021, 21, 14731488
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and the following many applications to living cells. In the case
of NPs, however, plural particles are confined in a space of
focus, about 1 pm’, and their mutual interaction is intrinsically
important. The samples discussed here are listed in Figure 2.
PS and silica NPs are used as hydrophobic and hydrophilic
NPs, respectively. PS NPs in aqueous solution may be
associated, aggregated, or even assembled with each other
when confined in an optical trap. Similarly, silica particles can
be trapped in a small potential, but they are relatively repulsive
and distributed separately due to its negatively charged surface.
The modification of silica NPs with octylethoxysilane (OTES)
increases their surface hydrophobicity and enhances interpar-
ticle association.'” N-butyl-N’-propyl triethoxysilane peryle-
nediimide (PDI) is a most frequently used chromophore in
single molecular spectroscopy, as it is very stable and has high
fluorescence quantum yield. Further its fluorescence property
is well known, so that PDI is introduced to the surface of silica
NPs and its density is controlled.'*”

Optical setup consists of trapping lasers, optical micro-
scopes, lenses, lamps, CCD cameras, related optical compo-
nents, computers, and displays as usual. Spectrometers and
fluorescence excitation lasers are also necessary. A representa-
tive arrangement is shown in Figure 3, where two observation
methods are possible. Light scattering images are obtained
with a dark-field condenser lens (Figure 3(a)) whose focus is
sct on the plane where the trapping laser is introduced.
Transmission images are available when the dark-field lens is
removed. The dynamics is in principle three-dimensional, so
we introduce a dual objective lens microscope (Figure 3(b))
and monitor the optical trapping dynamics not only at the
focal plane but also above and below it.

In the case of CW laser, trapping optical force and its
spatial distribution are constant with respect to time. On the
other hand, the pulsed optical force forms an attractive
potential temporarily changing and propagating along the
trapping optical beam axis. How this difference is reflected in
the trapping dynamics of NPs is an interesting and important
subject. Since light scattering intensity is proportional to the
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Figure 2. Illustrations of synthesized and commercial nanoparticles as well as
their surface chemical structures. Their abbreviation is summarized.
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Figure 3. Experimental setup for optical tapping of nanoparticles in solution
by femtosecond laser. The pulsed Ti:Sapphire laser is sometimes replaced by
a CW one. The wavelength of both lasers is 800 nm. (a) Dark-field scattering
imaging with a conventional microscope with one objective lens. Halogen
lamp from the upper or 488 nm laser from the bottom is used as a light
source for scattering measurement. (b) Transmission imaging by a dual
objective lens microscope. Mercury lamp from the bottom is used as a light
source.

number of NPs, gathering and trapping of Silica NPs-(50) at
the focus are measured by back scattering imaging and
compared for femtosecond and CW laser as in Figure 4. In
aqueous solution, light scattering intensity at the focal point
increases with the irradiation time and saturated around 40 s
after switching the laser on. This means that the number of
the trapped NPs increases monotonously, which is common to
both laser modes. It is noticeable, however, that the intensity
fluctuation is large for CW laser as shown in Figure 4(a),
although almost same number of Silica NPs-(50) are trapped.
Many NPs come to the focus even after 40s but are repelled
soon, which repetition gives the fluctuation. On the other
hand, the movement of NPs in the pulsed optical potential is

- |

i i

Figure 4. The trapping dynamics of Silica NPs-(50) trapped at the focus in
aqueous solution by femtosecond and CW laser trapping. The laser of
350 mW power is turned on at 0's. (a—d) Scattering light intensity increase
in mixed solution with different viscosity. (¢) The rise time obtained by
analyzing the results of (a—d) (see text). Reproduced with permission of ref.
[64]. Copyright 2019 American Chemical Society.
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relatively small during the trapping. The NPs should be more
stably trapped, although the impulsive force of femtosecond
laser pulse might induce more fluctuation. We consider that
the repulsive force between silica NPs is suppressed by intense
pulsed optical force, and as a result they are better confined in
the pulsed potential. Indeed, the peak power of the 100 fs
pulse is 10° times higher than that of the corresponding CW
laser. This is the first feature of NPs trapping behavior by
pulsed oprical force.

In general, NPs undergo directional diffusion in solution
following optical gradient force, reflecting the viscosity. We
tuned the solution viscosity by adding ethylene glycol (EG)
with viscosity of 18.38 cP and summarized the obtained results
in Figure 4(b)—(d). The scattering light intensity of both fs and
CW laser trapping decreases with the increase in viscosity.
Namely, trapping is hampered more with the viscosity
increase. The trapping efficiency of the NPs depends on the
refractive index of medium, and the value of EG (1.43) is
higher than that of water (1.33). The efficiency is usually
expressed by a dimensionless value as Q=F(c/nP),"””” where F
is the net trapping force, P is the incident power, n is the
refractive index of a medium, and ¢ denotes the speed of light
in vacuum. By adding EG, effective refractive index of the
mixed solution increases compared to pure water. The optical
force exerted on Silica NPs is diminished, decreasing trapping
cfficiency.

By fitting the rise in the light scattering intensity to an
exponential rise curve, we estimate the rise time in the
femtosecond and CW laser trapping, as shown in Figure 4(e).
Following the increase in viscosity, the rise time in CW laser
trapping shows monotonic increase with viscosity. This is
consistent with conventional understanding on viscosity effect.
The diffusion of NPs becomes slow, giving the larger rise time,
in more viscous solution. In the case of femtosecond trapping,
however, the rise times in pure water (0.89 cP) and mixed
solution (1.29 ¢P) arc about 10s and do not show large
difference. After that the rise time increases and is almost
similar to that of the CW laser trapping at high viscosity of
2.32 cP. The viscosity dependence of trapping behavior with
femtosecond laser is different from that in CW laser trapping,
in which clarification needs more systematic examination.
Anyway, viscosity dependence is the second feature of NPs
trapping behavior by pulsed optical force.

By increasing the laser power to 400 mW, we find
interesting phenomenon that the scattering light intensity of
Silica NPs-(50) at the focus changes rapidly. As shown in
Figure 5(a), scattering intensity fluctuates more vigorously and
sometimes shows a sudden decrease to zero at higher viscosity.
This means the NPs are cjected from the focus. After that the
scattering intensity recovers, indicating that many NPs are
again trapped from the outside. The behavior is clearly
confirmed in the solution with the viscosity of 1.29 and
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Figure 5. The rise curve showing the increase of Silica NPs-(50) trapped at
the focus in mixed solution with different viscosity by femtosecond and CW
laser trapping. Sometimes sudden decrease is observed, showing the trapped
NPs are ejected from the focus. The laser is turned on at 0's, and its power is
increased to 400 mW. (a) Scattering light intensity change at the focus by
femtosecond laser trapping. (b) Scattering light intensity at the focus in the
mixed solution with the viscosity of 1.75 cP by femtosecond and CW laser
trapping. The scattering light images (i), (ii), and (iii) inserted in the upper
are observed at the time noted as (i), (ii), and (iii) in the lower scattering
light intensity change, respectively. The scale bar in the image is 10 pm.
Reproduced with permission of ref. [64] Copyright 2019 American Chemical
Society.

1.75 cP. When the number of the NPs at the focus reaches a
certain value, the ¢jection of NPs from the focus take place
occasionally. The behavior of Silica NPs-(50) is studied in
more detail for this solution of 1.75 ¢P and compared for CW
and fs lasers as in Figure 5(b). The number of the trapped NPs
in the CW casc is larger than that in the case for femtosecond,
and the scattering intensity fluctuates showing a slow rise up
to 160 s. However, the quick drop to zero is never observed.
The unique trapping behavior and ¢jection behavior is the
third feature of NPs trapping by pulse optical force.

We consider that a trapping status of Silica NPs-(50) at the
focus is changed at laser power higher than 400 mW. The
repulsion between the NPs is suppressed by this intense pulsed
optical force and a single assembly of the gathered NPs is
formed. It is well known that the scattering force is more
nonlinearly increased with the assembly volume compared to
the gradient force. When the assembly comes to a certain size,
scattering force overcomes the gradient force, leading to the
¢jection. When the scattering intensity becomes zero, the NPs
arc all removed at once and not partly remained at the focus.
The phenomenon of trapping and ejection can be explained in
terms of the formation of a single assembly and its following
¢jection. This idea is directly confirmed by observing the
scattering images included in Figure 5(b) (i)—(iii). In images (i)
and (iii), onc scattering white spot is observed at the focus,
while the scattering flowing out from the focus is observed in
the image (ii). These images can be correlated to the temporal
scattering intensity rise and drop. The image (ii) corresponds
to the zero value, while (i) represents gathered NPs at the focus
and is similar to (iii) of CW laser trapping. It is interesting and
important to propose that the pulse optical force assembles

Chem. Rec. 2021, 21, 14731488

© 2021 The Chemical Society of Japan & Wiley-VCH GmbH

even repulsive silica NPs, forms their single assembly, and
gjects it.

3. Optical Assembling and Ejection of
Hydrophobic Silica Nanoparticles

Our result is that repulsive Silica NPs-(50) are packed with
cach other by pulsed intense force, indicates that surface
chemical modification of silica NPs will modify their trapping
and ejection behavior. We synthesize OTES-modified silica
NPs with different thicknesses of OTES layer. The results on
their fs laser trapping experiment show more distinct ¢jection
behavior. (OTES)-Silica NPs-(50—130) give a stream-like
light scattering pattern, as shown in Figure 6(a). This stream
suggests that the ¢jection like Figure 5(b) (ii) takes place
sequendially. As the reference, the light scattering images of
Silica NPs-(50 and 100) are shown in Figure 6(b), where the
NPs are just trapped. As described above, these NPs are
packed, forming a single assembly, and the latter is ejected
from the focus after some irradiation time. The assembly
formation of hydrophobic (OTES)-Silica NPs-(50—130) is
efficient compared to Silica NPs-(50), so the e¢jection is
speedily and repeatedly during the irradiation. The cjected
assemblies scatter the light of halogen lamp, which is the origin
of the streaming pattern. It is worth noting that the cjection
direction is roughly perpendicular to linearly polarized laser
and the direction is alternatively switched. When the polar-
ization vector of the trapping laser was rotated c¢jection
direction was also rotated, keeping its perpendicular relation to

(b)

Figure 6. Optical trapping and ejection of various Silica NPs by femtosecond
laser. The laser power is 350 mW. The double-headed arrow indicates the
direction of laser polarization. (a) Light scattering images of OTES-Silica
NPs-(50—130) showing the ejection from the focus of which direction is
perpendicular to laser polarization and alternatively switched from one
direction to the other. The white bar corresponds to 10 pm. (b) Trapping of
Silica NPs-(50) (upper) and Silica NPs-(100) (lower), showing no ejection.
Line profiles represent scattering intensity distribution along the line through
the focal spot perpendicular to laser polarization. Reproduced with

permission of ref. [65] Copyright 2018 American Chemical Society.
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the polarization vector. This is the fourth feature of NPs
trapping behavior by the pulse optical force.

The unique trapping and the following ejection behavior
of OTES-Silica NPs-(100—130, 150, and 450) depend on the
thickness of OTES layer and the NP size. They gave a sphere-
like light scattering pattern which is ejected one by one, whose
representative example is given in Figure 7(a). This is obtained
only after a certain irradiation time. The light scattering sphere
is ¢jected from the focus and flown out, expanding its size and
reducing scattering intensity. The behavior is much different
compared to OTES-Silica NPs-(50—130). With the increase
in the OTES layer thickness, the ejection behavior is
phenomenologically switched from the scattering stream to
scattering sphere. One may doubt that the optical refractive
index is changed by OTES coating and the trapping efficiency
Q is changed. Fortunately, the refractive index of OTES
(1.42) is almost the same to that of silica, and the coating leads
just to volume expansion. Since the volume of (OTES)-silica
NPs-(100—450) is comparable to that of Silica NPs-(500),
the volume expansion is not a major factor. We tried to
interpret that the OTES surface assists association of the NPs,
resulting in the formation of a single assembly and the latter
looks as the scattering sphere upon its ¢jection.

Figure 7. Optical trapping and ejection dynamics of OTES-Silica NPs-
(100—450) by femtosecond laser. The red arrow indicates the focus and the
white bar corresponds to 10 pm. The laser power is 350 mW and the white
double-headed arrow show the laser polarization. (a) Light scattering images
observed at 10.2-10.26 s after stating the irradiation. Scattering spheres
correspond to the bubbles formed by ablation of assembled NPs. Line
profiles represent scattering intensity distribution passing through the focal
spot perpendicular to laser polarization. (b) Transmission images observed at
9.13-9.2 s after starting the laser irradiation. The black spheres correspond
to the bubbles formed by ablation of assembled NPs. Line profiles represent
transmission intensity distribution passing through the focal spot perpendic-
ular to laser polarization. The trapping laser is switched off at 9.3 s when the
focus is shown by the white dotted arrow. Reproduced with permission of

ref. [65]. Copyright 2018 American Chemical Society..
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The corresponding transmission images are given in Fig-
ure 7(b), where a dark sphere appears and moves out from the
focal area. Its size is smaller than that of the scattering sphere.
One possible explanation for these OTES-Silica NPs-(100—
450) behaviors is that the NPs assembled largely and ejected
without dissociation to the component NPs. Another is that a
single assembly of OTES-Silica NPs-(100—450) is formed
and ablated by the trapping laser, producing bubbles one by
one. By close examination of Videol (Supporting Informa-
tion), we find that the dark spheres become large after shifting
from the focus, always keeping their sphere shape. They are
ejected upward three-dimensionally away from the trapping
site. We have to consider that the bubble formation takes
place, which is eventually ascribed to multiphoton absorption
of the trapping laser by the assembly of the NPs. It is well
known that larger solid in solution has a lower ablation
threshold.”” The production and movement of the scattering
sphere observed in Figure 7(a) correspond to those of the dark
sphere of the bubbles in Figure 7(b) 1-3. The behavior of this
OTES-Silica NPs-(100—450) during the laser irradiation
(upper pictures) and after switching off the laser (lower
pictures) are compared with each other in Figure 7(b). The
size of the black sphere changes with time probably due to the
diffusion and floating of the bubbles out from the focal plane.
Thus, the assembling and bubbling is the fifth features of NPs
trapping bchavior by pulsed optical force.

4. Assembly Formation and its Fluorescence
Characterization of Silica Nanoparticles

It is important to confirm spectroscopically the assembly
formation of silica NPs. We design and synthesize a PDI-
OTES-Silica NPs-(100) by introducing PDI chromophore
(Figure 2). The PDI monomer fluorescence with vibronic
bands at 550 and 590 nm arc always obscrved, but the band
intensity at 656 nm is increased upon the dimer formation.
We prepare several silica NPs samples including low and high
density PDI. The transmission image is given in Figure 8(a),
where the central bright area is ascribed to PDI fluorescence
induced by two-photon excitation by the trapping femto-
second 800 nm laser. Its fluorescence spectra are measured
during the trapping and displayed as a function of irradiation
time in Figure 8(b).

As a reference we measure this PDI-OTES-Silica NPs-
(100) under various conditions and summarize them in
Figure 9. In aqueous solution of PDI-OTES-Silica NPs-(100)
with low PDI density, only monomer fluorescence is observed.
This spectrum is also obtained for a single PDI-OTES-Silica
NP-(100) with low (upper) and high (lower) PDI density on a
glass substrate. The results mean that PDI chromophores on
one PDI-OTES-Silica NP-(100) do not interact with each
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Figure 8. Transient assembly formation of PDI-OTES-Silica NPs-(100) in
aqueous solution in femtosecond optical trapping. (a) A transmission image
obtained by overlaying two alternative directional ejections of the black
sphere due to a bubble. The bright fluorescence of PDI chromophores is
observed at and around the focus by two-photon excitation with the
femtosecond 800 nm  trapping laser. (b) Temporal change of the PDI
fluorescence spectra during the trapping. (c—d) Temporal change of PDI
monomer (550 and 590 nm) and excimer (656 nm) fluorescence intensity
during the trapping. The excimer is ascribed to the association of PDI
chromophores belonging to different NPs, indicating transient assembly
formation of the NPs (see text). (e) Temporal change of PDI fluorescence
spectra obtained by one-photon excitation with CW 488 nm laser during the
800 nm CW laser trapping. All the spectra are obtained by accumulating the
fluorescence for 1s. Reproduced with permission of ref. [64]. Copyright
2019 American Chemical Society.

other, namely the distance between them is too long for pi-pi
electronic interaction. When PDI-OTES-Silica NPs-(100) are
assembled on a glass, the interaction between PDI chromo-
phores belonging to different silica NPs is in principle possible.
We prepare aggregates of these NPs by casting or spin-coating
of their solution and measure the PDI fluorescence. It gives
only monomer fluorescence and no enhancement of the dimer
emission is detected. Then we centrifuge the solution and
form aggregates of PDI-OTES-Silica NPs-(100) with low
(upper) and high (lower) PDI density on a glass substrate. We
find the excimer band in the assembly of PDI-OTES-Silica
NPs-(100) with low PDI density, which means that the PDI-
chromophores belonging to different NPs, are stacked with
cach other. This means a transient assembly with the stacked
PDI chromophores is formed. Thus, we conclude that pulsed
optical force is comparable to that of centrifuge force and
forms a strongly packed NPs assembly upon femtosecond laser
trapping NPs. The fluorescence spectra of the NPs during the
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Figure 9. Reference PDI fluorescence spectra used for concluding the
transient assembly formation of PDI-OTES-Silica NPs-(100) in aqueous
solution by femtosecond optical trapping. The 488 nm laser is used for
fluorescence excitation. (a) Monomer fluorescence spectrum of PDI-OTES-
Silica NPs-(100) with low PDI density (see text) in aqueous solution. (b)
Fluorescence spectra (upper and lower) of the assembled PDI-OTES-Silica
NPs-(100) with low and high PDI density on a glass substrate, respectively.
(c) Fluorescence spectra (upper and lower) of a single PDI-OTES-Silica NP-
(100) with low and high PDI density on a glass substrate, respectively. The
corresponding transmission images, where the single NP is selected and
measured, are inserted. (d) Fluorescence spectra of the centrifuged PDI-
OTES-Silica NPs-(100) with low PDI density (see text). (Blue spectrum)
Monomer and excimer bands at the central assembly, (red spectrum)
monomer and a little excimer bands at the high NP density, and (black
spectrum) only monomer band at the low NP density. Reproduced with
permission of ref. [64]. Copyright 2019 American Chemical Society.

CW laser trapping always consist of the monomer band, as
shown in Figure 8(¢), which is an important reference.

5. Optical Assembling and Ejection of Polystyrene
Nanoparticles

Another representative NPs studied in our group is PS NDPs-
(50) in aqueous. Their surface is hydrophobic and assembly
formation by the pulsed optical force is shown in Figure 10.
We observed a bright spot at the focus with the femtosecond
laser and its intensity is much higher than that obtained with
the CW laser of the same power. In addition, a white
scattering stream-like pattern is similar to Figure 6(a), which
can be ascribed to the PS NPs-(50) continuously ejected from
the focus to the outside. This takes place only to one direction
and switched alternatively. Thus, two oppositely extending fan
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Figure 10. Optical trapping and ejection dynamics of PS NPs-(50) in
aqueous solution by femtosecond laser. (a—c) The PS NPs are ejected to right
or left direction perpendicular to laser polarization, giving a scattering image
of half-opened fun shape. Its intensity distribution is taken from one line
passing through the focal point in parallel and perpendicular to the
polarization direction, and given in the graph above or side the correspond-
ing image. The combination of two images showing opposite ejection
direction is given for different laser polarization. Double-headed arrow
represent the direction of laser polarization. A bright dot at the focus is
ascribed to scattered light due to the assembled PS NPs and their benzene
excimer fluorescence obtained with three-photon excitation of femtosecond
trapping laser (See text). (d) The dark-field image of PS NPs trapped at the
focus by CW 800 nm laser. The laser power is 350 mW after the objective
lens. The arrow in cach panel indicates polarization direction of the laser.
Reproduced with permission of ref. [61]. Copyright 2012 Elsevier.

patterns are combined and overlaid as a pair in Figure 10(a)—
(c). We rotate the polarization direction of the trapping laser,
and then the ¢jection direction follows the rotation. The
central spot is very bright with the fs laser compared to the
CW laser, although the laser power is same 350 mW. We
consider that optical trapping is more efficient by femtosecond
laser and benzene excimer emission of PS excited by three-
photon absorption of the 800 nm laser is overlapped.

The NP concentration dependence is studied on PS NPs-
(50). In upper panels of Figure 11, the scattering intensity at
the focus is plotted as a function of irradiation time, namely,
how the trapped PS NPs-(50) increase at the focus and
fluctuate through their ejection. At 15.2x10* NPs/um’ (Fig-
ure 11A), the trapping site is filled quickly within a few tens
ms and keeps the high number of PS NPs. The NPs arc
continuously ejected out of the focus and supplied soon from
the surrounding, which corresponds to two alternatively
switched directions perpendicular to the laser polarization. At
1.1x% 102/}1m3 (Figure 11C), however, the number of the NPs
at the focus stochastically appears at a high level and turns
suddenly to a low level. which repeats in the same manner on
a second scale. An intermediate behavior is observed for the
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Figure 11. NPs concentration dependence of optical trapping and ejection
dynamics in aqueous solution by femtosecond laser. PS NPs-(50) ejection is
attained when their number at the focus reaches a certain value. The
concentration is (A) 15.2x 10*/pm’, (B) 3.8x 10%/um?, and (C) 1.1x10%
pm’. (Upper panels) Scattering light intensity change at the focal spot for 0 -
5 s after starting the trapping, and the intensity in the inserted graphs are
enlarged for 0-0.2s. (Lower panels) Illustrative representation of ejection
direction and frequency. Direction switching takes place randomly, and
ejection frequency is reduced for lower concentration. Reproduced with
permission of ref. [61]. Copyright 2013 American Chemical Society.

concentration of 3.8x10*/pm’ (Figure 11B). In the lower
panels the ejection direction perpendicular to the laser polar-
ization direction is illustrated up or down. The ejection occurs
sequentially for high concentration, but it becomes seldom for
low concentration.

Characteristic behavior of trapping and ¢jection of PS
NPs-(50) is examined by changing the pulse width. The very
critical dependence is made clear, as demonstrated in Fig-
ure 12. The scattering images of two overlaid partially opened
folding fans are brighter with the shorter pulse width, while its
directionality is confirmed for all the pulse width. The
gathering of PS NPs toward the focus during the laser pulse is
due to directional transport, and much different from conven-
tional diffusion and that under the CW laser trapping. It is
estimated, using the diffusion cocfficient of a 107'° m*/s (for a
NP radius of 57 nm,”" that PS NPs of 57 nm diameter travel
only the distance of ~3 pm and ~ 1 nm within the 100 fs pulse
and during the interval of 12.5 ns, respectively. The diffusion
length during the pulse width is not changed much from
125 fs to 85 fs, so that the dependence is probably ascribed to
pulsed optical force, which is critically determined as nonlinear
optical effect. The NPs are more efficiently trapped and
scattering with shorter pulse.

The repetition rate dependence is also critical, which is
summarized in Figure 13. In the standard case of 80 MHz, the
ejection is alternatively switched along the perpendicular
direction to the laser polarization. By reducing the rate,
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Figure 12. Pulse-width and polarization dependences of optical trapping and
cjection of PS NPs-(50) in solution by femtosccond laser trapping. The light
scattering images are obtained by combining two oppositely ejected half-
opened fun-like patterns. The polarization direction is indicated by the
double-headed arrow in each row, and the pulse width is tuned to 85, 100,
and 125 fs is indicated on the top of each column. The scale bar of 10 um is
applied for all images. Reproduced with permission of ref. [62]. Copyright
2013 American Chemical Society.
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Figure 13. Repetition rate dependence of optical trapping and cjection
dynamics of PS NPs-(50) by femtosecond laser. The NPs concentration is
3.8x10° NPs/um’, and the white double-headed arrow indicates the
direction of laser polarization. A small ejection is found in the red circle for
2.4 MHz. Reproduced with permission of ref. [61, 64]. Copyright 2013 &
2019 American Chemical Society.

however, ejection takes place to the random direction and the
scattering intensity becomes weak. Namely the number of the
NPs undergoing trapping and cjection is less. During the pulse
interval the assembly of NPs becomes small, the packing of
formed assembly is weak, and its dissociation from its edge to
the surrounding leads to the decrease in size. The assembly
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volume governs trapping force, so that smaller size of assembly
receives weaker scattering force, which results in the short
ejection distance. When the repetition rate is further decreased
to 2.4 MHz, the estimated diffusion distance of NPs during
the relaxation time is ~40 times longer than that in the
original 80 MHz. This results in the small size of the assembly,
leading to the weak beam pattern of PS NPs.

One direct information of the transient assembly dynamics
in the framework of Figure 1 is obtained by designing a new
double pulse train experiment. The 80 MHz fs pulse train is
split into double pulse trains, both are linearly polarized as
usual, and the time interval between double pulses is tuned in
the picosecond time region, as shown in upper panel of
Figure 14. Compared to the 80 MHz pulse train with the laser
power of the sum of two trains, the ejection by the double
pulse trains is less frequent. In the lower panel of Figure 14,
the ¢jection frequency of PS NPs-(50) and OTES-Silica-NDPs is
plotted against the internal of the double pulse. It consists of
two components; one is flat, showing no decay in the sub-
nanosecond time region, and the other is fitted to an
exponential decay curve. Sometimes the single assembly
survives up to the next double pulse comes, or the single
assembly decays with the time constant of a few ps. The single
assembly formation is stochastic, and its size and location may
fluctuate from pulse to pulse. The NPs may be enough
strongly packed and stable in the sub-nanosecond region, or
may dissociate to the component NPs. The formation
probability of both assemblies is half and half. This explan-

ation is consistent with stochastic nature of the trapping

phenomena.
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Figure 14. Optical trapping and ejection dynamics by femtosecond double
pulse experiment. (Upper) The time interval between the double pulse (o) is
controlled with keeping laser power and repetition rate of 80 MHz. (a)
Ejection frequency of PS NPs-(50) in aqueous solution as a function of the
time interval. (b) Ejection frequency of OTES-Silica NPs-(50) in aqueous
solution as a function of the time interval. Total laser power of the double
pulse is 200 mW. The obtained relaxation time is given in the graph.
Reproduced with permission of ref. [63]. Copyright 2016 American
Chemical Society.
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6. Optical Assembling, Ejection, and Ablation of
Nanoparticles

We have described the characteristic features of NPs dynamics
by pulsed optical force and their possible interpretation. A
scattering stream extending from the focus to the outside is
observed for OTES-Silica NPs (50—130) and PS NPs-(50),
which is ascribed to the ejection of the NPs, while a scattering
sphere for OTES-Silica NPs (100—130, 150, and 450) is
assigned to the bubbles prepared by ablation of the assembled
NPs. These phenomena have been obtained by a conventional
dark field microscope, although they are in principle three-
dimensional. Recently we have introduced a double objective
lens microscope and observed transmission images of their
behaviors at different focal planes. When the observation
objective lens is set at the same plane to the trapping objective
lens, small dark dots streaming from the focus to the outside is
observed for PS NPs-(50) (Figure 15(a), Video 2 (Supporting
Information)), which corresponds well to the ¢jection in the
light scattering images of Figure 10(a)—(c).

After moving up the observation plane by several tens pm
higher, bubbles are observed, while dark dots are also
identified. It is interesting to note that the bubbles are ¢jected
also perpendicular to the laser polarization. The bubbles are
alternatively generated from one side to the other and move up
due to buoyancy by increasing their volume (Figure 15(b)).
Shifting the monitoring objective lens to the upper solution-
glass interface, we find many bubbles are repeatedly prepared
and stay longer in both sides (Figure 15(c)). When the
monitoring objective lens is shifted several pm below the focal
planc of the trapping objective lens, we observed the scattering
stream of dots, which is quite similar to the results of
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Figure 15. Optical trapping, cjection, and bubbling dynamics of PS NPs-
(50) in aqueous solution observed by transmission images with dual objective
lens microscope. The images are observed (a) at the same focal plane with
trapping, (b) between the focal plane and upper solution surface, and (c) at
upper solution surface. Polarization direction of the femtosecond trapping
laser is vertical and horizontal in left right images, respectively.
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Figure 10(a)—(c). One may consider that the streaming dots
are ascribed to the sphere bubbles located at different focal
planes in upper solution. However, it is not probable that a
defocused image of a sphere bubble is observed as a stream of
dots. The fs laser irradiation to the bulk solution induces
bubbling is well known,®
directions. Thus, we examine PS NPs-(500) under the same
condition as a standard reference of fs laser bubbling. The PS
NPs-(500) show benzene excimer fluorescence and bubble

) and it happens randomly to all

generation, however, obvious directionality is not observed. In
this case assembly formation within the potential is difficult
because of its large size comparable to the focal area. It is
considered that the directionality of PS NPs-(50) bubbling
ascribed to the characteristic formation process of the
assembly.

7. Directional Ejection and Ablation Mechanism of
Polystyrene Nanoparticles

Here, we describe our theoretical consideration on trapping
and assembling dynamics of NPs by summarizing the relevant
theory and numerical calculation of force maps of the pulsed
optical force. This is carried out for a single NP. As the
diameter of a NP is sufficiently smaller than the wavelength of
the laser, a single NP is treated as a simple point dipole on
which optical force is exerted. The force consists of gradient
and scattering components. The gradient force is associated
with Lorentz force that acts on a dipole locating in an
inhomogeneous electromagnetic field, and is proportional to
&, where a is the radius of the NP. The scattering force is
associated with momentum change of the electromagnetic
wave, which is proportional to 4°. This understanding is
generally established and explains many trapping phenomena
induced by CW laser. In case of femtosecond laser trapping,
temporal force should be involved additionally. The time-
dependent clectromagnetic field of the introduced pulsed laser

linearly along the x-axis is given by,"”

Eo i/ (i +28) expli(wy t — kz — 2507/

E, =
(1448 )] expl—?/ (1 + 48 )] exp(—2 /7 ) @

where E, is the impulsive clectric field of the laser pulse,
=&+ E=x/wy, n=y/w, , and { = z/(kw," ) are
the normalized spatial coordinates in the focal spot, wj is beam
waist, @, is light frequency of the laser beam, and 7 is the
pulse duration. It is important to emphasize that optical
trapping in our work utilizes high numerical aperture objective
lens. It tightly focuses the intense beam and also diffuses
partially the linear polarized beam into the transverse and
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longitudinal components.”*’ Based on paraxial approxima-

tion, the transverse and longitudinal components are given by
E, =

(—i/k) D, E, 2)

E,=(1/F) 0,0, E, ()

With the existences of transverse and longitudinal fields in
the focal spot, the optical forces exerted on the NPs in the
trapping spot should be the three-dimensional. The optical

gradient, scattering, and temporal (F,;,F ., andF,,,) forces

temp

exerted on the NPs which can be treated as point dipole small,
are approximately expressed as

Fou = —{Z(E/((1 +48°)) + (K*En%) /(1 + 487)") -
Ken’ + (K?8)/((1+48°)°) — (K*8)/(2(1 + 48)*))

2(1 4 482)°
+ (K'E7) /(1 +48)")—

/(1 +48%)%)
(K*&n)/(2(1 +48)°) + (K*En)/((1 + 48°)°))+
6K*EnE

N 2 208+
(i) - G
AK'E(E +1)8)/ (1 +48))+
4KPEL)/((1+48°)) — (4KPENE +1)D)/
(1 +48%) 4) )} % (n,e00Ey?) [wy x exp[—2(& + %)/
1+48%)] x exp[(—2#/7’]

:L‘ﬂt

= (K& n°) /(1 +48°)°) +2KEG/((1 +48°)") ]+
JUKZE) /(1 +48%)") + (4K*EnT) /(1 + 48%))]+
2[1/((1448%)) — (K°&n) /(1 + 48°)*)]} x
(n,’€,0,E) /2 x exp[( — 2(& +177)/(1 + 48]
><exp[—2t2/‘L’2]

®)

Fpy = FI(KE) /(1 +48)) +2KEL/ (1 +48°)) 1+
JUKE) /(1 +48°)) + (4K*En) /(1 + 48°)) ]+
2[1/((1448%) — (K°E*n) /(1 + 48%)°)]} <

(—2m, ae,E)’t) [ (ct?) x exp[—2(E* + %) /(1 + 4&%)] x
exp|—2£% /7%

(©)

The notation K = 2/kw, is a value related to numerical
aperture of an objective lens, 7, is refractive index of medium,
& is the vacuum permittivity, ¢ is the speed of light, a is
polarizability, and o, = £*a’ /67 is the scattering cross section
of the individual NPs. Here, the absorption cross section is
negligible for NPs having diameter much smaller compared
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with the polarization vector. It is important to note that 7,
and F,, exerted on NPs generated by pulsed laser are similar
to those of CW laser, except the additional temporal term,
exp[—2#/7°], while F,,, is solely attributed to the pulsed
laser.

Figure 16 illustrates the spatio-temporal maps of the E,,
Fy, and F, components of F ., F,., and F,,, exerted on a
PS NP-(50) optically trapped with laser pulses of 800 nm,
7 =90 fs, and 80 MHz. It is tightly focused by an objective
lens with the numerical aperture of 0.90. Figure 16 Panel (a)
indicates that the F, acts as an attractive force directing the
NPs toward the focal point. This attractive force increases
rapidly in the first half of the pulse envelope, reaches a
maximum magnitude on the scale of nN, and then decreases at
the second half of the pulse envelope. Such the magnitude of

temp

the ultrafast impulsive attractive force is extremely higher than
the constant attractive forces of pN scales which are loaded on
gold NPs by CW laser beams. 751 Similarly in Figure 16 Panel
(b), F also pushes the particles toward the focal centre. Thus,
for every single pulse passing the focal spot, the generated F,

and Fy acts as attractive forces directing the NPs toward the

(4) focal point. The magnitude of the generated forces depends on

the relative position of the particular NP with respect to the
beam centre in the focal spot, and the general maps indicate
that l_ﬁy is just slightly lower than F.. This suggests that the
force on the xy-planc is actually elliptical with the major axis
being along the polarization of the incident light. Namely,
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Figure 16. Spatio-temporal optical force maps of ', ﬁ and F,, consisting
of optical gradient, scattering, and temporal (F,,;,F,, andF,,,) forces.
They are exerted on a single PS NP-(50) which are optically trapped with
laser pulses (800 nm, 7 =90 fs, 80 MHz). The normalized spatial coordinates
of p° =&+’ & =x/w,, 1 =y/wy, and § = z/kw}, are used, where w,
is beam waist (See text). Calculated 7, on the xy-plane (a), 7, on the xy-plane
(b), and F, on the xz-plane (c). The forces are in the rage of —2.5 to 2.5 nN
as indicated. The temporal change of the maps at the focal plane is given
from left to right, where the time 0 correspond to the time when the
femtosecond laser pulse passes just on the plane.
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optical potential is relatively elongated along the x-axis
compared to y-axis, and relatively sharp along the y-axis
compared to x-axis. This means that NPs can be more easily
packed in the y-direction. In Figure 16 Panel (c) shows that F,
increases along the positive z-axis during the first half of the
pulse envelope and turns into the opposite direction in the
second half. The magnitude of F, is asymmetrical with respect
to the pulse propagation with a maximum value of +0.46 nN
at + = —0.57 in the firsc half and —0.34 nN at # = 0.57 in
the second half of the pulse envelope. Namely a repulsive force
rather than an oscillating force is generated along the z-axis.
Thus, F, induces intrinsically the cjections of a single NP out
from the focal spot along the beam propagation, which can be
applied to a single assembly of the NPs.

The ejection direction is perpendicular to linear polar-
ization of the trapping laser, which can be explained
qualitatively, but alternative behaviour not rationalized. The
force is always symmetric with respect to x and y axes, so that
the assembly of the NPs should be located equally at the both
sides along the y-axis. It is necessary to introduce a new
viewpoint, that is, the stochastic nature of single NPs trapping.
If a single NP trapped at the plus position along the y-axis and
packed to a single assembly there, it becomes large at that
position and ejected to the upper left. If trapped and grown at
the minus position, the ¢jection takes place toward to the
upper right. This is illustrated in Figure 17, which should be
precursor assembly formation dynamics before Figure 6(a),
Figure 10(a)—(c), and Figure 15(a).

When the assembly becomes larger, multi-photon absorp-
tion of the trapping laser by the assembly is made more
possible, as its absorption is proportional to the volume. One
single assembly increases its volume by adsorbing new NPs
packed by pulsed optical force, and then absorbs the trapping
laser densely. It is well studied that the densely excited states in
solid leads to ablation generating bubbles in solution.” Thus
the ejection and bubbling can be competitive, and which

AL UL
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Figure 17. The illustration of a single optically evolving assembly of NPs in
solution by femtosecond laser pulses, where the laser polarization is vertical
to the paper plane. Once the assembly is prepared at the right side in the
optical trap, it grows at the right side, giving ejection and bubbling to the
right side. When the assembly is at the left, the ejection and bubbling to the
left. The initial small assembly is born stochastically at the right or left side in
the potential, evolves there, and undergoes ejection and bubbling. Repro-
duced with permission of ref. [64]. Copyright 2019 American Chemical
Society.

UL UL

Chem. Rec. 2021, 21, 14731488

© 2021 The Chemical Society of Japan & Wiley-VCH GmbH

behavior is first induced depends on their threshold. In the
case of OTES-Silica NPs-(100—130, 150, and 450), ablation
is induced earlier than the ejection is. The opposite behaviour
is observed for OTES-Silica NPs-(50—130). The bubble
formation is well known in laser ablation studies, however, its
directionality with respect to the laser polarization has never
been reported as far as we know. We consider that the pushing
force exerted on the ablated assembly is responsible to the
bubbling direction. Indeed, we find alternatively ejected
bubbles by a dual objective lens between the focal plane and
upper solution surface as in Figure 15(c).

8. Summary and Perspective

What is the main difference of laser trapping between CW and
pulsed lasers is one of the general questions, and physicists and
optical scientists have answered it theoretically and demon-
strated typical behaviors of micrometer-sized targers.” It is
considered from chemical viewpoints that the pulsed laser-
induced trapping behaviors of molecules, polymers, supra-
molecules, DNAs, biopolymers, semiconductor quantum dots,
and NPs are diverse and depend on material properties. We
have studied silica and PS NPs as representative example in
this size domain by udilizing fs laser. Various features of the
NPs trapping are interpreted in terms of evolving processes of
trapping, ejection, and bubbling in the pulse optical potential.
The key point of our understanding is that NPs are confined
in the optical potential and associated as a single assembly. As
its size becomes larger, the scattering force overcomes the
gradient force, leading to ¢jection of the assembly. Simulta-
neously the multiphoton absorption of the trapping laser is
more probably induced, resulting in ablation and bubbling.
We explain the perpendicular direction of ¢jection and
bubbling with respect to laser polarization by theoretically
considering the temporal change of optical force map. In
addition, its alternative behavior of switching direction is
ascribed to stochastic nature of the assembling growth in the
pulse optical potential.

The importance of NPs assembling by optical force was
first demonstrated for CW laser trapping at solution surface
and solution/glass interface. The initially trapped NPs in the
optical potential form an assembly and scatter the trapping
laser to the outside. Consequently, the trapping laser is
scattered and propagated through the assembled NPs, gencrat-
ing attractive potential at the edge of the assembly. The NPs
coming from the outside are trapped there, leading to the
expansion of the assembly, which we call optically evolved

5259 The assembling and rearrangement of NPs are

assembling.!
driven by optical force, which is made possible by CW laser.””
It will be fruitful to study these processes at solution surfaces

by femtosecond laser. How the characteristic features of NPs
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trapping by the pulsed optical force will be modified and
enhanced at solution surface or completely new phenomena
will be clarified? This will be one interesting topic following
the present Review.

The assembly formation of NPs by femtosecond laser in
single NPs level is studied by Goswami et al. They manipu-
lated dye-doped 250 nm PS NPs and constructed a specific
3D geometry,[78‘79
tracking the movement of individual NPs and for analyzing

! where two-photon fluorescence is used for

their geometry.®™ Even hierarchical self-assembly was demon-

81 which will be a useful reference for

strated and discussed,!
fabricating the assembly as the bottom-up approach. They
reported that not only optical trapping potential shape but also
the assembly of NPs can be controlled by femtosecond laser
polarization. Their approach will be integrated with our study
on many NPs systems, and the complex behavior here will be
understandable by correlating to individual construction
toward the formation of a big assembly.

It is well known that the enhancement of optical force is
achieved with optical resonance effect. The trapping laser
wavelength is matched to clectronic transition of molecules
[82,83]

and NPs in the trapping target, and optical stiffness and
trapping time are measured. Usually it is mainly studied by
CW laser trapping in solution, but its extension to pulsed laser
trapping is being performed. As multiphoton absorption is
made possible, multiphoton resonance effect is casily induced.
We mention here our results as examples. Picosecond
1064 nm laser was applied as a trapping light source and the
number of the trapped NPs is confirmed to increase when the
laser wavelength matches well with absorption of the doped
dye.®¥ In the case of CdTe quantum dots the luminescence
intensity was measured as a function of laser power.® The
trapping efficiency is enhanced, while its quantitative examina-
tion is not easy. The number of the trapped quantum dots
increases nonlinearly with the laser power for pulsed lasers,
two-photon resonance effect is in principle shows the square
dependence, and produced excited states lincarly absorbs the
trapping laser. Thus, the intensity dependence is expected to
be super-linear, but the saturation effect in the dependence
was obscrved for CdTe quantum dots.® Tt may be promising
to study resonance effect in individual NPs level and to
compare the experimental results with theoretical simulation,
which is carried out for CW laser trapping.’®”

Technical trend in optical trapping study should involve
various microscope techniques. Single molecular fluorescence
microscope and super-resolution analysis enables us to extend
the dynamics and mechanism study with real nanometer

. B
resolution.”!”

) Multiplane microscope shows the three-dimen-
sional information on optical trapping dynamics as mentioned
above.®™ Dynamic differential microscope will be useful to
two-dimensionally elucidate the assembling dynamics, as

optical trapping affects up to a few tens micrometer at solution
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surfaces. The combination of pulsed lasers with these modern
microscopes will open a new field of spatio-temporal control
of optical trapping.

Optical trapping study of molecules and NPs is now
regarded as one of the advanced studies on physical
chemistry® and nanophotonics. Indeed, not only fundamen-
tal studies on dynamics and mechanism but also potential
application is now being extended by CW laser trapping.
Halide perovskites receive much attention as a new class of
semiconductor materials for next generation opto-electronic

(87881 Theijr crystallization and in-situ functional mod-

devices.
ification are demonstrated. Aggregation-induced emission
enhancement (AIEE) of molecules is due to their concen-
tration increase, which is now performed by laser trapping.
Namely spatio-temporal control of AIEE is reported for a
representative molecule, a tetraphenylethene derivative.”
Another chemical application is on photoreactive supramole-
cules which forms gels through self-assembly of molecules with
muldple non-covalent weak interactions such as hydrogen
bonding, dipole-dipole interactions, van der Walls force, and
solute-solvent interactions.”® As optical trapping potential is
comparable to those interactions, the gel formation can be
controlled by optical force. These behaviors are demonstrated
at solution surface by CW laser, while the introduction of fs
laser is expected to develop these and related applications
further.

The high peak intensity of femtosecond laser enables
muldphoton excitation and the produced excited state density
is extremely high, leading to ablation. In our study reported
here the laser power of 100 MW/cm? is irradiated to the focal
arca of about 1 pm?, so that laser ablation is casily induced if
the targets have some absorption at the wavelength. Even
multiphoton absorption can induce laser ablation, which is the
cases we have described here. It is usually considered that
ablation and trapping are in the relation of trade-off, however,
we have confirmed a clear example where assembling and
ejection develop to ablation, keeping the alternatively switched
directionality of the ¢jection in ablation. This will be a new
methodology to control spatio-temporal characteristic of
ablation. Until now the controllability of sequential trapping
and ablation are demonstrated by changing the target material,
while tuning optical parameters and applying different laser
modes like Laguerre-Gaussian will make it more controllable,
which will be very useful for future material fabrication.
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