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Chapter 1

General Introduction



1.1  Molecular and Electronic Structures of Amine

Amine is the compound that contains a nitrogen atom with lone pair electrons. Amine
is a derivative of ammonia (NH3), and has a NR'R?R?3 molecular structure, where R" denotes
a substituent. There are numerous amine molecules due to many varieties of R. Amine can
be classified as to the kinds of the substituents (R). Aliphatic amine contains only H and
alkyl substituents, while aromatic amine has aromatic ring(s) attached to the N atom.
Besides these classes, the compounds with the carbonyl group, R—CO—NR!R?, are so-
called amide. Aliphatic and aromatic amines are further organized into three sub-classes
based on the number of R; primary- (R'NH,), secondary- (R'R’NH), and tertiary-
(R'R?R>N) amine. The simplest amine in each sub-class is listed in Table 1.1. Aliphatic and
aromatic amines are individually characterized by the local molecular structure around the
N atom. Aliphatic amine has a tetrahedral structure centered on the N atom due to sp’
hybridization. Conversely, the structure around the N atom is often nearly planar owning to

conjugation of the lone pair on the N atom with the & electrons on the aromatic ring.



Table 1.1  Molecular structure of the simplest aliphatic and aromatic amines in each
sub-class. Ph denotes benzyl (CsHs) group.

Aliphatic amine

Primary- Secondary- Tertiary-
(NH2R') (NHR!R?) (N R'R?R?)
\'N \\'N \l‘i\]
W HWY, YN H.CW N
HY¢ Sch, CHs 3 CH,
H H3C HiC
Methylamine Dimethylamine Trimethylamine
CH3NH: (CH3):NH (CH3)3N
Aromatic Amine
Ph Ph Ph
N N N
H H H eh P ph
Aniline Diphenylamine Triphenylamine
PhNH; PhoNH PhsN

Amine is ubiquitous as organic and biological building block and plays the essential
role as a Lewis base or hydrogen-bonding donor. The basicity of amine depends on the
electronic properties of the substituents; alkyl groups enhance the basicity, whereas aryl
groups diminish it. The adjustable nucleophilicity by an appropriate selection of the
substituent is useful for organic synthesis. Amine has a distinctive fishy-smell and is also
contained substances putrefied by a microbe. Some amines cause a human illness;
trimethylaminuria, which is called as fish-odor syndrome,' is a disorder where the body is

unable to break down trimethylamine. On the other hand, many drugs are designated based



on amine in order to interfere with the action of natural amine neurotransmitters. For

example, antihistamine which treats allergies consists of three amine frames.

The electronic structure of aliphatic amine is also similar, as well as the pyramidal
molecular geometry. In spectroscopic terms, the first electronic-excited state of aliphatic
amine is characterized by the electron promotion from the lone-pair orbital (ny ) to the 3s
Rydberg orbital of the N atom, and then such excited state is termed ny3s state. Reaction
dynamics following a photoexcitation, such as photofragmentation and photoisomerization,
can be generally understood by nuclear motions on the potential energy surface (PES),
which arises from the electrostatic interactions between the electrons and nuclei in the
electronic state of interest; therefore, the photochemistry of the aliphatic amine following
excitation to the common ny3s state has been traditionally expected to be similar to that
of NH3. The photochemistry of NH3 had been experimentally and theoretically explored as

a benchmark system of amine photochemistry for the last several decades.?!¢



1.2 Ammonia Photochemistry

1.2.1  Rydberg/Valence Interaction

Electronically excited states of molecules are classified roughly into Rydberg state and
valence state. Molecular orbitals (MO) are expressed by linear combination of atomic
orbitals on the basis of the molecular orbital method. The electronic state in which an
electron is excited to the MO is called a valence state, such as nyon_y state, where one of
lone-pair electrons ( 7y ) is excited to anti-bonding orbital (oy_; ) of NH3. On the other hand,
Rydberg state is associated with the electron promotion to an atomic orbital (e.g. ny3s
state of NH3 as mentioned above). Then, we can consider approximately that the electron in
the 3s orbital moves around the NH; ion core, such as an electron of hydrogen atom,
leading to the bound ny3s PES. The photoexcited NH3 in the ny3s state, however,
dissociates to NH» + H products due to the adiabatic A'A’ PES caused by an interaction

between the bound ny3s Rydberg state and the repulsive nyoy_y valence state.

To understand the interaction, a diabatic potential and an adiabatic potential are
introduced. We consider a two-level system for which the time-independent Schrodinger
Equation is as follows:

HY¥(r,R)= E¥(r,R) (1.1)

H=T,+V (1.2)

P (VH(R) Vlz(R)j, (1.3)

®) Ta(R)



where W(r,R) and E denote the eigenfunction and eigenvalue for the full-Hamiltonian
operator (H), respectively. The H is composed of the nuclear kinetic energy term (f V)
and the potential matrix (¥ ). Here, R=(R,,R,,..)and r=(r, n,...) is the coordinates
of the nuclei and the electrons, respectively. We can express ¥(r,R) as an expansion in
the product of electronic basis functions ( #,(r,R) ) and coefficient y,(R) with respect to

the i electronic state:

¥(r,R) = Z Z(R)g(r;R) . (1.4)

Note that z,(R) depends only upon the nuclear coordinates (R), while ¢(r,R)
depends upon the electronic coordinates (r) and, parametrically, also upon the nuclear

coordinates. Then, the matrix elements of ¥ in Eq. (1.3) is:

Vy =(¢(r;R)| H,

#(r:R)), (1.5)

where ﬁe is the electronic Hamiltonian operator which includes the electron kinetic
energy and the electrostatic interaction terms. When the basis functions, ¢(r,R) and
#;(r,R), have same symmetry, the off-diagonal terms of ¥ is non-zero. Adiabatic

potential, U (R), obtained by diagonalization of ¥ matrix:

5_[Ui® 0
- 0 UZZ(R) ’ (16)

and then, the eigenfunction for the i state (y, ) is obtained simultaneously. The eigenvalues

arc:



U.(R)=U; 1 2(R)= VH(R);Vﬁ(R) i\/(VH(R);VZZ(R)j +V5(R),

(1.7)

A

where V},(R) and 7, (R)is identical each other because of the Hermitian operator H,.

Thus, the electronic Schrédinger Equation for the /" state is driven:

ﬁeWi(rQR):Ui(R)Wi(rQR)- (1.8)

Eq. (1.3) is generally called diabatic expression, where the diagonal matrix elements and
the off-diagonal ones are named diabatic potential energy and diabatic coupling,
respectively. In contrast, Eq. (1.6) is adiabatic expression, and the diagonal terms are
adiabatic potential energy. Figure 1.1 describes schematically the adiabatic potential energy
curves (PECs) (red solid-line) and the diabatic ones (broken lines) as a function of the N—
H bond length ( Ry_y ) of NH3. The electronic character is unchanged with respect to Ry _y
on the diabatic PECs, while the adiabatic A'A% PEC exhibits predominantly 3s Rydberg
character in the vertical Franck-Condon (FC) region, evolving into significant oy_y

valence character at elongated N —H bond distance ( Ry_y ).

Eq. (1.1) is transformed to the nuclear Schrédinger Equation for the i electronic state
by using Eq. (1.4) and (1.7) within Born-Oppenheimer approximation:

Hyxi(R)=[Ty +U,(R)]7(R) = Ex(R). (1.9)

Motion of the atomic nuclei during chemical reaction is equivalent to solve the nuclear

Schrédinger Eq. (1.7) or the corresponding time-dependent equation:



) Vit (1:35)

-~e_ Vo (O n)

Potential energy

Ground state

Rn-H >

Figure 1.1  Schematic potential energy curves (PECs) of NH3 as a function of the N
—H bond length (Ry_y). The diabatic PECs of the ny3s and nyox_u
are described by black broken-lines, while the adiabatic PECs obtained
by diagonalization of the diabatic potential matrix ( v ) are shown by red

solid-lines.

oy(R.,t A
i%ﬂm,«(m); (1.10)

therefore, chemical reaction dynamics is generally understood as nuclear motions on the
PES. On the first excited A'Aj PES of NH3, a small reaction barrier arising from avoided
crossing between two adiabatic potentials controls the reactivity for the N—H bond rupture,

and causes predissociation.



1.2.2  Predissociation

Photodissociation dynamics following a photoexcitation is divided into two types:
direct photodissociation and predissociation. Direct photodissociation occurs when a
molecule is excited to a repulsive surface without any reaction barrier. A molecule
photoexcited to a discreate level on a quasi-bound surface, which has a reaction barrier as
in the A'A% PES of NH;, will dissociate if the photoexcited molecule has sufficient
energy to overcome the barrier. This phenomenon is called predissociation. The lifetime of
the predissociative excited state is longer than that in the direct photodissociation. The
difference in the excited state-lifetime appears clearly in an absorption spectrum, because a
spectral width (Aw) is related to a lifetime of a photoexcited state ( A¢ ) with an uncertainty
principle, Aw-At~1. Figure 1.2 shows the relation between the topology of the excited-
state PEC and the corresponding absorption spectrum for HF (Figure 1.2(a))!” and NH;
(Figure 1.2(b))!® which are typical molecules for direct dissociation and predissociation,
respectively. The absorption spectrum of HF molecule shows a structureless band, while a
vibronic structure is obviously visible in the absorption spectrum of the predissociative NH3
molecule. The spectral peaks are assigned to the vibronic structure of the
X'A|(vi =0) > A'A(1}) electronic transition, where v2 denote a quantum number of the
out-of-plane bending mode (v2, 874 cm™).> We can prepare the predissociative molecule in
a single vibronic level with narrow spectral width laser beam; therefore, these

predissociative molecules are typical examples for state-selective photochemistry such as a



dependence of the photoproduct state-population on the photoinitiated states of parent

molecule.

(a)

Absorption cross section / 10-18 cm?

(b)

Absorption cross section / 10177 cm?

Figure 1.2
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Absorption spectra of (a) the direct-dissociative HF molecule and (b) the
predissociative NH3; molecule taken from Refs. 17 and 18, respectively.
The inserts display the schematic potential energy curves for each
molecule. The spectrum of NH3 shows clearly vibronic structures whose
peaks are assigned to progression in the out-of-plane bending (v2) mode.
v; and v; denote quantum numbers of the v> mode in the ground and

excited electronic states, respectively.
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The long progression in the vo> mode in the excited state of NH3 is a consequence of the
pyramidal — planar geometrical rearrangement following the X'A| — A'A}
photoexcitation, since the NH3 molecule is pyramidal (Csy) inthe X'A! ('A,) ground state,
and is planar (Dsn) in the A'A’ excited state. The H atom elimination (NH; +hv — H +
NH) proceeds via the small reaction barrier at Ry y = 1.3 A, where the NH3 electronic
character changes drastically from the 3s Rydberg to the oy_y valence nature (Figures 1.1
and 1.2(b)). The magnitude of the barrier increases with the out-of-plane bending angle.®’
Ashfold et al. revealed experimentally that the predissociation following the vibronic
photoexcitation at the v, =1 state is slower than that at the v, =0 state, and the rate
constant increases again with the v, >2 states. In addition, the predissociation is much
slower in deuterated ammonia (ND3) than in NH3, indicating that the N—H (D) bond
dissociation on the v; <2 levels occurs via the quantum tunneling through the barrier on

the A'A’ surface.

1.2.3  Electronic Branching

Conical Intersection

In addition to the reaction barrier which is located at slightly longer N—H bond ( Ry_y
~ 1.3 A) than the equilibrium bond length (Ry_; = 1.0 A), the topology of the reaction PES
along the N—H bond cleavage coordinate is further complicated by a conical intersection

between the adiabatic A'AZ and X'A! PESs. Conical intersections between two

11



adiabatic PESs arises for a polyatomic molecule composed of more than two atoms. When
we consider a diatomic molecule which has only one geometric distortion (bond extension
or compression), the variable R=(R,,R,,...) arereplacedtoa R, in Eq(1.7), resulting

in the one-dimensional adiabatic potentials:

U+(R1)=UM22(RI)=Vll(RI);Vn(RI)i\/(ml(RI)—sz(Rl)) ARy,

2

(1.11)

Crossing between the two potentials, namely U;,(R,)=U,,(R,) inEq. (1.11), requires that

the following simultaneous equations are fulfilled:

Vn(Rl)_sz(Rl):O
(1.12)
I/;2(R1) =0.

The simultaneous equations with a single variable are unsolvable; therefore, the adiabatic-
potentials with same symmetry for diatomic molecules cannot cross each other (this well-

known result is the non-crossing rule).

A triatomic molecule has three (four for a linear molecule) internal degrees of freedom;

therefore, the PESs are describe in three-dimensional space. Then, simultaneous Egs. (1.12):

VII(RDR23R3)_1/22(R15R2:R3) =0
(1.13)
Kz(Rl,R2,R3) =0.

12



These equations are solvable, and then two of {R,, R,, R;} are given as restriction with
regards to the crossing between the adiabatic PESs. When these solutions are R, =R;. and
R, =R, , the PESsalong both R; and R, coordinates cross at single point. One of these
specific coordinates (R; and R,) is the direction along which the nuclei move in order to
bring the two adiabatic states close in energys; it is known as the tuning coordinate. Another
coordinate is known as the coupling coordinate and corresponds to a motion that reduces

the symmetry leading to the avoided crossing.

Energy

Crossing point

(R1c, RZC)
2D branching
R1< space
Tuning f
coordinate
R> Coupling
coordinate

Figure 1.3  Schematic diagram of a conical intersection between two adiabatic PESs
(illustrated as the upper and lower cones). Assuming that R, and R,
are, respectively, the tuning and coupling coordinates, two adiabatic
surfaces can cross only at the single point of (R;, R,)=(R;., R,.)
which is the solution of Eq. 1.13.
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In case of polyatomic molecules, two of 3N —6 coordinates, where N is the number
of atoms, are also the tuning and coupling coordinates. Along the remaining 3N —8
coordinates, there will be a (3N —8)-demensional seam of intersections between the
adiabatic PESs because motions along these coordinates can take place without lifting the
degeneracy of the two surfaces. The orthogonal tuning and coupling coordinates define what
is known as the branching space of the intersection.!” The shape around the intersection
region between the two adiabats, when plotted in the branching space, is identical with the
appearance of two cones facing each other, as illustrated in Figure 1.3, giving rise to the
name “conical intersection”. Because conical intersections play important roles in chemical
reactions, dynamics around conical intersections are subject of much ongoing research in
systems ranging from small molecules to large ones such as nucleic acid bases, peptides and

proteins.

The A'A; and X'A] PESs of NH; (or ND3) are shown in Figures 1.4 (3-
dimensional PESs'?) and 1.5 (1-dimensional PECs’). The tuning and coupling coordinates
correspond, respectively, to the N—H bond length (Ry ;) and the out-of-plane bending
angle (o) which is defined as the angle between a N—H bond and the principle Cs axis of
NHs. In Figure 1.5, the adiabatic potential energy curves for the ground and excited
electronic states of NDj3 plotted as a function of the N—D distance for various o o0 = 90°
(planar geometry, solid line), oo = 95° (broken line), and o = 120° (dotted line). At the planar

NDjs configuration (o = 90°), these adiabats cross at Ry_p~2 A. When the planar geometry

14



is distorted, the adiabats avoid crossing, and then an energy gap between the two states
arises. The magnitude of the gap depends considerably on the pyramidal angle. The A'A}
and X'A| PESs are adiabatically correlated to the NH2(A2A,) + H and NH, (X?B,)+ H
product pathways in the pyramidal geometry, respectively; therefore dynamics around the

conical intersection determines the electronic state of the NH» products.

Energy

15

RN—H/A

20

25

Figure 1.4 3-dimensional adiabatic A'Aj and X'A| PESs of NHj as a function
of the N—H bond length ( Ry_y ) and the out-of-plane bending angle (o)
(after Ref. 12). The unit of Ry y is revised, and the definition of a is

inserted.
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oo EEmmess NDNAA)+H

Energy

1.0 1.5 240 23 3.0
Ru-p/A

Figure 1.5 Schematic potential energy curves for the A'Ajand X'A! states of
NDs plotted as a function of Ry_p at various values of a: a = 90°
(planar configuration, solid line), 95° (broken line), and 120° (dotted
line). The two curves cross only at a = 90°. The energy difference
between two curves increases with deviation from a = 90°. (Adapted
from Ref. 7.)

Non-Adiabatic Transition

The large difference in the masses of atomic nuclei and electrons enables their motions
to be treated separately in many chemical reactions. Namely, nuclear motions are restricted
to occur on a single PES. However, the timescales of electronic and nuclear motions become
comparable around conical intersections where two PESs lie closely in energy, and then a
non-adiabatic transition which is a transition between adiabatic PESs occurs with the
nuclear motions. A concept of non-adiabatic transitions around conical intersections is
frequently required to explain many photochemical reaction dynamics (e.g. branching

mechanism in photodissociation and non-radiative decay in photoisomerization).

16



Uz “adiabatic”

Reaction coordinate, Ri1

Figure 1.6  1-dimensional potential energy curves; adiabatic (U, and U,,) and
diabatic ( V), and V) ) potentials denote by solid and broken lines,
respectively. The energy difference of two adiabats at R. is 2J,(R.,)
obtained from Eq. (1.11). Two types of trajectory are illustrated by
arrows; adiabatic (red) and non-adiabatic (blue).

I-dimensional adiabatic and diabatic potential curves around the crossing region for a
diatomic molecule are shown in Figure 1.6, where red and blue arrows denote adiabatic and
non-adiabatic trajectories, respectively. As mentioned above, two adiabats cannot cross,
resulting in the avoided crossing. The energy gap between these adiabats at the special
position (R; =R.), where two diabatic curves cross (V};(R.) =V»(R.)in Eq. (1.12)), is
obtained to be 2VF;,(R.) from Eq. (1.11). Massey parameter (& ),>° which is used as an
indicator for adiabatic (£ > 1) or non-adiabatic (£ <« 1) behavior of a molecule around the

crossing region, is defined as:

_ 23R

d hv | AF |

(1.14)

Here, v is the velocity along the reaction coordinate, R;, and 7;,(R.) 1is the diabatic

coupling term which is the off-diagonal element in the potential matrix (V). AF is the

17



difference in the gradients of the two diabatic potential curves at the crossing point. The &
is originally derived in the diabatic basis,?! but it can also be obtained in the adiabatic
representation using a perturbative approach.?? The non-adiabatic transition probability
( Pyir) at R, can be estimated using the Landau-Zener formula given below in Eq.

(1.15),3

(1.15)

P=exp(27&) = exp(—MJ .

hv|AF|

When the coupling, 7,,(R.), is strong (namely the large energy gap of two adiabats), the
system behaves adiabatically, leading to the small P,; (red arrows in Figure 1.6). The
larger velocity, v, results in the non-adiabatic trajectory because of the large Py, (blue

arrow).

The non-adiabatic transition around the conical intersection for the A'A% and X'A!
PESs of NH3 (Figures 1.4 and 1.5), causes the competition of adiabatic and non-adiabatic
dissociation pathways to generate the electronically excited NH» (A2A)) and ground NH>
(X?B,) fragment, respectively:

NH; +hv  — NH2(A?A))+H (adiabatic)

— NH2(X2B,)+H (non-adiabatic).

The conical intersection acts as a dissociation funnel, and the non-adiabatic transition
around the conical intersection determines the branching ratio of the product pathways.*

1215 On the basis of the one-dimensional manner (Landau-Zenner formula, Eq. (1.15)), the
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non-adiabatic transition probability ( P, ) is the largest with the planar NH3 (A'AY)
geometry (o = 90°). When the photoexcited NH3 (A' A%) approaches the conical intersection
with the planar configuration, the non-adiabatic pathway to produce the NH» (X 2B, ) radical
is favorable. In their pioneering work, Ashfold et al.*!° have studied the energy partitioning
among the different photoinitiated vibronic-bands of NH3 (2}, v'=0-6) using H atom
photofragment translational spectroscopy. They found the dependence of the branching
ratio between the adiabatic and non-adiabatic channels on the excitation energy, reaching
values as large as ~30 % following dissociation from the v; =6 level. In addition, the
nascent NH» fragments are preferentially produced in rotationally excited states (N ~ Ka),
and the degree of NHo> rotational excitation shows alternation: those fragments produced
after the excitations to v, = even states show a propensity for low rotational states, while
those related to odd excitations show rotationally inverted distributions. The preferential a-
axis rotation of NH photoproducts and the rotational population-dependence on the
photoinitiated out-of-plane bending mode of NHj are interpreted with dynamics around the
conical intersection. The odd 2{ and 2{ wavefunctions show a node at planar
configuration (o = 90°), preferring non-adiabatic channel. The a-axis rotational excitation
originates from the rotational torque applied to the recoiling fragments imposed by out-of-
plane motions of NH3. At non-planar (o # 90°) geometries, two A'A% and X'A| adiabats
cannot cross each other, leading to an avoided crossing as seen in Figure 1.5. The non-planar

NHjs travels through regions apart from the crossing point before dissociation to ground state
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product. The non-adiabatic transition probability around the conical intersection is sensitive
to the planarity of the dissociating NH3. NH3 has been also regard as a benchmark molecule

for studying influence of a nonadiabatic dynamics around a conical intersection on

photochemical reaction dynamics.
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1.3

1.3.1

Absorbance / a.u.

Figure 1.7  Ultraviolet absorption spectra of NH3 and its derivatives: from the top,
ammonia (NH3), methylamine (MA, CH3NH:), dimethylamine (DMA,
(CH3)2NH), and trimethylamine (TMA, (CH3)3N). The fist absorption
bands of these derivatives are assigned to ny — 3s electronic transition
by analogy with NH3. The second absorption band of TMA peaked at 200

Methyl (CHs) group is the simplest aliphatic substituent and is often regarded to an
equivalent substituent with H atom in terms of photochemistry due to the absence of
additional chromophores such as a benzyl or allyl group, and a hetero atom. Substitution(s)
of H-atom to CHj3 groups in NH3 molecule, however, is seen to provide a difference on

photochemistry. UV absorption spectra of NH3'® and its CHjs-substituted derivatives,

Photochemistry of CH3-Substituted NH3 Derivatives
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methylamine (CH3NHz),?* dimethylamine (DMA, (CH3).NH)? and trimethylamine (TMA,
N(CHs)3),2 are shown in Figures 1.7. The vibronic structure of these spectra fades
systematically across the series from ammonia to TMA. The spectrum of TMA is
structureless in reminiscent of direct dissociation because of the uncertainty principle for
energy and time (Aw-Af ~1); therefore, the CHs-substitution clearly influences the PES

structure of the electronically excited state.

The equilibrium structure of CH3NH», which is the simplest NH3z-derivative, in the X
state is pyramidal about the N atom, while that in the A state is planar (henceforth termed
planar geometry).2> Kassab et al. found the metastable ciscoid geometry in the A state
by ab initio calculation, where two N—H bonds and one of C—H bonds are in the same
plane.? The equilibrium geometries in the electronically ground and excited states, and the
ciscoid geometry are shown in Figure 1.8. Morokuma et al. found theoretically a very small
barrier (~0.2 kJ/mol) to rotation between the planar and ciscoid geometry.?”-?® The vibronic
structure in the absorption spectrum, which is similar to that of NH3 as seen in Figure 1.7,
was assigned to two vibrations: the CH3 rocking (v7, 1008 cm™') and NH> wagging (vo, 636
cm') modes whose schematic motions are illustrated in Figure 1.8.%° The spectral

assignment is shown in Figure 1.9.
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Figure 1.8  Geometries of CH3NH: corresponding to ground state equilibrium,
planar excited state equilibrium, and ciscoid geometry. The geometrical
parameters and the relative energies are quoted from Ref. 24. The normal

mode descriptions for v7 and vo vibrations are illustrated by the cartoons.
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Figure 1.9 UV absorption spectrum of CH3NH:. Each peak is assigned to the NH>
wagging (Vo) progression band and its combination band with the CHj3
rocking mode (v7). m and » indicate quantum numbers of vo mode. The
schematic vibrational motions for the v7 and vo modes are illustrated in

Figure 1.8.
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In dimethylamine (DMA, (CH3)NH), the weakly appeared vibronic structure is
unassigned due to the limited available data relating to the spectroscopy. Theoretical study
by Kassab et al., however, assigned the first absorption band to the ny —3s
photoabsorption by analogy of NH3, and predicted a similar photochemistry to CH3NH>
following the ny — 3s photoexcitation.® Trimethylamine (TMA, (CH3);N), which is tri-
substituted NH3 derivatives, shows the clear difference in the absorption band from the other
three species as seen in Figure 1.7: the structureless first-absorption band and two
unseparated broad bands. The first absorption band peaked at ~230 nm was assigned to the
ny — 35 electronic excitation as in the series from NH3; to DMA, and the second one was
attributed to the ny —3p photoexcitation. These two absorption bands overlap partially
at~215 nm, indicating that TMA has the energetically closer ny3p statetothe ny3s than
the other NH3 derivatives. The common bands corresponding to ny — 3s transition show
a systematic red-shift except DMA. There is a tendency that the CH3-substitutions make the

energy of the ny3s state low.

24



1.3.2 Photochemistry of Methylamine

CH3NH> which is the simplest CHs-sbustituted NH3; shows a partially structured
absorption band associated with ny — 3s transition, and has two types of o-bond
involving the nitrogen atom (N—H and N—C). In 1963, Michael and Noyes found four
major pathways (1) —(4) following the broad-band excitation in the 194-244 nm and
determined the quantum yields for each pathways (1) — (4) to be 75 %, ~7.5 %, <5 %, and

<10 %, respectively.*”

CHNH, +hv — H+ CH;NH (1)
— H + CH,NH, ©)
— CH; + NH, 3)
— Hy + CH3N 4)

A subsequent study with photofragment translational spectroscopy detected photoproducts
generated in these reaction channels (1) — (4), and concluded that the major channel is N—
H bond dissociation while the N —C and C —H bond dissociation channels are also
significant.>’ On the other hand, Ashfold ef al., through H-atom Rydberg-tagged high-
resolution translational spectroscopy, had reached a conclusion that the C —H bond
breakage practically does not occur. Several theoretical studies for the N—H and N—C
bond-dissociations showed many parallels with the N—H bond dissociation of NH3.2%2

The small barriers along both reaction coordinates arising from an avoided crossing between

ny3s state and nyOn-uon—c State are located near FC region, and both the nyoy_y and
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Figure 1.10 Local minimums, transition states (TS), and minimum energy conical
intersection (MECI) between the methylamine S1 and So states along N
— H (right) and N — C (left) bond dissociation coordinates. The
molecular geometries and the corresponding energies are cited from
Ref.24. The geometries and energy values at the corresponding level are
also shown. The bond represented by broken line corresponds to the

dissociating bond.

nyoxn—c states interact electronically with the ground state to form conical intersections
around the exit region. In both the N—H bond and N —C bond fission channels, the
3s0x-noan-c (henceforth termed S state) and ground Sy states are adiabatically correlated
to the pathway with the electronically excited products (H + CH3NH (A2A"), CH; + NH,
(A?A,)) and the pathway with the ground state product (H + CHsNH (X2A"), CHs + NHa
(X?B,) ) at nonplanar geometries, respectively. The local minimums, transition states (TS),
and minimum energy conical intersections (MECI) between the S1 and So PESs along both

N—H and N—C bond cleavage directions which were explored theoretically by Xiao et
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al.*’ are shown in Figure 1.10. Thus, the PES topology of CH3NH, along the N—H and N
—C bond-dissociation coordinates resembles that of NH3; therefore, a similar argument to
the NH3 photodissociation has been presented for both bond-dissociation dynamics of
CH3NH;. The calculated reaction barrier in N—C bond fission on the excited state surface
was 581.6 kJ/mol which was somewhat larger than that in N —H bond fission (558.8
kJ/mol)?” as seen in Figure 1.10. This energy difference has been considered as one of
reasons for the predominance of the N — H bond dissociation channel following UV

excitation of CH3NHo.

N—H Bond Fission Channel

The N —H bond dissociation channel with the largest dissociation yield has been widely
studied by various groups.’*>? The resonantly enhanced multiphoton ionization (REMPI)
spectra of CH3NH> and CH3ND; measured by Beak et al. showed the huge NH/ND isotope
effect on the spectral width.3>* The excited state lifetime of CH3NH at the zero-point
energy level of the S state was estimated to be ~ 0.3 ps from the linewidth, which is about
20 times shorter than that of CH3ND2 (~8 ps). They interpreted the lifetime as the N—H
bond dissociation lifetime, because the linewidth was insensitive to the H/D substitution of
the CH3 moiety (CH3NH2> — CD3NHb»). They concluded that the N—H bond rupture of

CH;NH: at the zero-point energy level occurs via a quantum tunneling through the small

27



barrier near FC region, resulting in the huge isotope effect in the excited state lifetime of

CH3NH> and CH3ND:.

The dissociative trajectory beyond the reaction barrier proceeds on the repulsive surface
where the nyoy_y state is predominant rather than the ny3s Rydberg state, and then
encounters a conical intersection located at the longer N—H distance (CIn-_n).?” The Clx—
H plays an essential role in the bifurcation to H + CH3;NH (A2A") and H + CH;NH (X2A")
pathways. The H fragment total kinetic energy distributions were obtained in the photolysis
wavelength of 219-240 nm whose photon energies are insufficient to access energetically
higher H + CH3NH (A?A") product pathway (calculated wavelength threshold of 210
nm).>**° The kinetic energy distributions were, however, two distinct bimodal distribution.
The distribution for the higher energy component was sharp, indicating that the N—H bond
rupture is enough fast to leave only the small energy to the internal degrees of freedom of
CH3NH (X2A"). On the other hand, the lower energy component showed the Boltzmann
distribution, suggesting that the internal energy of the CH;NH (X?A") counter-product is
randomized. The source for the slow H fragment was proposed to be the vibrationally hot
CH3NH: in the So state generated through the non-adiabatic transition around the CIn_h.
Since the CH;NH (A2A") + H pathway is not energetically accessible in the wavelength
region of 219-240 nm, the adiabatic potential of the A state is bounced off the potential

wall on the H + CH:NH (A 2A") product side, leaking into the rovibrationally hot ground
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state. The hot CH3NH> on the Sy surface dissociates finally to generate the H + CH3NH

(X2A") products with the statistic energy-distribution for all degrees of freedom.

Reed et al. employed the similar experiment in the shorter wavelength than 210 nm
which is a long-wavelength threshold for dissociation to the H + CH3;NH (A2A")
products.®® In addition to the two components attributed to the H + CH3NH (X2A")
pathways, they found third component with the narrow energy distribution located in the
extremely high energy region. This component was assigned to the H + CH3;NH (A2A")
pathway. Thus, if the photon energy is sufficiently high, the N—H bond cleavage produces
both electronically excited and ground CH3NH products as a result of the adiabatic/non-

adiabatic dynamics around the exit CIn_n as in NH3 photochemistry.

N—C Bond Fission Channel

The S1 PES along the N—C bond cleavage coordinate is also characterized by a small
barrier at an elongated N —C bond length, and another conical intersection (Cln-_c) at an
further elongated Ry ., as same as that along the N —H dissociation coordinate.”’” A
pioneering work for the N—C bond dissociation dynamics is the measurements of the
center-of-mass translational energy distribution with photofragment translational

spectroscopy at 222 nm by Waschewsky et al.’!

The translational energy distribution
showed that more than 90 % of the total available energy (206 kJ/mol) are partitioned into

the internal energy of products. The highest kinetic energy of this distribution was near 73
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kJ/mol which corresponds to the energetic limit (133 kJ/mol) for generation of the NH>
counter-product in the AZ?A, state, implying that the N — C bond fission generates
exclusively the electronically excited NH> photofragment. On the basis of NH3, the excited
surface of CH3NH correlates with ground state NH» (X?B,) only at the ciscoid geometry
where the NH3-frame is planar. Any deviation from the planar NHs-frame removes the
symmetry restriction, and then the excited surface correlates adiabatically with
electronically excited NH» (A2A)) product. Because the NH; wagging mode (v9), which is
one of progressions in the vibronic structure of the UV absorption spectrum, is considerably
excited during photodissociation, the N —C dissociative trajectory passes adiabatically the

region of the exit CIx_c where the upper and lower adiabats are widely split.

Thomas et al. applied resonantly enhanced multiphoton ionization (REMPI)
spectroscopy to the CHjs photoproduct at various wavelengths of 222-240 nm.*® The
vibrational structure in the REMPI spectra was assigned to the 3%, band sequence up to vs
= 3, indicating the internal excitation of the degenerate C —H stretch mode (v3, 3161 cm™)
of the CHs fragment. The vibrational state-distributions of the CH3 product for various
photolysis wavelengths peak in the vibrationless level and decrease monotonically with the
v3 excitation. These distributions are independent of the initially selected vibronic state of
CH;3NHoa. The generation of the vibrationally excited CHj radical up to v3 = 3 is incompatible
with simultaneous production of the electronically excited NH> (A’A)) fragment in the

wavelength region of 222—-240 nm based on the energetic consideration. They proposed that
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the N—C bond dissociation occurs on the Sy surface to produce the vibrationally excited
CH3(v3) and the electronically ground NH> (X ?B,). In this proposed dissociative trajectory,
the N—H bond is first elongated following UV absorption, and then the populations on the
So surface is caused by the internal conversion around the exit Cln_u. The internally hot
CH3NH: in the Sy state leads to only the CH3(v3 = 0-3) + NH2(X2B,) product pathway in

the photoexcitation wavelength-region of 222-240 nm.

Because the electronic state of the NH> fragment in the photodissociation of CH3NH>
remains controversial, the non-adiabatic dynamics around the exit CIn ¢ in the N—C bond
cleavage channels cannot be compared with that in the N—H bond dissociation channels of
NH; and CH3NH. The determination of the electronic state of the nascent NH»
photoproduct is required to discuss amine photochemistry in terms of the difference in the
N—H and N—C bonds. Although application of laser spectroscopy to the NH; radical is
essentially a definitive method to identify the electronic state, direct application of laser

detection to electronically exited species is generally not easy.
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NH(X?X") Production Channel

Recently, a new pathway to produce NH (X3X)+ CH4 fragments following the S1—So
photoexcitation of CH3NH, was proposed experimentally by Thomas et al*' This
interesting pathway was explained by a so-called roaming mechanism including the triplet
surface (71). Roaming dynamics was first conclusively identified in combined experimental
and theoretical work on formaldehyde (HCHO) photodissociation.**** This mechanism in
the HCHO dissociation provides an alternative route to the molecular products, H, + CO,
that bypasses the conventional skewed transition state on the So surface. Instead, the
dissociation to the radical products, H + HCO, is frustrated, resulting in extended excursions
at long-range prior to the H—C bond cleavage. One of H atoms nearly detaching via the H
+ HCO channel meanders in the broad attractive space of the H + HCO surface, far from
the reaction path, until it abstracts another H atom. This long-range intramolecular
abstraction produces the vibrationally hot Hz and rotationally cold CO fragments, in marked
contrast to the product state-distribution arising from dissociation via the conventional
transition state. This behavior has been also recognized in the photolysis of acetaldehyde
(CH3CHO + hv — CHs4 + CO)* and in the atmospherically important nitrate radical (NO3
+ hv — NO + 02).*** The Roaming dynamics are, therefore, not restricted to small

molecules such as HCHO.

Thomas et al. observed, following the photoexcitation of CH3NH> at 222 and 240 nm,
a rotationally structured band at mass-to-charge (m/z) ratio of 15.*! This spectral feature
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was assigned to the D*IT—X3X(0,0) band by comparison with spectral simulation. The
rotational temperature of the nascent NH (X*X-,v=0) was determined ~700-800 K. In
contrast to the mildly rotational excitation, the vibrational state is cold; the NH (X3Z")
product is populated only in v = 0 state, irrespective of the photoinitiated states. Although
the NH molecule, whose electronic ground state is triplet state (*X~), has the metastable
singlet state (' A) which lies only 12,500 cm™ above the X3~ state, no transitions
originating in the a'A state was identified. Dynamics of the NH (X*2~) production was
interpreted as a result of the intersystem crossing (ISC) in a long-range region. The exit Clxn
_u provides a convenient means for the internal conversion and funneling population back
to the So surface as discussed above. Thomas et al. proposed that roaming in the long-range
region of the Sy surface provides ample opportunity for ISC to the 7' surface, on which the
reaction to produce CHs + NH (X3X") fragments occurs finally. Xiao et al. carried out
comprehensive calculations for photodissociation pathways of CH3NHo including the So, Si,
and T surfaces.?’” They found the potential crossing between the Sp and 7} states, and the
transition state (TS) on 7 surface for the intramolecular H atom transfer from the NH>
moiety to the CHs; group. The molecular structures and the relative energies at the
corresponding local minimum and TS are described in Figure 1.11. The dynamics proposed

by Xiao et al. is consistent with that suggested experimentally by Thomas et al.*!
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Figure 1.11 Local minimum, transition state (TS), and minimum on the seam of
crossing (MSX) between singlet (So) and triplet (71) states reported by

Xiao et al.

relative energies (kJ/mol) at these positions are shown. For comparison,

the equilibrium structures on the S1 and So surfaces and the ciscoid

in Ref. 24. The corresponding molecular structures and

geometry are also illustrated.
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1.3.3  Photochemistry of Trimethylamine

TMA where all H-atoms of NH3 are substituted by CH3 groups has only oy bonds;
therefore, only the N—C bond cleavage channel is available in the photodissociation of
TMA. TMA is also the simplest tertiary aliphatic amines (TAAs), and several examples of
TAAs are displayed in Table 1.2. The UV absorption spectra of these TAAs shown in Figure
1.12 are characterized by structureless and two unseparated broad bands, where the strong
and weak bands are traditionally assigned to the $>(3p)-So and Si1(3s)—So transitions,
respectively. Regardless of the same S1(35)—So transition for both TAAs and NHz-derivatives,
the S1(3s) photochemistry of TAAs is significantly different from that of NH3 and CH3NHo:
the S1(3s) state of TAAs is generally characterized by a highly fluorescent property. The
fluorescence quantum yields (®nu) of TAAs are close to unity at the longer excitation
wavelength, and significantly decrease down to ®q, = 0 as the excitation wavelength

decreases.*”>°

Table 1.2 Structures of several TAA molecules. Note that all TAAs are pyramidal
around the N atom.

Trimethylamine N,N-dimethylpropylamine N, N-dimethylisopropylamine
(TMA) (DMPA) (DMIPA)
| g
AN AN \(
Triethylamine N-methylpyrrolidine 1-azabicyclo[2,2,2]octane
(TEA) (Mpyr) (ABCO)

V“g _“C/ /1
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Figure 1.12 Absorption spectra of several TAA molecules: trimethylamine (TMA),
triethylamine (TEA), N, N-dimethylisopropylamine (DMIPA), N,N-
dimethylpropylamine (DMPA), and N-methylpyrrolidine (Mpyr) whose
molecular structures are shown in Table 1.2. All spectra show the
structureless and unseparated absorption bands which are assigned to the

S$2(3p)—So and S1(3s5)—So transitions in ascending order of the wavelength.

Internal conversion between the 3s and 3p Rydberg states is a common character of the
S2(3p) photochemistry of multifarious TAAs from a small tri-substituted amine such as
TMA to a large such as azabicyclo[2,2,2]octane (ABCO) and N-methylprrolidine (Mpyr).
Time-resolved photoelectron spectroscopy were applied to these TAAs by several groups.>!”
55 For all these TAAs systems, two distinct dynamical timescales were observed following
the excitation at 200 nm corresponding to the peak of the S$2(3p)—So absorption band:
“ultrafast” (in sub-picosecond order) component and a long-lived one. In the case of Mpyr,
the initial excitation predominantly populates the lowest member of the 3p Rydberg
manifold (3p, state), and then the photoexcited Mpyr undergoes internal conversion directly

to the 3s state with an exponential decay time of 400 fs. In contrast, for N,N-
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dimethylisopropylamine (DMIPA) and N,N-dimethylpropylamine (DMPA), an slight
energy-shift was observed in the photoelectron spectra associated with ionization from the
3p manifold. As the optically bright 3p state with the highest oscillator strength sits
energetically in the middle of the manifold for DMIPA (3p:) and DMPA (3p,), the shift is
ascribed to the inter-manifold electronic relaxation with ~100-300 fs prior to the internal

conversion to the S1(3s) state (~500-600 fs).

Theoretical calculations for the excited PES of DMIPA and ABCO by Townsend et al.
demonstrated a new propensity for the electronic interaction between the ny3p Rydberg
state and valence nyon ¢ state. >3 The nyoy ¢ state of CH3NH, couples to the ny3s
Rydberg state, resulting in the predissociative Si(3s/on.c ) PES as in NH3, while for
DMIPA and ABCO, the nyoyx_ state and one of the 3p manifold interacts to form the
quasi-bound S»(3p / ox_c) surface which is essentially identical to the S1(3s/ 0N _Horn-—c)
PES of NH3 and CH3NH,. The S1(3s) surfaces of DMIPA and ABCO are purely bound and
crosses with the dissociative part of the S2(3p/on_). The calculated potential energy
curves along the N—C bond extension for DMIPA are illustrated in Figure 1.13. Townsend
et al. proposed that TAAs in the Si(3s) state prepared by the S — S; internal conversion
dissociate on the repulsive part of the S2(3p/on_c) state through the crossing of the

S2(3p/ o) and Si(3s) states.*>>*
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Figure 1.13 Potential energy curves for DMIPA calculated by Thompson et a/. in Ref.
49: (a) the N—methyl bond, and (b) N —isopropyl bond. The bound So
and S1(3s) curves ploted by black and red, respectively. The 3p. state
(blue) is predissociative, while the 3p. curve (green) is bound. For both
N—C bond extensions, the 3p: state crosses with the bound 3s state at
Ry c=1.8A.

TMA also shows the broad absorption spectrum composed of the S>(3p)—So and S1(3s)—
So bands. The photochemistry on the both S>(3p) and S1(3s) surfaces is similar to TAAs
rather than NH3-derivatives: the S1 and S> dynamics are characterized by fluorescence and
fast internal conversion.**>! The fluorescence of the Si1(3s) state was investigated with
emission spectroscopy in the excitation wavelength from the onset (250 nm) of the S1(3s)—
So band toward the peak of the S2(3p)—So band. The fluorescence quantum yield (®Pu) were
measured as a function of the excitation wavelengths of 215-250 nm; the ®@q, was invariant
and almost unity at excitation wavelengths above 240 nm and decreased rapidly with
increasing the excitation energies below 235 nm. Although the emission intensity at the
wavelength near the peak of the $>—So band (206 nm) is quite low (®qy < 0.01), the measured
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dispersed fluorescence spectrum at 206 nm showed a similar structure to that observed at
250 nm; therefore, the fluorescence from the S; state prepared by the S> — Si internal
conversion was suggested. Sequential studies by Cureton et al. found that the fluorescence
decay time in the excitation wavelengths of 230-260 nm, where TMA is dominantly excited
to the S state, showed single exponential character, whereas at higher energies below 230
nm simultaneous excitation to the S and S, states resulted in dual exponential decay.*>
They explained this dual decay components as different method of preparing on the
fluorescent S state: the direct photoexcitation or the population via the S — S1 internal

conversion. The mixed absorption spectrum was decomposed by plotting the ratio between

these two components, leading to speculate the S, origin of 42,500 cm™ (235 nm).

Cardoza et al. applied time-resolved photoelectron spectroscopy (TRPES) to TMA in
the S1 and S, states.’! The observed photoelectron spectra allowed the spectroscopic
determination of the band origins for three low-lying excited states: 37,550 cm™ (266 nm)
for the 3s state, 44,290 cm™ (226 nm) for the 3p., state, and 44,290 cm™ (224 nm) for the
3p- state. The sub-structure of the 3py, and 3p: states are not resolved in the absorption
spectra and traditionally assigned to the $2—So band due to a small energy splitting of 380
cm’!. On the basis of the photoelectron spectra and theoretical calculation, Cardoza et al.
concluded that the probability of excitation to the 3p. state, P., much more dominant than
Py (P./P,~9). The time-dependent photoionization-photoelectron spectra in the

excitation at 200 nm and 208 nm demonstrated clearly evidence of the internal conversion
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to the S state. In addition, a time-dependent peak-shift in the S> signal prior to disappearance
of the total S> signal was also found, indicating the relaxation from the 3p. state with higher
oscillator strength to the low-lying 3p., state. The rate constant of the total S> signal-decay
was consistent with that of the S} signal-rise; therefore, an exclusive electronic-dynamics of
the S2 — S internal conversion with a 2.9 ps time constant was proposed. The rate constant
for the 3p. — 3pay electronic relaxation prior to the S — S1 internal conversion was also
determined to be 75 fs. No signature of the S state decay, in contrast, was found until 10

ps, which is time window of the measurements.

The photodissociation following the S>—So photoexcitation at 193 nm was investigated
using photofragment translational spectroscopy.’®>’ A primary channel was the N—C
bond rupture, N(CH3)3 + hv — CH3 + N(CH3)2, where the translational energy distribution
consisted of distinct two components: the higher and lower kinetic energy components
peaked at 84 kJ/mol and 188 kJ/mol, respectively. Since the kinetic energy release is
correlated with the internal energy by the energy conservation law, the lower kinetic
component was associated with generation of N(CHj3), with larger internal energy, and vice
versa. The higher kinetic component was definitely assigned to the N(CH3) (X2B,) + CHj
pathway, whereas the electronic state of the highly internally excited N(CH3), product
conjugated with the lower kinetic component could not be determined in this measurement,
and there are two possibility: the electronic excited A2A, state whose term energy was

theoretically calculated to be 153 kJ/mol, and the rovibrationally excited N(CH3). in the
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ground electronic X2B, state. The N—C bond fission at 193 nm was proposed to occur
on the S; PES after the S» — S) internal conversion, which facilitates the non-adiabatic
transition around the exit conical intersection through the vibrational excitation of the NH3-
frame out-of-plane mode on the basis of an assumption that the S| PES of TMA, as in case
of NHs, crosses with the So PES to form the exit conical intersection along the reaction

coordinate.

Quantum chemistry calculations for investigation of the dissociative excited states of
TMA have been carried out.’®*° The systematic calculations for CH;NHz, (CH3):NH, and
(CH3):3N by Taylor et al. indicated that the electronic character of the excited states varies
with CHs-substitution of NH; molecule.” A Rydberg state on the carbon atom contribute to
several low-laying states. The dissociative 3s state originated from carbon atom and the
bound 3s state associated with the nitrogen center were found; however, the assignment of
these states to the absorption spectrum was not concurred. TMA is a NHs-derivative
molecule and also the simplest TAA molecule. The excited Si1 and S> states of TMA in
Franck-Condon region are known to be predominantly 3s and 3p Rydberg character;
however, the coupling preference of the oy  orbital with either of the 3s or 3p Rydberg

orbitals in TMA were not clarified.
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1.4  Goal and Outline

The substitution of H atom to aliphatic substituent (R) in NH3 influences the NHj3
photochemistry. Even methylamine, dimethylamine and trimethylamine which are
substituted by the simplest R (CH3 group), these N—CH3 bond dissociation dynamics are
significantly different from the N —H bond dissociation of NH;. A first step toward
understanding amine photochemistry is elucidation of the photodissociation dynamics of
the CHs-substituted NHj3; therefore, we have investigated the N—CH3 bond dissociation
mechanisms of methylamine composed of both N —H and N — CH3 bonds and

trimethylamine, which has only N—CHj3 bonds, on the basis of NH3 photochemistry.

This chapter provided the general background for amine photochemistry. In Chapter 2,
the experimental approaches employed in the present study are introduced. The
experimental principle and apparatus are also explained in detail. In Chapter 3, the
photodissociation dynamics for the N — C bond fission and the NH (X3X") production
following the S1—So transition of CH3NH; are investigated. For the former pathway, we
determined the electronic state of the nascent NH> product and revealed the electronic
branching to the CHs + NHa (A 2A,) and CH; + NH, (X 2B, ) asymptotes. On the other hand,
the dependence of the NH (X*X) state distribution on the photoinitiated vibronic state of
CH3NHz, and the available energy partitioning are mentioned to the latter pathway. In
Chapter 4, the N—C bond dissociation dynamics on the S> and S surfaces of TMA are

examined. The reaction barrier which controls the yields for the dissociation and
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fluorescence, and the critical TMA molecular geometry at the exit conical intersection are
discussed. A summary of this thesis and the general conclusion are presented in Chapter 5.
We show the recent apparatus-development for further elucidation of the CH3NH> and TMA
photochemistry and the preliminary results measured with this developed apparatus in

Appendix.
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2.1  Experimental Approaches

Methylamine (CH3NH>) and trimethylamine (N(CHz3)3, TMA) have complicated PESs
along the N—C bond cleavage coordinate. In reactant region near FC region, a reaction
barrier on PES of CH3NH>, and existence of the 3p state energetically close to the 3s state
in TMA cause predissociation and the competition between dissociation and electronic
relaxation, respectively. Additionally, the conical intersection along N — C bond dissociation
coordinate (CIn—c) in product region, where the N—C bonds of CH3NH> and TMA are
considerably elongated, can cause the electronic branching of product on the basis of NH3

photochemistry:
CH3NH, +hv ~ — CH:z + NH2(A2A))

— CH; + NH2(X2B))

and
N(CH3), +hv ~ — CH;s + N(CH3)2(A2A,)

— CH; + N(CH3)2(X?B)) .
In the present study, we carried out a pump-probe experiment under the condition
controlling the reactant and product states. A conceptual scheme for the employed pump-

probe experiment is illustrated in Figure 2.1.

The advance in laser technology over the past few decades'? has allowed the
development of spectroscopic techniques which enable one to experimentally obtain

information on electronically excited-state dynamics. A pump-probe experiment has been

48



“Reactant” = pump laser “Product” = probe laser

s
1 State-selective | I State-resolved detection :
| photoexcitation | with spectroscopy I
| 1 A |
! Dissociation |
! A |
" A OO O — fé, 1
| A OO — | ¢,
I M
I I 05!
) ' 1 00000 —— | 8 |
I kM L 8
| | 1 o |
! ;! «—
| I Population |
I ! 1

| |
! |

| |
! |
f o e | o ______ |

Reaction coordinate

Figure 2.1  Conceptual scheme for the employed pump-probe experiment under the
condition controlling the reactant and product states. State- and energy-
selective photodissociation is initiated by pump laser, and the state-

resolve detection is achieved by the probe laser with spectroscopy.

widely employed for exploring photodissociation dynamics. Two different pulsed lasers,
pump and probe lasers, are used in this experiment. The pump laser photoexcites a parent
molecule and initiates photodissociation, and the nascent photoproducts are irradiated by
the second (probe) laser for detection after a short time delay from the pump laser. The
pump-probe experiment is suitable for examining the photoinitiated-state dependence on
the predissociation in the aliphatic amines because the photoexcitation to a discrete level
and the detection are temporally separated. The UV absorption spectrum of CH3NHz shows
vibronic structure where each peak corresponds to a single vibronic level. We can inspect

the photodissociation dynamics for each vibronic state of CH3NH> by tuning pump laser
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wavelength at a given peak in the UV spectrum. The UV absorption bands of alkyl amines
extend to deep-UV (DUV, ~200 nm) region. Generally, the tunable wavelength laser source
in this region is scarcely available; therefore, a DUV laser was designed and developed in

the present study.

Products in photodissociation retain dynamical information of a dissociating molecule
as rovibrational motions. Electronic states of the products, in addition, is a result of adiabatic
or non-adiabatic dynamics if the parent molecule has a conical intersection along
dissociation coordinate as well as NHs. In CH3NH2 and TMA photodissociation, we have
measured the electronic and rovibrational state-distributions of the photoproducts, which
are CH3z, NH> and NH radicals, by resonantly enhanced multiphoton ionization (REMPI)
spectroscopy and emission spectroscopy. Translational energy and scattering angular
distributions of photoproducts are also significant physical-quantities for elucidation of
photodissociation dynamics. A velocity-map imaging (VMI) method coupled with a
spectroscopic detection, which was established by Eppink and Parker in 1997,%* enables to
observe simultaneously both velocity and angular distributions. The translational energy
distribution of the detected photoproduct is related to the internal energy distribution of the
unobserved counter-product by energy and linear-momentum conservation laws, giving the
energetic estimation of the electronic state of the counter-product. The scattering angular

distribution becomes an index of a relative dissociation lifetime with respect to the rotational
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period of parent molecule, and provides rarely information on orientation® and alignment
effect®.

Although the fact that one can discuss energetically the nascent electronic states of the
unobserved products by imaging measurements is significantly useful, this method cannot
give evidence for generation of electronically excited products. Spectroscopic detection of
electronically excited photoproducts is not easy since photoexcitation of the electronic
excited fragments for probing causes accidentally a second dissociation. The electronically
excited NHa (A 2A,) radical, which can be generated in the photodissociation of CH3NHa, is
unsuitable for a detection with laser spectroscopy. In this study, emission spectroscopy was

applied to direct detection of NHa (A2A,) photoproduct in the CH;NH2 photodissociation.
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2.2 Experimental Principles

2.2.1  REMPI Spectroscopy
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Figure 2.2  Schematic showing the basic concept of a [2 + 1] REMPI detection
scheme. As hvpobe 1S scanned, target fragments in each lower state are
excited individually to intermediated states and ionized. The intensity of
resulting ions is monitored as a function of the probe laser wavelength to
obtain the REMPI spectrum.

Resonantly enhanced multiphoton ionization (REMPI) spectroscopy is a
photoionization technique where multiple photons are used for the excitation and the
ionization of molecules as shown in Figure 2.2. REMPI is employed widely for state-
selective ionization of various molecules and radicals.” REMPI schemes are usually referred
to as m + n, where m and n denote the number of photons used to the excitation and the
ionization, respectively. We can obtain a REMPI spectrum by monitoring the intensity of
generated ions as a function of excitation wavelength. In order to determine the population

of each populated state from the REMPI spectrum, one must divide the intensity of the

52



spectral peaks by the oscillator strength (Franck-Condon factor). In present study, the CH3

was detected with [2 + 1] REMPI scheme.

The 2 + 1 REMPI scheme via 3p.2A7 —X?*A} electronic transition was applied for
the detection of the nascent methyl (CH3) radials in photodissociation. The scheme was
established by Hudgens et al.® and has been widely used for the detection of CHj radical in
the gas phase. The equilibrium structure of CHj3 radical is planar with D3, symmetry. The
ground state has A} symmetry due to the electronic configuration:
(a)?*(2a))?*(2€")*(245)'. Figure 2.3 shows the higher energy molecular orbitals for a planar
CHs radical and their correlation to the united atom, fluorine. All of these levels are Rydberg
states, and the state symmetry is the same as the molecular orbital symmetry. Table 2.1 lists
the selection rules for several two-photon transitions from the ground XZ2A’ state.
Although the low-lying 3p,*E’ and 3p.2A] states are optically accessible from the
ground state, the signal attributed to only the 3p.2A% —X2A}5 transition was detected.®
Owing to the planar (Dsn) structure, only the vibration with A] symmetry can undergo
Av==1 transitions. All other vibronic structure arises from Av=0, £2, £4, ...
transitions. Because the molecular structures in the ground state and the excited 3p.2Af
state are similar to each other , the FC factors of Av=0 transitions are larger than that of

the other transitions.’
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Table 2.1  Optical selection rules for transition from the vibrationless X2A state
of methyl radical to singly excited states of other symmetries. N and K
denotes a rotational quantum number and a signed quantum number of

total angular momentum about the symmetry axis, respectively.

Upper state symmetry species  Selection rule for two-photon excitation

Al Forbidden
K=0; AN =+1
Al AK =0
K=0;AN=0, £1, +2
Al Forbidden
K=0;AN=0, £2
A] AK =0
K=0;AN=0, 1, +2
E AK =+1; AN =0, +1, +2
E" AK =+2; AN=0, £1, +2
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The vibrational band attributed to 2! band of CHjs radical, where v, denotes the out-
of-plane bending mode (606 cm™), is enough far from other vibrational bands to be
discriminated. However, the bands attributed to the C—H symmetric stretch (vi, 3005 cm”
1 and the antisymmetric one (v3, 3161 cm™) are unresolved because of the similar transition
frequencies and the broad spectral line. Table 2.2 lists the transition frequencies and the
Franck-Condon factors which was previously reported.®!%-13 The broad feature is caused by
lifetime broadening arising from predissociation. The lifetime of CDs3 radical was estimated
to be an upper limit of 3 ps at the vibrationless state, and this value decreased with increasing

vibrational excitation (1 ps at v, =1, 0.8 ps at v = 2 and 0.4 ps at v, = 3).1

Table 2.2 Transition frequencies and the corresponding wavelengths and FC
factors in the 2 + 1 REMPI scheme via the 3p.2A% - X2A’ transition.

These values are taken from Refs. 8 and 11-14.

Transition Wavelength / nm Two-photon energy / cm™! FC factor

09 3334 59,972 0.9234
L 334.0 59,881 -
Iy 317.9 62,886 0.0405
2] 3294 60,700 0.8208
23 325.8 61,390 0.6746
28 319.1 62,660 0.0700
23 322.7 61,972 0.4688
2} 315.6 63,335 0.1575

} 333.9 59,898 -
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2.2.2  Emission Spectroscopy
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Figure 2.4 Schematic diagram of dispersed fluorescence (DF) measurements.
Molecules at a rovibrational level in the electronically excited state
generated in photochemical reaction or laser excitation emit photons as
fluorescence. Total fluorescence is collected on a grating in a
monochromator to be dispersed for each wavelength. DF spectrum is
obtained by recording the intensity of the dispersed fluorescence with

respect to the monochromator wavelength.

Molecules and radicals in a rovibrational level of an excited electronic state relax to
various levels of the ground electronic state by emitting photons as fluorescence, as
illustrated schematically in Figure 2.4. In dispersed fluorescence (DF) spectroscopy which
is one of emission spectroscopy, the fluorescence to various levels in the lower state is
dispersed by a grating in a monochromator prior to detection with a photon detector such as
a photomultiplier tube. A DF spectrum is measured by recording the intensity of dispersed
fluorescence as a function of the monochromator wavelength. The preparation of the
detected molecule in the excited electronic state is achieved generally by laser excitation or

photochemical reaction. A DF measurement with laser excitation is employed traditionally
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for experimental determination of the energy level spacing and the oscillator strength of
transitions. An electronically excited molecule generated in photochemical reaction has
widely spread state-distribution in the upper electronic state. DF spectrum allows the direct
detection of the electronically excited photoproduct and the determination of the nascent
state-distribution which is information on the reaction dynamics. In the photodissociation
of CH3NH, the electronic state of the NH> product was determined spectroscopically by

the DF measurement.

The electronic configuration and term-type of the ground state of NHb> radical is

(a )2 (b, )2 (a )2 (b )1 , *By,

and of the low-lying excited states:

(@)*(b2)* (@) (Br)?, A,
(@)*(b) (@)*(B)*, °B,.

The observed transition should correspond to the allowed transition 2A, — 2B, rather than
the forbidden transition 2B, — 2B, . The spectrum of the NH> radical was first observed by
Herzberg and Ramsay in 1952.'° Latter, Dressler and Ramsay discovered for the first time
the Renner-Teller effect in the pattern of the rovibronic energy levels of its A2A, —X 2B,
transition.!® The analysis of the A2A,—X2B, spectrum revealed that the X2B,
electronic ground state is strongly bent, whereas the AZ2A, state is quasilinear. The NH;
radical in the X2B, state has three vibrational freedoms: the symmetric N—H stretch (vi,
3219.4 cm™), the deformation (v2, 1497.2 cm™), and the asymmetric N —H stretch (vs,

3301.1 cm™). The spectrum also showed that the majority of strong transitions correspond
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to the progression AZ2A,(0,v5,0)—X2B,(0,0,0) and that the sub-states of the type
AZAI (1,v5,0) also appear when they are in Fermi resonance with those of the type
A2A,(0,v +2,0) (in the notation appropriate to the bent molecule). The correlation
between the linear and bent notations for the vibrational numbering is

v, (linear) = 2v, (bent) + K, +1, where K, denotes a signed quantum number of total angular

momentum about the g-axis.
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2.2.3  Velocity-Map Imaging
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Figure 2.5 Schematic diagram of a standard VMI apparatus. A 3D ion cloud of
photoproducts is created at the crossing point of the lasers (pump and
probe) and the molecular beam. An open electrostatic lens assembly (a
repeller, extractor and ground electrodes) maps the particle velocities
uniquely onto a microchannel plate (MCP) detector. A CCD camera
records the position of the emission from a phosphor screen, which
installed in the back side of the MCP detector.

Velocity-map imaging (VMI) technique® allows the three-dimensional (3D) velocity
distribution of photoproducts to be visualized. The capability for simultaneous probing the
translational energy and angular distributions of the photoproducts in a single image has
contributed greatly to photodissociation dynamics studies. A standard VMI apparatus is
represented schematically in Figure 2.5. The VMI apparatus is composed of three regions:
acceleration, free-flight and detection regions. The acceleration region contains a molecular

beam source, a skimmer, an ion optics consisted of three plates (repeller, extractor and
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ground electrodes). There are no external electric fields for time-of-flight (TOF) mass
selection in the free-flight region. A position sensitive detector and a CCD camera are

equipped in the detection region.

The parent molecule of interest is expanded by a pulsed valve to generate the molecular
beam, which is intercepted by a pair of counter-propagating laser beams (pump and probe).
The pump laser pulse initiates the photodissociation of the parent molecule, and the
generated photofragments fly out from reaction center with velocity and angular
distributions. After a short delay, the probe laser pulse ionizes state-selectively one of the
photoproducts by REMPI spectroscopy. The ions are then accelerated by the electrostatic
field created by the ion optics through the free-flight region toward the imaging detector
which is a microchannel plate (MCP) detector coupled to a phosphor screen. The pump and
probe laser beams cross in a finite interaction volume, which causes considerable blurring
of the measured distribution. This problem is solved by adjusting the electric field such that
all ions with the same initial velocity and recoil-angle strike the same position on the
detector. This condition for the electric field is called as the velocity mapping condition.
The field is simultaneously tuned to compress the ion cloud along the axis such that the 3D
distribution is ‘pancaked’ onto the detector. When an ion strikes at a position of the MCP
detector, the corresponding position of the phosphor screen emits a flash of light. The optical
image at the phosphor screen is captured by a CCD camera. The image recorded with the

CCD camera is transferred to a PC on each laser pump-probe cycle for processing and data
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storage. In order to obtain the image with high signal to noise ratio, a large number of images

are summed to give the final image to be analyzed.

2.2.4 Analysis of Scattering Distribution

Abel inversion
Probe ;
laser

' Electric field
Xpump = Detection axis
y laser

Figure 2.6 Measurement and analysis of a spherical ion-cloud of products. The

9

3D slice

cylindrically symmetric cloud (left) is created using a linearly polarized
laser with the polarization axis lying in the vertical direction of the figure.
An electric field projects the sphere of the ions onto a 2D detector
(center). Abel inversion recovers the 3D sphere. The recoil velocity and

angular distributions are extracted from a slice through the sphere (right).

Able Inversion

The 3D cloud of the ionized photoproducts is detected as the 2D projection image in
the VMI experiment. The liner polarized pump laser whose polarization is perpendicular to
a detection axis is employed; therefore, the 3D velocity distribution is rotationally
symmetric around the pump laser polarization direction. The observed 2D projection is
restored mathematically to the original 3D distribution, and then a central slice-image of the

3D distribution is extracted. This transformation is well known as the Abel inversion.'’
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The sliced image possesses information of interest: the radius corresponds to the recoil
speed, v, whereas the angle with respect to the pump laser polarization, 6, is the scattering
angle. The scattering velocity and angular distributions, therefore, are extracted from the
slice image by integrating the signal intensity over the angle and the radius, respectively.
The velocity-to-radial calibration is conducted by using a well-known dissociation process.
In present study, the calibration was carried out with reference to the scattering image of the
CHs(v = 0) fragment in the photodissociation of CH3I at 266 nm: CH3l + hv(266nm) —

CH3(v=0) + I(*P1,2 and ?P312) .'® The data set for this CH3(v = 0) product is shown in Figure

2.7.
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Figure 2.7 Data set for CH3(v = 0) product in the photodissociation of CHsl at 266
nm; (a) the 2D projection is transformed to (b) the 3D slice with the Abel
inversion. Integrations of the intensity over the angle and radius produces

(c) the velocity distribution and (d) the angular distribution, respectively.
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Counter-Product Analysis

The strongest advantage of the VMI experiment coupled with laser spectroscopy is that
the energy distribution of the unobserved product coproduced with a detected product is
automatically obtained with the counter-product analysis. The recoil velocity of the detected
photoproduct (v, ) is related with that of the counter-products (v, ) by the linear momentum
conservation law: mpvp = mcpvep, where mpand mep are mass of the detected product
and the counter-product, respectively. The translational energy of the counter-product
(ESP,) 1s evaluated mathematically from ESY, = (mp /mcp)Er., - The total internal energy
of undetected counter-product (ES’) is obtained automatically by the energy conservation
law: hvyum, =Dy + E}, + Efis + Eby + ESf , where hvy,,, and D, are the photon energy
of the pump laser and the bond dissociation energy, respectively. The internal energy of the
detected photoproduct (EF,) is selected by the state-resolved detection with REMPI
spectroscopy. Thus, the E},,-distribution obtained from the sliced image is converted into
the ES! -distribution. The slower and faster components of the detected product correspond
to the higher and lower internal energy-components of the counter-product, respectively.
For example, the photodissociation of CHsl is well known to produce the spin-orbit excited
(*P112) and ground (*P32) states of atomic iodide.'® The two peaks in the velocity distribution
of the CH3(v = 0) product shown in Figure 2.7 (c) are individually associated with these

spin-orbit states: CH3(slow) + I(?P1,2) and CHj(fast) + I(°P3.2).
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Determination of Anisotropy Parameter

An anisotropy parameter, # (—1< £ <2),which indicates anisotropy of the scattering,
is determined by fitting the angular distribution (Figure 2.7(d)) with the standard formula

for one-photon photodissociation descried by the Legendre polynomial P (cos®),

o _o
02 Ar

(1+ BPy(cos b)),

where 6 is the center-of-mass scattering angle with respect to the pump laser polarization
direction, and o is the integral cross section. A sign of the £ depends on a vector
correlation between the transition dipole moment (# ) and the dissociating bond direction
(b); wLb and u||b lead to negative and positive anisotropy parameters, respectively.
The magnitude of the f gives the relative dissociation lifetime to the rotational period of
the dissociating molecule. If the molecule dissociates instantaneously after photoexcitation
by pump laser, the products fly out only along the dissociating bond direction, leading to
P =-1 or 2. On the other hand, assuming the quite longer dissociation lifetime than the
rotational period of the parent molecule, the g-b vector-correlation is completely lost due

to the molecular rotation. In this limiting case, the scattering direction of the photoproducts

is isotropic, and then the S value becomes approximately zero.
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2.3 Experimental Apparatus

2.3.1  VMI Experiment

The VMI experimental apparatus employed in the present study, whose sectional
drawing is displayed in Figure 2.8, consisted of a source chamber and a detection chamber
that are separated by a wall with a skimmer (aperture diameter: 0.8 mm, Beam Dynamics).
Two turbomolecular pumps (TMU1601P and TUS521, Pfeiffer Vacuum) are equipped to
evacuate the two chambers, whose typical base pressure is 1 x 107 Torr (source) and 3 x
10 Torr (detector). The source chamber contains a pulsed valve driven by a piezoelectric
plate'® to generate the molecular beam. The detection chamber has a pair of inlets for the
pump and probe laser beams. These laser beams are crossed with the molecular beam inside
a set of 1on optics. The ion optics are placed so that the ions are directed toward a position
sensitive MCP detector with a phosphor screen in the back (Chevron-type, 40 mm in
diameter, Phonics). The direction of the ion acceleration is collinear to the molecular beam.
The distance between the ion optics and the MCP detector (490 mm) served as a free-flight
region for time-of-flight (TOF) mass selection. The ion optics consists of three plates: a
repeller-, an extractor- and a ground-electrode. The repeller plate has a hole (1mm diameter)
for introducing the molecular beam into the ion optics assembly. The extractor and ground
plates are ring-shaped with an open 20 mm diameter aperture to form an electrostatic ion-
accelerating field. To achieve VMI condition, the ratio of electrostatic potential applied to

the repeller and extractor was maintained at 0.69, which is first estimated by a numerical
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Figure 2.8  Sectional drawing of the experimental apparatus. Red cross mark
corresponds to a crossing point between the laser beams and the
molecular beam. A distance from the crossing point to the surface of the

MCP detector which corresponds to a free-flight region is 490 mm.

simulation of ion trajectories with commercial software (SIMION 8.0) and then optimized
by measuring the scattering distribution of the atomic oxygen fragment in the O
photodissociation at 266 nm region as a reference.* Thus, the resolution and linearity of
velocity of the VMI apparatus were sufficiently high for investigating the photodissociation
dynamics of methylamine (CH3NH; + hv — CH3 + NH3) and trimethylamine (N(CH3)3 +

hv — CH3 + N(CHs)2).

The molecular beam is irradiated by the pump and the probe laser beams at midway
between the repeller and extractor electrodes. The nascent products in photodissociation are

ionized state-selectively with REMPI spectroscopy. The ionized fragments are accelerated
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by the VMI electrostatic field toward the MCP detector. A high voltage pulse defining the
TOF (duration of 100 ns) is applied to the MCP detector for mass selection. The electron
avalanche in the MCP detector striking the phosphor screen creates an ion image that is then
captured using a CCD camera (C8800, Hamamatsu) controlled by a computer program
(HiPic 9.4, Hamamatsu). The number of arriving ions is measured by monitoring the
intensity of the emission from the phosphor screen using a photomultiplier tube (PMT,
R2496, Hamamatsu). The signal from the PMT is averaged with a gated boxcar integrator
(SR-250, Stanford Research System). Operation of the pulsed valve, the laser, and the
imaging system with the TOF method are synchronously controlled by a digital delay
generator (Model-555, Berkeley Nucleonics) combined with a home-made pulse distributor

at a repetition rate of 10 Hz.

The wavelength of the pump laser was selected in the range of 200—-240 nm to initiate
the photodissociation on an arbitrary state of CH3NH> or (CH3)3N. The laser oscillation in
this region is achieved by using a developed deep-UV (DUV) laser for 200-220 nm and a
second harmonic generation (SHG) unit for 220-240 nm. A tunable dye laser (CobraStretch,
Spectra Physics) pumped by a Nd:YAG laser (LAB-170, Spectra Physics) is used for both
DUV and SHG systems. The construction of the DUV laser source is explained later. The
SHG output of the dye laser with a barium metaborate (BBO) crystal is used for the
photolysis of 220-240 nm. The pulse energy of the pump laser was reduced to less than 10

uJ/pulse during all measurement to prevent multiphoton processes. Another laser set of a
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frequency-doubled tunable dye laser (CobraStretch, Spectra Physics) pumped by a Nd:YAG
laser (Powerlite 9010, Continuum) is employed for probing photoproducts by REMPI
spectroscopy. The REMPI spectrum which is associated with the final-state distribution of
the photoproducts is measured by scanning the probe laser wavelength continuously. The
pulse energy of the probe laser was tuned to a suitable value in the range of 0.4—1.5 mJ/pulse
for high signal-to-noise ratio. The remaining dye laser output in visible region is separated
from the frequency-doubled light and is introduced into a Ne hollow cathode lamp (L2783-
26NE-FE, Hamamatsu). Wavelength calibration of the REMPI spectrum can be performed

by simultaneous measurement of an optogalvanic spectrum.?

2.3.2  Construction of DUV Laser

A DUV light (~200 nm) is important for photodissociation study of organic molecules
since their absorption bands are located in the DUV region as well as ammonia-derivatives.
In the DUV region, a few laser sources which generate a single wavelength, such as a ArF
excimer laser (193 nm) and a fifth harmonic of a Nd:YAG laser (212.8 nm), are used widely;
however, a tunable laser source is scarcely available. We designed and developed a DUV

laser based on sum-frequency mixing (SFM).?!

The block diagram of the DUV laser and the schematic energy level description are

illustrated in Figures 2.9. The DUV laser consists of several optical assemblies: a frequency-
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Figure 2.9  (a) Block diagram of the DUV laser. Two laser beams, (1064 nm)
and tunable ®y\uy(247—277 nm), are spatially and temporally
overlapped on a BBO crystal to generation of mp ;v (200—220 nm) . The
polarization directions of the incident IR and NUV beams are
perpendicular to a paper surface, and that of the resulting DUV laser is
vertical direction in a paper plane. (b) Schematic energy level description
for the SFM process.

doubled dye laser pumped by a third harmonic of a Nd: YAG laser, a dielectric mirror (TFM-
25.4C05-248 or TFM-25.4C05-266, SIGMAKOKI) and a BBO crystal (6= 51.2 degree, A-
Star). The fundamental output (1064 nm, oy ) of the Nd:YAG laser and the second
harmonic of the dye laser (near-UV, 247-277 nm, wyyv ) are spatially and temporally
overlapped on the BBO crystal, and then a DUV light ®pyy, whose photon energy is sum
of the two incident lights, (®pyy = Ok + Onuy ), 1S generated. The polarization of the IR and
NUYV laser beams is parallel to each other, and that of resulting DUV beam is perpendicular
to the polarization direction of the incident beams. The dependence of the pulse energy of
the DUV laser at 200 nm (/pyy ) on that of the IR (/z ) and NUV laser ( /xyy ) beams is
displayed in Figures 2.10. The [Ipyy was invariant with respect to the [ , and

proportional to the /yyy . The conversion efficiency from the incident Iyyy to the

resulting /pyy was typically 15 %.
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Figure 2.10 Dependence of /puv on (a) /ir and (b) Inuv. The Inuv was fixed at 3.5
mlJ/pulse in the Ipuv—/ir plot. Black, red and blue plots indicate the /puv
at 200, 210 and 220 nm, respectively.

2.3.3  Fluorescence Experiment

Figure 2.11 shows a schematic diagram of the apparatus used in the dispersed
fluorescence measurement. A glass cell, whose total length is 690 mm, is evacuated by a
dry primary pump (Adixen ACP28G, Alcatel Vacuum Technology). A sample gas at 298 K
is slowly flowed in the cell, and the pressure is monitored with a capacitance manometer
(122AA, MKS Baratron). The sample is irradiated by a pump laser, and then is photolyzed
to generate products in the electronically excited state. The pump laser pulse in the UV
region of 212-226 nm is generated with a frequency-doubled dye laser (LDP3002, Lambda
Physik) pumped by the third harmonic of a Nd:YAG laser (GCR-170, Spectra Physics). The
electronically excited products fluoresce to various rovibrational levels in the ground
electronic state with own specific lifetime. The fluorescence is collected with a quartz lens
(f= 80 mm, 40 mm in a diameter), focused on the entrance slit of a monochromator (JEOL
JSG-1258, f= 1250 mm, AA(fwhm) = 3 nm), and detected with a photomultiplier tube (PMT,

R928, Hamamatsu) mounted on the exit slit. The PMT is terminated with a 1 kQ load resistor,
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and the signal averaged with a gated integrator (SR-250, Stanford Research System) is
stored on a disk of a PC. In order to evaluate the system performance, the DF spectrum of
the nascent NH2 (A %A,) fragment in the photodissociation of NH3 at 193 nm with an ArF
excimer laser (LEXtra50, Lambda Physik) was measured as a reference.?? The resolution
and sensitivity of the apparatus was sufficiently high for direct detection of the NH> (A2A)

product in the photodissociation of CH3NH> (CH3NH> + hv — NH> (A2A)) + CHz).

Pump Laser
(Photolysis)

Fj 1_% To pump

Pressure
gauge

=<l Monochromator | PMT

Figure 2.11 A schematic diagram of the gas cell. Fluorescence from the nascent
products is focused on the entrance of a monochromator by a quartz lens
(f = 80 mm), and is detected by the PMT terminated with a 1 kQ load

resistor.
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Chapter 3

Photodissociation Dynamics of Methylamine
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3.1 Introduction

Chemical reaction mechanisms are often understood by the characteristic nuclear
motions in a few critical regions of the reaction potential energy surfaces (PESs). A reaction
barrier controls reactivity, and a surface crossing determines the branching ratio of
competing product pathways. The photochemistry of ammonia (NH3) is a typical example
of a reaction mechanism explained by the reaction barrier of the excited state (A'A%) and
the conical intersection between the excited state and the ground state (X'A{) 14 The
reaction barrier of the AIAZ state is located at an elongated N—H bond length ( Ry_y ~1.3
A) from the equilibrium distance in the X'A| state (~1.0 A). The A'A} and X'A|
PESs are adiabatically correlated to the NH2 (A2A,) + H and NH» (X2B,) + H product
pathways in the pyramidal geometry, respectively. The conical intersection of these two
PESs in the planar geometry is located at the longer N—H distance (~1.7 A),>® determining
the branching ratio of the product pathways.>*” A similar argument has been presented for
the photodissociation dynamics of methylamine (CH3NH>), which is the simplest ammonia-
derivative species.®!! Methylamine has two types of 6-bonds to nitrogen (N—C and N—
H), both of which are photodissociated following the S1—So transition (the first absorption
band in 190-240 nm).>!'"!> In both N—C and N—H bond fission channels, the S and Sy
states are adiabatically correlated to the pathway with the electronically excited product
(CHs +NH2(A%A,), H+ CH;NH (A?A") ) and the pathway with only ground state products,

respectively. The S1 PES has potential barriers along both N—C and N—H bond lengths at
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a slightly longer bond length than each equilibrium length in the Sp state.'®!” In both fission
channels, conical intersections of the S1 and So PESs are formed at further elongated bond
distances, similarly to NH3. As for the generation of CH3 + NH> products, it is simply
considered that the reactivity of the N—C bond fission is first governed by the reaction
barrier height in the outer Franck —Condon region, and then the bifurcation to the CH3 +
NH2(A2A,) and CH; + NH; (X2B,) pathways is caused by a non-adiabatic transition around
the conical intersection region. This explanation, based on the successive two-stage
mechanism, is applicable only for the single-dimensional elongation of a dissociating bond,
which is the case in ammonia photodissociation. Substitution of a hydrogen atom of NH3
by a methyl group provides additional degrees of freedom for the system to exhibit complex

nuclear dynamics, which is a key issue in the photochemistry of polyatomic molecules.

In reaction dynamics, the generation of the NH> (AzAl) product in the
photodissociation of CH3NH> remains controversial under a molecular beam condition. The
center-of-mass translational energy distribution for the N — C bond fission obtained by
photofragment translational spectroscopy at 222 nm was explained by Waschewsky et al.
as the result of the exclusive generation of the NH; product in the A2A, state." Recently,
Thomas et al. applied resonantly enhanced multi-photon ionization (REMPI) spectroscopy
to the CH3 fragment at photolysis wavelengths of 222-240 nm.'* The REMPI spectra were
assigned to the sequential bands of the v3 (degenerate C —H stretch) mode excited up to v3

= 3. Because the CH3 fragment was thus internally excited, the NH> counter-product was
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indicated as populated in the X>B, state on the basis of the energetic consideration.
Participation of the upper adiabat would be ideally identified by laser spectroscopy applied
to the NH2 (A 2A,) product. However, direct application of laser detection to electronically

excited species is not easy.

Recently, Thomas et al. found a production of NH (X*X~)photofragment by REMPI
spectroscopy in the wavelength range of 222-240 nm. On the basis of standard
thermochemical data, the counter-product of the NH (X*Z") product is determined to be
only closed shell CH4 fragment. They proposed that the mechanism involves intramolecular
abstraction between a radical pair (CH3 "NH>) on the triplet state via roaming-mediated
intersystem crossing (ISC),!® where “roaming” is a reaction mechanism involving
intramolecular recombination discovered in unimolecular photolysis of simple species such
as formaldehyde (HCHO) and nitrate radical.'®?* Roaming in the HCHO photodissociation
provides an alternative route to the molecular products, H» + CO, that avoids the
conventional skewed transition state (TS) on the Sy surface. The H + CHO radical-pair
production is frustrated, leading to extended excursions at long-range region prior to
reaction. The long-range intramolecular abstraction of H atom from the CHO moiety
provides vibrationally hot H> and rotationally cold CO. Thomas et al. measured the
rotationally unresolved REMPI spectra of the NH (X*X~)product in the photodissociation
in wavelength range of 222-240 nm with 3 + 1 REMPI scheme via D’TI-X°*%-

transition.'® The rotational temperature of the nascent NH (X>X ") fragment was estimated
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to be ~700-800 K by least-squares fits of the simulation to the experimental band contours,
indicating generation of the modestly rotationally excited NH (X3X~) fragment. The
dependence of the branching fraction for NH (X3X ) production on the initial vibronic state
prepared was suggested; excitation on the 9) and 7; bands leads to 2.1 and 1.4 times
more NH (X3X")than that on the 0) band. They proposed that a roaming in the long-range
region provides ample opportunity for ISC to the 7 surface on the So surface of CH3NH>
prepared by the S1 — So internal conversion, upon which reaction to produce CH4 + NH
(X*X") ultimately occurs. Theoretical study by Xiao ef al. found a seam of crossing
between So and 77 in a partially dissociated CH3 ~"NH» geometry supported the roaming-like

pathway to CHs4 + NH (X*% ") products.'®

In this study, we perform two complementary experiments for the photodissociation of
CH3NH;: state-resolved scattering under a molecular beam condition and dispersed
fluorescence spectroscopy in a gas cell. The former is employed for the CH3 and NH (X3X")
photofragments, yielding the nascent internal energy distributions of the NH> and CHy
counter-products. In addition, the dependence of the product state-distribution and the
available energy partitioning on the photoinitiated states of CH3NH: is examined by varying
the photolysis wavelength over the S1—So absorption band. The latter is conducted to directly
identify the electronic state of the NH> product, whose total internal energy was determined

by the scattering data of the CH3 counter-product.
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3.2 Experimental Methods

The pump-probe experiment under a molecular beam condition was performed by using
a velocity-mapping imaging (VMI) apparatus, which consists of an imaging system with a
time-of-flight (TOF) mass spectrometer. The details of the VMI apparatus have been
described in Chapter 2. A molecular beam of CH3NH; seeded in He (1 %) was generated
by a piezoelectric valve with a stagnation pressure of 2 atm. The pump and probe laser
beams, which were aligned in the counter-propagating direction, were focused by quartz
lenses (=350 mm and 300 mm, respectively) on the molecular beam. The pump laser pulse
(50-100 pJ/pulse) in the deep-UV range of 205-220 nm and the near-UV range of 220-240
nm was generated by sum-frequency mixing (SFM) and second harmonic generation (SHG),
respectively. A tunable dye laser (CobraStretch, Spectra Physics) pumped by a Nd: YAG
laser (LAB-170, Spectra Physics) was used for SFM and SHG. The photolysis wavelengths
were tuned to the eight vibronic bands of the S1— So electronic transitions of CH3NH>, whose
UV absorption spectrum?®® is shown in Figure 3.1 where vertical lines denote the positions
for each vibronic band which is assigned to progressions in the NH> wagging mode (v, 636

cm™) and the CH3 rocking mode (v 7, 1008 cm™'),?*

while eight arrows indicate the selected
vibronic bands in this study. The selected vibronic bands, excitation wavelengths (Aex), and

absorption cross sections (Gabs(Aex)) are listed in Table 3.1.
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Table 3.1

210 220 230 240
Wavelength / nm

UV absorption spectrum associated with the S1—So electronic transition
of methylamine (CH3NH>). The assignments with two optical active v7
(CHj3 rocking) and vo (NH2 wagging) modes displayed by vertical lines
are taken from Ref. 24. Eight arrows denote the positions of the CH3NH>
photoinitiated states selected in the imaging experiment.

Eight selected vibronic band, excitation wavelength (Aex), and absorption

cross sections, Gabs(Aex).

Vibronic band Aex / NM Gabs(Aex) / 10718 cm?
% 205.3 1.86
769 211.0 2.39
9% 212.8 2.44
7693 223.9 2.17
7696 230.4 1.38
7o 234.3 0.63
9% 236.3 0.71
05 239.9 0.30
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The probe laser pulse (~1.2 mlJ/pulse), which was obtained from another set of a
frequency-doubled tunable dye laser (CobraStretch, Spectra Physics) pumped by the second
harmonic of another Nd: Y AG laser (Powerlite 8000, Continuum), was used for detection of
the CH; and NH (X3%") fragments: the 2 + 1 REMPI scheme via the 3p2A}—X2A}
transition (332-335 nm),?>® and the 3 + 1 REMPI one via the D?I1—X3%" transition
(335-340 nm)'® were applied to the CHs and NH (X*%"), respectively. Wavelength
calibration was performed by an optogalvanic method in the visible region using a Ne
hollow cathode lamp. The probe laser pulse was delayed by 30 ns from the pump laser pulse.
The ionized products were accelerated by VMI electrodes toward a microchannel plate
(MCP) detector with a phosphor screen was recorded by a charge-coupled device (CCD)
camera (C8800, Hamamatsu). The ion intensity was obtained with a photomultiplier tube
(R2496, Hamamatsu), which measured the emission from the phosphor screen. The pulsed
valve, the pump and probe laser pulses, and the TOF gate of the MCP detector for mass
selection were synchronously controlled by a cascade of digital delay generators (Model-

555, BNC and Model-DG535, Stanford Research Systems) with a repetition rate of 10 Hz.

The setup of the gas cell experiment has been also described in Chapter 2. Gaseous
CH3NH; [p(CH3NHz) = 500 mTorr], which was slowly flowed without a buffer gas to
prevent the collisional relaxation of the nascent NH» (A’A) product, was irradiated by the
unfocused photolysis laser beam (~1.0 mJ/pulse) from a frequency-doubled dye laser

(LPD3002, Lambda Physik) pumped by the third harmonic of a Nd:YAG laser (GCR-170,
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Spectra Physics). The emission from the NH» (A2A)) photoproduct was collected through a
band path filter (Y-43, Toshiba) and focused with a quartz lens (f= 80 mm a diameter of 40
mm) in the entrance slit of a monochromator (JSG-125S, JEOL, AA(fwhm) = 3 nm). The
emission intensity was measured with a photomultiplier tube (R928, Hamamatsu) mounted

on the exit slit.

A commercial CH3NH2 sample (40 % in water, Aldrich) was used in the measurements
after purification by vacuum distillation. The distillation was repeated until the vapor
pressure reached 2.5 atm, which is the vapor pressure of pure CH3NH: at room temperature
estimated from the Antoine equation.?’” The concentration of the water contaminant was
much less than 1 % in the distilled CH3NH» sample. In the molecular beam experiment, a
low sample concentration pressure were applied to avoid formation of clusters (CH3NH> —
H>O, (CH3NH»)2). We inspected the change of the scattering signal by varying the
concentration and the stagnation pressure to higher values than the measured conditions,

confirming no significant contribution of clusters to the experimental results.
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3.3 Results

3.3.1  REMPI Spectra of the CH3 Photofragments

CHs signal intensity / a.u.

59600

Figure 3.2

The REMPI spectrum of the CH3 photofragment generated at the photolysis wavelength
of 205.3 nm is shown in Figure 3.2. The spectrum was measured under a molecular beam
condition, yielding the nascent-state distribution of the CHs; product. The vibrational
structure displays a feature of the sequence of the C —H stretching mode. The transition

frequencies associated with the two C — H stretching modes (vi and v3) in this

Vi | [ |

T | | |

—V3=0
—Vi=1
—iV3=2

—V3=3

59700
Two-photon wavenumber / cm™

2 + 1 REMPI spectrum of CH3z photofragments in the CH3NH:
photodissociation at 205.3 nm. The vibrational structure is assigned to
the sequence band of the symmetric or antisymmetric C —H stretching
modes (vi or v3, respectively). The band position of the vi (gray) and v3
(black) modes are displayed. The quantum number of the v3 mode is used
for the band assignment. The fits to the spectrum for each band are

performed using Lorentzian functions.

3p2As —X2A} electronic transition are so close that the symmetric and antisymmetric

forms of the CH3 product cannot be discriminated.”®* A similar REMPI spectrum of the

deuterated product (CDs) was analyzed as well.!?
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Figure 3.3  Nascent vibrational population distributions derived from 2 + 1 REMPI
spectra of the CH3 product in methylamine photodissociation at eight
photolysis wavelengths of 205-240 nm. Distributions following
excitation to each vibronic band are denoted by gray circles. The average
value over these photoinitiated bands is shown by red squares.
We extended the photolysis wavelength up to 240 nm, which is associated with the band

origin (05 band) of the S1— So transition of CH3NH». The REMPI spectra of the CH3 product

at eight photo

envelope of ea

The spectral contour analysis yielded the vibrational-state distribution of the CH3 fragment
with high C —
Lorentzian function centered at the calculated band frequency. We applied the same analysis
procedure as that employed in the previous study'® for comparing the vibrational-state

populations between the longer and shorter wavelength regions of the absorption band. The

v3 vibrational-

in Figure 3.3.

initiated states of CH3NH displayed no significant difference. The broad

ch vibrational band indicates highly rotational excitation of the CHj3 product.

state populations of the CH3 product at each photolysis wavelength are shown
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3.3.2  Vibrationally State-Resolved lon-Images of the CH; Products

Figure 3.4 shows the CHs scattering images following initial 9j' excitation of
CH3NH> at 205.3 nm measured at the peak of the bands associated with the vibrational
ground state (Figure 3.4 (a)) and the v3 = 1 state (Figure 3.4 (b)). The difference between
the scattering distributions of the v = 0 and 1 states is seen in the translational energy
distributions ( P(ES™) , Figures 3.4 (c), (d)) which were obtained through image data
analyses with the Abel inversion. It was found that the CH3(v = 0) fragment is produced
with high and low kinetic energies (Figure 3.4 (c)), whereas the vibrationally excited CH3
fragment has a single kinetic energy component (Figure 3.4 (d)). The lower kinetic energy
component observed in the CH3(v = 0) fragment (red curve) is distributed within a narrow
ES™ range, < 10 kJ/mol. The higher kinetic energy component exhibits the relatively
broader distribution (with a maximum at Ef™ ~ 40 kJ/mol), similarity to P(E;™) of the
CHs(v3 = 1) fragment (blue curves). Therefore, the state-resolved P(Ef™) distributions
imply that the CH3 photofragment has two production origins; only one of them operates

the generation of the slow CHj; fragment in the vibrational ground state.
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Figure 3.4  Vibrationally state-resolved scattering images of the CH3 fragment in the
(a) v=0and (b) v3 = 1 states at the photolysis wavelength of 205.3 nm.
The translational energy distributions of (c) the CH3(v = 0) and (d) the
CHs(vs = 1) fragments obtained from the image data analysis. The fitting
of the recoil velocity distributions is performed using Gaussian
functions: Two and one gaussian functions were required for fitting to
the velocity distributions of the CH3(v = 0) and the CH3(v3 = 1) products,
respectively. The recoil velocity distributions and fitting curves were

transformed to the translational energy distributions by using Jacobian.

The internal energy of the NH» counter-product ( En* ) is uniquely related to Ef™ in
the state-resolved scattering results by the energy conservation law,
hv = D(CH; = NH, )+ Ef* + EYfe + ECH  ENH2
where the value of 359.6 kJ/mol for the bond dissociation energy ( D(CH; —NH,) )*° of CH3
+ NH> was used in the evaluation. The rotational energy in the internal energy of the CH3
fragment ( E" ) was neglected in the present analysis although the REMPI spectra

nt
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indicated the higher rotational excitation compared to the case for a different photolysis
system,®! because the unresolved rotational structure and the overlapping of the band
contours limited accurate evaluation of the rotational energies. The internal energy
distributions of NHa, P(EN™), coproduced with each selected CH3 vibrational state are
shown in Figure 3.5, where all results for the N—C bond cleavage following excitation to
eight photoinitiated states of CH3NH: are also presented. For the vibrationless CH3
production pathway in Figure 3.5 (a), the NH» product coupled to CH3(v = 0) at the shorter
three photolysis wavelengths (205.3, 211.0, and 212.8 nm) has undoubtedly two internal
energy components, while the NH» internal energy distributions for the remaining five
wavelengths (223.9, 230.4, 234.3, 236.3, and 239.9 nm) are somewhat indistinct. For
discussion of the ratio between the fast and slow components, we practically first fitted the
measured velocity distributions to two Gaussian functions, then converted the fitted curves
to the energy scale shown in Figures 3.5 (a), (b). The fitting of the indistinct distribution
measured at five longer photolysis wavelengths was conducted by same procedure, because
the vibrational state-population (Figure 3.3) related to the internal energy distribution of the
NH: counter-product by the energy conservation law was invariant for the photoinitiated
states. On the other hand, the NH> counter-product of the CH3(v3 = 1) fragment (Figure 3.5

(b)) has single component for 205-240 nm.
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Figure 3.5 Internal energy distributions of the NH> product with the (a) CH3(v = 0)
and (b) CH3(vs = 1) counter-product following excitation to eight
photoinitiated states of CH3NH.. The photoinitiated state and the
photolysis wavelength are denoted in each frame. The energy position of

the AZAI excited state of NH> is shown for comparison.
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3.3.3  Dispersed Fluorescence Spectra of NH(A%A )
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Figure 3.6  Dispersed fluorescence spectrum of the NH» photofragment in a gas cell
experiment (bottom, red) at 212.8 nm. The calculated band positions
associated with the v mode are shown. The variation of the detector
sensitivity with respect to the wavelength is not corrected. The upper and
the middle data are the NH»> emission spectra of the NH3 photolysis and
the HN3 + H reaction, respectively. The upper and the bottom (CH3NH>
result) spectra were measured in the same setup in the present study for
comparison. The middle spectrum is taken from Ref. 34. The
assignments are appropriate to the linear configuration for the A2A,

state.

The emission spectrum measured at a photolysis wavelength of 212.8 nm in a quasi-
static cell at room temperature is shown in Figure 3.6 (bottom, red). The spectral peaks were
assigned to the vibronic structure of the A2A, 0,v,,0) > X2B, (0,0,0) electronic transition
of NHa in the visible region, where v> denotes a quantum number of the NH> bending mode.
Because the NH2 (A 2A,, v, > 9) generation is energetically forbidden in the CH;NHa (v = 0)
+ hv(212.8 nm) reaction, the observed peaks with v» > 9 indicate a certain contribution of

the photodissociation of the vibrationally excited CH3NH> sample thermally populated in
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the cell. In addition, because photosensitivity of the whole detection system was not
corrected for the observed wavelength region (550-850 nm), the vibrational-state
distribution of the NH, (A2A,) product cannot be obtained from the spectrum. For
comparison, we measured the dispersed fluorescence spectra of NH: in the NHj3
photodissociation at 193 nm using the same experimental setup (Figure 3.6, upper). The
NH, emission spectrum in NH3 + hv — NHz (A 2A,) + H, which was previously measured
under gas cell conditions,?? shows peaks in the high K, state, indicating a-axis rotation of
NH; as a result of the out-of-plane motion of the photoexcited NH3; molecule with increasing
N —H bond length.*>** The NH» emission spectrum in the CH3;NH photodissociation
observed in the present study shows a marked difference from that of NHs; the spectral
peaks are well assigned to the signal emitted from the K, = 0 state in the AZ2A, state. This
low K. population of the NHa (A2A,) product is seen in previous studies on the HNj;
photolysis and the HN3 + H — NH, + N> reaction,**** to which we referred for the spectral

assignment (Figure 3.6, middle).

We also conducted the emission measurements of NH,(A?A,) at the two photolysis
wavelengths 0f 220.7 and 225.7 nm, which correspond to the 7;9§ and 9§ vibronic bands,
respectively. The energetically accessible v state of the nascent NHz (A2A,) fragment in
the photodissociation of CH3NH> changes from v> = 9 state to v2 = 5 state as the photolysis
wavelength increases from 212.8 nm to 225.7 nm. A series of spectra observed at the

photolysis wavelengths of 212.8, 220.7 and 225.7 nm is presented in Figure 3.7 where the
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energetic limits for formation of the NH, (A 2A,) products are denoted as red broken lines.

The population of the NHa (A 2A,) product shifted toward the lower vibrational mode with

decrease of the photon energy. The spectra show clearly the preferential population to the

K, = 0 state of the NH» (AzAl,vz), irrespective of the photoinitiated states as same as the

vibrational distribution of CH3 (see Figure 3.3).

o NH,(A?A,;,0,v;,0 > X*B,;,0,0,0)
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Figure 3.7 Dispersed spectra of the NHa (A2A,) photofragment at the photolysis

wavelengths (Aphotolysis) of 212.8, 220.7 and 225.7 nm. The dissociation
limit for each Aphotolysis (red broken lines) is obtained from the energy
conservation law (hv=D(CH; —NH,)+ Ef" + B} + ECS 4 N

int int
where the E™, ENM:and EC™ are assumed to be zero. The value of

int

359.6 kJ/mol was used as D(CH; —NH,) .
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3.3.4  REMPI Spectra of the NH(X3X") Photofragments
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Figure 3.8 3 + 1 REMPI spectrum of the NH (X*X") photofragment in
photodissociation following excitation to the 9{' vibronic band.

Examples of the 3 + 1 REMPI spectra of the NH (X*X~) product are shown in Figure
3.8. The spectrum is similar to that measured by Thomas et al.,'® where the rotational
temperature was estimated to be ~700-800 K. We measured the NH (X3X") spectra at
various photolysis wavelengths of 205-240 nm. The spectral appearance was insensitive
with respect to the photoinitiated vibronic state of the parent CH3NH> molecule. The
calculated band position of (1,1) band on the D3IT—X3X~ electronic transition would lie
at ~338.3 nm.'® A signal attributed to the NH (X>X~,v =1) was not detected in this region.
Generally, NH radicals in the X33~ state and the metastable a'A state are detected with
the 2 + 1 REMPI scheme viathe B—X or D-X electronic transitions***” and d—a or
f—a electronic transitions,**-? respectively. No signal corresponding to these transitions

with 2 + 1 REMPI scheme could be identified definitively.
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Figure 3.9 Wide-range REMPI survey spectra of nascent m/z = 15 products
resulting from the photodissociation of methylamine at the photolysis
wavelengths of 205.3 (top), 223.9 (middle), and 239.9 nm (bottom).
Band positions for the 0f and 3!.(v'=v"= 1-3) bands in the the
3p2A§—}~(2A§ transition of the CHs radical and the D?*I1-X3X-
(0,0) band of the NH radical are indicated.

The wavelength region of the D*IT—X?*%(0,0) band in the 3 + 1 REMPI scheme
(~336 nm) is near that of the CH; 3p2A%—X2?A} transition (~333 nm). We measured
REMPI spectra over both detection region for NH (X*X~)and CHj3 radicals. Figure 3.9
shows the wide-range REMPI spectra following photoexcitation at 205.3, 223.9 and 239.9
nm. The relative yield of the NH (X3X") products with respect to the CH3 (v3 = 0-3)

fragments, @ (Aphotolysis), 18 estimated by

S(NH)
S(NH)+ S(CH;)’

(D(Aphotolysis) =

where S(NH) and S(CH3) is the spectral area obtained by integrating over the NH (335.5—

336.5 nm) and CH3 (v3 = 0-3) (333.0-335.0 nm) signal regions, respectively. The values of
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D (Aphotolysis) Which are listed in Table 3.2, were invariant (~0.2) for the photoinitiated state

of CH3NHa.

Table 3.2 Selected vibronic bands of the parent CH3NH» molecule, the
corresponding photoexcitation wavelength, and relative yield
(D (Aphotolysis)) of the NH (X3Z™) products with respect to the CHz (v3 =
0-3) products evaluated from Eq. (3.1).

Aphotolysis / M Vibronic state D(Aphotolysis)
205.3 9! 0.22
211.0 7594 0.25
212.8 98 0.24
223.9 7693 0.19
230.4 7694 0.21
234.3 76 0.21
236.3 9% 0.22
239.9 09 0.17
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3.3.5  Scattering Images of the NH(X*X") Products

(a) Aphotolysis = 205.3 nm (b) 223.9 nm (c) 239.9 nm
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Figure 3.10 Observed scattering raw images of the NH product from the CH3NH>
photodissociation at the photolysis wavelength of (a) 205.3 nm, (b) 223.9
nm, and (c) 239.9 nm. The laser polarization direction is vertical on the

figures and is described by an arrow.

The scattering images of the NH (X3X™) product observed at the probe wavelength of
336 nm are shown in Figure 3.10: the photolysis wavelength of (a) 205.3 nm, (b) 223.9 nm,
and (c¢) 239.9 nm. These images display similar velocity and isotropic angular distributions.
The center-of-mass translational energy distributions, P(EM") , extracted from the
scattering images are shown in Figure 3.11. The P(E}) exhibits the single component,
irrespective of the photolysis wavelength. On the basis of the fact that the counter-product
is energetically the CHs molecule as mentioned in previous work,!®!® we applied the
counter-product analysis to the P(E}™) to obtain the internal energy distribution of the
CHs counter-product, P(E.™), where the ES™ was determined by the energetic
restriction: hv =AH© + EN + EMs - ENH 4 FCHs - The value of the standard enthalpy of

formation (AH°= 318.7 kJ /mol)'® was used, and the rotational energy in the ENT was
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neglected in the evaluation. The evaluated ES™ corresponds to the upper scale in Figure

int
3.11. The available energy E,, =hv—AH®, the averaged translational energy of the NH
(X3X") product (<EFH >), and the averaged internal energy of the CH4 counter-product

(<Ei§tH4 >) are summarized in Table 3.3. The 85 % of the E,, was partitioned into the ES*

int
in all photolysis wavelengths, indicating that the CH4 product in the highly internal excited-

states is generated.

Table 3.3  Vibronic bands used to initially photoexcitation of CH3NH,, available
energy (E,,), averaged NH translational and CH4 internal energies
(<E}‘IH> and<Ei§tH“ > ), and the fraction of <E C“4> for E,,.

int

by Ea (B)  (ESM) o (B)/ B
/ kJ mol™! / kJ mol! / kJ mol! %
9! 264.0 18.7 227.8 86.3
769%" 248.2 18.2 212.9 85.8
93 243 .4 18.0 208.6 85.7
7093 215.6 18.0 180.8 83.8
749} 200.5 15.9 169.7 84.7
7 191.9 14.3 164.2 85.6
9 187.6 13.9 160.6 85.6
09 180.0 13.3 154.1 85.6
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Figure 3.11 Center-of-mass translational energy distributions extracted from the
scattering images of the NH fragment at the photolysis wavelength of (a)
205.3 nm, (b) 223.9 nm, and (c) 239.9 nm. The upper scale indicates the
internal energy of the CH4 counter-product evaluated through the energy
conservation law, hv=AH? +EN + EM 4+ ENU 4 ECHe Broken lines

denote the energetic limit.
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3.4 Discussion

The P(EN"™) distribution (Figure 3.5) demonstrates that the NH, product is highly
internally excited; the NH> fragment has high enough internal energy to populate the A?A,
excited state, whose term energy is superimposed in the plot. Because the broader
components of P(EN"), which are coupled to both vibrational ground and excited CH;
fragments, are distributed across the energy threshold for the NH» (A2A) production, these
components are reasonably ascribed to CH3; + NH (X2B,) with substantially high
vibrational and/or rotational excitation. Conversely, the narrower component, which is
observed only with the CH3(v = 0) counter-product, is interpreted as the result of the CH3z +
NH2(A2A)) product pathway because most of the corresponding NH> internal energy is
above the threshold. We conjecture that the branching to the CH3 + NH» (A?A,)and CH; +
NH; (X2?B,) asymptotes occurs around the conical intersection in the CH3;NHa

photodissociation, as is the case in the NH; + hv — NHa(A?A,) + H/ NH»(X2?B,)+ H

reaction.

The internal energy distribution is revealed by the counter-product analysis. However,
the product state (A2A, or X?B,) is unambiguously determined by spectroscopy.
Generation of the NHz (A2A,) product in the CH3;NH, photodissociation was not
experimentally established in previous dynamics studies, where analysis based on the
energetic constraint led to the opposite conclusions. Kinetic energy release measured by
Waschewsky et al. gives Er™™ +Er™ | hence, the Eo " +EN" distribution,'' whereas the

int int
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REMPI spectroscopy employed by Thomas er al. provides the details of the Eq "
distribution.!® There is no consistency between the explanations provided in these studies
because each discussion of the electronic-state distribution of NH> was indirectly made by
assuming a uniform electronic behavior of the CH; and NH» product pairs. The Ep >
distribution obtained by our state-resolved scattering experiment indicates the state-specific
generation of the NH» (A2A) product with the CH3(v = 0) counter-product. The dispersed
fluorescence spectra (Figures 3.6 and 3.7) provide direct evidence of the NH» (A2A)
generation in the CH3NH: photodissociation at 212.8, 220.7, and 225.7 nm, which
corresponds to the excitation wavelength of the 9§, 7§9¢, and 9§ vibronic bands,
respectively.?* We consider that the carrier of the A2A, — X?B, emission of NHz is the
low kinetic energy component observed in the CH3z(v = 0) scattering data. Because the
generation of the NH, (A 2A,) product is coupled to the vibrationless CH3 counter-product,
the highly vibrational excitation of the overall CH3 products, which were observed over the
photolysis wavelength range of 222-240 nm by Thomas et al.'® in agreement with the
REMPI spectrum at 205.3 nm (Figure 3.2), does not violate the energetic constraint. The

present state-resolved measurement and analysis illuminate the product pathway of CH3NH>

+hv — CHs + NHa2(A?A,), retaining consistency with the previous experimental studies.

A peculiar generation mechanism is necessary for generating the electronically excited
NH: and the vibrationally unexcited CH3 product pair. A novel mechanism of the N—C

bond fission was proposed by Thomas et al. on the basis of the observed vibrational-state
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distribution of the CH3 fragment; the internally excited CH3NH>, which is generated in the
So PES by non-adiabatic transition from the Si state through the conical intersection along
the N—H bond (Ry_y = 1.925 A),'¢ is ultimately dissociated to CHs + NH>."? In this
mechanism, the conical intersection in the long-range region plays a significant role when
the departing H atom returns to the CH3NH radical moiety, explaining the generation of the
highly vibrationally excited CH3 fragment. We consider that the internally energized
CH3NH2> can also visit another conical intersection region associated with the N—C bond
(Rn_c = 2.496 A),'® whose energy (428.3 kl/mol) was theoretically calculated to be lower
than that associated with the N—H bond (486.2 kJ/mol).'¢ In addition, the substantially high
kinetic energy of 96 kJ/mol is given to the conical intersection of the N —H elongated
geometry at the photolysis wavelength of 205.3 nm (582.7 kJ/mol). After visiting the N —
H conical intersection, a portion of the trajectories of the internally excited CH3NH> is
expected to extend to the N—C conical intersection region, where the system can branch to
the CH3; + NH> (AZAI) pathway at a certain probability. The long-range dynamics likely
exhibit the product-state distribution reflecting the large-amplitude motion with the CNH;
planar geometry at the conical intersection.'® The observed isotropic angular distribution
(Figure 3.4 (a)) supports complex nuclear motions prior to the dissociation rather than a
direct mechanism. This interpretation is consistent with the observed emission spectra of
the NH> (AzAl) product showing the low K, excitation; the a-axis rotation of NH; is

correlated to the out-of-plane motion of the dissociating CH3NH». The v» excitation of the
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NH» (AZAl) product can be a result of the geometrical rearrangement from the bend NH»
moiety of the dissociating CH3NH: to the linear equilibrium structure of the electronically

excited NH; radical.

The branching ratio between the electronically excited- and ground-state adiabatic
pathways in the ammonia and CH3NH:z photodissociations has been discussed in connection
with the dynamics around the conical intersections in the long-range region. Through
theoretical and experimental investigations, the branching ration of the NH3 + hv — H +
NH:» (A 2A,)/NHz (5( 2B, ) reaction was estimated at 0.06—0.35*%73240 and depended on the
photoinitiated vibronic band of NHs (A'A%) . For the N—H bond fission channel of
CH;NH,, the generation of the CH3NH (A 2A") product was indicated in the H atom tagging
measurement by Reed and coworkers.!? Although the branching ratio of the H + CH3NH
(A2A") / CH3NH (X2A") pathways was not quantified, the slower component in the
bimodal kinetic energy spectra, which was ascribed to be due to the direct dissociation on
the S1 PES adiabatically correlating to H + CH3NH (A2A"), displayed a considerable
portion of the relative intensity. The slow H product was similarly observed by Ahn et al.
in the velocity-mapping imaging study with the ratios to the faster component of 0.38-0.78.°
However, the H + CH3;NH (A 2A") pathway was excluded from their discussion because the
photon energy was lower than the energy threshold. We roughly estimated the branching
ratio of the CHs + NHa (A2A,) / NH; (5( ?B,) pathways at ~0.1 from the scattering data and

the vibrational-state distribution of the CH3 product. The estimation based on the dispersed
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fluorescence spectrum of NH» (AzAl) observed at 212.8 nm includes large errors;
comparison of the spectral intensities between the CH3NH2 and NH3 photodissociation
results yields a much smaller branching ratio than 0.1 with any assumptions for the gas cell
condition. A small contribution of the CH3 + NH> (A ?A) pathway may be explained by the
long-range dynamics proposed by Thomas et al.'* If we assume a large-amplitude motion
reaching the conical intersection associated with the N—C bond driven by stretching /
returning of the N—H bond, then the system has enough reaction time for the non-adiabatic
transition to the ground-state products to occur efficiently, resulting in a small survival

probability on the upper adiabatic state.

It is noted that the direct N— C bond dissociation on the S; PES, which is not included
in the above discussion, is another possible mechanism of the NH»> (A ?A,) generation. The
barrier height of the N—C bond cleavage on the S1 PES was predicted theoretically to be
539, and 556 kJ/mol with zero-point energy corrected.!®!” The smaller value of 539 kJ/mol
corresponds to the long-wavelength threshold of 221.9 nm for dissociation to the CH3z +
NH: pathway. The vibrational state-population of the CHj3 product in 205-240 nm (Figure
3.3) obtained in present study showed no significant threshold behavior for the direct
dissociation on the S surface, and the dispersed fluorescence spectrum were observed at the
longer wavelength of 225.7 nm (Figure 3.7, bottom) than the wavelength threshold of 221.9
nm; therefore, the S direct mechanism is omitted. The exclusion of this mechanism is

consistent with the preference of N—H bond elongation to N—C bond cleavage on the Si

101



surface of CH3;NH,, which established in early studies.'>*'** The large-amplitude
deformation from the long Ry_y region to the long Ry_¢ region in the dissociation

mechanism will be corroborated in future theoretical and experimental works.

The relative yields of the NH photoproducts to the CHj3; photofragments in the
photodissociation (@ (Aphotolysis)) (Table 3.2), were insensitive to the photoinitiated vibronic
bands of the parent CH3NH2 molecule. The NH (X3*X") production is expected to be
initiated from the internally excited CH3NH> in the So state which is prepared through the
conical intersection associated with the N—H bond cleavage as same as the N—C bond
cleavage dynamics mentioned above. If the NH production and the N—C bond dissociation
channels proceed from only the Sy surface of CH3NH>, the @ (Aphotolysis) (~0.2) determined
experimentally in the present study can be interpreted as the branching ratio of the NH
(X°X") + CHy channel for the CH3; + NH, pathway. Thomas et al. suggested the
photoinitiated state dependence of the NH production yield; the excitation on the 9; and
7} bands leads to 2.1 and 1.4 times more NH (X3X")than that on the 0} band.'® We
speculate that this dependence is reasonably explained by the effect of the photoinitiated
motion of CH3NH: on the probability of the S1 — So internal conversion in vicinity of the
conical intersection along the N—H bond. Namely, the excitation to the 9§ and 7; bands
facilitates the S1 — So internal conversion in comparison with that to 0 band. The
photoinitiated state-dependence on the yield of the CHj3 photoproduct, which cannot be

determined in present study, should be measured to justify this speculation.

102



The ~85 % of E,, was partitioned into the ES ™. The local structure at the transition
state on the T surface shown in Figure 3.12, which was found theoretically by Xiao et al.,'°
allows us to estimate the generation of the highly vibrational excited CH4. The bond length
of the C —H bond, whose H atom is located between the N and C atoms, is 1.41 A which is
longer than the other C—H bond distances at ~1.08 A; therefore, the nascent CHa molecule
would be vibrationally excited in the C—H stretch mode(s). Further experiments and
complimentary theoretical works are undoubtedly required to identify the NH production
mechanism in the photodissociation of CH3NH>. Experiments to determine the rotational

state-distribution of the NH(X*X") and to examine the generation of the metastable NH

(a'A) product are in progress.

Figure 3.12 Local structure at the transition state

on 77 surface in the NH production

<
" 141 A
. channel. The structural parameters

== are taken from Ref. 16. The lengths

1.08 A of the newly forming C —H bond
J and a C—H bond of methyl moiety
are shown.
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3.5 Conclusion

The nascent state-distribution and the state-resolved scattering distribution of the CH3
photofragment in the CH3NH; photodissociation were measured over the S1 —Sp absorption
band (205-240 nm). The CHj3 fragment produced in the vibrational ground state specifically
shows bimodal kinetic energy release, whose lower energy component is the counter-
product of NH» (A2A)). This assignment is based on dispersed fluorescence spectroscopic
analysis preformed on the NH: fragment. The spectral peaks are unambiguously
characterized to the vibronic structure associated with the AzAl - 5(2B1 transition,
providing experimental evidence of the generation of NH> (A2A,) has been so far
discussed by analogy with ammonia photochemistry. The state-specificity of this pathway
found in the present study reveals the significance of the large-amplitude dynamics in the

long-range regions, which includes the conical intersection.

The state-selective ion-imaging was applied to the NH (X3 ™) production channel. The
relative yield of the NH photoproduct with respect to the CH3z fragment showed no
dependence on the photoinitiated state of CH3NHz. The counter-product analysis of the
observed image revealed that the nascent CHs counter-product of the NH (X*X~) product is
internally excited. The data obtained in the present study supports the mechanism including
the S1, So, and 7 surfaces, which has been proposed in the previous theoretical and
experimental study; however, the elucidation of the detailed dynamics demands necessarily

further experimental and theoretical studies.
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Chapter 4

Photodissociation Dynamics of Trimethylamine
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4.1 Introduction

Electronic excitations of amines (NR!R?R?) due to ultraviolet (UV) photoabsorption
are expressed as electron promotion from a lone-pair orbital to a Rydberg orbital of the
nitrogen atom. Therefore, despite the wide variety of possible alkyl groups (R) for amines,
amine photochemistry is generally explained by Rydberg state dynamics.! For aliphatic
amines, the first (S1) and second ($2) excited states predominantly have 3s and 3p Rydberg
characters, respectively. Valence character is involved as a result of mixing of an anti-
bonding oy_p state. As was exemplified in previous NH3 photochemistry studies,” the
electronic interactions of the oy_p state with the 3s Rydberg state and with the ground
state form a reaction barrier and a conical intersection on the S potential energy surface
(PES), respectively. The predissociative features of NH3 photochemistry are well explained
by this reaction barrier in the outer Franck-Condon region, and branching of the product
pathways (— NH> (A2A,)+H, and — NH, (X?B,)+ H) is established to be due to the exit
conical intersection. Similar PES structures to those of NH3 are expected for small amines.
Indeed, the photodissociation dynamics of methylamine (CH3NH>), which is the simplest

NHjs-derivative species, are interpreted analogously to NH3 photochemistry.”->?

Aliphatic amines are further grouped into primary-, secondary-, or tertiary-amines. For
tertiary aliphatic amines (TAAs), direct optical preparation of the S state is characterized
by a highly fluorescent property. Typical TAAs are observed to have nearly unity of

fluorescence quantum yield in the S1—So band. The fluorescence significantly decreases over

108



the short wavelengths, where the $>—So absorption overwhelms the S1—So band.?***> On the
other hand, internal conversion between the Rydberg states plays a dominant role in S>
photochemistry in the ~200 nm region. The ultrafast dynamics of various TAAs have been
investigated by time-resolved spectroscopy.?®! Change from the efficiently fluorescent
behavior to the ultrafast electronic relaxation is regarded as a common feature of TAA
photochemistry as the photoabsorption shifts from the S1—So to the $>—So bands. However,
since wavelength dependence of dissociation is comparably less known, these
understandings of the excited state dynamics in the Franck-Condon region are not well

linked to elucidation of the photodissociation dynamics.>?

Trimethylamine (N(CHz3)3, TMA) is the simplest of the TAAs. The radiative decay,
non-radiative decay, and dissociation of TMA have been investigated as a pertinent model
system for examining dynamical interactions between the electronic excited states of a
polyatomic molecule.®%35 The UV absorption spectrum of TMA consists of two
unseparated broad bands, and this feature is commonly observed in TAA spectra.?>*3136 A
strong peak (maximum at ~200 nm) and a weak feature (maximum at ~230 nm) are
traditionally assigned to the S>(3p)-So and Si(3s)-So transitions, respectively. The
fluorescence property of the Si(3s) state of TMA was investigated on the basis of
measurements of the radiative lifetime (traq) and fluorescence quantum yield (®ny) as a

function of the excitation wavelength from the onset (~260 nm) of the S1—So band toward

the peak of the $>—Sy band;****337 the fluorescence with Trad = 40 ns and ®q, = 1 in the
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longer wavelength region (greater than 248 nm) decreases with the overlaying S» absorption
and vanished at ~215 nm. The non-radiative decay of the shorter wavelength region was
speculated to be due to internal conversion of the S> state. Ultrafast internal conversion of
the S> state was directly measured by Cardoza et al. with time-resolved photoelectron
spectroscopy at excitation wavelengths of 200 nm and 208 nm.>? The time constants of the
3p state decay and the 3s state rise were identical, indicating an exclusive electronic

dynamics of the 3p — 3s internal conversion in the S state.

The dissociation of TMA following the $>—So photoexcitation at 193 nm was
investigated using photofragment translational spectroscopy.®®*° N — C bond fission,
N(CH3)3 + hv — CH3 + N(CHz3)2, was the primary reaction, whose translational energy
distribution showed two distinct peaks. The high and low kinetic energy components were
ascribed to production of internally unexcited and highly-excited N(CH3)2, respectively.
Although generation of the electronic excited N(CH3)2(A2A,) product was indicated to be
possible as with the photochemistry of NH; and CH3;NH,,'%*? subsequent studies with
jonization spectroscopy and theoretical calculations did not confirm N(CHs): (A2A))
production as a source of the slow N(CH3), product.**-*! On the other hand, the high kinetic
energy component was unambiguously assigned to the CH3 + N(CH3)2 (X 2B, ) pathway. The
N—C bond fission at 193 nm was explained to occur on the S1 PES after S — Si internal
conversion, which facilitates the non-adiabatic transition in the vicinity of the exit conical

intersection through the vibrational excitation of the ammonia-frame umbrella mode.*’
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Theoretical studies examining the dissociative excited states of TMA have been
conducted using quantum chemistry calculations.*'*> The systematic calculations for
CH3NH», (CH3)2NH»2, and TMA by Taylor et al. indicated that the dissociative 3s state
originated from carbon atoms in TMA was located closely to the bound 3s state associated
with the nitrogen center.*> Presence of the 3s Rydberg state centered on carbon atoms was
also theoretically shown by Forde ef al.; however, the assignments of the states to the
absorption spectrum was not concurred.’® Meanwhile, theoretical calculations for a series
of large TAAs by Thompson et al. illustrated that the S2(3p) state is predissociative as a
mixed Rydberg/valence state whereas the Si(3s) state remains strongly bound along all
coordinates.’! A theoretical S»(3p) PES obtained for a typical TAA (N,N-
dimethylisopropylamine, R! = R? = CHs, R® = iso-CH(CH3)2) was qualitatively similar to
the predissociative S1(3s) PES of NHs. A detailed topology of TMA excited state PESs, for
discussing the dissociation dynamics, is not known; however, the energy levels of three
lowest excited states were determined by ultrafast Rydberg photoelectron spectroscopy. >+
These three states, responsible for UV absorption, are labeled with increasing energy as the
35, 3pxy, and 3p; states. The sub-structures of the 3p«y, and 3p. states, which are not resolved
in the absorption spectra and traditionally assigned to the $>—So band, have a small energy

splitting of ~50 meV. These ultrafast electronic dynamics around the Franck-Condon

geometry provides the basis for elucidating the photodissociation mechanism.
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In the present study, a photodissociation dynamics study of TMA with an ion-imaging
method is presented. We examined the excitation-wavelength dependence in the N(CH3)3 +
hv — CH3; + N(CHj3)> photodissociation with state-selective detection of the nascent
photofragments at various photolysis wavelengths over the $>—So and S1—So absorption
bands. Since TMA is a tri-substituted NHs-derivative molecule and also the simplest TAA
molecule, we discuss the photodissociation dynamics of TMA in terms of extensions from

NHj3; photochemistry and from known TAA photochemistry.
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4.2  Experimental and Analysis Methods

The ion-imaging apparatus was described previously in Chapter 2, and significant
features of the present study are given here. The molecular beam was generated by
supersonic expansion of a gas mixture containing 1 % of TMA (Sigma Aldrich) in He buffer
gas at a stagnation pressure of 2 bar. During valve operation, the pressure of the source
chamber and the detection chamber was kept at 2 x 10 Torr and 5 x 10”7 Torr, respectively.
Both pump and probe laser beams, which were aligned in a counter-propagating direction,
were moderately focused by quartz lenses (f = 350 mm) onto the molecular beam. The
wavelength of the pump laser was varied over for 200-236 nm, which covers the range
between the peaks of the $>—So and S1—So transitions of TMA. We employed UV light
sources based on sum-frequency mixing (SFM) for 200-220 nm and second harmonic
generation (SHG) for 220-236 nm. A tunable dye laser (CobraStretch, Spectra Physics)
pumped by a Nd: YAG laser (LAB-170, Spectra Physics) was used for SFM and SHG. The
pulse energy of the photolysis laser was reduced to less than 10 pJ/pulse. The probe pulse
to ionize photofragments was delayed by 30 ns from the pump pulse. Another laser set
consisting of a frequency-doubled tunable dye laser (CobraStretch, Spectra Physics)
pumped by a Nd: YAG laser (Powerlite 9010, Continuum) was used for probing. The
nascent CH3 photofragment, which generated by the N—C bond fission (N(CH3); + hv —
CHs + N(CHas)2), was state-selectively ionized by the 2 + 1 REMPI scheme via the

3p2A%—X2A% transition (322-336)** following the irradiation of probe pulse. The pulse
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energy of the probe laser (400-600 wJ/pulse) was relatively higher than that of the pump
laser; however, the signal-to-noise ratio was not degraded due to the lower photon energy.
The contributions of the ions originating solely from the pump or probe laser to the pump-
probe signal were negligibly low (< 0.1 %) for the most populated CH3 state (v = 0) at the
strongest absorption wavelength (200 nm). Wavelength calibration of the REMPI spectrum
was performed on the basis of an optogalvanic method in the visible region using a Ne
hollow cathode lamp. Relative pulse energies of the photolysis and probe lasers were

recorded during data acquisition for monitoring the variation.

We measured the state-resolved scattering images of the CH3 fragment at photolysis
wavelengths in 2 nm intervals from 200 nm to 224 nm. Each image data was accumulated
for 150,000 laser shots. The observed image data were numerically transformed to a sliced
distribution by the Abel inversion, from which the recoil velocity and the scattering angular
distributions were extracted. In the longer photolysis wavelengths, a background noise,
which appeared in a central part of the images, relatively increased. Cluster formation was
excluded for the background noise source by examining the dependence on the stagnation
pressure and the photolysis laser pulse energy. We measured the images of the background
noise at an off-resonant wavelength (331 nm) of the probe laser. Since the background noise
appeared in a different image area from that of the CH; fragments whose scattering
distributions are discussed in the present study, we used image data subtraction with the

background noise image in analyzing the data with a low signal-to-noise ratio.
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We measured the CH3" ion intensity as a function of the photolysis wavelength to obtain
the relative dissociation yield, @diss. The wavelength of the probe laser was fixed at either
the 0j or 2} vibrational band peaks in the REMPI spectrum, where v» denotes the out-of-
plane mode of the CHj3 radical. A decrease of @giss from 200 nm to 224 nm was roughly
1/20, which is more rapid than the decrease of the absorbance: Gabs(200 nm):Gaps(224 nm)
~ 1:4. We measured Dgiss by continuously scanning the photodissociation wavelength in the
longer than 224 nm region, where ®giss decreased further. We extended our measurement
of ®yiss to the longest wavelength of 236 nm, where the peak of the CH3 REMPI spectrum
was completely lost in the background noise. We carefully inspected @giss in the 224-236
nm region because the $>—Sp and S1—So absorption bands overlap and alternate the fractions

to the total absorbance in this region.
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4.3  Results

4.3.1 REMPI Spectra of the CH;3 Photofragments
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Figure 4.1 2 + 1 REMPI spectra of the CH3s photofragment resulting from the
photodissociation of trimethylamine, N(CH3); + hv(200 nm) — CH3 +
N(CH3)a, at photolysis wavelength of 200 nm (black). The weak bands
are magnified for clarity, The CH3; REMPI spectra in the
photodissociation of methylamine (CH3NH; + hv(205 nm) — CH3 +

NHb>) is shown in red for comparison.

The REMPI spectrum of the CHs fragment in the photodissociation of TMA at 200 nm,
which is the peak wavelength of the S>—So absorption band, is shown in Figure 4.1. The
vibrational structure in the higher frequency region than the 03 band (~59,970 cm™) was
assigned to the 2 band sequence, indicating the preferential excitation of the v2 (out-of-
plane bending) mode of the CH3 product. The spectrum of the CH3 fragment measured in
the photodissociation of methylamine (CH3NH?) at 205 nm is shown in red for comparison.
The intensity of the 0) band of the TMA (black) and CH3NH, (red) photodissociations

were normalized in Figure 4.1. A marked difference was visible for the vibrational-state
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distribution in the N — C bond fission for the primary- amine and tertiary-amine. A favorable
generation of the CH3 product in the v3 (asymmetric C—H stretch mode, v3 = 3161 cm™)
excited states was observed in CH3NH, photodissociation,'*?? whereas the CH3 fragments
in the TMA dissociation were populated specifically in the v> excited states of v2 = 1-3 (v2
=606 cm™). Since the available energy of the photodissociation of TMA at 200 nm is higher
by ~5000 cm™! than that of CH3NH: at 205 nm for the observed pathways, the v2 excitation
of the CH3; product is not an energetic but a dynamical outcome of the TMA
photodissociation. We extended the REMPI spectral measurements with the photolysis
wavelengths from 200 nm to 224 nm by 2 nm increments, where the $>—So and S1—So
transitions of TMA obviously overlapped. A wide spectral scan covering from the 0§ band
to the 23 band was conducted at the photolysis wavelengths of 200 nm, 206 nm and 212
nm. At other photolysis wavelengths, the spectral region containing the 0j band and the
2} band was measured. The relative band intensity of the REMPI spectra was quite similar
in the photolysis wavelength range of 200-224 nm, which is shown in Figure 4.2. The v,
vibrational-state distributions of the CH3 product (Figure 4.3) were determined by contour
analysis of the vibrational bands using the Franck-Condon factors.*’ The v» excitations were
insensitive to the photolysis wavelength; the gray plots (showing the data at different
photolysis wavelengths in Figure 4.3) did not deviate from the averaged values (shown in

red).
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Figure 4.2 REMPI spectra of the CH; photofragment at various photolysis

wavelength (Adiss.) in the 200224 nm region. The band assignment is

shown in Figure 4.1.
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Figure 4.3  Vibrational-state distributions of the CH3 photofragments for the v> mode

(out-of-plane bending). The relative population are normalized to unity
at v» = 0. Gray points indicate the relative populations at various
photolysis wavelength in the 200-224 nm region. The averaged value for

the different photolysis wavelengths in each v» state is plotted in red.

118



4.3.2 Dissociation Yields
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Figure 4.4 Dissociation yield spectra as a function of the photolysis wavelength

(220-236 nm). The black and red lines denote the variation in the signal

intensity of the nascent CH3(v = 0 and v, = 1), respectively. The

fluorescence quantum yield (blue squares) taken from Ref. 35 and the
absorption spectrum of TMA (gray broken line) are superimposed for

comparison.

Figure 4.4 shows the relative @giss (dissociation quantum yield) spectra for the CHz(v =
0) (in black) and CH3(v2 = 1) (in red) products in the photolysis wavelength region of 222—
236 nm. The @y (fluorescence quantum yield) values measured by Matsumi and Obi (in
blue),*® and the absorption spectrum at 298 K¢ (gray broken line) are displayed for
comparison. The ®giss curves began to rise at 235 nm, indicating a dissociation threshold.
The rising edge of ®giss was located energetically lower than the band origin of the S>—So
transition (226 nm, 44,290 cm™') determined by Cardoza and coworkers with ultrafast

32,44 ;

photoelectron spectroscopy, indicating dissociation occurs in the S; state. Differences in

the rising edge wavelengths for @giss(v = 0) and Dgiss(v2 = 1) were not discernible in the
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present measurement. The ratio of @giss(v = 0):Dyiss(v2 = 1) = 1:4 was invariant over 222—
236 nm. This wavelength dependence was consistent with that of the REMPI spectra in the
200-224 nm range, which exhibited a constant vibrational-state distribution for the CHj3
products. An alternation of the ®giss and @y intensities with respect to the wavelength was
noted. The nearly unity value of ®q, from the S origin at 266 nm (37,550 cm™)** to 240 nm
begins to fall at the rising edge of ®giss (235 nm), decreasing down to 0.3 at the S> origin.
The three plots in Figure 4.4 imply a switching from a fluorescent nature to a dissociative
nature for the photoexcited states in the $>—So and S1—So overlapping region. However, the
S> and S states were not individually characterized as dissociative and fluorescent states,

respectively, because the CH3 photofragments were detected below the S> origin.
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4.3.3 State-Resolved lon-Images of the CH; Photofragments
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Figure 4.5 Vibrationally state-resolved scattering images of the CHj3; fragment
generated in the (a) v=0 and (b) v> = 1 states at the photolysis wavelength
of 200 nm. These images were measured at the peak of each vibrational
band in the REMPI spectrum. The CH3 translational energy distributions
of the (c) v=0 and (d) v» = 1 states obtained by the image data analysis.
The upper scale corresponds to the total internal energy of the N(CH3)2
counter-product. A red bar represents the theoretically predicted energy
limit for formation of N(CH3)» (A2A,) . Blue bars indicate the theoretical

and experimental A state energy of the smaller amino radicals (NH»
(A2A,) and CH3;NH (A2A")).

Examples of the state-resolved CHj3 scattering images are shown in Figure 4.5: the
vibrational ground state (Figure 4.5(a)) and the v> = 1 state (Figure 4.5(b)) at the photolysis
wavelength of 200 nm. The scattering images of the CH3 fragments in both v=0and v» =1
states exhibited dual ring-like features, indicating the generation of both slow and fast CH3

products. These two velocity components were more visible in the translational energy

distributions, P(ES™:), extracted from these images, which are shown in Figures 4.5(c)

trans
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and 4.5(d). The P(ES™) of the v=0 and v» = 1 states were similarly bimodal; however,

trans

the E range and intensity ratio between the slow and fast components were state-

trans

dependent. The bimodal structure of P(E..>) was similar to that observed in the previous
study with translational spectroscopy at the photolysis wavelength of 193 nm.**** We fitted
the P(E.) data to two Gaussian functions to determine the average values of the
translational energy, <E CHs >, and the ratio between these components for quantitative

trans

trans

analysis. The <E CH > for each velocity component of the v = 0 and v, =1 states are listed
in Table 4.1. The angular distributions of the observed images were apparently anisotropic.
The anisotropy parameters (f) were also determined independently for each velocity
component of the v =0 and v» = 1 states. All the determined S values were positive (0.2—
0.5). The S values of the CH3(v2 = 1) fragment was noticeably larger than that of the CH3(v
= 0) fragment, whereas the difference between the slow and fast components were

considerably smaller (Table 4.1).

Table 4.1  Averaged translational energy and anisotropy parameters of the CHj3
photoproduct and averaged total internal energy of the N(CH3)2 counter-
product for the photolysis wavelength of 200 nm.

State Component <E§Z§> / kJ mol! <E,»I,ffCH3)2> / kJ mol™! B
slow 75.0 186.7 0.25
v=20
fast 154.2 52.6 0.21
slow 614 197.6 0.48
w=1
fast 154.2 73.2 0.48
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EN(CH3)2

trans

The total internal energy of the nascent N(CH3), counter-product, , 1s related

to E™ in the state-resolved scattering results by the energy conservation restriction:

trans

hv =D(C—=N)+E"s 4 N2 f pYh o pNER: - where D(C—-N) = 310.8 kJ/mol

trans trans int int

(bond dissociation energy of N(CH3); — CH3 + N(CH3)2)*® was used in the evaluation. The

E,N(CH3)2

int

upper scale in Figs. 4.5(c) and 4.5(d) indicates the calculated for each selected

CHj3 vibrational state. Thus, the fast and slow components in P(E...) correspond to the

rans

lower and higher E] (™"

int

components, respectively. The averaged value of E "

int
(<E,—I,f,(CH3 » > ) for each component is also summarized in Table 4.1. The N(CH3), radical has
a low-lying electronic state (A2A,), whose term energy was theoretically evaluated to be
153 kJ/mol,*! as indicated by the red bar on the upper scale in Figure 4.5(c) and 4.5(d). The
energy of the AZA, state of N(CHs), is not experimentally determined. Theoretical A —X
intervals of CH3NH (152 kJ/mol and 145 kJ/mol)!®!® and the spectroscopic value for NH,
(133 kJ/mol) are shown in blue as references. Generation of the excited N(CH3)2(A2A,)

product was discussed analogously with the photodissociations of NH3 and CH3NH> in the

Ny,

int

previous studies.>>** Although the lower energy limit of the higher component

E.N(CH3 )2

int

was not determined because of the overlap of the two components, it is reasonable

to consider that the onset of the higher E(“"”-

int

component is located near the theoretically
predicted threshold of the N(CHz3): (A’A) production. We ascribed the higher and lower
EN(CH: peaks to the CHz + N(CH3)2 (A%A,) and CHs + N(CHs): (X*B,) product

int

pathways, respectively.
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Figure 4.6  Anisotropy parameters (f) of the CH3 photofragments as a function of
the photolysis wavelengths varied from 200 nm to 220 nm. The S
parameters obtained from the state-resolved scattering images of the CH3
fragments generated in the vibrational ground (v = 0) and excited (v2 =
1) states are shown by square and triangle points, respectively. The S

parameters of the low and high kinetic energy components are shown in

red and blue, respectively.

200

200

150

100 100

o
o
w
o

L

240 250 260 270 280 290 240 250 260 270 280 290
Available energy / kJ mol-1 Available energy / kJ mol-!

CHa translational energy / kJ mol-!
CHa translational energy / kJ mol-!

o
o

0 Intensity / a.u. 1

Figure 4.7 Counter plots of the CHj3 translational energy distributions of (a) v =0
and (b) v2 = 1 states with respect to the available energy. The peak energy
positions of the low and high kinetic energy components are plotted as

red and blue points, respectively
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We performed ion-imaging measurements of CHz (v = 0 and v» = 1) in the photolysis
wavelength range of 200-220 nm at 2 nm intervals. The £ values of the higher and lower

E™: components determined independently for the CH3(v = 0) and CH3(v2 = 1) products

trans

were insensitive of the photolysis wavelength. The state-resolved and E ™ -resolved S

trans

values as a function of the photolysis wavelength are shown in Figure 4.6. However, since

the available energy (E,, = hv—D(C—N)) varies with the photon energy, <E CH3> does.

trans

Figure 4.7 shows a contour plot of the P(E") obtained for 11 photolysis wavelengths as

trans

a function of E_,:the P(E.>)—E,, plots for v =0 (Figure 4.7(a)) and v» = 1 (Figure

trans

4.7(b)). The <E CH3> values obtained by assuming Gaussian functions are plotted in red

trans

(for slow CH3) and blue (for fast CHs). The ES™: of both slow and fast CHs (v =0 and v»

trans

= 1) products increased linearly with increasing E,,. The slopes (AES: /AE,, ~0.4) of

trans

these plots were constant over the inspected energy region.

The intensity ratio of the slow and fast CHs components in P(E( ") provided the
branching ratio between the CHs + N(CH3)2(A2A,) and CHs + N(CH3)2(X2B,) product
pathways. In addition, the present state-resolved measurements at varying photon energies
quantified the preference between the vibrational states of the CH3z product and the

electronic states of the N(CH3)2 counter-products as a function of E_,. The vibrational

state-dependent branching ratio, ®*(A/X), is defined as

S” (slow)
S”(slow)+ S (fast) ’

@' (A/X) =
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where SV is the area of the Gaussian function fitted to the designated components (fast or
slow) in P(ES") for the vibrational state v. The ®'(A/X) data were plotted as a
functionof £, inFigure 4.8, indicating the larger production of N(CH3)> (A2A,) as E,,
increased for both v=0 and v> = 1 states. The production of the N(CH3) in the A?A, state
was relatively favorable when the CHj3 co-product was generated in the v = 0 state
(D=° (A/X) > 0.5). The ®*° (A /X) value was larger than O= (A /X) by ~20% over
the E,, range of230-290 kJ/mol, implying a moderate preferential tendency for producing

the vibrationally excited CHj3 products and the electronic de-excited N(CH3)2 counter-

product.

® N(CH3)2 + CH3(v = 0)

< |
® N(CH3)2 + CH3(v2=1)

1
t 4

it by

?
¢

o
o
'l 'l I 'l 'l
—{—

Branching ratio, ®Y(
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Figure 4.8  Available energy dependence of the branching ratio between the product
pathways of CH3 + N(CH3)2(A2?A,) and CH3 + N(CH3)2(X?B,) . Red
and blue points denote the branching ratio associated with the CH3 final

states of v= 10 and v> = 1, respectively.
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4.4  Discussion

4.4.1  Electronic Dynamics and Dissociation Dynamics

The REMPI spectra of the CH3 fragments, which reflect the final-state distributions,
were almost entirely invariant in the photolysis wavelength region of 200—224 nm, where
the photoinitiated state changes from the S state to the Si state. The CHj; scattering
distributions showed no significant difference in this energy region, where E_, varied by
60 kJ/mol (~5000 cm™) from 230 kJ/mol to 290 kJ/mol. These results indicate a single
dissociation mechanism irrespective of the photoinitiated states, indicating fast electronic
relaxation prior the N — C bond dissociation. Ultrafast and highly efficient internal
conversion of TMA was suggested by Cardoza et al. with photoelectron spectroscopy;’? the
S> state decayed to the S state with a 2.9 ps time constant, and no signature of the S state
depletion was found until 10 ps (time window of the measurements). Our measurement
results of the CH3 product revealed that the photodissociation began after being populated
in the S states either by S1—So photoabsorption or by the $> — S internal conversion,

supporting the preceding electronic dynamics in the Franck-Condon region.

The N—C bond dissociation finally occurs on the oy ¢ PES. The coupling of the
Oox_c state to the S;(3s) state has not been theoretically proved for TMA. The quantum
chemistry calculations of CH3NHz, which exhibited N—C bond photodissociation as well
as TMA, illustrated the mixing of the oy_c orbital and the 3s Rydberg orbital to form the
S1(3s/ox_c) PES with a barrier structure at the N—C bond length of ~2 A.'®!° This is

127



essentially identical to the S1(3s/ox_y ) PES of NH3, whose barrier causes predissociation.
If the S1(3s) PES of TMA has the predissociative structure of the NHjs-derivative, the
dissociation threshold determined in the ®giss measurement can be regarded as the barrier
height of the Si(3s/0%_c) PES, which corresponds to the energy difference of 5000 cm™!
between the rise wavelength of the CHs product (235 nm, 42,500 cm™!) and the S; origin
(266 nm). The value is similar to the theoretical barrier height of the Si1(3s/oxn_c) PES of
CH3NH:z (4900 cm™ and 8000 cm™ without zero-point energy correction),'®!° supporting

the N—C dissociation on the S1 PES over the barrier.

TMA is a member of TAA, and analogous electronic structures are expected.
Thompson et al. calculated the excited state PESs of N, N-dimethylisopropylamine, which
is formed by substituting a CH3 group of TMA with an isopropyl group (— CH(CH3)2), with
high-level ab initio methods, revealing the mixing of the 3p orbital and the ox_¢ orbital to
form the S»(3p/ ox_c ) PES with a barrier structure.’! The theoretical calculations indicated
that the S1(3s) PES was a bound state. At an elongated N—C bond length of ~1.9 A, the
bound S1(3s) PES and the dissociative part of the S»(3p/ ox_¢) were predicted to have a
crossing. Re-entering to the S2(3p/ on_c ) after the S» — Si internal conversion through the
crossing was proposed for the dissociation mechanism of TAA.*! The predissociative S»(3p/
ox_c) in contrast with the Si(3s/ox_c) PESs of smaller NH3-derivatives has not yet been
established as a common electronic character to TAA; however, TMA is likely to have

similar $>(3p/ ox.c ) and Si(3s) PESs on the basis of the analogous chemical bonds.
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Assuming the bound S1(3s) PES and the S2(3p/ ox_c ) PES for TMA, the crossing region can
be barrier-shaped along the dissociation coordinate, which effectively acts as the reaction
barrier. We consider that the dissociation threshold determined in our experiments provides
the energy of the S>(3p/ on_c )/S1(3s) crossing as another possible interpretation, rather than
the barrier height of the S1(3s/ox_¢ ) PES, as discussed in the previous paragraph. Although
the coupling preference of the oy ¢ orbital with either of the 3s or 3p Rydberg orbitals in
simple amines, including TMA, was discussed by Taylor ef al. in their theoretical study,*
the details of the PES structure and the electronic characterization of the S$>(3p)/Si(3s)
crossing were not clarified. Our experimental ®g;ss, which can be explained either by the S>
or S dissociation, provides an energy value at probable critical geometries: 5000 cm™ for
the barrier height in the S1(3s/ox%_c ) or 42 500 cm™ for the energy of the crossing of S»(3p/

on-c )/S1(3s).

We ascribe the dissociation threshold either to the barrier in the Si(3s/ox_c ) PES or
the crossing of S2(3p/ ox_c )/S1(3s) in the previous paragraph. The rising edge of Dgiss
corresponded well with the falling off wavelength of ®q, (Figure 4.4). If the S> PES was
purely repulsive, the rising edge of @qiss would be interpreted as an onset of the S>—So band.
Indeed, Cureton et al. analyzed the dual exponential fluorescence decay curve as a function
of the wavelength in the S$>—So and S1—-So overlapping region to decompose the mixed
absorption spectrum by plotting the ratio of fast (radiative) and slow (non-radiative) decay

components.”® The onset of the thus decomposed S»—So band (the S origin) was coincident
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with the appearance threshold in the present ®giss spectra (42,500 cm™). Later, the S» origin
was directly determined to be 44,290 cm™ (226 nm),*>* so that the coincidence of the rise
of the ®giss spectra in our measurement and the S, origin proposed in the previous study??
should now be considered accidental. The dissociation threshold is located between the S
origin and the $> origin, and the ®4iss monotonically increased toward the S>—So absorption
peak. These results reinforce the hypothesis that the S — S; internal conversion is highly

efficient, whereas the direct dissociation in the S> PES is unlikely.

4.42  Anisotropy of the Scattering Distributions

The anisotropic angular distributions of the CHs fragment suggest that the
photodissociation time constant is not much longer than the rotational period (trt) of TMA.
We performed ground state geometrical optimization using density functional theory
(DFT/B3LYP) implemented in Gaussian09* with an aug-cc-pVQZ basis set to obtain the
structural parameters of TMA, yielding R(C—H) =1.09 A, RN—C) = 1.45 A, a=131°,
and y=122°, where aand ydenote the pyramidal angles for the ammonia-frame and methyl-
frame, respectively. The pyramidal angle is defined as the angle between a bond and the
bisector of other two bonds. The rotational constants calculated from the optimized structure
(A=B=029 cm! and C = 0.16 cm™) yielded an approximate T value of 110 ps. This
evaluation suggests that the CH3; angular distribution can be anisotropic, unless the

dissociation time scale is longer than order of 100 ps. Although the time evolution of TMA
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in the S\ state after 10 ps was not shown in the previous time-resolved photoelectron study,>>
Thompson et al. experimentally demonstrated that three other TAA species in the S; state
disappeared at ~100 ps.>! We consider that the dissociation time of 110 ps, which is

comparable with T, can be a good estimate for TMA.

The positive S parameters determined for the photolysis wavelength region of 200-220
nm imply a small angle between the transition dipole moment () and the dissociation bond
direction. Our calculation yielded the angle between the N— C bond and the principal z-axis
of TMA to be 73°. Assuming instantaneous dissociation following the 3pxy photoexcitation,
where the angle of the u vector to the N—C bond is 17°, the upper limit of = 1.7 was
roughly obtained. The obtained S values were smaller than the hypothetical upper limit,
supporting the reaction time scale of 110 ps, during which the angular distributions smeared.
However, it is noted that the theoretical study by Cardoza et al. predicted that a large portion
of absorbance at 200 nm was responsible for the 3p, excited state,*? indicating negative
parameters (lower limit of = —0.7) for the dissociation. The experimental f parameters
(0.2-0.5) are more reasonably explained by comparable absorptions of the 3pxy and 3p,

manifolds in the S2(3p)—So absorption band.
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4.43  Branching of the Product Pathways

In analogy with the NH; and CH3NH, photodissociations, the o'x_c PES is presumably
correlated to the pathway generating the electronic excited N(CH3)2 (A2A) product, and
the exit conical intersection causes the generation of the ground state N(CH;), (X2B,)
product. Both ES” and ®'(A/X) values similarly increased with increasing E,
(Figure 4.6 and Figure 4.8) irrespective to the final vibrational states of the CH3 radical.
These results suggest the non-adiabatic transition in the exit conical intersection region is
less favorable with the higher E. . Assuming that E. gives an effective velocity
passing through the exit conical intersection based in a one-dimensional manner, the results
imply that the non-adiabatic transition probability decreases with the higher velocity. This
description is contradictory to a general property of non-adiabatic transitions, indicating that
molecular ro-vibrational motions should be taken into account. Our measurements indicated
that the fraction of E,, to E..> was ~20 % with an increase of 40 % from E,, in the
inspected energy region (Figure 4.6), where the internal energy distribution of the CHj3
products was unchanged (Figure 4.2). We speculate that the N(CH3), moiety is vibrationally
excited when CH3—N(CH3), visits the exit conical intersection, so that vibrational modes

other than the N—C bond coordinate influence the branching ratio between the CH3 +

N(CH3)2(A?A,) and CHs + N(CH3)2(X2B,) pathways.

The preferential combinations of the vibrationally excited CH3 and the electronic

ground N(CH3), product pair shown in Figure 4.8 may indicate a pyramidal structure for
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the CH3 group at the exit conical intersection. The degree of the v, excitation in the REMPI
spectra of the CH3 fragments from TMA (black in Figure 4.1) and CH3NH: (red in Figure
4.1) were remarkably contrasting. A planar CHj3 structure was theoretically predicted for the
exit conical intersection of CH;NH» ' Assuming that the trajectories to the product pathway
with N(CH3)» (5( ’B,) are restricted to visiting the exit conical intersection with a pyramidal
CHj3 structure, the v2 out-of-plane mode of the CH3 product, which is a planar molecule, is
possibly excited after the passage. It is noted that the exit conical intersection of TMA was
not theoretically illustrated, and our discussion is based on the established facts of the NH3
photodissociation dynamics. Nevertheless, the experimental data must reflect dynamical

outcomes of the TMA photodissociation, for which theoretical corroboration is still required.
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4.5 Conclusion

The photodissociation dynamics of TMA following the $>—So and S1—So transitions were
investigated by REMPI spectroscopy and state-resolved ion-imaging of the CH3 product.
The REMPI spectra exhibited the specific v2 (out-of-plane bending) excitation of the CH3
photofragments up to v2 = 3. The scattering images measured for the vibrational ground and
v2 excited states displayed dual ring structures, which indicated two product pathways of
CH; + N(CH3)2(A2A,) and CHs + N(CH3)2(X2B,) . These dynamical features of the CH3
fragments were qualitatively unchanged over the photolysis wavelengths in 200236 nm,
where the photoinitiated states interchange between the S>(3p) and Si(3s) states. The
independence of the product state distributions on the photolysis wavelength was explained
by distinct time scales of the S>» — i internal conversion (3 ps) and the N—C bond
dissociation (110 ps). The dissociation threshold was experimentally determined to be
42,500 cm™. Two possible interpretations for the measured threshold were discussed: the
reaction barrier height of the S1(3s/ 0'x_c ) PES and the crossing of the predissociative Sx(3p/
ox-c ) PES with the bound Si(3s) state. The present experimental results are inconclusive
for uniquely specifying the interacting state of the dissociative on_c PES to either 3p or
3s state. Even if TMA has the S»(3p/ Ox_c ) state, crossing to the bound S1(3s) state should
have a barrier-type topology, whose height gives the dissociation threshold. In analogy with
NH;, the ox_c PES is likely to have a conical intersection with the ground state PES in

the exit region, where the product pathway to CH3; + N(CH3)2(X2B,) is open. In the two
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CHs3 velocity components, the faster one was regarded as the CH3z product that had the

N(CH3)2(X?B,) counter product. The E

avl

-dependence of the branching ratio indicated a
considerable contribution of the internal excitations to the non-adiabatic transition
probability. We found a combination tendency between the vibrational excited CH3 and
electronically unexcited N(CHs)>. Although the electronic structure calculations of TMA
are not fully available, we conjecture the pyramidal CH3; geometry at the exit conical

intersection based on the intensively investigated NH3z photochemistry.
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Chapter 5

General Conclusion

139



In this thesis, we have revealed the photodissociation dynamics of methylamine
(CH3NH») and trimethylamine (N(CH3)3, TMA) on the basis of ammonia photochemistry
where a reaction barrier and a conical intersection play important roles. In Chapter 2, we
explained experimental principles and methods for the pump-probe experiment under the
condition controlling the reactant and product states. In Chapter 3, we identified the
electronic state of the NHz product in the photodissociation of CH3NH> with ion-imaging
and dispersed fluorescence spectroscopy. The N—C bond fission of CH3NH> photoexcited
to the S1 state proceeds on the So surface after the Si — So internal conversion in which a
conical intersection along the N—H bond cleavage coordinate acts as a funnel, resulting in
the CHs(v = 0) + NHa2(A2A,) and CH; (v3 = 0-3) + NH,(X?B,) pathways via the non-
adiabatic transition in the vicinity of another conical intersection along the N—C bond
dissociation direction. In Chapter 4, we investigated the energy dependence of the
photodissociation dynamics of TMA over the $> and S) excited states. The dissociation
threshold of the N—C bond rupture was found at 42,500 cm™', which is located between the
S1 and S origins, and a switching from a fluorescent nature to a dissociative nature at the
threshold was observed. The N—C bond dissociation generates the CH3 radicals with slow
and fast recoil-velocity which were ascribed to branching to the CHz + N(CH3) Z(AzAl)
and CH; + N(CH3)2(X2B,) pathways, respectively. The measured results suggested the
pyramidal geometry for the CH3; moiety at the exit conical intersection. The planarity of

both NH3-frame and CH3 moiety influences the non-adiabatic transition probability.
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As mentioned in Chapter 1, amines are essential molecules in the organic and biological
chemistry; therefore, the photodissociation dynamics of CH3NH2 and TMA discussed in this
thesis will be useful for understanding the photochemistry of lager amines such as
neurotransmitters. In addition, the experimental knowledge established in the present study
will significantly contribute to further development of theoretical studies for reaction

dynamics.
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Appendix

Development of LIF Detection System
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A.1 Introduction

In photodissociation of polyatomic molecules, the energy disposal and the state
distribution of the nascent all products retain information for the dissociation dynamics. The
energy disposal can be measured by state-resolved ion-imaging technique on the basis of
the energy conservation law as explained in Chapter 2 and employed in Chapters 3 and 4.
The state distributions of products are associated with the product nuclear motions such as
stretching and bending motions; therefore, the measurements of the final state distributions
of the all dissociation products are desirable for understanding the photodissociation
mechanism. In the photodissociation of CH3NH>, the nascent state-distribution of the CH3
fragment and the preferential population in the K, = 0 state of NH» (AZAI) were revealed,
respectively, with resonantly enhanced multiphoton ionization (REMPI) spectroscopy and
emission spectroscopy. There results indicated the branching of the product pathways on

the So surface as discussed in Chapter 3:

CHsNH; +hv ~ — CH3; +NH2(A%A))

— CH; + NH2(X?B)).
The branching of the product pathways is caused by the non-adiabatic dynamics around an
exit conical intersection along the N — C bond dissociation coordinate. The adiabatic
dissociative-trajectory to the CH3; + NHa (X?B,) products may proceed far from the
crossing point of the conical intersection on the So surface. Determination of the final state-

distribution of the NH»(X?B,) product is required for further identification of the N—C
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bond fission dynamics. NH» radicals are unsuitable for ionization detection such as REMPI
scheme. Laser-induced fluorescence (LIF) spectroscopy which is complementary method

with REMPI spectroscopy is widely applied to detection of the NH» (X?B,) radicals.!

Molecules and radicals of interest in the excited electronic state prepared with laser
excitation emit spontaneously photons as fluorescence, and then relax to the ground
electronic state. In LIF measurement, the fluorescence signal is detected with a photon
detector such as a photomultiplier tube (PMT). The schematic diagram for LIF spectroscopy
is illustrated in Figure A.1. A LIF excitation spectrum is obtained by recording the total
fluorescence signal as a function of the excitation laser wavelength. A spectral line arises
when the molecule in the lower state is excited resonantly to the upper state; therefore, the
LIF spectrum of the nascent NH, fragment in the X2B, state is linked to the final state

distribution.

N{LLI‘ LIF Excitation Spectrum
Excited L"l. N

State ) « Totd PMT
/\LLL fluorescence N

W )

6round Laser wavelength
State

Figure A.1 Schematic diagram for the basic concept of LIF measurement. Molecules
in the ground state are excited resonantly to the excited state by laser
radiation, and the emitted fluorescence is monitored by a PMT with

respect to the excitation laser wavelength.
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One needs to carry out the experiment under the collision-free condition for
measurements of the product state-distributions because a collision of the products causes
the rotational and vibrational relaxations which smear the nascent state distributions of
interest. The collision-free condition is generally achieved by maintaining a very low
background pressure inside the experimental apparatus (e.g. a molecular beam experiment),
so-called spatial isolation, since the mean free path of the particles is inversely proportional
to the pressure. The LIF detection of nascent products in photodissociation under the
molecular beam condition is suitable, but difficult due to low number density of the products
and much lower detection efficiency of LIF spectroscopy than REMPI spectroscopy. The
collision-free condition is also satisfied by temporal isolation where one ensures that the
mean time between collisions is longer than the time required to make a measurement.
Namely, products with the nascent state distribution are detected prior to collisions. The
mean time is also inversely proportional to the pressure; therefore, we designated the
reaction cell, whose inner pressure is adjustable, combined with pump-probe experimental

technique which controls the time between the photolysis and probing.

Here, we explain roughly the relation of the pressure and the mean time between
collisions. When a particle (atom or molecule), whose diameter is d, moves as illustrated in

Figure A.2, the cross section (o) for collision can be expressed by

o=mnd?. (A.1)
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Figure A.2 Simple collision model. Only one particle (blue) moves with the average
velocity v , while the other molecules are frozen. The diameter of
particles is d, and then the cross section for collision is 7d?. The distance

from ith collision to (i + 1)th collision is A;.

To describe the average collision, the mean free path (1) is defined by averaging a distance

between collision (4, ); therefore, the volume of a collisional cylinder, V, in Figure A.2 is
V =ch=mnd?*\. (A.2)

Namely, there is one atom in the volume, V; therefore, the number density of the particle, p,

is derived:

N 1

Py T

(A.3)

On the other hand, the number density is also given from an ideal gas equation of state

P
=—— (A.4)

_Na
P T
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where P and T denote the pressure and temperature, respectively. Na is the Avogadro
constant, and kp is the Boltzmann constant. From Egs. (A.3) and (A.4), we obtained the
relation between the mean free path and pressure:

A= ksT .
zd?*P

(A.5)

If all particles, except one which is moving with the average velocity (v ), 1s frozen, the

mean free path can be written by using the number of collisions (#) in a given time (A?):
A=T— =2 (A.6)
z

where z is the collisional frequency (z = n/At ) whose unit is s™'. Assuming that the velocity
distribution of the moving particle is a Boltzmann distribution, the averaged velocity (v ) is
given as follows:

8kpT
m

(A.7)

V=

in which m is a mass of the atom. By substituting Egs. (A.5) and (A.7) into Eq. (A.6),

kT _ [SkeT 1
zd*P wm  z

8m
z=d*P A.8
mkyT (A-8)
is obtained. The mean time between collisions ( zol) is
Teol = l = 1 kaT . (A9)
z d*P\ 8=n
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The relation between the mean time (7o) and the pressure (P) for N> molecule at 298 K,

whose diameter is approximately 4 A, is plotted in Figure A.3.

§ 0.1 mTorr
10-3_E e
; ./ 1 mTorr
% ./ 10 mTorr
[7) E
-~ % ] .« 100 mTorr
g1
4 [ ]
10_9 | | T T T T | T T T T | T
0 5 10

P/ Torr

Figure A.3 Dependence of the mean time (tco1) between collisions on the pressure
(P). The values of tco1 were evaluated from Eq. (A.9) for N> molecule at
room temperature (298 K), where the diameter of N> molecule was
assumed to be 4 A.
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A.2  Design of LIF Measurement Cell

The gas cell developed for the LIF detection of the nascent NH> fragments in the
photodissociation of CH3NH> is shown in Figure A.4: (a) 2D drawing in the XZ plane and
(b) in the YZ plane, in which X, Y, and Z axes correspond to the directions of gas flowing,
laser propagation, and detection axes, respectively. The chamber whose volume is
approximately 5x10° cm?, was composed of three assemblies: a valve to adjust the inner
pressure, pump, and a detector. The chamber was evacuated by either a turbomolecular
pump (PTM 5150, Alcatel) or a rotary pump (Model-2010C, Alcatel). The chamber can be
adapted for LIF measurement under the gas cell condition and also under the free jet
condition; the turbo molecular pump evacuated the chamber at the background pressure of
107 Torr order for the free jet experiment, while the rotary pump evacuated at 10 Torr
order for the gas cell experiment. The pulsed valve (General valve series 9, Parker Hannifin
Corporation) operated by a pulse valve driver (IOTA ONE, Parker Hannifin Corporation)
was mounted in the chamber. During valve operation, the pressure of the chamber was
monitored by a pressure gauge (WIT-G1, ULVAC or 122AA, MKS Baratron). The
unfocused pump and probe laser beams, which were aligned in the counter-propagating
direction, irradiated molecules of interest at a 24 mm distance from the valve. Fluorescence
from fragments photoexcited by the probe laser beam was focused on a photoelectric surface
of a photomultiplier tube (PMT, R374, Hamamatsu) by a quartz lens (f = 40 mm). Optical

filters were used to reduce scattered light signal as required.
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Figure A4 2D drawing of the LIF chamber: (a) in XY plane and (b) in YZ plane.
Blue cross marks denote the intersection position of pump and probe

laser beams.
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A.3 Performance Evaluation
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LIF spectra of the NO (v = 1) fragment generated in the photodissociation
of CH30NO measured at various total pressure, Piotar: (2) Protal = 100
mTorr and (b) 5 Torr. Black lines correspond to two color (pump-probe)
signal, while red ones are probe one-color spectrum. For comparison, (c)
the simulated spectrum assumed the Boltzmann distribution with a

rotational temperature of 1000 K is also shown.

A performance evaluation for the LIF detection of the nascent photofragments was

carried out for the photodissociation of methyl nitrite (CH;ONO). The photodissociation of

CH;0ONO following the S>—So excitation at 213 nm generates NO (v = 0-3) fragments with

inverted rotational state-distribution.” The LIF spectrum of NO (v = 1) photofragment was

observed under the gas cell condition (298 K) and the free jet condition. Figure A.5 shows

the LIF spectra under the gas cell condition at total inner pressure of (a) 100 mTorr and (b)
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5 Torr. A gas mixture containing 10 % of CH3ONO in He carrier gas was used. The delay
time of the pump and probe laser pulses was 600 ns, and the pulse energy of the pump and
probe lasers was 800 pJ/pulse and ~30 pJ/pulse, respectively. One-color spectra, in which
the photodissociation of CH3ONO and the photoexcitation of the nascent NO fragments
occurs simultaneously in the same probe pulse, are also potted by red lines. The simulation
spectrum of NO (v = 1) assuming the Boltzmann distribution with a rotational temperature
of 1000 K is shown in Figure A.5 (c) for comparison. The spectral appearance depended
drastically on the inner pressure; the highly rotational-excited NO with inverted state-
distribution was detected at lower pressure, while the statistical NO with Boltzmann type
distribution was detected at 5 Torr. This difference arises from the collisional relaxation of
the rotational state. In the laser delay time of 600 ns, the NO photoproduct is detected
without collision at inner pressure of 100 mTorr where the mean time between collision is
~1 ps; therefore, the spectrum is identical with the REMPI spectrum’ measured under the
collision free condition as displayed in Figure A.6. This result shows that the nascent state
distribution in the photodissociation of CH30NO can be approximately observed at inner
pressure of 100 mTorr without collisional relaxation. On the other hand, the LIF spectrum
measured at 5 Torr results from the NO fragment with statistically rotational state-

distribution after collisions due to the mean time of ~20 ns.
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Figure A.6  LIF spectrum (100 mTorr) and REMPI spectrum of the nascent NO (v =
1) fragment generated in the photodissociation of CH30NO at the
photolysis wavelength of 213 nm. LIF spectrum (upper) is measured at
total pressure of 100 mTorr. REMPI one observed under the molecular
beam experiment is taken from Ref. 7.

Figure A.7 shows the LIF spectrum of NO (v = 1) observed under the free jet condition,
and one-color spectrum are shown by red line. In the free jet condition, the operations of the
pulse valve, and the two laser (pump and probe) pulses were synchronously controlled by
digital pulse generator with a repetition of 10 Hz. The pulse energies of the pump and probe
laser beams were, respectively, 800 wJ/pulse and 70 pJ/pulse, and the delay time between
pump and probe laser pulses was 400 ns. During valve operation, the inner pressure was
kept in order of 10~ Torr. The state-distribution of the nascent NO fragment is significantly

different from the REMPI spectrum measured by Sumida et al.” (see Figure A.6 bottom);

the NO photoproduct detected under the free jet condition populated also the low rotational
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state around 42000 —42400 cm™'. The LIF spectra of the NO (v = 1) fragment were observed
at various timing of the valve operation with respect to the laser pulse timing; however, the
no significant difference of the state-distribution was found. This result indicates the
insufficient evacuation and/or the short distance between the valve and the reaction point at
which CH30NO is irradiated by the pump and probe lasers for the photolysis and the
detection, respectively. The separation of the source chamber and detection chamber with
the differential evacuation and/or the extension of the distance between the valve and the
reaction point are required for the measurement of the nascent state-distribution of

photofragments under the free jet condition.
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Figure A.7 LIF spectrum of the NO (v = 1) product in the photodissociation of
CH30NO measured under the free jet condition. Black and red lines
correspond to the two-color (pump-probe) and one-color (probe) spectra,
respectively. The rotational state-distribution is widely spread out from
the low J (42200-42500 cm™) and the high J (42500-44000 cm™)

regions.
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A.4 LIF Measurement in the CH3NH, Photodissociation

The LIF chamber was applied to detection of the NH» (X2B,) product in the CH3;NH»
photodissociation at 213 nm under the gas cell condition at various inner pressure. The
nascent NH» (X 2B,) photoproduct would be generated in the highly excited rovibrational-
state, which is expected from the imaging result as seen in Figure A.8. On the basis of the
energetic consideration, the NH» (X 2B, ) product at the photolysis wavelength of 213 nm can
populate the highly vibrational excited-state up to vi or3 =5 or v2 = 11, where the vi and v3
modes correspond, respectively, to the totally symmetric NH stretch vibration (3219.4 cm’
1) and the asymmetric NH stretch one (3301.1 cm™), and the v> mode is the bending
vibration (1497.2 cm™). The probe laser wavelength was scanned in the visible region (580—
650 nm) which covers the excitation of the NH» (X2B,) in the entire rovibrational state.* The
observed spectrum shown in Figure A.9 displays the structureless broad feature; therefore,
we cannot assign to any transitions of the NH> radical. Assuming that the signal arises from
the NH> radicals, the broad spectrum may be caused by overlapping the fluorescence lines
from the various rovibrational states in the X2B, state. The state-selectively detection of
the nascent NH» (X2B,) products demands improvement of the LIF chamber toward the

dispersed LIF measurement.
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Figure A.8 Internal energy distributions for the nascent NHz counter-product of the
CHj3 product in the v = 0 state (upper) and v; = 1 state (bottom) generated
in the photodissociation of CH3NH: at the photolysis wavelength of 213
nm. The internal energy distributions were obtained through the counter-
product analysis of the imaging data, and the blue fitting curves
correspond to the NH» (X?B,) photofragment. The energy positions of

each vibrational mode (v1, v2, and v3) are displayed.
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Figure A.9 Structureless LIF spectrum observed in the photodissociation of CH3NH>
at the photolysis wavelength of 213 nm. During the measurement, the

probe laser power was monitored with a photodiode and was kept at 100

uJ/pulse.
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The detection of the NH (a'A) fragments generated in the CH3NH> photodissociation
at 213 nm was carried out under the gas cell condition. The pump and probe laser pulse
energies were 800 wJ/p and 0.6—1.2 mJ/pulse, respectively. The pump-probe delay time was
100 ns. During the measurements, the total pressure in the LIF chamber were kept at 500
mTorr where the mean time between collisions is ~200 ns. The observed spectrum for the
NH (a'A, v = 0) is shown in Figure A.10. The spectral features were assigned to the
a'A,y=0—>c'TLy =0 transition of NH fragments based on literature source.® The splitting
of the peaks corresponding to high J" is due to the A doubling of the c'II state. The

corresponding A doubling of the a'A state® is much too small to be resolved with our

LIF Intensity / a.u

' ' ' ' |
30200 30400 30600 30800
Wavenumber / cm’

Figure A.10 LIF excitation spectrum for NH (a'A,v=0) generated in the 213 nm
photolysis of CH3NH; at total inner-pressure of 500 mTorr. Emission
detected on the a'A,yv=0—c'TI,y =0 transition of the NH fragments.
Spectral assignments referred to Ref. 8. The apparent splitting of lines
with J">7 is due to A doubling in the upper c'Il state. the pules
energies of the pump and probe laser beams were 800 uJ/pulse and 0.6

mlJ/pulse, respectively.
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Figure A.11 LIF signal dependence on photolysis (red) and probe (blue) laser pulse
energies; the gradients are 1.05+0.14 and 0.34+0.01, respectively.
The pulse energy was varied in the range of 10-800 pJ/pulse (photolysis)
and 30-1800 pJ/pulse (probe).

apparatus. The signal of the vibrationally excited NH (a'A) fragment was not observed. The
LIF signal dependence on the pump and probe laser pulse energies are shown in Figure A.11,
where the gradients were determined by the least-squares method. The LIF signal showed a
clear linear dependence (1.05+0.14 ) on the photolysis laser pulse energy. This dependency
allows an exclusion of multi-photon photodissociation of CH3;NH> and secondary
photodissociation of the nascent products by pump laser pulse. On the other hand, the
gradient for the probe laser dependence (0.34+0.01) was much small due to the quite large
oscillator strength of the a'A,y=0-—c'ITLy=0 ftransition. In addition, since the NH
(a'A,v =0)fragment in the CH3NH:> photolysis was not observed in the ionization detection
with REMPI spectroscopy as mentioned in Chapter 3, the possibilities for the secondary

photodissociation of the NH, and/or CH3NH photoproducts still remain.
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A.5 Extension toward Dispersed LIF Measurement
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Figure A.12 2D drawing of the LIF chamber in XY plane. Blue cross marks denote
the reaction point where molecule of interest is dissociated, and the
nascent fragment is electronically excited for detection.

The setup for the dispersed LIF (DF) measurement was almost same as that for the LIF
excitation measurement except the detector assembly. The 2D drawing in the XZ plane is
shown in Figure A.12. A quartz lens (f= 70 mm) with a diameter of 50 mm was mounted at
the distance of 103.5 mm from the reaction point. Emission from the reaction point was
focused with the lens on the entrance slit of a grating monochromator (f = 300 mm, MC-
30N with 75 grooves/mm blazed at 500 nm, Ritsu Oyo Kogaku Co. Ltd.). The emission
dispersed by the grating was monitored as a function of the monochromator wavelength
with a photomultiplier tube (931B, Hamamatsu). Generally, the signal intensity in the

dispersed LIF measurement is much weaker than that in the LIF excitation spectrum, leading
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to the photon-counting level in the limiting case. The design and development of the pulse-

counting circuit are currently conducted.
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