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l. Introduction

Spectroscopic methods are useful to understand detail of chemical reactions in organic chemistry.
However, conventional spectroscopic methods such as NMR, IR, X-ray, etc. are difficult to apply for
detection of short-lived intermediates and observation of single molecules because they usually
require a sufficient accumulation time and a large number of molecules to obtain clear spectral data.
Today | will introduce different spectroscopic methods which may give us a chance to overcome
these limitations.

1.1 Limitations of Conventional Spectroscopic Methods

* Time resolution is usually not enough to detect short-lived intermediates.
—> It is impossible to observe rapid change of molecules (bond dissociation/formation.
transition state, etc.).

—
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* A large number of molecules is required to observe signals with sufficient S/N ratio.
—> The observed data are only an avarage of large ensembles of different molecules.

1.2 Methods to Overcome the Limitaions

* A way to overcome the time resolution problem ®
is to use very short laser pulses to excite and %
detect molecules. This method, so called as -
femtosecond spectroscopy, allows us to : .
understand the change in very fast chemical femtosecond :  conventional
reactions. —> Chapter 2 laser : NMR, IR, Xray,
spectroscopy MS, HPLC,
: Kinetics, etc.

* We can expect to detect single molecules
using microscopic methods with high (atomic
level) resolution. TEM (transmission electron
microscopy) is a method which can distinguish
molecules at an atomic level. This methodology
makes it possible to watch each single organic

number of
molecules
required

TEM imaging of

molecule with sufficient spatial resolution. —> 777 i 'single organic
Chapter 3 ' molecules
@
g .
high time resolution low
(short) (long)

Figure 1. Classification of Methods to Observe
Chemical Reactions.




2. Femtosecond Laser Spectroscopy (FLS) 257! L@
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2.1 Background of FLS N I s e
s —

2.1.1 Laser (light amplification of stimulated emission 01 1ps 100 0o
of radiation) T ?_‘:—7’!»

* Laser is a form of light that is amplified in a cavity through stimulated
emission process.
* Laser has the following characteristics:
1) high coherence: waves of laser are highly matched with each other.
2) single color: band width of laser is narrow. 5 i
3) pulse shaping possible: shape of laser can be modified by several Bl SFEHHLR OBRTSE.

optical techniques to generate femtosecond-order short pulses. ® PP
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2.1.2 Pump-Probe Method—Concept of L
Femtosecond Spectroscopy— \ N
* Femtosecond laser pulses are separated by beam splitter to \ ! ;
pump and probe pulses. 7 = i
* Pump pulses stimulate reactants to photoactivated state, A7 =FWRM dvcm"'
which are converted to products through potential surface. B35 bt~ —REEROREH
* Probe pulses excite products which emits fluorescence. fa)’ “”rj”*j"f- ‘:” *ﬁgg":“"’ﬁ 4”';"‘" B dhnm).
» Length of the probe light pathway is adjustable to control gy HM (Fem™) EXmM (K
timing of arraival of the probe light (delay time). B, Rs s FUE, RIS £ (LR
* Obtained intensity data of BRI R WURIBEC L 9 75 4 b B SRR THE 40 = B 1M om™, A= %
fluorescence are accumulated 10mm X538 —
as a function of delay time to
give a graph which displays
formation of products in 1fs.p9) AN
femtosecond time scale. P . o -
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2.2 Photolysis of ICN—Proof of Concept—
References: Zewail, A. H.; et al. J. Chem. Phys. 1987, 87, 2395;

2.2.1 Reaction Scheme

pump pulse (60 fs range)

hu,
——— [I-=CN]}* ———— [I- - -CNJ¥*-

I-CN

A, =306 nm

2.2.2 Results and Discussion

Signat intensity

Signal Intensity

i
FIG. 4. Typica! clocking experiment results with transform-limited pulses. !
The ICN transient ¢solid squares) in this casc shows an observed delay of ]
7122 = 205  30fs from the DEA transient { open circles). The lines arc fits

10 the daia. The figure at the bottom shows an expanded scale near r = Q. L.

(1) Detection of «CN by 388.9 nm Probe Pulse

* Pump pulse (306 nm) excites ground state ICN to the
excited potential surface, which forms a wave packet.

* The wave packet then undergoes dissociation process
through the potential surface to give I and *CN radicals.

* *CN formed was probed by delayed 388.9 nm pulses at the
right side of the potential.

* Delay time of the formation of «CN was determined by
signal intensities obtained from the probe pulses to be Tipp =
205+30 fs. This means this photolysis reaction completed
within ~200 fs.

(2) Detection of [I- - -CNJ** transient by 390.5 nm Probe

Pulse

* Based on the structure of potential surface, excitation of [I- -
- CNJ** transient using red-side wave length probe pulse
rather than 388.9 nm is possible.

* 390.5 nm probe pulse was selected to observe the
transient structure, which resulted in the detection of
increase and decrease of the fluorescence.

* The results indicates that we can observe not only the final
products such as *CN but also detect transient intermediates
[I- - -CNJ** (so called "transition stete").

* Based on the calculation, transition state of this reaction
was estimated as < 50 fs.

le + «CN
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Science, 1988, 241, 1200; J. Chem. Phys. 1988, 89, 6113; J.
Chem. Phys. 1988, 89, 6128.

—hv,

v,

[*CNJ* *CN
fluorescence

=,

probe pulse (60 fs range)
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FIG. L. Schematic of FTS and the potential energy surfaces of ICN. The
pump pulse causes a vertical transition from ¥, to ¥, and the ssbsequent
motion on this surface is indicated. The transition state is probed by 4 3, or
the final state by 4 * . which are shown by the respective arrows from ¥, 10
V;. The absorption spectrums of ICN and the pump encrgies used are
sketched on the left. Note that the difference between A2 and A § isnovto
scale, and that the van der Waals wells are not shawn.

T L T =T T T T

[31] 40 80
Displacement in C-I (au)

FIG. 16. Wave packet dynamics on an ICN like PES. The figure shows the
evolution of the packet vn the first excited state (¥,) for 2 pump pulte st
4, = 306 nm with (a) adelta-function puise. and (b) a 125 fs puise. Repro-
duced from Ref. 31.

FIG. 5. (Right} Sch ic for fi d probing of the transition state
using a pump-probe (7, 4 tuning) method. The PES are drawn to indicate
the different probe wavelengths a¢ “free” aad “perturbed” CN transitions.
The band on the vertical axis is the absorption spectrum (Ref. 18), and the
profile of out pulse (shaded). The difference in A{R*)and A(R, )isnotto
scale, and the vdW wells are not shown. Note 2 (R *) spans the different
ranges of R (see the text). (Left) Femtosocond transients at the different
probe wavelegths indicated. The time scale is also displayed. More detailed
analysis {sce Ref. 19) will be given later (Ref. 13). The experimental condi-
tions nre given in text, and these transients (each displayed on a different
scaie) wore obtained under identical conditions except for tuning of the
wavelength. The coherence time and sutocosrelation trmoes were obtained

after each scan.




2.3 Detection of Intermediates in Norrish Type-| Reaction

References: Zewail, A. H.; et al. Science 1994, 266, 1359; Chem.
Phys. Lett. 1999, 303, 249, CHEMPHYSCHEM 2002, 3, 57;

2.3.1 Reaction Scheme CHEMPHYSCHEM 2002. 3, 79.
0 e * TOF mass
é E-= th é . varioqs various detection
t=0 Norrish type-| Intermediates  — products electronic
pump pulse (60 fs) cleavage field
A, =280/310/334 nm hv, ionized
x2 photons - intermediates/
o t=t, products
2.3.2 Photoactivation of Carbonyl probe pulse (60 fs)  cation
Compounds (Norrish Type-| Cleavage) 4, =620 nm
* Excitation of carbony! compounds via n-n* R
transition (usually ~300 nm) and subsequent “"’I' »

cleavage of C-C bond adjacent to the carbonyl “ 8T

group is called for Norrish type | cleavage T

reaction.

» In this experiment, strong pump pulses at 280- R I

334 nm x2 photons (equivalent to exitation at s

~150 nm) were used to generate photoactivated e,

intermediates at higher excitation state due to e

clean (~90% yield), instant (100-200 fs) o

decarbonylation and formation of various 4“«‘-"3)'\%,/ o

intermediates (the lowest n-n* excitation states s o2t

have lifetimes of nanoseconds order and the “ole @-CC Bond-tragking RC .~ S = 1O

yields vary with energy). LI
2.3.3 Product Detection by (Multi-) s o e 90555 0 and ) staten Bt ecorond et s of
PhOton |0n|zat|on'_TOF MaSS ;Zmrg:;map:;t;esbawn and the corresponding energies (V] refative 10 the
Combination p Fig. 2. The femiosecond ma-

ing the mass selection and the

* Probe pulse laser is used to ionize £ rom datocior orionf thahros beams. The

intermediates and products. ¢ pies, dayed i e wih o

» lonized intermediates and products are Time ot fight i -l eitoad

g focused onto the. molecular

accelerated under electronic field and
beam. The ons produced in the

detected by TOF (time-of-flight) mass
apparatus.

» This method has the following advantages
over the fluorescence measurement used in
section 2.2: 1) molecules having no
fluorescence can be detected; 2) all the
molecules with different mass weights can be
distinguished and detected at once; 3)
selective ionization of fragments/intermediates
will be possible by changing strength of the
jonization conditions.

interaction region are detected
in-a time-of-fiight mass spec-
trometer which can distinguish
between differont masses.



2.3.4 Results and Discussion
(1) Detection of Intermediates

* At delay time —100 fs (when probe puise was
arrived faster than pump pulse), no TOF mass

ignored in the following mass spectra).

* At delay time 0 fs, only the parent
cyclopentanone was observed at 84 amu. This
indicates there is no fragmentation during probe
pulse ionization process and TOF mass
conditions. Therefore the mass spectra directly
correlates with the state of intermediates. _

* Fragment ion peaks were observed at 28, 41,
55 and 56 amus. Peaks at 28 and 41 amus
would be ethylene cation radical and ally! cation
signals, réspectively, which were probably
resulted from fragmentation of the intermediates.

(2) Time Delay Experiments

* Life time of intermediates was determined by
time delay experiments similar to section 2.2.

* At first the parent ion signal increased and
diradical signals followed. The parent ion signal
disappeared within 700 fs whereas the other
signals persisted for over 1000 fs.

(3) Investigation of Fragmentation Pathway

* Based on the MS peaks of cyclopentanone and
cyclopentanone-d4 at <50 fs delay, the major
fragmentation pathway was intramolecular
hydrogen rearrangement followed by C—C bond
fragmentation to give the acyl radical (m/z 55).

* Tetramethylene diradical species were minor
whereas acyl diradical species were major based
on comparison of MS peak intensicties of
cyclopentanone-d, (m/z 58 vs. 60).
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Scheme 1. Mechanism for the decomposition of (1.
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pulses. The parent molecule, here Cyclopentanone {84 amu), appears at zero lime delay and subsequently
decays. In contrast, the tetramethylene diradical ntermediate (56 amu) appears later, growing in and
peaking at ~300 s, and then decays very slowly (z, = 700 fs); sea text. The masses at 28 and 41 amu are
due to ion fragmentation and their stuckies will be reported elsewhere,
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3. TEM Imaging of Single

Organic Molecules

3.1 Background of TEM Imaging
3.1.1 TEM (Transmission Electron
Microscope)

« TEM is a microscope using high voltage (~100-
300 kV) electron beam as “light" to observe
materials with atomic order resolution (~0.1 nm).
« To observe materials by TEM, the materials
have to be 1) stable under high vaccuum

conditions (~107¢ Pa); 2) tolerant of electron _

beam irradiation; and 3) thin enough to transmit
electron beam (<100 nm).

« TEM imaging of inorganic and biological
materials has been studied well.

« Organic compounds (thin films, crystals, solids,
etc.) are usually very sensitive to irradiation of
electron beam (severe decomposition
predominant) and rarely observed using TEM.
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3.1.2 Carbon Nanotube (CNT)

« CNT is a carbon aliotrope found in 1991 which consists
of a central tube based on hexagon carbon frameworks
and terminal half-fullerene caps.

« CNT is synthesized from carbon black or hydrocarbons
with discharge, laser irradiation or metal catalysts.

« Single-wall CNT (SWNT) is often used for the purpose
of TEM observation of molecules.

« Central tube region is relatively stable under chemical
and electron beam irradiation conditions whereas
terminal cap regions are more reactive and removable
with chemical method or under thermal conditions.

« CNT has an empty hole of nanometer width inside the
tube. The hole can be used for TEM analysis of single
molecules as a very small “test tube”.
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32TEM Im References: Luzzi, D. E.; et al. Nature 1998, 396, 323;
agmg of Fullerenes in CNT lijima, S.; et al. Phys. Rev Lett. 2000, 85, 5384;

Suenaga K.; etal. Phys. Rev. Lett. 2003 90, 055506

85%31 %r)wthesus of Fullerenes in CNT Suenaga, K.. et al. Nano Lett 2004, 4. 2451
p purified Suenaga, K‘, et al. Phys. Rev. Lett 2006, 96, 088304,
dry fullerene i
purified air derivatives  fullerenes
SWNTs — SWNTs = " i SWNTs
(opened/ 420°C (opened)  sealed tube (peapod) -0
closed) 20 min hah oG 0.85:0.02nm
24-48 h determined by TEIYJRG 1 oolary. Three possible isumers (. 11, 141) of S¢. @Cy,

suggested by NMR and theoretical studics (Refs [2,3]) (C..
Caue Doy respectively). The exact Sc atom positions were
unknown except for (F17).

* Pretreatment of SWNTSs under dry
air at high temperature is important
to obtain high yield of peapods (80—
90%) probably due to opening of
the ends of SWNTs.

* Appropriate selection of diameter
of SWNTs is also impotant to dope

fullerenes. 153 & rave 1 dssa‘ vzasbon shona CONCENtAC Wit
e nlade exic. The dicineter 3nd coEcosg

* Introduction of fullerenes into
SWNTs is an exothermic reaction.

=* the intemal shoils sie consister:: with 3
n of Uy, toiecues She raramibe iz sumuunded
by & vBcuuns. Lome bar 20 rasomebas ;
EBMBA—HL S S Fa—T e

®22 FHAADT 57— L ¥PET

DEFEDR/
79 bo RETCELF S Foa— TOREORME/um
Can 1.37
Cry 1.45
Clg 1AL
(&) 1.54
i i FIG. 2. HR-TEM images of the Sc,@C;, metaliofullerenes
322 Observation Of Me'[aHOfU”el'eneS in CNT inside SWNT:. Dark spots seen in cach mok‘tculc correspond to
: the individual Sc atoms. Legends (a)~{e)} correspond te the
(1 ) TEM Image Of SCQ@ CB4 In SWNT simulated image in Fig. 3. A JL()L ZO!OF clectron microscope
* Position of two Sc atoms in a fullerene were successfully was operated at 117 ke’ for imaging. Bar = 2 am.
determined by combination of high resolution TEM imaging and a b C d e

simulation technique.
* The Scs were not positioned at the both side of the fullerenes.

The position of Scs has not been determined by conventional
NMR technique (only determination of symmetry was possible).

(2) Detection of Sc in CNT by Electron Energy-Loss

Spectroscopy (EELS)
* EELS spectrum shows the energy loss of irradiated electron
beam that correlates with energy levels of valence bond
electrons. Therefore the spectrum contains information of each
element as well as its electronic state.
» EELS showed existence of Sc atoms and the same valence
state of Sc (Sc?*) before and after encapsulation in SWNT.

FIG. 3 «olor).  Simalated HR-TEM image (top panel) for
various orientations of Sc,@Cy, molecules inside SWNT.

- H
, \J ” B TN TR0 4 Projccted atomic potential (middle panel) and models used
;5_: o) Sc.@C (ntact) for simulations (bottom panct) are also presented. Legends (a)~
a $ u {c) correspond io those in the observed images in Fig. 2.
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FIG. 4 EELS specim takea from the intact Sc, @Cyy (@), Entegy(cV) \\ b |
Sc; @Cyy in SWNT (), and Sc;0; for reference (¢). Compared £20 M ] Gondctien Bind
with the spectrum for the S¢* in S¢.0, (inset). the same Fe R = — = —A Valeare Hund
valence state of the encapsulated Sc atoms (Sc2*) is suggested B _".‘_ IRy \, X ‘I/ [ P—
for (@} and (). Gatun imaging filier was used during the TEM Fol u | } |! \gc“‘_,m,
operation for clectron spectroscopy. The nrraws indicate the r Ao B A:m:‘\ ¢

peak positions assigned for the C K-edge inciuding 7" and o*

and the Sc L,-edge. 6.2 HELS O TR s




3.2.3 Metal Atoms Transfer between Metallofullerenes in CNT
(1) Fusion and Dissociation of Defects of Fullerene in CNT

* Electron beam impact induced the defects (small holes) on the surface of fullerene. The det::-
provide the holes from which imprisoned metals escape to outside of the fullerenes.

» The formation rate of the defect are estimated to be three of ten fullerenes during 5 minutes 1.+
» Two defects on the fullerenes coalesced to give a peanuts-like
fullerene. The coalescence induces transfer of enclosed metals from

one fullerene to ancther.

(2) Escape of a Tb Atom from Tb,@Cyg,
* One Tb atom escaped from the fullerene cage through defects

formed by electron beam.

* Three interactions during the "prison break" is expected: 1) Coulomb
interaction of Tb®* cations in the Cq, cage; 2) ionic interaction
between Tb and the Cg, cage; and 3) interaction of Tb atoms and the

defective area.

(3) Migration of Gd Atoms from Gd@Cg, to Gd, @Cy,
» One Gd atom moved to the next fullerene via the coalescence

position to form Gdj, cluster.

* Another Gd atom was transferred from right to left.
* The driving force of the Gd cluster formation might be strong
interaction between the Gd atom moved and the defective area.

3.2.4 Pyrrolidino-Substituted Fullerenes in CNT

* Structure and move of N-Me-
pyrrolidino-substituted
exofullerenes having no heavy
metal atoms were also
successfully detected.

* EELS showed electronic state

change of the N atoms in SWNT.
This suggests some interaction of

N and CNT (probably
demethylation and new bond
formation).

b

FIG. 1 colar). €2} A scheme of the used fulierene derivatives
functionalized with a pyrrolidine (Cy-CiNH;. N-methyle-3.4-
fulicropvitolidine). HR-TEM images of 1 functionalized fulles-
ene peapid (h) wnd (U1 the nonfunctionalized fullevene peapud.
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3.3 TEM Imaging of Moving Carboranes in CNT

Reference:

Isobe, H.: Nakamura, E.; et al. Science 2007, 316, 853.

3.3.1 Synthesis of Carboranes 1—4 and its Encapsulation in CNT

"BuLi (1.0 equiv);

1-bromododecane (1.0 equiv) HiPco SWNT
n or 1-bromodocosane (1.1 equiv) ca. R (@ 0.9-1.2 nm) 1-4
H THF 0.8 nm R2 sealed ‘Eube in SWNT
. BH 0 °Ctort, 30 min 1: R' = "C,,Hps-, R2 = H (30%) 1263 JCO 4l;ah
«C 2:R" = R? = "Ciahs- (30%) ' -
3: R' = "CpoHys-, R2=H (59%) * THe SWNT was oxidatively
4: R' = R2 = "CyppHyg- (20%) perforated with O, gas at

3.3.2 TEM Imaging of Encapsulated Carboranes in CNT

« Carboranes 1—4 captured in SWNTs were
detected by TEM. The carborane moieties
possessing high electron density were easily
differenciated.

« EELS supported the presence of boron atoms
in CNT.

. Companson of contrast ratio of observed and
simulated images showed the carboranes had a
streched conformation.

3.3.3 TEM Imaging of Moving Carboranes

in CNT
(1) Conformational Change of Carboranes

« TEM images of dynamic conformational change
of carborane 4 in ca. 1.2 nm of CNT were obtained
on a time scale of 2.1 seconds (0.5 sec beam
irradiation + 1.6 sec aquisition of data).

« One alkyl chain did not change its position,
suggesting that the alkyl chain strongly interacted
with a defective area (or a hole) of CNT.

» Compared with fullerenes in CNT, the carboranes
were not damaged by electron beam irradiation,
probably because of their stability against electron
impact.

Flg S4. TEM images of the conformational change of double C,,H,, carborane 4 in
a CNT of 1.2 nm diameter. The motion picture is shown in Maovie S1, and the
representative images afre also shown in Fig. 1G. (A) Expenmental images
showing that two atkyl chains change their conformation as the molecule wobbles.
The images were obtained over ca. 40 s (from top left 1o bottom right). The
numbers al the bottom of each image show the time of the observation in seconds.
The scalke bar is 1 nm. (B and C) Models of the molecule in a CNT at times 42 s
and 6.3 s, respectively. Hydrogen. white, boron: pink, carbon: gray.

420 °C before encapsulation.
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Fig. S1. Experimental TEM images of molecules 1-4 in CNTs, ther models
assuming a tinear conformation of the side chain(s) and a narrow CNT and contrast
analysis of molecules 1 and 2. {A-D) Three representative images of molecules 1-4,
respeclively. The tap left picture of A is same as that shown in Fig. 1B. The scale
bar shows 1 nm. (E-H) The corresponding molecular models in narrow CNTs (0.9
nm). This tube is 100 tight to house comfortably the double C.H. and C.H.
carboranes 2 and 4. (I-L) Simulated images for the models in E-F. (M and N}
Molecular images of 1 and 2 obtained by subtracting the background contrast from
the iop image of A and B, respectively The values below show the image conirast
ratio between the head and tait pans. (O and P) Simulated images of 1 and 2
obtained by subtracting the background contrast from images | and J. respectively.

CCO counts (a.u.}
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Fig. $2. EELS of double C,.H,; carborane 2 in a CNT showing the presence ot
boron atoms. Typical EELS spectra including the boron and carbon K-edges at 188
eV and 284 eV in the 50 nm diameter probing area. respectively. The atomic ratio
of boron to carbon was calcutated 1o be 1:33 from a hydrogenic model, indicating
that considerable numbers of carborane molecules were encapsulated in the CNT.
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(2) Moving Carborane in CNT

* The carborane 2 enclosed in a CNT of 1.2 nm
diameter at first moved to left (0-10.5 sec) and
changed its direction to right (10.5-21 sec). The
terminal of the alkyl chain then sticked to the defect
on CNT to hold the carborane at one position (21—
46.2 sec) before moving to far right side (46.2-58.8
sec).

* Molecular oriantation of the carborane was kept
during the TEM observation.

* Sticking of the carborane to the defect may be
reversible.

* Exact position of the alkyl chain and the carborane
head moving too fast (>10 nm/sec) was difficult to
determine under the current aquisition time (0.5
sec).
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Fig. S7. Numerical analysis of the translation of double C,,H,s carborane 2 through
a CNT of 1.2 nm diameter. Time-dependent locations of the molecule. x-axis: time
in seconds after the starnt of imaging (0.5 s imaging and 1.6 s read-out time
intervals). y-axis: position in nm. The red triangles mark the time of the images in
Fig. $6. The movie is shown in Movie S3

4. Summary and Prespective

Fig. $5. Additional TEM images of the conformational change of doubie CxH..
carborane 4 The motion picture is shown in Moie S2. Experimentat images of a
molecule different from the one discussed in the text show that the two aikyt chains
change thewr conformation as the molecule wobbles in a CNT of 1.3 nm diameter.
This molecule aiso appears 1o be attached to a defective part of the CNT wall. The
tmages were obtained over ca. 20 s (trom top left to bottom fight). The numbers
shown at the bottom of each Image show the time of the observation in seconds.
The scale bar is 1 nm,

Fig. S6. Translation of double Ci:Hy carborane 2 through a GNT of 1.2 nm
diameter without changing the orientation of the molecule. The scale bar shows 1
nm. The numbers show the time of the observation in seconds. Al time 0 s, the
molecule moves slowly to the left having the head toward the left, and is moving
quickly at time 10.5 s (biurred image on the left). At time 25.2 s. one can see that
the molecule still retains its original orientation, but the tail sticks to the upper wall,
At time 54.6 s, the molecule has already moved further to the right. When the alkyt
chains are seen to be very dark and visible, the two chains are averlapping at the
viewing angle. The bottom pane! shows a 3D model of the image at 54.6 5. See Fig.
$7 for a numerical analysis of the position and Movie S3 for the motion picture over
aperiod of ca. 60 5.

4.1 Remaining Points to be Solved 4.2 Application in Organic Synthesis

4.11FLS

* Applicable for light-inducing reactions only

* Clean preparation of active complex is
necessary to understand the dynamics of short-
lived intermediates in femtosecond order.

* A large set of molecules is required to observe
spectra with sufficient S/N ratio.

* Mainly applicable for unimolecular reactions.

4.1.2 TEM Imaging

* Electronic “tags" (metals, fullerenes,
carboranes, etc.) seem to be impotant to
determine the position of molecules with high
resolution.

* Heating under high vacuum conditions is
necessary to encapsulate the molecules.

* Clean formation of encapsulated CNT that is
applicable for TEM observation is difficult.

* In some cases, changes of molecules by
electron beam irraditation are serious.

* Time resolution is a second order and faster
reaction cannot be observed.

42.1FLS

* Mechanistic study of light-induced reactions
(* Strong laser pulse-induced observation of
molecular orbitals and transformation of molecules)

4.2.2 TEM Imaging

* Stractural determination of organic molecules

and complexes
* Reactions in CNTs and its observation



