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To: Hiroki Nakamura, Director-General of IMS
From: William H. Miller, Kenneth S. Pitzer Distinguished Professor of Chemistry, University of California, Berkeley

Subject: Report of my visit to IMS, March 17-21, 2008

Though I have had the pleasure of visiting IMS a number of times, it is sobering to realize that it has been approximately 30
years since my first visit, not long after the Institute was founded. It is clear that this “experiment” in scientific organization in Japan
has been a great success in many areas of molecular science, and quite specifically in theoretical/computational chemistry (= molecular
science) that is the subject of my review. By almost any measure one can easily conclude that the group in theory and computation
at IMS is one of the premier such groups in the world. In size alone—I will comment on its quality below—it ranks at the top. | heard
presentations from 9 research groups, and though Professor Okamoto has left for Nagoya University, my understanding is that a
recruitment is currently in progress for a new appointment. For comparison, my own institution—the College of Chemistry (the
departments of Chemistry and Chemical Engineering) at UC Berkeley—has 6 theorists in Chemistry and 2 in Chemical Engineering,
comprising the K. S. Pitzer Center for Theoretical Chemistry, and we are the largest collection of theoretical chemists in the US. To
my knowledge, there is no institution in Europe with this number of independent theoretical research groups in chemistry or molecular

science.

Before discussing the scientific programs, | would like to make some comments about issues that | think are relevant to theoretical/

computational chemistry in general, and to IMS in particular:

1. There has been such great progress in theoretical methodology (electronic structure theory, molecular dynamics simulation methods,
etc.) in the last 2 or 3 decades that it can now be fruitfully applied to almost the entire array of molecular phenomena. The work at
IMS and elsewhere is testament to this. While we all applaud the energetic application of theoretical tools to problems in bio-molecular
systems, nano-materials, novel electronic devices, etc., one cannot help but see a tendency to minimize the funding and support for

more fundamental methodological theory. | am sensitive to this trend in my own country, where most young theorists think (rightly
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or wrongly) that they must somehow work “nano” or “bio” into their research proposals in order for them to have any chance of
being funded, and | have seen evidence for similar trends here in Japan. My general plea—and recommendation to Japanese funding
sources, in particular—is not to minimize support for the creative applicationsof theory that are being pursued at IMS and elsewhere,
but that creative research in basic theoretical methodology also be supported and encouraged. Not to do so is akin to “eating one’s

seed corn” (I hope there is a Japanese version of this expression) and is a recipe for stagnation in the future.

2. | believe that a mandatory retirement age is a good thing. (I think it is a mistake that we abandoned such in the US.) Though the
earlier age of 60 certainly seemed too young, something between 65 and 70 does seem about right; each society must of course decide
what works best for them. Yes, some persons will still be doing excellent work at retirement age—and there should be provisions for
emeritus faculty to maintain scientific viability if they still have a vigorous research program—~but it is important that they relinquish

their formal positions to make way for new appointments of young faculty.

3. The policy of not promoting Associate Professors at IMS is different from that in the US, where a “stay or go” decision is made
at the end of a person’s assistant professorship (the tenure decision, about 5 or 6 years after the initial appointment). It is similar,
however, to that of the German system, where a C3 professor (= associate professor) must move to another institution to move up to
a C4 (= full professor) position. The only danger | see is that you will loose the best faculty, who will be attracted to senior positions
at universities, say, and the ones who remain will thus not be the best. However | see no evidence for this at IMS, so the policy seems
to be working well. It does have the positive effect of making positions available for recruiting new beginning faculty, and the
importance of this cannot be over-stated. One of the best things about the large size (~50) of our faculty at Berkeley is that we are
recruiting for one or two beginning assistant professors every year; it is quite exciting to always be looking for the “best and brightest”

and seeing what research directions they are choosing.

4. | find the “privatization” of the national universities and research institutes to be potentially troublesome for theoretical/computational
science. Yes, theory and computation are playing an increasingly important role in “practical” research that can attract money from
private sources, but it usually in a supporting role to experimental programs and thus not so visible. | believe that a large part of the
success of theory at IMS has been the stable support it has had from the national government over its lifetime. | am unsure how well
it will fare if it is forced to sell itself on the open market. | could make these same comments about the US—all these trends seem
to be global—where universities (mine included) are aggressively pursuing partnerships with industry to help fund their research
programs. This is not necessarily bad, but it certainly could be if not carefully monitored. | fear that our governments are in favor of

these directions primarily as a way to lessen the demands on their budgets.

5. I am glad to see that IMS can now offer a doctorate degree to graduate students, for this certainly helps in attracting talented young
co-workers. Institutions like IMS, the Max Planck Institutes in Germany, and the National Laboratories in the US, always have
difficulties in attracting students since they have no undergraduate teaching role. IMS seems to be doing reasonably well in this
regard, though | did see comments in an earlier review that the small size of experimental groups was somewhat of a problem.
Fortunately for theoretical research, a large group is usually not necessary—or even desirable—in order to carry out a very successful

program.
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I was immensely impressed by the quality and variety of the research programs | heard described over an intense two-day period
at IMS. Most all of the groups have interesting and novel approaches for new theoretical methodology and as well as creative
applications to a wide variety of very timely molecular problems. For purposes of discussion, | comment first on the four research
groups dealing primarily with electronic structure and dynamics. Professor Nagase described some very novel applications of DFT
(density functional theory) to show the important role played by bulky substituent groups on the formation of multiple bonds between
heavier group 14 elements, and also to the structure and functionalization of endohedral metallofullerenes. He also described the
development of very efficient new algorithms for generating energy gradients at the MP2 level of electronic structure theory, the
crucial tool for determining reactions paths of chemical reactions, and he also discussed the beginnings of a very novel Monte Carlo
approach in electron configuration space (as opposed to the physical coordinate space of the electrons) for highly accurate electronic
structure calculations. Professor Yanai described two very novel approaches for attacking the fundamental problem of electron
correlation: a canonical transformation (CT) approach (similar in spirit, but not the same, as coupled-cluster theory) for treating the
short-range dynamic correlation, and a density matrix renormalization group (DMRG) method for greatly enhancing the efficiency
of CASSCF methods that treat the valence-mixing, or non-dynamical correlation. The combination of these two allow him to achieve
highly accurate results much more efficiently than previous approaches. Professor Nobusada described his use of DFT to study
gold-methane-thiolate clusters, and of TDDFT (time-dependent DFT) to show how circularly polarized light induces ring current in
ring-shaped molecules. He also described an open-boundary cluster model (OCM) he developed to treat adsorbates on finite clusters.
The open-boundary (outgoing wave boundary conditions) removes artifacts due to the finiteness of the cluster. Professor Yonemitsu,
a condensed matter theorist, described projects dealing with electron dynamics strongly coupled to phase transitions in various
materials, in particular the effect of photo-excitation of electron-hole pairs on conductivity, permittivity, and magnetic susceptibility.
Some of the phenomena he has studied are photo-induced neutral-ionic/paraelectric-ferroelectric phase transitions in charge transfer
complexes, charge transfer excitations in 1D dimerized Mott insulators, and effects of electronic correlation and lattice distortion on

charge order in 2D organic salts.

The other five groups deal with a variety of complex molecular systems, making extensive use of molecular dynamics (MD)
simulation methods (including extensions of this methodology), coupled with electronic structure calculations as necessary in some
cases. Professor Hirata is of course very well known for his extensive work in extending the basic RISM idea far beyond the realm
for which it was initially designed. He described applications to site-selective binding of ions to proteins, and in particular how this
varies when mutations are introduced into the protein. Another application was to show how water is forced into a protein under high
pressure, and how this leads to denaturation of the protein. Professor Saito’'s work deals with dynamics in the condensed phase,
primarily aqueous solution. He described an impressive study of conformational changes associated with GTP hydrolysis in the RAS
protein, using MD simulations to investigate the fluctuations and conformational changes; structures were characterized by QM/MM
energy calculations. He also described MD simulations of the higher order time correlation functions that are necessary to calculate
2D infrared spectra, in particular those related to intermolecular dynamics in water. Professor Morita described his very extensive
development of MD simulation methodology focused on calculation of sum frequency generation (SFG) spectra, a property most
sensitive to interfacial regions of molecular ensembles. He emphasized that such careful theoretical simulations of the spectra are
essential for extracting useful information from such experiments. He also described a very careful development of flexible and

polarizable potentials that are necessary to make the MD simulations feasible.
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Professor Okazaki described state-of-the-art MD simulations of extremely large molecular systems, micelles in water, lipid
bilayers, and cholesterol molecules in membranes. He also described an MD simulation for the vibrational relaxation of CN~ ions
in water; this was done by using a harmonic influence functional to represent the solvent, the harmonic model coming from the
instantaneous normal mode (INM) model of the solvent. In so doing he was able to show that only water molecules in the first
solvation shell contribute to the relaxation, and that the vibrational energy from the CN- is deposited primarily in bending and
rotational/librational modes of the water molecules. Professor Okamoto’s research is also focused on classical MD simulations,
primarily on improving the Monte Carlo (MC) and MD sampling methodology that is so important when treating truly complex
processes, such as protein folding. Straight-forward approaches tend to get “trapped” in local minima and not sample the entire
ensemble correctly. He has been instrumental in developing algorithms such as multi-canonical MC sampling, replica-exchange,
parallel tempering, and multi-overlap MD methods. He described the application of some of these approaches to amyloid formation,

a critical aspect of Alzheimer’s disease.

So as stated in the prolog, the variety of problems being tackled by the IMS theoretical groups is quite astounding. The fact that
the quality of the work is so high make this even more impressive. My overall finding is that the theoretical/computational group is
in excellent shape. My only recommendation is that in future appointments you continue to focus on the intellectual quality and
perceived creativity of the candidates and not too much on the particular topical area of the research (within reason, of course). |
have found that departments and committees do a very poor job of trying to predict the most fruitful directions for research; rather,

my experience is that the best directions are the ones that the best young people choose.
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Director-General Hiroki Nakamura

Institute for Molecular Science

Okazaki, Japan

Report
of my visit of the Institute for Molecular Science (IMS), October 15-17, 2007

During my visit of the IMS on October 15 to 17, 2007 the opportunity was given to me to meet the leading scientists of the
Department of Photo-molecular Science including the Laser Research Center for Molecular Science and of the UVSOR facility. |
had intensive open discussions of the current scientific work with inspiring displays of scientific ideas and analyses of the present
frontiers of research. The present report is focused onto this Department and all subsequent statements refer to the Department and
not necessarily to the IMS in general. The informal interviews of the group leaders provided information about future developments
and of possible shortcomings due to the limitations of available funds. I also visited several labs and the UVSOR facility giving me
direct insight in the experimental investigations and the developed experimental techniques. The level of sophistication of the acquired
and self-built instrumentation is impressive and is highly competitive to the equipment and facilities in other world-wide leading

research institutions in the field.

Professor Hiromi Okamoto investigates collective electronic excitations of nano-structured air:metal interfaces by the help of
scanning near-field spectroscopy, which is a field of particularly great interest. The experimental techniques involve one- and two-
photon induced luminescence, surface-enhanced Raman scattering and different approaches of near-field transmission measurements
providing state-of-the-art images of nanoplatelets, -rods and other structures with a spatial resolution of 200-50 nm. Most important,
a time resolution of 100 fs was implemented in the interface spectroscopy using ultrashort laser pulses. The inventive combination
of local, temporal and spectral information provides a deeper understanding of the observed features, e.g. of longitudinal plasmon
resonances of gold nanorods. The work has been also extended to molecular nanowires observing longitudinal propagation of the
optical excitations.

Professor Yasuhiro Ohshima has been developing methods for the optical manipulation of quantum state distributions. Current
activities are focused on nuclear motions, i.e. rotational and low-frequency vibrational wave packets relevant for chemical processes.

Both ultrashort laser pulses and laser sources with high spectral resolution are used to study molecules at low temperatures in the
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supersonic expansion including molecular clusters. The investigations pave the way for a fully state-resolved measurement of reaction
dynamics. To this end, new techniques have been developed. An example is excitation pulse sequences representing significant
progress for the manipulation of quantum state distributions.

A remarkable achievement are the measurements of phase-controlled interferences of vibrational wave-packets of Professor Kenji
Ohmori, investigating small molecules in the supersonic expansion. Using highly reproducible femtosecond laser pulses attosecond
time resolution is obtained using a special, amazingly stable Michelson interferometer that generates the phase-controlled linear
superposition of two excitation pulses. It is demonstrated that the phase information of the pulse pair is transferred to the vibronic
excitation of the molecules e.g. I, yielding both the amplitude and phase information of the wave function of the molecular ensemble.
In addition the population distribution of vibrational eigenstates is measured with narrow-band ns-pulses. The results of this work
allow novel quantum computational applications, e.g. the development of logical quantum gates.

Coherent control is also the key word for the work of Professor Akiyoshi Hishikawa, studying atoms and molecules with high-
intensity sub-10-fs laser pulses in the range of 105 W/ecm2. Under such conditions the external laser field is comparable with the
internal Coulomb field of the molecules leading to new phenomena. An example is the Coulomb explosion of hydrogen sulfide, the
dynamics of which was studied by coincidence momentum imaging of the fragment ions. The results were interpreted in terms of
charge-transfer states that control the structural deformation. It was shown that the explosion process can be manipulated by the help
of the polarization of the laser pulse. For other molecules the same imaging technique provided evidence for transient hydrogen
migration that competes with the dissociation process. The generation of attosecond pulses via high-harmonic generation in neon is
in progress implementing even higher temporal resolution in these investigations.

Considerable progress was achieved in the field of diode-pumped lasers by Professor Takunori Taira, who demonstrated novel
laser systems with high cw output power exceeding 300 W. The properties of the developed microchip solid state lasers and nonlinear
frequency conversion schemes are striking and will attract considerable technological interest. The impact on the fundamental research

of the IMS is not obvious.

It is an important function of the IMS to make advanced instrumentation available for guest scientists, in particular beam lines
of the UVSOR facility. Under the direction by Professor Nobuhiro Kosugi and in collaboration with Professor Masahiro Katoh
important progress has been achieved. Installing bending-magnet and undulator beamlines the upgrading of the system to UVSOR-
Il was completed with reliable operation for beam energies of 750 MeV. Options for a further increase of emittance and photon
energies in the soft X-ray region are pursued at the present, demonstrating the special expertise of Professor Katoh. An example is
the free-electron laser of UVSOR-II, the short-wavelength limit of which has been shifted below 200 nm, with a pulse duration of
10 ps and a maximum output power of 1 W. Using the laser bunch slicing technique with a synchronized femtosecond Ti:Sa laser,
intense THz pulses are now available in the 1 ps range.

The research of Professor Kosugi is at the fore-front of inner-shell excitations dynamics of molecules in the vacuum UV that
were studied by resonant photoelectron spectroscopy and soft X-ray emission spectroscopy. The wide range of interests includes
VUV and X-ray spectroscopy of free molecules, molecular clusters and solids.

Another IMS group using the UVSOR system is the one of professor Koichiro Mitsuke who has an impressive record of publications
on photoionization and photofragmentation phenomena. His most recent work that is concentrated on the multiple ionization of Cg

and C7o and the photoabsorption of metallofullerenes in the soft X-ray region will receive great interest of the scientific community.
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He has developed a new design of a ZEKE photoelectron spectrometer that utilizes the UVSOR storage ring.

An important application of the UVSOR machine in the infrared is devoted to strongly correlated electron systems investigated
by Professor Shin-ichi Kimura. The electronic structure of bulk metallic glasses and multi-element amorphous alloys was obtained
by synchrotron light photoemission spectroscopy and compared with theoretical simulations advancing the understanding of the
glass forming ability of these compounds. The results are significant.

Professor Eiji Shigemasa also benefits from the UVSOR facility in his investigations of molecular inner-shell processes of gas-
phase molecules in the soft X-ray region. Topics are multi-electron processes induced by single photon absorption that reveal the
properties of multiply excited states (including decay dynamics) and the dissociation dynamics of core-excited molecules. In this
context an innovative momentum imaging spectrometer for anions was developed. Examples are double photoionization of Ne, Xe
atoms and N, molecules, photo-fragmentation of CF, and electron correlation in the Auger decay of noble gases. Very detailed,

quantitative results were obtained in these studies.

In summary | can say that the scope of scientific interest is wide spread and addresses the key areas of fundamental research in
molecular science. The expertise of the scientists is excellent. The scientific output as confirmed by the numerous publications in

the leading international journals is significant, in spite of short comings to be addressed below.

Comments

One general impression is that the research groups in the institute are not very large, especially the number of graduate students
and post-docs is rather small. Although the limited size may allow for a larger number of different activities, under-critical size limits
the progress of the scientific work. In fact, comparing the structure of the groups with other places in Europe and North America the
shortage of graduate students and post-docs is evident. It is proposed to attract more graduate students to the institute, intensifying
in this way also the collaboration with universities. The effort required for the training of students is paid back by the contribution
of young coworkers to the research. Most important, the acquired expertise may be furtherly used in subsequent post-doc activities.

In other words the availability of highly gifted post-doc researchers is notably favored by a reasonable PhD-program.

The obvious explanation for the present lack of graduate students and post-docs in the Department of Photo-Molecular Science
obviously is the lack of funds for these purposes. The Department should make an effort to enlarge funds available for stipends and
scholarships as well as for current expenses required for the intensified experimental activities. In addition, the personal support of
the individuals has to improved, i.e. the size of the stipends that seems unattractive for students from abroad. | understand that the
IMS is involved in collaborative programs in this respect, but | seriously doubt that the financial frame of these programs compares

with the actual requirements.

Another point in the personal structure is the limited size of the technical staff both of the Department and of the UVSOR facility.
Compared to the situation for related research at Max Planck Institutes and German universities there is a notable difference and the
size of the technical staff appears to me as non-optimal. | propose to re-consider the number of technicians that directly contribute
to the experimental investigations. Again, this includes a financial problem since additional resources would be required for a larger

technical staff.
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The funds available for instrumentation at the IMS appear unsatisfactory. The present situation at the IMS obviously reflects the
result of a world-wide trend that until recently politics supported projects in technology and applied research rather than fundamental
science. Since molecular science is rapidly developing the relation between basic research and applications is rather close and a
sound balance between the different directions of research and development has to be regained. This was recognized in the meantime
and the mentioned trend stopped in several industrial countries. An example here is Germany where substantial additional funds have
been made available for selected institutions towards basic research. To my understanding similar plans are being discussed in Japan
and positive decisions in this respect are urgently needed to maintain first rank research. | wish to emphasize that the IMS with the

Department of Photo-Molecular Science should participate notably in such an improved funding.

Garching, December 19th, 2007

A. Laubereau
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Comments and advice about the Department of Materials Molecular Science

Review Report, July 2007

Prof. Peter Day
Davy Faraday Research Laboratory
Royal Institution of Great Britain

London, UK

First, a most generic comment: Research at IMS in the Department of Molecular Materials Science is of a very high standard
indeed, both as regards Technical accomplishment and, just as important, in attacking some important issues in this still quite new
and enlarging field of science. An Institute like IMS is especially well suited to identify and solve key problems in molecular materials
science because the field is, of its very nature, multidisciplinary, embracing all the traditional sub-divisions of chemistry but also
crucially calling on input from physicists, crystallographers, materials scientists, as, well as people skilled in developing new physical
and characterisation tools. Such cross-cutting activities are often difficult to initiate and sustain in a university environment organized
along traditional disciplinary lines. As well as the quality of the individuals hired and supported to carry out the work, that factor in

itself gives an important advantage to an organisation such as IMS.

In those circumstances it is legitimate to ask oneself the question whether, overall, the work coming out of the Department of
Molecular Materials Science at IMS capitalises on the advantages just mentioned. There can be no doubt that much of it is highly
distinguished and some of its scientists are recognised throughout the world as leaders and authorities in their particular fields. The
harder question to answer is the extent to which the work is shaped by the special circumstances prevailing at IMS. By “special
circumstances” | mean those pertaining to a stand-alone research institute, as opposed to what in Britain or the USA has become
known as a “research university.” In the former, a Professor devotes himself full-time to research, though aided by only a small group
of co- workers while, in the latter, he devotes a significant amount of effort to teaching, though often aided by a larger number of
Research Associates, postdocs and graduate students. Even in many of the world’s leading research universities there remain barriers
to inter-disciplinary contact and cooperation, brought about by the traditional Departmental structures (e.g. organic, inorganic, physical
chemistry and solid state physics) which result from the demands of teaching. Where a relatively new and highly multi-disciplinary
subject is concerned, in an environment freed from such Departmental barriers, one might expect to see more coordination between

the individual research programmes, so that the undoubted talents of the research group leaders may reinforce one another.

General comments and suggestions about IMS

The phrase “molecular sciences” means many different things to different people. It could be said to encompass high resolution
gas phase spectroscopy of small molecules, organic superconductors and most biological structures and processes. Hence it is very
hard (and perhaps even misguided) to identify common themes as far as specific research topics are concerned. Looking as far as

possible dispassionately from the outside, | would say that historically, IMS has achieved its highest reputation and visibility in two

oooooooo29%



fields: Vacuum ultraviolet and soft X- ray spectroscopy based especially on the UVSOR facility and electronic properties of crystalline
molecular solids. It is certainly right that such topics should continue to figure in the research portfolio but equally important to look

more widely when selecting new areas and the staff to pursue them.

If, on the other hand, one does not wish to define a research strategy in terms of specific topics, | see several functions which

IMS is well placed to emphasise.

- Hosting unique state-of-the-art equipment for multi-user access, building on a strong in-house programme in relevant fields.
Here UVSOR showed the way, and the 920Mhz NMR facilitiy is an excellent new example. Could there be more?

- As an “incubator” of talented young researchers who, liberated from the demands of teaching for a few years, are given the
opportunity to open up a new topic and cement the foundations of a career. Present policy against internal promotions certainly works
in that direction.

- More speculatively, the structure of IMS could make it a suitable platform for mounting attacks on carefully chosen “Grand
Challenge” problems.

A final point, which I also recall making on my previous review visit in 2003, is that attention really should be given to protecting
(and then hopefully licencing) intellectual property arising from the research. From my interviews it appeared that more than one

group may be doing work that carries such opportunities.

Having seen IMS evolve over the last 15 years or so, | am confident it will maintain its place as one of the world’s leading

laboratories for the molecular sciences. | wish it every success in meeting the new challenges.

I would like to thank all the members of the Department of Molecular Materials Science for making me welcome and giving me

such a lot to think about, and especially Profs. Nishi and Yakushi for overseeing the arrangements.

oo

gobodbobooobooooboooo
20070 70

Prof. Peter Day

Davy Faraday Research Laboratory
Royal Institution of Great Britain

London, UK

gooooooobooboboboboboboboobooooobobobobobobobooboboobooo
oboboobooboooooooooboobobobobobobobooooooobobobobobobOoboon
gboboooboobooooooooobobobobobobooobooobboomooboooobooooboooobo
gbobogoboooboooooooooooboboboboboboboooooooboboooboobobobon
gbobogoboobooooooobooboboboboboooobooobobooboobobobobobOoboooboon

200000000



gooboooooooooboobobobobobooooooooobobobobobobDobDoboobobLbobo
gooboooooooooboobobobobobooboooooooboobobobobobDobDobooboLobobo
goboogoooooooooooobobobobobooooooboobooboobobOobDOobDOobOOoboOoLDOoon
goooooooooooooooboboboboboooooooooooobobobobobDOobDOobDOon
gbobooooog
gboobobobooobooooooooooooobobobobobDoooooooobooboobobOobOoDOo
goboboboooooooboooboboboooooooooboobobobobobobobbobobbobobob o
gooooooooooooobooboboboobooooooooobobobobobobobDOoboOos OboOoon
o gbgoooooooooooobobobobobobooooooobooobobobobobobOoDOoo
go00o0oQ0" Oo00O0"000O000000@oO0O000DO0O000O000DO0OO00DO0O0" OO00D0O0 Research
Universityd OO00O00O0OO0O0O0OOCOO0OOOOO0ODOOO0ODOOOOODOOO0ODOOOOOOOOODOOODO
O Research University 0000000000000 OO0OOOOOODOOO0ODOOO0ODOOOOOOOOODOOOD
goooooooooooooboobobobobobobooooooooooobobobobobobobDOoo
gooooooboooboooboobooboboboobooobooooboobooboboboboOoobDobobooDo
gooobogoobooobooooobooooooobooboobobobobobDoboDoooboooboboobobobOoDbOoo
gooogooooooooooooboobobobobobobobDooooooboobobobobobOobDOoon
gboboboooogooboooobobooooooooooboobobobbooboooDobDoboboboo

gbobobooooognog

“pboobo” cooboobobooboobobobo0obUoobOobDoOobOoOobOoOobOoboOobOobDOoOD
gobobobooooooobooooooobooooooboobobobooboboooobDobobobooboooo
goboogooooooooooooboboboboboooooobooboobOobOobOobOobobDOobDOobDOon
goooooboobobooboooboobobooboooboobobobobooobobuvsorROOOobobDOoO
goobooooooooooobooboboboboobooooooobooboobobobobOobobDoDOoDOon
gooooooooooooobooboboboooooooooobobooboobobobDobLDOobDOobLOobDOon
gbobobooooobooboboboboooooooobobob
gbooboboboboobooooooooooobobOobOobobDooooooDoboobOoobobobobo
gbobobooooognog
gooooooboobooboboooboobobooobobooobobobobobooboboobobobOoboLoOoDbo
gboboboooobooboboboboobuvsorRbUboboOoooobDOoDo2MHZNMRODOODOOOODO
gbobobooboooooobobobooboooooooboobobon
goooooobooboobobooobooboobooobobDooboobobooobooboboobobOobDOoboboOoDbo
gooogooo* ooor ooooboobobobobobobooDoooooooobobobobobOoDbOoo
gooboboooogoo

0000000000 0DO0O000DODO0O0DoOO" Grand Challenge: DO O0O0O0ODOOO0ODOOCOODOOOOODOO
gobobo" oboooooooboobobobobooooo
gobobooboootb0ooooobobooooboobooobobo0obobobODoobobobooobooDbo

gooooooo2gy



gooobooooboobooobooboobooboobooobooboobobOoooobUoobOoboooDbObDbo
oboboboooooobooboboboboboooooboobDobobobo
goooooobobooooboooobooobobobooobooboobobobOoobobobobDooDbOoD O
goboboooooooboooboboboboooooooobDoboboboboooboooobDOoDbo
gooooooooobobobobobobooooooooooobobobobobobDoboobooboooo
oboboboooooobooboboboboboooooboobDobobobo

280 0000000



A0 o ggaoooogi

gbobobobobooobooboomoboooboboooooo

ggno gdboboobuooboboobbooboboon
gdbobooobooboboboboobooboobo
gdbobooobooboboboboobooboobo
gdboboobuoooboobuoobobuooboooboobog

bbb obuommuoobomoo

ooad Dan DuBoisO Senior Scientist, Pacific Northwest National Laboratory

Peter E. WrightO Professor, The Scrips Research Institute[]

-4-1000dggooooboouooooon
ooaA

(H)oooooo
000000000000000000000000000000000000000000000000000
000000000000000000000000MO000000000000000000000000000
000000000000 MO0000000000000000000000000000000000000
0000000000000000000000000000000000000000000MO0000000
0000000000000000000000000000000000000000000000
000000000000 000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000 000000000000000000MO000000000000000000000
00000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000

gooooooo?299



goboobogoobooooooooooobooboboboboboooDooooooboobob0obobobDOoDOobDOoOn
gobooboobooboooooooooobooboobobobobobDooooooboboboboobobobOoDbOoo
gobobogooboooooooooooboboboboboboobobDoooooboooboboobobobobOoo
gobobogooooooooooooboboboboboboooDooooooboobobobobobDOoDOobDOon
gbobooboooooboobobobooboooooobobobobobooooooboOoo

goooobobobobobobobobOobobobOobob0ob0b0ob0obUbobOobobDobDOog
gboogoobooobooooooooooboboboboboooDoooooooboboobobobobobOobDOoon
gobobogooooooooooboobobobobobobobobDooooooboobODbooboboboDbOoo
gbobogooooooooooooboboboboboooooobooboobobobobobDOobDobDOobDOoon
gbobogoooooooooooobooboboboboboooDobDooooooboobobobobobOobDOoon
gobobooboobooooooooboobobobobobobobDobDooobooobobooboboboDbOoo
gobobogooboooooooooooooboboboboboboobDooooooboobobobobobOobDOoon
gbobobooooobobobobooboooooobobobooboobooobDobob oL oo oo Om o
oooooooboooooooooooboboobobobobobDooooooooboboobobobOoDbOoo
gboobooooooooboboboboooooooooboboobobobobobooboobDoDobob oo

gooboooooboomoobooboobooboooboobobooboo0boobobDoobDooDbOobOD
gboogoooooooooooomoooooooooooobobomooooooooboobobobOoo
gbooboobooboooooooobooboboboboboooDooooooooboobobobobobOobDOoon
gobobogoooooooooooobobobobobobobobDoooooobobooobobobOoDbOoo
gobobogooooboooooooooboobobobobobobobDooooooboobobobobobOoDbOoo
goboogoobooooooooooooooooooobobobobobDooooooboboobobobOobOoo
goboobooboobooooooooboobobobobobooDooooooboob0ob0obobobobOobDOoon
gboboooooobobobooooooobooooboboboobobooboobOobobobooboboobobOob o
gobobooboobooooooooboobobobobobobobobDooobooobOobooboboboDbOoo
goboogooooooooooooboobobobobobobobDooooooboboboboboboDbOoo
gobobooboooooboboboboooboooooooboobobobOoboboboboboobooboDobLDobUobOobo
gboogoooooooooooooobobobobobooDoooooooobobobobobobOobDOoon
gooooooboboobooboooboobooboboboobDoobobobOobooboobobobOobDooDbo
goboogoooooooooooobobobobobobobobDooooobooobOoobobobobOobOoo
oboboboooooobooboboboboboooooboobDobobobo

goooboooboooboooooboobobooobooooboboboobobOb0oobmooboboDboboDbOg
gobobgoobooobooooooooooobobobobobobobDooooooooboboobobobOoDbOoo
oo

(00000

gooboooooooooooooooboboobobobobobobDooDooooobooobobobobo
gobobogoobooooooooooobobobobobooooooooooooboobobobobobOobDOoon

oo ooooon



goboboboooobooooooomooooooobobobobooooooboboboboobooooo
gboboboooooobobobobooooooooobobobobobooooboobDooPDbOObOOOOn
gbobobooooooboobooooooooooobobobooboboboooobDobowWobooooo
goobooooooooooobooboboboooooooooobooboooboboboboboDOoDOon
gooboboooooooobobobooboooooooboobobobobobooobDobDOobDobOoboo

gooooo

goboboooboobooooobdobob Re-0O0O0O0OO0ODODOODODOOOODODOODODOODDLOODO
gboooooobobobooboooooooboboboboboooooobDob0obobOoboboobooooo
gboboboboooooooboobobobobooooo

gooooo
gbooboboobooooooooooobooboobobobobDobooooooobobobobobobODO
gbobobooooooboobobobooooooooobobo

gooooo
gbooboboboooooooooooooooooboboboobobobobDoboobooooobobobo
000000000 00000 Labon-chipOOODOOODOODODOOODOOOODOOOOODODOOODOO

gooooo

gbooboboboooooooooooboobooboboboboboooooooooLoOobobobobOoDOo
goobooooooooobooboboboboobooooooooobobobobobobDobDoboobobobobo
oo

gooooo
gbooboboobooooooooooobooboobobobobobDoboooooDoboobooobobobobo

goobooooooooooooobobobobobooooooboobooboobobobobobDOobDOobDOon

gbobobooboooooobobobooboooooooboobobon

goB

(H)oooooOoO
000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000

goooboooooason



oomobooobooboooboobooobobobooboooboobDooboobobooboobobobobDooo
gobooboobooboooooooooobobobobobooDooooooooboboboboboboDbOoo
goooooboooboobooboboboboobobboobooboboboobboboomuoboboooo
gobobooboobooooooooboobooboobobobobobDoooooooobobooboboboDbOoo
gobobogoobooobooooooooooboboboboboooDooooooooboobobobobobOoDbOoo
gobobogooooooooooooboboboboboooooobooboobobobobOobobDOoDOoDOon
oboobooooooo

gooooooooobooooboboboboboboboooooboobooboboboboboboboooDg
gboogoooooooooobooboboboboboooooobooooobobooboboboboboDOoon
goboobooobooobooooooooooooooooobobobobobDoboDobDooOoboobobobobobOoo
goboooooobooooooooobooboboboboboooboDooooooboobobobobobOoDbOoo
gooooooboooobooboobobooboobobDooboboboobobooboobobDoOoDbo
gooooboooboooooboobobobooboobooboo0bbobDoobobooobobobooDoboboOoo
ooobooobooo

goooooooooboboboboboboooooobooobobobobobobobDobDoboboooo
gobobogoooooooooooobobobobobobooDoooooooobobobobobobOoDbOoo
goboogoooooooooooobobobobobooooooboobooboobobobobobobOoDOoon
gobobogooooboooooooooobobobobobobobDobDooobooobOoboobobobobOoo
gooboooobooooobbooobooomooobh@oooboOmooooboooobobooobo
gobobogoooooooooooobobobobobobooDoooooooobobobOobobDOoDOobDOoOn
gooooo

(00000

oooooo

0000000000000 00000000000000000000000000000 CRESTOOOOO
0000000000000000000000000000000000000000000000000000
000 Cco,000000000000000000000000000000000000CRESTONOONOOOO
00000000000000000000000000

gooooo

gobobooobobobobooobooHONOCcouCcCO, bbb obooobobobuooboobg
gobobogoooooooooooobobobobobobobobDooooooboobbobooboboboDbOoo
oboobooooooo

gooooo

gooooooooobobobobobobooboooooooobobobobobobDobDoboboooo
gooobooboboobooboboooboboboobooooboboboboDOoOobOobCeRrESTHODOOOODOODO
oboobooboooooobogooo

30200000000



gooooo
gboobobooobooooooooooobooboobobobobobobobDobDoboobOoobobobobo
goobogooooooooooboobobobobobobooooooobooobobobobobobOoDOoo
gobooooooooooooboobobobobobooooooboooooobobobobobDOobDOobDOoon
gbobobooooobooboboboboooooooobobob

gooooo

goboooooboobooobooboobooboooobooboobooboobobooobobobobobooDbo
gooboooooooooooboobobobobobooooooboooboobobobOobobDOobDOobDOon
gooooooooooooobooboboboboboooooobooboobOobobOobOobobDOobDOobDOon
gbobooooogonog

-4-2000000000000000000
goc

HooooooOdO0opbDoOoooooOoOooDboOoobooOoooDooo
gboobobobooboobooooobooobooooboboboboboboooooooobooobobobobo
goobooooooooooooobobobobobooooooboobobobobobobDOobooboobo
goooboo
gbooboboboboboooooboooooooooboboboboboboOoboobooooboooboooobooo
gooboooooooooboobooboboboboooooooooboboboboboboobDOoboooobobo
gbobobobooooobooboboboboboooooo
goobooooooooboboboboboboooooboobobobobooboooboooobOobOobo
gobooboobobooboooobooobooboobooooboobobooboobOobobooooob
goboboboobooobooobobobooooooooobooboboboboooooboobobobobobooo
goboobobooboobooooobooobooboobobooboobobooboobOobobooooob
goobogoooooooooobooboboboboboooooooooobooboboboboboboOobDoon
gobobooooooobooooboobobobobooboooooooboobooboobobobobobobOobDOon
gbobobooooooboobooobooboooo
gboobobobobobooooobooooooobooboboboboboobooboobooboooboboboDbo
goobooobo

@oooboooO00oDbDO0oU0ooOoOoO0oDoOooboooOooDo
gbooboobobobooboooooboooboobooboboboboboooooooooboboobobobobobo
gooboooooooboobooboobobobobobooooooboboobooboboboboboboOoDOoon
gooboooooooooooooboobobobobobooooooooboobobobobOobOoboOoobDOoon
gbobobooooobooobooboboboboobooooooobobobo
gboboboobobooboooobooooooobobobobobobooooooooboooboboboDbo

goooooooasos



JoooboooDoooobboooobooobOoOoooDbooob bbb oooDbLDooooDboooboooo
JoooboooobooobboooobooobooooDboooboooDoDOooooDbooUobooooDboooOo
00o0o0oooooboobooooDobooboooDbooobDoooooo
gooooooooooboboooboo0oooDbooobOoo0oDbo0oDbooobOooooDbOoOooDboOo
JooooooooooobooobooobOooooDbooob bbb oooDbLooooDboOooboooo
JoooboooobooobbooooDbooobOoOoooDbooobooooDbO0o0ooDbOooooDbOoOooboOoon
Jo0o0oobobDbooooooboobooooDboob0ooDoOoobOo0obDbOoobO0o0ooDbOOooDbOoOoDoDOoono
000000 0O0OAFM, IRRAS, Fluorescence microscopy, computer simulation 0 0 00000000000 0OOO0OO
00000000 00O0OD0ODOD ABO aggregation0 000000 DOODODODODOODODOODODOODOOOODOODOOO
JooooooDooooobooobooobOoOo0ooDbooob o000 ooUobOooOooDbOoOooOo
JooooooDooooobooobooobOoOoooDbooob oo bO0o0oDbOooooDbOoOooboOooo
JodbobooooooooobobooooooDobob0oooooooObo0oooobbooooooDoobObooo
gooooooooooooooooo
goooooboooooooDoOoooooob0o0oo0ooDobO0o0oO0DNHDDOODODODOoDDOOoooOoooDDboo
JoooboooDoooooboooDbooobOooooDbooob bbb ooooDO oo bOoOooboOoon
JoooooobooooooooboooooobboooooDoO o000 oDoObObOooooooDoOoboogo
Jooob0oooDooooobooobooobOooooDbooobooooDbO0o0ooDbLOooooDbOoOooboOooo
0oo0ooooooboooDoooboobDbooboobooooboooooo

RpUoobooooooooooOoobooooood
goooooooooooooboboboboboooooooobobobobobobDobDoboooooo
obobobooooobobobobooooog

@oooooOoO0oooOoooooooooooo
goooooooooOooOoinvivoODOOODOOOOOOOOODOOODOOOOODOOODDOOODOOOOO

OO0O0O0O0O0D0OO0invivoODOOODODDOOOODOODOOOODOOODOODODOOOODDOOUODODOOODODOOODOO

gboobooooooboboboboooooobooboobobobooobooboobobOoboboboobooo

G)oooooooboooooooOoobooooood
goooboboooooooooooboboboobooboooobobobobboooobooboDoDoDbOob oo
gooooooooobobobobobobobooooooooobooboobooboboboboboboooog

gooooobooobooboooboobobooobooboobDoobooboboboboboUobooboOobOoobo

gobobogooooooooooooboboboboboboooDooooooboobobobobobDOoDOobDOon
gboboboooboooobouobobobobooboooog
gobooooobooooboooboobobooboobooboobbooboob0obDoobDOoOobobobOoo
goboogooooooooooooboobobobobobooDoooooooobobobobobobOoDbOoo
gbobogoobooobooooooooboobobobobobooDooooooooboobobobobobOobDOoon

400000000



gooooooooooooobooboboboboboooooobooboobobobobOobobDOoDOobDOon
goooooooooooooooboboboboboooooooooooobobobOobobDOobDOobDOon
gooooo

oo b

gboboboboobooooboboboboooooooboobobo

gboobooboooboooooooooooboboobobobobDoooboobooobobobobobobDooboGg
gobobobobooooooboobobobobobooooo

gbobobobooobooooooooooooobobobobobDoboooooooobooooobooLobobo
gobobooooooooooooobobobobobobooooooooboobobobOobobDOobDOobDOon
gooboooooooooooboobobobobobobooooooooooboobobobobobobDOoo
gooboooooooooooboobobobobobooooooboboobobobobOobDOobDOobDOobDOon
goobooooooooobooboboboboobooooooooobobobobobobDobDoboobobobobo
gooooooooooooobooboboboboboooooobooboobobobobOobobDOobDOoLDOon
gooboooooooooooboobobobobooooooooobobooboobobobOobobDOobDOobDOon
goobooooooooooooobobobobobooooooboboobOobobobDobDOobDOobLOoLDOon
goobooooooooobooboboboboobooooooooobobobobobobDobDoboobobobobo
goooooooooooooboobobobobobooooooboboobooboboboboboboDOoo
goobooooooooooobooboboboboboooooobobooboobob0obOobobDOobDOobDOon
gbobobooooognog

gbooooooobooboboobooogon
gobooooooooooooooboboboboboooooobooooboobobobOobobDOobDOobDOon
goooooooooooooboobobobobobobooooooooooobobobobobDobDOoLDOon
goobooooooooobooboboboboboboooooooboobobobobobDobDobooboLobobo
goobooooooooobooboboboboooooooooobobobobobobDobDobooboLobobo
goooooooooooooboobobobobobooooooboooooobobobobobDOobDOobDOoon
gooboboboooooobooboboboboooooooobobobobooboooOooDo
gobobogooooooooooboobobobobobobooDoooooooobobobobobobOoDOoon
gooboooooooooooooboboboboboooooooboobobobobobDobDobooboLobobo
gooboooooooooooooboboboboboooooobooboobooboboboboboboDOoo
gooooooooooooooobobobobobobooooooooboobobobobobDOobDOobDOon
gobooooooooooooooboobobobobobooooooooooobobobobobDOobDOobDOon
gooooboooobooooboobooboobobooboooboooobDooboobob0oobOoboboobooDo
gooboooooooooboobobobobooooooooooboobobobobobDobDobooboLobobo
goooboobooobooboobooboobobooboob0obooboobobooobobobOobobOoDbDOoo
gooboooooooooooboobobobooooooooooboooooobobobobobDOobDOobDOon

gooocooooasos



gboobooobooobooooooooboobobobobobooDooooooboobobobobobDOobDOobDOon
goboboobooboooooooobooboboobobobobobDooooooboobobobobobOoDbOoo
gbobogoooooooooooobobobobobooooDoooooooobob0obobobobOoDOoon
goooboobooboooboobooooboobooboobobobobooobooboobobooDbOobobo
gobooboobooboboobooooooboobobooooooobobboooobDobob0obobobobOob o
gbobooboooooboboboooooooobobobooboboooobDoboboboobDobDobDobOobo
gobobogooooooooooooboboboboboboooDooooooOoobobobOobobDOobDOoDOoon
ogbobobooooobobobooobooooooboboboo
gboboboobooboobooooooobooboobobobobobDoooooboboobobobobobOoDOoon
gboooobooooooooooobobobobobooooooboobooboobob0obOobobDobDOobDOoon
goboboobooboooooooooobobobobobobobDooooooboobobobobobOobDOoon
gbobooooboobooboboboooon

-A-30 00 ouuguogoboooood
oo

Review of the Coordination Chemistry Group of the Institute for Molecular Science

Sep. 10, 2007

Dan DuBois
Fundamental Sciences Directorate
Pacific Northwest National Laboratory

Richland, WA USA

Overview of Activities

This report is the result of an on site review of the Coordination Chemistry Group of the Institute for Molecular Science (IMS)
conducted on Sep. 10, 2007. The programs reviewed were those of Professor Koji Tanaka, Professor Yasuhiro Uozumi, Associate
Professor Hidehiro Sakurai, Associate Professor Hiroyuki Kawaguchi, and Associate Professor Toshi Nagata. All of these programs
are very basic and fundamental in nature, but all are also focused on providing the fundamental science required for achieving the
sustainable and environmentally benign production of energy and materials necessary to maintain a high quality of life in our modern
society.

Current production of energy and many useful materials (chemicals) is closely tied to the use of fossil energy reserves such as
oil, natural gas, and coal. To accommodate the future energy and material needs of mankind without increasing the atmospheric
concentration of CO, (a greenhouse gas) will require advances in our knowledge of how to produce fuels and chemicals from non-
fossil sources such as solar, wind and nuclear energy and abundant raw materials such as water, carbon dioxide, nitrogen. In addition,
the future production of fuels and chemicals from these non-fossil sources must be carried out with minimal impact on our environment.
These are the considerations guiding the fundamental research efforts of the Coordination Chemistry Group. These efforts can be

broadly divided into three areas. One is the development of catalysts for the interconversion of electrical energy and chemical energy.
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A second area is the development of new materials, specifically carbon nanotubes, which can improve the efficiencies of fuel cells,
photoelectrochemical cells, and other energy conversion devices. The third area involves green chemistry, or the ability to produce
the chemicals we need in our daily lives with a minimal impact on the environment in terms of waste solvents and materials.

Non-fossil sources of energy include hydroelectric, solar, wind, nuclear, geothermal, and biomass. Although biomass can produce
some of the fuels that will be needed in the future, this source of energy and materials is competitive with needs for agricultural and
will only be able to supply a fraction of our future fuel and chemical needs. The other non-fossil energy sources all produce electricity
and not fuels or chemicals as their primary product. As a consequence, this energy is not easily stored and results in a temporal
mismatch between energy production and energy demand. Although batteries could in principle meet this storage requirement, the
materials used in their construction and their energy densities will preclude their use on the scale required to replace fossil fuels.
Scientific advances in the storage of electrical energy as chemical energy will be required to achieve energy storage on the enormous
scales necessary to meet the demands of our modern society. This will necessitate the development of new catalysts for the
electrochemical reduction of abundant small molecules such as CO,, H,0, N,, etc. to form H,, CH3OH, CH,4, C,HsOH, and NH3
with the concomitant production of O,. It will also be necessary to reconvert this stored chemical energy back to electricity upon
demand. It is these considerations that lead to the focus of several of the efforts of the coordination chemistry group (Tanaka,
Kawaguchi, Nagata) on the development of molecular catalysts for the inter-conversion of small molecules and electrical energy.
These reactions all require the development of new, highly efficient, and inexpensive catalysts that do not currently exist.

In addition to new catalyst development, efficient energy production and storage will require the development of new materials
for fuel cells, solar cells, batteries, photoelectrochemical cells, and other devices. A limiting feature of many of these devices is the
inability to control the transport of electrons and protons over nanometer to micrometer distances while interfacing these materials
with the molecular scales of catalysts and the macroscopic scales required for device applications. The ability to control the structures,
dimensions, and relative orientations of carbon nanotubes will play an important role in the development of superior electron transport
properties in many energy conversion devices. The use of new fundamental synthetic approaches for precisely controlling the geometry
and electronic properties of bucky bowls and ultimately carbon nanotubes is the focus of the research of Associate Professor Hidehiro
Sakurai.

The ability to carry out chemical transformations efficiently (both in terms of energy and materials) will also play an important
role in meeting the future needs for producing the chemicals without adversely impacting the environment. Ideally it is desirable to
perform chemical reactions using either no solvent or an environmentally benign solvent such as water with very high selectivities
and control of stereochemistry. The development of such processes is the focus of the research of Professor Yasuhiro Uozumi.

The independent and very distinct research efforts of the members of the Coordination Chemistry Group of the Institute for
Molecular Science are complementary and their combined success will play an important role in providing the fundamental science

required for a more energy secure and environmentally friendly future.

Discussions of Individual Research Efforts
Professor Koji Tanaka

Professor Koji Tanaka is the Director of the Coordination Chemistry Laboratory at IMS. His research focuses on the development
of molecular catalysts for the reversible conversion between electrical energy and chemical energy. In particular, his work has focused

on the development of molecular electrocatalysts for CO, reduction, methanol oxidation, and water oxidation. He has made insightful
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contributions that have earned him international recognition in each of these areas. He is widely published in top quality journals of
the American Chemical Society, leading European journals such as Angewandte Chemie and others, as well as Japanese journals. He
has received numerous invitations to present his work at various national and international meetings as a result.

Professor Tanaka is one of the most original and innovative chemists in molecular catalysis. A distinguishing feature of his work
is the use of ligands of various types to assist or participate in the chemical transformations of various substrates. For example, in
his development of water oxidation catalysts, catecholate or dioxolene ligands were incorporated as an integral part of the catalyst
design. The ability of these ligands to undergo redox reactions separate from those occurring on the metal underlies much of the
unique chemistry observed for his catalysts. Professor Tanaka was the first to recognize and demonstrate the important role such
ligands could play in water oxidation catalysts. Water oxidation/O, reduction catalysis is an extremely active area of research at the
present time, because this half-reaction is involved in all fuel production and fuel utilization schemes. Professor Tanaka’s catalysts
are certainly among the most effective and unique molecular catalysts currently known. His work will certainly form the basis of
much future work by many other research groups - the best criterion by which to judge the importance of research contributions.

Professor Tanaka is also successfully using a similar approach for developing catalysts for methanol oxidation. Again the inclusion
of redox active dioxolene ligands plays an important role in the ability of these catalysts to function as alcohol oxidation catalysts.
Understanding these catalysts will provide a strong basis for future development of methanol fuel cells.

Many molecular electrocatalysts for the electrochemical reduction of CO, have been reported, and some of them exhibit high
activities and relatively low overpotentials. However, the products produced by the most active catalysts are either CO or formic acid
(two electron reductions). The development of catalysts that can more completely reduce CO, to methanol is highly desirable.
Professor Tanaka is currently engaged in an effort to develop catalysts that are capable of achieving such so-called “deep reductions.”
Once again he is using a novel approach in which a ligand is being used to carry out an extremely important role in the catalytic
cycle. In this case the ligand possesses a functional unit that is similar to the biological hydride (H~) relay NADH. The role of this
hydride donor ligand is to supply an intramolecular hydride source that can deliver a hydride ligand to coordinated CO. Although a
CO reduction catalyst based on this approach has not been developed yet, the approach is novel, and given Professor Tanaka’s past
successes with other difficult catalytic processes, it certainly has an excellent chance of success. More importantly, his research is
demonstrating the importance and generality of using ligands to play an active role in multi-proton and multi-electron processes that
are required for efficient conversion between electrical energy and chemical energy (i.e. fuel production and utilization reactions).

Important collaborations have been sought out and developed with chemists Jim Muckerman and Etsuko Fujita at Brookhaven
National Laboratory in the US. These collaborations provide access to fast kinetic experiments and theoretical capabilities. Because
of Fujita’s and Muckerman’s interest in developing molecular catalysts for the reversible conversion between electrical energy and
chemical energy using their respective strengths in fast kinetics and theory, this collaboration with Professor Tanaka, who excels at

catalyst design, is very natural and productive.

Associate Professor Hiroyuki Kawaguchi

Associate Professor Kawaguchi’s research focuses on the activation of small molecules such as N,, CO, and CO, using early
transition metals. In this research, efforts are being made to control the reactivity of the metal complexes (niobium, tantalum, and
zirconium) by controlling the geometry of the complexes via ligand design. The ligands studied were either linear or tripodal tridentate

phenoxide ligands. Impressive reactivity of these complexes with molecular nitrogen (N5) has been observed in which the triple bond
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of dinitrogen has been completely cleaved. Protonation and alkylation of the resulting nitrido ligands has also been observed. In
addition, cycles of stoichiometric reactions for producing ammonia from N, and strong reducing agents followed by protonation
have been demonstrated. These data clearly indicate that production of ammonia by these early transition metal complexes is feasible,
but not catalytic.

Studies of low-valent ditantalum species resulted in intramolecular C-H and C-O bond cleavage reactions. In addition, an
unprecedented coupling of six carbon monoxide ligands via C—C bond formation was observed upon the reaction of two low-valent
ditantalum species with CO. Although the ligand resulting from the coupling of the six CO ligands has not yet been successfully
removed from the metal, this result illustrates the ability of these low-valent early transition metal complexes to activate small
molecules in new and exciting ways. In related chemistry, Zr complexes were used to demonstrate a cycle of stoichiometric reactions
in which benzyl anions, two CO ligands, and H, were used to generate allene derivatives, again demonstrating the ability to activate
and couple CO molecules as well as cleave the C-O triple bond. Finally the reduction of CO, to methane using triethylhydrosilane
as the reductant has been demonstrated.

These results taken together demonstrate a remarkable ability of these low-valent early transition metal complexes containing
triphenoxide based ligands to carry out the activation of a variety of small molecules. The observed reactions involve cleavage of
extremely strong N-N and C-O triple bonds as well as remarkable and extensive C-C coupling reactions. These reactions are
facilitated by the formation of strong M-O between the early transition metals and oxygen atoms, which require the use of highly
energetic reagents to achieve cycle processes. Future studies will involve mechanistic studies that will provide additional insights on
how these very interesting transformations occur, and hopefully lead to truly catalytic processes in which the unusual ability to cleave
the strong triple bonds of CO and N are preserved, but that do not require high energy reagents currently used to achieve a cyclic
process.

Frequent publications of the research results outlined above in a variety of first tier ACS journals and European journals is
consistent with an excellent research program that is very competitive with other international research programs on activation of

small molecules using early transition metal complexes.

Associate Professor Toshi Nagata

Associate Professor Nagata’s research is ambitious in that it seeks to reproduce photosynthesis using artificial molecules. Such
a project requires multiple activities, and he has focused on two. The light-harvesting portion of his research involves the study of
dendrimers with Zn pophyrins at the core and with quinone molecules attached to the branches of successive generations of dendridic
molecules. The purpose of this research is to provide a mechanism for matching catalytic rates for redox reactions such as water
oxidation, which are relatively slow reactions, with the rates of the photon adsorption, charge separation, and recombination which
are much faster than the catalytic reaction. The quinone molecules attached to the dendrimer are expected to function as a pool for
accepting and releasing multiple electrons. This is a novel approach to matching the reactivity of catalyst and light harvesting
components. In a first step towards realizing this goal, the photoreduction of the quinone pool to hydroquinones by irradiation of the
zinc porphyrin/quinone dendrimer ensemble using thiophenol as a sacrificial electron donor has been demonstrated.

The next step in the construction of this photosynthetic ensemble is to couple the quinone pool to a redox catalyst. Efforts are
underway to develop highly active water oxidation catalysts that mimic the structure and function of the oxygen-evolving complex

(OEC), the enzyme that catalyzes H,O oxidation in natural photosynthetic systems. To achieve this goal, a pre-organized ligand
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template has been synthesized that is designed to position three Mn centers in an arrangement like that observed in the OEC. This
result has been achieved using Fe as the metal rather than Mn. This result is in contrast to previous efforts in other laboratories that
use two positioned carboxylate ligands and self-assembly in attempts to mimic the structure and function of the OEC. Future research
will explore the incorporation of Mn and the addition of a fourth Mn center in an asymmetric position to mimic the structure and
hopefully the function of the OEC.

The effort to achieve a fully functional artificial photosynthetic system is a daunting task that will require the careful design and
assembly of a multi-component system in which a large number of functional components will have to be very carefully arranged
in space and matched in energy. Although this research is ambitious, the structures of the individual components are well conceived,
and the approach to the assembly of these components is an original and interesting one. The publication record is consistent with

an active research program for this young researcher.

Associate Professor Hidehiro Sakurai

Associate Professor Sakurai’s work is focused in two main areas: (1) the development of highly efficient and selective synthetic
routes to buckybowls (curved fragments of buckyballs, Cgg), and (2) the exploration of gold nanoclusters as catalysts for organic
transformations. In the first area, new and very elegant synthetic methods have been developed for the synthesis of sumanene and
the homochiral trimethyl substituted sumanene. This synthetic methodology has required some very significant advances including
the cyclotrimerization of chiral haloalkenes by Pd nanoclusters, the use of tandem ring opening and ring closing metathesis reactions,
and low temperature electrolytic oxidation in the last step of sumanene synthesis. These studies have permitted the inversion barrier
of sumanene (flipping from one bowl form to another) to be determined (21 kcal/mol). This elegant synthetic approach to sumanene
derivatives forms a strong basis for the more long term goals of constructing larger bowls, bowls with precisely placed heteroatoms,
and ultimately the controlled synthesis of high purity carbon nanotubes with specific structures. Such materials are not currently
available, but would be of much interest for their potential use in a broad range of applications.

The second area of research under investigation is the use of poly(vinylpyrrolidone) stabilized Au nanoclusters as quasi-
homogeneous catalysts in organic transformations. In this area an interesting size dependence has been observed for the catalytic
aerobic oxidation of alcohols. These reactions also exhibit surprising structural specificity and selectivity that is very similar to that
of molecular or homogeneous catalysts. This is unusual for what appears to be a surface catalyzed reaction. These unusual selectivity
patterns suggest that the very small nanoparticles with diameters of 1-2 nm, the catalytic sites resemble those of single site molecular
catalysts. Traditionally, synthetic organic chemists have not explored the utility of nano-catalysts in detail. These studies suggest that
there may be much to be learned in the area of catalyzed organic transformations using metal nanoparticles and that both size and
surface treatment will play an important role in catalyst performance.

This is a robust and active program in both areas under investigation. Numerous publications in Science, JACS, and other
international journals reflect well on both the productivity and quality of the work being done. Overall the work is very creative and

competitive at the international level.

Professor Yasuhiro Uozumi

The focus of this program is on green chemistry. In particular, Professor Uozumi’s research deals with the development of

heterogeneous catalysts for organic reactions that function in water with high efficiency and selectivity. One highly successful
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approach to this goal has been the attachment of homogeneous metal complexes of Pd and Rh to supported phosphine ligands bound
to poly(ethylenglycol) (PEG) modified polystyrene (PS) particles (PEG-PS). This design allows for the formation of an amphiphilic
region produced by the PEG region that is compatible with both water and organic substrates and a hydrophobic pocket formed by
the metal complexes. This hydrophobic region provides a microreactor within the bulk aqueous phase that results in high local
concentrations of organic reagents that facilitate the catalytic reaction. Using these PEG-PS beads modified with Pd and Rh phosphine
complexes, a variety of known organic transforms that are normally conducted in organic solvents can be carried out in an aqueous
solution, eliminating the need for an organic solvent. This method also results in a number of other significant advantages. Among
these are the ability to easily recover the catalyst by simple filtration and to reuse the catalyst many times. It also results in the ability
to use combinatorial methods for both catalyst development and for combinatorial screening of reactions for a large range of reagents.
This method has been extended to the synthesis of chiral compounds with both high yields and high selectivities. Overall, this is an
extremely powerful tool for achieving cleaner and safer organic reactions. Professor Ouzumi’s work in this area has been recognized
by his being awarded the Ministerial Award for Green Sustainable Chemistry and the Japan Chemical Society Award for Creative
Research.

More recent work in collaboration with Dr. Yoichi Yamada involves the extension of the heterogenizing of homogeneous catalysts
to the formation of catalytic membranes in microchannel reactors. Such approaches can have many advantages, such as much shorter
reaction times and the facile separation of products.

In summary, Professor Uozumi has made a substantial contribution in the area of ‘green’ chemistry that has resulted in publications
in high quality journals and earned him international recognition in this area. These recognitions and accomplishments are a reflection

of the high quality and productivity of his research group.

Summary

The overall quality of the research programs of the Coordination Chemistry Group of the Institute for Molecular Science is
excellent. The research covers a broad range of activities in the molecular sciences and is fundamental in nature. The scientific focus
of these research projects suggest that they will contribute to improvements in energy production without emissions of greenhouse

gases and to more environmentally benign methods for producing the materials that we need in our daily lives.
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General Comments about the Institute for Integrative Bioscience

and Department of Life and Coordination-Complex Molecular Science

The IMS is internationally regarded as a center of excellence in the physical and molecular sciences. It is perhaps less well known
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in the areas of biomolecular research than in the physical sciences and it is therefore worth considering what might be done to enhance

the reputation and impact of IMS in the biosciences.

Current Trends in Biomolecular Research

The current trend in the US is to encourage collaborative interactions between scientists to promote cross-disciplinary research,
to develop new technologies, and to create new research directions. Both the National Science Foundation and the National Institutes
of Health have evolved funding mechanisms to support and promote such collaborative research efforts. The NIH Roadmap, for
example, aims to create new organizational models to stimulate interdisciplinary research and foster an integrated approach to advance
our understanding of complex biomolecular and biological systems. Disciplines that have been identified as central to this effort
include chemistry, structural biology, computational biology, molecular and cellular imaging, and nanotechnology. Much effort is
being made, especially in research institutes, to create cohesive research programs that cross disciplines. Many institutions also strive
to achieve critical mass in key research areas, emphasizing recruitment of scientists who bring different techniques to bear on related

research problems. This strategy helps to increase the visibility and impact of an institution.

Impact of the IMS in Biomolecular Science

The research performed by the laboratories that | visited in the Institute for Integrative Bioscience and the Department of Life
and Coordination-Complex Molecular Science is uniformly outstanding. The individual laboratories are extremely well equipped
with state of the art instrumentation and each group is making important and highly influential contributions in its own specialized
field. However, the overall research program lacks cohesion and the individual laboratories largely work on unrelated projects. As a
result, the overall impact of the IMS in the area of the biosciences is essentially the sum of the impact of each individual group.
Increased focus and collaboration between groups would greatly increase the visibility of the IMS in this area, leveraging the current
research effort so that the overall impact is much greater than the sum of its parts. All of the disciplines identified as central to the
NIH Roadmap (chemistry, structural biology, computation and molecular simulation, molecular and cellular imaging, and
nanotechnology) are well represented in the IMS, but there currently appears to be little communication or collaboration across
disciplines. The potential already exists within the IMS, and the key technologies and resources are already in place, to make significant
interdisciplinary advances in bioscience, provided that collaborative interactions between research groups can be promoted and

financially supported.

While the laboratory facilities and instrumentation available to each research group are outstanding and the scientific staff are
performing highly original and innovative research, many laboratories currently lack a critical mass of research personnel. The
scientific output and reputation of IMS as an international center of excellence in molecular science could be greatly enhanced by
increasing the number of junior scientists, postdoctoral fellows, and graduate students in the research programs. If there is a shortage
of Japanese postdoctoral research associates, then it is important to look to other countries, especially other Asian countries, to recruit
highly qualified postdoctoral researchers. Recruitment of additional postdoctoral fellows to IMS would greatly benefit individual
research programs, would help bring in new ideas, and could provide a mechanism to enhance interdisciplinary collaborations. A
second concern is the small number of graduate students at IMS. | gained the impression from my discussions that it is very difficult

to recruit outstanding graduate students to IMS, in part because they tend to join the graduate schools at the universities from which
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they receive their undergraduate degrees. A possible solution to this dilemma might be to increase the visibility of IMS in undergraduate
institutions by establishing an outreach program. This might take the form of presentations at undergraduate colleges about the
exciting science at IMS or introduction of a program in which senior undergraduate students are offered an opportunity to work in

laboratories at IMS during the summer. Such undergraduate internships are common in US universities and research institutes.

Finally, it is important to consider how the reputation and impact of the IMS in the area of biosciences can be enhanced in future
years. IMS is fortunate to have a nucleus of outstanding faculty whose research in the biosciences is at the highest level and who are
achieving international recognition for their work. The recent addition of Professors Kuwajima and Kato to the biosciences program
will go a long way towards increasing the visibility and impact of IMS in this field. Priority should be given to recruiting additional
research groups working in complementary areas. Research areas that would complement existing programs include protein misfolding
and disease, mass spectrometry based proteomics, structural biology of membrane proteins or macromolecular machines, single
molecule spectroscopy of biomolecules, and systems biology. Single molecule spectroscopy, in particular, would tie in well with
IMS’ existing strength in spectroscopy and laser technology and would help to promote interdisciplinary collaborations. However,
all of the above fields are rapidly growing and any one of them would interface well with existing research programs at the IMS and
would greatly enhance the visibility and impact of the Okazaki Institute for Integrative Bioscience and the Department of Life and

Coordination Complex Molecular Science.

Peter E. Wright

Cecil H. and Ida M. Green Investigator
Professor and Chairman

Department of Molecular Biology

The Scripps Research Institute
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